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Terahertz Real-Time Off-Axis Digital Holography with Zoom Function
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We present a terahertz (THz) real-time digital holographic system with zoom function worked at 0.17 THz. The
magnification factor ranges from 1 to 2. In the imaging experiment, the resolution is 2mm with the magnification
factor of 1.2. A metal sheet with F-shaped hollow is used as a sample, and its THz holograms are reconstructed
by our developed algorithm based on the angular spectrum theorem, and the qualities of the THz images under

different conditions are compared.
PACS: 42.40.—i, 42.15.Eq, 42.30.Va

Based on the unique excellent properties of tera-
hertz (THz) waves,!! ] the THz imaging technique
plays a significant role in the areas of nondestructive
detection, biomedicine, security check, and so on.[*~ 7]
THz digital holography is a combinative production
of the THz imaging technique and the digital holo-
graphy technique. Compared with the conventional
imaging technique, this kind of interferometry is able
to obtain both the amplitude and the phase informa-
tion of THz waves transmitted or reflected from an
object, simultaneously.[* %) Moreover, it can improve
the image quality and can enhance the resolution of
imaging systems. In 1996, Wu et al.l''! first propo-
sed pulsed THz digital holography, and the method
gained extensive attention and was used in imaging
of chemicals,['” recording the movement of a water
drop,!"*! and so on. Because cw THz sources have the
advantages of high emission power, compact size, and
low price, cw THz digital holography has more promi-
sing applications. In 2011, Heimbeck et al.l'!! repor-
ted a THz off-axis digital holography system worked in
0.66—0.76 THz, and investigated the angular spectrum
theorem to reconstruct the THz holography image.
Recently, the THz off-axis digital holography system
was optimized by a high-frequency THz source and the
image reconstruction algorithm was improved.!'”' In
2015, a real-time THz digital holography system was
reported using a 2.8 THz quantum cascade laser as a
source, its resolution can be as small as 200 pm and
the image capture speed achieved 5 frame/s.['"l In the
present study, we fabricate a real-time off-axis holo-
graphy system with zoom function, and develop an
image reconstruction algorithm under the conditions
of the detector array on or off the imaging plane.

Figure 1 is the schematic diagram of the THz off-
axis digital holography system. A Gunn oscillator
(Virginia Diodes Inc.) acts as the source, which ge-
nerates the THz wave with the frequency of 0.17 THz
and the power of 50mW. It can be regarded as a mo-
nochromatic source, since its bandwidth is less than
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0.01THz. The THz wave is collimated by a high-
density-polyethylene (HDPE) lens (lens 1) with the
focal length of 50 mm, and is divided into the object
beam and the reference beam with the same power by
a high-resistance silicon beam splitter. The reference
beam is reflected on a THz pyroelectric array camera
(Pyrocam 1II, Spiricon corporation) by two metal mir-
rors (mirrors 1 and 2), which are also rotated verti-
cally against the beam, ensuring the real and virtual
images have a deviation in the frequency coordinate.
The object beam is focused on the pyroelectric array
camera by three HDPE lenses (lenses 2, 3 and 4) with
the focal length of 50 mm. The sample is put bet-
ween the beam splitter and lens 2. By adjusting the
position of lens 3, we can achieve a tunable beam ex-
panding ratio. The sensing area of the pyroelectric
array camera is 12.4 x 12.4mm? and the pixel size is
0.1mm x 0.1 mm. An average of 15 frames was used to
improve the signal-to-noise ratio (SNR) and the image
capture rate was 3 frame/s, thus it is a real-time ima-
ging system. The angle between the object beam and
the reference beam is for separating and extracting the
real or virtual images in frequency domain of the ho-
logram. If the pyroelectric array camera is located at
the image plane, the information of the object beam
on the image plan can be obtained by carrying out the
inverse Fourier transform to the filtered spectrum of
the hologram. If the pyroelectric array camera is ope-
rated at a certain distance away from the image plane,
the angular spectrum theorem is used to restore the
complex amplitude at image plane.

THz intensity of the digital hologram recorded by
the pyroelectric array camera in the xz—y coordinate
can be written as

I(z,y) =|R(z,y) + O(z,y)|?
=|R(z,y)|* + [O(z, y)?
+ R*(2,y)O(z,y)
+ R(z,y)0"(z,y), (1)
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where I represents the THz intensity, R and O are the
complex amplitudes of the reference beam and the ob-
ject beam, R* and O* are their conjugate variables,
respectively. In the process of reconstructing object
wavefront from the hologram, real and virtual ima-
ges always appear together with a dc term generated
by zero-order diffraction light in frequency domain.
Because the THz wave has a spatial frequency band-
width, the dc term, real and virtual terms can be se-
parated in this domain by forming an appropriate an-
gle between the object beam and the reference beam.
When the angle exceeds sin~* (3\B), those three terms
can be distinctly isolated, where A and B are the wave-
length and the bandwidth of THz wave, respectively.
Figure 2 illustrates the distribution of the reference
beam, the object beam, the object beam and the con-
jugated object beam and their separation condition
in the spectrum, and wuq, us, uz and uy4 represent the
reference beam intensity, the object beam intensity,
the object beam amplitude and the conjugated object
beam amplitude, respectively.

Mirror 2
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Fig. 1. Schematic diagram of the THz off-axis digital ho-
lography system.

Fig. 2. Distribution of reference beam, object beam, ob-
ject beam and conjugated object beam and their separa-
tion condition in the spectrum.

Because the wavelength of the THz source is large,
the angle between these two beams will easily sa-
tisfy the requirement of the Nyquist sampling theo-
rem, even if it approaches the right angle. In this
experiment, the angle is 40° due to the restriction of
optical elements’ size. When the pyroelectric array
camera is not placed at image plane rightly, we can
use the angular spectrum theorem to reconstruct the
object light wavefront after the real or virtual image is
achieved by windowed filtering in frequency domain.
This method is more precise than the commonly used
Fresnel holographic reconstruction method.!'*!

The process of the propagation pattern can be ex-

pressed as

FYF{U(z,y,0)}
- exp {]2%2\/1 — (/\fm)2

Uz,y,2) =

-\ )P, @)

where U(z,y,0) represents the complex amplitude on
diffraction screen, U(z,y, z) represents that on the re-
ceiving screen, f, and f, are spatial frequencies on the
diffraction screen, and z is the distance between these
two screens.

Based on the matrix optics theorem, the optical
transformation matrix between lenses 2 and 4 can be
written as

= B 3
A1=1—%+d}§2, (4)
Bi—do+ds 1 d,— BT 2d;d2 tdidy
o= 2os, (6)
Dy =1- LO; o, d;;ll, (7)

where f is the focal length of the lens, dy, d; and
dy represent the distance between sample and lens 2,
the distance between lenses 2 and 3, and the distance
between lenses 3 and 4, respectively. According to
Eq. (6), the combined focal length of lenses 2 and 3
ranges from f/2 to f. Correspondingly, the magnifi-
cation ranges from 1 to 2. To ensure the exact image
plane, the optical transformation matrix of the system
is expressed as

|1 ds 1 0|[1 ds 1 0
R R
1 d; 1 0]]1 dy
. 1
0 1 —7 1 0 1
_ | A2 B
- & 2 ®
dy + 2dy + 3d3 — dydads

A2:1+d1d2+d1d3— f

dids + 2dads
+ f;
By =do+dy +dy +d3
— [dody + 2dods + 3dods + 2d;1d3
+ dyds + dads]/ f
L 2dodids + dodidy + 2dodads + d1dads
72

(9)

_ dodydads

i (10)
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dids +3 di + 2d
Co =d; — ! }+ + 1_;2 27 (11)
3do + 2d1 + do 2dgd1 + 2dods + dids
Dy =1-— 5
f /
dodyd.
_ Ofé 2 (12)

where ds3 represents the distance between lens 4 and
the pyroelectric array camera, and A, describes the
lateral magnification of the system. The Fresnel num-
ber is expressed by

2
o (& . L),
A\By R?

where a is the diffraction aperture, and R means the
curvature radius of spherical wave. According to the
geometrical optics theory, the diffraction effect can be
ignored when the Fresnel number tends to infinity and
THz wave exactly right locates the image plane. In our
experiment, the incident THz wave on the sample is
a parallel wave, which means that R approaches zero.
Therefore, the image plane can be identified when item
Bs is equal to zero. Therefore, the complex amplitude
of the object light can be restored without complica-
ted diffraction calculation, when the pyroelectric array
camera is just placed at the image plane.

Fig. 3. (a) Photo of a resolution testing card. (b) THz
image of metal pattern on the right up corner of the card
when the magnification factor is 1.2. (c¢) THz image of the
same area when the magnification factor is 1.

To evaluate the resolution of the off-axis digital ho-
lography system, the theoretical value was calculated
by the Rayleigh criterion, and experimentally testified
by a resolution testing card.

According to the Rayleigh criterion

0.61A
d=——
NA”

where IV A is the numerical aperture of objective lens.

When the magnification factors are 1.2 and 1, the cal-
culated limiting resolutions are 2.1mm and 2.4 mm,

(13)

respectively. Figure 3(a) is the photo of the resolu-
tion testing card, which is a teflon sheet covered by
different metal patterns. The pattern on the right-
upper corner of resolution testing card is a series of
metal strip with the width of 2mm and the gap of
2mm, and it was used to measure the resolution of
the system. Figures 3(b) and 3(c) are the measured
results when the magnification factors are 1.2 and 1.
In Fig. 3(b), three bright fringes can be recognized,
which means that the resolution of the system can
reach 2mm. However, the metal patterns cannot be
distinguished in Fig.3(c). Thus the resolution can be
improved by adding zoom function in the THz off-axis
digital holography system.

In the THz holographic imaging experiment, a me-
tal film with F-shaped hollow was used as a sample,
and its photo is shown in Fig.4(a). The width and
length of F-shaped area are about 8 mm and 10 mm
and the width of hollow area is roughly 2mm. To
make the image of the sample fill the window of the
pyroelectric array camera, the distance between len-
ses 2 and 3 was set as 40 mm, and the magnification
was 1.2. The sample was placed at 48 mm ahead of
lens 2 and the pyroelectric array camera was placed at
80 mm behind lens 4. The angle between object beam
and reference beam was 40°. Mirrors 1 and 2 have a
certain pitch for taking advantage of spatial spectrum.
Figure 4 is the directly detected holographic image of
the sample. It is very difficult to identify the cha-
racter of F. Then, the image reconstruction algorithm
was used to obtain the image of the sample.

When the pyroelectric array camera was placed at
the image plane, we calculate the spectrum of holo-
gram by using fast Fourier transform (FFT) and re-
construct the object light wavefront. The positions of
the object light center and the conjugate object light
center in spatial spectrum can be calculated by

sin 0

-Azx- N, (14)

where 6 is the angle between the object beam and the
reference beam, Az is the pixel size, and N is the
number in the FFT transform. By assigning a rec-
tangular window with appropriate size, the real image
or virtual image can be extracted. Then an inverse
fast Fourier transform operation was used to restore
the complex amplitude. The reconstructed image is
shown in Fig.4(c). The profile of F in the recon-
structed image is clear. However, because the object
beam partially overlapped with zero-order diffraction
beam and the size of filter window was limited, par-
tially high frequency information of the wavefront of
reconstructed object beam or its conjugate beam was
lost, which causes the distortion at some regions.
When the pyroelectric array camera located off the
image plane, the angular spectrum theorem was used
to inverted object light wavefront. However, this in-
verse diffraction operation might cause more losses of
high frequency information, which will make the image
fuzzier. Figures 4(d) and 4(e) show the results after
employing the angular spectrum theorem when the
pyroelectric array camera locates at 5 mm and 10 mm
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away from the image plane. According to Egs. (9)-
(11), the Fresnel number is affected by ds. Increasing
ds causes more obvious diffraction, thus more high
frequency information will be lost during the image
reconstruction. We can still identify the character of
F in Fig.4(d), but the reconstructed image becomes
so fuzzy that the F cannot be recognized in Fig. 4(e).

Fig. 4.

(a) Photo of the sample. (b) Directly detected
holographic image of the sample. (c) Restored THz image
when the pyroelectric array camera is placed at image
plane. (d) Restored THz image when the pyroelectric ar-
ray camera is placed 5 mm far away from image plane. (e)
Restored THz image when the pyroelectric array camera
is placed 10 mm far away from image plane.

In summary, we have developed a terahertz real-
time off-axis digital holography system with zoom
function. It uses a 0.17 THz Gunn diode as the THz

source and a pyroelectric array camera as detector ar-
ray. The magnification factor of the system ranges
from 1 to 2. In the imaging experiment, the magnifi-
cation factor is set as 1.2 and the resolution is 2 mm.
The THz images of a sample are obtained by carrying
out the inverse fast Fourier transform to the filtered
spectrum of the hologram when the pyroelectric ar-
ray camera is on the image plane. Angular spectrum
theorem is investigated to restore the complex ampli-
tude of object wave, when the detector array is placed
off the image plane. The results show that increasing
the distance between pyroelectric detector array and
the image plane will cause more obvious diffraction,
and the restored image will become fuzzy since more
high frequency information lost during the image re-
construction.
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