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Abstract: We present a variable focus lens for the THz range. The focal
length can be changed by pumping a medical white oil in and out of the lens
body. Due to the optical transparency of the liquid and a similar refractive
index in the visible frequency range, the THz beam path can be aligned
using conventional optical light sources. This type of lens might find
applications in terahertz based quality control, stand-off detection and
wireless communication systems.
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1. Introduction
During the last two decades terahertz technology has developed at a rapid pace [1,2].
Simultaneously, a large variety of potential applications for THz systems have been explored.
These applications range from the stand-off detection of passengers and close-by-inspection of
luggage and mail [3,4] over the monitoring of industrial production processes [5–9] to THz
communications [10,11]. A mature THz technology, however, does not only require THz
emitters and detectors but also passive components which can be used to guide or manipulate
THz waves. The latter include frequency selective filters and reflectors [12–16] waveguides
[17–20], fibers [21–24] and splitters [25] as well as modulators [26–29] and finally - as THz
waves can be considered as long-waved light – also lenses. THz lenses are mostly made from
polyethylene or Teflon and have therefore a fixed focal length. They are widely used in THz
spectrometers [3,7], THz communication systems [10,11] and millimeter and submillimeter
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wave imaging systems e.g. for stand-off detection [30]. There are also optically transparent
THz lens materials like Picarin [31], Zeonex [32] or Topas which allow for an optical
alignment of the THz beam path. An alternative approach is based on a metamaterial that
forms a gradient index (GRIN) lens [33]. However, all of these are all solid materials so that
the focal length cannot be changed during operation. In contrast to that, variable-focus lenses
are known from the optical regime [34–36]. Here, we adapt the lens design for the use in
quasi-optical components.
In this paper we present a variable-focus lens for the use at THz frequencies. The lens is
filled with medical white oil, which is transparent at both, THz and visible frequencies. Due to
a similar refractive index in both frequency ranges, such devices can be aligned using visible
light.
2. Lens design
The variable-focus THz lens (VTL) consists of two polyethylene foils with a thickness of 0.15
mm. Figure 1 shows a schematic of the VTL and illustrates its operating principle. Two elastic
polymer foils were clamped together with a ring shaped holder (rs = 50 mm). The top of the
holder has an opening which leaves room for a tube through which liquid can be pressed in
between the two polymer layers. An increase in the liquid volume leads to an increase of the
curvature of the lens surface and, hence, to a reduction in the focal length of the lens.

Fig. 1. Principle of the liquid filled variable focus lens. Side view of the lens for a higher and a
lower filling level (solid and dashed lines) corresponding to a shorter and longer focal lengths f1
and f2, respectively.

If we assume that the lens surface has a spherical curvature then the radius of the sphere is:

rL 

rS2  h 2
.
2h

(1)

In this formula rs is the inner radius of the circular holder and h is the height of the spherical
cap (refer to Fig. 1). The volume of one of the two caps VC of the biconvex lens is
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VC 

h
6

(3rS2  h 2 ).

(2)

With the well-known lens formula for the biconvex lens the volume can be associated with a
focal length f(V)

1
2
 (nL  1)
.
f (V )
rL (VC )

(3)

In this formula nL is the refractive index of the liquid, V is the volume of the lens (V = 2VC)
and rL the radius of the two caps of the biconvex lens. The radius depends on the cap volume
according to Eq. (1) and Eq. (2).
For liquid-based lenses in the optical regime often polar liquids like water [37], glycerin
[38] or ethanol [39] are employed. For their high absorption polar liquids cannot be used as
lens materials in the THz frequency range. In our experiments we use a non polar liquid, a
medical white oil (Shell Ondina 933) to fill the lens. This oil is a highly refined, nonstabilized, aromatic-free naphthenic white mineral oil, which offers a pharmaceutical purity
grade. It is close to ideal for its very low THz absorption. The absorption coefficient is only
3.2cm1 at 2 THz. At low THz frequencies its refractive index is nearly frequency independent
with an average value of n = 1.493. Figure 2 shows the absorption coefficient (red line) and
the refractive index (black line) of the oil between 0.2 and 2 THz obtained with THz timedomain spectroscopy. The foil is made of a polyethylene batch. Due to the low thickness of
the foil and the accessible bandwidth of our THz-TDS system [40], we measured the
refractive index of the foil with an accuracy of +/0.02 to be n = 1.51. This value matches the
data from literature very well: bulk materials consisting of low-density polyethylene (LDPE)
or linear low density polyethylene (LLDPE) have a refractive index of n = 1.513 [41] or n =
1.519 [42], respectively. The refractive index of the oil (n = 1.493) and the refractive index of
the polymer foil (n = 1.51) is nearly the same. Therefore, Fabry-Pérot effects arising from the
oil-polymer interface are negligible. The refractive index of the oil at visible frequencies is
1.48, while the Saybolt color number is + 30. Therefore, the THz beam path can be aligned by
using optical light sources.

Fig. 2. Spectroscopic data of the medical white oil employed as the liquid for the lens body.

3. Results and discussion
The VTL is characterized using a fiber-coupled THz spectrometer [7] (cf. Figure 3). A lens
(L1, f = 130 mm) made from high density polyethylene which is positioned after the fibercoupled emitter antenna [43] produces a collimated THz beam with a diameter (FWHM) of 25
mm. This diameter is determined by scanning a razor blade across the THz beam. The
collimated beam is then focused by the VTL onto the detector antenna. This antenna is
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mounted onto a computer controlled movable stage. The profile of the focused THz beam is
determined by raster scanning of the fiber-coupled receiver antenna in the x-y-plane and the xz-plane (for axis definition cf. Figure 3). To obtain a defined “point detector” we place a small
aperture of 1 mm diameter directly in front of the silicon lens of the receiver antenna. The
focal plane is found via optimization of the THz amplitude by aligning the position of the
VTL relative to the detector in the collimated beam (see double arrow in Fig. 3). The static
lens L1, and the emitter antenna remain in a fixed position. The receiver antenna does move in
x-z- and in x-y-direction when imaging the focus.

Fig. 3. Setup for scanning the profile of the THz beam after the VTL.

First, we investigate a lens with a filling volume of 155 ml corresponding to a focal length
of 73 mm. To visualize the focusing properties of the lens a raster scan in the x-z plane is
performed. The z-direction is the propagation direction of the THz pulse. The VTL is placed
at a distance of 117 mm from the detector antenna, corresponding to z = 0 mm in Fig. 4(a).
Moving the detector in positive z direction towards the VTL leads to a temporal shift of the
pulse in the time domain which is compensated by the fiber coupled delay line. Figure 4(a)
depicts the beam profile within a scanning range of more than 30 mm times 50 mm. We plot
the intensity I   a dt of the THz time signal. In this formula a is the amplitude of the time
2

signal which is integrated over the measured time slot in the time domain. At z = 44 mm in
Fig. 4(a) (corresponding to a distance of 73 mm (i.e. the focal length) between detector and
lens) a minimum diameter in x-direction is observed. Figure 4(b) shows the normalized
intensity at this position. Depicted are the measured data points (dots) and a Gaussian fit (solid
line) plotted over the position in the x-direction. From this graph, we obtain a minimum beam
diameter (FWHM) of 2.9 mm.
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Fig. 4. (a) Beam profile in the focus region for a VTL with a focal length of 73 mm (b)
Gaussian fit for the intensity along the x-axis of the THz beam at z = 44 mm.

Secondly, we compare the focusing properties of this lens (f = 73 mm, V = 155 ml) with a
lens having a focal length of f = 143 mm, corresponding to a volume of V = 80 ml. Figure 5
shows the beam profiles for the longer and the shorter focal length on the left and on the right
side, respectively. Figure 5(a) and 5(b) depicts the measured intensities at the corresponding
focal planes in x- and y-direction. As expected the smaller focal length leads to a tighter focal
spot. For both filling levels we obtain nearly round focal spots. Figure 5(c) and 5(d) displays
the intensities along a line in x- (red) and y-directions (black). Again the measured data points
(dots) are plotted together with the Gaussian fits (solid line). The curves for x- and y-direction
coincide in both plots. The FWHM values can be read from the graph to be 4.6 mm (f = 143
mm) and 2.9 mm (f = 73 mm), respectively.
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Fig. 5. (a) and (b) beam profiles for focal lengths of 143 mm and 73 mm, respectively; (c) and
(d) Gaussian fits for the measured intensities along the x- and y-axis for both focal lengths.

Finally, we investigate the focal length as a function of the lens volume by multiple
measurements for different filling level. The results are summarized in Fig. 6. Here, the focal
length is plotted over the lens volume. Every dot corresponds to a single measurement. The
theoretically expected curve according to Eqs. (1)-(3) is plotted for comparison as a solid line.
We observe only slight deviations between experiment and theory. We note, some scattering
of the measured results, which may arise from the dead volume in the inlet tube of the lens.
Besides that, the elasticity of the foils decreases if the filling level exceeds a certain limit.
Once the foil is overstretched the spherical shape of the lens body is not perfectly
reproducible. For filling levels less than 60 ml we observe aberrations in the beam profile. In
this case the pressure in the lens is not high enough and due to gravity the lens body deviates
from the spherical shape. For filling levels above 200 ml the pressure rises to a critical level,
which might cause these particular foils to rupture. Therefore, we do not investigate higher
filling levels. Nonetheless the focal length of the lens can be adjusted between 50 and 240
mm.
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Fig. 6. Focal length of the lens for different filling levels, i.e. lens volumes. The dots represent
experimental data while the solid line is the result of a calculation according to Eqs. (1) to (3).

4. Conclusion
We have experimentally demonstrated a variable-focus lens at THz frequencies. The focal
length of the lens can be tuned between 50 and 240 mm. The tuning range can be further
extended by the use of different, more flexible polymer foils which provide an increased
elasticity. The device has a compact structure and is easy to fabricate. THz lenses with a
variable focus could have great potential for imaging applications where a refocusing becomes
necessary, for example for stand-off detection of moving targets. Furthermore, they could be
used in terahertz communications systems when emitter or receiver (or both) move in space.
In this case a refocusing of the transmitted beam will prove necessary to compensate for a
different path length.
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