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• Origins
Origins	Space	Telescope	 -- Far-IR	
flagship	under	study	for	NASA	
submission	to	2020	Decadal.			
Key	tall	pole	is	detectors.		JPL	
technology	and	science	
experience	positions	us	for	
instrument	and/or	mission	
leadership.		Start	2020s,	launch	
2030s.

Far-IR	astrophysics	is	a	final	frontier	in	the	electromagnetic	
spectrum,	but	requires	ultrasensitive	direct	detectors.
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• SPICA	
Now	in	phase-A	 at	ESA	– a	
candidate	for	Cosmic	Visions	
M5.		2.5m	cooled	observatory	
w/	potential	JPL	provision	of	
far-IR	detectors.		Launch	in	
2030.

6-8	orders	of	magnitude	
improvement	is	possible,	4-6	with	
SPICA	at	1/50-1/20	the	cost		

• GEP
Galaxy	Evolution	Probe.	Under	
study	@	JPL	for	submission	to	
Decadal.			2.0	m	telescope.		
Similar	to	SPICA,	but	potentially	
more	capable	for	mapping	with	
long-slit	spectrometers	

Probe	potential

Time	required	for	new	spectroscopic	
discoveries	in	the	far-IR	(lower	is	faster)

Herschel,	SOFIA		w/	
warm	telescopes	is	
current	state	of	the	
art.

Ground	(e.g.	
ALMA)JWST Far-IR, a NASA frontier
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• ESA	/	JAXA	collaboration,	2032	launch.
• In	phase-A	 study	at	ESA	now.
• JAXA	commitment	in	place.

• 2.5	meter	telescope	actively	cooled	to	
below	8	K

• Sumitomo	 closed	cycle	4.5K,	1.7K	coolers	
• Planck-like	 thermal	design.

• European-led	SAFARI	multi-purpose	far-
IR	spectrometer	with	US	contribution.

• Wide-field	mid-IR	instrument	which	
complements	JWST	(JAXA).



• SAFARI/SPEC	is	a	suite	of	four	grating	
spectrometer	modules	which	combine	to	
cover	the	full	wavelength	range	
instantaneously.

• US	builds	two	of	the	four	wideband	
grating	modules,	including	TES	detector	
arrays.

• SRON	supplies	(passive)	cold	multiplexer	
elements.
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ment). Two similar shorter-wavelength grating 
modules provided by European team members 
cover the short wavelength portion starting at 
34 µm. The four bands will be uniformly 
spaced in log wavelength, each covering a 
bandwidth of 1:1.8 in our design, which allows 
overlap at the band edges. The full SAFARI 
range is thus covered instantaneously.  
SAFARI Optical Train 

Light from the SPICA telescope passes 
through an Offner relay with a 2-D beam 

steering mirror (BSM) at an image of the 
telescope primary. The grating modules are 
illuminated after splitting into four beams 
using a polarizing grid followed by a dichroic 
on each polarization arm. (Each grating 
module operates in single polarization, as only 
1 polarization provides good efficiency in the 
grating.) This enables all four bands to couple 
to the same sky position, maximizing the speed 
for full-band survey spectroscopy. 

Additionally, a Martin-Puplett polarizing 
Fourier-transform spectrometer (FTS) can be 
inserted into the optical train where it 
modulates the signal to the gratings. With only 
one input and one output port, this FTS has 
efficiency near unity in each linear 
polarization. The FTS mode provides a 
wavelength-dependent resolving power of 
Â=4000 ´ (100 µm / l), limited by the total 
optical path difference available. The FTS 
system is similar to that used in Herschel 
SPIRE, and will be provided by the same team. 
E.1.3 Resolving Power and Sampling 

We chose to sample the spectral direction at 
a resolving power (Â=l/dl) of 300.  Â=300 
has a photon shot noise comparable to the CBE 
design detector sensitivity (1´10-19 W Hz-1/2) at 
the expected system efficiency (30%). Finer 
sampling offers diminishing improvements in 
sensitivity for narrow spectral lines, and would 
result in poorer sensitivity to the continuum 
and broad feat-ures. The spectrometer optics 
provide a resolving power Âg=l/dlFWHM 
greater than 430, so the detector array has wide 
spectral channels relative to the spectrometer’s 
intrinsic profile. 

Table E-2. SPICA Scientific Instrumentation. 
Instrument Mode Function Scientific Measurement Capability 

SMI (JAXA) CAM 34 µm imaging 10’ x 12’ FOV, 0.7” pixels. Deep and wide photometric surveys.  
LR Â=50-120 spectroscopy over 17-36 µm, four 10’ slits. 1k ´ 1k Si:Sb. 

Faster spectral mapping than JWST MIRI with larger spectral FOV. 
Optimized survey spectrometer: deep 3-D 
surveys using PAH spectroscopy.  

MR Â=1300-2300 spectroscopy: 18-38µm in 1’ slit, 1k ´ 1k Si:Sb. Sensitive extragalactic spectroscopy, 
extending JWST to 38 microns. 

HR Â=28,000: spectroscopy: 12-18 µm for point sources. Immersed 
grating w/ cross disperser, 1k ´ 1k Si:As array like JWST MIRI. 

Sensitive high-res measurements of H2, 
[NeII], [FeII], HD, H2O in disks: dv=10 km/s. 

SAFARI-Spec 
(EU+Canada 
+US) 

LR 4 grating spectrometer modules cover 34-320 µm at Â=300. 5 
spatial x 180 spectral pixels each, superconducting bolometers. 
BLISS from US is 2 long-l. UK/Holland provides 2 short-l (referred 
throughout the proposal as SAFARI-Eu). 

Revolutionary far-IR spectroscopic 
sensitivity. Point sources and small maps 
via scan mirror. Scan mapping gives 3-D 
datasets in cosmic time and MW ISM. 

HR LR gratings serve as backend detection for Fourier-transform 
spectrometer. Â=4000 (100 µm/l) 

Low line-to-continuum extraction for disks, 
velocity resolution for extragalactic outflows. 

SAFARI-Pol (EU) Polarimetric imaging in broad bands at 100, 200, 350 µm, up to 32 ´ 
32 element dual-pol arrays. 

Deep, wide-field Galactic dust polarization 
measurements with 0.1 pc resolution. 

 
Figure E-2. SAFARI-Spec optical scheme. The 
signal transits a beam steering relay, then a grid and 
pair of dichroics divide the light into 4 beams to feed 
the 4 grating bands. The two BLISS grating bands 
combine with the two SAFARI-Eu bands to over the 
full range of at least 34-280 µm (34-320 µm CBE 
design), and all four slit boresights couple to the 
same sky position. Each grating covers its full range 
instantaneously at R=300. A Martin-Puplett inter-
ferometer can be brought into the beam (with the 
gratings still acting as the backend detection 
system) – this boosts R to more than 2000. 

US	Contribution	 ‘BLISS’	=	
Two	Grating	Detector	Modules	for	SAFARI/SPEC

SPICA US CONTRIBUTION  APC White Paper 
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(GO) programs. While the SPICA study team has 
publicly stated SPICA will follow the “open sky” 
policy with GO time decided by an international 
peer-review time allocation committee, that policy 
has yet to be finalized by the ESA management (at 
the level of the ESA Science Program Commitee).  

In addition to GO, key programs may occupy a 
fraction of the total observing time, similar to key 
programs that were selected for Herschel. The rest of 
the time will be instrument team’s GTO programs. 
Those will likely carry out some of the most driving 
science observations, given the freedom to design 
science programs that test the depths of the 
instrumental capabilities. US participation in 
instruments may be crucial to secure US community 

participation in both KP and GTO programs.  
For reference, it is estimated that the US contri bution to Herschel was at the level of 20% of the 

total cost of the mission. Those 
included detectors for the 
SPIRE instrument and key 
technologies for HIFI. Table 3 
shows that US-based PIs led 
close to 29% of observing time 
on Herschel. A more useful 
analysis is with peer-reviewed 
publications that are based on 
Herschel data. By mid-2019, the 
total number of Herschel-
related peer-reviewed 
publications was in excess of 
2400, of which a total of more 
than 70% papers were US 
author-contributed. Regardless 
of the exact metric, it is clear 
that US had a substantial 
presence in scientific results 
from Herschel. US scientific 

community also benefited from the NASA Herschel Science Center (NHSC) and GO science funds 
for the analysis and publication of Herschel data. We expect a similar impact from the US scientific 
community to SPICA-led science programs. 

3. Technical Overview  
SPICA is 50—100 times more sensitive than prior far-IR missions. 

Table 4. SPICA Mission Parameters 

Wavelength 12-230 µm 
Aperture diam 2.5m 
Aperture temp < 8K reqt; 6.5K goal 

Cooling V-groove passive + JAXA 
mechanical coolers for 
25K, 4K, 1.7K stages 

Pointing 0.44″, 3σ 
Orbit L2 halo 

Lifetime 3 yrs (5 yrs goal) 
Downlink rate 10 Mbps (peak), 

3 Mbps ave 
Launch JAXA H3, 

2032 
 

 
Figure 6. With the actively-cooled telescope, the SMI and SAFARI 
spectrometers on SPICA approach the fundamental limits of shot 
noise from the astrophysical backgrounds. Table 4 provides more 
information on the SPICA mission. SPICA SMI curve is for medium 
resolution spectroscopy. SAFARI is at R=300 resolution sensitivity. 
 



BLISS	FPA	Concept

Silicon detector subarrays are bonded to silicon backshort chips, which are then bonded to a silicon carrier wafer to which the silicon 
LC chips and silicon 50 mK SQUID amplifiers (components of the multiplexing system) are also mounted. The entire silicon assembly 
is then epoxied to the aluminum FPM housing backplate with a molybdenum plug. Two additional Mo plugs on the backside of the 
wafer assembly fit into slots in the backplate to provide a rotational constraint while allowing for thermal expansion mismatch between 
Si and Al. Beryllium-copper spring clips around the periphery of the silicon assembly hold down its edges to prevent motion under 
launch loads. A pair of printed circuit boards (PCBs) containing the bias resistors, RF filtering, and connectors is also attached to the 
housing backplate and wirebonded to the wafer assembly.



Historical	JPL	low-NEP	measurementsStrategic Astrophysics Technology 2017 March 16 Bradford et al. Ultrasensitive Far-IR Bolometers
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Figure 3: Ultrasensitive far-IR bolometer coupling scheme and sensitivity measurements. LEFT: Coupling
architecture – the leg-isolated bolometers are released from a silicon wafer; they are integrated via epoxy to
a separate wafer of backshort ’mesas,’ as done on Herschel and Planck HFI. Coupling is via feedhorn, which
allows the absorbers to couple e�ciency with an active area which is much smaller than the pixel pitch,
allowing space for the four ⇠1-mm-long legs. The absorber can be micro-mesh with gold, as in Herschel
and Planck, or membrane with a suitable impedance-matched film for absorption (e.g. tantalum, as used
at SRON). (See also Figure 7.) CENTER: A small prototype sub-array using the micro-mesh approach
in silicon nitride, build by our JPL group. RIGHT: Electrical sensitivity measurements of similar devices.
These devices meet the sensitivity requirement of 1⇥10�19 W Hz�1/2, but have slow speed of response due
to both excess heat capacity and only very modest electrothermal speedup. This program will improve both
aspects to increase speed of the devices.

prototype arrays, and we have measured the noise of a 87 mK TES device, demonstrating
an NEP just below of 1⇥10�19 W Hz�1/2(Figure 3 [14, 13]), consistent with the expected
phonon noise at this temperature. We will in year 3 (after demonstration of speed and other
aspects) push toward the goal G and NEP by targeting a ⇠65 mK TC and a suspension with
⇠ 4⇥ lower geometric conductance. Our work with various suspensions indicates that G
does scales as A/L broadly, and that beam geometry as well as surface roughness can impact
G [12]. Thus, while we consider legs much longer than 1-mm to be non-viable for a real
instrument, the lower conductance may be obtained with some combination of: 1) pushing
to even narrower beams than our 0.4-µm current width, now possible with the improved UV
lithography at JPL; 2) engineering surface roughness and/or phonon filters into the legs.
1.4.3 Response Time, Heat Capacity.

The speed of response requirement for SAFARI translates to a heat capacity through the
relation ⌧ = ⌧0/ [1+PJ↵/GTc], expressing the electrothermal feedback speed-up in a voltage-
biased TES. Here ⌧0 = C/G is the unbiased natural time constant of the device, PJ is the
electrical bias power, and ↵ = d logR/d log T measures the steepness of the superconducting
transition. This speedup can be at least 20 for MoCu, and is a key advantage of the TES
approach. At the goal sensitivity, for which G ⇠ 5fW/K, this translates to a maximum
permissible heat capacity of 1–3 fJ/K. We have measured values below 10 fJ/K at 100 mK
on devices with nitride areas similar to those required for SAFARI absorbers [13], and with
process improvements expect to obtain values on order 3 fJ/K at 65 mK, based on the bulk
heat capacity of the materials (gold for absorption & thermalization, silicon nitride mesh,
and the thermistor). Lower heat capacities will require replacing gold with a superconducting
absorbing metal such (e.g. tantalum as the SRON group as demonstrated).

This is promising, but remains to be demonstrated in the array formats—this is a major
thrust of our work. In our previous work for the BLISS bolometers, we developed a high
yield, dry xenon di-fluoride (XeF2) etching process to define the suspended silicon nitride
(SiN) absorber and support beams in each pixel. Careful studies showed that the XeF2

etching process resulted in excess heat capacity in the SiN absorbers due to interactions

1-7

• SiN micromesh	structure	with	1	mm	legs	(Beyer	el	at,	2011)	
• MoCu Thermistor
• NIST	TDM	SQUID	MUX
• Measured	NEP	below	1	x	10-19 W/ 𝐻𝑧,	but	device	is	slow	– we	believe	due	to	XeF2	

etch	creating	excess	surface	states.

A.	Beyer



Heat	capacity	Improvement	with	Wet	release

M.	Kenyon



Updates	on	US	detector	progress

5x55	sub-arrays	with	suspension	 suitable	for	BLISS	
sensitivity.	 	Very	good	electrical	&	mechanical	yield

Zoom	in	to	show	individual	pixel.
Metallic	elements	(Ti Au	TES	and	Ta	absorber)	following	
SRON	

M.	Kenyon



New	Wet-release	JPL	array	for	BLISS	
SAFARI	

   PROPOSAL SENSITIVE 
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To enable observations of very bright sources 
and simplify pre-flight optical characterization, we will include a Tc 
= 450 mK titanium thermistor in series with the 100 mK bilayer 
thermistor, allowing for operation up to 160 Jy. When operated 
colder, the higher-Tc thermistor is fully superconducting and does 
not impact regular detector operation or performance. A dual- 
thermistor design is used in all JPL CMB focal planes (§J.9.?). 

Incoming radiation modulates the current through the voltage-
biased thermistor. This current passes through an inductor which 
couples magnetically to a 50 mK SQUID amplifier to produce a 
voltage output. A frequency domain multiplexer (FDM) couples 
multiple detectors in parallel into each SQUID; each detector is in 
series with an LC resonant circuit that defines a unique operating 
frequency. The currents are then summed at the SQUID input coil. 
The SQUID output is then sent to warm electronics, demodulated 
using the known bias frequencies, and then stored. The BLISS FDM 
approach multiplexes 176 detectors on a single frequency comb 
operating between 1-4 MHz, so only six SQUIDs and 48 wires are 
required at the 50 mK stage to read out each 900-detector array, a 
reduction of > 99% relative to a non-multiplexed system. An 

additional set of six 1.8 K SQUIDs 
is located at the GM housing to 
drive the cable back to the warm 
electronics in the spacecraft. 
Adding these SQUIDs brings the 
total wire count to 84 wires per 
GM. All LC chips, 50 mK 
SQUIDs and 1.8 K SQUIDs are 
contributed to BLISS by SRON. 
The warm readout electronics are 
outside of BLISS’ scope (Fig. E.1-1). SRON has demonstrated FDM 
capabilities meeting BLISS requirements (Table E.1-4, §J.9.?). 
E.1.2.3 Thermo-Mechanical Design 
The thermal system meets its requirements with >100% heat lift 
margin at each temperature stage (Fig. E.1-7). 

The GM housings and optics are cooled to 1.8 K by a cold finger 
provided by SAFARI, using heat lift from SPICA’s closed cycle 
Joule-Thomson (J-T) coolers. Each GM housing is mounted off the 
SAFARI 4.8 K optical bench by three thermally-isolating T300 
carbon fiber reinforced polymer (CFRP) bipods with Ti end fittings 

Table E.1-3. TES design performance meets all 
requirements, including NEPelec < 2 × 10-19 
(Table F.1-2), Psat > 0.28 fW (Table D.2-4), and W ≤ 
10 ms (8 Hz) (Table E.1-1). 

Parameter Design Value 
Noise Equivalent Power 
NEPelec | (0.6*4kBGTc)1/2 

1 × 10-19  W/Hz1/2 (Fig. F.3-1, 
Beyer 2012) 

Transition Temperature Tc 100 +/- 5 mK (Fig. F.3-2) 
Thermal conductance G 35 fW/K (Fig. F.3-1, Beyer 

2012) 
Normal resistance RN 50 m:�(Fig. F.3-2) 
Operating resistance 25 m: 
Bias (=saturation) power Psat 1.5 fW (Beyer 2014) 
Heat capacity C 12 fJ/K (Fig. F.3-3) 
D = (dlogR/dlogTc) 140 +/- 20 (Fig. F.3-2) 
1/e response time W 10 ms (16 Hz) (Fig. F.3-1) 
Noise Equivalent Current 19 pA/Hz1/2 (3x> SQ. Noise) 

Table E.1-4. FDM capabilities 
demonstrated by SRON. 

Parameter Value 
# channels / circuit  176  
Carrier frequency range  1-4 MHz 
Frequency spacing  16 kHz  
LC filter quality Q, unloaded  > 20000 
LC filter quality, loaded   1300 
Available signal bandwidth  < 500 Hz  
Crosstalk, general  < 1% 
Noise at SQUID  6 pA/Hz1/2  

 
Figure E.1-6. (photograph a) Prototype 5 × 55 detector subarray with 94% pixel yield. (micrograph b) 
Prototype demonstrates design value spatial pixel pitch (4.2 mm) and a spectral pitch (0.99 mm) that is 
smaller (harder) than the 1.1 mm design value. (micrograph c) Bolometer design is identical for both GMs, 
all subarrays, and all pixels within a subarray. Four 0.35 µm wide × 0.25 µm thick × 2 mm long silicon 
nitride legs provide thermal isolation to a silicon nitride island. A 300 µm × 300 µm x 8 nm tantalum film 
couples to incoming radiation with low heat capacity. The thermistor is a superconducting 50 µm x 50 µm 
Ti(40 nm)/Au(150 nm) bilayer. The series titanium thermistor was not included in this prototype. 

M.	Kenyon



Titanium	– gold	Thermistors

P.	Echternach



New	JPL	Testbed	being	commissioned.

50 mK
Test Box

Filter PWB

SQUID
Chip

LC
Chip
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Tekdata harness	
w/shielded	 twisted	pairs

Still

Wiring	Harness	– shielded	twisted	pair

Shielded	twisted	pair	would	be	ideal	for	flight	
instrument	– can	we	handle	the	heat	load?	 	

4K 

300mm 300mm 

50K 300K 

127um 

650um 

SS braid 

Manganine 

Insulation 

TPE 

1200um 

CABLE ASSEMBLY 

50 twisted pairs Manganine cables in two layers 

550um 

Twisted 

insulated 

pair 

Thermal conductivity of materials  
𝑘𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑚𝑚  𝑎𝑎𝑎 𝑘𝑆𝑆  from the paper in the references 

We didn’t considered the contribution of insulation material 

 

Estimated load contribution single cable on BA stages 
71.12mW on 50K 

3.14mW on 4K 

 

References 
• Roy Blake at Tekdata, roy.blake@tekdata-interconnect.com 
• P. Duthil, Material Properties at Low Temperature 

Manganine cables for cryostat stages 
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Anticipated	device	performance.

• Basic	NEP	already	demonstrated

• Wet	release	process	should	improve	speed	by	factor	of	30.



Looking	forward
• Demonstrate	and	integrate	the	SRON	FDM	readout	
system	at	1-5	MHz

• Demonstrate	dark	NEP	with	Ti/Au	5x55	subarray	
• Optical	NEP	demonstration	
• Environmental	testing	(thermal,	dynamics)
• Cosmic	ray	response

M.	Runyan ASU


