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Interferometric Terahertz Wavefront Analysis

Emmanuel Abraham, Takayuki Ogawa, Mathilde Brossard, and Takeshi Yasui

Abstract—Wavefront characterization of terahertz beams is use-
ful for various applications such as terahertz spectroscopy and
imaging. In this paper, we report on the aberration measurement
of a terahertz beam issued from a quantum cascade laser. By using
a terahertz camera and a two-wave noncommon path interferom-
eter, we measured the wavefront distortions. As an example, we
evaluated the Zernike coefficients giving the aberrations of spher-
ical wavefronts induced by a converging lens. Associated with a
deformable mirror, the sensor will open the route to terahertz
adaptive optics.

Index Terms—Terahertz imaging, wavefront, optical aberra-
tions, quantum cascade laser, interferometer.

1. INTRODUCTION

WAVEFRONT sensor is an optical beam analyzer that
determines the surface of equi-phase of an electromag-

netic wave. For instance, the well-known Hartmann sensor was
invented more than a century ago [1]. It makes it possible to
locally measure the wavefront slopes of an incoming optical
radiation by using a mask composed of a holes array placed just
in front of a 2D sensor. At present, many other wavefront sen-
sors are commercially available for visible and infrared light,
based on intensity measurement or interference fringe analysis
[2]-[4]. These systems are essential since they can provide the
wavefront characterization for adaptive optics and a wide va-
riety of applications including astronomy, ophthalmology and
microscopy. These sensors are widely used to measure optical
aberrations such as astigmatism, coma, spherical aberration, etc.
In the terahertz (THz) spectral domain, it is still challenging
to fully measure the spatial profile and wavefront of a THz beam
due to the lack of effective THz cameras. A few previous stud-
ies were oriented towards the measurement of THz wavefronts
for both continuous wave and pulsed sources. In 2008, Bitzer
et al. determined the beam profiles of THz pulses after passing
through a hyperhemispherical silicon lens [5]. They observed
an asymmetric spatio-temporal field dynamic in the focus of the
lens attributed to a distortion of the incident THz wavefront.
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However, they did not measure the THz wavefront but only
the THz beam profile and their indirect and time-consuming
method used a XY-scanning system in order to determine point-
by-point the beam profile. Another aperture scanning device was
proposed in 2013 to characterize the THz beam propagation in
a time-domain spectrometer [6]. Associated with a Hartmann
mask, it has been used to produce 2D topographical image of
the THz wavefront. In 2012, Richter et al. proposed the first
THz wavefront measurement with a Hartmann sensor and mi-
crobolometer camera [7]. The performance of the system was
demonstrated by characterizing the wavefront of a THz beam
emitted by a quantum cascade laser. Cui et al. analyzed the
THz wavefront of a quantum cascade laser and a gas laser by
using a Hartmann mask. However, they also used an indirect
XY-scanning method to detect the radiation with a pyroelectric
sensor [8], [9]. More recently, we reported on the wavefront
measurement of THz pulses using a Hartmann sensor asso-
ciated with a 2D electro-optic imaging system composed of a
ZnTe crystal and a CMOS camera. We quantitatively determined
the frequency-resolved deformations of planar and converging
spherical wavefronts using the modal Zernike reconstruction
least-squares method [10].

In this paper, we propose a simple interferometric method to
measure the wavefront of a THz continuous wave. The measure-
ment can be useful to control the optical alignment of a THz
imaging system for which an incident planar THz wavefront
is required in order to optimize, for instance, the focalization
of the THz beam at the sample position. Basically, the system
is based on a modified Mach Zehnder interferometer. It only
requires a sensitive THz camera which is able to record the
interferometric image generated by the superposition of two in-
coming THz waves. Then, using a simple fringe analysis, we can
obtain the THz wavefront and its decomposition along the well-
known Zernike coefficients. As a demonstration, the method has
been applied to measure the wavefronts and optical aberrations
of convergent and divergent THz beams. Associated with de-
formable mirrors, the sensor will also open the route to THz
adaptive optics.

II. EXPERIMENTAL SETUP

The experimental setup of the wavefront sensor is presented
in Fig. 1. In our study, the source is a Quantum Cascade
Laser (QCL, Longwave) providing a continuous wave at 3 THz
(A = 100 pm) with an output power of 1.7 mW. As many THz
sources, the output beam is highly divergent and requires a
specific beam shaping before any further utilization for THz
imaging applications for instance. In our case, we used two
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Fig. 1. General experimental setup for the analysis of planar THz wavefront.
L1 and L2: plano-convex lens, focal distance of 50 mm. Pinhole diameter D =
3.2 mm.

plano-convex lenses (L; and L) and a spatial filtering to pro-
vide a planar beam.

The type of interferometer has been selected regarding the
sensitivity of the THz camera. We used a NEC microbolome-
ter array (320 x 240 pixels, 23.5 pum pixel size) with a sen-
sitivity of 1 nW. Therefore, to get a sufficient signal-to-noise
ratio, it is better that the initial beam passes only once through
a beamsplitter. For this reason, we selected a modified Mach
Zehnder interferometer where the reference and sample beams
travel along different paths before interfering. This shearing in-
terferometer will be able to measure small aberrations since the
fringe lateral shifting must be smaller to 27 to avoid any phase
ambiguity [11].

The interferometer is simply composed by a HFRZ-Si beam-
splitter (reflection = 54%, transmission = 46% for the vertical
polarization) and two mirrors. The incoming THz beam is di-
vided by the beamsplitter in order to form sample and reference
beams. Both beams are recombined spatially in the plane of a
pinhole whose diameter is set to D = 3.2 mm in the present
study. The angle between the two interfering beams is noted a.
The intensity distribution in the plane of the pinhole is imaged
with a magnification factor equal to one by the THz camera
equipped with a 34 mm objective lens. In the present study, in-
terference pattern is easily obtained owing to the long coherence
length of the THz source (tens of centimeters).

III. RESULTS AND DISCUSSION
A. Optical Distortions Delivered by the Interferometer

First, before characterizing the signal THz wavefront, we
need to quantify the optical aberrations delivered by the in-
terferometer itself, attributed to the beamsplitter and the two
metallic mirrors.

Fig. 2(a) shows the interferogram corresponding to the exper-
imental configuration presented in Fig. 1, with a = 18°. Owing
to the nearly equal amplitude of the electromagnetic waves and
the sensitivity of the THz camera, the interference contrast is
excellent (estimated to 85%). First, we changed the value of the
angle « in order to decide the best experimental configurations
for the THz wavefront analysis. The idea is to obtain at least 10
fringes in the image. As shown in Fig. 3, the experimental fringe
spacing i is in excellent agreement with the theoretical relation
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Fig. 2. Optical aberrations delivered by the interferometer. (a) Interferogram.
White circle: image selection for FFT analysis. (b) Fourier domain image.
(c) Reconstructed wavefront. (d) Amplitude of the Zernike coefficients. Dotted
black lines: limits of the measurement.
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Fig. 3. Evolution of the fringe spacing as a function of the angle o between
the two interfering waves. In the rest of our study, the angle o was fixed to 18°,
indicated by the red square experimental point.

given by ¢ = A /sinc. In the rest of our study, the angle o was
fixed to 18°, indicated by the red square experimental point in
the figure.

Then, the analysis of the interference image is performed
with the OpenFringe software as follows. First, we need to se-
lect the beam area in which the wavefront reconstruction will
be calculated. In our case, this circular zone corresponds to the
aperture of the pinhole (D = 3.2 mm diameter), indicated by
the white dotted circle in Fig. 2(a). Then, as shown in Fig. 2(b),



TABLE I

ZERNIKE POLYNOMIALS
i Aberration Zi(p,0)
1 Piston 1
2 X tilt pcosf
3 Y tilt psin @
4 Defocus 2p? —1
5 X astigmatism p? cos 20
6 Y astigmatism p? sin 20
7 X coma (3p® —2p) cosd
8 Y coma (3p® —2p)sind
9 Spherical 6p' —6p% +1
10 X trefoil p® cos 30
11 Y trefoil p3 sin 360
12 X 2nd astigmatism (4p* —3p?) cos 20
13 Y 2nd astigmatism (4p* —3p?)sin 20
14 X 2nd coma (10p° —12p3 + 3p) cos
15 Y 2nd coma (10p> —12p% + 3p) sin
16 2nd spherical 20p% —30p* +12p% — 1
17 X tetrafoil ptcos4b
18 Y tetrafoil p* sin 46
19 X 2nd trefoil (5p° —4p*) cos 30
20 Y 2nd trefoil (5p° —4p*)sin 30

we computed the magnitude of the 2D Fast Fourier Transforma-
tion (FFT) of the interferogram. This is the usual procedure to
perform a spatial frequency analysis of the interferogram. The
output of this transformation represents the interference image
in the Fourier or frequency domain where, each pixel represents
a particular frequency contained in the spatial domain image.
The magnitude of the Fourier domain image in Fig. 2(b) presents
three horizontal bright spots since the original interferogram is
composed of vertical fringes. The central spot can be ignored
since it corresponds to the DC component of the Fourier domain
image. The rest of the image, including the two remaining com-
plex conjugated bright spots contain all the required information
to calculate the phases shift between the sample and reference
waves at the pinhole position.

The wavefront presented in Fig. 2(c) is almost planar even
if some aberrations are visible in the edge of the beam, with a
maximum wavefront distortion of about 100 m near the beam
edge. This indicates that the optical elements of the interferom-
eter, i.e. the Si beamsplitter and both mirrors, does not distort
the wavefront of the incoming THz beam.

To quantify these aberrations delivered by the interferometer,
we decomposed the wavefront W into a linear combination of
the Zernike polynomials [12]:

W(p,0) = > a;Zi(p,0) )

where (p, 0) are the normalized polar coordinates (p < 1) and
the coefficient a; represents the amplitude of the aberration at-
tributed to the polynomial Z;, as referenced in Table I. Due to
the non-collinear interaction between the reference and signal
beams, the X tilt term is naturally very large (as = 575 pm, cal-
culated with a beam diameter of D = 3.2 mm)). For the wave-
front reconstruction, the piston and XY tilt terms have been set
to zero since they did not represent any intrinsic aberrations of
the interferometer. Fig. 2(d) shows the amplitudes of the 20th
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Fig. 4. Experimental setup for the analysis of spherical THz wavefront. LI
and L2: lens, focal distance of 50 mm. L: lens with f’ = 100 mm. Pinhole
diameter D = 3.2 mm.

first Zernike coefficients, corresponding to the representation of
the wavefront up to the second-order aberrations. All terms are
smaller than 3 pm, i.e. A/33. The precision of our measurement
has been estimated to 10%, taking into account the accuracy of
the fringe spacing determination (error of 1 pixel correspond-
ing to a fringe spacing of (300 4 25) um for o = 18°). We also
estimated the minimum amplitude of the Zernike coefficients
that the system is able to calculate. Considering a minimum tilt
of © = 25 D = 80 mm and the relation

R

@ = tan [arcsin (%)]

@)

one gets ap = 2 um that can be generalized for any given
Zernike coefficient. Therefore, we conclude that the minimum
value of the Zernike coefficients that our system can measure
is 2 pum, indicated by the two horizontal dotted black lines in
Fig. 2(d). This shows the method makes it possible to reveal,
at the limit of our detection limit, the following major intrinsic
aberrations delivered by the interferometer: a;; = 2.6 pm (Y
trefoil), a4 = 2.2 pum(X 2nd coma), a9 = —2.7 pm (X 2nd
trefoil) and asg = 2.9 pum (Y 2nd trefoil). In the rest of this pa-
per, these small aberrations will be subtracted in order to mea-
sure the signal THz wavefront without any perturbation coming
from the interferometer itself.

B. Wavefront Analysis of a THz Spherical Beam

This section will present the wavefront analysis of THz spher-
ical beams with different radius of curvature. The aim of the
study consists in comparing the experimental defocus parame-
ter to its theoretical prediction and the determination of all the
other distortions.

The previous experimental setup has been modified by insert-
ing, a plano-convex lens L with a focal distance f/ = 100 mm
on the pathway of the signal beam (Fig. 4). By varying the
distance d between the lens and the pinhole it is possible
to change the beam from converging (d < f’) to diverging
(d > f’) wavefronts. Theoretically, assuming an incoming col-
limated Gaussian beam, the radius of curvature R of the THz



Fig. 5. THz wavefront (color) and THz beam (grey) as a function of the
distance d between the lens L and the pinhole. The measurements are performed
by the THz camera that images the pinhole plane. The distance d = 100 mm
corresponds to the theoretical position of the beam waist.

wave at the pinhole position is given by

ZR 2
1+<d—f’> 3)

where zp = mw? /) is the Rayleigh length, with wy the radius of
the beam waist. This shows that the beam waist is located at the
pinhole position if d = f’. Using the knife edge technique [13],
we calculated wy = 0.6 mm, which gives zz = 10.45 mm. The
interferogram is obtained by the interaction of this spherical
sample beam and the reference beam. As already explained,
the intrinsic optical aberrations of the interferometer will be
removed.

Fig. 5 shows the evolution of the THz wavefront (color) as
a function of the distance d between the lens L and the pinhole
position, from d = 50 mm to d = 160 mm. As expected, we can
notice that the THz wavefront is convergent for 50 mm < d <
100 mm and then divergent for 100 mm < d < 160 mm. Around
d = 100 mm, the wavefront is nearly planar as it is also expected
since this position corresponds to the theoretical beam waist of
the optical setup. However, it is clear that this wavefront suffers
from severe aberrations that will be discussed later. Fig. 5 also
shows the beam transverse modes (grey color) as a function
of the distance d. These images have been obtained by sim-
ply blocking the reference beam. Around d = 100 mm, which
corresponds to the focus point, we can observe the minimum
beam diameter which has been measured at the 1/e> maximum
amplitude to 1.1 mm.

First, we analyzed the evolution of the defocus as a function
of the distance d. As previously explained, we decomposed the
wavefronts into a linear combination of the Zernike polynomials
(see Eq. (1)). The defocus coefficient a4 is then related to the
radius of curvature R by the expression
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Fig. 6. Evolution of the amplitude of the radius of curvature R as a function

of the distance d between the lens L and the pinhole.

where D is the diameter of the pinhole, taken as a reference for
the beam diameter at the position where the wavefront is calcu-
lated. The Eq. (4) simply shows that it is possible to calculate
the radius of curvature R from the values of D and a4. The result
is presented in Fig. 6 for different values of the distance d. Itis in
good agreement with theoretical values given by Eq. (3), which
shows that R(d) is proportional to the quantity (d — f’) except
near the beam waist where the radius of curvature diverges since
the wavefront becomes almost planar. For d = 50 mm for in-
stance, the defocus coefficient is ay = (—13.6 £ 2)mm, which
correspond to R = (—47 £+ 7)mm. This experiment indicates
that our wavefront reconstruction is able to properly measure
the beam defocus induced by the presence of the lens in the
sample arm of the interferometer.

The final analysis concerns the ability of the interferome-
ter to properly determine the other THz beam distortions as
a function of the distance d. This measurement is particularly
important for many applications since it is well-known that a
distorted wavefront will not allow a strong focalization of the
THz beam. Fig. 7 shows the amplitude of the Zernike coeffi-
cients as (X astigmatism), ag (Y astigmatism), a; (X coma),
a9 (X trefoil), a1q (Y trefoil) and a5 (Y tetrafoil) for different
values of the distance d between the lens L and the pinhole. Out
of the Rayleigh length zp = 10.45 mm, i.e. roughly 90 mm <
d < 110 mm, we can notice that all the Zernike coefficients are
around 5 pm, near the detection limit of our system that has been
estimated to 2 pum. It means that out of the Rayleigh range, the
convergent or divergent beam does not suffer from measureable
aberrations. However, within the Rayleigh range, all the prece-
dent Zernike coefficients increase up to +25 pm, indicating that
near the beam waist the THz beam experiences severe distor-
tions such as astigmatism, trefoil, coma and tetrafoil. This result
is important since it opens the route to THz adaptive optics that
has never been demonstrated yet. By using a deformable mir-
ror on the THz signal beam pathway and by measuring the THz
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the distance d between the lens L and the pinhole.

wavefront error after it has been corrected by the interferometer,
we can form a closed loop wavefront sensor able to fully correct
the beam distortion at the focus position, where a sample or a
detector can be placed.

IV. CONCLUSION

The paper concerns the characterization of THz wavefronts
issued from a QCL source. With a modified Mach Zehnder inter-
ferometer, we determined the optical aberrations of the THz sig-
nal beam. Especially, important distortions have been measured
near the focal spot of the THz beam, which can be problematic
for future applications in spectroscopy or imaging for which
a planar terahertz wavefront is required in order to optimize
the focalization of the terahertz beam at the sample or detector
position. Further, we believe that the interferometer could be
associated with a deformable mirror and a realtime controller to
open the route to THz adaptive optics.
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