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Focal shift effect of terahertz wide-aperture refractive lens
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Abstract: The focal shift effect of terahertz (THz) beam focusing when using a wide-aperture refractive lens has
been investigated. The deviation of focus position caused by the focal shift effect can adversely affect the imaging
or measurement quality of a THz system. In this study, reference values of relative focal shifts and combinations
of different lens apertures, focal lengths, and working frequencies were analyzed and discussed through theoreti-
cal calculation and finite element analysis simulation. When using the commercial lens, the actual focus was de-
termined based on the focal shift effect to ensure the working efficiency of a terahertz system. Concerning the cus-
tomized lens design, the focal shift distance was compensated in the focal length optimization according to the
working frequency. These two approaches guaranteed the good performance of a THz system.
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Introduction

The performance of a terahertz (THz) imaging or
spectroscopy system is closely related to the quality of the
THz beam''™".

by the sub-millimeter scale wavelength, THz wave usual-

Due to the diffractive divergence caused

ly needs reshaping whether it is generated from electrical
equipment or an optical system"*. THz wide-aperture re-

Received date: 2022- 10- 12, revised date: 2022- 12- 05

fractive lens (WARL) is a commonly used THz beam-
shaping device with the advantages of broadband applica-
bility, simple structure, high stability, and low cost.
Sub-wavelength scale focusing spot and high spatial reso-
lution THz image can be obtained using THz WARL with
a high diameter to focal length ratio"”’. Most THz systems
require an accurate focus position rather than a small
spot because the focus is where test samples are usually
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placed and determines where to image or measure. One
of the factors influencing the accuracy of the focus posi-
tion is spherical aberration. In our previous work, the ne-
cessity of eliminating spherical aberration in the THz
WARL design was discussed'®. Another crucial and fre-
quently overlooked factor is the focal shift effect, a phe-
nomenon first known in Gauss optics. When a Gaussian
beam is focused by a lens, with the beam waist in the
plane of the lens and much smaller than the lens aper-
ture, the maximum intensity is located at the waist of the
focused beam that is closer to the lens rather than the geo-
metric focus. The focal shift effect can be generalized to
uniform pupil illumination in aberration-free systems as
the incident beam waist becomes much larger than the
lens diameter”™. The focal shift effect can be explained
by the diffraction theory and is related to the Fresnel
number of a THz beam shaping device. For the same
THz WARL, the lower the working frequency, the more

severe the adverse effect of focal shift on a THz system"".

Therefore, the focal shift effect should be fully consid-
ered and compensated with the design and use of THz
WARLs. In this paper, the focal shift effect of the THz
beam focused by THz WARLs was theoretically studied.
Finally, the design and use of THz WARLs under differ-
ent research or application requirements were proposed
after the analysis of different apertures, focal lengths,
and working wavelengths.

1 Theoretical calculation of focal shift
effect

Fy : physical focus

Fq : geometrical focus

f: focal length
"""""""""""" e AF: focal shift

THz beam

THz lens

€
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The schematic of THz beam focusing and focal shift ef-

The focal shift theory was first derived from the Huy-
gens-Fresnel principle by Li and Wolf*. Fig. 1 illus-
trates the schematic of THz beam focusing and focal shift
effect. The field at any point P along the optical axis that
is far away from the diffraction aperture” is expressed
as:

ik AeXp(—ikf)ﬂ'exp(iks)

5 7 : ds . (1)

U(P)=

S
Eq. (1) can be simplified as

_ expikz) Lz a )
U[P(z)]—A . {exp( 2kaf+z) 1}, (2)

where a and f denote the semi-aperture and focal length
of THz WARL, respectively. The intensity of point P is:

2

w. \’| sin{u,/4
I1(P)= U(P)U*(P)zlo(l - 277"]\[) LE/‘: ) ,(3a)
ka’z z
wy = 77Nf7+z , (3b)

2
where [, = (7Ta2| AJ/)\fz) indicates the intensity of geo-
metrical focus, and N = a’/Af represents the Fresnel
number.

Fig. 2(a) exhibits the intensity distributions along
the optical axis given by Eq. (3). The z = 0 on the hori-
zontal axis is the position of geometrical focus, and the
intensity is set to unity. As /N decreases, the peak inten-
sity increases, and the focus position moves towards the
negative direction of the optical axis where the lens is lo-
cated. Fig. 2 (b) demonstrates the relative focal shift
(Af/f) and relative peak intensity (I/I ) with N. As N
increases, Af/f increases to zero, and I/l approaches
unity. Af/fis -1%, -10%, and -40% when N = 11, N =
3, and N = 1, respectively. The values of the focal shift
are all negative, reflecting that the focus always moves to-
ward the lens.

In the simplification of Eq. (2), the conditions of

2
a> A and (a/f) < 1 are used to neglect the high-order

terms of the expansion. Regarding a THz WARL, the
above two inequations cannot be satisfied in many cases.
As the focal length decreases, the center thickness of the
lens increases, and the thin lens approximation no longer
holds. All of these factors may induce deviations be-
tween practical and theoretical focal shift values.

2 Simulation of focal shift effect of THz
WARL

Electromagnetic simulation based on finite element
analysis (FEA) was performed to analyze the intensity
distribution of THz beam focusing, so as to explore the fo-
cal shift effect of THz WARLs. Considering broadband
THz research and applications, the focusing characteris-
tics of the same THz WARL at different working frequen-
cies were first studied. The incident wave was chosen to
be a Gaussian plane wave. The boundary was set to be an
absorbing condition to simulate the actual infinite space.
The specific methods for THz WARL design and optimi-
zation were analyzed in our previous work . The refrac-
tive index of THz WARL material was set to 1.41, and
the absorption factor was set to 0 since the weak absorp-
tion characteristic of polymer material was below 1 THz.
The aperture and focal length of the selected THz WARL
were both 20 mm, and the working frequencies were 0. 1-
0.6 THz with an interval of 0.1 THz. The collimated
THz beam passed through the plano surface and then was
refracted and focused by the aspherical convex surface,
as illustrated in Fig. 1. Theoretically, the plano-convex
surfaces can eliminate spherical aberration. Figures 3
(a) to 3(c) present the amplitude distributions obtained
by FEA simulations at working frequencies of 0. 1, 0.3,
and 0. 5 THz, respectively. In Fig. 3(a), the white sol-
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Fig. 2 Theoretical calculations of focal shift effect (a) intensity distributions along the optical axis at different Fresnel numbers, (b)

relative focal shift and peak intensity with Fresnel number
2

id line and dashed line indicate the positions of the physi-
cal focal plane and geometrical focal plane, respective-
ly. Fig. 3 (d) depicts the intensity distributions along
the optical axis. The peak of each curve represents the fo-
cus and is marked by a solid circle. Fig. 3 (e) exhibits
Af/f and I/I | with the working frequency and N. Af/f is
-11. 1% at 0.2 THz and -1. 4% at 0.5 THz. These fig-
ures verify that the focal shift effect is weaker at higher
working frequencies. The differences between the simula-
tion and calculation results in Fig. 3 (e) are reasonable
since the fixed lens thick and does not meet

2
(a/f) < 1 and partly meets a > A.

is

Similarly, FEA simulations were conducted using
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different apertures (2a) , focal lengths (f), and working
frequencies (v) , with N values ranging from 2 to 32.
The results are rendered in Fig. 4, which are consistent
with the theoretical calculation. The error was derived
from two aspects: the neglect of high-order terms in the
derivation of the theoretical equation; the invalidation of
thin lens approximation. Nevertheless, the theoretical
curve can still provide a good reference for the design

and use of a THz WARL.

3 Minimize focal shift effect in design
and use

According to the FEA simulations, the focus posi-
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Fig. 3 Focal shift analysis of the THz WARL with a 20 mm aperture and focal length (a) to (¢) FEA simulations at 0. 1, 0.3, and 0. 5
THz, respectively, (d) intensity distributions along the optical axis, (e) relative focal shift and peak intensity with working frequency

and Fresnel number
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Fig. 4 FEA simulation results obtained using different lens aper-
tures, focal lengths, and working frequencies
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tion of a THz WARL is closer to the theoretical position
when N is large. With respect to a customized THz
WARL, the aperture and focal length can be freely de-
signed following the working frequency and desired N val-
ue. Although N is relatively small, the focal shift can be
compensated by optimizing the surface parameters. For
example, the THz WARL with a 20 mm aperture and the
focal length was discussed in section 3. When the work-
ing frequency is 0. 1 THz, the THz WARL has an N of
1. 67 and Af/f of -23. 4%, and the physical focal length

is calculated to be 15.32 mm. If the physical focal
length is set to 20 mm, the geometrical focal length is
calculated to be 28. 75 mm. When the working frequen-
cy is 0.1 THz, the physical focal length is 14.7 mm,
and the focal shift value is 5. 3 mm (Af/f= -26.5%) , as
demonstrated in Fig. 5(a). Fig. 5(b) renders the simu-
lation with focal shift compensation. The central thick-
ness of the THz WARL remained the same, and the cur-
vature of the convex surface was modified based on the
theoretical calculation in Fig. 2(b). The optimized phys-
ical focal length is 19. 0 mm, and the focal shift value is

1.0 mm (Af/f= -5.0%) , which is an improvement of
more than 20%.

However, the choice of aperture and focal length is
relatively limited for commercial THz WARLs. The com-
mercial THz WARLSs with plano-convex surfaces of three
companies were investigated. The parameters and analy-
ses of some commercial lenses are listed in Table 1. The
focal length is greater than the aperture in most cases.
Particularly, the real lens aperture should be smaller
than the lens diameter since the THz WARL needs to be
clamped when in use. Additionally, 90% of the diameter
is taken as the aperture (2a) in the last column of Ta-
ble 1.

Fig. 6 presents the focal shift (Af/f) in relation to

lens parameters (a’/f) and working frequency. The area

corresponding to the situation where commercial THz
WARLs could be used is marked with a light-yellow
background. With the curve of Af/f = 1% as an exam-

Electric field |E| / arb. unit

Fig. 5 FEA simulations at 0. 1 THz of the THz WARL with a
20 mm aperture and focal length, (a) without and (b) with focal
shift compensation
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Table 1 Commercial THz WARLs with plano—convex
surfaces

®1 HEFFOREARHAXHZ WARL

Diameter Focal length N
Brand Surface type a’/f (mm)
(mm) (mm)
25.4 10-67 1.9-13.0
Aspherical
50.8 35-100 5.2-14.9
Batop
25.4 100-150 0.9-1.3
Spherical
50. 8 200-250 2.1-2.6
50. 8 75-500 1.0-7.0
Thorlabs Spherical 76.2 115-150 7.8-10.2
101.6 151.5-200  10.5-13.8
25.4 50-250 0.5-2.6
50. 8 75-2000 0.3-7.0
Tydex Spherical
76.2 100-450 2.6-11.8
101.6 200-5 000 0.4-10.5

ple, any combination of the a’/f and working frequency
above this curve satisfies Af/f < 1%. Considering that

the convex surface of most lenses in Table 1 is spherical ,
the actual shift of focus position is larger due to spherical
aberration. The spherical aberration causes the focal
plane to form a diffuse spot, which is also approximated
by a shift in the focus position. Thus, the actual focus
position should be determined according to the focal shift
distance and spherical aberration when using commercial
THz WARLSs to weaken the adverse effect of focal shift,
such as reducing the accuracy of imaging or measure-
ment. Regarding customized THz WARLs, the focal
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length should be increased following the working frequen-
cy in the design to compensate for the focal shift effect, if
a specific aperture and focus position are required.

Frequency / THz

Fig. 6 Focal shift (Af/f) in relation to lens parameters (a’/f)

and working frequency, the area corresponding to the situation
where commercial THz WARLs could be used is marked with a
light-yellow background
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4 Conclusions

In conclusion, the focal shift effect of THz beam fo-
cusing when using THz WARLs was studied. As re-
vealed by the calculation of the theoretical expression,
the actual focus position always shifted towards the lens
direction. The relative focal shift is inversely proportion-
al to the Fresnel number of a THz WARL. FEA simula-
tions of different lens apertures, focal lengths, and work-
ing frequencies were conducted. The focal shift values
were consistent with the theoretical calculation. The in-

accurate focus position will impact the working efficiency
of the components of a THz system, leading to curtailed
imaging or measurement quality. Hence, the focal shift
effect should be minimized in the practical use of THz
WARLSs. Concerning commercial THz WARLSs, especial-
ly the configurations of focal length greater than the aper-
ture, the actual focus position should be determined un-
der the focal shift effect. For customized THz WARLs, if
there are specific requirements for the lens size and work-
ing frequency, the focal shift distance can be offset by in-
creasing the theoretical focal length in the design. These
two approaches can guarantee the good performance of a
THz system, such as the high spatial resolution of a THz
image and large dynamic range of the THz spectrum.
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