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Abstract

Ghost imaging in the time domain allows for reconstructing fast temporal objects using a slow photodetector. The
technique involves correlating random or pre-programmed probing temporal intensity patterns with the integrated
signal measured after modulation by the temporal object. However, the implementation of temporal ghost imaging
necessitates ultrafast detectors or modulators for measuring or pre-programming the probing intensity patterns,
which are not available in all spectral regions especially in the mid-infrared range. Here, we demonstrate a frequency
downconversion temporal ghost imaging scheme that enables to extend the operation regime to arbitrary
wavelengths regions where fast modulators and detectors are not available. The approach modulates a signal with
temporal intensity patterns in the near-infrared and transfers the patterns to an idler via difference-frequency
generation in a nonlinear crystal at a wavelength where the temporal object can be retrieved. As a proof-of-concept,
we demonstrate computational temporal ghost imaging in the mid-infrared with operating wavelength that can be
tuned from 3.2 to 4.3 um. The scheme is flexible and can be extended to other regimes. Our results introduce new
possibilities for scan-free pump-probe imaging and the study of ultrafast dynamics in spectral regions where ultrafast

modulation or detection is challenging such as the mid-infrared and THz regions.

Introduction

Ghost imaging originally emerged in the spatial domain
as a correlation technique for imaging objects. The image
is obtained by correlating the intensity of a reference
beam which does not interact with the object itself but has
its recorded spatial intensity distribution with the inten-
sity of a test beam that illuminates the object and is
measured by a single-pixel detector. This approach can
offer significant advantages, including e.g. robustness
against noise and distortions and enhanced security' ™.
The probing patterns used in the reference beam can
either be random and captured with a high-resolution
detector or pre-programmed for computational ghost
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imaging®™®. Single-pixel imaging has been demonstrated
in various wavelength regimes, and very recently at the
single-photon level in the mid-infrared region using fre-
quency upconversion'®.

In the past few years, the concept of ghost imaging has
expanded beyond the spatial domain, into the temporal'’
and spectral domains'>'?, Temporal ghost imaging (TGI)
utilizes random temporal intensity fluctuations from a
chaotic light source such as e.g. pseudo-thermal light or
multimode laser as a reference probe signal. This signal is
then modulated by a temporal object, and the object is
subsequently reconstructed from the correlation between
the random intensity fluctuations and the integrated
intensity after the temporal object measured by a slow
detector. Enhanced TGI schemes have also been devel-
oped including differential TGI'* and magnified TGI'” to
improve the signal-to-noise ratio and temporal resolution
of TGI, or Fourier TGI'® that can provide additional
spectral information on the temporal object. TGI has
generated  considerable interest across  various

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
BY in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


www.nature.com/lsa
http://orcid.org/0000-0003-0674-0862
http://orcid.org/0000-0003-0674-0862
http://orcid.org/0000-0003-0674-0862
http://orcid.org/0000-0003-0674-0862
http://orcid.org/0000-0003-0674-0862
http://orcid.org/0000-0002-6924-3428
http://orcid.org/0000-0002-6924-3428
http://orcid.org/0000-0002-6924-3428
http://orcid.org/0000-0002-6924-3428
http://orcid.org/0000-0002-6924-3428
http://orcid.org/0000-0002-0768-3663
http://orcid.org/0000-0002-0768-3663
http://orcid.org/0000-0002-0768-3663
http://orcid.org/0000-0002-0768-3663
http://orcid.org/0000-0002-0768-3663
http://orcid.org/0000-0002-6894-0491
http://orcid.org/0000-0002-6894-0491
http://orcid.org/0000-0002-6894-0491
http://orcid.org/0000-0002-6894-0491
http://orcid.org/0000-0002-6894-0491
http://creativecommons.org/licenses/by/4.0/
mailto:pengfei@scu.edu.cn
mailto:goery.genty@tuni.fi
mailto:hkliang@scu.edu.cn

Wu et al. Light: Science & Applications (2024)13:124

applications, including secure communication, under-
water communication, and quantum device character-
ization'’?°, Furthermore, similarly to computational
ghost imaging in the spatial domain, computational TGI
can be implemented by utilizing ultrafast modulators to
pre-program temporal patterns rather than utilizing ran-
dom temporal intensity fluctuations® ~2*, It is even pos-
sible to utilize the finite time-varying response of slow
detectors to perform one-time readout TGI, enabling the
use of very slow optoelectronic detection devices includ-
ing light-emitting diodes or solar cells****. However, the
absence of suitable instrumentation, such as ultrafast mid-
infrared electro-optic modulators for pre-programming
temporal patterns at mid-infrared light sources, has been
a bottleneck in the direct implementation of computa-
tional TGI in the mid-infrared.

When compared to direct detection methods, TGI for
retrieving ultrafast temporal objects offers several
important advantages. One key benefit is that TGI does
not require to precisely resolve the temporal profile of the
probing signal after interacting with the object, making
the technique intrinsically insensitive to temporal distor-
tion effects that may occur during propagation after the
temporal object''. Additionally, because the measurement
is based on integrated intensity data that can be collected
with low-bandwidth photodetector that typically exhibit
high sensitivity, TGI enables the retrieval of temporal
objects at substantially reduced optical power levels. This
feature can prove to be particularly advantageous in sce-
narios characterized by significant transmission losses or
light scattering for example.

The original demonstrations of TGI systems have
operated in the near-infrared region, leveraging mature
near-infrared low-coherence fiber lasers, telecom ultrafast
modulators, and detectors''*'>?*?326 This has hindered
the exploitation of the full potential of TGI. To extend the
wavelength regime of TGI, a two-color scheme that
employs second-harmonic generation has been recently
introduced®”. In this approach, the probing intensity
fluctuations generated from a multimode quasi-
continuous-wave (CW) laser source are converted in a
nonlinear crystal to the second harmonic wavelength
where they can be measured in real-time with a fast
detector. This technique, however, requires a laser source
with random intensity fluctuations at the wavelength of
the temporal object as well as a large number of mea-
surement realizations. In principle, one could employ
pre-programmed patterns instead of random intensity
fluctuations, but this would require ultrafast intensity
modulators at the wavelength of the temporal object, which
may not be available. A particular region of importance
where TGI has yet to be realized due to the lack of suitable
detectors and fast modulators is the mid-infrared, and
expanding the operational range of TGI to the mid-infrared
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region holds particular promise for applications in e.g. free-
space communication®® and ultrafast pump-probe experi-
ments in areas such as all-optical modulation® and semi-
conductor carrier lifetime measurements.

In this paper, we fill this gap and introduce the concept
of frequency downconversion TGI that enables the
experimental realization of computational TGI in the
mid-infrared. Specifically, instead of directly pre-
programming temporal patterns at mid-infrared wave-
lengths, the approach modulates pre-programmed tem-
poral patterns at near-infrared wavelengths using a
conventional telecom modulator and, subsequently, these
modulated patterns are transferred to a mid-infrared idler
via difference-frequency generation (DFG) using a tem-
porally stable continuous-wave (CW) near-infrared pump
light source. The approach is generic and can be imple-
mented to other wavelengths regions where fast mod-
ulators and/or detectors are not available. As a proof-of-
concept demonstration, we implement computational
TGI in the 3.2 to 4.3 um range using only one mid-
infrared slow detector to image a temporal object gener-
ated from the on/off keying transmission of an acousto-
optic intensity modulator (AOM). We anticipate that the
proposed concept of frequency downconversion-based
ghost imaging can open up new possibilities for achieving
ultrafast computational imaging at wavelengths where
conventional pre-programmed modulation techniques are
challenging to apply, particularly in the mid-infrared and
terahertz regions™™

Results

Experimental Setup. A schematic of the experimental
setup is illustrated in Fig. 1 (see also Materials and
methods for details). Light from a CW diode operating at
1542 nm is amplified by a commercial erbium-doped fiber
amplifier (EDFA) with a maximum power of 200 mW.
The 1542nm CW light is temporally modulated by a
15 pm AOM (AOM1), which is driven by the pre-
programmed patterns generated from an arbitrary wave-
form generator (AWG). The modulated 1542 nm light
and a 4 W home-built ytterbium-doped fiber laser®* tuned
at 1060 nm used as a strong pump are collimated with
fiber collimators (FC), and the two collimated beams are
spatially multiplexed by a dichroic mirror. The ytterbium-
doped fiber laser layout and spectral characteristics are
provided in Supplementary note S1. The overlapping
beams are then collinearly focused with a lens of 75 mm
focal length into a periodically-poled LiNbOj crystal
(PPLN, HC Photonics) with antireflection coatings at
pump, signal and idler wavelengths for DFG process that
converts the modulated 1542 nm signal to the idler at
3.4 um. The idler is then collimated by a CaF, lens, and an
antireflection-coated Germanium filter is used to block
the residual near-infrared beams. The output power of the
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Fig. 1 Experimental setup for computational temporal ghost imaging based on frequency downconversion. Preprogrammed probing
temporal patterns generated from the arbitrary waveform generator (AWG) are applied to an acousto-optic modulator operating in the 1.5 pm range
(AOM1) to modulate the 1542 nm laser. The probing patterns are transferred to an idler wavelength at 3.4 um using downconversion in a periodically
poled lithium niobate crystal (PPLN) with a strong 1060 nm CW pump. The 3.4 um idler light is transmitted through the temporal object generated
by acousto-optic modulator operating in the 3 um range (AOM2) and detected by a mid-infrared slow detector (MIR slow detector). The temporal
intensity from the slow detector and the preprogrammed temporal probing patterns are recorded by the oscilloscope (OSC) and the temporal object
is retrieved from their correlation. FC fiber collimator; DM dichroic mirror
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idler is about 100 pW and the pre-programmed temporal
patterns modulating the 1542 nm signal are effectively
transferred to the idler light through the DFG process.

To demonstrate proof-of-concept mid-infrared com-
putational TGI, the transmission of a mid-infrared AOM
(AOM2) driven by a bit sequence produced by the AWG
is used as the temporal object to be retrieved. The mid-
infrared idler light transmitted through AOM2 is detected
by a slow photodetector (Thorlabs, PDAV]5, 2.7-5.0 um,
1 MHz bandwidth maximum) that cannot resolve the
high-speed bit sequence and recorded by a real-time
oscilloscope (RS, RTO2024, 2 GHz bandwidth) triggered
by the AWG. The temporal object is then recovered from
the correlation operation between the intensity recorded
by the slow detector and the pre-programmed patterns
generated by the AWG.

Frequency downconversion of pre-programmed temporal
patterns

The core of mid-infrared computational TGI based on
frequency downconversion is to transfer the pre-
programmed temporal probing patterns from the near- to
mid-infrared spectral region. When using DFG as the
nonlinear conversion mechanism, the time-dependent
intensity of the generated idler iy, (t) is proportional to
Iidler(t) X Ipump(t)xlsignal(t) where Ipump(t) and Isignal(t)
represent the time-dependent intensity of the strong

pump at 1060 nm and signal at 1542 nm, respectively.
Since the temporal intensity of the 1542 nm signal is
modulated by the preprogrammed pattern and the
intensity of the 1060 nm pump is continuous and stable
over time, one expects that the temporal intensity profile
of the idler follows that of the pre-programmed probing
patterns modulating the signal beam. To confirm this, we
first performed a direct comparison between the time-
resolved intensity profile of the 1542 nm signal modulated
by a sequence of pre-programmed but randomly selected
binary patterns and that of the 3.4 pm idler after the
PPLN crystal. Due to the limited bandwidth (1 MHz) of
the mid-infrared photodetector used for the comparison,
the speed of the AOM1 that modulates the 1542 nm
signal was set to 625 kbps. Three examples of bit
sequences recorded over a time window of 51.2 ps time at
1542 nm (red dash line) and the corresponding down-
converted idler temporal profile at 3.4 pum (black solid
line) are shown in Fig. 2a. One can see how the temporal
modulation of the idler at 3.4 pm nearly perfectly follows
that of the signal at 1542 nm. This near-perfect corre-
spondence is further confirmed in Fig. 2b showing the
time-to-time intensity cross-correlation map between
the bit sequence modulating the 1542 nm signal and the
recorded modulation at 3.4 pm calculated over 250 con-
secutive 0-1 random probing sequences. These results
confirm that pre-programmed probing patterns can be
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successfully transferred to the idler at 3.4 pm by DFG, and
that the idler carries all the necessary information to
perform computational TGI in the mid-infrared.

Mid-infrared computational TGl with random patterns

We first demonstrate computational TGI at 3.4 pm by
using pre-programmed but randomly chosen binary pat-
terns. The preprogrammed random patterns are illu-
strated in Supplementary note S2. To obtain the ghost
image of the temporal object, N distinct 0-1 bit sequences
R (t) (k=1, 2, ..., N) generated by the AWG modulate
the transmission of AOM1 and therefore the temporal
intensity of the 1542 nm signal. The bit sequences that are
randomly selected are then transferred to the idler at
3.4 um via DFQG in the PPLN crystal. The temporal object
S(t) with duration T is also generated by the AWG and
drives the transmission of AOM2 that modulates the idler
intensity at 3.4 pum. Note that the temporal object is
repeated periodically with a period equal to the temporal
window of one probing bit sequence. The intensity inte-
grated over a particular bit sequence Ry (t) after AOM2 is
recorded by the slow detector as By and the temporal
object is reconstructed by computing the second-order
correlation between Ry (t) and By over the N distinct bit
sequences as S(t) = (R(t)B) — (R(t))(B) where -)
denotes averaging over the N probing patterns.

Figure 3a shows the experimental result obtained by
correlating the binary probing patterns with the inte-
grated intensity at 3.4 um over 250 realizations for a
temporal object with a modulation speed of 625 kbps. The
modulation speed of the probing patterns was set to 1.25
Mbps, twice that of the temporal object. For comparison,
we also performed a direct control measurement of the
temporal object. For this purpose, the idler at 3.4 um is
generated by DFG without modulating the 1542 nm signal

and directly detected with the 1 MHz bandwidth mid-
infrared photodetector after modulation by the temporal
object imposed by mid-infrared AOM2. The temporal
object speed at 625 kbps was intentionally chosen such
that the mid-infrared photodetector speed is sufficient to
directly resolve the temporal intensity of the modulated
3.4 pm idler. One can see a very good correspondence
between the ghost image (cyan solid line) and the direct
detection (blue dashed line), confirming the ability of the
downconversion TGI scheme to reconstruct temporal
object in the mid-infrared regime. To illustrate the benefit
of the downconversion TGI technique, we show in Fig. 3b
the comparison of TGI and direct detection for a tem-
poral object generated with a faster speed of 5 Mbps. The
speed of the probing patterns in this case is set to 10 Mbps
corresponding to a temporal resolution of 0.1ps. Due to
the limited bandwidth of the mid-infrared detector, the
structure of the temporal object cannot be resolved by
direct detection in this case as seen from the blue dashed
line in Fig. 3b. Remarkably, however, we can see how the
ghost image of the temporal object (cyan solid line) can
resolve very well the structure of the temporal object.
Figure 3c and d shows additional examples of 5 Mbps
temporal objects with different temporal structures
resolved by TGI with again good agreement between the
ghost images and the temporal objects.

The quality of the retrieved ghost image as a function of
the number of probing temporal patterns is investigated
in Fig. 4. The speed of the temporal object is set to 625
kbps to allow for comparison of the retrieved ghost
images (cyan solid lines) with direct detection (blue
dashed lines). As can be expected, the signal-to-noise
ratio of the TGI increases with the number of probing
patterns, and it is found that the temporal object can be
already resolved with about 160 distinct patterns.
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Fig. 3 Mid-infrared TGl results using pre-programmed, randomly selected probing patterns. a Experimental ghost image (cyan solid line) of a
temporal object with a modulation speed of 625 kbps retrieved from 250 distinct temporal probing patterns. b Experimental ghost image of a
temporal object with a modulation speed of 5 Mbps. In (a, b), the blue dashed line corresponds to direct detection with a 1 MHz bandwidth mid-
infrared photodetector. ¢ and d shows additional TGl results of other examples of 5 Mbps temporal objects. The orange and purple dashed lines
represent the corresponding bit sequences measured at the output of the AWG
(.

Improvement in the accuracy of the retrieved ghost image
for an increasing number of realizations can be quantified
by evaluating the peak signal-to-noise ratio (PSNR)
between the directly measured and reconstructed tem-
poral sequences®” (see Materials and methods section).
The PSNR values are 13.89dB, 15.89dB, 16.94dB and
17.45 dB with 120, 160, 200 and 250 realizations, as pre-
sented in Fig. 4(a-d), respectively.

Mid-infrared computational TGl with Hadamard patterns
In order to reduce the number of probing patterns to
reconstruct a given temporal object, we apply an ortho-
gonal matrix of pre-programmed temporal patterns that
modulate the signal at 1542 nm. Each probing pattern Hy

(t) (k=1, 2, ..., N) is derived from the row of a 32-order
Hadamard matrix whose elements are either +1 or —1. As
temporal intensity cannot be negative, we employ two
distinct matrices of probing patterns H,, (t) where the —1
elements in Hy (t) are substituted with O (see Supple-
mentary note S2), and Hy, (t) which is the opposite pat-
tern of Hy, (t) (i.e. the 1 elements in H, (t) are replaced
with 0 and the 0 elements in Hy, (t) are replaced with 1)
such that Hy (t) = Hy, (t)- Hye (t). The signal at 1542 nm
is first modulated by the temporal patterns H,, (t) and
subsequently by the temporal patterns Hy. (t). Hy, (t) and
Hie (t) are transferred to the idler at 3.4 um and, after
interacting with the temporal object, the integrated
intensities By, and By, are recorded by the slow detector
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A

for the k™ pattern of Hy, (t) and Hy, (t), respectively. The
temporal object is retrieved from the second-order cor-
relation between Hj (t) and By calculated over the 32
realizations where By = By,-Bie.

The Hadamard patterns are used to modulate the
temporal intensity of the 1542 nm signal and transferred
to the idler at 3.4 pm through DFG. The modulation
speed of the AOM1 is set as 625 kbps, and the corre-
sponding duration of each pattern is 51.2 ps. Figure 5a
shows the Hadamard patterns transferred to the temporal
waveform of 3.4 um light after the PPLN crystal directly
measured with a 1 MHz bandwidth mid-infrared photo-
detector. Computational TGI experiments for 625 kbps
and 5 Mbps temporal objects at 3.4 um were subsequently
carried out and the results obtained from the 32 probing
Hadamard patterns are shown in Fig. 5b and c, respec-
tively, along with a direct measurement of the temporal
object for comparison. We can see how the computational
TGI scheme with orthogonal patterns can retrieve the
temporal object and this with a significant reduced
number of realizations as compared to randomly selected
patterns. The PSNR of the reconstructed ghost imaging
obtained with 32 Hadamard patterns in Fig. 5b is
18.91 dB, which is higher than that of the reconstructed
ghost imaging obtained with 250 random patterns.
Therefore, the proposed mid-infrared computational TGI

could lead to significantly faster reconstruction of the
temporal object in mid-infrared as compared to using a
two-color detection TGI scheme utilizing random tem-
poral intensity fluctuations.

We also experimentally investigated the influence of the
mid-infrared photodetector bandwidth on the retrieval of
the temporal object as shown in Supplementary note S3.
The comparison is performed for a 5 Mbps temporal
object using a mid-infrared photodetector in the test arm
with 200 kHz, 500 kHz and 1 MHz bandwidth. We can see
that, even for a photodetector bandwidth 25 times lower
than the speed of temporal object, the temporal object is
still very well retrieved. Note that it has been shown at
near-infrared wavelengths that computational TGI
enables to reconstruct a temporal signal with a 50 ns time
scale using a detector with a bandwidth as low as 1 kHz
bandwidth®>. One can anticipate that this should also be
possible with our frequency downconversion based
computational TGI scheme, clearly providing new possi-
bilities to detect ultrafast signal in mid-infrared region by
using commercially available mid-infrared photodetector
with MHz bandwidth.

Temporal resolution
The temporal resolution of our mid-infrared computa-
tional TGI is determined by the minimum temporal
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duration of the pre-programmed temporal patterns
modulated on the 1542 nm light, which is 0.1 ps in our
proof-of-concept demonstration limited by the modula-
tion bandwidth of the AOM1. In principle, one could use
lithium niobate electro-optic modulators with ultrahigh
modulation bandwidth up to 40 GHz available at telecom
wavelengths to increase the temporal resolution up to
25 ps. Moreover, very recently, the programmable gen-
eration of near-infrared pulses with temporal structure
down to tens of femtosecond was demonstrated using a
digital micromirror device and femtosecond light
source®®., Combining frequency downconversion with
such ultra-fine temporal patterns in the near-infrared®,
one could further increase the temporal resolution of
mid-infrared computational TGI to the sub-ps level.

Extension to other mid-infrared wavelengths

While in the previous section we have focused on the
particular case of computational TGI at 3.4 um, in prin-
ciple the frequency downconversion scheme is flexible
and can be extended to image temporal objects at other
wavelengths. To experimentally demonstrate this, we
tuned the pump wavelengths and corresponding phase
matching conditions to generate a tunable idler from 3.2
to 4.3 pum and performed computational TGI with
Hadamard patterns in this range. Figure 6a shows the
spectrum of the generated idler light by tuning the pump
wavelength and a fixed signal wavelength at 1542 nm.
Depending on the target idler wavelength, the pump is the
ytterbium-doped fiber laser with tunable range in 1040-
1090 nm or a random Raman fiber laser tunable from
1110 to 1150 nm range (see Supplementary note S1 for

the lasers layout and spectral characteristics). The period
and temperature of PPLN crystal are adjusted to fulfil the
phase-matching conditions (see Materials and methods
section for details). Results of computational TGI with
Hadamard patterns are show in Fig. 6b for a temporal
object at different mid-infrared wavelengths. One can see
that, independently of the operating wavelength, the
computational TGI successfully retrieve the temporal
object over the full 3.2 to 4.3 pm investigated wavelength
range (essentially limited by the transparency window of
the PPLN crystal). To further extend the operating
wavelength region beyond 5 pm, one may employ other
non-oxide nonlinear crystals, such as ZnGeP,,
orientation-patterned gallium phosphide (OP-GaP)*®, and
BaGa,Se; (BGSe)**. For example, DFG of 1.5 pym light
modulated by the pre-programmed temporal patterns and
a 2 um tunable CW fiber laser as the pump should allow
for performing computational TGI in the 6-8 pm region,
while DFG with 1.3 pm tunable CW fiber laser would
enable computational TGI at 10 pm®®,

Discussion

In conclusion, we have introduced the concept of fre-
quency downconversion-TGI whereby temporal patterns
modulating a CW laser signal are downconverted in a
nonlinear crystal to an idler that interacts with a temporal
object to be characterized. The wide availability of tunable
lasers in the near-infrared®”*® allows for flexible and
versatile operation of the downconversion TGI scheme,
enabling to extend TGI to wavelength regimes where
there is a lack of fast detectors and modulators. Using this
approach, we have experimentally demonstrated
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computational TGI in the wavelength range from 3.2 to
43 pm. We have also demonstrated computational
downconversion TGI where one uses orthogonal patterns
to reduce the number of distinct probing measurements.
To highlight the benefits of our approach, a side-by-side
comparison with existing TGI methods is provided in
Supplementary note S4. Compared to previously reported
TGI schemes, the proposed frequency downconversion-
computational TGI enables imaging temporal object in
the mid-infrared region by using commercially available
telecom light sources and modulator and very low
bandwidth mid-infrared detectors. It should also be noted
that instead of using a slow mid-infrared detector that
records the integrated intensity after the temporal object,
upconversion detection after the temporal object could be
applied to perform bucket detection at visible or near-
infrared region with a slow silicon or InGaAs detector.
The temporal resolution of the downconversion com-
putational TGI is determined by the temporal resolution
of the preprogrammed temporal patterns modulated on
the 1.5 pm light. Using a 1.5 um telecom electro-optic
modulator with modulation bandwidth up to 40 GHz,
one can increase the speed of the temporal object up to
tens of Gbps at mid-infrared, and we therefore anticipate
the proposed mid-infrared computational TGI scheme
to provide new possibilities to characterize advanced
high-speed mid-infrared intensity modulators**~*! and
enable implementing high-speed free-space optical
communications in the 3-5 um and 8-14 pm atmo-
spheric transmission windows®** even in the presence
of atmospheric turbulence®® (see Supplementary note S5
for a possible schematic of high-frequency signal trans-
mission and secure communication in the mid-infrared
region using frequency downconversion computational

TGI). Furthermore, applying recently developed near-
infrared programmable temporally structured pulses®* in
the frequency downconversion process, computational
TGI with temporal resolution down to the sub-ps level
could lead to a new generation of scan-free pump-probe
ghost imaging for the study of ultrafast dynamics in the
mid-infrared spectral region such as e.g. ultrafast
all-optical modulation signal and semiconductor carrier
lifetime measurements®’.

Finally, we emphasize that the concept of frequency
downconversion ghost imaging is generic, and it can also
be applied in the spatial'®** and spectral domains, which
could unlock new possibilities to realize e.g. single-pixel
imaging and spectroscopy in spectral region where pre-
programmed modulation'®** is difficult to apply such as
the mid-infrared and THz regions?’l’?’z. For example,
computational spectral domain ghost imaging has been
demonstrated in the near-infrared region using a pro-
grammable spectral filter*>*® enabling to perform spec-
troscopy in weak light condition and strong turbulence®.
With frequency downconversion, one can transfer the
preprogrammed spectral patterns to the idler wave in
mid-infrared and perform computational ghost spectro-
scopy in the mid-infrared region, opening up new per-
spectives for remote sensing in industrial, biological or
security applications as many molecules display funda-
mental vibrational absorptions in mid-infrared spectral
region®’.

Materials and methods
Probing patterns generation

250 realizations of randomly chosen binary patterns or
32-order Hadamard matrix patterns are generated on a
computer and used to drive the AWG (RIGOL DG4062,
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60 MHz bandwidth, 2 channels). The output of AWG is
divided into two paths, one is connected to the oscil-
loscope (R&S RT 02024, 2 GHz bandwidth) and another
is connected to the RF driver of AOM1 (Gooch &
Housego Fiber Q) to modulate the transmission of
AOM1 and thus the temporal intensity of the 1542 nm
signal.

Temporal object generation

The temporal object S(¢) consisting of a test bit
sequence with duration T is sent to the AWG that drives
the transmission of AOM?2 and modulates the idler
intensity at the mid-infrared wavelength. AOM2 has a
transmission above 95% and diffraction efficiency
exceeding 80% in the 3.3-3.7 um range, with a rise time of
140 nm/mm. In our experiments, the beam diameter of
the mid-infrared light on AOM2 is designed as 1 mm.
After interacting with the temporal object, the mid-
infrared idler light is detected by a mid-infrared photo-
detector and the output of mid-infrared detector is
recorded in the oscilloscope as PDy (&).

1542 nm light temporal waveform measurement

10% of the modulated 1542 nm signal light after AOM1
is tapped out using a 1:9 beam splitter and detected with a
near-infrared photodetector (Daheng Optics, DH-GDT-
DO002N, 100 MHz bandwidth).

Direct detection

For the direct detection measurements, AOM1 is
removed, and the mid-infrared idler light after the tem-
poral object is directly detected with the mid-infrared
photodetector.

Mid-infrared idler light characterization

The spectrum of the mid-infrared idler light is mea-
sured with a grating-scanning monochromator (Zolix
Omni-\500i) coupled to a lock-in amplifier (SRS, SR830)
and a liquid nitrogen mercury cadmium telluride detector
(Judson, DMCT16-De01). The power of the idler light is
measured by a power meter (Ophir, 3 A, power range:
10 pW-3W @ 0.19-19 pm).

Data processing

The pre-programmed temporal patterns Ry (f) and the
waveforms of mid-infrared detector PDy (f) measured by
the oscilloscope are saved and processed offline. In the
offline processing, the time-integrated output of the mid-
infrared detector By = [ OTPDk(t’)dt’ is used to recon-
struct the temporal object by computing the second-order
correlation between Ry () and By calculated over the
probing ensemble of realizations. The source code for
reconstructing the temporal object is provided in Sup-
plementary note S2.
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Table 1 Phase-matching conditions to achieve efficient
DFG in PPLN at mid-infrared wavelengths

Mid-infrared Pump PPLN Temperature (°C)
wavelength (um) wavelength period
(pum) (um)

32 1.042 30.10 1258

34 1.060 30.10 1483

3.7 1.088 30.10 1125

4.08 1.120 29.52 100.2

43 1.135 29.08 1093

Peak signal-to-noise ratio

The accuracy of the retrieved temporal object can be
evaluated from the peak signal-to-noise ratio (PSNR)
between the directly measured and reconstructed object:

PSNR = 1010g10<

MAX*
¥ Zf (Gi-Dy)?
retrieved and directly measured temporal object, respec-
tively, and K is the number of points in the temporal
object sequence. MAX is the peak value directly measured
in the temporal sequence.

), where G and D are the

Phase matching conditions for DFG

The dimensions of PPLN crystal are 1 (height) x
1 (width) x 25 (length) mm?®. The PPLN array contains
6 separated PPLN crystals with 6 different periods. The
PPLN temperature and period applied to phase match
DFG at different mid-infrared wavelengths are given in
Table 1.
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