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Midinfrared up-conversion imaging under different illumination conditions
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Converting the medium-emitting infrared field to the visible band is an effective image-detection
method. We propose a comprehensive theory of image up-conversion under continuous optical pumping,
and discuss the relationship between the experimental parameters and imaging field of view, resolution,
quantum efficiency, and conversion bandwidth. Theoretical predictions are given based on numerical simu-
lations, which show good agreement with experimental results. In particular, coherent and incoherent light
illumination are studied separately and the advantages and disadvantages of their imaging performance are
compared and analyzed. This work provides a detailed study of the up-conversion image detection perfor-
mance of the system, which is of great value in guiding the design of the detection system and bringing it

to practical applications.
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I. INTRODUCTION

The midinfrared (MIR) spectral region contains the
absorption and emission spectral positions of numerous
molecules and structures and is often referred to as the
chemical fingerprint spectral region for the analysis of the
composition of substances [1]. In addition, this band is
closely related to the thermal radiation of objects and con-
tains atmospheric communication windows. As a result,
MIR spectroscopy has fruitful applications in areas such as
biomedicine, [2] environmental monitoring, [3] communi-
cations [4], and remote sensing, [5] stimulating extensive
research in recent years. However, despite the many advan-
tages of MIR spectroscopy and imaging, the development
of detectors in this band is still unsatisfactory, limiting
many practical applications. Compared to their visible
or near-infrared (NIR) counterparts, MIR detectors suf-
fer from low detection sensitivity, high noise levels, slow
response times, and high cost. The detectors based on low
band-gap materials, such as mercury cadmium telluride
(MCT) and indium antimonide (InSb) have achieved high
sensitivity and quantum efficiency, but rely on deep cool-
ing to reduce dark noise, which places additional burden
on the applications.

*zyzhouphy@ustc.edu.cn
Tdrshi@ustc.edu.cn
These authors contributed equally to this work.

2331-7019/23/20(5)/054060(8)

054060-1

MIR detectors based on nonlinear frequency up-
conversion techniques, where the signal light is converted
to visible or near-infrared light and then detected using
high-performance detectors based on wide band-gap mate-
rials (e.g., silicon), offer an effective alternative [6]. This
technique is not new and has been relatively well devel-
oped for signal detection in the communications band,
[7] with the advantages of room-temperature operation
and real-time processes. In recent years, up-conversion
detection research has begun to expand into the midin-
frared band, with studies emerging for single-mode and
image detection [8—10]. Waveguide-based up-conversion
detectors (UCD) can easily increase power density to
achieve high conversion efficiencies due to high power
density, [11,12] but the perturbation of the spatial struc-
ture of the optical field makes them suitable only for
single-point detection situations. Bulk crystals are often
used as nonlinear media in up-conversion image detec-
tion, and schemes based on ultrafast lasers, [13] cavity
enhancement, [14] continuous light with high-power [15],
or orbital angular momentum [16] pumping have been
reported. Another advantage of UCD over conventional
semiconductor-based detectors is the flexible tuning of per-
formance parameters, such as bandwidth, field of view,
resolution, and efficiency, which also requires a system-
atic imaging theory to guide the experimental design. In
previous research on this topic, the usual treatment has
been to associate the imaging theory of a linear system

© 2023 American Physical Society
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with a nonlinear variation process [17—19]. This type of
approach is more convenient in providing resolved results
of the final image, but also involves considerable approx-
imations, including neglecting the effect of propagation
evolution within the crystal. A better solution would be
to combine the analytical derivation with numerical sim-
ulations, which can give more accurate predictions of
the imaging results. Furthermore, previous research has
focused more on the case of coherent light illumina-
tion, as lasers have been the mainstay of modern optical
research since their inception due to their excellent prop-
erties. However, thermal-imaging applications are more
oriented towards the spontaneous radiation of the target,
and therefore the study of UCD with noncoherent illumi-
nation scenarios is of great interest in terms of passive
detection. Our work provides a derivation of universally
applicable up-conversion imaging results for coherent and
incoherent scenarios and shows experimental and theoreti-
cal control studies on parameters, such as bandwidth, field
of view, resolution, and efficiency.

II. THEORETICAL MODEL AND SIMULATIONS

Up-conversion imaging is based on sum-frequency gen-
eration (SFG) in nonlinear crystals, where midinfrared
signal light with frequency ws is up-converted to wsr
by pump light with frequency w,. This process satisfies
the law of energy conservation, i.e., hwsr = ho, + haw,,
where 7 is Planck’s constant. In order to achieve the high-
est frequency conversion efficiency, quasi-phase-matching
(QPM) technique is often used to compensate for the
phase mismatch and the poled period is designed such
that Ak = k + k + kA — kSF, satlsfylng the momentum

conservation condition, where |kA| =27 /A and A is the
poled period of the crystal. In most nonlinear applica-
tion scenarios, colinear matching is considered in order to
achieve greater beam crossover and thus higher conversion
efficiency. However, for the image-conversion scene, the
nonlinear process will be a combination of the colinear and
noncolinear cases, as the entire signal light field contains
the individual components of incidence. By decomposing
the phase mismatch wave vectors in the transverse and lon-
gitudinal dimensions, universal scalar expressions can be
written as

kspcosg = kycos6 + k, + ka

) . , (1)
ksr sin ¢ = kg sinf

where k; = 27n;/A;(i = p, s, SF) are the wave vectors of
the pump light, signal light, and sum-frequency light,
respectively, which depend on their respective wave-
lengths A; ; the refractive index n; is given by the Sellmeier
equation; and 6 and ¢ denote the angles of the propagation
direction of the signal light and the sum-frequency light

relative to the pump light (crystal axial direction), respec-
tively. In a practical up-conversion process, as the wave-
length and direction of the pump light are usually constant,
the wavelength and angle of incidence of the signal light,
which are the independent variables in Eq. (1), determine
the corresponding parameters of the up-converted light.
Thus, the wavelength-converted bandwidth and the FOV
of the system are interrelated, as we will discuss together
in the paper. In UCD studies based on single-period crys-
tals, the obtained conversion bandwidths and FOVs are
usually very narrow due to the strict phase-matching con-
ditions [20,21]. To overcome these difficulties, feasible
attempts include adjusting the crystal temperature, scan-
ning the pump wavelength, rotating the crystal or changing
the angle of incidence of the signalling light [22,23]. All
of these methods essentially involve adding an adjustable
term to Eq. (1) to obtain more group solutions, but have
the disadvantage of greatly increasing the complexity of
the system and the measurement. Another solution is the
use of chirped-poling crystals, which have been used to
achieve adiabatic nonlinear conversions with large phase-
matching bandwidths, and image conversions with large
fields of view have also been demonstrated [24-26]. In
general image-detection applications, especially in non-
coherent illumination scenarios, the light field collected
by the detection system contains numerous frequency and
spatial components. Therefore, the use of chirped poled
crystals can significantly improve the performance of the
image detector due to the much wider phase-matching
bandwidth. The blue region in Fig. 1(a) shows the wave-
length and incident angle ranges that satisfy the phase-
matching condition, and the simulations are based on the
chirped crystals in our experiments. The chirped poled
structure increases both the wavelength bandwidth and the
FOV for all lighting conditions, as explained in more detail
in the Supplemental Material [27] (see also Refs. [28-31]
therein).

The general case of coherent light illumination is dis-
cussed first. There is a certain phase correlation between
the points of the illuminated object, and the light maintains
spatial and temporal coherence in the process of propaga-
tion. The propagation of coherent light illuminating objects
in space can be described by the Collins formula, which is
known as [32]

exp (zkl)

Utr,y) = f / Uo(xo,yo>exp{—[A(xo 2

+ D(* 4 y%) — 2(xxo + yyo)lYdxodye,  (2)

where 4,B,C,D are the four elements in the transmis-
sion matrix; Uy(xg, o) and U(x, y) represent the amplitude
distribution of the illuminated object and the amplitude
distribution after propagating / on the z axis.

For incoherent illumination, there is no spatial and tem-
poral coherence instead. In the calculation process, the

054060-2



MIDINFRARED UP-CONVERSION IMAGING...

PHYS. REV. APPLIED 20, 054060 (2023)

(@) 10 » . . r | (b)
A |
S

8L —3.0 um [ i
F~—3.2 ym |
3.4 um '
_ —3.6 um |

g 6 —4.0 pm |
T [~[—44pm |
° |

N |
< |
|
; |

2+ \ ]
\ |
\
\
L L JL L i

21.0 21.5 22.0 225 23.0 23.5
Poled period (pm)
FIG. 1. (a) Theoretical result of the optimized poled period for signal light with different wavelength and incident angle, the blue

background area is the region that can meet the phase-matching condition. (b) Phase matching in sum-frequency generation for a
certain wavelength of the signal beam. For coherent lighting objects, & = 0. For incoherent cases, 8 can take any value. In chirped
crystals, &k is variable, which can always find k, that meets the phase-matching conditions.

spatial coherence is eliminated by adding random phase
fluctuations to the image and adding different propaga-
tion directions. The temporal coherence is eliminated by
increasing the wavelength range of signal light and aver-
aging multiple calculation results.

The wave equation of the electric vector propagating in
the nonlinear crystal can be written as [33—35]

V2E (0, 2) + How2E (@ 2) - E (w3, 2) = — ho@? PuL (@, 2).

&)

For second-order nonlinear processes, considering the
slowly varying amplitude approximation, the scalar com-
plex amplitude of the sum-frequency beam satisfies the
differential equation, which gives

. OFEsp Wt dogs
i2ksp 3 + ViEsp = ——F 2e

EsEp eiAkz, (4)
z &oC

where FE;(i = SF,s,p) represents the scalar complex
amplitudes of sum-frequency beam, signal beam, and
pump beam, respectively; Ak = ksp — kg — k, + 21 /A is
a phase mismatch during the sum-frequency generation; &
and c are the dielectric constant and the speed of light in the
vacuum, respectively; V2 = 82/9x? 4 82/0y? represents
the transverse Laplace operator.

The boundary conditions including the amplitude dis-
tribution of signal beam, pump beam, and sum-frequency
beam at the front of the crystal can be easily obtained.
By using the forward difference method to solve the sum-
frequency generation process in crystals, the coupled wave

equation can be discretized as

i
Esp(x,y,z +dz) = Esp(x,y,2) + T[VJZ_ESF()C:)’,Z)
SF

2
Wgp defy

B, 9By (x,y,2)¢ " dz. Q)
0

_.I_

With this method, the amplitude distribution of three
beams at any position in the crystal can be solved. Finally,
the amplitude and intensity distribution of sum-frequency
beam after imaging system can be calculated by using the
Collins formula again.

III. EXPERIMENT

A. Experimental setup

In the sum-frequency generation, the propagation direc-
tion and wave vector of signal light are determined when
the object is lighted by coherent beam. The propagation
direction of the signal beam in the crystal is single. The
lack of signal beam with large angle incidence leads that
high-frequency information of its spatial structure cannot
be converted, so its detailed imaging effect is not good.
For incoherent light, its propagation direction within the
crystal is random, and using chirped crystals can con-
vert almost any direction of input beams. The wave-vector
direction that can be converted is only limited by the waist
of the pump beam, which is generally smaller than the
cross-section size of the crystal. Incoherent light illumi-
nating objects can convert more directional wave vectors,
so their high-frequency information can be well preserved,
achieving clearer imaging effects [see Fig. 1(b)].

A simple diagram of our experimental setup is displayed
in Fig. 2.We first generate the incoherent MIR source
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using a temperature adjustable soldering pen, and then
use a collecting lens to transform the illumination light
into a subparallel beam. The U.S. Air Force MIL-STD-
150A standard of 1951 (USAF-1951) resolution target
is then inserted as the illumination intensity object. The
continuous-wave pump beam at the wavelength of 1064
nm comes from a Yb-doped fiber laser amplifier, and is
scaled down to a 1/e beam waist of 1.5 mm through the
lenses L1 (f = 150 mm) and L2 (f = 75 mm). The type-
0 chirped PPLN crystal that we use in our experiment
is 40-mm long, with an aperture of 2 x 3 mm?, and its
quasi-phase-matching periodic poled period is from 21.6
to 23.4 wm, with an interval of 0.01 wm. The tempera-
ture of the PPLN crystal is controlled using a homemade
temperature controller with a stability of £0.002°C. Lens
L3 (f = 100 mm) focuses the MIR image into the PPLN
crystal, which together with L4 (f = 100 mm) forms the
up-converted 4-f system, while the center of the PPLN
crystal lies in the Fourier plane. The output image is
cleaned up by using a band-pass 800-nm filter with a full
width at half maximum of 40 nm, and then recorded by an
sCMOS camera (Dhyana95 V2, Tucsen).

B. Resolution

In the above configuration, the central region of the
USAF-1951 resolution card is selected as the intensity
object, thus containing more resolution patterns in the field
of view. Up-converted images of multiple sets of horizon-
tal and vertical stripes are obtained and the output is shown
in Fig. 3(a). Figure 3(c) shows the numerical simulation
results for a portion of the region where the up-conversion
system reaches its resolution limit. The advantage of this
treatment is that it reduces the large computational effort
that the oversized image imposes on the numerical simula-
tion, and instead allows smaller step values to be assigned
to the stepwise Fourier method, thereby increasing the
accuracy of the simulation. The right half of the exper-
imental results agree with the theoretical and simulated
results.

For a specific analysis of the imaging resolution, we use
the requirements of the Rayleigh criterion as an evaluation
metric: Inin < 2/max/e . Here Iy 1s the average maximum
intensity value of the line graph, while /i, is the minimum
gray value in the dark region between the stripes. Figures
3(b) and 3(d) show the results of the vertical intensity dis-
tribution along the yellow dashed line from Fig. 3(a)—(c),
where the horizontal orange dashed line is the resolution
criterion given by the inequality in the above question.
When the valley of the intensity in the streak region falls
below the dashed line, this means that the set of patterns
is resolvable. Experiments give limit resolution regions for
groups 1-5 of the USAF-1951 resolution card, correspond-
ing to a line resolution of 315 wm and an angular resolution
of 3.15 x 1073 in our imaging system At the same time,

simulations give a line resolution of 300 wm. It is worth
noting that the theoretical angular resolution limit given
by the system parameters is R = 1.22Avir/D,. R is the
angular resolution of the system; D, = 1.7 mm is the beam
diameter of the pump light inside the crystal; Ayr is the
wavelength of the signal light to be converted, here we take
the center wavelength of 4.15 wm within the conversion
bandwidth. Substitution of the relevant parameters gives
R as 2.98 x 1073, which agrees well with our experimen-
tal results. This also shows that our UCD system has been
fully optimized and that the one only factor limiting better
resolution is the diaphragm limitation due to the aperture
of the crystal.

In the coherent case, the experiments and simulations
are shown in Fig. 3 (e)+(h). Both experiments and simu-
lations give limited resolution regions for groups 1-4 of
the USAF-1951 resolution card, corresponding to a line
resolution of 353 wm. Compared to coherent cases, inco-
herent illumination has a better spatial resolution, which
validates our theoretical analysis. In addition, due to the
wide wavelength range of incoherent light generated by
the thermal light source, its spectral range after SFG in the
chirped crystal is also wider, which introduces dispersion
and reduces spatial resolution.

For imaging experiments, a larger pump-beam waist
radius means a larger physical aperture, which improves
imaging resolution by ensuring more conversion of the
high-frequency components. The thickness of the bulk
crystal used in the experiments is 2 mm, which is currently
the main factor limiting the optimization of the system
resolution. On the other hand, there is a reciprocal limita-
tion between the resolution and the conversion efficiency
of the system. This is because the use of long crystals
to improve efficiency can lead to image distortion, while
a large pump-beam waist results in a significant reduc-
tion in power density. Therefore, the most effective way
to improve the image resolution is increasing the waist of
the pump beam as much as possible under the condition of
acceptable conversion efficiency.

C. Conversion efficiency and sensitivity

We also study the relationship between the waist of
pump beam and the up-conversion efficiency of the image.
The relationship between theup-conversion efficiency and
the beam waist and the pump light power is calculated,
and the conversion efficiency under different pump optical
power is measured experimentally. The results are shown
in Fig. 4. Through experiments, it was found that when the
waist radius of the beam is 0.75 mm, in the case of coherent
light, the up-conversion power efficiency is 0.184%, which
is slightly higher than our calculated result 0.122%. It can
also be verified through numerical calculations that the up-
conversion efficiency is almost inversely proportional to
the square of the waist radius of the pump beam. Both
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periodically poled lithium niobate crystal; CPLN, chirped poled lithium niobate crystal.

experiments and simulations give up-conversion power
efficiency in incoherent cases 2—3 orders of magnitude
lower than coherent illumination conditions. The reason
is that incoherent illumination has random phase fluctu-
ations and directions. It is necessary to design crystals,
pump parameters and imaging systems for different appli-
cation scenarios. In addition, the sensitivity of midinfrared
up-conversion imaging has also been studied. The inten-
sity of the midinfrared beam before the crystal is 0.813 pW.
Under a 45-W pump, the entire area count on the EMCCD
camera is about 9.11 x 10° s~!. The imaging results under
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the leak illumination are shown in Fig. 5. In conclusion,
increasing pump power not only improves conversion effi-
ciency, but also reduces sampling time to achieve more
sensitive detection. Q-switched lasers can also be used
to achieve high efficiency, low noise, and high-sensitivity

detection.

D. Field of view

At last, we change the crystal with different poled peri-
ods to investigate the field of view, which is mainly limited
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Experimental incoherent and coherent up-conversion images of the USAF-1951 resolution card. (a)-d) are incoherent case

and (e)—(h) are coherent case. (a),(e) is the up-conversion image and (c),(g) is the numerical simulation results. Line charts (b),(d),(f),(h)
correspond to the vertical intensity distributions of images (a),(c),(e),(g), respectively.
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by the phase-matching condition in the experiment. We
demonstrate that the chirping structure in QPM crystals
contributes significantly to the enhancement of the imaging

FIG. 5. (a) The noise is mainly composed of electrical noise
and pump light noise, with a contrast of 1.74 while the image
is not processed. (b) Subtracting the electrical noise result, the
main noise is pump light noise, with a contrast of 3.00 (c) Sub-
tracting electrical noise and pump light noise, the contrast is
27.88. (d)«f) Imaging results of all noise, subtracting electric
noise, subtracing electric noise and pump light noise under Q-
switched laser pumping. The contrast are 2.85, 53.59, and 65.15,
respectively.

FIG. 6. (a),(c) represent the imaging principles and schematic
diagrams of the two different chirped poled crystals, respec-
tively. The purple region represents the valuable range of spatial
inverted lattice vectors in the chirped poled crystals, while the
blue region represents the valuable range of the angle of signal
beam input. The crystal with smaller poled periods has larger
spatial inverted lattice vectors to achieve phase matching, thus
corresponding to a larger angle of the field of view. (b) The image
obtained by using the crystal with chirped poled periods from
23.33 to 23.42 pm. (d) The image obtained by using the crystal
with chirped poled period of 21.6 to 23.4 pm.

field of view. In Fig. 6, we show the imaging results
of two different chirped-poling crystals under the same
illumination conditions with the incoherent signal beam.
When a chirped-poling crystal (with periods from 23.33 to
23.42 pm) is used to up-convert the image, it has a small
field of view, as shown in Fig. 6(b). This is because the
chirping range limits the region of variation of 7{,\, i.e., the
narrow violet region in Fig. 6(a), and therefore momentum
conservation cannot be satisfied for signal light at larger
angles of incidence. The full angle of the field of view is
7.7° in this case. Then we chose the chirped crystals with
periods from 21.6 to 23.4 wm, and the correspondingup-
conversion image has a larger field of view and higher
intensity [see in Fig. 6(d)] than the case of the crystal with
period from 23.33 to 23.42 pm. In this case, the full width
of the imaging area is 29.5 mm and the focal length of lens
L1 is 100 mm, so that the full angle of the field of view
is 16.8°. These results are consistent with the theoretical
results shown in Fig. 1(a). In addition, due to its wide tem-
perature bandwidth, the imaging field of view of chirped
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VIDEO 1. CO; gas video-rate monitoring. CO;, has strong
absorption at 4.26 wm, which falls within the detection range
of our system.

crystals is insensitive to variations in crystal temperature,
unlike that of single-period crystals.

E. Application: real-time imaging of CO, gas

Our system has the advantages of high efficiency, high
sensitivity, and large field of view, so it can perform real-
time video imaging of gas distribution and so on. We
demonstrated the application of midinfrared up-conversion
imaging in gas video-rate monitoring using carbon dioxide
gas.

By controlling the flow rate of CO,, we can change the
gas concentration at the nozzle, which can be detected by
our real-time imaging system. We can clearly observe that
as the ejection speed increases, which means the gas con-
centration increases and the absorption of midinfrared light
is stronger, resulting in a more obvious dark area in the
video screenshot. These results are shown in Video 1.

IV. CONCLUSION

In summary, we have investigated a MIR detector based
on a frequency up-conversion process and its imaging
properties. Midinfrared up-conversion detection in the
presence of coherent or incoherent illumination has been
achieved using single-period and chirped crystals, respec-
tively. We theoretically analyze the imaging process of
UCD, give theoretical predictions of the conversion results
by numerical simulations and compare them with experi-
mental results. The effects of experimental parameters on
system efficiency, field of view, and resolution are inves-
tigated, and the advantages of incoherent imaging over
coherent processes are demonstrated. This work provides
a systematic fundamental study of this frequency up-
conversion-based infrared imaging system, which will help
to design and improve UCDs for a variety of application

scenarios. By redesigning crystal parameters and imaging
systems, this technology is expected to shine in astronomy,
remote sensing, microscopy, and other fields.
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