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LionelD.
Although the origin of the space age began after World War II, the real kick off was given in October 1957 with the launch of Sputnik by the Russian federation. In these times of cold war, the response of the USA soon followed with Explorer in January 1958. Since then hundreds of satellites have been successfully sent to space, and the associated technologies, including cryogenics, have now reached a good maturity level.
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LionelD
Space missions are motivated mainly by three objectives, earth observation, planetary exploration, and scientific missions related to the understanding of our universe. For a large number of these space missions, cryogenics is often a necessary evil, and is used to cool sensors, electronics, and in some cases optics, in the ranges of 50K to 200K for earth observation and a few mK to 100K for scientific missions (typical values). The expression “necessary evil” is used because indeed cryogenic cooling necessarily impacts the technical complexity, the risks, and the cost of the instrument.
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LionelD
Cryogenic sensors based on various principles have been and are developed, but the basic reason for their cooling is that temperature refers to the average kinetic energy of the particles: lowering the temperature reduces this thermal agitation and thus not only reduces the thermal noise but also allows to measure faint signals. The sensors are spread in two families: photon and thermal detector. In the first case, the incoming photons (can) produce charge carriers and thus a change in resistance or current, as in the second case the incoming photons (energy) induce a temperature rise and thus a measurable signal. Thermal detectors are pretty much independent of the wavelength and are used in the X rays as well as in the far infrared part of the spectrum. The first family is mostly used in earth observations where the signals to be measured carries enough energy but the noise generated by the temperature of the detector itself needs to be lowered, while the second family is used for very faint signals, either in the far infrared (many photons with little energy) or X-rays (high energy but very few photons).
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LionelD
For scientific missions, one of the main reasons to go to space is that fortunately for the living creature, the earth's atmosphere is pretty much opaque to most of the electromagnetic spectrum. Only a limited number of “windows” are accessible from ground, although it usually requires installing the instruments at high altitude, and in extremely dry places to avoid the water vapor that blocks the infrareds. Observing from space gives access to the full spectrum and opens up an otherwise hidden world. 
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Several constraints are associated with the space environment, and when it comes to cryogenic cooling the main ones are:
•	survive the take-off
•	minimize the mass, volume, and power required
•	be compatible with operation in microgravity
•	guarantee the reliability and lifetime over 5 to 10 years

Indeed the vibrations generated by the launcher, whether acoustic or from the acceleration, induce mechanical stresses on all of the structures. The coldest parts of the cryogenic system are often in a Russian doll configuration, and along with the detectors at the end of a chain, whose initial link is the spacecraft. Although the vibration levels at the spacecraft level might be reasonably low, in some cases the cumulative and amplification effects leads to levels fairly high. A typical qualification test includes vibration levels of 20 G sinus in the 20 to 100 Hz range, and 10 to 15 Grms random test in the 20 – 2000 Hz range. Since a cryogenic system features by essence thermally isolated items from the surrounding, clever solutions must be implemented to guarantee the mechanical strength while minimizing the thermal loads to the cold parts.
Minimizing the mass, volume and power are obvious goals. In general, the objective is to maximize the amount of science that can be produced in a given envelope, and thus to lower the mass of the coolers in particular, to accommodate additional instruments, or simply to cope with the overall mass specification.
Some of the cooling solutions discussed in the following paragraphs involve liquid cryogen. In microgravity, solutions must be implemented to guarantee that the liquid condenses/evaporates and/or remains at the right location.
Reliability, the last requirement, is certainly the most critical, and one possible solution is to develop systems without any friction, or even better, with no moving parts. In addition, whenever possible, redundant configurations are used.
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LionelD
The space environment features natural resources that can be positively used. For most of the missions carried out so far, the orbits are such the spacecraft can benefit from the solar photons ability to generate electricity using photovoltaic solar panels.
The near perfect vacuum prevailing in space and the cold “cosmic background radiation” are both welcome features. Indeed the absence of matter (of gas in particular), restricts the heat exchanges to the sole radiative transfers. Consequently, from a location exposed to deep space radiating at about 2.7 K, it should be possible, in theory, to cool a surface down to temperatures of just a few kelvins – see further. The radiative exchanges are also used at temperatures close to 300 K to evacuate, for instance, the heat generated by the active coolers, which by definition are designed to remove heat at a cold heat sink, and to dissipate a substantially higher amount at the warm heat sink.
Finally the vacuum can be used to evacuate fluids, or as a pump for evaporative cooling. This solution involves taking a cryogenic liquid, first liquefied on Earth, stored in a tank, and then takes advantage of the vacuum in outer space to obtain cooling by way of evaporation.
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LionelD
Depending on the temperature required, several cooling systems might have to be chained together to cover the temperature range. In general, passive radiators are used in all cases since it only uses an available natural resource. In fact, they are mandatory at room temperature since the satellite is thermally isolated and include systems that dissipate heat (electronics, coolers, etc…). This heat must be evacuated to space and this can only be done via radiative cooling. The current trend in space cryogenics is to develop a cryogen free satellite, i.e. suppress the liquid reservoir once used to provide temperature down to 1.5 K (helium case) for mechanical coolers. Although liquid cryostat is a simple and straightforward technique, it leads to heavy reservoirs and structures, and by essence limits the mission duration.
Obviously the overall performance of the cryogenic chain depends on the performance of each link, on their ability to operate together, and finally on the compatibility with the detectors, which can be sensitive to microvibrations and stray magnetic fields. For integration reason, it is generally recommended that each cooling component be seen as a “black box” that can interface with the next links. However, for the reason mentioned above, the full detection chain must be seen as a whole, and optimized accordingly.
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LionelD
This is the simplest and most reliable technique. It is fully passive, low weight, and does not generate any vibrations. However, it depends on the orbit, and on the satellite orientation and motion (e.g. spined satellite). Moreover, their performance scale like T4-T4c, Tc being the cold heat sink temperature, which for far earth orbit like L2 can be a few K, while for near earth orbit it is in the tens of K range. In any case as the required temperature is lowered, the available cooling power decreases dramatically and in practice these systems are limited typically to temperature down to 40 K.
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LionelD
Solid or liquid cryogen systems make use of the heat of sublimation, respectively vaporization, to absorb the cooling load at constant temperature. As mentioned before, the cryostat is usually vented to space, allowing to decrease the internal pressure and thus reach low temperatures. Solid cryogen systems feature two advantages over the liquid ones. First, the heat of sublimation and the density are higher than that of liquids, allowing to store more cooling resources in a given volume. Second, the system does not require any tricks to control the liquid position and deal with the phase separation, and thus the microgravity environment is not a problem. However their use is limited to about 10 K using solid hydrogen (with the safety measures that come along).
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GRENOBLE

He cold vapor

Instruments

Helium tank
(= 2400 I)
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Cea HERSCHEL CRYOGENIC CHAIN - 2

GRENOBLE
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L1 50 mW L2 L3
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SPACE COOLING CHAINS

4 )

0.01 K 01K 1K 10K 100K 300K
| T T TTTTT] T T TTTTT] T T TTTTT] T T TTTTT] 1

Stored cryogen (!

Active "mechanical™ coolers

\_ /
* Lifetime * Peak power
* Warm launch | _ * Thermal interfaces
* Ground tests ~ * Vibration
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SPACE CRYOGENICS: CURRENT TENDENCY

® Thermal interface

® Peak Power

@ Distribution (vapor)

@ Vibration free

© Passive (once in space)

He cold vapor

Instruments
loop

Superfluid
helium tank _ | ® Limited lifetime
| ® Volume
® Mass

, ® On ground management
Vacuum shell needed
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The need for extended missions, lifetime, and the progress in the reliability of the mechanical coolers, have boosted their use in recent and future missions. There are many types of active coolers, whether regenerative such as the Stirling and pulse tube, or recuperative such as the Joule Thomson loop and Brayton.
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Cea SPACE CRYOGENICS: CURRENT TENDENCY

GRENOBLE

He cold vapor

Instruments
loop

Superfluid
helium tank
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Cea_ SPACE CRYOGENICS: CURRENT TENDENCY

GRENOBLE

© Lifetime
® Volume
® Ground tests
® Warm launch

® Heat distribution

® Interface

® Vibration

® Thermal peak power
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Temperature
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ONLY THE BEST: MYTHICAL CARNOT CYCLE

>

Tcold

arnot cycl

Example
P 300 K - 60 K cooler

Carnot cycle
pressure ratio 6/® =120 !!

’.
Entropy S
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Cea ONLY THE BEST: MYTHICAL CARNOT CYCLE

GRENOBLE

>

Example
300 K - 60 K cooler

Carnot cycle
pressure ratio /@ =120 !!

Temperature

Isentropic evolution

Isochoric Isobaric
(Stirling) (Ericsson, GM)

In theory, COP = Carnot

Thot

Tcold

heat transfer at variable T

Vv

Regenerator (thermal sponge)
or counter flow heat exchanger

’.
Entropy S
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Cea (MOST) MECHANICAL CRYOCOOLERS
GRENOBLE
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| ! .'\ .0'. ..'. i. ‘.'-.
< Compression 5 ; Y \ g X
I 4 3 / |
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cooling of pressure oscillator - 3 :-‘
compressed gas - f Y Y i
- ... .. :O . ..
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expanded gas = = BP
| Pressure wave
--------- as mass ,
S—— Eﬂassﬂow rate Expansion phase
1 | 1 1 L | ' |

g Expansion ] ]
Expansion of maximum amount of gas
__>/_/‘ at the right place and right time

// Cold finger

Heat absorption - -

Mass flow rate & pressure oscillation
in phase
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STIRLING VERSUS PULSE TUBE

GRENOBLE

P . g
B * Low induced
* High efficiency vibration
* Robust / Ease
_ of integration
Regenerator
Phase shift , Phase shift
mechanically Cold spot pneumatically
controlled : controlled
Displacer Tube
Inertance
Buffer volume
IFNAC
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Cea_ STIRLING VERSUS PULSE TUBE
GRENOBLE
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Cla COOLER DNA (PRESSURE OSCILLATOR)
EGRENOBLE

High Frequency (= > 30 Hz)

OF,

Motion without
friction (=)

Key Concept
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80K Single Stage Stirling
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spring 1.7TW@80K
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Because as mentioned before, the reliability requirement calls for the absence of any friction between the moving parts, a major breakthrough came in the 80’s when the so called Oxford type compressors, using diaphragm springs providing the piston support and clearance seals to prevent gas leakage, were developed. Most, if not all, of the pressure oscillators developed today use this technology.
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Cea STIRLING AND PULSE TUBE COOLERS

GRENOBLE

Overall;
Mature technology

o
™M High Technical Readiness Level (TRL)
o

several thousands of hours in operation in orbit

Original BAe 50-80 K cooler: currently 23 in orbit, 177 years accumulated in orbit,

AIRS PT: over 12 years of operation

M On going: Multi stage, low T system, Miniature

cooler, high frequency

INdc
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Cea SENTINEL 3: OCEAN & GLOBAL LAND MONITORING

GRENOBLE

o R S A S

“
' EARTH BACKWARD VIEW
Ocean and Land Colour J

Microwave Instrument
Radiometer

Sea and Land Surface
Temperature Radiometer

Main satellite characteristics
* 1250 kg maximal mass

*3.89mx2.202 m x 2.207 m
 Average power consumption of 1100 W Scheduled to

launch mid 2015

SAR Radar
Altimeter

1.5W @ 80 K
with 80 W input

© AIRBUS

DEFENCE & SPACE
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Cea METEOSAT 3G

GRENOBLE

50 K Single Stage

THALES

23W@50K
160 W input
5.1 Kg

60 -
55 ] —e— SINO03

2W@30K

50 | _=_S/N004
] — s+ SIN005

10°C warm end
160W AC input

Cold tip Temperature (K)
8

0 0,5 1 1,5 2 25 3
Cooling power (W)

* EUMETSAY

EAIR LIQUIDE
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ALTERNATIVE APPROACH: COOLER OF THE SHELF (COTS)

“High costs”: Full space qualification, Maximum performance.
O In line with ESA standards, adherence to ESA/NASA guidelines

“Low costs”: Reliability is important, High price level not
affordable.

LPT 9310 in test

O Products based on normal definition and production standards configuration
O Special but limited screening of parts / products LPT 9510 on JPL
O Extra burn-in to avoid infant mortality test bench

Cost effective solution: Reliability is key, No extreme | —
performance. *

O Design based on existing / proven definitions
O Extra but limited effort on parts and processes (based on risk assessment)

O Extensive screening of subassemblies / final products

THALES Split Stirling LSF 9599

ORS | Satellite (launched 201 1)

I\AC
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For particular space missions, the trade-off between cost and risks has recently open the way to an alternative solution with the COTS concept, i.e. the Cooler Of The Shelf. Instead of using extremely reliable but costly cooler, the idea is to perform a limited screening on coolers developed for tactical or civilian applications. This approach has proven to be successful for missions for which the risk of a failure can be acceptable, but will probably not be used for billion euro or billion dollar missions.


IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) July 2014
AR R O Y Presentation given at ICEC25 - ICMC2014, Enschede, July 2014

Cea LOW TEMPERATURE MULTISTAGE PULSE TUBE

GRENOBLE

4 K Pulse Tube

Maxi compressor |
nertance [
T

+ buffer

Thermal: i

SN
.'!

= | \AC 300 MW @ 15 K
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ATHENA Mission

3.86 K reached June 2014 !
1I5mMW@4.5K
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Cea CAN’T BE EXHAUSTIVE - MANY SUPPLIERS !

GRENOBLE

LOCKHEED MARTIN ,

NORTHROFP GRUMMAN

o«
=

’ 685W Compressor Input Power
 5.5W cooling at 68 K

.- W
o

4th Stage Cooling Power (mW)
- -~ —
o o o

=

35 4 45
4th Stage Temperature (K)
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PULSE TUBE MICROCRYOCOOLER

Coaxial Microcryocooler | 20w 690 mW @ 150 K
300K Heat Rejection .
_;_2.0 L — 10 W input
s 100 Hz
34 o Compressor @32 x 90 mm
10 Cold finger @42 x 110 mm
= Mass: 328 gr (comp. 210, CF 118)
S 5W
©os
Compressor
0.0 Input Power

75 100 125 150 175 200 225
Cold Tip Temperature (K) Could be used in the NASA MatISSE program
(Maturation of Instruments for Solar System Exploration)
LOCKHNEED MARTIN 4

1Nac
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CQa LOWER TEMPERATURE OR VIBRATION LESS: JOULE THOMSON SYSTEM
EGRENOBLE

reccure

ot A
|
-

5 HP
O
| .
o

| ] > >

Time Tlme

B ; -Z‘:\-';-\. LP

K,

check valves

1 @UHL

Direct benefit from heritage (flexure spring)
INac *
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LionelD
The compressors used for the JT systems benefit from the Oxford heritage, and check valves are added to generate the constant high and low pressure necessary to drive the cooler.
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@%% JOULE THOMSON LOOP

GRENOBLE

ISENTHALPIC EXPANSION

Compressor
(Pressure oscillator)

Maximum inversion temperature

Helium: ® © 6 ¢ 0 6 0 ¢ o o 0 & o o o o o o o o o o o o o © o o o o O o 0o o
=T<40K
Heat
Exchanger
Counter flow
heat Exchanger

T —> Heat
;I Exchanger

Temperature

Heating
effect !!

Throttle valve

Pressure

ICEC 25/1CMC 2014 - Lionel Duband, Univ. Grenoble Alpes, CEA-INAC-SBT, F-38000 Grenoble - July 2014

I\d

INSTITUT NANOSCIENCES

ET CRYOGENKE

50



IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) July 2014

FROM RESEARCH TO INDUSTRY

Cea. 4K JT SYSTEM - PLANCK

GRENOBLE

Presentation given at ICEC25 - ICMC2014, Enschede, July 2014

P, = 10bar
- ;Kh;;m;;l:t::‘laboratory Fy = 1.30ar
JT Orifice e
EADS \\)‘:D
. . aK P 4K cooling
Cooler Drive Electronics Stage (~19mW)
&
Pre-charge Regulator : Sy .
V = Rejection to
P — 18K Stage I 01 === Sorption Cooler
Heat Exchangers —_ ~45mWwW
4K Cooler ey . ( ‘
total electrical
input power l.El Rejection to
(~110W) 50K stage T 1] == Radiators
(~80mW)

Ancillary Panel SVM Pipework PLM Heat Exchangers
(warm) (cold)
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FROM RESEARCH TO INDUSTRY

GRENOBLE

$cwrce L Yecrooiogy Faclitien Caunch

4K Cooler
total electrical
input power
(~110W)

W Rutherford Appleton Laboratory
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4K JT SYSTEM - PLAN

JT Orifice

. 4K cooling
(~19mW)

Cooler Drive Electronics
&
Pre-charge Regulator

Rejection to
s Sorption Cooler

(~45mW)

Rejectionto

mmm) Radiators

(~80mW)

£ ———

RAL -/A\strium 4K JT Loop onboard PLANCK (HFI Instrument)
%, - oryirvcivma I ‘
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Cea ADVANCED 2 K COOLER PROGRAM

GRENOBLE

Cooler layout 4 stage Compressor e e |
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JT SYSTEM - JAXA (ASTRO-F, SPICA, ...

| _______ Prototype
et || Cam(m cooler

(Nd)4-041SV !

3 heat exchangers of
caaxial dauble tube

By pass Vo 16 MW @ 1.7 K with 160 W input

Vacuum

181 Srwld S
Cryosiat

O EM unit (with 4 compressors) under fabrication

(ratio 87) (SPICA/SAFARI mission)
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Cea VIBRATIONLESS ? ALTERNATIVE COMPRESSOR

GRENOBLE

Compressor
T(K) %

T60 K

1 order of magnitude in T

N

8 orders of magnitude in P

No mechanical equivalent
(in 1 stage)
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Cea JOULE THOMSON WITH SORPTION COMPRESSOR
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HELIUM & HYDROGEN JT COOLER - VIBRATION FREE

GRENOBLE

— sorption cell

high
pressure
buffer

check valves
iI: / / low

I I pressure
l, 0\ \ buffer

P+ Pu

14.5 K hydrogen cooler (ICC17, 2012)
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Cea

GRENOBLE
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CQa ~" o = SMALL IS BEAUTIFUL

GRENOBLE

hydrogen support platfrom (90 K) heat sink
getter {
= 3
_
/_\ :} p
LN ~Flap
- —Spring :
gas-gap gas-gap cqntainer filled heater | Valve seat
actuator  heatswitch  with carbon P. H=2
*

gas-gap hydrogen flat-to-flat seal
actuator getter 3 bar to 0.1 bar %

heat sink with
container

heater & TC
connectors

after-cooler flap: Au layer 10 um

knife-edge seal
50 bar to 3 bar

I\AC

INSTITUT NANOSCIENCES
ET CRYOGENIE




IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) July 2014
Presentation given at ICEC25 - ICMC2014, Enschede, July 2014

SPACE COOLING CHAINS

4 )
0.01 K 01K 1K 10 K 100K 300K
| T TTTTTT] T TTTTTT] T TTTTTT T T TTTTT] 1

Stored cryogen (Cryos

"Ultra"” low T coolers
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— PAST (LAST DECADE) & FUTURE SUBKELVIN MISSIONS

GRENOBLE
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SUBKELVIN COOLING

Only 3 (4) options

80 K

Evaporative
(+ sorption)

15-20 K

J \_ J

Adiabatic demagnetization
(ADR)

Evaporative + ADR Typical combination

O e e O
50 mK 100 mK 1K 10 K 100K 300K
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They are currently only three qualified technologies able to provide cooling power at subKelvin temperature for space applications, 3He evaporative cooling using a sorption pump (sorption cooler), dilution refrigerator and adiabatic demagnetization refrigerator (ADR).
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Cea 3HE EVAPORATIVE COOLING
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The helium sorption cooler is a fairly robust, simple and lightweight solution but the ultimate temperature is limited to temperature above 200 mK. It is a one shot system, an energy device, and thus needs to be recycled once in a while. Continuous cooling can be obtained with two systems or using a small ADR stage. It can be designed as a “black box”, a plug and play type system, i.e., an independent brick with a clear definition of the interfaces. This technology has been successfully used in the HERSCHEL mission and what used to cool at 300 mK the bolometric detectors of both the PACS and SPIRE instrument. As a drawback the thermodynamic efficiency is lower than that of an ADR.
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The space dilution cooler could provide temperature down to about 50 mK continuously but to date only the open cycle (limited lifetime) has been qualified for space application and successfully used on board Planck. Developments are currently ongoing on a closed system. Although the concept has been demonstrated in the laboratory, a number of technological challenges must be solved to reach a good maturity. This system is not of the “plug and play” type system; it requires several tubing’s and one additional compressor (probably at room temperature) for its operation.
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The ADR is a very efficient technique in terms of thermodynamic efficiency and achievable ultimate temperature. It can also be made as a “black box” and thus the integration is fairly straightforward. Much like the sorption cooler it is an energy device and it needs to be recycled on a regular basis. But similarly, several systems can be chained together, either in series or in parallel to provide continuous operation.
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Another technological solutions is the 50 mK hybrid cooler featuring a combination of a helium 3 stage and a miniature ADR stage. The 300 mK helium 3 stage provides a cold heat sink for the ADR and thus limit the required magnetic field to below 1 Tesla (gain on the mass) and also allows to intercept part of the heat loads to the ultimate stage. This development has now reached a high TRL and is currently the reference solution for the ATHENA mission.
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In numerous applications the position of the active cooling device (cold finger) is fixed and thus there is a need for solutions able to extract the heat at location not necessarily close to the cold finger. Metallic highly flexible links can be used when the length to be addressed is limited. For extended length or when mass becomes an issue cryogenic loop heat pipe can be used. There have been several developments and one current technology is the pulsated heat pipe. In this system, a “static” loop made out of a tube features sustained oscillations of liquid plugs and bubbles. Although the theoretical behavior has yet to be fully understood, several prototypes have been fabricated and have lead to interesting results. Pending the temperature range is compatible (existence of the two phase) kilos of copper or aluminum can be replaced by hundreds of grams of PHP.
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SDL/11-224

THERMAL LINKS

Space Dynamics Laboratory (SDL) has the facilities and
experience to meet the most stringent link requirements. SDL
thermal links have been selected for NASA's JWST program.
Full support services include thermal and dynamic testing

and certification at cryogenic temperatures.

SDL's Flexible Thermal Links
Eliminate : Joining materials including solder
Internal contact resistance
Wicking into braid/foil
Outgassing
Maximize : Thermal conductance
Dynamic/mechanical flexibility
Provide : High Performance

Affordable Solutions

SDL flexible thermal links attach the focal plane assembly to

the cryo-coolers on the GIFTS Instrument

Appropriate material types and configurations are available based on
customer-specific thermal and mechanical requirements for

conductance, mass, and flexibility

SPECIFICATIONS

CONDUCTANCE: 0.01-10W/K

STIFFNESS:  Typically < 1 N/mm all axes
(flexibility)

MASS: 5g-10kg
MATERIAL: Copper, Aluminum, etc.

TYPE: Foil or Braid

TRANSFERLENGTHS: 2mm -2m

1695 North Research Park Way - North Logan, Utah 84341 . Phone 435.713.3400 - www.spacedynamics.org

The SDL flexible thermal links are configurable to

. almost any desired shape and end-block
Space Dynamics

configuration.

#LABORATORY
Utah State University Research Foundation
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99.99% OFHC

High flexibility in all direction (< 0.5N/mm)
High K: >0.5W/K @ 300K

Mass < 350g for complete thermal link
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Cryogenic heat switches are also one of the key technologies in many space cryogenic systems. Indeed the ability to make or break a thermal contact finds direct applications in numerous devices. It can be used to produce adiabatic environments, to couple/decouple a redundant cryocooler from the operating one, to decrease the cooling time in a transient operation, to control the temperature gradient and thereby allow to manage the liquid phase in specific closed cycles, to control Energy Storage Units, etc. Many cryogenic heat switches based upon different physical mechanisms have been developed in the past. To the exception of the ultra low temperature range for which specific techniques must be employed, the most popular system is the gas gap heat switch whereby the conductance is due to the absence or presence of gas between two interlocked parts. A miniature sorption pump manages the gas. In most cases, particularly at liquid helium temperature, the gas gap heat switch is selected for its high reliability (no moving parts) and excellent ON thermal conductance.
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Magnetoresistive heat switch made from tungsten
Works by the slowing down of electrons in a metal due to a tangential magnetic field
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Temperature oscillations or stability might also be an issue and can be solved using energy storage unit or thermal buffer. These systems can also allow to absorb peak powers when using mechanical cryocoolers as mentioned earlier. Developments are currently ongoing to address these issues.
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NATIONAL IMPERATIVES FOR THE NEXT DECADE AND BEYOND

Peter Shirron - Cold facts Feb. 2014

These systems will deliver what the
community needs: better access to cold in
space. But you know what will happen.
Scientists will develop better detectors,
and demand lower temperature, longer
mission lifetimes, lower cost, mass, size,
etc. We should hope for no less. That’s
what will keep space cryogenics as excit-
ing and relevant into the next 50 years as
it has been over the last. @
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