
Pre-
pri

nt.
M

an
us

cri
pt

ac
ce

pte
d at

Opti
ca

l E
ng

ine
eri

ng
(20

22
)

Characterization of terahertz wavefront aberrations using1

computational shear-interferometry2

Mostafa Agoura,b,*, Claas Falldorfa, Fatima Talebc, Enrique Castro-Camusc, Martin Kochc,3

Ralf B. Bergmanna,d
4

aBIAS-Bremer Institut für angewandte Strahltechnik, 28359 Bremen, Germany5
bAswan University, Faculty of Science, Department of physics, 81528 Aswan, Egypt6
cFaculty of Physics and Material Sciences Center, Philipps-Universität Marburg, Renthof 5, 35032 Marburg,7

Germany8
dUniversity of Bremen, MAPEX Center for Materials and Processes and Faculty of Physics and Electrical9

Engineering, 28359 Bremen, Germany10

Abstract. We propose a new solution for sensing a terahertz (THz) wavefront based on a THz reference-less shear11

interferometer. The key component of the experimental configuration of the proposed interferometer is a THz Ronchi12

phase grating (RPG). The RPG is custom designed and fabricated for a 0.28 THz source using mechanical milling on13

a block of high-density polyethylene (HDPE) with a computer numerical control (CNC) machine. It acts as a shearing14

element that generates two diffraction orders, thereby creating two laterally shifted copies of the investigated wavefront15

in the sensor plane where a THz camera is placed. The direction of the shear can be varied by rotating the grating.16

Since the grating is a phase grating, the diffraction efficiency is very high. The approach is verified experimentally17

by demonstrating interferograms of a spherical wave and wavefront reconstruction from five different shears using a18

gradient-based iterative process.19
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front aberrations.21
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1 Introduction23

Terahertz (THz) radiation has attracted the attention of a broad set of researchers because it has24

interesting properties compared to other spectral bands.1, 2 For instance, unlike x-rays, THz-waves25

are non-ionizing and thus harmless for biological tissues. For this reason non-destructive testing26

for the identification of substances3, 4 as well as imaging applications5–7 have been the subject of27

intense research recently. THz-waves penetrate a wide range of material packages which are op-28

tically opaque in the visible or near infrared bands. These properties open interesting possibilities29

for non-destructive testing in order to inspect agricultural products and food,8–11 medical imag-30

ing,12–14 and communication.15–20 In turn, the appearance of all these applications has driven the31

development of new techniques, THz quasi-optical components, as well as sources and detectors.32

Sensing both, the amplitude and also the phase of THz radiation, plays an important role to33

improve the applicability of THz in many areas, such as quality control21 and biology.22 This has34

been achieved by the use of THz time-domain spectroscopy as well THz digital holography (DH).35

There are many detection methods for THz beams, among them, full-field single beam methods36

such as in-line holography, iterative and deterministic multiple plane phase retrieval (PR)23–25 and37

ptychography26 have been used. However, these techniques require holograms or intensity patterns38

of the diffracted wave field to be recorded across different planes, in analogy to the implementa-39

tion in the visible band in order to solve the associated inverse reconstruction problem.27–30 As40
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an example, in-line THz DH suffers from the overlapping of the zero-order and twin-image arti-41

facts reducing the resolution of the reconstruction, which one can overcome by capturing multiple42

in-line holograms across different axial planes. Thus, in in-line DH, PR and ptychography the43

recording process is time consuming and is highly sensitive to mechanical vibration. Moreover,44

the reconstruction process for, both PR and ptychography, is based on the presence of diversity of45

the captured intensity patterns. Consequentially, smooth wavefronts, such as plane waves, can not46

be analyzed. Furthermore, off-axis THz-DH, requires a reference wave with known characteris-47

tics and both temporally and spatially coherent illumination since it is based on the interference48

of diffracted light with a reference wave. This constitutes considerable drawbacks, because the49

characterization of an a-priori unknown THz wavefront emitted by an antenna or self-luminous50

object, is challenging and in some cases is not possible.51

In this paper, we propose a method to circumvent these requirements based on a THz refer-52

enceless shear interferometer realized by a THz Ronchi phase grating (RPG) between the THz53

source and the camera sensor. In analogy to grating-based shear interferometers realized in visible54

range,31, 32 the RPG33 acts as a shearing element that generates two diffraction orders, thereby cre-55

ating two laterally shifted images in the sensor plane. The direction of the shear can be varied by56

rotating the grating. Since the RPG is a phase grating, the diffraction efficiency is very high and57

approximately 80% of the diffracted light falls on the ±1 diffraction orders.58

In contrast to our earlier work we do not employ a 4f -setup as was used in an earlier pub-59

lication34 or other imaging elements. Since no imaging system is used, the setup is aberration60

free and therefore only measures the properties of the wavefield approaching the RPG. For this61

purpose, five different shear measurements are acquired. With these measurements, the wavefront62

reconstruction is achieved using a gradient-based iterative process. Also in contrast to another of63

our earlier publications35 here, we broaden the content by generalizing the proposed method to64

enable the measuring of wavefront aberrations not influenced by aberrations of the system itself.65

In addition, we provide a quantitative assessment of the proposed method.66

2 THz shear interferometer setup67

Figure 1 shows a schematic of a simple common-path shear interferometer. It consists of three68

main components i) a continuous wave (CW) THz-source and a lens that introduces spherical69

aberrations, ii) a Ronchi phase grating (RPG) which introduces the shear and iii) a THz camera70

line-sensor.71

The distance between the source and the lens is given by z1, while z2 is the distance between72

the lens and the RGP, and z3 is the distance between the RPG and the camera. Such a simple setup73

is used here for measuring THz spherical wavefronts as well as spherical aberrations. Lets assume74

that the emitter is a point source which generates a spherical wave with U1 being the spherical75

wave field directly at the front of the RPG. Thereafter, U1 is modulated by the transmittance G of76

the RPG and a modified wave field U2 is generated directly behind the RPG. Such a modified wave77

field then propagates to generate a new wave field U = P{U2} at the camera plane, where P is a78

propagation operator used to propagate the modulated wave field to the camera plane.79

Figure 2 shows a scheme of the grating for illustration purposes. Since the RPG is the key80

component of the setup, we discuss its properties here in more detail. Lets assume an RPG with a81
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Fig 1 Schematic of the experimental configuration used to measure the THz wavefronts. U1 and U2 are the complex
amplitude of the wave field before and after transmitted through the a Ronchi phase grating (RPG) inserted in the
plane {y⃗} which is z1 away from the THz source. The wave field U is generated across the output plane {x⃗} where a
THz camera sensor is used to capture the interference pattern generated from the overlap between the ±1 diffraction
orders of the RPG. At a distance of z3 from the RPG the two ±1 diffraction orders are separated by s which refers to
as the shear.
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Fig 2 Schematic representation of the THz beam diffraction by a phase Ronchi grating. The Ronchi grating has a
clear aperture of a diameter (D), and a thickness of (∆), a grating period of a, a depth (height of the groves) of d.
The +1, 0 and −1 refer to the diffraction orders of the grating, θ represents the diffraction angle, ∆s represents the
half of the shear s and α is the rotation angle used to change the direction of the shear. For ideal depth d for a given
wavelength the Phase Ronchi grating diffracts no substantial intensity into the 0 order.

clear aperture of D and grating period of a. The grating vector g⃗ defined as82

g⃗ =
1

a

(
sinα
cosα

)
, (1)

depends on the grating orientation α and the period a, the grating modulations for the +1 and83

−1 diffraction orders is given as G+1 = exp(i2πg⃗x⃗) and G−1 = exp(−i2πg⃗x⃗). Accordingly, the84
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wave field Uc generated from the coherent superposition of the +1 and −1 diffraction orders can85

be written as86

Uc(x⃗) = U+1(x⃗) + U−1(x⃗) = U(x⃗) · exp (i2πg⃗x⃗) + U(x⃗) · exp (−i2πg⃗x⃗) . (2)

Thus, light diffracted to the two orders is modified with different linear phase ramps. Because we87

aim to fabricate an optimal RPG, the phase modulation introduced to the beam passing through88

it is important. Such a phase modulation is introduced by the periodically varying depth d of the89

grating which leads to a phase difference ϕ of90

ϕ =
2π

λ
(n− 1)d , (3)

where λ is the wavelength of the THz beam, n is the refractive index of the grating material and91

d is the depth of the grooves at the grating. Minimizing the diffraction efficiency of the 0-th and92

the even diffraction orders requires that the phase difference ϕ = π. Substituting this condition in93

Eq. (3) yields the ideal depth of the grating grooves to94

d =
λ

2(n− 1)
. (4)

Such a grating structure will lead to a diffraction angle θ of95

θ = sin−1

(
λ

a

)
, (5)

for the +1 and −1 diffraction orders respectively, assuming normal incidence to the grating surface.96

This angle causes the shift ∆s of the +1 diffraction order at a distance of z3 from the optical axis97

which can be calculated as98

∆s =
λz3
a

, (6)

where the distance z3 is the distance between the grating and the camera sensor and assuming99

z3 >> s. Accordingly, we can obtain the shear s = 2∆s between the +1 and −1 diffraction100

orders. Thus, the wave field modulation by the RPG produces two mutually shifted copies of the101

wave field. Across the overlap zone between these two copies, as shown in Fig. 1, an interference102

pattern across the camera plane is generated. As an application, the characterization of the THz103

beam across the camera plane by measuring the amplitude and the wavefront will be discussed. For104

a spherical wave field propagating thought the setup, the spherical wave generated at the camera105

plane Us can be written according to the Fresnel approximation as106

Us(x⃗) =
A(x⃗)

z
· exp

[
ikz

(
1 +

|x⃗|2

2z2

)]
. (7)

Where, A(x⃗) is the real amplitude of the spherical wave, k = 2π/λ denotes the wavenumber and107

z = z1 + z2 + z3 is the distance between the THz source and the camera which in turn gives the108

beam radius of curvature. Notice that, since this is a special case, the linear ramp modulation at109

the camera plane given by Eq. (2) leads to a shift of the test spherical wavefront. Accordingly, the110
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intensity I(x⃗) of the interference pattern may be written as111

I(x⃗) = |Uc(x⃗)|2 =
∣∣∣∣Us

(
x⃗− s⃗

2

)
+ Us

(
x⃗+

s⃗

2

)∣∣∣∣2
= I0(x⃗) + 2R

{
U∗
s

(
x⃗− s⃗

2

)
Us

(
x⃗+

s⃗

2

)}
,

(8)

here, I0(x⃗) = 2|A(x⃗)|2/z2 is the background intensity assuming equal amplitudes of the two copies112

of the test wave field, R{· · · } refers to as the real part of a complex number and ∗ refers to the113

complex conjugate. R{· · · } represents the interference terms which contain the phase information.114

Substituting Eq. (7) into Eq. (8), the interference term takes the form115

U∗
s

(
x⃗− s⃗

2

)
Us

(
x⃗+

s⃗

2

)
= B(x⃗) · exp

(
i
k

z
s⃗ · x⃗

)
. (9)

with the intensity envelop116

B(x⃗) =
1

z2
A (x⃗− s⃗/2)A (x⃗+ s⃗/2) (10)

and the second part of Eq. (9) being a linear phase ramp which depends both on the beam radius117

of curvature z and the shear s⃗. The ramp implies that the linear fringes of the interference pattern118

have a spatial carrier frequency of119

ξ⃗ =
ks⃗

2πz
=

s⃗

λz
. (11)

Equation (11) can be used in order to determine the shear s directly by taking the Fourier transform120

of the corresponding interference pattern. Hereafter, the shift ∆ξ of the peaks across the Fourier121

domain is determined and thus the shear is122

s⃗ =
∆⃗ξλz

N∆x
. (12)

Here, N and ∆x are the number of camera pixels in one direction and the pixel pitch, respectively.123

3 Experimental results and discussions124

3.1 Experimental setup and the recorded interferograms125

Figure 3 shows the experimental setup based on the scheme shown in Fig. 1. An impact ionization126

avalanche transit time (IMPATT) diode from TeraSense Corp. is used as a THz source which127

emits a linearly polarized radiation at 280GHz, (λ = 1.07mm). A high gain diagonal horn serves128

to generate a Gaussian beam. The power coupled out is about 40mW measured directly behind129

the horn. The emitting spherical waves propagate through the RPG fabricated using mechanical130

milling on a block of high-density polyethylene (HDPE) with a computer numerical control (CNC)131

machine. The RPG has a period of a = 6.44 mm and is optimized for the 280GHz beam.33 The132

distance between the horn and the lens of 200 mm focal length is z1 = 45 mm, z2 = 100mm. A133

line-array GaAs plasmonic THz camera TeraSense Corp. consisting of 256 pixels with a pixel pitch134

of ∆x = 0.5 mm is located at the output plane at z3 = 147 mm from the RPG. Such a construction135

generates a spherical wavefront at the sensor plane having 305 mm radius of curvature. To acquire136
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two dimensional (2D) images, the sensor was scanned along the horizontal axis using a translation137

stage supplied by Physik Instrumente (PI). It is noted that to achieve the optimum interference138

contrast, the polarization direction of the radiation is selected to match the preferred direction of139

the GaAs plasmonic terahertz detector.140

Three sets of measurements were performed to measure different wavefont aberrations: The141

first shear measurement was done in order to measure a spherical wavefront. Here the setup is142

aligned aiming to generate a test spherical wavefront at the sensor plane with a radius of curvature143

of 305mm as mentioned above. For the second shear measurement the THz source was laterally144

shifted in order to produce a tilted spherical wavefront. The third shear experiment was performed145

by rotating the 200mm plano-convex lens around an axis normal to its optical axis, in order to146

generate astigmatism aberration to the spherical wavefront.147

Fig 3 Photograph of the experimental shear interferometer setup. A continuous wave THz source emits a spherical
wave at 280 GHz. A detachable high gain diagonal horn shapes the amplitude of the emitted spherical wave to a
Gaussian envelope. The RPG, i.e the shear element, is inserted between the source and the line camera creating an
overlap between the two copies of the test spherical wave. An intensity image of the wave field is recorded by moving
the THz camera using a translation stage.

Figure 4 shows examples of the recorded intensity patterns of the first shear experiment: The148

intensity profile of the test spherical wave field is shown in (a) and two interferograms resulting149

from the interference of the two shifted spherical wave fields for two different shears are shown150

in (b) and (c), respectively. The recorded intensity profile of the investigated spherical wave field151

has a Gaussian profile. The two shears applied to capture the images shown in (b) and (c) are152

s0 = [−44, 0]mm and s4 = [−30, 32.5]mm obtained by rotating the RPG by 42◦. As shown153

in Fig. 4, the interference patterns are composed of linear fringes generated in the overlap zone154

as theoretically expected from the coherent superposition of two shifted spherical wave fields.155

However, as shown in33 there is 4.15% of the light diffracted to the 0 order which is approximately156

equal to the light reflected from a glass surface in standard interferometers. Thus, the superposition157

of the +1, −1, and 0 orders generate the interference patterns. Rising the 0 order modulates the158

interference patterns by changing the maximum intensity over the fringes as seen in Fig. 4(b,c),159

this given that the interference fringes resulting from +1 and 0 or −1 and 0 have half of the +1160

and −1 interference frequency.161
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a) b) c)

2 cm 2 cm 2 cm

Fig 4 Captured intensity patterns: a) Intensity profile of the spherical wave captured at an equivalent distance of 305
mm from the source in the absence of RPG consistent with a Gaussian intensity envelope. b) and c) Two examples
of the intensity interferograms captured after readjusting the RPG between the source and the camera for the shears
s0 = [−44, 0]mm and s4 = [−30, 32.5]mm, respectively.

Using the spatial carrier frequency method proposed to consider fringe rotation,36 the phase162

difference ∆ϕ = ϕ+1 − ϕ−1 is reconstructed from a single captured interferogram. Here, ϕ+1 and163

ϕ−1 are the spatial phase distributions of the spherical waves of the ±1 diffraction orders. The164

results of the spatial phase shifting is shown in Fig. 5(a) for the s4 shear measurement. For the165

wave front reconstruction the phase difference has to be unwrapped. The result of the unwrapping166

process using PUMA phase unwrapping technique37 is shown in Fig. 5(b).167

2 cm 2 cm

-75

75

rad

-p

p

rad

a) b)

Fig 5 In a) an example of the phase difference reconstructed from the captured interferogram shown in Fig. 4(c) using
the spatial carrier frequency approach, while in b) the corresponding phase unwrapped calculated using PUMA phase
unwrapping technique. The yellow dashed line oval represents the region of interest where the interference pattern is
defined (outside the oval there are areas with low intensity which leads to phase errors, see Fig. 4(c)).

3.2 Wavefront reconstruction168

In this section, we describe the method to reconstruct a wavefront from its measured finite dif-169

ferences ∆ϕ, which is an ill-posed inverse problem.38 A solution for the problem was recently170
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presented and it was achieved by minimizing the following objective function34, 39
171

L(f) =
M∑

m=1

∥b(x⃗) [∆mf(x⃗)−∆mϕ(x⃗)] ∥ , (13)

in order to find a wavefront estimate f̃ which minimizes L. In Eq. (13), ∥ · · · ∥ =
∑

x⃗∈R | · · · |2 and172

R refers to the grid of the camera and M represents the number of captured interferograms. Notice,173

that b(x⃗) =
√

B(x⃗) is a weighting factor which is defined in Eq. (10) and inherently obtained from174

the spatial carrier frequency method used to determine ∆ϕ from the captured interference pattern.175

According to Eq. (13) the sum of the distance squared error (SDS-error) is minimized using M = 5176

shear measurements where the applied shears in the three shear experiments are s1 = [−42, 12.5]177

mm, s2 = [−37, 22.5] mm, s3 = [−30, 32.5] mm, s4 = [−22.5, 37] mm, and s5 = [−12.5, 42]178

mm. A gradient-based iterative approach is used in the following to find the minimum of L which179

represents the least-squares solution of the reconstruction problem.40 The approach is started with180

an initial guess f (0). At the lth iteration, the current estimate f (l) maybe written in the form181

f (l) = f (l−1) − α(l−1) · ∇L(l−1) . (14)

We use such an iterative scheme to improve the solution in the direction of the gradient ∇L with182

a scaling factor α(l−1), which is defined for each iteration.34 A mathematical formula for the183

gradient ∇L is explicitly derived in.39 The iterative scheme stops if the SDS-error exhibits no184

further improvement, i.e., no changes in the consecutively recovered wavefront. The convergence185

solution of the minimisation for the first shear experiment is shown in Fig. 6(a), where the stop186

criteria was reached after 100 iterations.
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a
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p
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Fig 6 Experimental results: a) and b) wavefront solutions of the iterative scheme for the test spherical wavefront
and the residuals after fitting the recovered wavefront using Zernike polynomial decomposition. c) Computed Zernike
coefficients of the first 10 Zernike polynomials.

187

In order to quantitatively evaluate the reconstructed wavefront, a Zernike polynomial decompo-188

sition was used.41, 42 This way, wavefront aberrations such as tilt and de-focus, could be accurately189

evaluated. In addition, the beam radius of curvature of the test spherical wave can be determined.190

The result of such an evaluation is shown in Fig. 6(b,c) for the first shear experiment. In (b) we191

show the phase residuals obtained by subtracting the recovered wavefront from the ones recon-192
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structed from the computed Zernike coefficients which are plotted in (c). From Fig. 6(b) we can193

estimate a standard deviation of σ = 0.075mm which corresponds to approximately λ/14 root194

mean square wavefront error. In addition, one can see from Fig. 6(c) that the dominant mode is195

the 5th one which corresponds to de-focus wavefront aberration, in other words, the wavefront196

exhibits only spherical aberration as is expected from the first shear experiment. The magnitude197

of the 5th mode allows us to estimate the beam radius of curvature z which can be calculated from198

z = r2/(4|L5|),42 where r is the aperture radius of the measurement. In our experiment, the values199

D = 64mm and L5 = −3.352 mm give a beam radius of curvature of 305.49 mm which agrees200

very well with the geometrical model of the proposed experimental setup presented in Fig. 3.201

Figure 7 summarizes the measurements of the distorted wavfronts reconstructed from the sec-202

ond and third shear experiments. In Fig. 7(a) a tilted spherical wavefront is reconstructed while in203

Fig. 7(b) the applied astigmatism to the spherical wavefront is shown. For a quantitative a assess-204

ment of the two wavefronts, Zernike polynomial is again used. The result of this process is shown205

in Fig. 7(c).206

Apart from this aberration, one can see from Fig. 7(c) that the 2nd and 3rd modes which rep-207

resent the tip tilt of the wave front are the dominant ones and for the case of astigmatism the 4th208

mode is most significant. These results demonstrate the possibility of measuring wavefront and209

wavefront aberrations in THz range using a simple experimental setup.
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Fig 7 Experimental results of the iteratively reconstructed distorted wavefronts: a) shows a tilted spherical wavefront,
while the applied astigmatism to the spherical wavefront is shown in b). In c) the Zernike coefficients for the first 10
Zernike polynomial are given. The graph confirms that the dominant modes are these corresponding to the tip-tilt and
astigmatism ones.

210

4 Conclusions211

We have presented a simple THz common-path wavefront sensor based on a phase grating shear212

interferometer. The setup consists of a phase Ronchi grating located between the THz source and213

the camera. The phase grating is used to generate a twin image of the test wavefront across the214

camera plane. We designed and fabricated a grating for optimal operation at 280GHz. Based on the215

geometrical parameters of the setup such as the distances between the elements, the wavelength of216

the THz radiation and the parameters (period and grooves depth) of the Ronci phase grating (RPG)217

the setup is constructed so that the RPG is used as a shear element generating overlap between218

±1 diffraction orders at the camera plane. Across the overlap zone, the interference pattern is219
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generated which is captured by the THz camera. The concept is verified by measuring a THz220

spherical wavefront from 5 shear experiments. These shear experiments where preformed varying221

the direction of the shear by rotating the RPG. Using the spatial carrier frequency method the phase222

difference was reconstructed from a single hologram. A gradient-based iterative process was used223

to recover the test spherical wavefront. We show, that the convergence of the process enables a224

wavefront reconstruction with a root mean square wavefront error of λ/14.225
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