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Terahertz (THz) radiation has shown enormous poten-
tial for non-destructive inspection in many contexts.
Here, we present a method for imaging defects in choco-
late 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) cor-
responding to a relatively long wavelength of 1.1 mm.
These components are used to construct a common-
path configuration enabling the capturing of several im-
ages of THz radiation diffracted by the test object at
different axial depths. The captured diffraction-rich im-
ages 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 full-
field diffraction-limited phase contrast imaging. Thus,
we experimentally demonstrate the possibility of iden-
tifying contaminant particles with dimensions compa-
rable 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 electro-
magnetic 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 propa-
gate through a wealth of materials such as plastics [16], ceram-
ics [17], paper [18] and even food [19, 20], which allows imaging
internal defects or locating internal contamination in many in-
dustrial contexts. Secondly, unlike γ- or X-rays, THz waves are
non-ionizing, which removes the occupational-exposure haz-
ard to operators, and the costs associated with protective mea-
surements 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 quasi-
optical components[21–24], emitters[25–27], detectors[28–30]

and other components is still limited, and the turn-key sys-
tems that are commercially available are still relatively expen-
sive. 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 achiev-
able by images made with THz radiation.

In this article, we present a method that benefits from eco-
nomical CW THz sources, combined with interferometric algo-
rithms 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 computa-
tional 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 ad-
vantages 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 hologra-
phy [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 com-
plex wave field, i.e., the phase and amplitude, of electromag-
netic field reflected by a test object [33] and transmitted through
[34] a scattering material. For the phase reconstruction an it-
erative approach entitled single-beam multiple-intensity recon-
struction (SBMIR) is used. Within SBMIR the wave field is prop-
agated from one plane to another and then the amplitude is re-
placed 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 electro-
magnetic field diffracted by the chocolate bars. Within this
method, a gradient-based approach is used to minimize an ob-
jective function which leads to a fast convergence and prevents
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the method to stagnate at a local minimum [35]. The com-
plex 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]

L =
N

∑
n=2

∥U1 − Tzn{U1}∥2 . (1)

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 opera-
tor 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

Tzn{U1} = P−1
zn

{√
Izn

Pzn{U1}
|Pzn{U1}|

}
. (2)

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]

Pzn{ψ} = F−1 {F{ψ} · Hzn} , (3)

with

Hzn = exp
[

i
2π

λ
zn

√
1 − λ2|ξ⃗|2

]
, (4)

where the inversion P−1 uses the complex conjugate of Hz,n.
Here, λ is the wavelength, ξ⃗ 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 pro-
cess is started with an initial guess of U0 defined by combin-
ing the real amplitude calculated from

√
I0, with I0 is the corre-

sponding measured intensity at that plane, and a random phase
which is progressively improved in the sequence iterations. At

the m−th iteration, the current estimate U(m+1)
0 can be written

in the form
U(m+1)

1 = U(m)
1 − 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 re-
focusing. 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 ac-
quired 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

Starting guess For iteration 
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Eq. (2)

Replace the amplitude of

 U(m)
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Fig. 1. A flowchart diagram given to illustrate the proposed
OMI-PR iterative approach.
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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 out-
put power of 40 mW was used as a radiation source, a flat mir-
ror 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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0.5 mm and can record up to 5000 lines per second (lps) at a min-
imum 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 trans-
mission 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 transla-
tion stage. Consequently, even if the object shows strong diffrac-
tion, the camera can be moved very close to it, allowing for a
large numerical aperture. Thus at small distances, diffraction-
limited images can be captured. As a reference for comparison,
a similar setup was recently reported based on a quantum cas-
cade 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 de-
tector 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 refer-
ence 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 se-
ries of fringes caused by the diffraction experienced by the THz
radiation. While in the reference sample the fringe pattern is al-
most 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 contam-
inant particles from these raw images.

a) b)

c) d)

20 mm
0

1

a.u.

Fig. 3. Transmission images for the reference sample at
14.8 mm (a) and 38.8 mm (b). Analogous images for the con-
taminated 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 collec-
tion of diffraction fringes. The images from the contaminated
samples depict a similar periodic structure with some addi-
tional features that are less periodic, caused by the diffraction
from the contaminants.

By using the six images of each sample, obtained at differ-
ent distances, it is possible to apply a digital “re-focusing” al-
gorithm in order to reconstruct the geometry of the sample. Ini-
tially, 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 multi-
ple intensity images captured across different axial planes, in
analogy to [38, 39]. This is done by using the proposed OMI-
PR iterative approach which is converged at 50 iteration. The
real amplitude as well as the phase of the reconstructed digital

hologram retrieved at the minimum distance is shown in Fig. 4.

a)

b)

20 mm
0

1

a.u.

-π

π

rad

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 am-
plitude and a phase image for each of the two samples. The re-
focused 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 sharp-
ness 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 en-
able 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. Fur-
thermore, it is also possible to see a defect present in the refer-
ence 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 choco-
late is not new [20, 40], and many ingredients have been ana-
lyzed with THz sensing in the past, [41, 42] relatively little has
been done in terms of quality control of prepared foods. More-
over, most of the studies available are based on the THz time-
domain 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 compo-
nents 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 par-
ticles with dimensions comparable to the wavelength by using
the information contained in the diffraction-rich images in com-
bination with a digital re-focusing algorithm.

This concept opens new and exciting possibilities for in-
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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 hori-
zontally in order to be able to easily compare the positions and
geometries of the contaminants. The dynamic range of the am-
plitude 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

dustrial inspection, by using imaging systems free of optical-
components that operate in the low-frequency end of the THz-
band, where the robustness and cost of THz-sources and detec-
tors are significantly lower than for higher frequencies.
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