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ABSTRACT   

We give an overview of the baseline detector system for SAFARI, the prime focal-plane instrument on board the 
proposed space infrared observatory, SPICA.  SAFARI's detectors are based on superconducting Transition Edge 
Sensors (TES) to provide the extreme sensitivity (dark NEP≤2×10-19 W/√Hz) needed to take advantage of SPICA's cold 
(<8 K) telescope. In order to read out the total of ~3500 detectors we use frequency domain multiplexing (FDM) with 
baseband feedback.  In each multiplexing channel, a two-stage SQUID preamplifier reads out 160 detectors.  We 
describe the detector system and discuss some of the considerations that informed its design. 

Keywords: SAFARI, SPICA Transition Edge Sensor, Far-Infrared Spectrometer, Infrared Space Observatory, 
Frequency Domain Multiplexing, Far-Infrared Bolometer Array, Focal-Plane Array 
 

1. INTRODUCTION 
The infrared satellite observatory SPICA[1] has been selected as one of three candidate missions for the European Space 
Agency's M5 program. SPICA's telescope will use a large (2.5-m diameter) primary mirror cooled to ≤8 K to enable high 
spectral-resolution, sky-background limited observations of the cold dusty Universe in the mid- and far-infrared.  
SPICA's complement of focal-plane instruments comprises a mid-infrared spectrometer/camera (SMI), a polarimetric 
camera (POL), and a far-infrared spectrometer (SAFARI). These three instruments will combine to give SPICA a total 
spectral range of λ=12—230 µm. The mission promises to revolutionize our knowledge of the origin and evolution of 
galaxies, stars and planetary systems[2],[3],[4],[5],[6],[7]. The SAFARI instrument was originally conceived as a far-infrared 
imaging Fourier transform spectrometer (FTS) for the SPICA satellite[8],[9],[10]. Since then, the design has evolved through 
detailed studies and has been optimized for ultra-sensitive point-source spectroscopy while retaining some mapping 
capability[11].  SAFARI now uses diffraction gratings to provide a default spectral resolution of ~300 and an in-line 
Martin-Puplett FTS[12] for a high spectral-resolution mode with a resolution varying with wavelength from ~1500 at 
230 µm to ~11000 at 34 µm. SAFARI will cover the spectral range λ=34—230 µm simultaneously with four grating 
modules, each containing a diffraction grating and a 3×294-element detector array to sample the dispersed spectrum.  
The four detector arrays will contain a total of ~3500 Transition Edge Sensor[13] (TES) bolometers using 
superconducting bilayers on thin, thermally isolated silicon nitride islands[14],[15],[16].  The bolometers sit behind few-
moded feedhorns and in front of reflecting backshorts[17]; incoming radiation is absorbed by a resistive film. 
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SAFARI will allow the studies of the dynamics and chemistry of a wide range of objects, including galaxies out to 
redshifts of z≈5—6. To take advantage of SPICA’s low-background cold mirror, SAFARI’s detectors must achieve a 
dark noise equivalent power (NEP)  of 2×10-19 W/√Hz.  To achieve the reduction in thermal noise to reach this 
sensitivity, the TES detectors have a transition temperature, Tc, of about 100 mK and are operated with a bath 
temperature of 50 mK.  The dispersion of the grating reduces the optical power, and hence the photon noise on each 
detector.  Detectors with an NEP of 2×10-19 W/√Hz lead to a line sensitivity in the low-resolution (R=300) mode of 
~5×10-20 W/m2 for a 5σ detection in a 1-hour observation[1].  The instrument is detector-noise limited, so any future 
improvement in detector NEP could improve SAFARI's sensitivity even further. 

 

2. THE SAFARI INSTRUMENT 
2.1 Overview  

The SAFARI instrument comprises four grating modules, each providing the dispersion for the default, R=300 mode.  
The four grating modules cover the following wavelength ranges: SW: 34–56 μm, MW: 54–89 μm, LW=87–143 μm, 
and VLW: 140–230 μm.  A Martin-Puplett interferometer will be used inline to provide a high resolution mode.  A two-
dimensional beam steering mirror (BSM) in an Offner relay is used to direct radiation from the sky or from an internal 
calibration source either directly to the low-resolution grating spectrometer or via the Martin-Puplett interferometer.  The 
BSM is also used for source/background chopping and for implementing small-area (<2') mapping observations. The 
optical design is described in detail elsewhere[18]. 

2.2 Grating Modules 

The grating module is enclosed in a light-tight box with an entrance aperture that is designed to illuminate the grating.  A  
detailed block diagram showing the internals of the grating module is shown in Figure 1.  The nominal temperature of 
the enclosure is 1.8 K.  This enclosure contains the grating-spectrometer optics as well as the detectors and cold readout 
electronics.  Inside the 1.8K enclosure is a 300mK thermal shield in which is mounted the 50mK focal plane assembly.  
The almost-closed geometry of the 1.8K enclosure  lends itself naturally to magnetic shielding.  The baseline is to have a 
magnetic shield around the grating module.  This baseline architecture has a shield around the optical components of the 
grating module.  Since these optical components do not need magnetic shielding, other shielding architectures, such as 
locally shielding the 50mK focal plane assembly would be attractive.   

 

 
      Figure 1. Block diagram of a grating module. 
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3. FOCAL-PLANE ASSEMBLY  
The focal-plane assembly contains the detectors, feedhorns, and cold readout electronics in a light-tight enclosure, with a 
band-pass filter in front of the feedhorns.  In this section we describe the detectors and the readout, and conclude with a 
description of how the detectors are laid out in the focal-plane assembly. 
 
3.1 Detectors 

Figure 2 shows a TES bolometer fabricated at SRON[14].  SAFARI's TES bolometers are two orders of magnitude more 
sensitive than bolometers used for ground-based observations[19] and testing them requires careful attention to stray-light 
protection and shielding from electrical, magnetic, and mechanical disturbances[20].  The detector requirements are within 
reach: we have demonstrated the required NEP≤2×10-19 W/√Hz[21] and optical efficiency ≥50% for single detectors[22].  
More recent optical measurements of arrays fabricated at the University of Cambridge are described elsewhere in these 
proceedings[23]. 

 

 
Figure 2. A SEM image of a prototype TES bolometer for SAFARI[14]. 

 
3.2 Readout 

In order to reduce the wire count, and hence the thermal load, the ~3500 detectors are read out using frequency-domain 
multiplexing with baseband feedback[24],[25].  Each TES bolometer is AC-biased, at a unique frequency between ~1 and 
~4 MHz.  A narrow-band LC filter[26] in series with each TES ensures that the TES sees only its assigned bias signal.  
The LC filters also reject wide-band Johnson noise in the circuit.  All the TES bias signals can be adjusted independently 
so that all detectors are biased optimally.  The TES currents are summed and read out with a SQUID at 50 mK (the front-
end SQUID).  A second SQUID amplifier stage on the 1.8K temperature level of the grating module provides additional 
amplification.  The SQUID output signal is essentially an amplitude-modulated version of the AC bias signal, with a 
phase shift due to the electronics.  After further amplification by a low noise amplifier at a higher temperature, the signal 
is demodulated and a comb of frequencies is generated with the appropriate phases and amplitudes to cancel out the 
SQUID output when applied to the feedback coil of the front-end SQUID.  This feedback signal is the quantity that is 
linearly proportional to the power absorbed by each TES bolometer.  Because the SQUID output is essentially an 
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amplitude-modulated version of the AC bias, the room temperature electronics just need to generate an amplitude-
modulated version of the AC-bias signal, i.e. the feedback is carried out on the amplitude of the generated tones.  This 
amplitude varies no faster than the bandwidth of the TES, not at the ~MHz frequencies of the AC bias.  Thus, this 
scheme is known as baseband feedback.  In SAFARI's baseline design, one channel will read out 160 detectors.  This has 
been demonstrated to be feasible[27]. 

 
3.3 Focal-Plane Layout 

The layout of the focal plane is shown in Figure 3.  There are three rows of detectors.  Each row corresponds to a single 
spatial pixel on the sky, with the three spatial pixels in a line on the sky spanning SAFARI's field of view (2').  The 294 
spectral pixels in each row fully sample the 147 elements of the dispersed spectrum.  Adjacent rows of detectors are 
offset by one third of a spectral pixel.  This will ensure that a narrow (unresolved) line that falls on a spectral-pixel 
boundary in one of the spatial pixels will be measured well, even if it falls on a dead spectral pixel in one of the rows.  
The spacing between rows of detectors, i.e. between spatial pixels, is Δx=4F2λ to ensure sufficient separation to prevent 
contamination between on-source and off-source pointings for background subtraction. Compared with the square arrays 
of SAFARI's original design concept, this layout makes detector packing and wiring easier, due to the increased space 
available in the spatial direction.  

We chose the number of spatial pixels, i.e. detector rows, to be three, rather than two, in order to avoid gaps in spectral 
coverage due to possible detector failures.  With more than one spatial pixel, when we chop on and off source for 
background subtraction, we can ensure there is always a spatial pixel on source, so that there is no observing-time 
penalty for background subtraction.  

The beam from the grating spectrometer falling on the detectors is anamorphic, i.e. the focal ratio is different in the 
spectral (F1) and spatial (F2) directions.  The baseline spectral pixel size is 1.5F1λ.  We chose a pixel spacing in the 
spectral direction of 800 µm.  This choice was driven by the minimum detector size for the required NEP and speed and 
the minimum feedhorn wall thickness (100 µm).  Also, a smaller spectral-pixel pitch in the VLW grating module would 
have led to extremely small spectral-direction focal ratio (F1).  The physical size of the focal plane is set by the focal 
ratio and wavelength and is slightly different for each grating module, ranging from 7×239 mm for the SW band to 
9×251 mm for the VLW band. 

The total number of detectors is limited by the thermal conductance of the readout wiring.  In the baseline design, we 
have a total of 3840 detectors for the four grating modules.  With a multiplexing factor of 160, these could be read out 
with 24 readout channels, with enough excess readout capacity for up to 10 blind pixels per channel.   

 
Figure 3. Detector array layout.  Each rectangle corresponds to the aperture of a feedhorn, color-coded to show the dispersion 
direction.  Each row of detectors corresponds to a single spatial pixel on the sky.  Adjacent rows are offset by one third of a spectral 
pixel.  The central pixels of each row have been omitted for clarity: there will actually be 294 spectral pixels in each spatial pixel. 
 
Given the length of the focal plane (~250 mm), it would be impractical to fabricate monolithic focal plane arrays.  
Therefore, each focal plane array is made up of shorter sub-array modules. A possible configuration has six sub-array 
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modules, each containing an array of 3×49 detectors, making up each of the four 3×294 focal-plane arrays.  Then a sub-
array module will approximately match a 160-detector readout channel.  For redundancy, it might be desirable to cross-
strap pairs of sub-array modules to two readout channels.  This would prevent any loss of spectral coverage if a readout 
channel fails. 

 

4. SUMMARY 
We have described the SAFARI detector system and explained some of the reasoning that went into its design.  It should 
be noted that the design presented here is the current baseline.  Detailed studies are under way to optimize the design.  
Some of the design parameters quoted here may change as the design is refined in order to best satisfy SAFARI's science 
requirements.  The features and performance of SAFARI are summarized in Table 1.  The sensitivity values here are 
derived from a detector NEP of 2×10-19 W/√Hz; any future improvement in detector NEP could improve SAFARI's 
sensitivity even further. 
 
     Table 1. Features of SAFARI's four wavelength bands (SW, MW, LW, and VLW) and performance of SAFARI[1] in its low-
resolution (LR) and high-resolution (HR) modes.  Note that the design parameters may change as the design is optimized. 

Instrument Features: SW MW LW VLW 
Wavelength Range (µm) 34–56 54–89 87–143 140–230 
Band Center (µm) 45 72 115 185 
FWHM @ Band Center (arcsec) 4.5 7.2 12 19 
Number of Spatial / Spectral Pixels 3/294 3/294 3/294 3/294 
Spectral resolution in low-resolution (LR) mode 300 300 300 300 
Spectral resolution in high-resolution (HR) mode 11700–7150 7400–4500 4600–2800 2850–1740 
Pixel Size (spatial×spectral; µm) 1400×802 1200×801 1220×802 1540×800 
Focal Plane Size (mm) 7×239 7×246 8×247 9×251 
Instrument Performance: LR HR LR HR LR HR LR HR 
Point-source Spectroscopy (5σ-1 hr) limiting flux (10-20 W/m2) 7.2 13 6.6 13 6.6 13 8.2 15 
Point-source Spectroscopy (5σ-1 hr) limiting flux density (mJy) 0.31 18 0.45 17 0.72 17 1.44 19 
Mapping Spectroscopy 1'×1' (5σ-1 hr) limiting flux (10-20 W/m2) 84 189 49 113 30 73 23 51 
Mapping Spectroscopy 1'×1' (5σ-1 hr) limiting flux density (mJy) 3.6 253 3.3 151 3.3 97 4.1 67 
Photometric Mapping 1'×1' (5σ-1 hr) limiting flux density (mJy) 209 192 194 239 
5σ Confusion Limit (mJy) 15 200 2000 10000 

 

REFERENCES 

[1] Roelfsema, P. R., Shibai, H., Armus, L., Arrazola, D., Audard, M., Audley, M. D., et al., "SPICA - a large 
cryogenic infrared space telescope Unveiling the obscured Universe," Publications of the Astronomical Society 
of Australia, in press (2018).  arXiv preprint:1803.10438 

[2] Fernández-Ontiveros, J. A., Armus, L., Baes, M., Bernard-Salas, J., Bolatto, A. D., Braine, J., Ciesla, L., et al., 
“SPICA and the Chemical Evolution of Galaxies: The Rise of Metals and Dust,” Publications of the 
Astronomical Society of Australia 34, e053, (2017). doi:10.1017/pasa.2017.43. 

[3] González-Alfonso, E., Armus, L., Carrera, F. J., Charmandaris, V., Efstathiou, A., Egami, E., Fernández-
Ontiveros, J. A., et al., “Feedback and Feeding in the Context of Galaxy Evolution with SPICA: Direct 
Characterisation of Molecular Outflows and Inflows,” Publications of the Astronomical Society of Australia 34, 
e054 (2017). doi:10.1017/pasa.2017.46. 

[4] Gruppioni, C., Ciesla, L., Hatziminaoglou, E., Pozzi, F., Rodighiero, G., Santini, P., Armus, L., et al., “Tracing 
the Evolution of Dust Obscured Star Formation and Accretion Back to the Reionisation Epoch with SPICA,” 
Publications of the Astronomical Society of Australia 34, e055 (2017). doi:10.1017/pasa.2017.49. 

Proc. of SPIE Vol. 10708  107080K-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 14 Sep 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

[5] Kaneda, H., Ishihara, D., Oyabu, S., Yamagishi, M., Wada, T., Armus, L., Baes, M., et al., “Unbiased Large 
Spectroscopic Surveys of Galaxies Selected by SPICA Using Dust Bands,” Publications of the Astronomical 
Society of Australia 34, e059 (2017). doi:10.1017/pasa.2017.56. 

[6] Spinoglio, L., Alonso-Herrero, A., Armus, L., Baes, M., Bernard-Salas, J., Bianchi, S., Bocchio, M., et al., 
“Galaxy Evolution Studies with the SPace IR Telescope for Cosmology and Astrophysics (SPICA): The Power 
of IR Spectroscopy,” Publications of the Astronomical Society of Australia 34, e057, (2017). 
doi:10.1017/pasa.2017.48. 

[7] van der Tak, F. F. S., Madden, S. C., Roelfsema, P., Armus, L., Baes, M., Bernard-Salas, J., Bolatto, A., et al., 
“Probing the Baryon Cycle of Galaxies with SPICA Mid- and Far-Infrared Observations,” Publications of the 
Astronomical Society of Australia 35, e002 (2018). doi:10.1017/pasa.2017.67. 

[8] Swinyard, B., Nakagawa., T., Merken, P., Royer, P., Souverijns, T., Vandenbussche, B., Waelkens, C, et al., 
"The space infrared telescope for cosmology and astrophysics: SPICA A joint mission between JAXA and 
ESA," Experimental Astronomy 23(1), 193–219 (2008). 

[9] Jackson, B., de Korte, P., van der Kuur, J., Mauskopf, P., Beyer, J., Bruijn, M., Cros, A., et al., "The SPICA-
SAFARI Detector System: TES Detector Arrays With Frequency-Division Multiplexed SQUID Readout," 
IEEE Transactions on Terahertz Science and Technology 2(99), 1 10 (2011). 

[10] Roelfsema, P., Giard, M., Najarro, F., Wafelbakker, K., Jellema, W., Jackson, B., Sibthorpe, B., et al., 
"SAFARI new and improved: extending the capabilities of SPICA’s imaging spectrometer," Proc. SPIE 9143, 
91431K (2014). 

[11] Sibthorpe, B., and Jellema, W., "Relative performance of dispersive and non-dispersive far-infrared 
spectrometer instrument architectures," Proc. SPIE 9150, 1–10 (2014). doi:10.1117/12.2056524. 

[12] Martin, D.H. and Puplett, E., "Polarised interferometric spectrometry for the millimetre and submillimetre 
spectrum," Infrared Physics 10(2),105-109 (1970). 

[13] Irwin, K. D., Hilton, G. C., "Transition-edge sensors," [Cryogenic Particle Detection], Enss, C. (Ed.). Springer, 
81-97 (2005). 

[14] Ridder, M. L., Khosropanah, P., Hijmering, R. A., Suzuki, T., Bruijn, M. P., Hoevers, H. F. C., et al., 
"Fabrication of Low-Noise TES Arrays for the SAFARI Instrument on SPICA," Journal of Low Temperature 
Physics 184(1–2), 60–65 (2016).  doi:10.1007/s10909-015-1381-z 

[15] Goldie, D. J., Gao, J. R., Glowacka, D. M., Griffin, D. K., Hijmering, R., Khosropanah, P., Jackson, B. D., et 
al., "Ultra-low-noise transition edge sensors for the SAFARI L-band on SPICA," Proc. SPIE 8452(0), 84520A 
(2012). doi:10.1117/12.925861 

[16] Beyer, A. D., Kenyon, M. E., Echternach, P. M., Eom, B. H., Bueno, J., Day, P. K., et al., "Characterization of 
an Ultra-Sensitive Transition-Edge Sensor for Space-Borne Far-IR/Sub-mm Spectroscopy," IEEE Transactions 
On Applied Superconductivity 21(3), 199–202 (2011). 

[17] Goldie, D. J., Glowacka, D. M., Withington, S., Chen, J., Ade, P. A. R., Morozov, D., et al., "Performance of 
horn-coupled transition edge sensors for L- and S-band optical detection on the SAFARI instrument," Proc. 
SPIE 9914, 99140A (2016).  doi:10.1117/12.2232740 

[18] Pastor, C., Jellema, W., Zuluaga-ramírez, P., Arrazola, D., Belenguer, T., González, L. M., et al., "SAFARI 
optical system architecture and design concept," Proc. SPIE 9904, 99043U (2016). doi:10.1117/12.2232786 

[19] Audley, M. D., Glowacka, D. M., Goldie, D. J., Tsaneva, V. N., Withington, S., Piccirillo, L., Pisano, G., et al., 
"Performance of a Microstrip-coupled TES Imaging Module for CMB Polarimetry," Proc. Twenty-First 
International Symposium on Space Terahertz Technology, 76–84 (2010). 

[20] Audley, M. D., de Lange, G., Gao, J.-R., Khosropanah, P., Mauskopf, P. D., Morozov, D., Trappe, N. A., 
Doherty, S. , Withington, S., "Optical characterization of ultra-sensitive TES bolometers for SAFARI," Proc. 
SPIE 9153, 91530E (2014). 

[21] Khosropanah, P., Suzuki, T., Ridder, M. L., Hijmering, R. A., Akamatsu, H., Gottardi, L., et al., "Ultra-low 
noise TES bolometer arrays for SAFARI instrument on SPICA," Proc. SPIE 9914, 99140B (2016). 
doi:10.1117/12.2233472 

[22] Audley, M. D., de Lange, G., Gao, J.-R., Khosropanah, P., Hijmering, R., Ridder, M. L., Mauskopf, P. D., 
Morozov, D., Trappe, N. A., Doherty, S., "Optical performance of an ultra-sensitive horn-coupled transition-
edge-sensor bolometer with hemispherical backshort in the far infrared," Review of Scientific Instruments 
87(4), 043103  (2016). 

Proc. of SPIE Vol. 10708  107080K-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 14 Sep 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

[23] Williams, E. A., Withington, S., Goldie, D. J., Thomas, C. N., Chen, J., Ade, P. A. R., Sudiwala, R., et al., 
"Ultra-low-noise transition edge sensors for far infrared wavelengths: optical design, measurement and stray 
light control," These Proceedings, Paper 10708-66 (2018). 

[24] den Hartog, R., Audley, M. D., Beyer, J., Boersma, D., Bruijn, M., Gottardi, L., et al., "Low-noise readout of 
TES detectors with baseband feedback frequency domain multiplexing," Journal of Low Temperature Physics 
167, 652 (2012). 

[25] den Hartog, R., Audley, M. D., Beyer, J., Bruijn, M. P., de Korte, P., Gottardi, L., et al., "Frequency division 
multiplexed readout of TES detectors with baseband feedback," Proc. SPIE 8452, 84520F (2012). 

[26] Bruijn, M. P., Gottardi, L., Den Hartog, R. H., van Der Kuur, J., van Der Linden, A. J., and Jackson, B. D., 
"Tailoring the high-Q LC filter arrays for readout of kilo-pixel TES arrays in the SPICA-SAFARI instrument," 
Journal of Low Temperature Physics 176(3–4), 421–425 (2014). doi:10.1007/s10909-013-1003-6 

[27] Hijmering, R. A., den Hartog, R., Ridder, M., van der Linden, A. J., van der Kuur, J., Gao, J. R., and Jackson, 
B., "Readout of a 176 pixel FDM system for SAFARI TES arrays," Proc. SPIE, 9914, 99141C (2016). 
doi:10.1117/12.2231714 
 

Proc. of SPIE Vol. 10708  107080K-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 14 Sep 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


