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Cold	
  Telescope	
  Offers	
  UlPmate	
  CapabiliPes	

§  BLISS-SPICA can 
obtain spectra of 
galaxies in the 
Universe’s first billion 
years as they are 
borne, comparable to 
JWST and ALMA in 
sensitivity. 

§  Observing speed 
scales as the inverse 
square of the 
sensitivity, factor of 
1e6 beyond existing 
facilities (for point 
sources). 

§  Source confusion is 
not a problem for 
R~700 spectroscopy. 
 

SPICA:	
  3.15	
  m,	
  5.5	
  K	
  with	
  4%	
  emissivity	
  and	
  75%	
  aperture	
  efficiency	
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Cryogenic	
  Far-­‐IR	
  Space	
  Telescope	
  
Field	
  of	
  View:	
  
•  Not	
  a	
  strong	
  driver	
  since	
  spectroscopy	
  will	
  be	
  

the	
  emphasis.	
  
•  10,000	
  spaPal	
  modes	
  is	
  0.75	
  square	
  degrees	
  

(400	
  μm,	
  D=	
  3m)	
  
•  -­‐>	
  2500	
  spectrometer	
  pixels	
  at	
  the	
  longest	
  

wavelength.	
  
•  =>	
  1	
  square	
  degree	
  a	
  good	
  goal,	
  somewhat	
  less	
  

is	
  acceptable.	
  
On-­‐axis	
  vs	
  off-­‐axis	
  for	
  cold	
  telescope:	
  
•  Off-­‐axis	
  system	
  preferred.	
  
•  CALISTO	
  study	
  indicates	
  cold	
  stop	
  can	
  

eliminate	
  	
  most	
  of	
  the	
  ~6%	
  which	
  could	
  be	
  
sca;ered	
  to	
  large	
  angles	
  in	
  an	
  on-­‐axis	
  system,	
  
but	
  this	
  may	
  be	
  able	
  to	
  be	
  de-­‐convolved,	
  or	
  
blocked	
  with	
  absorbing	
  coaPngs	
  on	
  struts	
  

•  For	
  point	
  sources,	
  on-­‐axis	
  may	
  be	
  OK.	
  	
  	
  	
  
•  Requires	
  further	
  study	
  for	
  deep	
  intensity	
  

mapping	
  experiments	
  aiming	
  to	
  faint	
  recover	
  
large-­‐scale	
  structure.	
  

–  Herschel	
  SPIRE	
  worked	
  OK,	
  but	
  at	
  the	
  peak	
  of	
  
the	
  CFIRB,	
  not	
  probing	
  into	
  lines.	
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CALISTO	
  4x6	
  meter	
  off-­‐axis	
  
•  RMS	
  ~	
  1	
  micron	
  goal.	
  
•  Efficient	
  use	
  of	
  5-­‐meter	
  fairing	
  

without	
  deployment	
  
•  Deployed	
  secondary	
  on	
  hinge	
  
•  Deployed	
  v-­‐groove	
  thermal	
  

system.	
  



Cryogenic	
  Far-­‐IR	
  Space	
  Interferometer	
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SPIRIT	
  concept:	
  a	
  double-­‐Fourier	
  
Interferometer.	
  
	
  
Shares	
  basic	
  cooling	
  requirement	
  
with	
  telescope,	
  but	
  mulPplied	
  3x	
  
	
  
Backend	
  instrument	
  TBD,	
  similar	
  
to	
  that	
  single-­‐dish	
  telescope.	
  
	
  
Moving	
  delay	
  lines	
  consist	
  of	
  
cryogenic	
  mechanisms,	
  extensions	
  
of	
  e.g.	
  Herschel	
  SPIRE	
  FTS	
  
mechanism.	
  
	
  
Boom	
  extensions	
  similar	
  	
  
	
  
Engineering	
  problems	
  (=cost)	
  not	
  
fundamental	
  technology	
  concerns.	
  



Mirror	
  will	
  be	
  blanked	
  in	
  pieces	
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Herschel	
  sintered	
  silicon	
  carbide.	
  
-­‐>	
  12	
  ‘petals’	
  braised	
  into	
  full	
  3.5	
  
meter	
  monolithic	
  mirror.	
  Figure 16: Primary segmentation scheme (left), prototype ring 5 segment in a CMM (center), and surface profile of

the prototype segment after initial alignment (right). Three segments in ring 5 have cutouts for the secondary support.
These segments have relatively high blockage, so they will be replaced with simple aluminum panels.

Figure 17: Primary truss (left), strut and node details (center), and truss connection to the mount (right). The natural
frequency of the truss is ⇠ 10 Hz.

There are 162 keystone-shaped segments in the primary, arranged in 6 rings (see Fig. 16). Each segment
has a CFRP box subframe, manufactured using a robot to give tight control of the CFRP layup and glue
joints. The reflecting tiles are supported by 5 adjusters, so the tiles can be warped to correct low-order
machining errors. Each segment is mounted on 3 actuators that control the segment piston, tip, and tilt. The
actuators carry the entire segment load in all telescope orientations. Two different actuator designs have
been built and tested, and a complete prototype segment for ring 5 has been built and tested (see Fig. 16).

The segments are mounted on a CFRP truss, chosen partly to reduce the pointing error due to deflections
when the telescope scans, and partly to reduce thermal deformations [35]. The stable truss allows open-loop
control of the primary surface based on look-up tables for elevation. CCAT will be commissioned with
open-loop control of the primary, but closed-loop control based on edge sensor measurements is part of the
design because it is the likely solution for unexpected stability problems in the truss [25, 34].

The primary truss is a spaceframe structure, so only the node-to-node axial stiffness, strength, and
coefficient of thermal expansion (CTE) of the struts are critical. A strut assembly consists of a CFRP tube
with metal inserts bonded to the ends and metal fittings to connect to the nodes (see Fig. 17). The length of
the metal components varies with the length of the strut to keep the node-to-node CTE = 0.2±0.02 ppm/K.
Small CTE limits deformation due to thermal gradients, while uniform CTE gives small deformations due
to changes in soak temperature.

A total of 32 prototype truss struts have been made by 2 different vendors using relatively inexpensive,
commercial-grade CFRP. The CTE and modulus of the struts have been measured, all of the struts have been
tested under load, after repetitive thermal cycling, and some struts have been pulled to failure at �30�C.

The CFRP truss is connected to the higher-CTE steel mount using 2 concentric rings of blade flexures
(see Fig. 17). The blades provide enough radial compliance to prevent differential expansion from spoiling
the surface of the primary.

16

Figure 16: Primary segmentation scheme (left), prototype ring 5 segment in a CMM (center), and surface profile of
the prototype segment after initial alignment (right). Three segments in ring 5 have cutouts for the secondary support.
These segments have relatively high blockage, so they will be replaced with simple aluminum panels.

Figure 17: Primary truss (left), strut and node details (center), and truss connection to the mount (right). The natural
frequency of the truss is ⇠ 10 Hz.

There are 162 keystone-shaped segments in the primary, arranged in 6 rings (see Fig. 16). Each segment
has a CFRP box subframe, manufactured using a robot to give tight control of the CFRP layup and glue
joints. The reflecting tiles are supported by 5 adjusters, so the tiles can be warped to correct low-order
machining errors. Each segment is mounted on 3 actuators that control the segment piston, tip, and tilt. The
actuators carry the entire segment load in all telescope orientations. Two different actuator designs have
been built and tested, and a complete prototype segment for ring 5 has been built and tested (see Fig. 16).

The segments are mounted on a CFRP truss, chosen partly to reduce the pointing error due to deflections
when the telescope scans, and partly to reduce thermal deformations [35]. The stable truss allows open-loop
control of the primary surface based on look-up tables for elevation. CCAT will be commissioned with
open-loop control of the primary, but closed-loop control based on edge sensor measurements is part of the
design because it is the likely solution for unexpected stability problems in the truss [25, 34].

The primary truss is a spaceframe structure, so only the node-to-node axial stiffness, strength, and
coefficient of thermal expansion (CTE) of the struts are critical. A strut assembly consists of a CFRP tube
with metal inserts bonded to the ends and metal fittings to connect to the nodes (see Fig. 17). The length of
the metal components varies with the length of the strut to keep the node-to-node CTE = 0.2±0.02 ppm/K.
Small CTE limits deformation due to thermal gradients, while uniform CTE gives small deformations due
to changes in soak temperature.

A total of 32 prototype truss struts have been made by 2 different vendors using relatively inexpensive,
commercial-grade CFRP. The CTE and modulus of the struts have been measured, all of the struts have been
tested under load, after repetitive thermal cycling, and some struts have been pulled to failure at �30�C.

The CFRP truss is connected to the higher-CTE steel mount using 2 concentric rings of blade flexures
(see Fig. 17). The blades provide enough radial compliance to prevent differential expansion from spoiling
the surface of the primary.

16

CCAT	
  segmented	
  telescope	
  
approach:	
  
•  Carbon-­‐fiber	
  spaceframe	
  

truss	
  with	
  tuned	
  CTE.	
  
•  2-­‐meter	
  compound	
  panels,	
  

Al	
  on	
  CFRP.	
  



How	
  to	
  cool	
  observatory	
  
•  Temperature	
  ~	
  few	
  Kelvin	
  is	
  required	
  for	
  both	
  minimizing	
  loading	
  

from	
  the	
  telescope	
  /	
  opPcs	
  and	
  for	
  backing	
  sub-­‐K	
  coolers.	
  
–  Passive	
  cooling	
  can	
  reach	
  ~30-­‐40	
  K,	
  so	
  acPve	
  cooling	
  is	
  required.	
  	
  
–  6	
  K	
  acceptable	
  for	
  opPcs,	
  but	
  need	
  4	
  K	
  or	
  below	
  to	
  back	
  coolers.	
  

•  Liquid	
  helium	
  bath	
  presents	
  challenges	
  for	
  both	
  lifePme	
  and	
  agility	
  
(e.g.	
  spinning	
  or	
  fast	
  slewing).	
  	
  

•  State	
  of	
  the	
  art	
  is	
  warm	
  launch	
  with	
  acPve	
  closed-­‐cycle	
  coolers.	
  
•  Coolers	
  must	
  be	
  integrated	
  with	
  a	
  careful	
  system-­‐level	
  design	
  

–  Staged	
  passive	
  cooling	
  is	
  criPcal	
  
•  L2	
  much	
  be;er	
  than	
  earth	
  orbit	
  or	
  even	
  earth-­‐trailing	
  orbit.	
  

–  Earthshine	
  in	
  LEO	
  is	
  ~1/3	
  of	
  the	
  solar	
  flux,	
  and	
  distributed	
  over	
  2π	
  
steradians,	
  orthogonal	
  to	
  sun	
  direcPon.	
  

–  L2	
  point	
  has	
  common	
  earth-­‐sun	
  line	
  and	
  is	
  235	
  earth	
  radii	
  away.	
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Planck Collaboration: Planck early results. II.

Solar panel

SVM

V-groove 1
V-groove 2

V-groove 3

Telescope baffle

Primary mirror

FPU

Secondary mirror

385 K

270 K

140 K
90 K
46 K

42 K

36 K

Fig. 1. Cutaway view of Planck, with the tem-
peratures of key components in flight. The solar
panel at the bottom always faces the Sun and
the Earth, and is the only part of the flight sys-
tem illuminated by the Sun, the Earth, and the
Moon. Temperature decreases steadily towards
the telescope end, due to low-conductivity me-
chanical connections and aggressive use of ra-
diative cooling. The focal plane detectors are
actively cooled to 20 K and 0.1 K.

Fig. 2. Sorption cooler system. The system is
fully redundant. One of the compressor assem-
blies, mounted on one of the warm radiator
panels, which faces cold space, is highlighted
in orange. Heat pipes run horizontally connect-
ing the radiators on three sides of the service
vehicle octagon. The second compressor as-
sembly is the black box on the right. A tube-
in-tube heat exchanger carries high pressure
hydrogen gas from the compressor assembly
to the focal plane assembly and low pressure
hydrogen back to the compressor, with heat-
exchanging attachments to each of the three
V-grooves. Colours indicate temperature, from
warm (red, orange, purple) to cold (blue).
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Planck:	
  3	
  independent	
  coolers	
  +	
  careful	
  
system	
  design.	
  
•  Hydrogen	
  sorpPon	
  cooler:	
  

1	
  W	
  at	
  20	
  K	
  for	
  400	
  W	
  in	
  (JPL).
(unusually	
  high	
  2.5%	
  Carnot	
  
efficiency)	
  

•  Helium	
  mechanical	
  cryocooler:	
  	
  15	
  
mW	
  at	
  4.5	
  K	
  for	
  120	
  W	
  in	
  (RAL	
  /	
  
EADs	
  Astrium).	
  

•  DiluPon	
  system	
  with	
  expendable	
  
3He:	
  0.6	
  uW	
  at	
  0.1	
  K	
  +	
  lim	
  at	
  1.4	
  K	
  
(Benoit	
  et	
  al.)	
  

Below	
  V-­‐grooves,	
  loads	
  are	
  conducPve.	
  	
  
Should	
  scale	
  with	
  mass.	
  
	
  
e.g.	
  at	
  4.5	
  K.	
  	
  10	
  mW,	
  including	
  some	
  
diluPon	
  precooling.	
  	
  4	
  K	
  mass	
  <	
  10	
  kg	
  
	
  
	
  

Planck	
  Thermal	
  
Architecture	
  



Planck Collaboration: Planck early results. II.

 

 

328 mW FEMs  
150 mW TSA 

1 mW 
2 mW 

3 mW 

50 mW 

8 mW 

8.6 W 

110 mW 

0.8 W 

1.8 W 

2 mW 1100 mW 

1 W 
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13980 W 13820 W 

1393 W 

160 W 

1280 W   internal dissipation 

30.4 W 

39 W 

4.2 W 

12 W 

1.69 W 

738 mW 
70 mW 

470 mW 

1577 mW 

782 mW 
to coolers 

64 mW 

Fig. 12. Principal heatflows for Planck. Nearly
14 kW is incident on the solar panel, but less than
1 W reaches the FPU. Passive radiative cooling and
thermal isolation are the keys to the overall ther-
mal performance. Yellow arrows indicate radiation.
White arrows indicate conduction.

Only the first V-groove was mounted; the important interface
with the third V-groove was simulated thermally. This long and
difficult test was not only a system test, but also the first real-
istic test of the full HFI cooling chain and its influence on the
instrument performance. To shorten the cooldown phase of this
test, a “precooling loop” of circulating helium gas was intro-
duced into the HFI design. (The difficulty of adequately evacu-
ating this loop after the end of cooldown was a problem in sev-
eral tests.) This was the first time the margin on the full cryo
chain could be measured directly. Fortunately, it was close to the
maximum expected. Most elements performed well above their
worst-case limits. It also confirmed the performance of the in-
struments, which was consistent with subsystems tests. Finally,
it verified the thermal model, which was ultimately able to pre-
dict the inflight cooling time within a couple of days.

The final test of the full flight cryo system, in July and
August 2008, finally included the flight spacecraft and sorption
cooler warm radiator, and used the FM2 sorption cooler. It con-
firmed the performance of the entire system. Details of these and
earlier tests performed on the individual coolers are given in the
following sections.

3.2. Sorption cooler

An engineering model of the sorption cooler was built at JPL and
tested with an engineering model of the cooler electronics built

at the Laboratoire de Physique Subatomique et de Cosmologie
in Grenoble (Pearson et al. 2007). A temperature-controlled
mounting plate substituted for the warm radiator. All require-
ments were verified (Morgante et al. 2009).

The flight coolers were shipped fully assembled to avoid
welding on the spacecraft or the use of demountable field joints
to join the compressor with the cold-end piping, and possi-
ble associated contamination. This had a substantial impact on
the integration.

The thermal test program for the sorption coolers is sum-
marized in Table 8. Subsystem testing was done by thermally
simulating the main spacecraft interfaces and testing the flight-
allowable range for both interfaces. Requirements were met
except for that on temperature fluctuations. Although it was
recognized that the fluctuation requirement itself was a poor
representation of the temperature stability required for good sci-
entific performance (Sect. 2.3.1), a “tiger team” was formed to
investigate the source of the fluctuations. The conclusion was
that the excess fluctuations were gravitationally induced and
were likely to be smaller in the micro-gravity space environment.

The interaction between the warm radiator and the compres-
sor, its impact on temperature fluctuations, and the performance
of the V-grooves and sorption cooler piping could not be tested
at subsystem level. These, and the interactions of all three cool-
ers and passive components, were verified in the three high-level
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140	
  K	
  

90	
  K	
  

46	
  K	
  

Planck	
  Thermal	
  
Architecture	
  

Planck:	
  3	
  independent	
  coolers	
  +	
  careful	
  
system	
  design.	
  
•  Hydrogen	
  sorpPon	
  cooler:	
  

1	
  W	
  at	
  20	
  K	
  for	
  400	
  W	
  in	
  (JPL).
(unusually	
  high	
  2.5%	
  Carnot	
  
efficiency)	
  

•  Helium	
  mechanical	
  cryocooler:	
  	
  15	
  
mW	
  at	
  4.5	
  K	
  for	
  120	
  W	
  in	
  (RAL	
  /	
  
EADs	
  Astrium).	
  

•  DiluPon	
  system	
  with	
  expendable	
  
3He:	
  0.6	
  uW	
  at	
  0.1	
  K	
  +	
  lim	
  at	
  1.4	
  K	
  
(Benoit	
  et	
  al.)	
  

Below	
  V-­‐grooves,	
  loads	
  are	
  conducPve.	
  	
  
Should	
  scale	
  with	
  mass.	
  
	
  
e.g.	
  at	
  4.5	
  K.	
  	
  10	
  mW,	
  including	
  some	
  
diluPon	
  precooling.	
  	
  4	
  K	
  mass	
  <	
  10	
  kg	
  
	
  
	
  



From	
  Planck	
  to	
  a	
  large	
  cold	
  telescope?	
  
Must	
  increase	
  4	
  K	
  cooling	
  to:	
  	
  
•  Cool	
  large	
  telescope	
  	
  

–  E.g.	
  3	
  m	
  telescope,	
  loading	
  scales	
  with	
  mass	
  for	
  opPmized	
  
structure.	
  	
  	
  E.g.	
  10	
  kg	
  /	
  m^2	
  for	
  silicon	
  carbide	
  -­‐>	
  at	
  least	
  
100	
  kg.	
  

–  Planck	
  <	
  10	
  kg	
  for	
  15	
  mW	
  
–  Not	
  possible	
  to	
  scale	
  from	
  Planck.	
  	
  Need	
  to	
  support	
  launch	
  
loads	
  with	
  separate	
  break-­‐away	
  structure,	
  leaving	
  
lightweight	
  opPmized	
  truss.	
  

•  Support	
  recycling	
  of	
  sub-­‐K	
  coolers	
  for	
  instruments.	
  	
  
Open	
  cycle	
  diluPon	
  not	
  an	
  opPon	
  for	
  a	
  long-­‐life	
  
mission.	
  

•  Will	
  want	
  50-­‐100	
  mW	
  of	
  cooling	
  at	
  4	
  K	
  for	
  a	
  large	
  
telescope.	
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SPICA	
  
Approach	
  

the Carbon Fiber Reinforced Plastics (CFRP) and the alumina fiber
reinforced plastics (Al-FRP) with low thermal conductivity. Ther-
mal shields should have a proper thermal conductance to transfer
heat to the radiator, while these need to achieve proper structural
requirements. As a baseline, Al-alloy honeycombed structure is
adopted for these shields as a result of the trade off study including
thermal, structural, PLM mass, electromagnetic compatibility
(EMC) and a concern of fabrication. However, another solution (a
combination of thin panel and pipe support frame) should be
studied because thermal structural conditions may be changed
according to a progress of PLM study and development. These
mechanical coolers are mounted on the cooler base plate, which
is located between the outer shield and the BM, and Heat Rejection
system (HRS) transports exhausted heat from mechanical coolers
on the cooler base plate to the cooler radiator. A solar panel is
located at the bottom of BM.

3. Risk and goal of payload module thermal structural design in
RMP

In SPICA pre-project, all the mission activity is concentrated
into mitigation of high-level mission risks between January 2012
and March 2014 in order to steadily carry out the mission project.
This phase, Risk Mitigation Phase (RMP) is divided into two phases.
In the first half of RMP (RMP#1), the risk mitigation activity is

mainly conceptional study and analysis, and to determine design
candidates including a fallback design. Then, the baseline design
is selected and determined according to results from sample
measurements, technical demonstrations as well as the progress
of conceptional study and analysis in latter half of RMP (RMP#2).

High mission risks in SPICA mission had already been identified
before RMP. Table 1 shows 5 high risks listed with expected risk
mitigation plan in PLM thermal structural study. The lack of heat-
lift capacity at cold stages is the most serious risk to mission suc-
cess, and the thermal design of the cold stage needs to be studied
on a priority basis in order to have an appropriate thermal margin
and redundancy. The lack of heat-lift capacity at pre-cooling stages
is also a critical risk, which determine parasitic heat loads to the
cold stage. In particular, the number of electrical harnesses for sci-
entific instruments drastically increases in comparison with past
missions because of much more detector pixels. On the other hand,
the ADR current lead of SAFARI sub-K cooler generates a large heat
with 2 A of maximum current because normal (not a superconduc-
ting) wire must be used as a current wire above 77 K, and the heat is
rejected into thermal shields harness I/Fs during the cooler recycle.
Mechanical coolers as well as heat switches for the mechanical
cooler system have to be reliable to enhance the reliability and fea-
sibility of PLM cryogen-free thermal design.

Ground tests, in particular thermal vacuum test of SPICA PLM is
a challenging issue, in which a low temperature shroud (<10 K)
must be assembled around PLM closely to simulate a deep space
for SIA. Finally, model accuracy and uncertainty of physical proper-
ties of materials including low temperature are common issues of
all cryogenic missions. However, a thermal sensitivity analysis as

Fig. 2. Left: the simple drawing of the cross section of SPICA. Right: the bird view of SPICA. The payload module includes STA (Scientific Telescope Assembly), TOB (Telescope
Optical Bench), IOB (Instrument Optical Bench), FPI (Focal-Plane-Instrument Assembly), the baffle, the telescope shell and thermal shields.

Fig. 3. The cooling chain of SPICA payload module. SAFARI sub-K cooler (ADR and
sorption) is included in this cooling chain, and the dashed line shows the thermal I/F
of SAFARI sub-K cooler. The mechanical cooling system provides 4.8 K and 1.7 K,
and cools SIA (Scientific Instrument Assembly) directly. Then, number of thermal
shields are installed to reduce radiative heat loads to SIA.

Table 1
High risks for thermal structural study of payload module in RMP.

High risks Risk level
in RMP#1

Risk level
in RMP#2

Risk level
after SDR

1 Lack of enough heat-lift
capacity at cold stages

Large Large Medium

2 Lack of enough heat-lift
capacity at pre-cooling stages

Large Large Medium

3 Reliability of mechanical cools
and heat switches

Large Large Medium

4 Ground test of PLM radiative
cooling structure

Middle Middle Small

5 Lack of model accuracy by
uncertainty of physical

Middle Middle Small

properties of materials

K. Shinozaki et al. / Cryogenics xxx (2014) xxx–xxx 3
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•  Make	
  best	
  use	
  of	
  radiaPve	
  
cooling	
  (without	
  a	
  deployed	
  
structure).	
  

•  Closed	
  cycle	
  coolers:	
  SPrling	
  
stages	
  at	
  90	
  and	
  20	
  K,	
  J-­‐T	
  
stages	
  at	
  4.5	
  K	
  (2	
  K	
  for	
  3He)	
  

•  40	
  mW	
  at	
  4.5	
  K	
  
•  10	
  mW	
  at	
  1.7	
  K	
  

•  Budget	
  the	
  system	
  to	
  be	
  
redundant	
  against	
  any	
  single	
  
compressor	
  failure.	
  

•  	
   -­‐>	
  SPrling	
  stage	
  requires	
  2	
  
extra	
  coolers	
  if	
  one	
  fails	
  due	
  
to	
  load	
  down	
  the	
  line.	
  	
  	
  
(Passive	
  heat	
  switch	
  under	
  
development.)	
  

•  	
   -­‐>	
  10	
  coolers	
  total	
  

2ST 

4K-JT 

4K-JT 
2ST 

2ST 

2ST 
1K-JT 

1K-JT 

2ST B
ase plate 300K

	


Outer Radiation Shield 
(~121K)	


4.8K	


1.7K	


2ST 

STA 

Middle Radiation Shield (~82K)	


Inner Radiation Shield (~55K)	

Telescope shell (~30K)	


Baffle (~16K)	


17K	
80K	


12K	
80K	


FPIA 

SAFARI+MCS 

Shinozaki	
  et	
  al,	
  Cryogenics	
  in	
  press	
  

Astro-­‐H	
  
Sumitomo	
  
Coolers	
  



Cooling	
  a	
  Sub-­‐K	
  Instrument	
  Payload	
  
•  We	
  require	
  50-­‐100	
  mK	
  (below	
  what	
  is	
  

accessible	
  with	
  simple	
  sorpPon	
  systems).	
  
•  Step	
  1:	
  want	
  some	
  kind	
  of	
  1-­‐2	
  K	
  intercept.	
  	
  	
  

SPICA	
  3He	
  JT	
  works	
  well.	
  
–  AlternaPve	
  is	
  a	
  diluPon	
  system	
  which	
  

naturally	
  provides	
  1	
  K	
  pot.	
  	
  Benoit	
  et	
  
al	
  have	
  conPnuous	
  diluPon	
  system,	
  
sPll	
  requires	
  2	
  K	
  lim	
  and	
  external	
  
compressor.	
  

–  4He	
  sorpPon	
  a	
  possibility	
  as	
  well.	
  
•  Then,	
  use	
  addiPonal	
  intercept	
  at	
  0.3-­‐0.5	
  K	
  

–  DiluPon	
  system	
  is	
  again	
  `self-­‐
intercepPng,’	
  	
  

–  3He	
  sorpPon	
  a	
  possibility	
  
•  Assume	
  20	
  kg	
  cooled	
  to	
  50	
  mK,	
  	
  
•  Support	
  with	
  `magic’	
  Ti	
  (Ti	
  15-­‐3-­‐3-­‐3)	
  struts	
  

sized	
  to	
  survive	
  launch	
  
–  ParasiPc	
  loads	
  are	
  ~0.4-­‐0.8	
  uW,	
  

depending	
  on	
  intercept	
  temperature.	
  
–  (Kevlar	
  ~2	
  x	
  lower	
  load,	
  but	
  harder	
  to	
  

implement)	
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Aluminum 
structural box 

ADR 
stage 
External 
shielding 

Sorption 
stage 

50 mK 
cold 
interface 

300 mK 
cold 
interface 

1.7 K 
interface 

4.5 K 
interface 

SAFARI	
  cooler	
  (Duband)	
  



3-­‐Stage	
  ADR	
  
Shirron	
  et	
  al.,	
  GSFC	
  for	
  Astro-­‐H	
  spectrometer	
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sensitivity that was seen on Astro-E2.  Without this control, the periodic heat lift of the 3rd stage (1-2 J of heat every ~40 
minutes) will cause short-term fluctuations of ~50 mK.  Although operating in this manner reduces the hold time of the 
1st stage considerably, to about 30 hours, it is the only way to meet all of the requirements levied on the ADR. 

All operating modes of the ADR have been extensively modeled in order to estimate hold and recycle times, and to 
calculate parameters needed for transient analyses of the cryogenic system: current and temperature profiles, 
instantaneous heat loads from the ADR to the helium tank and JT cooler, etc.  This paper describes the design and 
operation of the 3-stage Astro-H ADR, and reports on measured and predicted performance in the context of the SXS 
cryogenic system. 

2. CRYOGENIC SYSTEM CONFIGURATION AND REQUIREMENTS 
The SXS cryogenic system2 is shown schematically in figure 1.  The components enclosed in the dotted boxes will be 
supplied by NASA/GSFC: the ADR, the detector assembly and an interface plate that provides the mechanical and 
thermal interface to the helium tank.  Collectively these components are referred to as the Calorimeter Spectrometer 
Insert (CSI). All other components of the cryogenic system are supplied by JAXA/ISAS: the helium dewar, including 
shields, and the 2-stage Stirling (2ST) and 4He JT cryocoolers.  To simplify the US/Japanese interface, the CSI is a 
single, integrated module that will be installed in a well at the top of the helium tank.  As shown in Figure 2, the 1st and 
2nd ADR stages are located in the well, while the detector assembly and 3rd ADR stage are mounted to the top of the 
CSI/dewar interface plate.  This allows the 3rd stage to be connected to the JT cooler cold head _ at the bottom of the 
helium tank _ through a semi-rigid thermal strap.  The helium tank and CSI are surrounded by an aluminum jJTk shield 
at approximately 4.5 K, and additional shields cooled by vented helium vapor and by Stirling cryocoolers to minimize 
parasitic loads on the JT cooler.  The ADR`s magnets are powered by external supplies through leads consisting of warm 
resistive wires that transition to YBCO leads at the 20 K shield.   

 

 
Figure 1. Schematic of the SXS cryogenic system.  Redundant 2-stage Stirling (2ST) coolers are used to cool the 
dewar shields and as a pre-cooler for the JT cooler.  The dashed boxes identify components that will be supplied 
by NASA/GSFC. 

 

Selected requirements and parameters for the SXS instrument and ADR are listed in Table 1.  The lifetime requirement 
of 3 years, when applied to the 30-liter helium dewar, translates to a time-average heat load of less than 1.0 mW.  For the 
goal of 5 years, the total load must be less than 0.6 mW.  The thermal budget apportions this among parasitic loads from 
the dewar structure and harnessing, and a time-averaged load from the ADR.  Combined with the dissipated heat by the 
detectors at 50 mK, the allotment of 0.21 mW is used to derive top-level performance parameters of the ADR, which are 
then translated into a detailed design.  (These are summarized in Table 2.)  Most importantly, the high efficiency implied 

Astro-­‐H	
  
He	
  dewar	
  and	
  JT	
  cooler	
  provide	
  redundant	
  cooling	
  path.	
  
Top	
  ADR	
  stage	
  can	
  help	
  cool	
  He	
  dewar.	
  
When	
  helium	
  is	
  exhausted,	
  top	
  stage	
  provides	
  1.2	
  K.	
  
Bo;om	
  2	
  stages	
  cool	
  intercept	
  and	
  50	
  mK	
  calorimeter	
  

	
  single	
  shot	
  with	
  100	
  h	
  lifePme	
  (1-­‐2	
  h	
  recycle).	
  
	
  0.5	
  uW	
  lim	
  at	
  50	
  mK	
  	
  
	
  0.2	
  mW	
  to	
  1.2	
  K	
  but	
  higher	
  peak	
  loads	
  



BLISS	
  Sub-­‐K	
  Cooling	
  Appraoch:	
  
A	
  HIGH-­‐HERITAGE	
  DUAL-­‐STAGE	
  SUB-­‐K	
  COOLER	
  

•  Use two ‘Herschel’ coolers 
at 300 mK to provide a 
continuously-cooled 
intercept stage. 

•  Use a single-shot ADR to 
cool the spectrometers and 
detectors to 50 mK.  

•  24-hour hold time and 
>90% duty cycle. 

•  Heat rejection requirements 
to 4.5 K, 1.7 K consistent 
with SPICA allocations 

5/21/14 
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3He 
Charcoal 

Sorb 

3He 
Charcoal 

Sorb 

Ti Alloy Pump Tube 

Ti Alloy Pump Tube 

3He	
  SorpPon	
  Fridge	
  

ADR Heat Switch at 
300mK 

Herschel Heat Switches 

0.3-­‐3K	
  

ADR	
  

0.3K	
  	
  
Heat	
  
Sink	
  

Ti6-4 Support 
“Star” 

Kevlar Suspension w/ 
300 mK intercept 

Hiperco 
50 
Magnet 
Shield 

50mK Salt Pill 
Thermal Post 

BLISS sorption fridge prototype (procured from Duband) 
BLISS ADR prototype 



ConPnuous	
  SorpPon	
  Intercept	
  in	
  OperaPon	
  

5/21/14 M. Bradford, FIR workshop 14 

•  Regulated stages at 
1.7, 4.5 K allow 
measurement of 
rejected power 

•  Can tune to fit 
SPICA allocations (e.g. 
7mW, 3 mW + 
parasitics) 

•  50 mK prototype pill 
under construction.  
Likely CCA. 

•  With the right pill, 
system can support 1 
uW lift. 
 
Thomas Prouve + 
others (JPL) 



Parametric	
  amplifier	
  for	
  RF-­‐mulPplexed	
  systems.	
  
•  Microwave	
  /	
  RF	
  mulPplexed	
  arrays	
  require	
  cold	
  amplifier.	
  	
  	
  	
  
•  Current	
  SiGe	
  amps	
  if	
  pushed	
  to	
  lower	
  power	
  (single	
  stage)	
  dissipate	
  ~3	
  mW.	
  	
  	
  

Quickly	
  becomes	
  a	
  problem	
  for	
  4	
  K	
  as	
  instrument	
  scales	
  to	
  several	
  kpixels	
  (several	
  
readout	
  lines).	
  	
  	
  (Might	
  be	
  possible	
  at	
  20	
  K	
  on	
  SPrling	
  cycle.)	
  

•  New	
  superconducPng	
  parametric	
  amplifier	
  (para-­‐amp)	
  uses	
  non-­‐linearity	
  of	
  kinePc	
  
inductance	
  to	
  provide	
  gain.	
  	
  Low	
  noise	
  because	
  mechanism	
  is	
  reacPve,	
  not	
  
resisPve.	
  	
  2	
  photons	
  of	
  noise	
  =	
  e.g.	
  1	
  K	
  at	
  10	
  GHz.	
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•  Measured	
  gain	
  ~	
  20	
  dB,	
  1-­‐2	
  GHz	
  BW	
  
•  0.8	
  m	
  long,	
  NbTiN	
  CPW	
  
•  35	
  nm	
  thick,	
  1µm	
  wide	
  
•  fpump	
  =	
  8.5	
  GHz,	
  ~100	
  µW	
  

Peter	
  Day,	
  Rick	
  Leduc,	
  Byeong	
  Ho	
  Eom,	
  Saptarshi	
  Chaudhuri,	
  Seth	
  Meeker,	
  Emma	
  Wollman,	
  Jonas	
  Zmuidzinas	
  



Spectrometer	
  Approaches	
  
•  Future	
  science	
  requiring	
  dispersive	
  instrument	
  which	
  

mulPplexes	
  in	
  both	
  frequency	
  and	
  spaPal	
  posiPon.	
  
•  We	
  have	
  mulPple	
  detector	
  opPons	
  which	
  are	
  sufficiently	
  

sensiPve	
  for	
  dispersive	
  spectroscopy.	
  	
  
•  DoubIe-­‐Fourier	
  interferometer	
  backend	
  can	
  also	
  benefit	
  

substanPally	
  from	
  dispersion	
  at	
  the	
  image	
  plane.	
  	
  
•  Target	
  e.g.	
  R=200-­‐500,	
  from	
  40-­‐400	
  microns	
  with	
  ~20-­‐50	
  

beams.	
  	
  Ndet	
  =	
  Nbeams	
  x	
  R	
  ln	
  (10)	
  =	
  23kpix	
  minimum	
  (~	
  5x	
  
larger	
  than	
  SAFARI	
  or	
  BLISS).	
  
–  Can	
  trade	
  R	
  and	
  N_beams.	
  	
  

•  Dispersive	
  spectrometer	
  works	
  best	
  over	
  a	
  single	
  octave.	
  	
  
Processing	
  a	
  larger	
  bandwidth	
  tends	
  to	
  not	
  couple	
  
opPmally	
  to	
  telescope.	
  
–  Wide-­‐band	
  antenna	
  coupling	
  a	
  possible	
  excepPon	
  to	
  this	
  for	
  low	
  
frequencies	
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Slit-­‐fed	
  wideband	
  spectrometers	
  

Tel  
Focus 

M3 

M4 

M5 

LW Module SW Module 

Imager Module 

820 mm 

I1 

I2 

I3 

M6 

slits 

gratings 

LW2 

LW1 

SW2 

SW1 

LW3 

SW3 
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  Tel 
Focus 

Imager Module 

SW Module LW Module 

M3 

M4 

M5 

M6 

This	
  for	
  STARFIRE:	
  
2	
  arrays,	
  each	
  32	
  (spaPal)	
  by	
  50	
  
(spectral)	
  	
  KID	
  pixels	
  (3200	
  total)	
  
	
  
SW:	
  	
  240-­‐317	
  microns	
  
LW:	
  317-­‐420	
  microns	
  
R=450,	
  2	
  graPng	
  seyng	
  each.	
  
	
  
Offner	
  relay	
  with	
  pupil	
  in	
  front.	
  
	
  
Telecentric	
  focal	
  plane	
  for	
  horn-­‐
coupled	
  TiN	
  KIDs	
  
	
  
Wideband	
  spectrometer	
  must	
  
process	
  large	
  angles	
  from	
  the	
  
graPng.	
  
	
  
Slit-­‐fed	
  spectrometers	
  typically	
  
have	
  sizes	
  many	
  Qmes	
  R	
  x	
  λ.	
  
	
  
See	
  Aguirre	
  et	
  al.	
  poster.	
  

Steve	
  Hailey-­‐
Dunsheath	
  



We	
  have	
  built	
  a	
  WaFIRS	
  module	
  for	
  
180-­‐300	
  µm	
  designed	
  to	
  provide	
  R=700.	
  
l 	
  980	
  graPng	
  facets.	
  
l 	
  Plate	
  spacing	
  800	
  µm.	
  
l 	
  19	
  cm	
  in	
  size.	
  
IniQal	
  tesQng	
  with	
  local-­‐oscillator	
  
source	
  &	
  swept	
  output	
  feed	
  
demonstrates	
  design	
  resolving	
  power!	
  
(below	
  right).	
  
Measured	
  efficiencies	
  >	
  65%	
  
Hodis,	
  Bradford	
  

WaFIRS: a more compact grating spectrometer 
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Grating close-up 
(top plate removed) 

Facet spacing 
~200 µm 

Parallel-plate surface 
lapped and gold-plated 

See close-up 

Output position [0.001”] 0 100 

0.01 

0.1 

1 

0.001 

Grating piece machined 
separately, 800 µm 
thick. 

View with one plate removed 

Clearance holes for 
bolts. Assembly is 
bolted aluminum 

Z-Spec: 55 cm 

	
  
Strawman	
  instrument:	
  
	
  
R=200,	
  6	
  bands	
  covering	
  40-­‐430	
  
microns	
  
50	
  spectrometers	
  each	
  band	
  (23	
  kpix)	
  
Stack	
  ~16	
  cm	
  in	
  each	
  band	
  
Mass	
  <	
  15	
  kg	
  -­‐-­‐	
  Not	
  crazy.	
  
	
  
Higher	
  resoluPon	
  more	
  challenging	
  

WaFIRS	
  spectrometer	
  on	
  a	
  4”	
  wafer	
  
Design	
  R=450	
  over	
  310-­‐510	
  microns	
  
Next:	
  integrate	
  detectors	
  on	
  output	
  
Echternach,	
  Reck,	
  Bradford	
  



µ-Spec concept: a compact integrated on-chip 
spectrometer 

Moseley et al. GSFC 

The µ-Spec design uses delay lines to create the phase delay for R~1500 
spectroscopy, and can be fabricated on a single 10 cm wafer in a volume 104 
times smaller than conventional designs. It can produce diffraction-limited line 
images across the focal surface. The synthetic grating operates in high order 
(~10), and compact filter banks (right) separate the orders and direct them to 
individual MKID detectors. 
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SUBMILLIMETER SPECTROSCOPY WITH µ-SPEC 
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While a general picture of the luminosity and number evolution of galaxies has been developed, 
the details of their evolution are unclear. Sub-millimeter  spectroscopy is a unique tool for the 
study of heavily obscured IR luminous galaxies at high redshifts, providing information about 
physical conditions, elemental abundances and kinematics. In developing the science case for 
SAFARI on SPICA [2], the science team identified fundamental questions that can be addressed 
using far infrared and sub-mm spectroscopy; 1) What causes the relationship between the bulge 
mass and black hole mass in galaxies? What are the physical processes that couple these 
disparate phenomena?  2) What are the relevant feedback processes that control the rate of start 
formation? Is the input of dynamical energy dominated by young stars, or by accretion onto 
black holes? 3) What is the role of molecular gas in the universe?  4) How have the abundances 
of heavy elements evolved with redshift? µ-Spec on a cryogenic space telescope like SPICA can 
address these problems. Its high sensitivity allows us to follow the fine structure lines of the 
abundant elements (C, N, and O) to high redshifts, providing tools for measuring redshifts, 
kinematics and elemental abundances.  We can observe molecular lines, such as the CO ladder, 
from the nearby universe to z>5. A single instrument module could allow follow up of sources 
found in surveys, while arrays of hundreds of µ-Spec modules would allow sensitive blind 
surveys. It is this science case that will drive this phase of µ-Spec development. 
 

1.3 TECHNICAL APPROACH AND METHODOLOGY 
 

1.3.1 SPECTROMETER OVERVIEW AND BACKGROUND 
 

We propose to continue development of a direct detection sub-mm spectrometer which can 
provide high resolving powers but is sufficiently compact to allow easy integration into space 
and suborbital instruments with limited resources. The area of a conventional spectrograph is the 
product of the length, set by the required amount of phase delay, and the width, set by the 
number of detectors, giving a limiting area of approximately (N λ)2, which is about 1 m2 for a 
resolving power ~1000 at λ ~ 1mm. We will reduce by orders of magnitude the mass and 
volume of a high-resolution spectrometer by using the advantages of superconducting 
microstrip technology with single crystal silicon dielectric.  

Fig. 2: In the µ-Spec instrument, the sub-mm signal is coupled onto a micrrostrip transmission line by 
the lens/antenna.  The delay network creates a synthetic grating which focuses different wavelengths of 
light on each of the output detector channels. The MKID detectors are read out with a single microwave 
feed line.  
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Multimode propagation region 

20	
  

Plane-wave absorber 
boundary 
(Au/Pd dots on Si)  

Microwave	
  KinePc	
  Inductance	
  Detectors	
  

µ-Spec: a compact integrated on-chip spectrometer 
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1.0 Scientific, Technical, and Management 
1.1 EXECUTIVE SUMMARY  

The submillimeter (sub-mm) and millimeter part of the spectrum contain a wealth of 
scientific information about the content and history of our universe. This information is encoded 
in a wide range of molecular lines and fine structure lines. Observations of such spectral lines 
allow us to explore galaxies at high redshifts. Strong fine structure lines of abundant elements 
(C, N, and O) allow us to trace obscured star formation and AGN activity into the high redshift 
universe. We can measure galaxy redshifts, and determine their elemental abundances and 
physical conditions out to redshifts of z>~ 5. Our ability to fully explore this rich spectral region 
has been limited, however, by the size and cost of the cryogenic spectrometers required to do 
these sensitive measurements. We propose to continue our development of an extremely 
compact (~10 cm2), sub-milllimeter spectrometer, called µ-Spec. This high performance, 
remarkably compact instrument will enable a wide range of spectroscopy flight missions, 
which would have been impossible due to the large size of current instruments with the 
required spectral resolution and sensitivity. 

Fig. 1: (Right) The sensitivity of an R=512 µ-Spec is shown compared to Herschel instruments and the proposed 
SPICA instrument, SAFARI, BLISS, and µ-Spec SPICA. We have assumed 25% efficiency for the balloon µ-Spec, 
and have put in a factor of two loss for chopping and differencing. The warm balloon is a 1 m telescope at 240 K, 
the cold at 6 K. Remarkably, the Cold Balloon µ-Spec is similar in sensitivity to SAFARI for a point source. The 
BLISS sensitivity is derived assuming a realistic transmission (~30%) and the factor of two for chopping and 
differencing.  The µ-Spec SPICA is more sensitive because we have assumed photon counting detectors, whose DC 
stability reduces the need for constant referencing and differencing. (Left) The prototype=64 µ-Spec instrument with 
comparison to the present state of the art, Z-Spec. 
 

The development of an instrument like µ-Spec, which is based on superconducting 
transmission lines and devices, requires a robust electromagnetic design and considerable 
breadth of expertise in the team. In developing and demonstrating the end-to-end performance of 
our R=64 µ-Spec, supported by prior ROSES/APRA funding, we have built the team expertise 
and facilities required in four key areas: science expertise to define performance requirements 
and overall instrument design concepts; electromagnetic design capabilities and materials 
expertise to design robust, high performance spectrometer components; the fabrication capability 
to produce wafer scale microwave circuits using a wide range of metals on single crystal silicon; 
and the facilities and experience to measure performance at temperatures below 0.1 K at 
background levels of a few photons per second. We have also established collaborations with 
NIST Boulder and the U. Md. Laboratory for Physical Sciences (LPS) to broaden and strengthen 
our effort on materials, detector noise, and low noise amplifiers. 

λ > 400 µm (due to Nb gap) 
λ < λMKID (~ 700 µm for MoN trilayer MKID) 
48 actual spectral channels 
 
Moseley et al.  See Noorozian et al. poster 
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•  Frequency	
  within	
  1	
  GHz	
  of	
  
design	
  value	
  by	
  fab	
  tolerances	
  

•  Channel	
  width	
  and	
  spacing	
  is	
  
consistent	
  with	
  design	
  within	
  
measurement	
  error	
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On-­‐Chip	
  Filterbank	
  Spectrometer	
  
•  Incoming	
  radiaPon	
  sorted	
  by	
  narrowband	
  

filters.	
  
•  Filter	
  is	
  a	
  half-­‐wave	
  secPon	
  of	
  transmission	
  

line,	
  Q	
  is	
  set	
  by	
  coupling	
  in	
  and	
  out.	
  
•  Each	
  channel	
  couples	
  to	
  a	
  single	
  KID.	
  
•  Channel	
  width	
  and	
  spacing	
  are	
  individually	
  

tuned.	
  
•  Single	
  channel	
  absorbs	
  50%,	
  mulPple	
  

channels	
  combine	
  to	
  couple	
  up	
  to	
  ~80%	
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  80-­‐channel	
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OpPcal	
  CharacterizaPon:	
  Swept	
  Source	
  
4

Fig. 1 (Color online) Spectral profile of a high-Q (Qfilt = 654) channel measured with a swept
coherent source. Data points show the measured response normalized by the response of a broad-
band KID (thin red line). Thick blue line shows a Lorentzian fit.

Fig. 2 (Color online) Comparison of the measured and designed linewidths for 17 channels at
f0 = 184− 210 GHz and Qfilt,design = 300−1400. Some of the points with Qfilt,design = 1000
have a small horizontal offset for clarity. Thin black line is drawn for Qfilt = Qfilt,design, thick

blue line shows Q−1
filt = Q−1

filt,design +Q−1
i for Qi = 1440.

where f0 is the resonant frequency, and Qfilt is the filter quality factor. The filter
quality factor is given by:

1/Qfilt = 1/Qdet +1/Qfeed +1/Qi, (2)

where Qi is the internal quality factor accounting for dissipative loss in the res-
onator1. In general, the line profiles are well characterized by equation 1, and
fitting to this function allows an estimate of Qfilt for each channel. We measure
filter quality factors as high as Qfilt = 700, and this provides a conservative lower
limit on the dissipative quality factor Qi. An improved estimate of Qi may be ob-
tained by comparing the measured Qfilt with the designed loss-less quality factor,
assuming the targeted values of Qdet and Qfeed. A fit to the set of all measured
channels using equation 2 yields a best fit value of Qi = 1440 (Figure 2).

Example	
  channel	
  profile	
  measured	
  with	
  swept	
  source.	
  	
  	
  
Red	
  is	
  broadband	
  response	
  used	
  to	
  normalize	
  the	
  
channel	
  response.	
  	
  Blue	
  is	
  the	
  Lorentzian	
  fit.	
  
Steve	
  Hailey-­‐Dunsheath,	
  chip	
  characteriza6on	
  	
  

Chip	
  has	
  3	
  different	
  kinds	
  of	
  
detectors:	
  
•  Spectral	
  channels	
  
•  Broad-­‐band	
  ~1%	
  absorbers	
  
•  Terminators	
  (at	
  end	
  of	
  line	
  (4	
  

sequenPal)	
  
CharacterizaQon	
  of	
  chip	
  through	
  a	
  
combinaQon	
  of:	
  
•  Swept	
  source	
  (aka	
  local-­‐

oscillator)	
  measurements	
  	
  -­‐-­‐
high-­‐power	
  tunable	
  source	
  
provides	
  detailed	
  profile	
  

•  Blackbody	
  response	
  
measurements	
  -­‐-­‐	
  provides	
  
radiometric	
  response	
  and	
  noise.	
  

•  Fourier-­‐Transform	
  
measurements	
  –	
  measures	
  
channel	
  centers	
  and	
  constrains	
  
out-­‐of	
  band	
  response	
  	
  

186	
  GHz	
   189	
  GHz	
  

Q	
  =	
  654	
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Conclusions	
  
•  Large-­‐format	
  spectroscopic	
  back-­‐end	
  on	
  a	
  large	
  cryogenic	
  space	
  telescope	
  is	
  a	
  

compelling	
  future	
  for	
  far-­‐IR	
  space	
  astrophysics.	
  
•  ParPcipaPon	
  in	
  SPICA	
  remains	
  an	
  near-­‐term	
  opportunity	
  with	
  excellent	
  value	
  and	
  

demonstrates	
  techniques	
  for	
  the	
  future	
  pathfinders.	
  	
  
•  RF	
  /	
  microwave	
  frequency-­‐mulPplexed	
  detector	
  systems	
  are	
  coming	
  close,	
  

consider	
  at	
  least	
  20	
  kpixel	
  for	
  next	
  generaPon	
  mission.	
  
•  Telescopes	
  must	
  be	
  cooled	
  to	
  a	
  few	
  K.	
  	
  Mature	
  technology	
  exist,	
  but	
  careful	
  

thermal	
  design	
  of	
  the	
  full	
  observatory	
  is	
  required.	
  	
  
•  With	
  intercepts,	
  	
  1	
  mW	
  at	
  4.5	
  K	
  for	
  8-­‐10	
  W	
  warm	
  
•  Full	
  large	
  system:	
  e.g.	
  50-­‐100	
  mW	
  at	
  4.5	
  K:	
  	
  up	
  to	
  1	
  kW	
  of	
  power	
  -­‐>	
  10	
  m2	
  

•  Launch-­‐locks	
  will	
  be	
  required	
  for	
  next-­‐generaPon	
  cryogenic	
  telescopes.	
  	
  
•  Direct-­‐detecPon	
  systems	
  have	
  to	
  be	
  cooled	
  to	
  below	
  1K,	
  so	
  mass	
  and	
  volume	
  are	
  

important.	
  
•  Compact	
  spectrometer	
  technologies	
  exist	
  and	
  are	
  advancing.	
  
•  1	
  uW	
  of	
  lim	
  at	
  50	
  mK	
  should	
  support	
  20	
  kg.	
  	
  	
  
•  Can	
  be	
  limed	
  to	
  ~15	
  mW	
  at	
  4	
  K	
  +	
  5	
  mW	
  at	
  1.7	
  K.	
  

•  Balloon	
  pathfinders	
  are	
  possible,	
  but	
  	
  
•  SensiPvity-­‐wise	
  it	
  is	
  difficult	
  to	
  overcome	
  atmosphere	
  and	
  warm	
  telescope.	
  
•  OperaPonally,	
  gravitaPonal	
  and	
  thermal	
  deformaPons	
  are	
  also	
  important	
  	
  
•  3-­‐meter	
  class	
  CFRP	
  systems	
  can	
  be	
  passive	
  to	
  gravity	
  and	
  thermal	
  deformaPons,	
  larger	
  

telescope	
  may	
  require	
  acPve	
  control.	
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