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Dual-comb hyperspectral digital holography

Edoardo Vicentini
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Holography' has always held special appeal as it is able
to record and display spatial information in three dimen-
sions>°, Here we show how to augment the capabilities of
digital holography''? by using a large number of narrow laser
lines at precisely defined optical frequencies simultaneously.
Using an interferometer based on two frequency combs™"* of
slightly different repetition frequencies and a lensless camera
sensor, we record time-varying spatial interference patterns
that generate spectral hypercubes of complex holograms,
revealing the amplitudes and phases of scattered wave-fields
for each comb line frequency. Advancing beyond multicolour
holography and low-coherence holography (including with
a frequency comb™), the synergy of broad spectral band-
width and high temporal coherence in dual-comb holography
opens up novel optical diagnostics, such as precise dimen-
sional metrology over large distances without interferometric
phase ambiguity, or hyperspectral three-dimensional imaging
with high spectral resolving power, as we demonstrate with
molecule-selective imaging of an absorbing gas.

With a set-up that involves merely the same simple hardware
as that harnessed for dual-comb hyperspectral imaging'’~*—two
frequency-comb generators and a detector matrix—we take a new
route to lensless scan-free three-dimensional (3D) profiling, suited
to dimensional metrology of macroscopic and microscopic objects
and to advanced optical sensing that combines spatial and spectral
information.

In our technique for dual-comb holography (Fig. 1), a
frequency-comb generator, called the object comb generator, emits
a train of pulses at a repetition frequency f,,. Its beam is either
transmitted through or reflected by a 3D object. A beamsplitter
combines the light scattered by the object with the beam of a sec-
ond frequency-comb generator (called the reference) with a slightly
different repetition frequency f,,+8f,,. The two trains of pulse
wavefronts interfere at a fast lensless detector matrix and their inter-
ference signal at each matrix pixel is sampled as a function of time
over a duration longer than 1/6f,,, while full interferometric coher-
ence is maintained. The asynchrony of the two pulse trains enables
interference between the object and reference waves over a range
of optical delays that is limited only by the mutual coherence time
of the interferometer, which can be longer than 1s. However, as the
interferometric signal recurs with an optical delay period of 1/f,
the axial ambiguity range is c/f,,,, where c is the velocity of light.

As f,, is typically on the order of hundreds of megahertz,
the technique is suited to large-scale objects. At the end of the
recording, as many time-domain interferograms as there are pix-
els are obtained (Fig. 2a). For each pixel, all spectral elements are
acquired simultaneously by recording the interferogram. Each pixel
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interferogram is Fourier transformed to reveal a complex spec-
trum of amplitude and phase (Fig. 2b). Even with an inline con-
figuration, the holographic signal is spectrally separated from the
non-interferometric zeroth-order signal and those of the twin holo-
grams (complex-conjugate duplicates of the object field) because it
is mapped in a different frequency range. This straightforward way
to eliminate the blurring zeroth-order light and the twin image can
be seen as analogous to phase-shifting holography*'. Because the
individual comb lines are resolved, as many holograms as there are
comb lines are obtained. The amplitude and phase hologram at the
well-defined optical frequency #nf,., +f.., (where # is an integer and
f-co the carrier-envelope offset frequency) is mapped across the cam-
era pixels at the radiofrequency ndf,,, +f.., (where f,, is the dif-
ference in the carrier-envelope offset frequencies of the two combs).
The set of complex holograms at all comb frequencies provides a
hologram hypercube (Fig. 2c). The reconstruction is then similar to
that used in other techniques for digital holography. For a Fresnel
hologram, the hologram is multiplied by a chosen reference wave
and an inverse Fresnel transform computes the backpropagation
at any depth of interest. Figure 2d shows reconstructed amplitude
images, in reflection, of two spatially separated coins at different
focal distances. Two amplitude and phase maps with a coin in focus
are highlighted on the right. The reconstruction for an object in
transmission is exemplified in Extended Data Fig. 1. Furthermore,
the phase maps at different frequencies can be processed using
well-established techniques of multiwavelength holography. With
dual-comb interferometry”, however, a notable difference lies in
the 100,000 frequencies that can potentially be measured simul-
taneously. Hierarchical phase unwrapping® could, for instance,
be implemented on an unprecedented scale to extend—without
increasing noise—the ambiguity range of the quantitative phase
derivations, from the wavelength of one comb line to that corre-
sponding to the comb repetition frequency. Moreover, another asset
of the highly frequency-multiplexed character of dual-comb holog-
raphy is the possibility of multimodal diagnostics. For example, if
the object absorbs (or if an absorber is in the beam path), the ampli-
tude of the reconstructed images also reveals its spectral absorption
map, enabling identification and quantification. Unlike dual-comb
hyperspectral imaging'’-*’, dual-comb digital holography provides
4D information (3D spatial and spectral dimensions).

Besides hyperspectral imaging, our technique might also be
reminiscent—to readers familiar with frequency combs—of the
single-photodetector dual-comb ranging technique, which combines
time-of-flight (light detection and ranging; LIDAR) and interfero-
metric distance measurements”. Holography and laser ranging are,
however, substantially different in their principle and applications.
These differences apply equally to dual-comb implementations.
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Fig. 1| Dual-comb digital holography. The regular train of pulses of a frequency-comb generator illuminates an object (here two coins in reflection). The
wave scattered by the object spatially and temporally interferes with that of a reference comb at a lensless detector matrix. Analysis of the temporal and
spatial interference restores holograms and their reconstructed images (Fig. 2).

In particular, LIDAR relies on the assumption that there is an
unambiguous pointwise correspondence between the object and
the detector pixel. LIDAR approaches that exploit a detector matrix
(or multiplexing techniques) parallelize this hypothesis. In holog-
raphy, on the other hand, the complex object wave is scattered and
spatially interferes with the reference wave. The reconstruction of
the hologram analyses this 2D interference pattern to restore the
complex object field, with its depth and parallax. Digital holography
is a uniquely powerful lensless and scan-free 3D imaging method
through linear and nonlinear> media at the micro- and nanoscales,
possibly at high temporal resolution®. Its applications>'"'* include
optical contouring and deformation measurements, wavefront
sensing, 3D profiling over relatively short distances (compared
with the hundreds of kilometres demonstrated by LIDAR tech-
niques), microscopy and nanoscopy for life science®’, particle
imaging velocimetry, tomography and laser speckle contrast imag-
ing, as well as the generation of complex 3D wavefronts through
computer-generated holograms in fields such as optogenetics®, data
storage’ or near-eye displays for virtual and augmented reality'’.
We performed an experimental proof-of-principle of inline
Fresnel dual-comb holography in the near-infrared telecommunica-
tion spectral region (Fig. 3a and Methods). Our slow InGaAs detec-
tor matrix (320Hz frame rate) dictated a small number of comb
lines and long measurement times, and it influenced the choice
of a dual-comb interferometer based on electro-optic frequency
comb generators. We generated two frequency combs of slightly

different repetition frequencies, f,,, for the object comb and f,, + 6f,,
for the reference comb, by dividing the output of a continuous-wave
laser with a beam splitter, and sending each beam through an
electro-optic amplitude modulator producing pulses of about 50 ps.
The repetition frequency of the object comb and the difference in
repetition frequencies were f,,=500MHz, 6f,,=1Hz (Figs. 3b
and 4) or f,,,=1,000 MHz, &f,,,=2Hz (Figs. 2 and 5). We actually
achieved broader spectral coverage by starting with two indepen-
dent continuous-wave lasers of different frequencies® (here around
195THz). Their outputs were superimposed so that each modu-
lator produced two spectrally separated frequency combs. These
two combs do not need to be mutually coherent and we did not
attempt to achieve this. Each of the four modulator input beams was
fine-tuned with an acousto-optic frequency shifter, enabling the two
dual-comb spectra to be mapped within the camera sampling band-
width, at 40 Hz and 120 Hz respectively. A beam splitter combined
the scattered waves with the beam of the reference comb generator.
The object and reference waves beat on the lensless InGaAs detector
matrix of 320X 256 pixels.

In a first experiment, the 3D character of the technique was
exemplified. The objects were two coins (¢1 (€)), 9cm apart (Fig.
2 and Methods). The interferogram hypercube was used to gener-
ate a hologram hypercube and then to reconstruct amplitude and
phase maps, following the general procedure explained in Fig. 2.
Amplitude images show one coin in focus when the other is out of
focus (Fig. 2d and Supplementary Video 1).
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Fig. 2 | Reconstruction of dual-comb holographic amplitude and phase maps. a, The frames of the interference between the object and reference waves
are sampled as a function of time on a detector matrix. The object comprises two spatially separated coins. As many time-domain interferograms as

there are pixels are measured. b, For each pixel, each interferogram is Fourier transformed to reveal frequency-domain amplitude and phase spectra with
resolved comb lines. ¢, The hologram hypercube includes as many complex holograms as there are comb lines: at a given frequency, the hologram includes
the amplitude and phase of the spectrum across all detector pixels. d, For each frequency, an inverse Fresnel transform of the holograms generates
amplitude and phase images over the entire range of focal distances. Here, two focused images with their phase maps are highlighted. The multiple phase
maps will enable the phase to be unwrapped and the three-dimensional structure of the object to be rendered (Fig. 5).

A second experiment illustrated the capabilities of our technique
for multimodal diagnostics. The two continuous-wave lasers emit-
ted at optical frequencies of 195.353 THz and 195.725 THz, respec-
tively. The object beam was reflected and scattered by a coin (¢1) and
passed through 40 cm of ammonia vapour in air in each direction.
An interferogram hypercube, consisting of 81,920 pixel interfero-
grams, was measured over a period of 91s. The Fourier transform of
the pixel interferograms led to amplitude (Fig. 3b) and phase spec-
tra with 100 resolved comb lines for each pixel. Each dual-comb
hologram spectrum showed two downconverted combs, centred
at 40Hz (for the combs centred at 195.353 THz) and 120Hz (for
the combs centred at 195.725 THz) respectively. Dual-comb holog-
raphy offers high-quality complex images at any focal distance:
an inverse Fresnel transform”, assuming a plane-wave reference
wave, computed a set of amplitude and phase images (Extended
Data Fig. 2a) for 100 different optical frequencies, at any desired
depth. At the focus for the coin (a focusing distance of 69.7 cm), two
amplitude images, one outside absorption and one within an NH,
absorption line, show excellent agreement (Fig. 4); but, as expected,
the latter is strongly attenuated. For each of the 81,920 pixels, the
amplitude variations across the comb line frequencies provide the
absorption along the beam path. The NH, absorption spectrum of
pixel (160,128) shows good agreement with a spectrum adjusted
from line parameters available in the high-resolution transmission
molecular absorption (HITRAN) database (Fig. 4), demonstrating
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the potential of our technique for concentration measurements. As
is usual in digital holography, the images can be reconstructed even
in the presence of faulty detector pixels (Extended Data Fig. 2).

The benefits of the large frequency multiplexing are not limited
to the possibility of multimodal diagnostics. The ambiguity range
of the holographic measurements is also greatly enhanced, as illus-
trated in a third experiment dedicated to the 3D reconstruction of
the depth map. Using multifrequency phase unwrapping, limited to
the phase images of the comb lines that do not experience absorp-
tion by the sample, a quantitative 3D phase map was reconstructed
(Fig. 5 and Supplementary Video 1). The absorption feature is
shown in Extended Data Fig. 3.

Dual-comb holography will be dramatically improved when it
is moved to the range of visible and near-infrared wavelengths,
down to 1 um. Much faster cameras, based on silicon technology
are commercially available with a greater number of pixels and
a larger sensor. Rates as high as 3x10° frames per second are
achievable at 600x400 pixel sizes. Their use will make it pos-
sible to increase the number of comb lines, the span, the mea-
surement speed and the spatial resolution, enabling powerful
implementations with self-referenced fibre-based frequency comb
synthesizers. Mapping the dual-comb signal at higher frequen-
cies will be more immune to technical noise (which is our main
limitation at present). Broader spans will be crucial to obtaining
a wide and uniform set of synthetic frequencies and will improve
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Fig. 3 | Dual-comb interferometry for inline Fresnel holography. a, Set-up
for implementation with electro-optic modulators. Two continuous-wave
(CW) lasers feed two amplitude modulators driven at slightly different
repetition frequencies. Each modulator generates two combs of the same
line spacing but with independently adjustable centre frequencies. The
acousto-optic modulators (AOMs) frequency shift the downconverted
dual-comb spectra within the detector-matrix bandwidth. The object comb
wave is scattered by the object and interferes at a detector matrix with the
reference comb wave. b, Dual-comb amplitude spectrum of pixel (160,128)
of about 100 lines. The inset shows three individual comb lines. The
amplitude and phase of the complex spectrum at one comb line position
across all pixels generate the complex hologram at a given frequency. a.u.,
arbitrary units.
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Fig. 4 | lllustration of the reconstruction of an experimental dual-comb
hologram hypercube. The object is a coin, and the experiment was
conducted in the presence of an absorber (ammonia vapour) in the object
beam path. Top: reconstructed amplitude images of the coin in focus (at
697 mm) for frequencies of 195.351THz (left) and 195.731THz (right).
Bottom: each of the 81,920 pixels of the reconstructed amplitude image
cube can be plotted as a high-resolution spectrum, such as that plotted
here for pixel (160,128). The spectrum reveals® the blended transition
PP(5, 3)a of the 14+ 5 band in “NH,, measured with a sufficiently high
signal-to-noise ratio to enable precise concentration measurements.

Fig. 5 | Reconstructed 3D image of the phase map of a coin observed by
dual-comb holography. Multifrequency phase unwrapping is performed
with about 40 comb lines, at different optical frequencies, to eliminate the
2x phase ambiguity and to render a three-dimensional map of the coin.

the phase unwrapping procedure. Furthermore, broad spans will
facilitate the simultaneous realization of several types of optical
diagnostic with the same instrument, such as the hyperspectral
3D imaging with high spectral resolving power explored here.
Although absorption is usually weak in the visible range, non-
linear dual-comb spectroscopy exploiting, for example, coherent
Raman effects® might provide access to fundamental vibrational
bands. An interferometer of high mutual coherence based on two
frequency-comb synthesizers fully referenced to a radiofrequency
clock, as is conveniently available from fibre-laser systems'’, will
be key to exploring the frontiers of our technique in terms of pre-
cision and accuracy and will enable dual-comb holography to
evolve into a tool of dimensional metrology.

In the longer term, progress to camera technology may
enable extension of the technique to spectral regions such as the
mid-infrared—or even the terahertz—range. This is hampered at
present by a number of technical challenges. For example, the slower
frame rates of camera sensors in these regions requires to down-
convert the dual-comb signal in a range of low frequencies, which
is prone to stronger intensity noise, and to harness interferometers
of longer mutual coherence times. Nevertheless, the characteriza-
tion of visually opaque objects is a particularly exciting prospect.
Building on existing instrumentation in the long-wavelength range,
both for digital holography” and for frequency comb genera-
tors'>**%, further applications may also emerge in quality control or
biomedical sensing, for example.

Dual-comb interferometers already show intriguing potential
in spectroscopy"’, spectro-imaging'”** and ranging®. Their unique
combination of broad spectral bandwidth, long temporal coherence
and multiheterodyne readout offers holography a distinctive host
of powerful features—frequency multiplexing, accuracy, precision,
speed, large ambiguity range—that is likely to conquer new frontiers
in scan-free wavefront reconstruction and 3D metrology.
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Methods

Dual-comb interferometer for proof-of-principle demonstration of inline
Fresnel holography. The reported demonstration of dual-comb hyperspectral
digital holography made expedient use of equipment already available in our
laboratory. The experimental choices were pragmatically based on the limitations
of these tools.

The main limitation on our experiment in the near-infrared
telecommunications region was imposed by the slow 320 Hz frame rate of
the detector matrix, a lensless InGaAs thermo-electrically cooled camera of
320% 256 (81,920) pixels. At such slow frame rates, it is difficult to accommodate
a large number of comb lines in dual-comb interferometry, and it is challenging
to maintain the mutual coherence of two frequency combs over the necessary
long observation times. We therefore resorted to modulator-based combs
with fewer than 100 comb lines, but excellent passive mutual coherence’*.

The few previous experiments combining detector matrices and dual-comb
interferometers have all made use of a double acousto-optic-frequency-shifter
scheme'”*, where the two combs are shifted by a slightly different
radiofrequency, enabling the downconverted comb to be centred at frequencies
on the order of tens of hertz. To increase the effective spectral span, we employed
two sub-combs in each frequency comb, separated in frequency by several
hundred gigahertz, as has been done before in spectrally tailored dual-comb
spectroscopy with thin-film lithium-niobate-on-insulator electro-optic
micro-rings*. By acousto-optically fine-tuning the carrier frequencies of each
of the four combs, we could freely shift the dual-comb interference frequencies
so that the signals from both downconverted sub-combs fell within the
detector-matrix bandwidth and aliasing was avoided.

As shown in Fig. 3a, we started with two fibre-coupled broadly tunable
free-running continuous-wave lasers with narrow linewidths, emitting around
195 THz. Each continuous-wave laser beam was split into two beams, each
of which was sent into an acousto-optic modulator (AOM), which acted as a
frequency shifter. Modulator AOMi (where i=1, 2, 3, 4) was driven at &f,, where
8f,=25.0 MHz, 5f,=25.0 MHz + 40 Hz, 5f, = 40.0 MHz, 8f,=40.0 MHz + 120 Hz.
The beams at frequencies f, +f, and f,+ &f, were combined and sent into an
electro-optic amplitude modulator (Amplitude Modulator 1). Driven by a
synthesizer and a pulse generator, Amplitude Modulator 1 generated a train
of 50 ps pulses at f,,,=1,000 MHz (Figs. 2 and 5) or 500 MHz (Figs. 3b and 4).
Similarly, the beams at frequencies f, + 8f, and f, + 8f, were sent into Amplitude
Modulator 2. Amplitude Modulator 2 also generated a train of 50 ps pulses at the
slightly different radiofrequency f,, +8f,.,= 1,000 MHz + 2 Hz (Figs. 2 and 5) or
500 MHz + 1 Hz (Figs. 3b and 4). The fibre-coupled amplitude modulators had
a frequency bandwidth of 20 GHz and an extinction ratio of 40dB at 1,550 nm.

At the output of Amplitude Modulator 1, two spectrally separated sub-combs
were generated, centred at the optical frequencies f; + 8f, and f, + 5f;, respectively.
These two sub-combs, which formed the object comb, had a line spacing equal
to f,., and count about 50 lines each when f,.,= 500 MHz (about 25 lines when
frep=1,000MHz) As the two sub-combs were generated from two independent
free-running continuous-wave lasers, they were expected to show poor mutual
coherence, which did not matter in our experiment. The output of Amplitude
Modulator 2 was similar, with its corresponding parameters, and generated the
reference comb with two sub-combs.

At the output of the amplitude modulators, the beams of the object and
reference combs were collimated in free space to a diameter slightly larger than
that of the detector matrix. The beam of the object comb was transmitted through
or reflected and scattered onto an object. Figures 2-5 display results where the
scattered light was reflected by the object, whereas Extended Data Fig. 1 illustrates
the reconstruction of holograms for an object in transmission. The object and
reference waves were then combined in a beam splitter cube and beat on a detector
matrix sensor. The pixel size of the sensor was 30 X 30 um?* and its dynamic range
was 14bits. Although the frame rate was 320 Hz, the integration time per frame
was set to 10™*s to prevent saturation of the camera sensor. A frame-grabber card
captured the sensor frames and streamed them to the hard drive of a computer. All
of the electronic instruments (synthesizers, camera and so on) in the experiment
were synchronized to a 10 MHz clock signal.

Two downconverted sub-combs with line spacing 5f,., were generated in the
detector signal: one sub-comb centred at 8f, — 8f, =40 Hz, the other sub-comb
centred at §f, — 8f, =120 Hz. For each matrix pixel, the time-domain pixel
interferogram was Fourier transformed and further processed as described in Fig.
2. The spectra confirmed that the optical sub-combs, generated from the same
continuous-wave laser and different amplitude modulators, showed excellent
mutual coherence, here longer than 10s, owing to the shared optical carrier.

Recording and reconstruction conditions. In Fig. 2, the two continuous-wave
lasers emitted at respective frequencies of f;=195.353 THz and f,=195.420 THz.
The object comb line spacing was f,,,= 1,000 MHz and the difference in repetition
frequencies was 8f,,,=2 Hz. The object comb and the reference comb each included
about 50 lines. In Fig. 2, the objects were two coins at two different positions along
the beam axis, separated by 9 cm, and slightly displaced laterally. A telescope, in the
object beam path, was made of two spherical mirrors. It magnified the incoming
object beam fivefold before it reached the two coins (and demagnified the exiting
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object waves by the same factor). An interferometric hypercube, consisting of
81,920 pixel interferograms, was measured within a total measurement time of 3.5s
(Supplementary Video 1). After being Fourier transformed, amplitude and phase
holograms were obtained, as illustrated in Fig. 2 and Supplementary Video 1. The
computation of the holograms and the reconstruction of the images and phase
maps were performed using a MATLAB program.

In Fig. 3b and Fig. 4, the two continuous-wave lasers emitted at respective
frequencies of f,=195.353 THz and f,=195.725 THz. The object comb line spacing
was f,,, =500 MHz and the difference in repetition frequencies was &f,,,= 1 Hz. The
object comb and the reference comb each included about 100 lines. The object was
a ¢1 coin, which scattered the reflected light. Before and after the reflection onto
the coin, the object waves went through a box, with holes to let the light in and
out on each side and ammonia water at the bottom, and through a telescope made
of two spherical mirrors that magnified the incoming object beam about twofold
before it reached the coin (and demagnified the exiting object waves by the same
factor). An interferogram hypercube consisting of 81,920 pixel interferograms was
measured within 7s. After being Fourier transformed, thirteen spectral hypercubes
were averaged, leading to a total measurement time of 91s.

In Fig. 5, the two continuous-wave lasers emitted at respective frequencies
of f,=194.923 THz and f,=195.725 THz. The object comb line spacing was
frep=1,000 MHz and the difference in repetition frequencies was 8f,,,=2Hz. The
object comb and the reference comb each included about 50 lines. The object (¢1
coin) and absorbing sample (ammonia water) were the same as for the data in
Fig. 4. The telescope magnified 2.5-fold. The interferogram hypercube, consisting
of 81,920 pixel interferograms, was measured within 3.5s and 27 averages were
performed in the spectral domain, leading to a total measurement time of 94.5s.
The same ammonia line as in Fig. 4, sampled at 1,000 MHz line spacing, is shown
in Extended Data Fig. 3 for pixel (160,128).

The reconstruction of the images and phase maps from the holograms (Figs.

2 and 4 and Supplementary Video 1) assumed a plane-wave reference wave and
used the angular spectrum method''. We followed the reconstruction procedure
described in the tutorial article?. To render the 3D profile of a coin (Fig. 5 and
Supplementary Video 1) from the phase maps, hierarchical phase unwrapping,

as described in*’, was implemented. Nevertheless, the result appeared noisy in
this proof-of-principle demonstration: this is mainly attributed to technical

noise generated by the camera and by the employed comb generators. The
camera randomly lost its synchronization with the clock signal during the
acquisitions, which is likely to generate phase noise (extensive interactions with
the manufacturer did not provide any solutions or improvements). In addition,
the average integrated relative intensity noise power spectral density of each comb
source was measured to be —90 dBcHz™ in the detection band from 2-160 Hz,
varying from —70dBcHz™" at 2Hz to —93 dBcHz ™ at 160 Hz. The technical
relative intensity noise is currently the main source of noise in our signal-to-noise
ratio estimates. Mapping dual-comb spectra in a low frequency range (here

<160 Hz), compared with the usual tens or hundreds of megathertz'*, represents
a newly explored technical regime that will be subject to further investigation and
improvements. As discussed, major progress is expected from the use of dedicated,
faster cameras that will also be able to accommodate a greater number of comb
lines over a broader span, improving the phase unwrapping.

Data availability
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Code availability

No original algorithms or codes have been developed for this article. The
MATLAB program used for processing the data is nevertheless available from the
corresponding author on reasonable request.
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a) Time-domain interference frame measurement b) For each pixel: c) Hologram hypercube
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Extended Data Fig. 1| Reconstruction of dual-comb holographic amplitude and phase maps of an object in transmission. The object is a resolution

test target (1951 USAF) which works in transmission. The two continuous-wave lasers emit at the respective frequencies of f,=194.135THz and
f,=195.405THz. The object-comb line spacing is f,.,=1,000 MHz and the difference in repetition frequencies is 6f,,=2Hz. The object-comb and the
reference-comb each include about 50 lines. The same style of representation as in Fig. 2 is adopted. (a) Frames of the interference between the object
and reference waves as a function of time on a detector matrix. An interferometric hypercube, consisting of 81,920 pixel-interferograms, is measured
within a total measurement time of 3.5seconds (b) Each pixel-interferogram is Fourier transformed to reveal frequency-domain amplitude and phase
spectra with resolved comb lines. (¢) As many complex holograms as there are comb lines are obtained (d) At a given frequency, an inverse Fresnel
transform of the holograms generates amplitude and phase images over the entire range of focal distances. The amplitude image and the phase map of the
resolution test target in focus are shown at right.
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Extended Data Fig. 2 | Robustness of dual-comb holography against missing pixels. (@) The complex (amplitude and phase) hologram at 195.351THz is
inversed Fourier transformed. At a focusing distance of 0.697 m, the reconstructed amplitude and phase images of a ¢1 (€) coin are at focus. (b) The same
complex hologram as in (a) is truncated: The samples for 10 entire horizontal pixel lines and 10 entire vertical pixel lines, in the middle of the detector
matrix, are arbitrarily set to zero to provide a drastic simulation of the effect of faulty pixels. Nonetheless, the reconstructed images (also at 0.697 m) still
provide a recognizable representation of the coin. This robustness is a well-known characteristic of the digital holography technique.
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Extended Data Fig. 3 | Hyperspectral imaging data associated to the 3D image of the phase map in Fig. 5. The comb repetition frequency is

frep=1,000 Hz. Compared to the spectrum shown in Fig. 4, one can observe that the absorption line of ammonia is not as densely sampled. Nevertheless,
the absorption spectrum and the holographic image reconstruction of the coin, displayed in focus, show high signal-to-noise ratio.
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