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Abstract We have measured the optical response of prototype detectors for SAFARI, the far-infrared imaging spectrometer for the SPICA satellite. SAFARI’s three
bolometer arrays, coupled with a Fourier transform spectrometer, will provide images of a 2 × 2 field of view with spectral information over the wavelength range
34–210 µm. Each horn-coupled bolometer consists of a transition edge sensor (TES),
with a transition temperature close to 100 mK, and a thin-film Ta absorber on a
thermally-isolated silicon nitride√membrane. SAFARI requires extremely sensitive
detectors (NEP ∼ 2 × 10−19 W/ Hz), with correspondingly low saturation powers
(∼5 fW), to take advantage of SPICA’s cooled optics. To meet the challenge of testing such sensitive detectors we have constructed an ultra-low background test facility
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based on a cryogen-free high-capacity dilution refrigerator, paying careful attention
to stray-light exclusion, shielding, and vibration isolation. For optical measurements
the system contains internal cold (3–30 K) and hot (∼300 K) black-body calibration
sources, as well as a light pipe for external illumination. We discuss our measurements of high optical efficiency in prototype SAFARI detectors and describe recent
improvements to the test facility that will enable us to test the full SAFARI focalplane arrays.
Keywords Low-temperature detectors · Infra-red bolometers · Transition edge
sensors · Optical testing

1 Introduction
The Japanese Space Agency’s satellite observatory SPICA will use a large (3.5-m
diameter) primary mirror cooled to <6 K to enable high angular-resolution, skybackground limited observations of the cold dusty Universe in the mid- and farinfrared [1]. The SAFARI [2] instrument is a far-infrared imaging Fourier transform
spectrometer (FTS) for the SPICA satellite with three detector arrays covering the
wavelength ranges 34–60 (short wave), 60–110 (medium wave), and 110–210 µm
(long wave). The detectors are Transition Edge Sensor (TES) bolometers [3]. To
take advantage of SPICA’s low-background cold mirror, SAFARI’s short-wave
√ de−19 W/ Hz,
tectors require a dark noise equivalent
power
(NEP)
less
than
6.5
×
10
√
with a goal NEP of ∼2 × 10−19 W/ Hz and correspondingly low saturation powers
(∼5 fW). We have measured the optical response of prototype detectors designed for
SAFARI’s short-wave band (33–60 µm) array as shown in Fig. 1. A conical feedhorn
and hemispherical backshort are used to couple√radiation to the detector. These detectors have moderate sensitivity (NEP = 1–2 W/ Hz) and although they have been far
surpassed in sensitivity by the latest detectors for SAFARI [4], they absorb radiation
in the same way, and are thus representative for optical characterization.

Fig. 1 Left: Photograph of a TES detector similar to the ones measured here. The Ta absorber is 200 µm
square. Right: Cross-section of feedhorn and spherical backshort showing position of detector with dimensions in mm. The diameter of the spherical backshort is 0.5 mm and the horn is 4.5 mm long with an
entrance aperture diameter of 0.45 mm (Color figure online)
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2 Optical Test Setup
The SAFARI Detector Test Facility is based on a Leiden Cryogenics dilution refrigerator with a cooling power of ∼200 µW at 100 mK [5]. The detectors under test are
shielded by a tin-plated copper can, with light-tight feedthroughs for wiring and an
absorbing labyrinth where it attaches to its base, all surrounded by a Cryoperm can
(see Fig. 2). We have verified that this provides good magnetic shielding and is lighttight [6]. The detector block is mounted on a table with a thermometer and heater to
allow PID control of the detector-table temperature. The temperature of the illuminator is also controlled by a PID control loop. The F-number of the optical source is
1.5 and is defined by a 12-mm-diameter aperture located 17 mm in front of the horn,
in the 3-K shield of the black-body illuminator. The measured F# of the horn is approximately 4.5 and the beam is therefore fully illuminated by the source. Given the
band-pass of our filter stack (33–50 µm), and the low temperature of the black-body
illuminator (<32 K to not saturate the detectors), we initially assumed that the horn
admitted only a single mode. Under this assumption the expected throughput of the
system is AΩ = λ2 . The power incident on the detector for this single mode and two
polarizations is then (assuming a source emissivity of 1)

Pinc (T ) =

1
2hc2
τ (λ)λ2 dλ
hc
λ5 e λkT
−1

(1)

Fig. 2 Cutaway view of detector box showing the black-body illuminator and the detector table inside its
nested magnetic shields. The diameter of the outer, Cryoperm shield is 15 cm (Color figure online)
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Fig. 3 Detected optical power
vs expected optical power
assuming a single mode with
two polarizations propagating
through the horn. Reducing the
gap between the horn mouth and
detector from 230 to 50 µm
increased the optical efficiency
by a factor of 2.2 (Color figure
online)

where τ (λ) is the measured transmission of the filter stack. The single mode optical
efficiency of the horn-cavity-detector combination is then
η=

Pdet (T )
Pinc (T )

(2)

where Pdet (T ) is the detected optical power at illuminator temperature T .

3 Measurements
For optical measurements we regulated the detector-table temperature at a fixed value
(usually 70 mK) and recorded IV curves at different illuminator temperatures from
which we derived the absorbed optical power. We also measured the noise in the
detectors at different illuminator temperatures and found that the measured photon
noise agrees with the value expected from the predicted incident power. We originally derived an optical efficiency of 40 % relative to a single mode propagating in
the horn when the distance between the TES and the horn mouth was 230 µm [7].
We expected that a smaller distance between the feedhorn and detector would give
a higher coupling efficiency so we modified the horn plate to reduce this distance
to 50 µm. As shown in Fig. 3, the detected optical power increases by a factor of
2.2 when the gap is reduced. The single-mode efficiency is then 88 %. Again, the
measured optical NEP is consistent with this higher optical efficiency. It should be
noted that these efficiencies assume a single mode propagating in the horn. We expect this assumption to underestimate the optical efficiency because of the presence
of higher-order modes.

4 Second-Generation Optical Calibrator
We successfully measured the optical response of SAFARI prototype detectors all the
way to saturation using the illuminator shown in Fig. 2. However, because of the low
temperature of the black-body emitter (3.4–34 K), the pass-band of the short-wave
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Fig. 4 Second-generation optical illuminator with hot and cold black-body illuminators, reference detectors and port for lightpipe to outside (Color figure online)

detectors is illuminated by the Wien tail of the black-body spectrum. This means
that only the long-wavelength end of the pass-band sees significant power. In order
to illuminate the pass-band more uniformly with a black-body source, we need that
source to have a much higher temperature. We have thus added a hot (200–300 K)
source, with cold attenuation to reduce the power, as shown in Fig. 4. In addition,
there is a light-pipe to room temperature so that we can inject power from an external FTS or a modulated source. The light-pipe has a two-vane cold shutter that can
also be chopped at ∼20 Hz for lock-in measurements. A reference detector allows
us to measure the spectral content of the radiation. The reference detector is a TES
bolometer, similar to that shown in Fig. 1, suspended in a large absorbing cavity so
that its optical absorption coefficient is flat over a broad wavelength range. To increase the dynamic range of this reference detector we bias the TES in series with
the Ta absorber, giving a double-transition TES which greatly increases the dynamic
range without affecting the sensitivity for low optical loads. The light-pipe, reference
detector, and hot illuminator are attached to a reflective summing cavity that has a
temperature of 4 K. A second light pipe, with diameter 4.5 mm, leading to a hole in
the center of the cold illuminator allows radiation from the summing cavity to illuminate the detectors under test. Both the hot and cold illuminators can be operated
during the same cool-down, allowing cross-calibration. This second-generation optical calibrator is now being used for detector measurements in the SAFARI Detector
Test Facility. We have measured interferograms from an external Michelson interferometer and verified that the reference detector has a flat spectral response from 1 to
at least 7 THz.
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5 Discussion
With the large (230-µm) gap between horn and detector and the horn fully illuminated we obtained virtually identical efficiencies, η = 40 % assuming a single mode,
for two similar detectors, even though the detectors have slightly different thermal
properties. We note that this 40 % efficiency was also consistent with the measured
photon noise subject to the same assumptions about throughput. When the gap between the detector and horn is reduced to 50 µm we see an increase in optical efficiency by a factor of 2.2. We estimate that with the large illuminator aperture the
single-mode approximation can overestimate the optical efficiency by a factor of up
to 2.45 because two higher-order circular-waveguide modes are admitted as well as
the fundamental TE11 mode: TE21 (two polarizations) and TM01 (one polarization).
This gives optical efficiencies of 16 and 36 % for gaps of 230 and 50 µm, respectively
compared with 31 % and 66 % predicted by electromagnetic simulations. This is not
unreasonable since the simulations assumed that the band was illuminated uniformly
whereas the low-temperature black-body illuminator that we have used illuminates
mostly the long-wavelength end of the band. To resolve the ambiguity of the filledbeam measurements we are carrying out measurements with small apertures that will
eliminate the off-axis contribution of the higher-order modes.

6 Conclusions
We have measured optical efficiency in good agreement with models for TES bolometers designed for SAFARI’s short-wavelength band (33–60 µm) in combination with
a spherical backshort and conical horn.
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