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ABSTRACT   

We present a passive, fully-staring THz imaging system for security screening purposes. The camera is equipped with a 
multi-kilo-pixel detector array of kinetic inductance bolometers, cryogenics operating above 5 K, and a multiplexed low-
noise electronics to readout the whole detector array. After briefly describing the system, we concentrate on the optical 
system of the instrument.  We discuss the trade-offs related to the optics and justify the adopted lens material and design. 
Furthermore, we show measurement results characterizing the related optical performance. 

Keywords: THz imaging system, optics, double-Gauss lens 
 

1. INTRODUCTION  
To date, imaging systems intended for security screening purposes are based on up to about 200 detector elements. This 
inevitably leads to system-level trade-off compromises related to the field of view (FOV), spatial resolution, and 
radiometric contrast. Ideally, the best radiometric contrast is obtained in a staring imager, in which one detector is used to 
form one image pixel. This is in contrast to an optomechanically scanned system, in which the RMS signal-to-noise ratio 
is degraded at least by a factor of Neff

1/2, with Neff being the number of image pixels recorded with a single detector.  

Recent work at VTT has concentrated on developing instrumentation around the detector technology of kinetic inductance 
bolometers (KIBs). This is advantageous as it enables the use of large detector arrays, and hence fully-staring imaging 
systems, and the operation with multiplexed readout electronics in the intermediate temperature range of about 6 K. The 
basic operating principle of a KIB is to sense the variations of the temperature-dependent kinetic inductance in niobium 
nitride strips. The temperature change is caused by the THz-power dissipation in a resistive absorber, which is collocated 
with the kinetic inductance thermometer in a nanomembrane. In analogy to other types of kinetic inductance sensors and 
detectors,1,2,3 the approach enables radio frequency multiplexing by resonance tuning of each kinetic inductance sensing 
element that are addressed by individual readout tones. 

We have previously introduced the basic concepts of the KIBs4 and illustrated their integration into large detector arrays.5 
We have also introduced a novel multiplexing readout scheme and its realization for KIBs.6 Very recently, we reported on 
a full imaging system and showed video image from practical concealed object experiments with a field-of-view of 0.66 
× 0.86 m2.7 To our knowledge, this is the first staring system aimed for security screening applications. In this paper, we 
review the basic functionalities of the “LASTKID” imaging system after which we focus on describing the optical system 
of the instrument in detail. 

2. SYSTEM OVERVIEW 
A photograph of the LASTKID imaging system is shown in Fig. 1 and it is described thoroughly in7. The imager contains 
a detector plane enclosed in the cryogenic vacuum system cooled down to the operating temperature, which by design is 
about 6 K. This is achieved by a closed-cycle Gifford-McMahon type cryocooler. The optical access to the cryostat is 
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defined by the radiation shield optical feedthroughs with approximate dimensions of the focal plane, i.e., 100 mm × 200 
mm. The required infrared rejection is achieved with a combination of thermal filters, similar to those reported in 8, and 
polymer filters manufactured from Zitex9. The optics consists of a mirror and a lens assembly. Analog and digital 
electronics is integrated next to the electrical vacuum feedthroughs of the cryostat. The main specifications include the 
FOV of 2 × 1 m2 suitable for imaging human sized subjects at an imaging distance of 2.5 m. The imager is designed for 
the band of 0.2-1 THz. The main dimensions of the system are the total height of about 130 cm and the floor footprint 
requirement corresponding to the diameter of 65 cm. 

 

 
Fig. 1. A photograph of the LASTKID imaging system. 

2.1 Detector array and readout 

An optical photograph of a single kinetic inductance bolometer4 is shown in Fig. 2(a). The detector is located on a SiN 
membrane, thermally isolated from the silicon substrate, which is accomplished with narrow legs determining the effective 
thermal conductance G of the detector. Detector noise is dominated by the band-limited phonon noise  NEP = √4𝑘B𝑇2𝐺 =
3 … 15 fW/Hz1/2 with 𝑓c = 𝐺/(2𝜋𝑐) being the cut-off frequency. Here, the membrane structure is optimized to have low 
thermal capacitance c and is released from the backside of the silicon substrate with a through-wafer deep reactive ion 
etching (DRIE) process. The on-membrane components include resistive grid absorbing the THz radiation and NbN 
meander serving as the kinetic inductance thermometer.  

 
Fig. 2. (a) An optical photograph showing the two main components of a single KIB (the resistive absorber in green and 

kinetic inductance thermometer in blue) together with (b) an FPA of size 100 mm × 200 mm. 
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The focal plane array (FPA) shown in Fig. 2(b) is divided into three tiles, each tile fabricated on a single 150 mm wafer. 
The nominal pixel count of each tile is 2904, leading to 8712 detectors in total for the whole FPA. Detectors have been 
organized in 66 channels with N = 132 detectors per channel. The readout has been implemented with so-called Sequentally 
Addressed Frequency Excitation (SAFE) concept6 that combines features from both time-division multiplexing (TDM) 
and frequency-division multiplexing (FDM) schemes. Each detector exhibits its own resonance frequency in the channel. 
Fig. 3(a) illustrates two transmission spectra for one such channel measured at different temperatures.  

Fig. 3(b) shows the conceptual illustration of SAFE. The excitation signal vext with characteristic frequency is applied 
sequentially to the channel, addressing each detector resonance frequency for a time period of τS. As driven through the 
KIB array, the excitation tones are modulated by the detector impedance corresponding to the detected THz power. After 
amplification, the detector signal is reproduced by mixing the modulated tone with an unmodulated one fed to the LO port. 
As a result, time-multiplexed detector signals vout are ready to be analog-to-digital (A/D) converted for post-processing. 
The advantage of SAFE is that the high-speed digital electronics is only needed for the generation of sinusoidal excitation 
signals and not for the readout part, reducing the total costs of the electronics significantly. Furthermore, by requiring (i) 
a detector with high responsivity so that band-limited phonon noise dominates over other noise sources and (ii) a frame 
rate fF = 1/τF at least twice fc, the multiplexing penalty is minimized as compared to the worst-case multiplexing penalty, 
in which the RMS degradation of SNR is proportional to N1/2. 

 

 
Fig. 3. (a) Transmission spectra measured for one channel containing 132 detector elements. The kinetic inductance 

increases with temperature, resulting in the decrease of all resonance frequencies. (b)  A schematic illustration of the 
SAFE concept. 

 

2.2 Optics 

Imaging human-sized objects at close range sets particular challenges for the optical system. The imaging optics should 
have wide field of view that matches with the short imaging distance and detector size. Also high throughput and high 
resolution, both requiring small f-number, are preferred. Furthermore, the compact size of the optics is beneficial. Although 
suffering from rather high transmission losses, these requirements are best met with a lens-based optical arrangement 
where lenses are made out of low-loss polymer. When compared to silicon lens based optical configuration, the polymer 
lenses are cheaper to manufacture and, due to their lower index of refraction, suffer less from reflection losses. When 
compared to reflector-based solutions, lens-based objective will allow much smaller form factor where all lenses are 
stacked in one mechanical assembly.    

The optics has intrinsic trade-offs such as FOV, imaging distance s, depth of field (DOF) and maximum spatial resolution 
Δx as limited by the diffraction. In addition, it provides an input to the requirement of system scaling by determining focal 
plane area and the number of detectors, which in turn determine the requirements of cryogenics and electronics.  

The basic parameters characterizing the optics are the magnification M and the f-number F. The full width at half maximum 
(FWHM) value of an Airy disk is 
 

𝛥𝑥 = 1.028𝑀𝜆𝐹 
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in the object plane, where 𝜆 is the wavelength of the radiation. Assuming a fully sampled system with a detector spacing 
𝑝 = 𝛥𝑥/2, the number of detectors is given by  
 

𝑁tot = 4
FOV

(𝛥𝑥)2
 

 
while the focal plane area is simply 
 

𝐴 = FOV/𝑀2. 
 
The depth of field on the other hand can be expressed as  
 

DOF =
2𝐹𝑢𝑠2𝑓2

𝑓4−𝐹2𝑢2𝑠2, 
 
where f is the focal length and u is the circle of confusion. Panels (a) and (b) in Fig. 4 illustrate the main optics related 
trade-offs for the system whereas panels (c) and (d) show how quantities related to system scaling depend on the optics 
parameters.  

 
Fig. 4. (a) A depth of field, (b) spatial resolution, (c) focal plane dimension and number of pixels presented as a function of 

optics parameters. Here, an imaging distance s = 2.5 m, wavelength λ = 500 µm and FOV = 2 m2 were assumed in 
computation.  

For the LASTKID, these problems were tackled with a double-Gauss type lens assembly. Fig. 5(a) shows the main 
dimensions of the optical system and ray tracing from the object to image plane located at FPA. The FOV is limited by the 
optics and it has the diameter of 2 m. The focal plane diameter is 0.2 m, leading to a magnification M = 10. The f-number 
is 2.2 and the imaging distance is set to 2.55 m. The ray tracing illustrates how optical path is tilted by 90 degrees with a 
planar mirror, enabling a small footprint of the instrument. Also the cryostat can be installed in vertical position, which 
maximizes its cooling power. 
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Fig. 5. (a) The optical system. (b) The realization of the lens assembly together with (c) a mechanical design sketch. The 

diameter of the lenses is about 120 mm. The surface quality with a typical deviation of <10 μm from nominal was 
found in manufacturing, corresponding to the acceptable tolerances as derived from simulations. 

Transmission 
The lens assembly contains four spherical and aspherical lenses visible in Fig. 5(c) in the form of a 3D image, while Fig. 
5(b) shows the manufactured lens system mounted to its frame. Thicknesses of all the lenses were minimized to reduce the 
transmission losses, a technical challenge one faces with plastic materials in the THz regime. We characterized different 
materials for the purpose with EMCORE PB7100 frequency domain spectrometer and chose TPX for the lens material. 
Fig. 6(a) shows its transmission spectrum measured for a 3-cm-thick sample with flat surfaces. This allows us also to 
compute the efficiency of the whole lens system (thickness 34 mm) and the optical window (thickness 14 mm) of the 
cryostat shown in Fig. 6(b). Here 10 reflections between the air-TPX interfaces were taken into account, yielding a factor 
of 0.7 in the efficiency (visible at 200 GHz) caused by the total reflection losses. 

 
Fig. 6. (a) Transmission spectrum of TPX plastic measured for a sample with a thickness of 3 cm. Using the quadratic fit of 

(a), (b) the efficiency of the whole lens assembly and cryostat window was determined. 

Point spread functions 
In order to validate the designed lens system, the point spread functions across the FOV were measured in the MilliLab 
facility of Aalto University without the mirror in place. The setup consisted of a transceiver pair with Pickett-Potter horn 
antennas for free-space coupling, and a network analyzer with sub-mm extenders for readout. The measurements were 
performed at the frequency of 500 GHz. The transmitter was set at a position on the focal plane, and the receiver was at a 
position on the object plane. The distance from the lens assembly to the object plane was set to correspond the length of 
the optical path in accordance to the design, and the distance from the focal plane to the lens assembly was set by 
maximizing the signal and minimizing the spot width at the center of the field of view. This mimicked the procedure 
expected to be applied with the final imaging system. To scan the imaging area, the lens assembly was manually moved 
in x-direction to emulate the measurement of various spots on the focal plane. The receiver, moved in x-y direction with 
an automated mechanical setup, was first coarsely set to the corresponding point on the object plane after which the spatial 
amplitude profile of the spot was obtained by scanning the area around the maximum. The resulting point spread functions 
are illustrated in Fig. 7.  
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Fig. 7. (a) Locations of nine different point spread functions across the FOV. (b) The contour plots represent relative 

amplitudes referred to the coordinates on the object plane. The dimensions are in millimeters 

It is to be noted that the measurement results are to an extent impacted by the fact that the beam patterns of the Pickett-
Potter horn antennas were different (narrower) in comparison to those of the absorber-coupled kinetic inductance 
bolometers (KIBs). The response of the KIB detectors is highly angularly independent within the angular distribution of 
the incident radiation in the final imaging system whereas the Pickett-Potter horn antennas have substantially narrower 
beam widths of about +-4.8 degrees in FWHM.  

In order to have comparable results to the measured values, a system mimicking the measurement set-up was set in the 
optical simulator.10 In the simulator, the detector antenna and transmitter locations were fixed to the values of the 
measurement set-up, after which the distance to transmitter antenna was optimized for smallest spot size for the center 
field. This optimization can be justified as the zero plane location of the antenna was unknown and the real distance can 
be different from the measured value. An angularly dependent horn antenna was modelled using an angular filter in front 
of the antennas. In order to have comparable figures to the measurement plots (Fig. 7), normalized Huygens PSF plots 
with similar spatial scales were used (Fig. 8). For the tabulated PSF values in Table 1, larger sampling was used and the 
PSF values were read manually from normalized PSF maxima in both x- and y-cross sections.  

 
Fig. 8. Simulated normalized PSF spots from three different locations. The locations match with the A(0,0), E(843,0) and 

I(0,-397) locations of Figure 7. The PSF image centers are located at the PSF centroids.    

The PSF results are summarized in Table 1: the five leftmost columns represent the measured PSF centroids and FWHMs 
(Fig. 7) and the following two columns represent the simulated PSF FWHMs. It is seen that the measured PSF data agrees 
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well with the simulated data. Hence, it can be concluded that the lens assembly essentially works as designed. These values 
are also in line with the measurements performed with the final imaging system.7 System magnification was calculated 
based on the known field positions and PSF centroid positions given in the Table 1. After the system was in focus, the 
simulated magnification was 9.9. 

Table 1.  PSF centroid locations together with measured and simulated FWHM values. 

 Measured Simulated 

Index PSF X 
centr. 
[mm] 

PSF Y 
centr. 
[mm] 

PSF X 
FWHM 
[mm] 

PSF Y 
FWHM 
[mm] 

PSF X 
FWHM 
[mm] 

PSF Y 
FWHM 

[mm] 
A 0 0 17.1 16.2 17.1 17.2 

B 405 0 18.4 17.1 18.2 17.4 

C 700 0 20.4 17.5 22.0 17.1 

D 801 -1 23.8 17.0 25.7 17.1 

E 853 0 24.0 17.1 27.9 17.5 

F 899 0 N/A 16.5 29.9 17.8 

G -395 0 18.4 17.6 18.1 17.5 

H 4 -393 17.6 18.2 17.4 18.0 

I 4 397 17.6 18.7 17.4 18.2 

3. DISCUSSION 
We have provided an overview on the system and the building blocks of a staring imager for the frequency band of 200 
GHz ─ 1 THz. In particular, we have described the modified optical design of the double-Gauss lens assembly enabling 
imaging with wide FOV of 2 × 1 m2 and a small imaging distance of 2.5 m. The measurement results show only moderate 
transmission losses in the lens material, thus allowing the high sensitivity of the instrument. Furthermore, optical resolution 
of around 17 mm was measured in the centre of an FPA whereas asymmetrical beam shapes were measured at the edge of 
the FPA. These findings are in good agreement with the simulations and the results presented previously.7 The optical 
system is currently in use in the LASTKID imaging prototype. 
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