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Abstract: This article provides an extensive survey of nonlinear parametric upconversion
infrared (IR) imaging, starting 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 detector or camera.
In 1968 (50 years back), J. E. Midwinter first demonstrated upconversion imaging from short-
wave-IR (1.6 um) 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 quantum efficiency. Although a
few excellent reviews on upconversion imaging were published in the early 1970’s, 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 an 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
optimization 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 upconversion in IR imaging.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Due to the rapid progress in optoelectronics that has matured the silicon CMOS/CCD
technology, optical imaging in the visible (VIS) and near-infrared (NIR) spectral ranges
(wavelength: 400 — 700 nm and 700 — 1100 nm) has been the most successful one to date.
However, there lies a wealth of information outside the VIS/NIR range that can advance our
scientific knowledge and aid the development of new technologies. For example, over the last
two decades, the mid-infrared (MIR: 2 — 15 pm) spectral range has attracted tremendous interest
as it provides information-rich spectra that directly relates to the molecular structure of most
bio-chemical materials [1]. This allows investigation of various materials in their near-native
environment. This unique property is driving the development of cutting-edge tools for non-
destructive medical diagnostics, food quality control, bacterial phase characterization, heavy
gas sensing, monitoring of environmental trace gases and combustion gas flows, semiconductor
processing, to name a few. This spectral range has several low loss atmospheric transmission
windows in the 2 — 5 pm and 8 — 14 um range, which are convenient for specialized atmospheric
monitoring and terrestrial applications [2], [3]. This is further suitable for thermal imaging and
defense applications [4]. All these applications (either based on passive or active illumination)
rely on efficient, sensitive, and specific MIR detection/imaging systems. Current MIR direct
detectors are primarily based on thermal sensors (e.g. microbolometer and pyroelectric) [5]—
[8] or semiconductor based photon sensors (e.g. PbS, PbSe, HgCdTe, InAs, and InAsSb) [7],
[9]. Thermal sensors are relatively cheaper; however, they are inherently slow in response



(kHz) and low in sensitivity, whereas semiconductor-based detectors can have high temporal
bandwidth (MHz to GHz). The thermal radiation from the surrounding environment
(temperature range: 0 — 200 °C) and of the detector itself peaks in the MIR range, which acts
as background noise to the signal. Thus to separate the signal from this noise, often the
semiconductor detectors are cooled using multi-stage thermoelectric coolers [9] or using liquid
nitrogen at cryogenic temperature (-195°C), and sealed to avoid temperature fluctuations. Such
costly sophistication prohibits its widespread application. Furthermore, in both thermal and
semiconductor based (direct) MIR sensors, the available pixel number is limited, i.e. in the
order of 100 x 100. It renders the MIR image resolution much poorer for a given field-of-view
(FoV) when compared to their VIS/NIR counterpart, where high quality CCD cameras are
readily available.

A successful alternative scheme is parametric frequency upconversion. Instead of directly
detecting in the IR, the IR signal is first parametrically transferred to the higher frequency
(VIS/NIR) range by using a nonlinear optical process, which preserves (mostly) the spatial,
temporal, and spectral information of the signal of interest. The converted signal is then
detected by a standard sensitive CCD camera, now in a wavelength range that circumvents the
room temperature thermal background noise. After the ground-breaking demonstration of the
first laser in 1960 by Maiman [10], nonlinear optical processes were then discovered by
exploiting the high intensity of a focused laser beam. In 1961, Franken ef al. [11], first observed
second harmonic generation (at ~ 347.2 nm) from a ruby laser (operating at 694.3 nm) in a
quartz crystal. As long as the nonlinear medium is not participating directly in the energy
exchange process (between input and generated light), the process is widely known as
parametric frequency conversion, and it works instantaneously. The term “upconversion” was
first coined in 1962 by Armstrong et al. in their work [12], where they described “...if the
objective is to detect a weak coherent light signal at ws....one may use to advantage parametric
up-conversion by means of a powerful laser beam at the pump frequency wy. The output is taken
at the sum frequency w1 = ws + wp in an up-converter.” In this way, the IR information can be
transferred instantly to the VIS/NIR range for final detection, ideally preserving the spatial,
temporal, and spectral signatures encoded in the IR signal. Upconversion is a second order
nonlinear process; whereas the successive orders of nonlinear processes are generally weaker
and not within the scope of this review article. For higher (third) order nonlinearity, the reader
may consider [13] for further details. Note that this review considers parametric upconversion,
in which the medium is unchanged and only facilitates the conversion process, unlike in photon
upconversion [14]-[16].

In 1962, Smith and Braslau [17] first demonstrated upconversion of a weak visible light
signal using a strong ruby laser as pump in a KDP crystal. Due to limited availability of
nonlinear crystals, it took another 5 years to demonstrate upconversion of an IR signal.
Midwinter and Warner [18] demonstrated upconversion of 1.7 um radiation to ~ 493 nm using
a lithium niobate (LiNbOs) crystal. They achieved 1% collinear conversion efficiency using a
pump intensity of 1.9 MW/cm? in a 1.35 cm long crystal. In 1968, Midwinter [19] first
demonstrated parametric upconversion imaging from short-wave-IR (Xenon lamp at 1.6 um)
to VIS (484.2 nm) using a LiNbOs crystal for upconversion and a photomultiplier for detection.
He achieved a spatial resolution of 50 lines across a 60 mrad entrance aperture with
upconversion efficiency in the order of 107, This technique quickly gained interest, and in
subsequent years, several research groups demonstrated upconversion imaging from IR to
VIS/NIR range [20]-{27] and detailed theoretical studies dealing with this imaging technique
were published [28]-[33]. In the 1970’s, this research field reached a peak, but was afterwards
almost abandoned for three decades. Possible reasons for the lack of progress of the technology
during these decades may include; (a) limited sensitivity of available photocathodes and
immaturity of CCD detectors, (b) limited choice and poor quality of nonlinear crystals, (c) that
only pulsed laser was available for high power pumping, which is not very efficient for
upconverting a CW IR signal, (d) that intracavity based CW upconversion was in its infancy,



i.e. high power intracavity systems were challenging mainly due to high optical losses
associated with multiple passes through intracavity crystals, and finally (e) that the technology
was there but the target application was not clear or broad enough. With the rapid progress in
silicon technology (sensitive CCDs), successful growth of impurity-free nonlinear crystals of
various types, smart design of upconversion systems, availability of high-power MIR sources
for active illumination, and demonstrations of potential applications including those within
interdisciplinary fields, upconversion imaging re-gained its momentum from the middle of
2000’s. The focus of the renewed interest in upconversion imaging included works to enhance
image FoV, improve spatial resolution, increase conversion efficiency, reduce noise, lower cost
of operation, and demonstrate real life applications. Table 1 shows the time-line for different
historical events which have had significant impact on the progress of the upconversion based
IR imaging technique.

Table 1. Historical Time-line of Notable Scientific Accomplishments Relevant to the Progress of
Upconversion Imaging

Year

[Ref] Relevant sketch/figure

Brief description

First laser (May 16, 1960)

T. H. Maiman et al. at Hughes Research Laboratories in Malibu,
California, demonstrated a flashlamp pumped ruby laser
operating at 694 nm. Laser is a key element for efficient nonlinear

1960
[10]

process. The figure is reprinted by permission from Springer
Nature [10].
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First generation of optical harmonics (Aug. 15, 1961)

P. A. Franken et al. at Harrison M. Randall Laboratory of Physics,
Michigan, demonstrated second harmonic generation (4,, =
347.2 nm) in a crystalline quartz (y® > 0) pumped by ruby laser
(A, =694.3 nm).
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1962
[34],
[33]

First birefringent phase matching (BPM) (Jan. 1, 1962)

J. A. Giordmaine at Bell Labs, New Jersey, and P. D. Maker et
al. at Scientific Laboratory, Michigan, independently showed
BPM through demonstration of angular second harmonic
generation in a KDP crystal pumped by ruby laser.
https://doi.org/10.1103/PhysRevLett.8.19

1962
[12]

First concept of parametric upconversion (Sept. 15, 1962)

J. A. Armstrong et al. at Harvard University, Massachusetts,
pitched the concept of weak signal detection using parametric
upconversion using a powerful pump laser.

Nonlinear
optical
medium
x?>0

1964

First Nd:YAG laser (1 pm) (May 15 1964)

J. E. Geusic et al. at Bell Labs, New Jersey, invented the
neodymium-doped YAG (Nd:YAG) laser operating at ~ 1 um.
This become and is still a popular laser source for pumping
commonly used upconversion nonlinear crystals.
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1968
[19]

"First upconversion imaging (Feb. 1, 1968)

J. E. Midwinter at Royal Radar Establishment Malvern, UK,
demonstrated the first image upconversion from 1.6 um infrared
(xenon arc lamp) to 484.2 nm green light in a ruby laser pumped
LiNbO:s crystal. The measured resolution was ~ 50 lines across a
60 mrad entrance aperture. The figure is reprinted from [19], with
the permission of AIP Publishing.
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1970
[36]

Invention of charge-coupled device (CCD) (Apr. 1970) -v
W. S. Boyle and G. E. Smith at Bell Labs first published the ::'/:1 '! r! I : '! I T! ‘—[
invention of CCD on a silicon-CMOS platform, which is the key

technology of today’s CCD cameras for visible-NIR detection. -1 1 1

The figure is adapted from [36]. — — -

1971
[37]

Upconversion detection of room-temperature blackbody (Aug. 1, 1971)

J. Falk and J. M. Yarborough at GTE Sylvania Inc., California, first demonstrated upconversion of a room-
temperature thermal radiation (6.5 — 12.5 pm) in a Nd:YAG laser pumped proustite crystal. This is
important for thermal imaging.

1976
[38],
[39]

Quasi phase matching (QPM) (May 1976, Aug. 1976)

A. Szilagyi et al. at Air Force Cambridge Research Laboratories,
Massachusetts, and M. S. Piltch et al. at University of California,
New Mexico, independently demonstrated, for the first time,
frequency conversion using the QPM concept. Both the groups
used a stack of non-birefringent crystal plates (GaAs by former
and CdTe by later group) in Brewster angle to frequency convert
the COz laser at 10.6 pm. The figure is reprinted from [39], with
the permission of AIP Publishing.

o,
/

1978
[40]

Intracavity upconversion (Jan. 15, 1978)

J. Falk and Y. C. See at University of Pittsburgh, Pennsylvania,
first demonstrated intracavity upconversion for detection of a & state-lof-the-
continuous wave (CW) signal. A LiNbO; crystal of good quality art LiNbOs
(low loss) was placed inside an argon-ion laser cavity (pump, crystal
514.5 nm) to upconvert a CW 3.39 pm He-Ne laser.

Image of a

1994
[41]

Quantum cascade laser (QCL) (Apr. 22, 1994)

J. Faist et al. at Bell Labs, New Jersey, first demonstrated a new
type of semiconductor laser (QCL) enabling chip-scale laser
source in the mid- to far-infrared range. They demonstrated a
QCL operating at 4.2 pm. Such lasers are suitable for chip-scale
active illumination based infrared detection. The figure is from
[41]. Reprinted with permission from AAAS.

Distance

1995
[42],
[43]

f
[
Gigiaity 1 \l
Imaging via optical parametric amplification (OPA)

F. Devaux et al. at Universite de Franche-Comte, France, first demonstrated OPA based imaging of an
object illuminated by a Nd:YAG laser using KTP as nonlinear crystal and CCD camera for detection.

2000

From the beginning of the 21% century, the Si-CMOS industry has seen a tremendous growth that has led
to high quality (sensitive, large pixel density) CCD chips in the market — improving the sensitivity of
upconversion imaging.

2007
[44]

“Chemical/spectral upconversion imaging (July 1, 2007)

M. Imaki and T. Kobayashi at University of Fukui, Japan,
demonstrated an application of upconversion imaging in
chemical sensing (methane detection) at 3.4 pm. Their
upconversion detector’s sensitivity was 11 times better than a
reference direct detector (cooled InAs). The image is adapted
with permission from [44] © The Optical Society.

Image of
methane gas
plume

2012
[45]

White

dots are
detected
photons

*Single-photon MIR upconversion imaging (Sept. 16, 2012)

J. S. Dam et al. at DTU Fotonik, Denmark, first demonstrated
upconversion based single-photon level MIR imaging at room
temperature using periodically poled LiNbOs crystal in a high
finesse 1 pm CW laser cavity. The measured dark noise was 0.2
photons/spatial element/sec. The figure is adapted from [45].

2014
[46]

Ultrawide MIR supercontinuum source (Sept. 14, 2014)

C. Petersen et al. at DTU Fotonik, Denmark, first demonstrated
an optical fiber-based supercontinuum source covering 1.4 — 13.3
pm MIR range. Such a table-top high-brightness MIR source is
suitable for active illumination based broadband upconversion
imaging. Reprinted by permission from [46].




"Hyperspectral upconversion imaging (Mar. 15, 2015)

L. M. Kehlet et al. at DTU Fotonik, Denmark, demonstrated L .
2015  hyperspectral imaging of a test target combined with a absorption
[47]  polystyrene (PS) film in the 3.2 — 3.4 pm range, by detecting the in3.2-

upconverted image using a Si-CCD camera. The figure is adapted 3.4 pm

from [47].
"Demonstrations that directly rely on upconversion based IR imaging.

Current state-of-the-art technologies for direct IR detection are mainly based on thermal
detectors [48] (low cost, but slow and have low sensitivity), semiconductor detectors (highly
sensitive, but need special cooling and sophisticated handling), or superconducting nanowire
detectors [49] (highly sensitive and fast, but work at extremely low temperature, i.e. few mK
to K). Researchers have compared the sensitivity of upconversion detectors with direct
detectors at different IR operating wavelengths [44], [50]-[54], however, upconversion
detectors are still to be optimized for a given application to reach optimal performance.

This review article mainly focuses on upconversion imaging. Although there are a few
excellent reviews published in 1970’s [55]-[59], the rapid progress in upconversion imaging in
the 21% century (Fig. 1) is seen as a motivating factor for considering an updated comprehensive
review. Point detection-based spectroscopy lies outside the scope of this review. Thus, mainly
bulk crystals (not wave guiding structures) are considered as the nonlinear medium where non-
collinear wave interaction can be accessed to achieve wide FoV imaging with multiple spatially
resolved elements. This is an extensive review wherein fundamental working principles are
discussed along with the reported results including cutting-edge research and outstanding
issues. The activity on upconversion imaging as a research field is illustrated in Fig. 1 using the
number of Web of Science indexed publications (only in journals and conference proceedings)
per year to date.

This article is divided into six main sections. In the next section (section 2), the general
principle/theory of upconversion imaging is described starting from classical Helmholtz
equation with nonlinear source term. The solution is established at far field for phase matched
plane wave interaction with non-depleted pump. Consequently, an expression for the
upconversion efficiency is derived. Using the special case of a Gaussian pump, the
upconversion imaging and its resolution is described using the impulse response function in
wavevector space. The section is concluded with a description of two primary types of
upconversion imaging system, namely upconversion in Fourier plane and upconversion in
image plane. In the next section (section 3), a detailed analysis of phase matching conditions in
@ nonlinear materials are discussed, starting from collinear wave interaction to non-collinear
case. The section is concluded with a description on acceptance bandwidth and tunability of the
phase matching condition. The next section (section 4) is devoted to analyze different noise
sources in an upconversion process, which is important to compare the sensitivity and
suitability of upconversion imaging system in comparison to direct MIR imaging. After
discussing all the basics of upconversion imaging, various design parameters are reviewed in
the next section (section 5), which includes choice of initial parameters (pump, nonlinear
crystal, coherent/incoherent IR illumination), optimization of imaging FoV and resolution etc.
The section is concluded by outlining upconversion based multi-dimensional imaging,
especially highlighting hyperspectral imaging. In section 6, recent applications of parametric
upconversion imaging exploiting both raster-scanning scheme and 2-dimensional (2-D) sensor-
based detection scheme are described. In the last section (section 7), we mention possibilities
of other ¥ nonlinear processes based (not upconversion) imaging schemes. However, as it lies
outside the scope of the current review article, we keep it brief. The article is concluded with a
brief discussion on the outlook and trends of upconversion imaging.
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Fig. 1. Number of publications (journal + conference proceedings) on upconversion spatial
imaging in each year since 1968. Note that, the key words for searching the publications are:
parametric, nonlinear, frequency, conversion, upconversion, spatial, imaging. In addition, a
manual filtering of relevant papers related to parametric frequency upconversion (sum frequency
generation) based spatial imaging is considered. Search engine: Web of Science, Latest
considered publication date: 31 December 2018.

2. Theory of upconversion imaging

The three interacting waves in the frequency upconversion process are denoted by subscripts p
(pump), IR (input infrared signal), and up (generated upconverted). Bold letters are primarily
used for vector notation. Scalar wavenumbers in ifalic are used for the wavevector components.

2.1 Helmholtz equation with a source term due to a nonlinear medium

Nonlinear interaction based on y® is a standard textbook material [60]-[62] when describing
frequency conversion due to interactions of Gaussian laser beams, however, the generalized
version involving two arbitrary electromagnetic fields (for e.g., IR signal and pump) is less
well-known. In order to treat upconversion imaging in which the object is represented by a
spatially complex electromagnetic field distribution, a theory that covers diffraction and a high
imbalance among the interacting fields is needed. This section describes a practical way to
translate classical diffraction theory to the nonlinear ¥ case using a number of simplifying
assumptions. Foremost, we adopt the non-depletion (small signal) approximation, thus
excluding situations where the upconverted field modifies the source term. Secondly, since the
interaction often takes place inside a birefringent crystal including extraordinary polarized (e)
waves, walk-off may be present. In order not to complicate the treatment here beyond its
purpose, we ignore this often small effect assuming large beam diameters and/or short crystal
lengths. Walk-off can be included if needed [63], [64]. Thirdly, for convenience, we assume
that the nonlinear medium is submerged in a medium of the same refractive index to focus the
discussion to the nonlinear interaction inside the crystal.

Classical scalar diffraction theory is based on the 3-dimensional (3-D) Helmholtz equation,
which for the nonlinear case has a non-zero source term [65]:

2 2
VE, (X)+k,E, (r)==5,(r). (1)
k,, is the wavenumber for the upconverted field, £, . For the nonlinear 5 case, the source
term, Sup , originates from a non-vanishing effective second order susceptibility, d , in the

presence of two incident monochromatic external fields. Without loss of generality, these two
fields can be expressed as: E (r,1) = Ay (r)e EnT=0r) 444 E (r,n)= Ap(r)ej % with

wavevectors K. and k , and angular frequencies, @, and @ , respectively (see Fig. 2). This



specific representation of the fields, where the spatial carrier frequencies are singled out is
included to underline the phase matching aspect introduced later in this section, which impose
strict requirements for efficient field interaction. Due to energy conservation, the angular
frequency of the upconverted field needs to satisfy the following:

Oy = OR + @, - 2)

Fig. 2. Schematic diagram used to calculate the upconverted field Ey, at a position given by the
vector r relative to a point of origin O inside a nonlinear ® medium of volume V.

Equation (2) demonstrates a y'» nonlinear crystal’s ability to translate a MIR signal from @,
to a higher angular frequency @y, in the presence of a pump field at@, . The source term for

the upconverted field is given by [65]:

2d 0’ e
S, (1)= (1), (r) 3)

where deff (in m/volt units) depends on the specific interaction scheme between the fields and ¢
is the speed of light in vacuum. Assuming that Ey, satisfies both homogeneous Dirichlet and
homogeneous Neumann boundary conditions, an explicit analytical solution to Eq. (1) is given
by Green’s function approach [66]:

E,(r)= | Gy(r,r)S, (r)dr’, 4)
14

where the Green function is given by:

jkup‘r—r'
G,(r,r')=——— (for the 3-D case). &)
47t|r—r’|
Thus,
d 0)2 jkup r—r . ,
E (r)=——<uw ¢ a ()4 (1) g 6
up(r) 2 V47r‘r—r'| 1R(I‘) p(r )e r', 6)

where the integration is over a volume V (see Fig. 2). The solution is a mathematical
formulation of Huygens-Fresnel principle for a y'» material.
It is clear from Fig. 2 that when an observation point is in close proximity of the source,

different point sources contribute to E,,(r) with different |r—r'| and may propagate with
different refractive indices as in the case of birefringent crystals. For a birefringent crystal, the

refractive index for an e-ray is a function of propagation angle [61]. However, without
providing a full mathematical proof, it is still possible to formulate Huygens-Fresnel principle



in the case of birefringent crystals, associating the refractive index n,, with each point source,
at r', in the material. Assuming that 7, varies linearly with angle of propagation (first linear
term in a Taylor expansion of 7 ), it can be shown from calculus of variation that an e-ray

indeed follows the direct path between a source point and the observation point, thus
maintaining the notion of n,, |r—r’| as the shortest optical path length — see first exponential

term of Eq. (6) and Fig. 2. Walk-off effects, if relevant, are usually dealt with by a linear
translation of the source point relative to the observation point, dictated by the walk-off angle
[63], [67]. To summarize, the similarity with classical scalar diffraction theory allows us to
extensively use the vast theory already developed [68].

2.2 Plane wave interaction and upconversion efficiency

The appropriate Green function is different in one, two and three dimensions. To illustrate this
point and to provide a simple expression for the quantum efficiency (QE) of the upconversion
process, we consider the 1-dimensional (1-D) case for plane wave interaction along the z-axis,
in a nonlinear crystal of length /. (see Fig. 3). The signal and pump fields are given by

J(kig ,z—ORt) j(kp)zszpt)
Aolee and Aojpe

, and the Green function becomes:

]e \Jp Z‘Z Z|
G,(z,z")= TR (for the 1-D case). @)
up,z
A
kup >
- —
kx k, Ak
» Z
0 [

Fig. 3. Schematic diagram used to calculate the upconverted field Eu, at the end facet of a
rectangular nonlinear crystal of length /. and the IR signal and pump fields are plane waves
propagating in the +z-direction (1-D case).

Thus, the upconverted field at the end facet of the nonlinear crystal is given by:

Lkl 2 @ 4 4 Ve
E‘Jp(z=10)=_[Gl(z,z')‘S‘u ( )dz =£ b L OpchR dz' o
deffchO pAO lRw ejkupzl e_jAkZl(/z (Ak,l )
sinc -
nc
up

[73x1)

Ak, =k, —kgr, =k

upz 02> refers to the z-direction. Ak, is referred to as the

where subscript “z

phase mismatch along the z-axis. If Ak, =0, the upconversion process is termed “phase

matched” along the z-axis.
From Eq. (8), the upconverted intensity can be expressed as:
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where angular frequencies have been expressed in terms of corresponding wavelengths (A )
and refractive indices (n). /, , and I,, are the intensities of the IR signal and pump fields at
the input, respectively.
Thus, the power conversion efficiency is defined as:
25 232
e )

i = -
L 2 4
OR  EChgh, nuplup

(10)

where A is the area of either the pump beam or the aperture of the nonlinear crystal, whichever
is smaller, and Pp is the pump power contained in A. Note that Eq. (10) is valid only for plane
wave interactions. In bulk nonlinear crystals, the validity holds for interacting Gaussian fields
with relatively large beam radii (i.e., have Rayleigh lengths larger than /:). This sets a lower
bound to A4 if it is defined by the pump beam waist. In waveguides embedded in nonlinear
crystals, which support single transverse modes of the interacting fields, smaller A values are
possible over the full length of the waveguide. Therefore, for most cases where waveguide
crystals are used, the non-depletion approximation is invalid [61].

The expression in Eq. (10) for the power conversion efficiency under non-depletion
approximation is identical to that found in standard treatments of nonlinear optics, however,
the latter is based on coupled differential equations [61]. Several simple observations can be

drawn from 7;, .. The power conversion efficiency is independent of the incident radiation 1,
, thus, extremely weak signals can be upconverted with the same efficiency as relatively larger
IR signals. This is a key property of upconversion imaging. It also means that the IR signal
dynamic range is extremely large ranging from single photons to Watt level signals. Secondly,
the efficiency is inversely proportional to 4. However, decreasing 4 acts adversely on the
spatial resolution (as discussed in sub-section 2.4), thus constituting a dilemma when designing

an upconversion imaging system. A third aspect relates to Ak,l,, i.e., the phase mismatch

between the three interacting waves. As Ak, /. deviates from zero (i.e., phase mismatched), the

efficiency decreases dramatically. This property is not present in linear imaging systems and is
of major concern for upconversion imaging. In section 3, phase matching conditions using
birefringent crystals are discussed in more detail. The quantum efficiency of the upconversion

process (or upconversion efficiency, for brevity) is given by 7, =1, X (iup / )“m) which is the
internal quantum efficiency. Since the upconverted wave is followed by a VIS/NIR detector
(e.g. Si-CCD), the detector quantum efficiency (7, ), as well as an additional factor coming

from other external losses (7] ), must be included to calculate the overall quantum

ext-loss

efficiency of the upconversion detection system (also referred to as overall detection
efficiency):

nsystem = 77up XMdet X Mext-loss - (11)

2.3 Wavevector space impulse response function and resolution in the Fraunhofer
approximation
We will in the following concentrate on observation points located in the far-field |r| > |r ’| (see

Fig. 2) such that all source-generated fields that are coherently superimposed at a single
observation point given by r propagate in the same direction, experiencing the same refractive

index. Using the approximations £ _|r-r'|~k r—Kk -r'and |[r—r'|=|r|=r in the numerator
up up up
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and denominator of Gs, respectively, a simpler expression for the upconverted field can be
derived from Eq. (6):

Jk 1

e [ n—jAKT' 74

— JAIR(r )A (r)e KT dr
4

d_0°
Ep(r)=—"7
C

2 ik, (12)
d . M
= wE  rg (r)A(r
S F U ) A( )}\f%

Foo i
Where F{} is the Fourier transform defined as F {g(r)}‘f = J.J.J. g(r)e 27T qr [68].

According to Eq. (12), the upconverted field in the Fraunhofer regime is proportional to the 3-
D Fourier transform of the spatial distribution of the source term. The Fourier transform is
evaluated at the spatial frequencies f = Ak /27 , where the phase mismatch term

; (13)

is now a vectorial quantity. Ak is the phase mismatch between the generated upconverted field

Ak =K, —kjp —k

at an observation point and the polarization wave S (r') induced by the two incident fields

(i.e., IR signal and pump).
From Eq. (12), we can derive an impulse response in the k-vector space by considering a
plane wave IR signal as input, which corresponds to a unit-amplitude Dirac delta function in

the kir-space (see Fig. 4). The impulse response function h(Ak) is given by:

2d 0"
h(AK)= == F iy (r')}‘ e (14)
C2 p f_T
T

which is the upconverted field amplitude (i.e, output) produced in the Ak-space. h(Ak)

describes the angular spread of multiple wavevectors ku (all oscillating at @, ) that are

generated from a plane wave IR signal defined by kir, as illustrated in a simplified model of
the system (see Fig. 4).

kup

WiR “HAK)

Fig. 4. An input IR plane wave or a single IR wavevector kir propagating inside the nonlinear
medium (modeled as a point) and the corresponding output consisting of multiple upconverted

wavevectors ky, with a common angular frequency awp. The impulse response function /4 (Ak)

describes the angular spread of wavevectors Kup.

Equation (14) shows that the impulse response function is proportional to the 3-D Fourier
transform of pump field spatial distribution bounded by the nonlinear medium. This is an easy-
to-remember piece of information describing the extent of the angular spread of the
upconverted wavevectors as a result of a single IR input wavevector propagating inside the

nonlinear medium. Strictly speaking, h(Ak) is not k-vector space invariant. Even for a
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monochromatic IR signal and constant refractive index nir, the profile of 4 changes for different
input Kir directions (or angles). Nevertheless, in cases where the Kir directions considered are
close to the phase-matched direction, % is appreciably invariant in this restricted k-space.

The important case of a focused Gaussian pump beam propagating along the z-axis has been
treated analytically in [69] using Eq. (12). If diffraction of the Gaussian pump beam is ignored,
the impulse response function reduces to:

2

2ewid @21 A M Ak
=€ 4 sinc
C

eff “up ¢”70,p z ¢
. 15

where Ak} = (Ak~)2)2 +(Ak'§7)2 and Ak, =AK-Z. Assuming the input IR signal is a plane

(kg T )
wave, 4, e

, the upconverted field can be calculated by convoluting /# given by Eq.

(15) and the Fourier transform of the IR signal as follows:

- 2awrd w1 Rl Akl
A, (AkT,AkZ): 0 Tefl “;’ Aoy e * sinc( z C] )
c

(16)

where Aop and Aogr are the field amplitudes of the Gaussian pump field and the incident IR
plane wave, respectively, wo is the beam radius (1/¢?) of the pump beam inside the nonlinear
crystal. Equation (16) takes into account the length of the nonlinear crystal, /., and the crystal
can therefore be thought of as a “thick filter” using terminology from Fourier optics.

From this expression, we can investigate the diffraction properties. We first note that the

transverse part Ak, of the phase mismatch vector enters the expression on equal terms as the
axial component Ak, , meaning that in a general theory, the phase mismatch vector, has no
preferred direction evidently. In the vast relevant literature, the influence of Ak; is ignored, i.e.

Ak, =0. Using Eq. (16), we can provide the formal requirement here for Ak, . Firstly, a non-
vanishing Jlup requires that |AkT| Wy = 0. Secondly, if the pump beam radius wo is sufficiently
large, ;an is diminished unless Ak, = 0. Strictly speaking the pump beam needs to be a plane

wave, thus of infinite extent. Interestingly, in a linear medium, Ak, =0 leads to the classical

Fresnel law of refraction, expressing the conservation of transverse momentum for a plane wave
impinging on a medium of refractive index, 7.

Equation (16) can be used to define the full-width-at-half-maximum (FWHM) of the
upconverted intensity in the k-space for specific cases, however, it can be seen that if

Akl << |AkT| W), then the diffractive properties are determined predominantly by Ak, . This

assumption corresponds to a thin filter approximation, well known from 2-D Fourier optics [68]
and is usually fulfilled for upconversion imaging when wo is large. Note that Ak_ is actively

minimized through phase matching in birefringent crystals, in contrast to | Ak, | (see section 3).

Assuming Ak, /. << |AkT| W, the resolution in A-space is determined from:

2
2
W |AkT,FWHM| 1

2 5 17)

exp

From Eq. (17) we can derive
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242In(2
¢OT|A
W,

; (18)

|AkT,FWHM| = '//FWHM| =

J2In(2)4,,
0 ™o

where ‘AI/IFWHM‘ is the angular spread of the upconverted field (external to the crystal). The

resolution of an upconversion system is then determined by the pump beam waist wo which
needs to be large to support high resolution imaging. Note that the crystal length, /., does not
appear in Eq. (18). /- is present in the sinc(Ak,/, / 2) term as a modulation of the amplitude of

the upconverted field. In linear imaging this modulation term is absent.

2.4 Upconversion imaging: System-I

Let us now consider an upconversion imaging system shown in Fig. 5 (also referred to as
System-I). The first lens, L1, transforms the IR object field g, (x, y)to the Fourier plane in the

center of a nonlinear crystal. Inside the crystal, a Gaussian pump field interacts with the Fourier
transformed IR object field through the second order nonlinearity of the crystal. The Fourier
transformed IR object field can also be viewed as a superposition of plane waves, each of which

has a complex amplitude given by g, (=, ). As described in sub-section 2.3, a single IR plane
wave does not produce a single upconverted plane wave but rather a field with an angular spread
in the form of Eq. (16). Again, assuming thin filter approximation (i.e., Ak_/, < |AkT| w, ), the
k-space angular spread of each output upconverted field due to each IR plane wave component
is predominantly influenced by the term exp(—Ak% / 4) than by sinc(Akzlc / 2) . The second

lens, L», performs the final Fourier transform to bring the superposition of upconverted fields
back to the spatial domain. Hence, the angular spread has a corresponding spatial spread in the
image plane defined by the amplitude point-spread function (PSF).

X y L1 Fourier plane |_2 , X'\ —IRinput
(u,v) y — Upconverted

nonlineaér crystal Pump

—

IR plane
wave

~Z

L&i(x'y)

g

7 R

Fig. 5. System-I, upconversion takes place in a Fourier plane (transverse coordinates, u, v). The
object at one focal length (f1) in front of lens L is imaged at one focal length (f2) behind lens La.
An IR plane wave of uniform amplitude propagating along the z-axis illuminates the object
transparency. The pump beam inside the crystal is indicated by green color. g’s are the complex
field distributions in the object and image planes. ¥ ’s are the propagation angles (with z-axis)

of IR and upconverted waves external to the crystal.

Given an IR signal field g (x, y)in the object plane, the upconverted field g;(x',»") in
the image plane of Fig. 5 is described by [70]:

omd gl A f Xy )L
gi(x'y) = j Ry sine Akz[—,L]—‘
nupj’upf2 f2 f‘2 2

A ArJi A ( 2 9( 2, 2 zj
X g | —7——x,———y"|® exp| = wy | X'+ y' 7|4, .
[ Ay Pty Aoty 0( ) ( g 2)

, (19)
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where g, is the vacuum permeability, Eopis the maximum amplitude of the Gaussian pump
with beam radius wo, and fi2 are the focal lengths of lenses L1 2. In particular, the point-spread

2
W, 2
function (PSF) can be identified as | — 02 exp(—nzwg (x'2+y'2)/(/1upf2) ) , which can
Znp
accurately be simulated by the Fourier transform of a virtual “thin”” Gaussian transmission filter
in the center of the nonlinear crystal. Equation (19) can be decomposed into the following set

of imaging actions:

/1up f 2
/q“lR fl

(2) The resulting image generated from (1), is blurred by the PSF

(1) The object field is transferred to the image plane with a magnification M = —

2
T 2
wo2 exp(—;ﬂwg (xv2+yv2)/(},upf2) )] , which is formed by the normalized 2-D

A2 f.

up”/ 2
optical Fourier transform of the Gaussian pump field profile, evaluated at spatial frequencies

(A s )and y'f(4,15 ) 1681,

(3) The sinc function, which acts like an amplitude mask, is superimposed on the imaging

plane by multiplying the result in (2) by sinc[ Ak, (;_V’L'jl;] , 1.e., by propagating the
2 fZ 2

angular sinc function to the image plane.

. 27d 5l A f, . - . o
(4) The amplitude factor, ]‘:73 Ao,p , is multiplied to the image obtained in (3).
nupﬂ'upf 2

This four-step procedure constitutes a convenient and practical method for constructing the
upconverted image. Furthermore, the FWHM of the square of the Gaussian PSF gives the size
dres of resolvable image of a point object:

224,/

res

(20)

W,
From Eq. (18), we can also see that d__ = |‘/’me\4| 5y

2.5 Upconversion imaging: System-Il

For completeness, we also consider upconversion in the image plane (System-II). Though
Andrews [71], and later Milton [56], gave a detailed geometrical analysis of this configuration,
we would like to briefly review the properties of System-II. To analyze the basic properties, we
envision that the nonlinear crystal is situated in an intermediate image plane as shown in Fig.
6, where the pump beam with radius wo illuminates the object’s intermediate image. The

intermediate image is a rescaled version of the object with a magnification factor —z, /z, where
z,, > f; » which allows for matching the aperture size of the nonlinear crystal or the transverse

size of the pump beam. Following a Huygens-Fresnel approach, consider a point source at point
P in the intermediate image plane emitting a spherical upconverted wave. The need for phase
matching effectively truncates (in angle) the emitted upconverted wave. The angular truncation
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FWHM

is given by the acceptance angle, Vupace. | which is defined from points where the magnitude
of the upconverted intensity is reduced to 50% of its maximum value. Essentially, y/f'xI;ICM

limits the numerical aperture (N.A.) of the next lens L2 (see Fig. 6), thus the size dres of the
resolvable image of the point source at P is then given by:

210(2) 4,24

= : 21)
res FWHM (
ﬂ- ‘//up,acc. 23
Intermediate F )
X y image plane ’ X — IR input .
Ll ; |_2 Yy Upconverte
nonlinéar crystal Pump
—> INYWir : 4
IR plane
wave >

Fig. 6. System-1I, upconversion takes place in an “intermediate” image plane. A point object
go(x, y) is first imaged by lens L of focal length fi at point P (inside the crystal) then the
upconverted image gi(x’, y’) is formed by a second lens L, of focal length f; in the final image
plane. The z;’s are the object and image distances from the lenses.

It is interesting to note that for System-I, the pump beam diameter wo, determines the spatial
FWHM

l//up,acc.

resolution for a given lup , but for System-II, it is , thus a parameter determined by the

Vipace.
0.01 - 0.1 radian), dres for System-II is poor compared to the classical linear imaging case where
the N.A. of the lens (e.g., 0.8 radian) results in better resolution.

System-I is more commonly used and has a few advantages over System-II in terms of
robustness to crystal non-uniformity and the ability to perform spatial (Fourier) filtering by
manipulating the pump beam profile. Henceforth, the following discussions in the article are
based on System-I, unless otherwise specified. The imaging parameters of the two systems are
compared in Table 2.

phase matching properties and crystal length, /.. Since is often small (in the order of

Table 2. Imaging parameters of System-I and System-II

Parameter System-I System-1I
FoV Phase matching condition, ~ sinc? Ak, Pump diameter (2wo) and/or crystal aperture
’ 2 size, whichever is smaller
Size of resolvable element in the image plane, Size of resolvable element in the image plane,
. 2In(2
Resolution \ éZln(Z)/lupfz d M
dieg =—— res FWHM
Wy 7 \Wup,acc. |23
A .
Magnification M = —g M=22F ,zi2>fiand z34 > f
S+ A 2723
For Gaussian pump and within the FoV, the

For Gaussian pump and within the FoV, the

Efficiency efficiency decreases for  higher spatial efficiency decreases for off-axis object points.

frequencies.
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3. Phase matching (PM)

The term phase matching (PM) has been introduced in the description of parametric frequency
upconversion in section 2. In this section, the fundamental concept of PM is discussed in more
detail, first considering PM of collinear plane waves, followed by a description of PM of non-
collinear waves, which is relevant for upconversion imaging. From a physical point of view,
PM means that the phase velocity of the induced second order polarization (originating from
the input pump and IR signal) should match the phase velocity of the generated field
(upconverted); this results in constructive addition of the generated fields from the induced
dipoles along the direction of propagation. Collinear interaction can be along one of the
principal axes of the material, called non-critical phase matching (NCPM), or in a direction
away from the crystallographic axis, generally termed critical phase matching (CPM). For
upconversion imaging, the interacting fields are generally non-collinear. For the non-collinear
case, the PM condition has to be fulfilled, both for the longitudinal and the transverse part of
the wavevectors. PM is important in order to maximize the conversion efficiency; however,
even for non-perfect PM, some conversion still occurs. In sub-section 3.3, the acceptance
parameters are considered, i.e. how fast the conversion efficiency decreases as a function of
different parameters, e.g. the propagation angle through the material, and how different
parameters can be used to control the PM wavelengths. Note that all angles (6, ¢) described in
this section are propagation angles inside the nonlinear crystal. The external angles can be
calculated using Snell’s law with the corresponding refractive index of the material.

3.1 Collinear phase matching

Considering parametric exchange of energy between three monochromatic, continuous, plane
waves propagating through a nonlinear crystal, both energy, Eq. (2), and momentum, Eq. (13),
have to be conserved. The energy is strictly conserved for parametric processes, as no energy
is exchanged with the material. The momentum conservation accounts for the coherent addition
of the radiated fields from the induced dipoles. As the momentum conservation describes the
relative phase of the induced dipoles and the propagating optical field at the same frequency,
this relation is often termed as the PM condition.

In nonlinear materials used for parametric frequency conversion, the refractive index
depends not only on the wavelength (dispersion), but also on the temperature of the nonlinear
material, the polarization of the interacting fields, and their angle of propagation relative to the
crystallographic axis of the material. Thus, the PM condition can be expressed as

np (H’T’]“p)_l_an (Q,T,ﬂm) :nup (H,Taﬂ’up) (22)

ﬂ’p Z’IR A’up

where the refractive index is calculated as a function of angle, temperature and wavelength.

Due to normal material dispersion, i.e. decreasing refractive index for longer wavelengths,
Eq. (22) has no solution if all three waves are propagating collinearly with parallel linear states
of polarization in a homogeneous bulk material. A common approach to obtain PM is to exploit
the anisotropy of the nonlinear material, i.e. exploit interaction of fields of orthogonal linear
polarization to compensate for the dispersion induced phase mismatch — this is known as
birefringent PM (BPM). In 1962, Giordmaine [34] and Maker et al. [35] independently
proposed and demonstrated BPM based y@ interaction. Two configurations can be used for
upconversion: (i) Type-I PM where the two inputs (pump and IR signal) are linearly polarized
in the same direction and an upconverted field is generated in the orthogonal polarization state,
or (ii) Type-II PM where the two inputs have orthogonal, linearly polarized states.

For anisotropic materials, the refractive indices are generally described by a 3 X 3 tensor.
In a unique orthogonal coordinate system, known as principal axes (4,5 ,¢ ), the tensor
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becomes diagonal, where the diagonal elements are known as principal refractive indices (
ng.n;,n;) [61]. A crystal for which n; # n; # n; is known as biaxial, whereas, if two of the

principal indices are identical, i.e. n; = n; # n, , the crystal is called uniaxial. In uniaxial crystals

the crystallographic ¢ -axis is known as the optic axis. The following description is focused on
uniaxial crystals; however, it is straightforward to expand the treatment to biaxial crystals,
particularly considering operation in a principal plane of the crystal.

In a uniaxial crystal, light polarized perpendicular to the plane containing its propagation
wavevector k and the optic axis ¢ is known as the ordinary ray or o-ray and the corresponding
refractive index is defined as n, = n; = n; . The field polarized in the plane containing k and ¢

is known as the extraordinary ray or e-ray and the associated refractive index isn, (0) , which

is a function of the propagation direction, i.e. the angle 6 between k and ¢ as follows

1 sin’ o, cos? o, .
= + , where j=p, IR, up. (23)

n (65 45.T)  nZ(6,=90"4,7) n;(4.T)

Typically, the highest conversion efficiency is obtained for collinear interaction, i.e. all
fields propagating in the same direction, resulting in the best possible spatial overlap of the
interacting fields, this is the configuration of choice for most parametric (non-imaging)
frequency conversion devices. If the propagation direction is along one of the principal axes of
the material, it is generally called NCPM, whereas, if the fields propagate non-parallel to the
crystallographic axis, it is called CPM as discussed in the following paragraphs.

Non-critical phase matching (NCPM):

In some materials, the PM condition Eq. (22) can be fulfilled for interaction of plane waves
propagating along one of the principal axes of the material, by appropriate choice of the
direction of polarization of the two co-propagating input fields and the temperature of the
nonlinear material, see Fig 7. In this configuration, the temperature of the material is used to
optimize the parametric interaction for a specific combination of wavelengths to fulfill the PM
condition. The resulting upconverted field propagates in the same direction as the two input
waves, and, when phase matched, the generated field builds up constructively as it propagates
trough the material as described in section 2. Temperature tuned NCPM has been demonstrated
in several conversion devices [18], [72].

The interaction of co-propagating fields along a principal axis of the nonlinear material is
particularly advantageous, as beam walk-off is absent — a desirable configuration described in
section 2. This ensures optimal spatial overlap and interaction length for the parametric
upconversion process. Furthermore, the first order derivative of the phase mismatch term with
respect to a tuning parameter is zero, making this configuration less sensitive to parameter
variation, hence the term non-critical phase matching, which is discussed in more detail in sub-
section 3.3.

¢
p lﬁ wo Ky .
—— -—1—> b R Z
o-ra - i
Y e-ray Crystal €-ray kp kir
a

Fig. 7. Illustration of NCPM Type-II upconversion. The input fields are orthogonally polarized
and propagating collinearly, along one of the principal axes of the nonlinear material.
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Quasi phase matching (QPM):

It is not always possible to obtain PM for two input waves co-propagating along a principal
axis of the nonlinear material, using only the temperature as tuning parameter. If the nonlinear
crystal does not possess sufficient thermal birefringence and anisotropy to compensate for the
dispersion induced phase mismatch, a different PM technique called quasi PM (QPM) can be
implemented. In this approach, the phase mismatch (Ak) can be compensated using a spatially
structured nonlinear material. Due to the non-centrosymmetric nature of »® materials, an
inversion of the crystal structure results in a change of the sign of the nonlinearity, i.e.
introducing a m-phase shift. Using a periodic structure, in which consecutive sections of the
nonlinear material have inverted domains as seen in Fig 8(a), it is possible to periodically
compensate for the accumulated phase mismatch between the induced polarization and the
upconverted signal propagating through the material.

Fig. 8. Schematic of a (a) periodically poled crystal for QPM. The angle between crystal ¢ — axis
and laboratory z-axis/k, direction is #, which is 90° in case of QPM crystal. The solid arrows are
indicating the ¢ — axis orientation of each poled section. The poling periodicity is A. (b) Variation
of nonlinear coefficient, d along the length of the poled crystal. (¢) Collinear PM diagram of a

ky|=27/A.

QPM condition, where

The periodic modulation of the material susceptibility seen in Fig. 8(b) can be treated as a
square wave in the material, consequently, it can be expanded in all odd harmonic frequencies
of its periodicity. Its Fourier space wavevectors can be easily found as given in Eq. (24), where
m denotes the harmonic order and A is the spatial period. Furthermore, as it is a standing wave,
it is the superposition of a forward and a backward traveling wave; hence, the sign of the
wavevector can be either positive or negative.

2rm
k= - where m=+1,+3,45,... (24)

Using this approach, the new PM condition is given by Eq. (25), with a designable
parameter A to obtain PM, without relying solely on the anisotropy and thermal dispersion
parameter of the material (see Fig. 8(c)).

2rm
kup_kp_kIR_T=O (25)

This approach further allows the freedom to choose the field polarizations that give access
to the largest nonlinear susceptibility tensor element of the material. Generally, when all
interaction waves are linearly polarized along the optic axis of the periodically poled crystal,
the largest second order coefficient, ds3, is accessed. Hence, higher efficiency for the frequency
conversion is achievable, even though it is reduced by the amplitude of the harmonic Fourier
component of the induced grating,

d =dG . G=2"_ m=135.. (26)

eff 37m m
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The 1% order structure is the preferred choice for QPM based frequency conversion, as seen
from Eq. (26). According to the specifications provided by one of the nonlinear crystal supplier
[73], a 5% MgO-doped LiNbOs at 1064 nm yields ds1 = 4.4 pm/V (typically used for BPM)
and d33 =25 pm/V (used for QPM). Thus, for the 1% order QPM, desr ~ 14 pm/V, which is more
than three times the value of ds1, i.e. about 10 times higher conversion efficiency (according to
Eq. (10)) compared to BPM in the same material (provided that all other parameters remain
unchanged).

From a historical perspective, QPM was first suggested by Armstrong in 1962 [12] and
mentioned by Franken and Ward in 1963 [74], however, the fabrication process made it difficult
to realize QPM structures experimentally. During the late 1970’s, stacked plates based QPM
crystals were developed [38], [39], however, the periodicity was limited to several 100°s of um
using crystal plates of transverse dimension 9 mm x 28 mm [39]. Later, epitaxial growth based
technique, as well as diffusion bonded crystals, were developed enabling shorter periods and
resulting in more versatile performance [75], [76]. Nowadays, domain reversal techniques are
commonly used, which is based on the application of a high external electric field across the
ferroelectric crystals, providing reliable poling periods ranging from few um to 10’s of um for
crystal thickness of 0.1 — 2 mm [73], [77], [78]. An alternative approach is molecular beam
epitaxy applied for semiconductor crystals, producing grating periods ranging from 10s to 100s
of pm. Structures of 20.8 um grating period have been reported for a GaP crystal with thickness
of 150 pm and 61 um grating period for 0.5 mm thick GaAs crystal [79], [80].

From an operational point of view, QPM can be considered as a special case of NCPM, as
the interacting fields are all propagating along one of the principal axes of the nonlinear crystal.
The highest upconversion efficiencies has been obtained with QPM devices [81], [82]. These
devices are suitable for single-photon counting [81], [83]-[86], spectroscopy [87]-[89], and
imaging [45], [90]-[95]. The transverse dimension of standard QPM crystals is typically
limited to approximately 1 mm for periodically poled lithium niobate (PPLN) [73], [87]. This
imposes a limitation on the imaging FoV (particularly for long PPLN crystals) as well as on the
spatial resolution due to the limited crystal aperture size (which sets an upper limit to wo), as
seen in Table 2. However, recent technological development results in PPLN of larger thickness
[78], which will definitely improve the imaging quality. On the other hand, QPM configuration
has also been successfully employed for raster-scan based upconversion imaging [91], [96].

Critical phase matching (CPM):

In some cases, it is not possible to obtain PM for two collinearly propagating input waves based
on the anisotropy of the material and control of the material temperature, when the fields are
propagating along the crystallographic axis of the material. Choosing a propagation direction
non-parallel to the principal axis of the material, can enable PM, as illustrated in see Fig. 9.
However, because of the anisotropy of the material, walk-off occurs for the extraordinary
polarized fields, limiting the interaction length of the parametric process (see Fig. 9(c)). The
walk-off angle increases for larger angles relative to the nearest crystallographic axis. The angle
is typically in the order of few degrees and it attains a maximum value for 8 = 45° [64], [67].
Using CPM, Type-I interaction is preferred over Type-II, as for Type-I the two inputs are of
the same polarization, hence, even if they walk-off (extraordinary polarized), they do so in a
similar direction and angle [97], maintaining spatial overlap for longer interaction length, in
comparison to Type-II.
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Fig. 9. (a) Concept of o-ray and e-ray. The wavevector, k makes angle 6 to the crystal ¢-axis. (b)
Concept of temperature (7) and angle (8) dependent birefringent phase matching. (c) Schematic
representation of index ellipsoid projected on crystal c-b plane; and the angle-dependent
refractive index resulting in a spatial walk-off between the o-ray and the e-ray even when they
propagate/phase match collinearly.

3.2 Non-collinear phase matching

In sub-section 3.1, collinear propagation of three waves has been considered. In this sub-
section, the analysis is extended to include non-collinear propagating plane waves. Whereas
the PM condition in the previous section was simplified to consider only the length of the
wavevectors (as they are all parallel), non-collinear interaction requires a vectorial analysis.
Defining the direction of the pump wave as the z-direction (longitudinal direction), the PM
condition has to be fulfilled in both the longitudinal and the transverse direction. The condition
can be divided into two scalar equations Eq. (27) and Eq. (28), where ¢; is the angle of the j*
wave relative to the pump direction inside the nonlinear material, and 6 is the angle of the wave
relative to the ¢-axis of the material (considering a uniaxial material).

- kup(eup)‘ Cos(q)up)_‘kp(ep)‘_‘kIR(QLR )‘COS(Q)IR) @7)

Ko (01 J5i0(645 )~y (616 ] s (03 (28)

where Ak, and Akr are the longitudinal and transverse phase mismatch, respectively. Using
these equations, the non-collinear PM conditions can be calculated for both Type-I and Type-
II interactions as well as for QPM structures adding an additional term for the wavevector of
the induced structure ka in Eq. (27). Considering plane wave interaction, the transverse
equation must be strictly fulfilled, i.e. Akt = 0, resulting in image transformation from the input
to the output side, however, with a magnification factor proportional to the wavelength ratio

lup / A, as shown in Table 2.

Ak

4

Ak =

IR °
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Assuming a uniaxial nonlinear material with a pump wave propagating along one of the
principal planes, the angular dependent refractive indices can be easily calculated along the
lines outlined in [98], using the notation presented in Fig. 10.

Input Nonlinear crystal Output

¢

cut

(le’y m)

(X, V)
Wmt E

tFigA 10. Schematic representation of coordinate transformation scheme for calculating non-
collinear phase matching conditions. The x-y-z is laboratory coordinate system, where the pump
is along the z-axis. The angle u; and vj are projected in the x-z and y-z plane, respectively. ¢ and
y are internal and external angles (with respect to the crystal), respectively. All notations are the
same as described in above text.

The angels (8, ¢;) are easily calculated using Eq. (29) and Eq. (30), as a function of the input
angles of the signal wave and the output angles of the upconverted wave.

) ) \/l +tan? (uj)+tan2 (vj)
( J) _ cos(&cut +u +t//mt)cos(vj) '
\/cosz (vj)+ cos? (uj)sin2 (vj)

The angles u;j (within the principle plane) and vj (orthogonal to the principle plane) describe the
internal angles of the input IR and generated up wave. feut and ot are the cut angle of the
nonlinear crystal relative to the ¢-axis and the rotation angle of the crystal relative to normal
incidence, respectively. Having calculated 6; and ¢;, and the polarization direction of the waves,
the refractive indices and hence the wavevectors can be inserted into Eq. (27) and Eq. (28). If
Ak, = 0 and Akr = 0, a plot of the PM upconverted wavelengths and the corresponding angles
of the upconverted wave can be obtained. This is discussed further in the following sub-section.

cos (¢j (29)

(30)

3.3 Acceptance parameters and phase match tuning

The different PM schemes are summarized in Fig. 11. The two axis of the coordinate system
describes the two principal axes of the nonlinear material. For the ordinary polarized wave, the
refractive index is independent of the direction of propagation, i.e. the refractive index forms a
circle, whereas Eq. (23) describes the refractive index of an extraordinary polarized wave, i.e.
forming an ellipse with its major and minor axes along two principal axes of the nonlinear
material. From Fig. 11 it is clear, that if the input fields are propagating collinearly along one
of the principal axes, the circle and the ellipse intersect tangentially, these two directions
correspond to the NCPM as mentioned in sub-section 3.1. For the direction marked with A, two
collinear beams are phase matched, however, the ellipse and the circle describing the refractive
indices are intersecting rather being tangential, corresponding to CPM. All other combinations
leading to PM rely on non-collinear PM. In addition to the propagation along on of the principal
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axis, one additional point, marked with B, leads to tangential alignment of the refractive indices,
this special form of non-collinear PM is known as tangential PM (TPM) [22].
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Fig. 11. (a) Different types of BPM in a negative uniaxial crystal. The symbols “0” and “e”
represent o-ray and e-ray, respectively. Other symbols are described previously in text. The
black and red solid arrows indicate pump and IR wavevector, respectively. (b) BPM in a LiNbO3
crystal calculated for pump and infrared wavelength of 0.8 pm and 3.3 um, respectively. The
point A and B indicate collinear CPM and non-collinear tangential phase matching, respectively.
Both the points (A, B) correspond to (a).

As seen in sub-sections 3.1 and 3.2, PM can be achieved for a range of configurations, using
parameters like angle, wavelength, and temperature. If the PM condition is not perfectly
fulfilled, it was discussed in section 2, that the conversion efficiency, in a lossless medium, is

proportional to sinc’ (Akzly / 2). This shows, that a non-zero phase mismatch, Ak, calculated

along the pump direction, reduces the conversion efficiency. The tolerance on the PM
parameters is described by their acceptance parameters, referred to as: (i) angular acceptance
bandwidth (A6)), (ii) spectral acceptance bandwidth (A%;), and (iii) temperature acceptance
bandwidth (A7), respectively. The acceptance parameter is generally defined as FWHM values.
Each acceptance parameter can be calculated or measured while keeping all other parameters
constant.

The acceptance parameters are typically evaluated from the variation in Ak, assuming
Akr=0. Due to this “sinc-squared” nature of the upconversion efficiency, it decreases as
| Akilc/2 | increases, such that it reaches a maximum value when Ak, = 0 and becomes zero for
Ak, = 2n/le. As | Ak.| is further increased, the efficiency shows oscillatory behavior with
sharply decreasing amplitude. While the energy conservation, i.e. Eq. (2), is strictly satisfied
for parametric frequency conversion, the efficiency of the process follows the sinc? function
for the wavevector mismatch for a finite crystal length. The efficiency remains high for small
phase mismatch Ak, << 2n/l. and therefore a small deviation from the exact PM can be
tolerated. In the case of a shorter crystal length, the acceptance bandwidth increases, however,
with a penalty in efficiency. Using a first order derivative, the dependence of Ak on the PM
parameters can be approximated as

Ak, (6,47 )= Ak [ (=0)+5(Ak,)
o(Ak,) o(Ak,) oAk, (31
2LA0. + ZLAA+ ZLAT

00, s boodaT
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For a monochromatic pump propagating along a certain direction, the acceptance
parameters can be calculated in terms of IR wave parameters (AGir, AAr, AT) for different types

of PM conditions [28], [99]. In case of NCPM and TPM, the d(Ak_)/d6=0 for a perfect PM

point, which essentially provides wider acceptance parameters in comparison to the CPM
condition [22]. However, in that case, the second order derivative must be taken into account
when calculating the acceptance parameters. Typically the angular acceptance bandwidth is in
the order of a few 10’s of mrad (CPM) [18], [100] to a few 100’s of mrad (NCPM/TPM) for
the IR wave [22]; correspondingly the spectral acceptance bandwidth varies from a few nm to
afew 10’s of nm [18], [22], [100]-[102]. The temperature acceptance bandwidth is typically in
the order of a few °C [72], [102], [103]. These are important parameters when studying
multispectral imaging and FoV of the images. For broadband or hyperspectral imaging, a wider
range of r needs to be upconverted simultaneously, which can be achieved by considering,
e.g. non-collinear interaction [87], temperature tuning [45], [88], rotating the crystal [104],
tuning the pump wavelength [93], and/or using a broadband pump source [95].

Returning to Fig. 11, it is clear that a small change of angle will have a symmetric impact
on the PM condition, when the interacting fields are propagating along one of the principal axes
of the material. This means, that a phase matched upconversion process at a non-collinear angle
¢r relative to the pump, results in an upconverted field at angle @up symmetrically around the
pump beam, as seen in Fig. 12(a). Point B refers to the collinear NCPM point collinear with the
principal axis of the nonlinear material, and this is also the case for QPM as indicated in the
figure. Considering longer IR wavelengths leads to PM angles as indicated in Fig. 12(b). Thus,
non-collinear interaction increases the spectral range of upconversion as well as the FoV for
imaging [45], [87], [98], assuming that the IR signal is not monochromatic.
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Fig. 12. Non-collinear upconversion in a periodically poled crystal, (a) wavevector directions
and PM ring pattern in a PPLN crystal, (b) phase matching curve for a PPLN with poling period
=21 um and 4, = 1064 nm. The 6, is 90°, which makes the TPM point (B) on axis, indicated by
dashed arrow. The error bar in (b) indicates the spectral acceptance bandwidth.

For the case of CPM, the symmetry point B of the upconverted wavelengths is no longer
coincident with the pump beam axis (i.e. z-axis), but displaced at an angle corresponding to the
TPM direction, as seen in Fig. 13. This understanding is very important for the image formation
considered in the following sections.

The angular acceptance parameter further implies that the width of the upconverted ring,
for a monochromatic IR input, is proportional to the angular acceptance parameter, meaning
that the upconverted ring is broader close to the NCPM configuration, but narrower further
away. This feature is considered further in sub-section 5.4.
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Fig. 13. (a) BPM in a LiNbOs crystal calculated (by Ashik A. S.) for a fixed 4, = 0.8 pm and two
AR = 3.2 um (orange) and 3.3 um (green). Point B indicates the non-collinear tangential PM
point. (b) Schematic representation of k-vectors for non-collinear interaction in a bulk nonlinear
crystal. Different IR wavelengths satisfy PM along spatial ring patterns of varying radii
concentric around point B (indicated by dashed arrow). Different colors for the ring patterns
indicate different IR wavelengths that are upconverted.

4. Noise properties of upconversion

As for classical imaging systems, a standard figure of merit such as signal-to-noise ratio (SNR)
and noise equivalent power (NEP) can also be used for upconversion systems. In this section,
a brief discussion on the noise sources and the SNR for a given upconversion efficiency is
discussed. For direct detection, the optical shot noise (OSN) coming from the IR signal (object)

is typically the limiting case for bright signals. The OSN is proportional to /N where

photon ?

Nphoton 18 the photon count of the IR signal. However, for detection of faint IR signals (low
signal level, for e.g. LIDAR or microscopy applications), the OSN may be neglected in
comparison to other noise sources (typically the background noise originating from the
blackbody radiation and thermal of the detector itself). For upconversion detection, the thermal
noise of the detector material (e.g. silicon) generally does not contribute significantly to the
dark noise; however, during the parametric process, noise is inevitably added to the signal.
Thus, any noise originating from the final detector (dark noise) and the optical noise originating
from the upconversion process itself (up-noise) have to be combined in order to evaluate the
overall system performance. The SNR can be estimated as [105]

i
SNR — - signal - (32)
O-up-noise + Gdel
where isignal 1s the photocurrent driven by the upconverted IR signal. The gup-noise includes the
shot noise originating from the upconverted IR signal and the up-noise (see the sub-section
below). The ouet is the dark noise from the final detector. These terms are expressed as

AL A L]
4 det —

P
isignal = haI)R nsystemq; O-up-noise = \/2qBF(isignal + iup-noise o d;;w ’ (33)
R up

Where l.up_mise — Pup-nmser]detnext-lossq '
ho,,

Prr is the IR signal power, Pup-noise is the power of up-noise, #’s are efficiencies defined in Eq.

(11), g is the charge of an electron. The NEPdet, B, and F are the NEP, frequency bandwidth,

and noise figure of the final detector, respectively (available in commercial detector’s data

sheet). Typically, higher upconversion efficiency improves the SNR. For detailed calculation

steps of SNR and/or NEP see [106], [107]. By calculating or knowing the values of 7, both isignal
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and oqet can be estimated. In certain applications, the detector noise (odet) can be neglected in
comparison to the up-noise; particularly in cases where extremely sensitive detectors (e.g.
photomultiplier tube (PMT) [105]) are used. To estimate the iup-noise, Optical power contribution
of any up-noise source needs to be investigated.

Optical noise generated in an upconversion module (up-noise)

Apart from the upconverted signal, any light in the detection spectral band coming out of
the upconversion module and reaching the final detector contributes to the overall up-noise.
The residual pump and/or its second harmonic are typically the strongest contributor. However,
these can be easily blocked by spectral filtering as they are outside the spectral band of the
upconverted signal [87].

Depending on the spectral range of the IR signal, the nonlinear crystal, and its temperature,
the second strongest contribution to the noise comes from the upconverted thermal radiation
originating inside the nonlinear crystal due to its imperfect optical transparency. Note that, this
is different from the “dark noise” mentioned earlier in this section. In 1974, Estes et al. [108]
presented a detailed analysis of the thermal noise contribution for an IR signal at 10.6 pm
upconverted in a proustite crystal at room temperature. The relatively high optical absorption
of proustite at 10.6 um leads to a uW level of up-noise power in their experimental setup. Later
on, the spatial and spectral distribution of such thermal noise have been theoretically estimated
and experimentally demonstrated using LiNbOs and LilOs crystals for narrowband as well as
broadband upconversion [109]-[112]. Recently, Barh et al. [109] measured a total upconverted
thermal noise power of ~ 30 pW at room temperature for broadband upconversion in the 3.5 —
5 um range in a bulk PPLN crystal using a 1064 nm CW pump. As the thermal radiation is
broadband (see Fig. 14) and can be phase matched over a wide range of angles, its contribution
can be minimized by using both spatial and spectral filtering. Furthermore, the thermal noise
can be reduced by considering a lower average pump power [109]. In that direction, a
synchronously pulsed pump and pulsed infrared signal would likely improve the upconversion
SNR.

In the highly transparent region of the nonlinear crystal, the aforementioned thermal
contribution can be neglected. In that case, the parasitic optical processes inside the nonlinear
crystal become the dominant optical noise sources. One such phenomenon is spontaneous
parametric downconversion (SPDC) of the pump. SPDC is an incidental second order
parametric process in an upconversion crystal, where a pump photon spontaneously
splits/downconverts into two lower energy photons (Asppc > Jp) as a result of vacuum
fluctuations known from quantum mechanics [113]. However, the SPDC process is non-phase
matched since the upconverter is designed to fulfill the PM condition for the upconversion
process. Therefore, the intensity of the SPDC is usually very low, but in a poled crystal (e.g.,
PPLN) the SPDC intensity can be relatively high depending on its poling quality given by its
random duty cycle (RDC) error [114]. When a short-wavelength pump is used, i.e. Air > 4y, the
broadband SPDC induced by the pump spectrally overlaps with the IR signal. This part of the
SPDC spectrum then undergoes wavelength translation through upconversion process just like
the desired signal and hence contributes as optical noise (see Fig. 14). In 1969, Tang [115]
described this phenomenon by treating it as a quantum mechanical scattering problem and
estimated the noise power of upconverted SPDC (USPDC). Later on researchers have measured
USPDC photon count rates of about 10%/sec in PPLN based upconverter for 1550 nm [83],
[105]. Recently, Meng et al. [116] measured the spatial distribution of the USPDC noise. They
proposed a spatial filtering scheme using a pinhole and temperature tuning of the phase
matching to reduce the USPDC count rate to ~ 10%/sec for signals in the telecom wavelength
range. Such progress is essential towards developing single-photon upconversion detectors.
Nevertheless, care must be taken to avoid any undesired circumstances where both up- and
downcoversion processes are phase matched [117]. Furthermore, noise investigations in [116]
also contribute to the understanding of the up-noise in upconversion imaging systems, which
have the same optical noise source as the upconversion detector. In particular, the unique spatial
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distribution of the USPDC noise (see Fig. 15) in the PPLN based upconversion system can lead

to a non-uniform noise background for the upconversion imaging.
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Fig. 14. Schematic spectrum of different optical noise sources in a typical short-wavelength-
pumped upconversion module. The spectral position of pump, IR, and upconverted wave are
indicated for better understanding. Note that the SPDC and Raman (Stokes and Anti-Stokes)
photons are generated due to a strong pump.
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Fig. 15. Spatial distribution of the USPDC noise intensity with a 1064 nm pumped PPLN crystal
operating at different temperatures. The overlay plot for the USPDC noise at T = 40 °C shows
that the noise varies radially not only in intensity but also in wavelength, Air = Zplusepc/(Zp —
Ausepc). Adapted from [116].

In order to remove the USPDC noise source, Pelc et al. [118] suggested using a “long-
wavelength-pumping” scheme, where 4, > Air, to avoid the effect of SPDC (as it appears at the
longer wavelength side of the pump spectrum). By doing so, they also got rid of Stokes Raman
noise when it is not separated well enough from the pump spectrum (see Fig. 14). In this
configuration, mainly the Anti-Stokes Raman contributes to the up-noise. Recently Kuo ef al.
[119] suggested to cool down the nonlinear crystal to reduce the Raman contribution
significantly. They predicted a noise count level of 250/sec for a PPLN crystal cooled down to
-40°C. At this low noise level, upconversion can be used as a quantum conversion device. In
addition to low up-noise, higher upconversion efficiency (7up—Ir) is desirable to achieve even
higher SNR.

For imaging where non-collinear phase matching is typically considered in order to increase
the image FoV, the upconversion efficiency of a monochromatic input IR signal depends on
the limited angular acceptance bandwidth (sub-sections 3.3) and reduced effective crystal
length [112]. The reduced #u consequently reduces the SNR. The Gaussian intensity
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distribution of the pump imposes lower pump intensity for the off-axis IR photons in the
nonlinear crystal [69]. Thus, there is a trade-off between imaging FoV, efficiency, and SNR. In
1970’s upconversion based imaging experiment, the photomultiplier’s dark noise and
background noise from the photographic plate (imaging) were the limiting noise sources [27],
[31] for low average pump power. In 1977, Boyd and Townes [27] estimated the NEP of each
spatially resolvable element on their photographic plate to be ~ 3x10' W/Hz!2, In 1978
Krishnan et al. made a comparative test on SNR for direct and upconversion based IR imaging
systems [50]. They concluded that direct detection was superior to the upconversion detection
both for thermal imaging and active illumination-based imaging. In the best case (active
illumination), direct detection (HgCdTe) gave an SNR/sec of 200 sec™! where upconversion
gave an SNR/sec of ~ 20 sec’! for detection in the 8 — 12 um range. Note that, in [50] SNR
values are given in sec! as pulsed illumination was considered for range-gating application. In
a modern experimental scenario, the sensitivity of the upconversion detection has been
improved significantly by using highly sensitive CCD or PMT as the final detector for
upconversion imaging. Imaki and Kobayashi [44] have measured the minimum detectable IR
power (at 3.4 um) for an SNR =1 to be ~2.0x107'* W with a PPLN based upconversion imaging
device. They compared this sensitivity with a traditional InAs detector, cooled at -40°C and
concluded that the upconversion device yields 11 times higher sensitivity than the cooled InAs.
Dam et al. [45] demonstrated single-photon imaging at an IR range of 3 pm, where they
estimated an up-noise as low as 0.2 photons/spatial element/sec in a PPLN based intracavity
upconverter. Very recently, Pedersen et al. [107] compared the NEP of an upconversion
detector and a cooled HgCdTe detector in the 3 pm range. With their upconversion detector

having an overall detection efficiency (upconversion module + silicon detector, 7, ) of 2%,

they obtained a NEP of 20 fW/Hz!? at 3.39 um, which is 50 times better than the state-of-the-
art cooled HgCdTe detector of much higher efficiency 66%. Furthermore, with an upconversion

efficiency 7, of only 6%, they estimated the internal NEP of the upconverter itself to be ~

2.3 fW/Hz"? at 3.39 pm. Thus, upconversion detector is widely suitable for high-sensitive low
IR signal detection. Furthermore, upconversion detection can exploit the wide temporal
bandwidth of silicon detectors (multiple GHz), whereas the best available HgCdTe detectors
only reach 10 — 100 MHz scale (e.g. Vigo system). For further details, a list of
measured/estimated noise properties of upconversion based imaging is given at the end of
section 7.

5. Design considerations for upconversion imaging

In this section we thoroughly discuss different parameters which are crucial for designing an
upconversion imaging setup including some historical perspectives.

5.1 Choice of nonlinear crystal

A crucial optical element is the nonlinear crystal, which has to be properly selected for a
given application, as many different properties of the crystal play a role in the nonlinear
conversion process. In general, a crystal with high second order nonlinearity is preferred. The
linear refractive index, n at the optical wavelengths of commonly used nonlinear materials lies
in the range of 2 - 4. Thus, such small variation in » does not directly affect the upconversion
efficiency in a significant manner according to Eq. (10). However, Miller’s rule says “...the
crystals that will exhibit large nonlinear effects are those with large linear susceptibilities...”
[120]. Thus, a larger value of n generally yields a larger nonlinear coefficient. The effective
nonlinear coefficient, deft depends on the direction of polarization of the interacting waves in
the crystal, which differs for different types of interaction. The details for calculating detrcan
be found in textbooks [61], [99]. In the following, some other important material properties,
that are vital for designing an upconversion imaging system are considered.
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Only non-centrosymmetric crystals [60] possess non-zero second order nonlinear
coefficient. Thus, for upconversion non-centrosymmetric crystals must be chosen.

A large crystal aperture (~ 5 x 5 mm? or larger) is typically used as it allows for high
spatial resolution or FoV of the upconversion imaging system (as discussed in section 2). Thus,
bulk crystals with larger aperture size are best suited for upconversion imaging.

An optically transparent crystal at all three wavelengths (4,, Ar, and Aup) is necessary to
achieve very low linear loss and thermal noise in the upconversion process. Especially for
intracavity setups, where the pump wave is resonant, the linear loss at A, must be in the order
of 1% or less to obtain a high circulating power in the cavity. The first upconversion imaging
was performed in a lithium niobate (LiNbO3) bulk crystal using a single-pass pulsed pump
configuration [19]. After a decade, a LiNbOs bulk crystal was incorporated into an intracavity-
based system owing to its low loss at 4, [40]. Nowadays, the optical quality of LiNbOs3, as well
as the anti-reflection coating at the pump wavelength, are significantly improved such that an
intracavity CW power of hundreds of Watts can easily be obtained [45]. Oxide-based crystals,
like LiNbOs, are not suitable for imaging at MIR wavelengths above ~ 5 um due to its high
absorption at longer wavelengths. Moving further into the IR, chalcogenide (S, Se, Te) based
crystals, e.g. proustite crystal (AgsAsSs), were the main choice in the 1970’s imaging
experiments [20], [25], [27], [121]. Later on several chalcogenide- based crystals were
proposed [122] and used for upconversion [100], [123]-[125].

Low two-photon absorption (TPA) at the pump wavelength is necessary to reduce losses.
As mentioned above, chalcogenide-based crystals are transparent at MIR; however, they suffer
from high TPA due to their small bandgap. In particular, for materials with bandgap below 2
eV (e.g. AgGaSe2, ZnGeP»), pumping at the near-IR wavelength (e.g. at 1 um) is impossible
due to strong TPA [122]. Researchers have shown that Li- [126] and Ba- [127] ion based
chalcogenide possess higher bandgap. However, their use in upconversion is still in its infancy
with only a few reported results [124], [128].

High laser damage threshold (LDT) at the pump wavelength is desirable for high peak
power pulsed or intracavity based operation. Thus, care should be taken while designing the
pump parameters (focus spot size, power level, etc.). Also, the LDT for the surface is generally
lower than the bulk material. Hence, care should be taken while focusing a laser beam into the
crystal. Nowadays, most common nonlinear crystals have LDT of around 100 MW/cm? for ns
pumping. Furthermore, average (CW) pump power limitations are much more severe than peak
power pump. The LDT of coatings on crystal facets should also be considered, especially for
intracavity setups.

Birefringence is necessary to compensate for the dispersion induced phase mismatch in a
BPM configuration (section 3). It is essentially a measure of the difference in refractive index
on the direction of polarization at a wavelength in an anisotropic crystal [61]. Many crystals
are discarded because of their isotropic nature even if they possess other qualities.

High thermal conductivity, low temperature dispersion (dn/d7) and low thermal
expansion make a crystal less prone to the thermal lensing effect [129], which is highly
undesirable in imaging applications. In case of materials with low thermal conductivity, the
absorbed power cannot dissipate efficiently out of the crystal and hence temperature dependent
refractive index gradient is formed, which further increases for materials with high dn/dT. The
crystal eventually works as a GRIN lens. For example, due to high thermal conductivity,
KTiOPO4, LiNbO3, LilnS(e)2, ZnGeP2 can be used in intracavity imaging setups, whereas
AgGaS: or AgGaSez, both with low thermal conductivity, are more suitable for a single-pass
imaging system.

Commonly used nonlinear crystals and some that can be potentially used in upconversion
imaging, are listed in Table 3, based on the aforementioned properties.

Table 3. Optical Properties of Nonlinear Crystals Used/Suitable for Upconversion Imaging
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Light shade: Crystals have already been used in upconversion imaging at infrared
Dark shade: Potential candidate

5.2 Choice of pump

In an upconversion process, the upconverted wave always ends up at a shorter wavelength than
the two input waves (Awp < 4p and Ar), following the energy conservation condition Eq. (2).
Therefore, to detect the upconverted wave using a silicon-CCD, the two input wavelengths 4,
and Air should be chosen so that the upconverted signal, Aup falls in the silicon detector spectral
sensitivity range (0.3 — 1 um). Pumping at long wavelength, 4, > Ar is an attractive scheme for
low-noise upconversion [70], [118], where the USPDC noise [115] can be avoided. However,
this scheme is limited to the NIR signals (I — 2 pm) detection. In addition, for best quality
imaging and most efficient upconversion, the pump should be an intense coherent source (e.g.
a laser), which limits the choice of pump wavelengths. In the 1970’s imaging experiments, the
choice of the pump was limited to either ruby laser at 0.694 pm [19], [22], [25] or Nd:YAG
laser at 1.06 pm [24]. However, the ruby pump was most desirable as it allowed the use of
efficient S-20 semitransparent cathode (300 — 850 nm) as end detector, whereas Nd: Y AG pump
required the less sensitive S-1 cathode (400 — 1200 nm). In modern days, pumping around 1
um is the best choice, in order to make use of the highly sensitive Si-CCD (400 — 1100 nm),
whereas MIR imaging with longer wavelength pumping (e.g. Tm-doped laser at 2 pm) would
require the more expensive InGaAs camera (1000 — 1700 nm).

Optimal pumping schemes should also be chosen in terms of the temporal profile (CW or
pulse) of the input IR signal and the pump as the upconversion efficiency depends on their
temporal overlap. If the IR input is thermal radiation or a CW laser (meaning that the signal is
always on), the upconversion efficiency is determined by the average pump power (Pav). In that
case a pulsed pump may not be necessary; instead, a high power CW pump would be a better
choice. Generally, the output of a cost effective single transverse mode solid state laser (e.g. at
1 um) is limited to a few Watts, which limits the efficiency in order of 10 [153]. Expensive
high power fiber lasers are available, however their output CW power is still limited to few
10’s of W. In 1978, Falk and See [40] suggested and first demonstrated an intracavity
upconversion scheme, where the nonlinear crystal (LiNbO3) was placed inside the pump laser
(Argon laser at 0.514 pm) cavity to gain access to the highest available circulating power.
However, their circulating power was limited to several Watts due to high absorption loss
(around 12% in single-pass) of LiNbO; at 0.514 um. The highest measured power conversion
efficiency was 3.8 x 107 at detected infrared wavelength of 3.39 um [40]. A few years later,
Schow et al. [154] demonstrated the first intracavity based image upconversion using a
proustite crystal as nonlinear medium inside a dye laser cavity (0.697 um) to produce
upconverted image of a CO» laser (10.6 um), however with low resolution and low efficiency
(examples are listed at the end of section 7). Note that such intracavity scheme for SHG process
was already proposed in 1968 by Geusic et al. [155]. Recent progress on materials, anti-
reflection (AR) coatings and laser designs has resulted in a vast improvement in the intracavity
based CW upconversion systems. An internal conversion efficiency of more than 80% for point
detection at the communication wavelength (1550 nm) [81], [83] and 20% for MIR imaging
[14] and spectroscopy [87] has been achieved in bulk crystals. For imaging, a single transverse
optical mode for the pump laser is an additional requirement to optimize the image resolution
[56], [156]. In a 4f imaging setup, the pump laser beam waist in the Fourier plane is typically
chosen to match the transverse dimension of the crystal to give the best possible spatial
resolution. For a single transverse mode Gaussian beam the confocal parameter must be greater
than the crystal length (/) to make it plane wave like [63]. Additionally, a single longitudinal
mode for the pump ensures better spectral purity. In that case, a ring cavity might be a better
choice than a linear cavity [83], [157]. Furthermore, it offers higher damage threshold as the
pump laser propagates through the nonlinear material in a unidirectional manner. One drawback
of using a CW pump is that the excess pump power can easily heat up the nonlinear crystal. It
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leads to an increase in thermal noise [109] (as discussed in section 4) and thermal lensing effect
[158], which can be detrimental in an imaging setup. In that case, nonlinear materials with low
dn/dT values (see Table 3) should be chosen for intracavity/high pump power related imaging
applications.

If the IR signal is pulsed, a synchronously pulsed pump would be a better choice to improve
the conversion efficiency and to reduce the noise. The high peak power (Ppeak) of a pulsed pump
improves the efficiency while suppresses the need for an intracavity setup. The pump pulse
width must be wide enough to cover the entire IR pulse width with a flat response [86]. In 1972
Tseng [26] first demonstrated synchronously pulsed IR upconversion by mixing 1.06 um
Nd:YAG laser (Ppeak = 1 kW) with a 10.6 pm COz laser (Ppeax = 740 W) in a 6 mm long proustite
crystal. A peak-to-peak conversion efficiency of 0.84% was achieved with 8.4 W of peak power
in the upconverted beam. Later several research groups have exploited this technique using new
materials [100], [123] and new IR sources [104], [159] for coincidence single-photon detection
(efficiency > 90%) [160], for low-noise IR spectroscopy [82], [161] and for imaging [97],
[104], [162]. For a synchronously pulsed upconversion, the average output power of
upconverted light is given by (for flat top temporal pulse profile)

IR pp
up ave ave
Pave o f T 4 (34)
J rep ~ pulse

where fand 7 are the repetition rate and pulse temporal width, respectively. Thus, for a

pulse

given average power (both for IR and pump) low duty cycle conversion improves the
efficiency. Furthermore, going from top-hat temporal pulses to Gaussian temporal pulses, the

efficiency is reduced by a factor of 2 . On the other hand, the optical IR noise (e.g. thermal)
is CW, and the upconverted thermal noise remains constant assuming the upconversion
efficiency is proportional to the pump power. Thus, lowering the duty cycle can improve the
SNR for upconversion detection as long as the arrival time of the IR pulses are well known
[163]. Generally, synchronous pumping is achieved by incorporating a mechanical delay [164],
however, recent publication shows that it can be done electronically [165], discarding the need
for any complex mechanical/optical alignment.

5.3 Coherent and incoherent IR illumination

A light field is associated with two types of coherence properties. The temporal coherence is
defined by the linewidth (Aw) of a light source. In other words, it characterizes how well a
wave can interfere with itself at different time delays. The larger the range of frequencies a
source contains, the faster the phase decorrelates, resulting in shorter temporal coherence time
(tc). Thus, there exists a tradeoff: =« Aw < 1/2m [68]. The spatial coherence is the cross-
correlation between two spatial points in a light wave at all times. If a wave has a constant
complex field amplitude over an infinite extent (i.e. a plane wave), it is perfectly spatially
coherent. A point source, say from a pinhole or from a single-mode fiber is also treated as a
spatially coherent source. In case of spatially coherent light, the spatial distribution is given by
a complex-valued field amplitude, whereas for incoherent light, the spatial distribution is given
by a real-valued intensity [68]. A few examples of coherent and incoherent light sources are
given in Table 4.

Table 4. Examples of Coherent and Incoherent Light Sources

Spatial
Coherent Incoherent
Temporal

Coherent Laser (DPSS) Random laser, laser illuminated diffuser
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LED, Supercontinuum from
single mode optical fiber, fiber- Incandescent light bulb, extended
coupled amplified spontaneous blackbody radiation, sun light
emission (ASE) source

Incoherent

In upconversion imaging, the IR illumination can be either spatially coherent or spatially
incoherent (see Table 4 for examples). For the case of spatially coherent IR illumination, the
convolution in Eq. (35) has to be performed between the complex electric field of the object
and the Fourier transform of the pump. Consequently, the intensity distribution of the image
(Lup-image) can be calculated by taking the square of the convolution. Considering a Gaussian
pump, Jup-image can be expressed as [70]

L image (X505 0k, ) = —8”d2fff1 A I21§Psmc2 Akz[—mx’,—ﬁ ']l—f
p upf2 j’upf2 2’upfz
) 2 2( 2, ,2) 2(35)
Aobject( AIR/;I , ijij,]@) ;ZW()Z exp _71' Wy zx i Yy
up”/ 2 up/ 2 upfz 2'upr

For a spatially incoherent IR illumination, the convolution has to be performed between the
real-valued intensity of the object (/object) and the intensity distribution of the Fourier transform
of the pump. Consequently the intensity of the image can be expressed as [166]

8’d P A A A l
Ly image (575K, ) = Psinc®| Ak, _Mwh o Ay y <

ool DIVARP
(36)
Ib' _fo_M e 271'W0 exp _271' Wo(x +y' )
object /’Lupr )“upfz f2 upf2

For a polychromatic IR illumination, each wavelength can be treated individually to get a
set of monochromatic (intensity) images and their linear superposition gives the polychromatic
upconverted image.

5.4 Achieving wide FoV imaging

In this section, upconverted image formation on a 2-D array-based detector with a certain FoV
(angular) is considered and remedies for achieving wide FoV imaging is discussed.

Unlike in direct imaging, the PM requirements (section 3) impose a constraint on the
monochromatic FoV of an upconversion imaging system, as both are related to the input angles
of the imaging system. Nevertheless, wider FoV is often desired. In the case of monochromatic
IR illumination, the associated Air gets phase matched at a certain angle, yir (PM angle between
pump and IR, external to the crystal, shown in Fig. 16). Therefore, even if the entire object
plane is illuminated by that IR wave, only a fractional area of it corresponding to the PM
acceptance angle (see sub-section 3.3) Ayr (indicated by the red dotted line in Fig. 16) is
upconverted and forms a ring patterned intensity in the image plane (indicated by blue dotted
lines). As a consequence, Ayir defines the FoV of the imaging system for a fixed PM condition.
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Fig. 16. FoV (region bounded by dotted concentric circles) of an upconversion imaging system
for monochromatic IR illumination.

Due to anisotropy in the nonlinear crystal, the propagating light (specifically the e-ray)
experiences slightly different refractive indices in the x- and y- directions. This introduces (i) a
slight magnification error from Snell’s law going in and out of the crystal if either IR and/or
upconverted wave is extraordinary polarized, and (ii) a slight ellipticity to the ring pattern for
the upconverted wave. Nevertheless, an object such as that in Fig. 17(a) would have a
corresponding upconverted image that is a spatially masked-version of the object as shown in
Fig. 17(b). The intensity profile of the apparent mask is mathematically described by Eq. (9).
Hence, the FoV of the upconversion imaging system is limited to annular regions determined
by the apparent mask.
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Fig. 17. Image of (a) an object at Ar, and (b) the corresponding upconverted image at Ay, with
an annular FoV given by the PM condition (M = 1 is assumed, i.e. no image inversion).

From the knowledge of different PM conditions, the tangential PM and the NCPM yield a
wider FoV (wider Ayir) in comparison to the CPM configuration. For example, in a ruby laser
pumped 1 cm long KDP crystal, the achieved FoV was 2.5° and 3.6° under the CPM and NCPM
condition, respectively [23]. Furthermore, the thickness of the ring, i.e. the Ayir, varies with its
radius, hence the FoV changes with radial position [164].

Full FoV upconverted image with monochromatic IR illumination

To get a full FoV monochromatic imaging of an object, one approach is to tune the PM
condition for the input IR signal (at Air) in combination with post-processing. The PM condition
can be tuned by changing the refractive indices, which can be done by varying the operating
temperature [45], [47], [69], [72], [167] or by rotating the crystal [22]-[24], [27], [67], [104],
[125]. For example, Junaid et al. [125] demonstrated angle tuning of a bulk AgGaS: crystal
(cut-angle 48°), showing an increased FoV by rotating the crystal rotation angle with respect to
the z-axis, while illuminating the object with a monochromatic beam from a quantum cascade
laser operating at 6 um (see Fig. 18). In this example [125], for a pump power of 1.5 W and
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input IR power of 4.5 mW, the camera exposure time was set at 10 ms for each crystal rotation
angle. Similarly, by changing the temperature of a PPLN crystal, a different annular part (FoV)
of the object (illuminated by a narrowband laser operating at 3 um) can be imaged, as shown
in Fig. 19 [45], where camera exposure time was set at 10 sec for each crystal temperature
setting. Both techniques need post-processing to combine different sections of the image to
produce the final monochromatic image with full FoV.

Fig. 18. Adapted from [125] (a)—(c) The acquired upconverted images of the object illumination
from a 6 um QCL for different rotation angles (external) wrot = 9.75°, 10.5°, and 11.5°. The
images are normalized in size.

149.7 °C

168.1 °C Sum image

Fig. 19. Adapted from [45]. Monochromatic image reconstruction (a—d) in an intracavity PPLN-
upconverter. This is demonstrated by adding images (a)—(c) for different crystal temperatures
(indicated in each figure) to generate a monochromatic image (d). The cross target was
illuminated by a source of wavelength Air =3 pm.

Recently, Demur et al. [95] proposed an alternative scheme for increasing the FoV by
tailoring the pump spectrum. Instead of a monochromatic laser, they used a broadband (few nm
wide) laser to upconvert the entire object (wide FoV), illuminated by a CW laser at 1563 nm,
in a single acquisition (acquisition time = 20 ps). They used a PPLN crystal to satisfy the QPM
condition for the upconversion process. In this configuration, different pump wavelengths of
the broadband pump satisfy the QPM for the same Ar, but for different angles of IR signal (see
Fig. 20(a)). According to their calculation, “the angular field-of-view increases as the square
root of the pump spectral broadening J/,”. They demonstrated an increase in FoV from 32
mrad to 111 mrad by changing the pump spectrum from monochromatic to polychromatic (2.7
nm wide spectrum); see Fig. 20(b)-(d). This technique does not require any post-processing to
get the wide FoV image. However, it should be noted that, though the input IR illumination is
monochromatic, the upconverted image is (slightly) polychromatic, satisfying the energy
conservation condition (see Eq. (2)), and hence a broader pump spectrum would introduce
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different magnification for different regions in the image. Furthermore, in calculating the
upconversion efficiency, one should consider an effective pump power equal to the product of
the pump power spectral density and the position-dependent acceptance bandwidth of the
upconversion process rather than just the total pump power, as well as a temporally stable
system in terms of spectral distribution of the pump.

(a)

1 mm 1 mm

Fig. 20. (a) Schematic diagram showing the quasi phase matching conditions for three pump
wavevectors (‘kp,i‘ oc 1/ Ap,i )- The ka is the PPLN grating wavevector. According to energy

conservation, different upconverted wavelengths are generated corresponding to different pump
wavelengths. (b-d) Adapted with permission from [95] © The Optical Society. Upconverted
images with (b) monochromatic pumping (1 kW peak power), (¢) pump of 1 nm spectral
bandwidth (320 W peak power), and (d) pump of 2.7 nm spectral bandwidth (320 W peak
power).

In 1969, Andrews [23] suggested a continuous scanning technique to acquire a
monochromatic image from a monochromatic object with wide FoV and without post-
processing, similar to Fig. 18, where different rotation angles of the crystal give different
angular PM conditions. Andrews suggested acquiring all the images (for different rotation
angles) within a single acquisition time. He estimated that almost 20° FoV is achievable in a
KDP crystal just by scanning it ~ 4°. Although the technique is quite promising, one needs to
take care of image distortion associated with the refraction in the crystal surfaces as it is
scanned. Very recently Junaid ef al. [168] used such scheme to demonstrate a full FoV (10 mm
object diameter) monochromatic imaging at around 3 um (OPO source) acquired within 2.5 ms
using a bulk LiNbOs crystal. In 2016, Maestre et al. [169], [170] proposed an alternative
approach for increasing the monochromatic FoV. They used a temperature gradient along the
length of nonlinear crystal (PPLN) to increase the FoV significantly by widening the QPM
bandwidth. However, the system needs to be very accurately temperature stabilized. Other ways
include spatial translation of the object plane [94], use of microlens arrays (MLAs) instead of
usual macroscopic lenses [92].

Full FoV upconverted image with polychromatic IR illumination

For broadband IR illumination, the upconversion parameters can be designed such that
different wavelengths, Ar get phase matched at different IR input angles (y1r) for a fixed pump
(i.e. single pump wavelength and direction) and a certain orientation of the crystal (see sub-
section 3.2). One IR wavelength can be designed to phase match collinearly, whereas the
successive wavelengths can satisfy non-collinear PM simultaneously, covering different
sections (rings) in the object plane [98] (see Fig. 21(a)). Therefore, the entire object plane can
be imaged in a single acquisition, however with a radial distribution of wavelengths in the
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image plane [98] (see Fig. 21(b)). In 1972, Lucy performed broadband IR imaging at 10 pm
with 30° FoV, which corresponded to a 0.5 um spectral coverage [25]. Later on, researchers
have demonstrated wide FoV by illuminating an object with broadband IR sources, such as
supercontinuum sources [104], [162], heat sources (Globar) [125], and ASE sources [171]-
[173].

(a)

20 (b) 4 v

B / =
£ 10§/ £ 2
< <
Iy g
>
2 0
= Q
] = 0
a o
- o,
= 5
= =%
P 3
e 0—2
[=9
=

-20 -10 0 10 20 -4LC1
i ) 24 -2 0 2 4
IR input plane x—axis [mm] .
up output plane x-axis [mm]

Fig. 21. Recalculated from [98]. Non-collinear phase matched wavelengths as a function of
positions in (a) input IR plane using fi = 50 mm, (b) output image plane using /> = 100 mm, for
an AgGaS; crystal cut at 48°. The indexing numbers in (a) and (b) correspond to IR and
upconverted wavelengths in [pm], respectively. The dark indexing circular lines are separated
by (a) 0.2 um and (b) 0.002 pm.

As an example, Torregrosa et al. [173] demonstrated the variation in angular PM condition
for different monochromatic IR and for a broadband ASE illumination (see Fig. 22).
Correspondingly, the upconverted images of a USAF resolution target for monochromatic and
ASE illumination operating at the telecom wavelength range are shown in Fig. 23(a), (b) [173].

k /fn )64nm kG k mmnm 1‘1()@411171 10(mzm

R 2 IR
kvisil -3
ws 2 VIS 3
klR _ASE kvis

Fig. 22. Adapted with permission from [173] © The Optical Society. FoV of upconversion
imaging in a PPLN based upconverter for IR illumination by (a) 1545 nm, (b) 1546 nm, (c) 1547
nm monochromatic laser, and (d) broadband ASE source (FWHM is 15 nm).

Note that, in the case of a broadband IR illumination, the pump has to be monochromatic
in order to get a one-to-one correspondence between the Air and the Auwp. Imaging using such
techniques also reduces the efficiency of the conversion process as only a fraction of IR light
at AR, corresponding to a certain angle (yir) and bandwidth gets upconverted due to requirement

of PM. Furthermore, since the wavelength scaling, lup / Ajg is not linear, the upconverted

images experience a radially dependent spatial magnification introducing distortion in the
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image, which increases for larger angles and larger spectral acceptance bandwidths (further
discussion in sub-section 5.6).

(@) (b)

Fig. 23. Adapted with permission from [173] © The Optical Society. Upconverted image
captured at ~ 631 nm (upconverted wavelength) using a PPLN based upconverter when the
object (standard USAF target) is illuminated by (a) a monochromatic laser and (b) an ASE source
(15 nm bandwidth) at telecom wavelength.

5.5 Angular resolution and number of resolvable elements

In the case of upconversion in the Fourier plane (System-I, Fig. 5), the spherical wave
originating from a point in the object plane corresponds to a plane wave inside the crystal. Here
instead of a spatial resolution, one may consider angular resolution for convenience [71]. Using
Fourier optics analysis [68] (section 2), the object resolution can be estimated by convolving a
point object with the PSF of the imaging system. According to the standard Rayleigh criterion
of resolution, two equally bright incoherent point objects can be resolved using a circular pupil
when the center of the Airy pattern (PSF of the circular aperture) generated by one point object
falls exactly on the first minima of the Airy pattern generated by the second point object (see
Fig. 24(a)). The brightness at the center decreases by ~ 26.3% relative to the maximum of the
combined pattern. In case of an upconversion system with plane IR and plane pump wave, the
finite crystal aperture sets the PSF. In reality, most of the bulk nonlinear crystal has a square
aperture, and accordingly, the PSF is a 2-D sinc function (see Fig. 24(b)). Following the
Rayleigh criterion, the angular resolution can be calculated at wavelength A as per Table 5. In
general, a strong pump (typically a laser) is used for the upconversion process. Therefore, in
practice, the pump is a beam of finite size, which influences or even defines the PSF of the
system. Typically, the pump beam waist diameter is smaller than the transverse dimension of
the crystal, and the upconversion takes place in the region where the IR and the pump overlaps
inside the crystal; hence, the pump beam size defines the spatial resolution (as also mentioned
in section 2). Andrews have shown in [71] that to yield a diffraction-limited resolution, the
pump needs to be diffraction limited too. Therefore, a single transverse mode pump (e.g.
Gaussian pump beam) is desired to achieve the best resolution. The PSF associated with a
Gaussian pump beam is also a Gaussian, and the angular resolution is defined by its far-field
divergence angle. Considering three different definitions for calculating the beam diameter
(FWHM, 1/e, and 1/&? intensity point), the angular resolutions can be calculated as listed in
Table 5. Among them, the resolution calculated using the 1/e intensity point (the central dip of
the combined PSF is ~ 26% below the maximum as shown in Fig. 24(c)) gives the closest
resemblance to the resolution defined by the standard Rayleigh definition for an Airy pattern.
Further note that, a larger pump diameter improves the resolution [138].
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(a) Airy
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Fig. 24. Schematic one-dimensional intensity profile of the point-spread function for a (a)
circular, (b) rectangular, and (c) Gaussian aperture. The Rayleigh criterion for angular resolution
for the circular aperture is shown in (a) and similar analogy is made for (b) and (c). The red dots
represent two equally bright incoherent point objects to be resolved.

Table 5. Angular Resolution for Different Apertures

Circular Square . . _ 2
Aperture (diameter = Deio) (width = Dyian) Gaussian (diameter = Drwnm, Di/e, D1/e”)
PSF
(Intensity Airy pattern Sinc? function Gaussian
profile)
1/ FWHM 1/e
Angular 1.224 ¥ match point match point match point
LCFAIHIE Deircle Dyiidth 42 n2) 44 n(2)
Dy p 2 7DpwHM 7Dy,

The total number of resolvable elements (Nres) within a given FoV is equal to the space-
angular product of the upconversion system divided by the space-angular product of a single
resolvable element and is given (for 2-D square aperture) by:

) (Dup -Fov)2
res ;2 °
(Dp "/’div)

where Dy is the diameter of the upconverted beam inside the crystal corresponding to the
diameter of the pump beam (Dy), and waiv is the far field divergence angle of the upconverted
beam (which sets the angular resolution, see Table 5). Note that, Nres can also be calculated in
the object plane using Eq. (37) by changing “up” to “IR”. Further note that, the beam divergence
has less effect on the resolution for longer IR wavelength [174]. However, it is counter-acted
by the fact that, longer IR wavelengths experience higher demagnification. For a diffraction
limited upconverted beam (Gaussian beam), the space-angular product of a single resolvable
element (using 1/e diameter) is given by
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For System-I, the FoV can be calculated in terms of input parameters Dﬁfj and fi (DI";’j is

the diameter of the IR beam in the object plane which is dictated either by the full acceptance
angle of the upconversion or the truncation of the optical system). Dy is assumed to be the
same as Dy (inside crystal). Thus, the space-angular product for the system is

Dobj /’Lu
—R (39)
S A

Therefore, the Nres for this 2-D image can be calculated using Egs. (37) — (39) as:

D, -FoV=D, -
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The smallest resolvable features of an object can be further increased by increasing the
system magnification factor (f2/f1) [125], however, at the expense of a smaller FoV, i.e. the
number of resolvable elements, Nes remains unchanged. In the case of QPM crystals, the
available vertical dimension is limited (typically 1 mm for PPLN) in comparison to the
horizontal direction. Thus resolution (if the crystal size sets the PSF) also differs for these two
directions [45], [95]. For a small FoV, going from a monochromatic to a polychromatic
illumination, the resolution does not vary significantly [164], however with increasing FoV the
image starts to appear blurred at the periphery of the FoV [175] as the spectral acceptance
bandwidth increases significantly with the PM angle [69]. A list of reported resolution for
upconversion imaging is given at the end of section 7. The above calculation is valid mainly
for an incoherent illumination for the object. Calculation of resolution with a coherent object
illumination is not straightforward as the resolution becomes a function of phase distribution in
the object plane. Goodman [68] described this phase dependence using three cases of the two-
point resolution criterion, i.e., two neighboring point objects of equal amplitude are (i) in phase,
(i1) in phase quadrature (n/2 phase difference), and (iii) out of phase. He concluded that case
(i1) gives similar resolution as that of incoherent illumination, whereas case (i) and case (iii)
result in poorer and better resolution, respectively, than the incoherent case. In a real scenario
where the phase distribution in the object plane is complex or unknown, determining the exact
resolution with coherent illumination would require a careful consideration similar to the two-
point resolution criterion described above.

5.6 Imaging artifacts

Upconversion imaging also suffers from different artifacts, some similar to the artifacts in direct
imaging, and others originate from the upconversion process itself. The primary artifacts are
originating from light diffraction, aberrations, speckle, distortion, and magnification error.
The diffraction of light from the object plane to the image plane mainly limits the resolution
of the imaging. In a diffraction-limited geometry [68], the diffraction of the pump beam limits
the spatial resolution. The aberrations arises from the imaging optics, for e.g., spherical
aberration from lenses [176]. At upconverted wavelength (< 1 pm), high-quality aspheric lenses
are available in the market (e.g. Thorlabs®); however, there is limited choice for such lenses at
the IR wavelengths, especially for the longer IR wavelengths (> 3 um). This aberration
increases for larger FoV. Often parabolic mirrors are used instead of lenses to eliminate this
effect [104]. For broadband upconversion, an additional chromatic aberration arises from the
chromatic error in lenses and the dispersion of the nonlinear crystal. This introduces a focusing
error in the image plane. The wider spectral range one covers, the worse it gets. Further details
on chromatic aberrations for different upconversion imaging setups can be found in [177]. As
already mentioned previously, the aberration due to finite crystal length vanishes for System-1.
The speckle pattern appears in coherent imaging. This can be eliminated by destroying the
phase relation of the object signal, most often by using a rotating diffuser [69]. For
monochromatic imaging, the image distortion can arise from imperfect optics, e.g. astigmatism
from a non-planar beam combiner (pump and IR wave); see Fig. 25 [70]. The authors of [70]
also pointed out that the blurring (a kind of distortion) in the upconverted image (Fig. 25(c),
(d)) originated from the spatial filtering. The Gaussian pump, which acts as the Fourier filter
for upconversion imaging in System-I, upconverts the higher spatial frequency components
(section 2) less efficiently; hence the image lost its sharpness [70], [178]. A larger pump beam
waist radius would correct this issue. Another kind of distortion occurs when the rotation of the
nonlinear crystal is used to satisfy the phase matching condition over a large FoV for a given
AR [23], [125]. For different rotation angles, the angle-dependent refractive index (section 3)
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differs in two orthogonal planes, parallel and perpendicular to the crystal ¢-axis. This introduces
a magnification error in the image, however, this can be corrected by post-processing or using
a “correction plate” [23]. Without rotation, this kind of magnification error has been observed
for broadband upconversion imaging [164]. For broadband operation, another type of distortion
namely Barrel (or Pincushion) arises. Under this distortion, any vertical or horizontal straight
line in the object appears as convex (or concave) curve. In upconversion imaging, the ratio of
the angular positions of a point object (k) and the corresponding point image (yup) is related

to the ratio of their corresponding wavelengths, where (l/lup / WIR)z(ﬂ‘up / AIR)- As the

wavelength ratio is not linear, the angle and consequently the position ratio become nonlinear
too. Therefore a perfect rectangular object experiences different wavelength dependent
magnifications going from its center to the periphery [104], [162]. This type of distortion also
increases for larger FoV. However, it can be corrected by image post-processing. It is also
possible that, different acceptance bandwidths at different object locations can introduce
different PSFs, which can blur the image inhomogeneously. This can be corrected by
introducing an angular dependent PSF correction algorithm during image acquisition/post-
processing. Wavefront distortion due to spatial walk-off can also introduce minute distortions
in wide FoV upconversion imaging, however, this can be avoided by choosing a thin crystal
and proper PM condition.

) (b) © d)

(@

Fig. 25. Adapted from [70]. (a) Transmission mask used as an object. (b) Direct image of the
765 nm coherently illuminated mask. (c) Theoretically calculated light distribution in the image
plane at the upconverted wavelength, 488 nm. (d) Experimentally measured upconverted image.

5.7 Multi-dimensional upconversion imaging

Until now we discussed how upconversion can be used for 2-D spatial imaging. Different
techniques have been demonstrated to improve the imaging FoV as well as the image quality.
As the fundamental process of this imaging technique involves nonlinear (parametric)
frequency conversion, the imaging is sensitive to both the temporal and spectral response of the
object. Thus upconversion-based multi-dimensional imaging is possible where the other
dimension could be wavelength, depth, phase, and/or time. Due to the space limit, only the
hyperspectral imaging is reviewed in this section. Other multi-dimensional imaging options are
briefly outlined in the “Conclusion and Outlook™ section.

When the wavelength is used as a 3™ dimension, it is widely known as hyperspectral
imaging, which is one of the most successful applications of upconversion imaging and it has
huge potential for the bio-chemical-medical application(s). The combination of hyperspectral
imaging and the upconversion technique was already introduced in 1970’s, when upconversion
was used for chemical imaging of astronomical objects [27], [57], [106], [179]. However, those
systems were limited to small FoV, low conversion efficiency, and narrowband upconversion.
In recent years, hyperspectral imaging with wide FoV has been demonstrated including
broadband upconversion [45], [47], [94], [125], [162], [180], [181]. For hyperspectral imaging,
either a tunable narrowband (e.g., tunable laser, QCL, OPO) or broadband (e.g., Globar,
supercontinuum, ASE) IR source is used as illumination. The ultimate goal is to get spectral
information of each spatial element of the object. The imaging parameters, namely, FoV, spatial
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resolution, efficiency, and noise can be calculated similarly as described in previous sections.
However, hyperspectral imaging is associated with an extra parameter, spectral resolution. For
a tunable narrowband IR illumination, the spectral resolution is set by the wavelength tuning
step and the linewidth of the illumination source. Whereas, for a broadband illumination, the
spectral resolution is set by the acceptance bandwidth of the nonlinear conversion process [98],
[106].

For tunable narrowband IR illumination, at each incoming Ar, the PM condition is tuned
either by rotating the crystal [69], [104], [125], by changing the temperature of the crystal [19],
[45], [69], by raster-scanning the object [44], [180], or by tuning the pump wavelength [93].
For example, Junaid et al. [125] calculated the narrow annular FoV for each rotation angle of
their nonlinear crystal (AgGaS:) at a fixed Air 0of 6.9 pm (see Fig. 26(a)). By stitching the images
corresponding to each rotational position (each PM condition), the monochromatic image at
6.9 um can be developed with a full FoV as discussed in sub-section 5.4.

With broadband IR illumination, as the spectral resolution is set by the spectral acceptance
bandwidth of the upconversion process, a narrowband PM is desired to get a better spectral
resolution. Tidemand-Lichtenberg et al. [98] demonstrated spectral resolution in the order of
10 — 18 cm! for detection in the 5 — 10 um IR range using non-collinear phase matching in an
AgGaS; crystal. They concluded that the spectral resolution deteriorates as angle increases. At
larger PM angles (corresponding to longer wavelengths), the slope of the PM curve becomes
steeper (see Fig. 12(b)), making the acceptance bandwidth wider and therefore, the resolution
becomes poorer. This is a downside of broadband upconversion hyperspectral imaging, where
spectral resolution varies with wavelength, and hence varies across the imaging FoV. Such non
uniformity in spectral resolution sometimes creates spectral artifacts [69]. In the 1970’s work
on astronomical applications of upconversion, researchers confined their study to a small FoV
(few degrees) and could achieve a high spectral resolution (< 2 nm) in the 2 — 5 pm IR range
[106]. By using temperature [106] or angle [27] tuning, different IR wavelengths were phase
matched over the same FoV, and hyperspectral images were formed by combining those set of
images. In recent years, hyperspectral imaging using broadband IR illumination and wide FoV
has been demonstrated [47], [94], [162], [181]. A schematic of the angular PM curve for
broadband IR is shown in Fig. 26(b) [47], where the spectral response varies across the image
position. By tuning the PM condition this spectral response can be varied across the image
plane. After post-processing, monochromatic images can be formed by choosing one
wavelength for the entire image plane (horizontal dotted line in Fig. 26(b)). By stitching all
these monochromatic images, the hyperspectral data cube can be built. In another way,
polychromatic information of different spatial position (vertical dashed line in Fig. 26(b)) can
be extracted and then combined to form the hyperspectral data cube. Note that, unlike in the
method using a tunable IR source, only one scanning (PM condition) is required in the scheme
using broadband illumination. However, it does require a complicated post-processing stage to
construct the hyperspectral data cube. By tuning the temperature [47], rotating the crystal [181],
and tuning the pump wavelength [93], tuning of the PM curve has been demonstrated. Instead
of tuning the PM condition, Kehlet et al. [94] suggested the translation of the object in the
transverse plane to get spectral information from different parts of the object. The spectral
resolution can further be increased by using a dispersive element (e.g. grating) at the output
(upconverted) side before detecting it [112], [128]. Care should be taken to avoid over or under
sampling.
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Fig. 26. (a) Tunable IR illumination: adapted from [125]. Simulated sinc?-curves describing the
angular acceptance (1-D FoV) at 6.9 pm for an AgGaS; crystal (cut angle 48°) while rotating
the crystal from 0° to 10° (different colors correspond to 0.5° rotation step). Dashed line shows
numerical sum of all intensity contribution within the full FoV. (b) Broadband IR illumination:
adapted from [47]. Schematic PM curves are illustrated for a typical broadband upconverter. By
tuning the PM condition, the PM curve can be tuned. A monochromatic image with full FoV can
be reconstructed by post-processing the acquired data.

6. Upconversion imaging applications

In this section we discuss few example applications of upconversion imaging. The examples
are based on bulk nonlinear crystals, and utilize either point detection combined with raster-
scanning technique (to get wide FoV image) or 2-D array sensor based full-FoV imaging.

Researchers have also exploited waveguide configurations of the nonlinear material to
maximize the three-wave interaction. It improves upconversion efficiency as well as the
sensitivity of detection. Though such waveguide configuration is excellent for spectroscopic
application and low-noise single-photon level detection [182], [183], they are not quite suitable
for wide FoV imaging owing to the reduced aperture of the waveguide geometry (um scale).
However, using more than one waveguides in parallel, techniques have been proposed
demonstrating efficient coherent upconversion imaging of distant (faint) objects (i.e.
astronomical applications) [91], [96]. Note that the waveguide based upconversion is outside
the scope of this review, and related works on this topic can be found elsewhere.

6.1 Raster-scan upconversion imaging

In case of raster-scanning scheme, typically two configurations are considered. In one
configuration (Fig. 27(a)) of the raster-scan imaging system, the object (which emits, transmits
or reflects IR radiation) is fixed and the collection optics of the detection system performs a
point-by-point scan of the object plane using beam-steering optics (e.g. dual-axis galvo
mirrors). Alternatively, the object is mechanically scanned along the transverse plane such that
different parts of the object are probed sequentially (Fig. 27(b)). Whereas, for 2-D array sensor-
based imaging, typically a setup similar to System-I is used in combination with different
scanning techniques mentioned in sub-section 5.4.
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Fig. 27. Two common configurations of the raster-scan based upconversion imaging system: (a)
fixed object and (b) scanned object configuration.

6.1.a Gas leak detection

In 1968, upconversion imaging employing the raster-scan technique was reported [184]. Imaki
and Kobayashi demonstrated the use of a raster-scan imaging system with an upconversion
point detector and scanning mirror to image at 3.39 um gas leaks of CH4 from a pipe [44], as
shown in Fig. 28. The 3.39 um illumination source was alternately tuned to an on-resonance
(Aon) and off-resonance (Aoff) wavelength of a CHa absorption line to obtain a differential image
of the gas profile, as shown in Fig. 28(e). This is not a true hyperspectral imaging, however can
be considered as two-color imaging instead. Furthermore, due to the use of a mirror mounted
on a galvano-scanner to perform the point-by-point scan of the 3.39 pm illumination beam, the
method is limited to relatively low imaging frame rates.
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Fig. 28. Raster-scan based upconversion imaging of CHs gas leak at 3.39 pm. (a) Schematic
diagram of the experimental setup. (b) A photo of the scanned scene. Images obtained by the
system when the illumination wavelength is (c) on-resonance and (d) off-resonance of an
absorption line of CHa. (e) The differential image. Adapted with permission from [44] © The
Optical Society.

6.1.b Label-free breast cancer tissue diagnostics

Recently, Tseng et al. [180], [185] exploited raster-scannig based wide FoV upconversion
imaging using a bulk nonlinear crystal (AgGaS:). They utilized the sample-scanning technique
in a microscope setting to get high-resolution images in the 9 — 12 um IR range, using a tunable
QCL for IR illumination (50 ns pulse). The acquisition speed must be optimized by choosing a
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two-stage scanning (i.e. tuning the IR wavelength and tuning the PM/raster-scan) in the proper
order. A CW 1064 nm laser of 3 W power is used as single-pass pump for the upconversion
process. The estimated spatial resolution is ~ 35 pm [180]. This upconversion microscope setup
is then utilized for diagnostics of breast cancer tissue biopsies in the 9 — 12 um range, retrieving
spectral signature of the phosphate and carbonate bands. For each QCL wavelength, a
monochromatic upconverted image is developed pixel-by-pixel by raster-scanning the entire
object (tissue sample of area ~ mm?) (see Fig. 29(a)). The process can then be repeated by
sweeping the QCL wavelength to get spectrally encoded full FoV (mm? tissue) hyperspectral
images (see Fig. 29(b)). The monochromatic full FoV image acquisition time is ~ 30 sec, which
is primarily limited by the speed of their microscope translation stage. The paper also compares
the upconverted images with a traditional micro-FTIR system equipped with a liquid nitrogen
cooled HgCdTe-focal plane array.

22ueqJosqy

10.526 um 11.628 um

i

Fig. 29. (a-b) adapted from [180], raster-scanning based upconversion hyperspectral imaging of
human breast cancer tissue (1.3 mm x 1.2 mm) using a QCL illumination (a) at ~ 9.8 pm (4w =
958.8 nm), region marked by the black square is indicating the cancer infected area; and (b) at
four other IR illumination wavelengths. The strength of absorbance (see color bar) changes for
different wavelengths.

6.1.c  MIR optical coherence tomography for non-destructive testing

In collaboration with researchers from other international universities, our group has recently
demonstrated, for the first time, a high-resolution real-time optical coherence tomography
(OCT) operating in the MIR spectral range (centered at 4 pm) [186]. The system employs the
conventional scheme of spectral domain-OCT, however the “real-time” detection of MIR OCT
signal is obtained by employing a broadband upconversion detection scheme. A fiber-based
supercontinuum source emitting 0.9 — 4.7 um MIR light is used as illumination source. The
light is first passed through a Michelson interferometer and focused onto a sample. Then the
collected OCT signal (sample + reference) is relayed to a broadband upconversion detector for
spectral conversion, where the OCT signal covering 3.6 ~ 4.7 pm is directly upconverted to
820 — 865 nm NIR range employing simultaneous non-collinear upconversion of different
spectral components (Fig. 30(a), also see sub-section 3.2). An intracavity upconversion scheme
is used, where a diode (3 W, 880 nm) pumped CW solid state laser (Nd:YVOs) operating at
1064 nm is used as pump, and a 20 mm long PPLN crystal of poling period 23 pm is used as
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the nonlinear crystal. The PPLN is placed inside the pump cavity delivering 30 W of intracavity
power. Average upconversion quantum efficiency is ~ 1% over the detection bandwidth. The
upconverted spectra is detected using a silicon-spectrometer over 2286 pixels, which results in
an average MIR sampling resolution of 0.46 nm. The measured axial (depth) resolution is 8.6
pum, which is mainly set by the spectral bandwidth of detection. The transverse imaging (OCT
B-scan) is performed by scanning the sample plane (similar to Fig. 30(b)). The system works
at A-scan rate of 0.33 kHz, which enables real-time B-scans at mm/s speed, and C-scans (3-D)
at mm?/min rate. The researchers [186] demonstrated OCT imaging of different samples and
assessed the suitability of MIR OCT in comparison to a state-of-the-art NIR OCT. One example
is to image multi-layer ceramic samples (Fig. 30(b)), which is imaged (800x730x2048 pixel
volume) with high spatial resolution and good SNR within 36.5 min (Fig. 30(c)).
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Fig. 30. (a) Calculated non-collinear phase-matching (PM) diagram of the 20 mm long PPLN of

A =23 um including pump depletion and linear absorption loss inside PPLN. The y-axis is the
PM angle (internal between pump and MIR) for different phase matched MIR spectral
components (x-axis). The color scheme represents normalized (to 0.1) conversion efficiency. (b-
c) adapted from [186]. (b) Schematic of a stack of ceramic sample under test, which consists of
three layers of ceramic (C1 — C3) made of alumina and zirconia with patterned structures of
variable size (5 — 300 um). (c) 3-D OCT image of the ceramic sample over a 5.6 mm x 7.3 mm
scanned transverse area.

6.2 Video-rate wide FoV upconversion imaging

Together with researchers from the Institute of Photonic Sciences in Barcelona and the
University of Exeter, our group has recently demonstrated a novel upconversion imaging
system for obtaining wide FoV MIR images (Nees = 64 x 10°) with a frame acquisition time of
2.5 ms [168]. The system employs an OPO emitting 20 ps laser pulses with a selectable
wavelength in the 2.3 — 4 um range as a monochromatic illumination of an object plane. For
every selected monochromatic MIR wavelength, a wide-FoV transmission image of the sample
is obtained using a 4fupconversion imaging setup (System-I) as shown in Fig. 31.
Upconversion occurs in a bulk lithium niobate nonlinear crystal held by a rotatable galvo
scanner and centered in the Fourier plane of the 4f imaging setup. High conversion efficiency
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as well as a high SNR is achieved by using an upconversion pump laser in the form of high
peak power 1064 nm pulses that are in temporal synchronism with MIR signal pulses. In order
to obtain wide-FoV upconverted images, the system implements an improved version of the
nonlinear crystal rotation technique discussed in sub-section 5.4.

Fig. 31. Adapted from [168]. Setup for an upconversion-based imaging, where the idler beam
from a picosecond OPO is used as an illumination source and a synchronized picosecond 1064
nm laser source is used as the upconversion pump source. The beams are spatially and temporally
overlapped in the nonlinear crystal (lithium niobate) for efficient upconversion. The PM
condition is scanned by rotating the crystal in synchronism with the integration time of a silicon-
based CCD camera. Lenses, fi (50 mm) and /> (50 mm or 100 mm, depending on sample used),
comprise the 4f imaging setup. Filters (shortpass 950 nm, longpass 700 nm) block residual
unwanted stray light.

6.2.a Label-free esophageal cancer tissue diagnostics

In [168], thin unstained esophageal biopsy samples on a CaF> substrate were placed in the
object plane (replacing the resolution target) of the upconversion imaging system in Fig. 31.
As the OPO illumination source and the upconversion imaging are tunable in operation
wavelength, MIR hyperspectral imaging (HSI) of esophageal cancer tissue samples were
obtained and compared with images obtained by a state-of-the-art FTIR system (see Fig. 32).
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Fig. 32. Adapted from [168]. (Top row) Images of the tissue sample acquired using FTIR and
upconversion. (Bottom row) Spectral analysis of the cancerous and healthy tissue sample, based
on upconversion imaging and FTIR.
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Figure 32 shows generally a good agreement between the tissue images obtained by the
upconversion system and the FTIR system. Although the latter still currently provides better
spatial and spectral resolution, our results show the potential of a MIR OPO-upconversion
imaging system in providing hyperspectral data from human tissue biopsy sections for
preliminary, unsupervised clustering of different tissue types, with a performance similar to
FTIR imaging. Further improvement of the upconversion imaging system could potentially lead
to fast computer-assisted cancer biopsy screening, as exemplified by the monochromatic MIR
image acquisition just within a few milliseconds.

6.2.b Real-time gas leak profiling

We also demonstrated the application of the video-rate wide FoV upconversion imaging system
for obtaining real-time 2-D profile of a butane gas leak. Using the setup in Fig. 31 with the
OPO illumination source set at a fixed wavelength Air = 3.37 um, we captured wide FoV images
of a transmission-type USAF resolution target while a butane gas leaking from a lighter is
placed in front of the object plane — see Fig. 33 and the supplementary material (Visualization
3) found in [168]. Note that in the visualization (i.e. video clip), the profile of the butane gas
leak, which appears as dark shade due to a strong absorption line of butane at 3.37 um, can be
tracked at a high frame rate and much better spatial resolution than that obtained with the raster-
scan approach described in sub-section 6.1.a. Although our demonstration of real-time gas leak
imaging is in transmission mode, the system can be configured in reflection geometry. Finally,
the ability to tune the wavelength of illumination and detection allows for spectroscopic
imaging for identification of gas mixture with potentially improved specificity.

Fig. 33. Adapted from the supplementary material of [168]. Upconverted image of a USAF
resolution target at 3.37 um while rotating the crystal with respect to c-axis by 1° and in
synchronism with the camera integration time of 2.5 ms.

7. Other y® parametric processes relevant for IR imaging

Apart from the upconversion (sum frequency generation) scheme (Fig. 34(a)), difference
frequency generation (DFG)/optical parametric amplifier (OPA) (Fig. 34(b)) based parametric
processes have also been exploited for converting IR images to the VIS/NIR range or
amplifying IR images for subsequent detection. In the case of an OPA (or DFG), an intense
pump (at 4p) is passed through a y® material together with a IR wave (at Ar) acting as a seed,
resulting in the creation of idler wave (at Lia) and enhancement of IR wave. In this process, the
pump is downconverted to two lower energy photons, one at Aid and the other at Air, where Air
> Jia > Jp. In this way, a weak seed IR signal can be amplified. The gain of such an amplifier
depends on the power of the input pump. Although DFG and OPA are both second order
nonlinear parametric processes, their phase matching criteria are different from the
upconversion process, even if the same pump and nonlinear crystal are chosen. Laferriere ef al.
[187] mentioned that “This amplification of the image makes downconversion ideal for low-
noise optical-image amplifiers”. However, unlike upconversion imaging, the amplified OPA
image is detected at the illumination wavelength. This makes the OPA imaging difficult at
longer IR wavelengths. To date, upconversion based imaging has received much attention in

47



comparison to downconversion based imaging. Nonetheless, the first OPA based
monochromatic imaging with wide FoV was proposed by Devaux ef al. [42]. Note that the DFG
and OPA based imaging are outside the scope of the present review, however the reader may
consider these review articles [139], [188] for more details. The recent advances in DFG/OPA
based imaging using different nonlinear crystals can also be found in [135], [189]-[193].
Researchers have also utilized second harmonic generation (SHG) for IR imaging. Recent
demonstration on SHG-based IR imaging can be found for 1 um [194]-[196], 1.342 um [197],
and 2 um [198] illumination wavelengths.
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Fig. 34. Spectral diagram of second order parametric processes (a) SFG/Upconversion and (b)
OPA/DFG in a y® medium. The dashed arrows indicate the direction of energy flow.

In Table 6, we report the published results in parametric upconversion imaging using bulk
nonlinear crystals, starting from its first demonstration in 1968 by Midwinter to date. The list
shows the progress in the field and indicates how the choice of experimental parameters has
changed over the years.

Table 6. Reported Results on Parametric Upconversion Spatial Imaging using Bulk Crystal

Year Crystal (length), Efficiency FoV Spatial
phase matching Pump (nm) IR spectral (quantum (deg.) Resolution Up-noise
[Ref] (PM) range (kM) efficiency) & (object)
logg  KDP, both coherent  Nd-YAG geg)‘“‘ laser 442
and incoherent 1064), CW, e - - 70 lines/inch counts/sec/r
[184] Hg-lamp (1
upconversion 03 W & P aster point
-1.5)
1968 LiNbO; (1 cm) ruby (694), 7 .
[19] Temperature tuning Pulse 16 10 344 30 total lines o
LiNbOs (1 cm) Non- 2500
1[32? collinear CPM ;L[;Ze(694)’ 52 ~10* ---- 500 total lines  counts/sec/p
(theory) ixel
1968 Proustite (1.2 cm) ruby (694), 106 _ L
[20] Angular PM Pulse 10.6 10 17.2 res = 20
1969 Proustite (0.45 cm) ruby (694), 10.6 L 172 L L
[22] Tangential PM Pulse ' '
1969 KDP (1 cm) NCPM,  ruby (694),
. 1.06 - 20 - -
[23] rotation of crystal Pulse
Q-switched,
1970 kpp (0.3 cm) Nd-laser 1.06 ~10° 18 lines/mm ~ ----
(24] (1064)
Thermal
1971 ZnGeP2 (1 cm), 90° Nd-YAG L background
[31] NCPM (1064) 10.6 0.014 3.6 noise power
=13 pW
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: ruby (694.3) 10, Up-noise ~
1972 irousltlteé;/[cm), Non-Q- bandwidth 6 x 10 30 1.2 ecm/cycle 50 pW at
[25] neutar switched 500 nm 300 K
KDP (0.27 cm), Angular res.
1972 Critical non- ru[l)gfe(694), 1.06 (pulse) 5107 49 =0.017°, —
[199]  collinear pu Nees = 10°
3.56 lines
1972 Proustite (single Nd-YAG 10.6 L 12 /mm (> 40 L
[153] crystal) Angular PM  (1064), CW ' lines within
FoV)
Proustite, Angular Nd-YAG
1975 PM with cylindrical ~ (1064), quasi- 10 - - Nies =42 -
[121] focusing of pump CW
. Spectral
LiNbOs (5 cm), Argon-laser B S NEP =
1976 collinear 90° PM, (5145, cw, 2743 6.6x10%  ~15 resolution 1.6 x 104
[106] ¥ ture tuni LW (tunable) 1.8 nm at 3.3 D
emperature tuning um W/Hz
Proustite (1 cm), Krypton laser ) NEP N
1977 ¢ollinear, Type-1I (752.5), Cw,  Lo(nabler o0y s = 500 3x 10"
271  pm 025 W 9~ 11 pm) W/Hz'? (on
each pixel)
Minimum
. Dye laser IR power
1981 Proustite (1.85 cm), (697), pul 10.6 5.69 x 102 Angular res. ~ p
tangential PM » PUISE, ’ ’ o 5° which can
[154] 8 2 J/pulse be detected
=2.12 mW
KNbO: (0.9 em), Krypton laser Nd-YAG Angular res. ~
1987 temperature tuned (67y6p4) laser at ~2x10% 2.8 1 5§ ' -
[721 " noncritical 90° PM : 1.064 :
Mode locked .
Urea. Tvpedl PM ring dye laser 18 lines/mm,
rea, lype- > depth
[1290902] 3-D depth imaging (620),80fs,5  0.62 - - Eesglution ~ —
(SHG experiment) MW peak 10 pm)
power
1.41
. SHG of Nd- Nd-YAG lines/mm,
1994 K?P (3 cm), Time YAG (532), laser at ~5% ---- maximum i
[201] gating pulse 1.064 gate delay ~
66 ps
Nd-YAG
1999 BBO (I cm), (1064), pulse, ~ 0.852 ~5% 0.2 ~200 pm
[202] Collinear NCPM 40 MW/em?
BBO (1 cm), Non- Nd-YAG Ti:sapphire
2000 collinear NCPM, (1064), Q- laser at 24 100 pm
[138] Synchronous pump switched 0.852
PPLN (2.5 cm), Nd-YAG 2.25 mm
2002 temperature, (1064), Q- 1.85 ---- object 4.2 lines/mm —
[92] microlens array switched diameter
%Ne(ri t“r?’ Nd-YAG ~40% 60 (max. Minimum
2007 iperature, 1064), Q- OPOat34  (peak to scan 50 x 50 pixels ~ detectable
1 PM
[44] collinear QPM, switched peak) angle) power = 0.2
raster-scanning W
Nd-YVO4
2[(7)83’ iﬁ:fagrzm&,M (1342), CW, ?E?S’L?W 25% 10 x 10 pixels  ____
? intracavity
2010 PPKTP (1 cm), Nd-YVO. 0.766 4 200 x 1000
90 temperature, QPM .(1342)’ CW’ (halogen) ~2x10 <1 pixels T
[90] ’ intracavity
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PPLN (2 cm), Nd-YVO4 3 (tunable ~20% 200 x 100
2012 temperature tuning, (1064), CW, from 2.85—-  (polarized, -—-- el 0.2 photons/
[45] QPM intracavity 5 um) collinear) pixels sec/pixel
~2 %2 Noi
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2013 gr)i‘l\elrgstucr?)’QPM Yb-doped 3.39,CW 12.5% image ~ 2 lines/mm L1x10°
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difference frequency (1292) 19.3 THz - object ~3 mm noise ratio
[204]  generation diameter (SNR) =30
2014 PPLN, x-y scanning, Nd-YVO ~5.5 um (181
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[94] Hyperspectral intracavity area 9—30 nm
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[173]  QPM, non-collinear . .
intracavity 15 nm noise
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PPLN (0.5 cm), . ~8
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AgGa$ (1 cm), Nd-YVOs QCL, =13 <35 um,
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3-D OCT imaging Y o arca
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[207] electronically ( ), pulse, 42,1.6 s, 1% object .8 um (integration
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Optical
LiNbOs (1 cm), Yb- fiber parametric 0.002% for 10 mm ~35um (Nes  §NR =424
2019 ; laser (1064), : each pixel . =
tangential PM, oscillator, obiect 64,000) at at the center
; pulse, 20 ps, over full )
[168]  rotation of crystal 20 MHz tunable 21.3 oy diameter 3.1 pm of image
—4.1, pulse
LiNbOs (1 cm), Modelocked O;Zfrf‘eltric
2019 birefringent PM, Ti:sapphire Escillator 5 ~20at ~ 56 um at
[208] polychromatic, (804), 100 fs, ? ~10 2.851 3.206 um T
. tunable 2.7 pm.
rotation of crystal 80 MHz — 4200 fs

8. Conclusion and Outlook

In this paper, we have extensively reviewed the infrared imaging technique based on novel y?
parametric frequency upconversion process, starting back from its first experimental
demonstration in 1968 to date. We have first introduced the x'® nonlinear (upconversion)
imaging based on generalized three dimensional Green function approach. In the theory we
have shown how the classical diffraction theory can be translated to the nonlinear y® case. We
have established far-field solutions similar to the Fraunhofer approximation and have
established imaging criteria using usual lens system(s). Mathematical formulae for calculating
upconversion efficiency and imaging resolution have been derived. We discussed two types of
upconversion imaging setup, namely System-I (upconversion in Fourier plane) and System-II
(upconversion in image plane) and established their properties. Then we have discussed the
details on phase matching (PM) conditions starting from collinear interaction of three waves to
non-collinear interaction and tunability of the PM parameters, which are important for
designing an upconversion imaging with an expanded field-of-view (FoV). Noise properties in
upconversion detector is also studied and compared with state-of-the-art direct MIR detector
(HgCdTe) through reported results. Details on manipulation of FoV, angular resolution, various
choices of nonlinear material, pumping conditions, presence of any artifacts are discussed for
design purpose of an upconversion imaging system. Upconversion can be used for multi-
dimensional imaging, and as an example, we have discussed and extensively reviewed the
hyperspectral upconversion imaging. We have devoted a section for showcasing recent
applications of parametric upconversion imaging exploiting either raster-scanning scheme or
2-D detector sensor-based scheme.

In a multi-dimensional upconversion imaging, the third dimension can also be the temporal
characteristics, depth, or even phase of the object. From late 1970’s, parametric upconversion
is used for time gating application by utilising the fact that the upconversion takes place only
when both the pump and the IR fields temporally overlap inside the y'® nonlinear medium [209].
This upconversion time gating is primarily explored for studying transient phenomena like
fluorescence characterization [210]-[212] and ultrafast time-resolved spectroscopy [54], [124],
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[165], [213], and been used for detecting objects embedded in scattering media [201], [214]
and even for temporal characterization at single-photon level [215], [216]. There are only a few
reported results, where time gating is combined with spatial imaging for characterizing transient
phenomena of a 2-D object [136], [217]. Further study in this direction will open up a vast
research and application field, where one can envision wide FoV and spectrally resolved
transient infrared imaging [198]. Upconversion can be used to measure depth with um scale
resolution in a scattering media [186], [200], for optical coherence tomography (OCT) based
3-D imaging in the mid-infrared with real-time operation [186]; for construction of infrared to
terahertz hologram [30], [189], [218], [219], where the image is reconstructed at a wavelength
different from the reading light. Recently, researchers have utilized the phase invariant
properties of parametric upconversion to demonstrate phase imaging [178], [194], [220],
frequency conversion of structured light [221] and image manipulation by controlling the phase
matching condition [222].

The inherent advantage of upconversion imaging systems over those that rely on
commercially available cooled mid-infrared detectors is that they do not require sophisticated
cooling, are capable of delivering enhanced sensitivity, and can provide higher number of
resolvable elements. Thus, upconversion imaging in the mid-infrared is suitable for various
imaging applications from low photon and quantum imaging, high resolution 2-D imaging in a
microscope setup to multi-dimensional imaging. To date, the noise measurement is mainly done
for collinear upconversion and in the shorter infrared wavelengths (< 4 um). The conversion
efficiency and noise of an upconverter are also primarily measured for collinear interactions
and over a small FoV. Further research is needed for exploration beyond these limits.
Upconversion of longer mid-infrared wavelengths is more challenging owing to limited options
for suitable nonlinear materials as well as the inherently lower quantum conversion efficiency
due to wider separation between the pump and the infrared signal wavelengths.

New applications [132], [136], [180], [222], [223], cross-disciplinary research, and
technological improvements would propel this field of research and will potentially result in
many more interesting scientific outcomes in the coming years.
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