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Abstract

In the framework of the ESA X-ray mission ATHENA, scheduled for launch in 2030,
an ESA Core Technology Program (CTP) was started in 2016 to build a flight like cryostat
demonstrator in parallel with the phase A studies of the ATHENA/X-IFU instrument. As part
of this CTP, called the Detector Cooling System (DCS), design, manufacturing and test of a
cryostat including existing space coolers will be done. In addition to the validation of
thermal performance, a Focal Plan Assembly (FPA) demonstrator using Transition Edge
Sensors (TES) detector technology will be also integrated and its performance characterized
versus the environment provided by the cryostat. This is a unique opportunity to validate
many crucial issues of the cryogenic part of such a sensitive instrument.

A dedicated activity within this CTP-DCS is the demonstration of the 300 K-50 mK
cooling chain in a Ground System Equipment (GSE) cryostat. The studies are focused on the
operation of the space coolers, which is made possible by the use of a ground cooler for
cooling cryogenic shields and mechanical supports.

This test program is also the opportunity to validate the operation of the cryochain with
respect to various requirements, such as time constant and temperature stabilities. This
would bring us valuable inputs to integrate the cryochain in DCS cryostat, X-IFU studies,
SPICA and LiteBIRD missions.

This paper is focused on the operation of the full 300 K — 50 mK cryochain. In particular,
the recycling options of the sub Kelvin cooler (sorption cooler + an ADR) versus the
capability of 4 K and 2 K JT coolers are described. Results on the JT parameters validation
campaign are summarized and eventually the results of the coupled test with sub Kelvin
cooler will be presented and discussed.

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
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300 K - 50 mK cryochain and test set-up

Several space missions requires detectors to be cooled as low as 50 mK to reach their
required sensitivity. A cryogenic chain, comprising several stages can provide such cooling
with long life duration, up to 5 to 10 years. Dedicated coolers for each stages of this cryogenic
chain have been developed. For such purpose, ESA (European Space Agency) funded Air
Liquide and its partners for the development of a 15 K pulse tube providing up to 400 mW of
cooling power (ref 13). JAXA (Japanese Exploration Agency) with its industrial partners SHI
(Sumitomo Heavy Industry) developed a 4 K JT precooled with a Stirling cooler, already used
in several space missions. In addition, it developed a 2K JT, using 3He, dedicated to the
currently discussed missions. A 50 mK hybrid cooler, using a combination of an adsorption
stage and an ADR (Adiabatic Demagnetization Refrigerator) has been developed at CEA and
brought to TRL 6 (ref 11,12). To validate the coupling of all these cryocoolers, a dedicated
cryostat program has been initiated and is described in this paper. This work is part of a wider
demonstration, partly funded by ESA, of an instrument including cryogenic chain and FPA
(Focal Plane Assembly) under the name DCS (Detector Cooling System). The DCS program
is aimed as a preliminary demonstration for the X-IFU instrument(ref 1,2). Similar cryogenics
chain are also planned for the SPICA (ref 6,9) missions.

Cryochain

For the cryogenic chain demonstration, the cryocoolers are coupled together and
validated in the so called « cryostat 1 » using ground system equipment (GSE) to cool thermal
shields and mechanical supports (ref 3). This cryochain demonstration is a critical milestone
also for the SPICA (ref 6) mission with the operation of the SAFARI (ref 11,12) hybrid cooler
from CEA coupled to JAXA 4 K and 2 K JT coolers (ref 7,8). A CAD model of the cryochain
is depicted in Figure 1. The 4 K JT design is based on ITOMI and SPICA designs (ref 9,16).
JAXA has built and tested a 2 K JT which is precooled by a 2 stage Stirling cooler (ref 10). In
the frame work of this contract, the Stirling precooler is replaced by a 15 K Pulse tube (ref
13) cooler from Air Liquide which presents higher cooling capacities and could provide
better precooling temperature and thus enhance JT performance. An extensive testing
campaign of this new 2 K cooler has been carried out but the results are not presented in this
paper. Eventually, the hybrid cooler is connected to the JT coolers through dedicated thermal
links.
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Figure 1: details on the 300 K-50 m K cryochain (agencies & suppliers)




Test set-up and integration sequences

The design of the test setup, schematically represented on top of the Figure 2, has been
described in a previous article (ref 3). The cryochain is integrated into a GSE host cryostat.
This cryostat has two actively cooled thermal shields. The outer cryogenic shield at 100 K and
the inner cryogenic shield tunable between 5 K and 30 K to evaluate radiative sensitivity of
the cryochain low temperature parts. The JT cold tips and the hybrid cooler are mechanically
supported by the cryostat. Each stages have light baffles to prevent stray light. The 4 K
structure, including the hybrid cooler, cool down time is shorten by using a cooling booster. It
is a gas gap heat switch (HS3 on Figure 2) making a thermal coupling between the cryochain
and the powerful, 4 K class, GSE cooler.

T OCS_top

W ICS
ik

(é T L] TICS_top

T 2K_JAXA_2Kstage
W 2K_JAXA_2Kstage

T cold structure

. PT100 SECUI’itY T 2KIT_coldtip
@ pT100 W 2KIT_coldtip
@ cerNOX e
@ carbon100 WHE Ty
8 w 10w
1 Wi1iw T Hng_ZKstage
i W HybC_2Kstage
T 4KIT_coldtip X
B8 w 70mw W 4KIT_coldtip zé" =
B W10 mw o B = |
«® Pressure gage n mM
MLI T 4K_JAXA_4Kstage
W 4K_JAXA_4Kstage 6IC574KJT
.Tlcsfbnttom 04 ICS (5K-30K)
T 4K_JAXA_JT 2nd st i
TOCS_qkIT 4KTIAXATIT 2nd stage
T OCS_bottom @ = OCS (100K)
—

( 64 manganin wires
" D: 0.2 mm, L: 200 mm

@ supports

8167 70 mw heater

subK mech. interface

300mK

. pair of copper
current leads D: 0.1 mm, L: 200 mm

300mK

. pair of NbTi+copper
current leads D: 0.254 mm, L: 400 mm

copper = 56 % main parasitic contribution
pp ° is the the sorption cooler tube

Figure 2: Top: scheme of the crostat with the housekeeping thermometers and heaters. bottom:
parasitic thermal balance of the Hybrid cooler during recycling phase.




The two JT coolers have been integrated and reception test have been made to qualify the
cool down procedure, booster device, and good operation of ICS temperature variation
without conductive thermal coupling with the JT coolers (ref 3). The JT coolers have then
been extensively operated with dedicated tests to find the best parameters in order to recycle
the hybrid cooler (ref 4).

The hybrid cooler has been then integrated. Because the hybrid cooler is thermally
connected both to the 2 K interface and to the 4 K interface, it makes a thermal coupling
between these two stages. This coupling leads to a parasitic heat flow on the 2 K cooler which
reaches its maximum during the recycling of the cooler because of the 4 K cooler temperature
increase. The various contributions have been evaluated for the recycling phase (see Figure 2)
and they account for about 0.5 mW, by far dominated by the sorption cooler internal tubing.
The interface temperatures profiles during recycling are presented on the graph of the Figure
10. Due to a decrease of the temperatures after the recycling phase has finished, the parasitic
losses become lower as well. Nevertheless, we keep a value of 0.5 mW for the losses in our
regulation system.

As shown on the Figure 3, some care have been taken to prevent stray light onto the sub
Kelvin cold tips. The housekeeping wiring as well as a cover have been studied to ensure a
low parasitic heat losses level at 0.3 K and 0.05 K during operation. On the right picture of
the Figure 3 we can see the closed baffle at the top of the hybrid cooler with the housekeeping
feedthrough.
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Figure 3: Picture of cooler integration and details of the hybrid cooler sub Kelvin cold tips house
keeping inside the




Hybrid cooler recycling methods

One of the main particularity of this coupling of coolers is the coupling of coolers
providing continuous cooling, such as JT coolers, with the hybrid cooler, which operates
intrinsically with a succession of cold phase with “recycling” phase. Moreover, the power
dumped to the warm interface of the hybrid cooler (i.e. JT cold exchanger) vary almost as a
step function between recycling and cold phase (ref 12 and Figure 4). It is worth noting that at
first order, the time of the recycling is inversely proportional to the available power. In other
word, recycling the hybrid cooler needs a set energy that have to be dissipated over time.
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Figure 4: typical recycling plots for the hybrid cooler in lab L4He cryostat and power dissipated in
the recycling mode.

The hybrid cooler is using two warm interfaces: one to the 2K JT and one to the 4K JT.
To insure that the power dumped to each of the JT interfaces do not overload these coolers, it
is important, first to measure the heat flow, and second to control it. The heat flow is
measured thanks to the in-situ conductance calibration of the thermal link between the JT
interface and the hybrid cooler interface. In our previous developments on the hybrid cooler,
the measurement and control of the power dumped to the warm interfaces has been well
mastered (ref 11). Based on these experiences, the control of the heat flow has been done in 3
different ways which are described below. For internal reasons, we call these methods
respectively la, 1b and 3 and keep these names further.

The first method is to limit the power dumped to the JT coolers to a set maximum value.
The second method is to limit the temperature of the JT coolers interface to a maximum value.
This will lead to a transient higher power load to the JT interface, but will stabilize over time
to the same power as the first method. Finally, the third method use a constant temperature
interface, with a regulation using a heater on this interface.



Methods Main Advantages Main Drawbacks
Measurements and control
la: Maximum heat flow=> simpler d1ff1cu.1 t .
constant heat . . . Less thermodynamically efficient
interface discussion . ..
flow (higher power dissipated)
Varying JT operating parameters
1b: Easier control
maximum set (one temperature read out) Varying JT operating parameters
temperature Efficient (quicker)
3: Constant JT Operation
Regulated Similar to test cryostat . .
temf)erature Heat flow well mea)s/ured => Inefficient thermodynamically
and power simpler interface discussion

Table 1 : comparison of the 3 control methods

The three methods are compared in Table 1. The method 3 has been extensively used and
demonstrated during the qualification of the hybrid cooler (ref 11). It leads to a constant
power dumped to the JT, equal to the maximum nominal value. While this last method is not
thermodynamically efficient - requiring a constant heat load on the JT interface, including
during cold time - it leads to constant operation parameter on the JT, which is an advantage
for space qualification. Its validation in this experiment is not required because it replicates
exactly a continuous JT operation and the measurement on the hybrid cooler previously done.
The advantage on method 1b over la is mostly because its control is easier, based only on one
thermometer read-out. Another advantage is that it is possible to have a higher heat load
during the time of inertia of the JT that can quicken the recycling of the hybrid cooler by

several 10% depending on the exact operation conditions.
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Figure 5: Description of the hybrid cooler recycling methods 1a, 1b and 3

Because the recycling speed is mostly limited by power on the 4K JT (Figure 4), the
automated algorithm will be only implemented on this JT. The power on the 2K JT will be
limited by the setting of the first part of the cycle (no closed loop regulation).

Qualification of JT operation against recycling methods option

Prior to make the coupling between the JT coolers and the Hybrid cooler, The JT cold
tips were independent and only connected to nonconductive mechanical supports (ref 3,4). At
first, the nominal cooling power of the JT has been verified and 2 K cooling power has been
measured as function of the 15 K PT precooling temperature (ref 4). Then, the possibility to
operate safely despite the quick heat load variations described on the previous chapter had to
be assessed. The risk is piston touching, which could occur when the applied power on the
cold-tip is reduced which lead to lower temperature and a drop in gas pressure. This risk is
higher for higher cooler power or higher piston stroke on the JT compressors.

Therefore, setting the nominal parameters for the JT coolers implies maximizing both the
available power and the maximum safe variation of cooling power. This is more difficult for
the 2K JT than for the 4K JT. For the former, a large test sequence leads to a JT compressors
parameter set giving the possibility to operate between 5.5 mW and 9.5 mW without settings
changes. The 4 K JT can deal with large power variations, 10 or 20 mW, with a maximum
power of 40 mW.

For DCS and X-IFU the thermal budget of the hybrid cooler is 10 mW to the 4 K JT and
3.5 mW to the 2 K JT. Deducing the 0.5 mW conductive losses from 4 K to 2 K (see Figure
3), the recycling budget at 2 K is equivalent to 3 mW.

The following values give the JT performances after JT compressors tuning.



e 4 KJT settings X-IFU/SPICA 1: 30 mW @4.5K (20mW @ 4.32K)

* 4 K JT settings X_IFU/SPICA 2: 40 mW @4.62K (30 mW @ 4.32K or 20 mW @ 4.24
K)

e 2 KIJT settings X_IFU: 9.5 mW@ 1.74K (6.5 mW@1.67 K)

* 2 KT settings LiteBIRD: 7mW @ 1.74K (3 mW @1.66K)

Once the JT coolers compressors parameters have been set for coupling with the hybrid
cooler, method 1a and 1b have been tested by producing heat profiles thanks to heaters. The
graphs on the Figure 7 give a view on the power and temperatures profiles for some of the test
made with the 4 K JT. In the three cases, the power allocated for the hybrid cooler was 10
mW and was applied using the heater W 4KJT cold-tip. The constant power allocated to the
instrument was simulated on JAXA cooler side using W 4K-JAXA_4Kstage. The time
constant of the cold tip temperature evolution is about 1.5 hour with a nominal 10 mW heat
load increase for method 1a. For method 1b, we tested an overload peak heat load of 30 mW
without seeing any trouble on the JT operation. The overload time frame is around 15 minutes
in this case. The advantage previously mentioned of quicker recycling is therefore not so
important, but its simplicity remains. Method 1b has been tested with success for the two JT
settings of 30 mW and 40 mW maximum power.
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Figure 6: 4K JT time constants. Top: 30 mW @ 4.5K (method 1a (left) and method 1b (right).

The same test have been performed with the 2 K JT cooler. A constant 6 mW heat load
was applied on JAXA side with W 2K_JAXA_2Kstage and hybrid cooler simulation was
done using W 2KJT_cold-tip. On the left graph of the Figure 8, only method 1b test results
are represented. The test has been performed with an overload peak power of 11.5 mW during
45 minutes and then has been reduced to the nominal maximum power of 9.5 mW.

The temperature of the orifice gives a useful information on the cold tip conditions. In
normal operation the orifice temperature remains slightly colder than the col tip itself where
heat is applied. When the cold tip is about to dry-out, the orifice temperature increase and
becomes warmer than the cold tip. At this point the operation of the JT is not going to last and
applied power has to be reduced in order to recover a nominal operation. The orifice
temperature is thus a good driver of the capability of the coolers. Another experiment, not
presented here, have been done with a 2K JT already operating at its maximum heat load of
9 mW. The temperature increase indicative of JT dry out has been observed only after 9
minutes with 2 mW additional power. The 45 minutes, 2 mW, overload during method 1b and
then 9 minutes, 2 mW, overload acceptable, while being already at maximum power, give
some margin in the cooler overall power load management.
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Coupled test results

Cool Down

The cryostat and cryochain cool down from room temperature is presented on Figure 9.
During the cool down phase, only the GSE pulse tube and the JT precoolers are effectively
providing cooling power. JT cold tips are cooled down through by-pass integrated in the JT
design and through the GSE cooling booster in cryostat 1 case. The power on the Stirling
cooler is gradually increased according to the cold finger cool down and mechanical gap
increase. Regarding the 15 K pulse tube, the power is also increased gradually. It takes about
two days to cool down the cryochain down to hybrid cooler cycling conditions. In this graph,
the cool down booster is turned OFF at 37 hours and the JT are started at 44 hours by closing
the by-pass. Two main possible issues have been identified for the cool down of the
cryochain. The first one is the possibility to freeze the displacer of the 4 K JT Stirling
precooler. The main cause of the cold sticking is assumed to be CO2 as well as H20. Both
gas were detected as the outgas in the coolers (ref 15). To prevent this, the Stirling cooler was
started a couple of hours prior to start the GSE cooler. The second possible issue was to plug
the JT coolers in by-pass mode by over cooling the JT cold tips. To prevent this, the booster
was turned off automatically at 20 K.
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Figure 8: cryostat and cryochain cool down

As shown on the right graph of Figure 9, it takes about 3 hours for the 4 K JT to cool
down the hybrid cooler along with the mechanical structure and thermal straps. The hybrid
cooler is thermally connected for the most massive part to the 4K JT and for some other
components to the 2K JT. Cooling time of the JT coolers after by-pass precooling has been
studied by JAXA in the framework of cryostat 1 (ref 5), and calculation of the cool down
capacity of the JT coolers has been deduced.



SubK recycling with METHODS 1A,1B, 3, short and long cycle

With the interface temperature set as previously described, demonstration of 300 mK and
50 mK cooling has been done, operating the hybrid cooler in its nominal operating conditions.
For this, the nominal cooling power at 50 mK and 300 mK is respectively 0.4 uW and 14 pW.
The operation of the hybrid cooler is well described in ref 11 and is not repeated here.
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Figure 9: Hybrid cooler recycling and hold time. TBD : enlever date/nom cycle. qualité rajouter les
puissances, ...

For this demonstration, the method 1b previously described has been used. A nominal
recycling has been performed, leading to a measured hold time of 33h20 with a recycling time
of 9h05 which is in line with the past results and prediction. This validates clearly the possible
coupling between the JTs and hybrid cooler.

The interface temperatures during the recycling phase is presented on Figure 10, showing
the maximum temperature set for the regulation (1.86 K and 4.75 K). This temperature had
been obtained by a previous calibration to correspond to the nominal power of recycling (10
mW on the 4 K interface and 3.5 mW on the 2K interface)
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To go further and propose alternative operating modes, a shorter cycle has been tested. It
has been shown that the hybrid cooler can operate with a recycling time or hold time varying
in the same proportions, simply by modifying the recycling parameters (e.g. sorption pump
maximum temperature).

For all these measurements, no special attention had been put to the thermal stability
values at cold temperature. Typical values, previously measured of 4 uK RMS of noise at 50
mK has been measured. This is not a limit as in other development [Duval, 2019],
measurements of noise level of 0.4 uK RMS had been measured demonstrating that such low
numbers could be achieved.

The sensibility to the environment had also been assessed by increasing the shield (ICS)
temperature to 30 K. During the radiative test with ICS at 30 K, the objective is to test the
light tightness of the cooler but it is known that the sub Kelvin cold tips could not withstand
such high radiative power so all parts which temperature is lower than 2K are radiatively
shielded by cover. During this test, the performances had not been measurably different than
the standard measurements, proving that the hybrid cooler can operate in a 30 K environment
with no degradation providing, obviously, that the subkelvin stages are thermally shielded.

Thermal coupling and operating temperatures

Similar cycles have been tested to represent the environment considered for planned
instrument such as SPICA or LiteBIRD. The results not presented here shows that the cooling
chain can be adapted to various operating conditions.

2K interface 4K Interface

Cydle Power Power sub Power sub

description JT side HybC Instrument K JT side HybC Power K
(K) Side (K) (mW) (+ intern) (K) side (K) instrument (mW) (+intern)

(mW) (mW)
X _IFU or 3+0
SPICA 1.74 1.86 6 5 4.63 4.75 30 10
LiteBIRD 1.74 1.88 3 +0 2.5 4.7 4.88 15 15

Table 2 : interface temperatures for typical recycling setups




Conclusion and perspective

A cryostat has been designed and manufactured to test a space compatible cooling chain
envisioned for missions such as ATHENA, SPICA or LiteBIRD. After integration and
validation of the cryostat operating parameters, the cryochain had been successfully tested
with stable 50 mK operation and with performances. The performances (duty cycle) and
operating parameters of each coolers had been characterized and recorded and are in line with
prediction.

The key to this demonstration is the coupling between JT coolers which are continuous
cooler that are very sensitive to operating parameters change with a non-continuous cooler,
such as the hybrid cooler.

This cryostat can offer many possibilities to prepare the design of flight cooling chain,
including detailed and specific measurements such as parasitic heat load, precooling loads and
so forth. Concerning the Athena program, a demonstration model of a flight like cryostat is
being designed as part of the ESA CTP Detector Cooling System. This next cryostat will
include only space technologies for shield cooling and the cooling chain tested in cryostat 1
program will be used to cool down the 4K and 2K stages as well as the 50 mK focal plan
assembly. The knowledge and parameters qualification of this cryochain will ease the
operation of this advanced cryostat.
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