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Terahertz (THz) radiation has shown enormous potential for non-destructive inspection in many contexts.
Here, we present a method for imaging defects in chocolate bars, that can be extended to many other materials.
Our method requires only a CW monochromatic source
and detector at relatively low frequencies (280 GHz) corresponding to a relatively long wavelength of 1.1 mm.
These components are used to construct a commonpath conﬁguration enabling the capturing of several images of THz radiation diffracted by the test object at
different axial depths. The captured diffraction-rich images are used to constrain the associated phase retrieval
problem enabling full access to the wave ﬁeld, i.e., real
amplitude and phase distributions. This allows fullﬁeld diffraction-limited phase contrast imaging. Thus,
we experimentally demonstrate the possibility of identifying contaminant particles with dimensions comparable to the wavelength. © 2022 Optica Publishing Group
http://dx.doi.org/10.1364/ao.XX.XXXXXX

The dramatic evolution seen by terahertz (THz) technology
[1, 2] in recent years has opened the possibility to use electromagnetic waves in this spectral region for many scientiﬁc [3–
7] and practical applications that range from biomedical uses
[8, 9] to non-destructive inspection [10–13] among many others
[14, 15]. THz has two very important characteristics that make
it attractive for non-destructive inspection. Firstly, it can propagate through a wealth of materials such as plastics [16], ceramics [17], paper [18] and even food [19, 20], which allows imaging
internal defects or locating internal contamination in many industrial contexts. Secondly, unlike γ- or X-rays, THz waves are
non-ionizing, which removes the occupational-exposure hazard to operators, and the costs associated with protective measurements required for ionizing radiation-based equipment.
While enormous progress has been seen in THz technology
in the last three decades, there are still important challenges
to be addressed. The availability of mass producible quasioptical components[21–24], emitters[25–27], detectors[28–30]

and other components is still limited, and the turn-key systems that are commercially available are still relatively expensive. Apart from the availability of equipment and components,
the second inherent disadvantage of THz radiation is that the
long wavelengths associated to THz frequencies, typically in
the ∼1 mm to about 100 µm limit the spatial resolution achievable by images made with THz radiation.
In this article, we present a method that beneﬁts from economical CW THz sources, combined with interferometric algorithms in order to produce images of contaminants in chocolate
with dimensions close to the resolution limit, in an extremely
simple setup free from focusing optical components. For this
purpose we propose to use phase retrieval (PR) for computational wave ﬁeld sensing as a part of the imaging process. This
approach enables the object under investigation to be placed
directly in front of the sensor. This, in turn, provides the advantages of a large numerical aperture, close to 1, that would
require unrealistically large lenses. Additionally, the approach
has the advantage of minimizing diffraction effects which limit
the resolution of the images.
In contrast to pixel-to-pixel scanning time-domain holography [31] and off-axis full-ﬁeld THz holography [32], PR does
not require a gating reference pulse or beam. This enhances
the robustness of the setup towards mechanical disturbances.
Accordingly, THz PR was demonstrated to reconstruct a complex wave ﬁeld, i.e., the phase and amplitude, of electromagnetic ﬁeld reﬂected by a test object [33] and transmitted through
[34] a scattering material. For the phase reconstruction an iterative approach entitled single-beam multiple-intensity reconstruction (SBMIR) is used. Within SBMIR the wave ﬁeld is propagated from one plane to another and then the amplitude is replaced by the captured one. Consequently, the modiﬁed wave
ﬁeld is propagated to the next plane. If the last plane is reached,
the wave ﬁeld is then propagated back to the ﬁrst plane.
The proposed inspection method consists of two main steps.
In the ﬁrst step, an optimized multiple intensity PR (OMI-PR)
approach is used to recover the complex amplitude of electromagnetic ﬁeld diffracted by the chocolate bars. Within this
method, a gradient-based approach is used to minimize an objective function which leads to a fast convergence and prevents
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the method to stagnate at a local minimum [35]. The complex amplitude is retrieved at the minimum technically allowed
plane located directly above the THz-camera. In the second
step, the recovered complex amplitude, in analogy to digital
holography, is utilized to re-focus the test object based on the
numerical back-propagation.
The proposed OMI-PR approach aims to minimize the error
of the objective function [35]
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Here, U1 is the complex amplitude at the minimum recording
distance, N refers to as the number of the intensity patterns
captured at differentdistances zn and T is a projection operator which leads to a forward propagation from the ﬁrst plane z1
to the plane zn . Here at the plane zn the intensity constrain is
applied. Thereafter the wave ﬁeld is back-propagated again to
the plane z1 . Thus, T is mathematically deﬁed as
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where the inversion P −1 uses the complex conjugate of Hz,n .
Here, λ is the wavelength, ⃗ξ is a two-dimensional vector at the
frequency domain, and F and F −1 are the direct and inverse
Fourier transform, respectively. The minimum of L is reached
based on a gradient-based iterative process. The iterative process is started with an initial guess of√
U0 deﬁned by combining the real amplitude calculated from I0 , with I0 is the corresponding measured intensity at that plane, and a random phase
which is progressively improved in the sequence iterations. At
( m +1)

the m−th iteration, the current estimate U0
can be written
in the form
( m +1)
(m)
U1
= U1 − αmin · ∇ L(m) .
(5)

Here, αmin is chosen in each iteration to keep L minimized. ∇ L
is explicitly derived in [35].
After the convergence of the iterative OMI-PR approach, the
complex amplitude is back propagated to the focus plane, i.e.,
z = 0, using the back propagation operator P −1 for digital refocusing. For illustration purpose, the ﬂowchart depicted in
Fig. 1 is given for clarifying the implementation of the proposed
OMI-PR iterative method.
Two commercial milk-chocolate bars (Fig. 2(b,c)) were acquired from a local store, one was kept as a reference, and the
second one was modiﬁed by including contaminants in it. The
contaminants are particles with a range of dimensions and from
various materials as shown in the Fig. 2c and listed in Table 1.
The imaging system shown in Fig. 2a was used in order to
produce a collection of transmission images. A 280 GHz impact
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Where, P and P −1 are the forward and backward operators
used to propagate diffracted light between two parallel planes
separated by a distance z, respectively. P and its inversion are
based on plane-wave decomposition and described by a linear
shift-invariant system having a transfer function Hz,n which can
be written for any arbitrary complex amplitude ψ as [36]

Fig. 1. A ﬂowchart diagram given to illustrate the proposed

Contaminated (back)

9

c)

Fig. 2. (a) Photograph of the imaging system which consists

of a 280 GHz diode, a translation stage and a linear detector
array. (b) Frontal view of the chocolate bars. (c) Rear view of
the chocolate bar (horizontally ﬂipped) during the process of
putting contaminants examples of foreign transparent as well
as opaque parts in it.

Table 1. List of contaminants of several materials having dif-

ferent form and size used to modify the milk-chocolate bar as
shown in Fig. 2c.
Material / Shape

Size

1

Solidiﬁed drop of solder

3 mm×1.5 mm

2

Metallic nail

15 mm×1 mm

3

Graphite cylinder

12 mm×0.5 mm

4

Glass chip

2 mm×1 mm

5

Glass chip

4 mm×2 mm

6

Glass chip

7 mm×10 mm

7

Polystyrene-foam sphere

3.5 mm diameter

8

TOPAS piece

3 mm×3 mm

9

TOPAS cylinder

10 mm×3 mm

ionization avalanche transit time (IMPATT) diode with an output power of 40 mW was used as a radiation source, a ﬂat mirror redirected the radiation towards a linear terahertz detector
array. The components are supplied by Terasense. The THz
camera has a resolution of 256 × 1 pixels with a pixel pitch of
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hologram retrieved at the minimum distance is shown in Fig. 4.
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0.5 mm and can record up to 5000 lines per second (lps) at a minimum detectable power of 100 nW . A PI translation stage was
used to scan the sample in the direction perpendicular to the
linear array in order to acquire the image of the sample in transmission geometry, without averaging mode. The images have
a resolution of 256 × 512 pixels and are captured with a rate of
0.25 frames per second which is limited by the used PI translation stage. Consequently, even if the object shows strong diffraction, the camera can be moved very close to it, allowing for a
large numerical aperture. Thus at small distances, diffractionlimited images can be captured. As a reference for comparison,
a similar setup was recently reported based on a quantum cascade laser as a source [37] which has a shorter wavelength but
is signiﬁcantly more expensive.
Each sample was scanned 7 times at different distances to
the surface of the THz sensor starting 14.8 mm above the detector array and increasing in 4 mm steps. It is noted that the
minimum distance is limit due to the protection housing of the
THz camera. The images obtained for the minimum (14.8 mm)
and maximum (38.8 mm) distance, of both, the pristine reference and the contaminated samples are shown in Fig. 3. On the
280 GHz transmission images, the “shade” of the rectangular
structure of the chocolate bars is visible superimposed to a series of fringes caused by the diffraction experienced by the THz
radiation. While in the reference sample the fringe pattern is almost perfectly periodic, in the case of the contaminated sample,
the diffraction pattern shows a more complicated structure. Yet,
it is not possible to identify the position or shape of the contaminant particles from these raw images.

3

a)
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1

a.u.

20 mm

c)

0
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Fig. 3. Transmission images for the reference sample at
14.8 mm (a) and 38.8 mm (b). Analogous images for the contaminated sample are shown in (c) and (d). All four images
show the intensity of the transmitted radiation. The case of the
reference images has a rich structure caused by the rectangular
pattern present in the sample superimposed to a strong collection of diffraction fringes. The images from the contaminated
samples depict a similar periodic structure with some additional features that are less periodic, caused by the diffraction
from the contaminants.

By using the six images of each sample, obtained at different distances, it is possible to apply a digital “re-focusing” algorithm in order to reconstruct the geometry of the sample. Initially, the algorithm recovers the complex amplitude at a certain
plane, for instance, the minimum distance, in our case 14.8 mm.
Subsequently, we recover the complex amplitude from multiple intensity images captured across different axial planes, in
analogy to [38, 39]. This is done by using the proposed OMIPR iterative approach which is converged at 50 iteration. The
real amplitude as well as the phase of the reconstructed digital

20 mm

0

b)

π

rad

-π

Fig. 4. Recovered real amplitude shown in a) and the phase

shown b) of the reconstructed digital hologram retrieved at the
minimum distance after 50 iterations for the reference bar.

As a result of the digital re-focusing we obtained both an amplitude and a phase image for each of the two samples. The refocused images are shown in Fig 5(a,b) for the reference sample
and Fig. 5(d,e) for the contaminated sample. In addition visible
images are also provided as a reference for easier comparison.
It is remarkable to see the signiﬁcant improvement in the sharpness of the processed images in comparison to the raw ones.
Interestingly, it is now possible to identify eight out of the nine
contaminant particles on the amplitude image (Fig. 5d), and all
nine on the phase image (Fig. 5e), since phase distributions enable quantitative phase contrast imaging because it contains the
optical path different of light diffracted by the object. This is a
new topic in THz PR and has not been demonstrated yet. Furthermore, it is also possible to see a defect present in the reference sample, most likely caused by an air bubble trapped in the
chocolate matrix during the fabrication process.
While the use of THz-imaging for the inspection of chocolate is not new [20, 40], and many ingredients have been analyzed with THz sensing in the past, [41, 42] relatively little has
been done in terms of quality control of prepared foods. Moreover, most of the studies available are based on the THz timedomain technique, which is relatively expensive and slow for
in-line quality control. In this article we introduce a novel idea
that beneﬁts from the use of conventional CW sources in the
low-end (280 GHz) of the THz-range. Under typical conditions,
the imaging apparatus would require focusing optical components in order to produce the images, and would be severely
limited in terms of resolution, owing to the strong diffraction
at the corresponding wavelength (∼1.1 mm). Yet, we were able
to demonstrate the possibility of identifying contaminant particles with dimensions comparable to the wavelength by using
the information contained in the diffraction-rich images in combination with a digital re-focusing algorithm.
This concept opens new and exciting possibilities for in-
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and M. Szustakowski, Opt. Lett. 41, 1748 (2016).
E. Castro-Camus, M. Koch, and A. I. Hernandez-Serrano, J. Appl.
Phys. 127, 210901 (2020).
M. Agour, C. Falldorf, F. Taleb, E. Castro-Camus, M. Koch, and R. B.
Bergmann, “Quasi-optical components for the THz-regime: Fabrication and characterization,” in 122th DGaO Proceedings, , vol. 122
(2021), p. p9.
M. Suzuki and M. Tonouchi, Appl. Phys. Lett. 86, 051104 (2005).
B. S. Williams, Nat. Photonics 1, 517 (2007).
A. Khalid, G. Dunn, R. Macpherson, S. Thoms, D. Macintyre, C. Li,
M. Steer, V. Papageorgiou, I. Thayne, M. Kuball et al., J. Appl. Phys.
115, 114502 (2014).
N. M. Burford and M. O. El-Shenawee, Opt. Eng. 56, 010901 (2017).
M. Tani, Y. Hirota, C. T. Que, S. Tanaka, R. Hattori, M. Yamaguchi,
S. Nishizawa, and M. Hangyo, Int. journal infrared millimeter waves
27, 531 (2006).
S. Cherednichenko, A. Hammar, S. Bevilacqua, V. Drakinskiy, J. Stake,
and A. Kalabukhov, IEEE Transactions on Terahertz Sci. Technol. 1,
395 (2011).
N. V. Petrov, M. S. Kulya, A. N. Tsypkin, V. G. Bespalov, and
A. Gorodetsky, IEEE Transactions on Terahertz Sci. Technol. 6, 464
(2016).
M. Locatelli, M. Ravaro, S. Bartalini, L. Consolino, M. S. Vitiello, R. Cicchi, F. Pavone, and P. De Natale, Sci. Reports 5, 1 (2015).
N. V. Petrov, J.-B. Perraud, A. Chopard, J.-P. Guillet, O. A. Smolyanskaya, and P. Mounaix, Opt. Lett. 45, 4168 (2020).
L. Valzania, P. Zolliker, and E. Hack, Optica 6, 518 (2019).
M. Agour, J. Opt. 17, 085604 (2015).
J. Goodman, Introduction to Fourier Optics, McGraw-Hill physical and
quantum electronics series (W. H. Freeman, 2005).
A. Chopard, E. Tsiplakova, N. Balbekin, O. Smolyanskaya, J.-B. Perraud, J.-P. Guillet, N. V. Petrov, and P. Mounaix, Appl. Phys. B 128, 1
(2022).
C. Falldorf, M. Agour, C. Von Kopylow, and R. B. Bergmann, J. Opt.
14, 065701 (2012).
M. Agour, C. Falldorf, and R. B. Bergmann, Opt. Lett. 38, 2203 (2013).
D. Mittleman, M. Gupta, R. Neelamani, R. Baraniuk, J. Rudd, and
M. Koch, Appl. Phys. B 68, 1085 (1999).
L. Afsah-Hejri, P. Hajeb, P. Ara, and R. J. Ehsani, Compr. Rev. Food
Sci. Food Saf. 18, 1563 (2019).
S. K. Mathanker, P. R. Weckler, and N. Wang, Transactions ASABE

Pr
e
O -p
pt ri
Le nt.
tt. M
47 anu
, 3 sc
28 rip
3- t a
32 v
86 aila
(2 ble
02 a
2) t:

Back view(mirrored)

Visible

Front view

16.

f)

c)

17.

Fig. 5. Digitally re-focused amplitude (a), phase (b) and visible
(c) images for the reference sample. Panels d-f show analogous
images for the contaminated sample, except that the visible
image in this case was taken from the back and ﬂipped horizontally in order to be able to easily compare the positions and
geometries of the contaminants. The dynamic range of the amplitude images is scaled from 0 to 1, while the phase images
are scaled form −π to π. Yellow circles and ellipses where
used to highlight the positions where defects can be identiﬁed
by direct inspection of the images. Two parts are zoomed for
better visualization

18.
19.
20.
21.

22.
23.
24.

dustrial inspection, by using imaging systems free of opticalcomponents that operate in the low-frequency end of the THzband, where the robustness and cost of THz-sources and detectors are signiﬁcantly lower than for higher frequencies.

Funding. This work is funded by the Deutsche Forschungsgemeinschaft (DFG) within the project "SensATion" (project no.
423266368). ECC would like to acknowledge the ﬁnancial support from the Alevander von Humboldt foundation and the
Pilipps-Universität Marburg.

25.
26.
27.

28.
29.

Disclosures. The authors declare no conﬂicts of interest.

30.

Data Availability. Data underlying the presented results may
be obtained from the authors upon reasonable request.

31.

REFERENCES
1.

2.
3.
4.
5.
6.
7.

8.

S. Dhillon, M. Vitiello, E. Linﬁeld, A. Davies, M. C. Hoffmann,
J. Booske, C. Paoloni, M. Gensch, P. Weightman, G. Williams et al., J.
Phys. D: Appl. Phys. 50, 043001 (2017).
M. Tonouchi, Nat. photonics 1, 97 (2007).
P. A. George, J. Strait, J. Dawlaty, S. Shivaraman, M. Chandrashekhar,
F. Rana, and M. G. Spencer, Nano letters 8, 4248 (2008).
B. Fischer, M. Hoffmann, H. Helm, G. Modjesch, and P. U. Jepsen,
Semicond. Sci. Technol. 20, S246 (2005).
D. Mittleman, J. Cunningham, M. Nuss, and M. Geva, Appl. Phys. Lett.
71, 16 (1997).
A. Pizzuto, E. Castro-Camus, W. Wilson, W. Choi, X. Li, and D. M.
Mittleman, ACS Photonics 8, 2904 (2021).
M. Stein, C. Lammers, P.-H. Richter, C. Fuchs, W. Stolz, M. Koch,
O. Vänskä, M. Weseloh, M. Kira, and S. Koch, Phys. Rev. B 97,
125306 (2018).
G. G. Hernandez-Cardoso, L. F. Amador-Medina, G. Gutierrez-Torres,
E. S. Reyes-Reyes, C. A. Benavides Martínez, C. Cardona Espinoza,
J. Arce Cruz, I. Salas-Gutierrez, B. O. Murillo-Ortíz, and E. CastroCamus, Sci. Reports 12, 3110 (2022).

32.
33.
34.
35.
36.
37.

38.
39.
40.
41.
42.

4

Pr
eO pri
pt n
Le t. M
tt. a
47 nu
, 3 scr
28 ip
3- t a
32 v
86 ail
(2 abl
02 e
2) at:
Letter
Optics Letters

56, 1213 (2013).

5

Letter

FULL REFERENCES
1.

2.

4.

5.

6.

7.

8.

9.

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

6

for terahertz optics,” Opt. letters 37, 4320–4322 (2012).
22. W. D. Furlan, V. Ferrando, J. A. Monsoriu, P. Zagrajek, E. Czerwińska,
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