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ABSTRACT: This study examines how cryogenic systems power the ATHENA mission’s X-ray observations. The X-ray 
Integral Field Unit (X-IFU) requires cooling to 50 mK for high-resolution spectroscopy. This paper reviews key cryocoolers—
Stirling, Joule-Thomson, and Adiabatic Demagnetization Refrigerators—and their roles in space applications. A detailed review 
of the multi-stage cryochain explains how it achieves the ultra-low temperatures needed for X-IFU. Transition Edge Sensors 
(TES), vital for X-ray detection, operate at the core of this system. These technologies enable ATHENA to study black hole 
physics, cosmic feedback, and the growth of large-scale cosmic structures. By combining advanced cooling methods with precise 
instrumentation, this study shows how ATHENA will deepen our understanding of the hot and energetic universe.
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� Introduction
The universe is a complex and nebulous subject to explore, 

filled with mysterious things that challenge our understand-
ing. To unravel these cosmic enigmas, the Advanced Telescope 
for High-ENergy Astrophysics (ATHENA) mission, selected 
by ESA in June 2014, will explore a plethora of astronomical 
subjects. This includes the examination of stellar formation 
and evolution, supernova explosions, and gamma-ray bursts.¹ 
Furthermore, it will study the growth of supermassive black 
holes and their influence on galaxy formation and evolution. 
It will also explore how the universe is taking shape through 
the study of how baryonic matter formed large-scale structures 
such as supermassive black holes.² These black holes largely in-
fluence their surroundings through a process known as Cosmic 
Feedback. Therefore, X-rays are crucial to observing this hot 
and energetic universe as they can penetrate through obscured 
environments, revealing various ionization states of abundant 
elements.³ 

To achieve its scientific objectives, ATHENA will carry the 
X-ray Integral Field Unit (X-IFU) instrument, which can pro-
vide spatially resolved high-resolution spectroscopy, granting
the ability to observe bright X-ray sources. X-IFU aims to
tackle key scientific concepts related to the Hot and Energetic
Universe and enable critical observation of the universe’s chem-
ical evolution and the physical processes behind the growth of
large-scale structures. Overall, X-IFU’s high-resolution X-ray
spectroscopy will provide insights across a wide range of astro-
nomical objects, from planets and stars to supernovae, compact
objects, and the interstellar medium.⁴

The X-IFU consists of a large array of X-ray absorbers on 
top of the Transition Edge Sensors (TES). Each X-ray photon 
creates a distinct current pulse, with its amplitude reflecting 
the photon’s energy. These pulses are measured by the TES mi-
crocalorimeter to sense the pulses generated by X-ray photons 
and determine the measurement of photon energy and arrival 

time. The heat capacity of the TES, the thermal conductance 
to the cold bath, and the electrical properties of the TES circuit 
all impact the shape and timing of these pulses.³ Therefore, 
to accurately measure this change in electrical resistance, TES 
needs to be cooled to below 100 mK, with the thermal bath at 
50 mK.⁴ This cooling is achieved through a multi-stage cryo-
genic chain consisting of five 15 K pulse tube coolers, two 4 K 
Joule-Thomson coolers, two 2 K Joule-Thomson coolers, and 
a final stage Adiabatic Demagnetization Refrigeration (ADR) 
100 mK, with the thermal bath at 50 mK.⁵

Many criteria must be met before cryocoolers can be ap-
proved for use in space, such as cooling power at the required 
cold end temperature with a reduced input power, reliable and 
maintenance-free operation, compactness, minimum vibration 
and noise, and long shelf life.⁶ In addition, cryocoolers for space 
applications are generally qualified for a ten-year lifetime.⁷ 
Lastly, the cost is undoubtedly an important factor, especial-
ly when maintenance opportunities are difficult, therefore, it 
is often justified to invest more in the initial capital cost to 
reduce the risk of failure.⁸ Understanding the advantages and 
limitations of each type of cryocooler is essential for selecting 
the most appropriate technology for space applications, which 
ensures optimal performance and reliability. Therefore, this pa-
per will focus on the various types of cryocoolers and their role 
in the ATHENA mission. 
� Background and Theory
Stirling Cryocoolers: 
There are many ways to classify cryocoolers, and the 

primary distinguishing features are based on the types of ther-
modynamic cycles that are being run to achieve refrigeration: 
recuperative or regenerative.⁹ In the recuperative cycles, the 
working fluid moves around a loop in one direction at fixed 
high and low pressures, with JT ( Joule-Thomson) and Brayton 
cycles as prime examples of these types.10 Due to the steady 
flow and pressure, temperature oscillations and vibrations 
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are low. In contrast, the regenerative cycle uses an oscillating 
flow of gas, and its pressure cools the cold end of the system; 
Stirling, Gifford-McMahon, and pulse tube cycles are prime 
examples of such types.11 Temperatures of 3 K up to 300 K can 
be achieved with regenerative cryocoolers, although tempera-
tures below 150 K are the most common.⁸ 

Each cryocooler has its distinct advantages and disadvan-
tages, and these are considered for each space mission. One 
of the most unique properties of pulse tube cryocoolers is 
the lack of a moving part; they utilize Stirling or GM-type 
compressors, which makes them more reliable and minimizes 
vibration, at the cost of reducing efficiency.12 Therefore, pulse 
tube cryocoolers for space applications typically operate at 
high frequencies for efficiency, which makes it challenging to 
achieve very low temperatures due to regenerator performance 
degradation.13 For single-stage coolers, temperatures have 
been known to reach 40-70 K,⁹ but multi-stage coolers can 
cool to much lower temperatures.14 

Stirling coolers were the first coolers to be successfully uti-
lized in space and proven to be reliable and highly efficient. 
Recent developments of two-stage devices allow lower tem-
perature ranges from 60-80 K down to as low as 15-30 K.11,15 
However, to reach 4 K temperatures, it is more common for 
Stirling cycles to be integrated with other coolers. Some of 
the most common pairs are Stirling and JT coolers, previously 
mentioned, and hybrid Stirling-type pulse tube coolers. 

In the Stirling cycle, the flow of the working fluid, common-
ly helium, is controlled with the use of pistons and displacers.16 
The cycle consists of four heat transfer procedures: two iso-
thermal and two isochoric processes. First, during isothermal 
compression, the fluid is compressed and the heat is trans-
ferred from the fluid to a warm heat exchanger. Next, in the 
constant-volume regenerative cooling phase, the heat is trans-
ferred from the fluid into the regenerative matrix through the 
motion of displacers, lowering the temperature. Then, during 
the isothermal expansion, the compressor piston and displacer 
move backward, expanding the gas and lowering the pres-
sure.17 The working fluid also absorbs heat from the required 

external source. Finally, in the constant volume regenerative 
heating phase, the gas is moved to the warm end of the cool-
er, and the fluid absorbs heat from the regenerative matrix, 
completing the cycle.18 Figure 1 presents the schematic for the 
Stirling cycle as run in a Stirling cryocooler.16 

Net cooling power is the amount of cooling power that is 
available for cooling the item that is attached to the cold tip.17 
This can be derived as:19

Carnot efficiency is used as a standard for comparing heat 
engine cycles, as it represents the highest efficiency in a given 
temperature range.⁹ For the cryocooler that operates the Stir-
ling thermodynamic cycle, the equations can be expressed as 
this:19

Qc represents cooling power, and the term W signifies dis-
placer input power; the ratio is also known as the coefficient 
of performance, which measures how much cooling can be 
achieved per unit of work input. The latter part of the equa-
tion represents the temperature ratio between the hot and cold 
sides, as Tc is the cold end temperature while Th is the heat 
rejection temperature.20

The JT cycle: 
JT cryocoolers are valued for their stability, compact struc-

ture, simplicity, reliability, and low electrical and mechanical 
noise levels.15,21 Furthermore, the JT cycle, operating with no 
moving parts at the cold end, can easily be made compact. 
However, similar to the pulse tube coolers, high-efficiency heat 
exchangers are essential to reach cryogenic temperatures due 
to the temperature changes in the cycle being relatively small 
compared to the temperature difference between ambient and 
cryogenic temperatures.13 Therefore, hybrid JT cryocoolers 
working at liquid helium temperature are widely used in space 
detectors working at 4 K due to their flexibility and relatively 
high efficiency.21 Therefore, the ATHENA project is currently 
developing a two-stage Stirling refrigerator, which provides 
4.5 K temperatures. This 20 K two-stage Stirling cryocooler, 
consisting of a cold head with two cold stages, is first employed 
as a pre-cooler, which is then connected to the JT heat ex-
changers so that the helium gas can be cooled below 20 K.21 

Figure 1: A schematic showing the Stirling cycle operation for a Stirling 
cryocooler. (Reference numbers have been modified from the original 
source.)16 Figure 1 shows the four thermodynamic processes of the Stirling 
cycle: isothermal compression, isochoric cooling, isothermal expansion, and 
isochoric heating. It emphasizes how these steps enable efficient closed-cycle 
cryogenic cooling.
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The JT cycle achieves cooling without external heat input or 
work production, and therefore, expansion happens at constant 
enthalpy.22 First, the high-pressure gas first passes through a 
primary heat exchanger, where it is precooled by transferring 
heat to an external cooling system.23 The cooled, high-pressure 
gas undergoes isenthalpic expansion upon entering the JT or-
ifice or a porous plug.17 This expansion causes a pressure drop, 
and the temperature decreases when the gas is in the cooling 
region. Then, this cooled, low-pressure gas passes through a 
secondary heat exchanger, where it is further cooled to cryo-
genic temperatures.24 Figure 2 presents the schematic for the 
JT cycle as run in a JT cryocooler.16 

For recuperative cryocoolers, such as JT coolers, net cooling 
power is the difference between the gross cooling power pro-
duced by the expander and the losses from the heat exchanger. 
This is expressed as:

This equation calculates the maximum cooling power ex-
pressed through the mass flow rate (m) of the working fluid 
and on the enthalpy differences of the high and low-pressure 
fluids at constant temperature (Ta).25 

Based on the Colburn-Chilton analogy, an analytical for-
mula can be derived for Carnot efficiency upon considering 
the loss during the compression process:

The formula shows that the efficiency of Carnot depends 
on the temperature difference between the hot and cold reser-
voirs, relative to the temperature of the hot reservoir.23

Note: While sorption coolers have been used in previous space 
missions as passive or pre-cooling stages, ATHENA does not cur-
rently incorporate a sorption cooler in its baseline cryochain. Instead, 
it relies on a two-stage Stirling system for pre-cooling, followed by 
a Joule-Thomson cooler and multi-stage ADR. 

The two-stage Stirling cooler pre-cools helium gas to ~20 K, 
which is then transferred via heat exchangers to the JT cooler. 
The JT system further cools the gas to ~4 K before it enters the 
ADR stage. The ADR is thermally connected to the JT cold 
tip and activated through magnetic cycling. Thermal switches 
are used to isolate and engage stages during the cooldown and 
recycling processes.

Adiabatic Demagnetization Refrigerators (ADR): 
ADRs are a type of magnetic cooler that is capable of pro-

viding milli-Kelvin cooling for space applications. To achieve 
cooling, the magnetization process is carried out isothermally. 
The heat of the magnetization is promptly removed to main-
tain the substance at a constant temperature. When the system 
is in an ordered state, it is thermally isolated, which allows an 

isentropic demagnetization process, where the magnetic field 
is gradually reduced without heat exchange, further cooling 
the substance. One of its unique properties is the lack of mov-
ing parts with no vibration or motion forces, making it highly 
reliable. There are various ADR configurations, such as cy-
cle, two-stage, double, and continuous ADR, each suited for 
specific purposes.26 For the ATHENA mission, a five-stage 
ADR is used, replacing earlier two-stage concepts, to provide 
increased cooling capacity and thermal stability.27

ATHENA Instrumentation
Cryochain at 4 K and 50 mK: 
The Focal Plane Assembly (FPA) includes all the cryogenic 

components of the XIFU detector, positioned on the coldest 
part of the instrument to capture incident X-rays. These X-rays 
are absorbed by the detector’s materials, in which their energy 
is measured by the Transition Edge Sensors (TES). Therefore, 
to optimize performance and maintain the superconducting 
state of the TESs, the FPA is kept at a temperature of 50 mK.30 

To reach the desired temperature, X-IFU’s cooling system 
relies on a multi-stage cryochain consisting of several mechan-
ical cryocoolers, divided into upper and last-stage coolers.31 
The upper cooling chain provides cooling power at 2 K, con-
sisting of a 15 K pulse tube, 4 K-JT, and the 2 K-JT coolers. 
The last stage cooler cycles at regular intervals and it cools to 
50 mK, through the usage of the 300 mK sorption cooler and 
the ADR.32,33

In the cryochain, the 2 K-JT and 4 K-JT coolers are con-
nected to a hybrid cooler using thermal straps to function as 
pre-coolers. However, integrating continuous cooling JT cool-
ers into a hybrid cooler that operates in alternating phases can 
lead to parasitic heat flow. This unwanted heat transfer, es-
pecially during the recycling phase, can increase the thermal 
load on the 2 K cooler, potentially affecting its performance. 
Therefore, controlling parasitic heat flow can help manage the 
amount of heat in the JT cooler and avoid overloading. This 
cool-down process involves the gradual activation of the pulse 
tube and JT pre-coolers. As the temperature drops, the Stirling 
cooler provides more cooling power, ensuring a controlled and 
efficient method to reach its intended operating conditions.28 
The 2 K JT cooler is pre-cooled by the 15 K pulse tube cool-
ers, while the 4 K JT is pre-cooled by the two-stage Stirling 
coolers. In addition, a commercial 4 K pulse tube cooler is 
responsible for cooling the radiative shields and the 4 K JT 
interface through the usage of a gas gap heat switch to control 
heat transfer.29 Finally, the desired temperature of 50 mK is 

Figure 2: A schematic showing the JT cycle operation for a JT cryocooler. 
(Reference numbers have been modified from the original source.)16 Figure 
2 illustrates the Joule-Thomson cycle, highlighting isenthalpic expansion 
through a throttling valve as the core cooling mechanism. It demonstrates 
how high-pressure gas undergoes a temperature drop as it expands without 
external work. 

Table 1: Comparison of Cryocooler Technologies Used in 
ATHENA.16,26,28,29 
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achieved through the ADR, which is connected to the 2 K 
stage via a heat switch. When the ADR cools to 2 K, a mag-
netic field is applied, which aligns the ion spins in the salt pill. 
This, in turn, produces heat, which is released through the heat 
switch until the system returns to 2 K. Once the ADR stage is 
insulated by opening the heat switch, the magnetic field is re-
duced, randomizing the paramagnetic ions once again, further 
lowering its temperature. The ADR’s temperature is regulated 
by adjusting the magnetic field, which must be decreased over 
time to compensate for the heat loss of the system.34

TES Detectors: 
The X-IFU system is based on an array of X-ray absorbers 

linked to Transition Edge Sensors (TES), which function as 
micro-calorimeters. The TES detects the heat pulses gener-
ated by absorbed X-ray photons, measuring the temperature 
variation (a 300-400 microsecond pulse) through changes in 
its electrical resistance. Therefore, TES needs to be cooled to 
temperatures below 100 mK, with the system’s thermal bath set 
at 50 mK, maintained by an ADR and a pulse tube cryocooler. 
It is also adjusted to transition between superconducting and 
normal states for optimal sensitivity.35 Furthermore, the main 
TES array is operated using frequency domain multiplexed 
(FDM) SQUID readout electronics, which are used to achieve 
low-noise, low-dissipation readout of the low-impedance TES 
pixels.33 

As TES detectors are highly sensitive to mechanical vibra-
tions, a “50 mK snout” is suspended from the refrigerators’ 
mixing chamber using a two-stage Kevlar vibration isolation 
system. This minimizes lower-frequency noise that could 
cause power dissipation from sources such as the pulse tube 
cryocooler.36 

Furthermore, a small coil is placed over the TES chip to 
generate a small magnetic field when a current is passed 
through the wire. This helps reduce any residual external mag-
netic field. The field coil is mounted on a mechanical support 
that also serves as an X-ray collimator, which ensures that only 
the active pixels are exposed to X-rays, reducing interference 
between them. This improves the accuracy and sensitivity 
of TES and helps detect X-rays more effectively. The shape 
of the resistive TES transition depends on the current, tem-
perature, and the magnetic field. TESs are highly sensitive to 
both static and dynamic magnetic fields, with greater sensi-
tivity in the direction perpendicular to the TES.37 Therefore, 
the FPA features magnetic and stray light shielding, electro-
magnetic compatibility (EMC) shielding, and filtering. This 
protects TES from environmental disturbances during ground 
tests and in-flight operations and reaches its required perfor-
mance.33

Science Goals
Aims 1 (Accretion Physics around Compact Objects: 
The ATHENA mission is structured around three main 

scientific missions. The first is the physics of accretion around 
black holes, neutron stars, and other compact objects. The 
second is cosmic feedback, the process by which accretion 
and star formation are interconnected to the formation and 
evolution of galaxies. Lastly, the third mission investigates 
the physical nature and evolution of the large-scale structure, 

particularly through the study of hot baryonic matter. Fur-
thermore, ATHENA will also provide a major contribution to 
our understanding of the nature and influences of hot cosmic 
plasmas in all astrophysical objects, through spatially resolved 
high-resolution X-ray spectroscopy and sensitive wide-field 
X-ray imaging.38

Some of the most extreme physical conditions in the Uni-
verse are found in and around compact objects. For instance, 
black holes create the strongest gravitational fields, while 
neutron stars are the densest observable form of matter. Mat-
ter trapped in these extreme gravitational conditions is spun 
and heated, causing it to radiate X-rays. X-ray observations 
can measure the physical conditions in the innermost regions 
around black holes and neutron stars, revealing how the laws of 
general relativity apply under extreme circumstances and how 
matter behaves under such intense pressure and density. Fur-
thermore, X-ray observations can also explore the process of 
accretion, where they will investigate how matter accretes into 
compact objects by mapping the innermost flows around black 
holes and measuring their spins.38

According to the “no hair” theorem, astrophysical black 
holes are characterized by two main parameters: mass and 
spin. However, its effects are only evident in the very inner-
most regions, specifically through X-ray emissions. Black hole 
spins are an important energy source in astrophysics as they 
could serve as an energy source, affecting various phenome-
na such as the behavior of Active Galactic Nuclei (AGNs), 
the powering of jets, and the production of gravitational waves 
when black holes are being merged. Unlike measurements of 
black hole mass, spin measurements can also reveal informa-
tion on stellar evolution and the histories of galaxy mergers. 
Therefore, ATHENA will measure black hole spins of many 
bright Galactic Black Holes (GBHs) and AGNs, allowing the 
studies of fainter AGNs, which are linked to the evolution of 
supermassive black holes (SMBHs) and their host galaxies.38

Aims 2 (AGN Feedback and Galaxy Evolution): 
Energy injections from growing SMBHs, known as AGN 

feedback, are key to understanding the formation and evolu-
tion of galaxies. This feedback can heat or expel cold gas from 
galaxies, driving a “downsizing” effect, in which massive galax-
ies form first, followed by smaller ones.39 AGNs play a crucial 
role in the evolution of galaxies, where AGNs can contribute 
significantly due to their ability to penetrate denser gas with 
X-rays. Despite its significant impact on galaxy evolution mod-
els, the underlying physical processes behind its feedback are
still unclear. Therefore, the ATHENA mission aims to tackle
these gaps through high spectral and spatial resolution instru-
ments to study AGN activity in galaxies and their relationship
between key galaxy properties such as stellar mass, gas mass,
and star-formation rates, revolutionizing our understanding of
early SMBHs and their impact on galaxy evolution.39
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bright background source pass through hot diffuse plasma,42 
revealing its composition, properties, and origin.41 

The universe contains large amounts of hot gas, which exists 
at extremely high temperatures. On the largest scales, clusters 
of galaxies form in regions where dark matter created the deep-
est potential wells, which are regions with strong gravitational 
pull. These wells trap the hot gas, which causes it to accumulate 
within the clusters, which are in a state of hydrostatic equi-
librium. Hydrostatic equilibrium is when the pressure of the 
hot gas balances the gravitational pull of the cluster, preventing 
it from collapsing further. Therefore, how baryons are pulled 
into these clusters and how they evolve gives insight into the 
cosmological evolution of the universe.42 X-ray observations 
can reveal information on the velocities, thermodynamics, and 
chemical composition of the gas, which can provide insight 
into how baryons evolve inside the gravitational potential wells 
of galaxy clusters.43 

Supersonic events release huge amounts of energy and el-
ements, impacting the interstellar medium through heating, 
turbulence, heavy element enrichment, particle acceleration, 
and magnetic field amplification. X-ray emissions from hot 
plasma offer key insights into its compositions and process-
es, such as its ionization states.44 Heavy elements produced 
in stellar processes, such as oxygen, neon, magnesium, silicon, 
sulfur, argon, calcium, and iron, are crucial to understanding 
the chemical evolution of the universe. The X-IFU would 
be able to observe these elements and create maps of metal 
distribution in clusters. These maps will cover unprecedent-
ed distances, showing how metals are distributed in the entire 
cluster volume.41

Reverberation mapping is a technique used to study the in-
ner accretion flows by measuring the light travel time it takes 
for X-ray light to affect the emission lines produced in the 
accretion disk. The ATHENA will observe matter within a 
few gravitational radii of the event horizon of black holes. Un-
der these extreme environments, large gravitational redshifts, 
extreme light bending, and time delay effects will cause spec-
tral and timing signatures in X-ray emission, which can reveal 
the black hole’s spin and the effects of gravity near the black 
hole.38 X-rays provide a unique opportunity to study the inner-
most regions around SMBHs in AGNs. Therefore, the X-IFU 
of the ATHENA mission can provide precise measurements 
of black hole spins and properties of AGN outflows through 
its unprecedented sensitivity.40 As illustrated in Figure 4, re-
verberation mapping provides insight into the structure near 
black holes by measuring time lags in X-ray emission.

Aims 3 (Large-Scale Structure and Baryonic Matter): 
Large-scale structures are the largest arrangement of mat-

ter in the universe, which are shaped by gravity over billions 
of years. These structures grow over cosmic time through the 
accretion of gas from the intergalactic medium, which consti-
tutes the majority of the baryonic matter in the local universe. 
Tracing the physical evolution of galaxy clusters and groups 
from their formation epoch to the present day can reveal in-
sights into their formation and evolution.41 However, the 
majority of the hot baryons are not in clusters, and their lo-
cation and physical states are currently unknown. More than 
30 percent of the baryons in today’s universe are expected to 
reside in the Warm/Hot Intergalactic Medium (WHIM), a 
region in the universe filled with warm and hot gas. Bary-
ons align with the filamentary structure of dark matter, thus, 
their location is influenced by the distribution of dark mat-
ter. Therefore, determining baryonic matter requires detecting 
resonance absorption lines, which occur when x-rays from a 

Figure 3: Left: Snapshot from a time-dependent Magneto-Hydrodynamic 
(MHD) simulation of an accretion disk around a BH (Armitage & Reynolds 
2003). Rings and hotspots of emission are seen due to turbulence, the 
emission from which should be modulated on the orbital timescale. Right: 
Because the features are variable in both flux and energy, the disk can be 
mapped out in the time-energy plane. The first hints of this behavior have 
been seen in XMM-Newton data (Iwasawa et al. 2004; upper right), but the 
factor ∼ 4 improvement in throughput and ∼ 40 in energy resolution offered 
by Athena are needed to sample weaker and (possibly) narrower features 
on suborbital timescales, allowing us to map out the inner accretion flow. 
Only unusually strong and slow flares can be detected by XMM-Newton. 
(Reference numbers have been modified from the original source.)38 Figure 
3 presents a snapshot from a magneto-hydrodynamic (MHD) simulation, 
showing turbulent gas flows and variability in density and velocity. It reflects 
the dynamic environments Athena aims to observe with high time-energy 
resolution. 

Figure 4: Cartoon of a black hole and accretion disk (blue) above which 
the power-law continuum is generated by Comptonisation of thermal disk 
photons in a hot electron cloud (orange). Power-law emission (red) irradiates 
the disk, producing the reflection spectrum (green). Intrinsic variations in the 
power-law source create delayed, blurred changes (reverberation) in reflection. 
Thanks to Athena, it will be possible to translate these signals into a physical 
picture of the inner region around the black hole. The reflection features and 
thermal disk emission both provide an independent estimate of the inner 
accretion disk radius via the maximum gravitational redshift of emission 
features and the disk temperature. (Reference numbers have been modified 
from the original source.)38 Figure 4 visualizes how X-ray echoes from the 
accretion disk are used to map structures close to a black hole. The time lag 
between direct and reflected X-rays provides information about the disk’s 
geometry and inner radius. 
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Figure 6 shows simulated spectral data distinguishing 
chemical elements and physical conditions across a supernova 
remnant. It highlights Athena’s ability to dissect remnants at 
high spatial and spectral resolution.
� Discussion
The multi-stage cryochain for ATHENA demonstrates 

how combining Stirling coolers, Joule-Thomson systems, and 
Adiabatic Demagnetization Refrigerators successfully achieves 
the 50 mK temperatures required for high-resolution X-ray 
spectroscopy. This cooling system represents an engineering 
achievement that directly enables ATHENA’s scientific ca-
pabilities. For instance, cryogenically cooled TES detectors 
onboard Hitomi enabled the most precise measurement to date 
of turbulent motion in the Perseus galaxy cluster's hot gas45 
— a discovery that reshaped models of how energy spreads in 
large-scale structures. The selection of appropriate cryocoolers 
involves balancing cooling capacity with reliability, compact-
ness, vibration control, and longevity—all critical factors for 
space applications where maintenance is impossible. Each 
technology contributes distinct advantages: Stirling coolers 
provide reliable medium-temperature cooling, JT coolers of-
fer stability without moving parts at the cold end, and ADRs 
achieve the final cooling step with minimal vibration. 

ATHENA’s cryogenic technologies represent a substantial 
improvement over previous X-ray missions, with approxi-
mately 40 times better energy resolution than XMM-Newton. 
This advancement will revolutionize our understanding of 
cosmic phenomena from black hole physics to the formation 
of large-scale structures. The relationship between cryogenic 
engineering and astronomical discovery highlights how tech-
nological innovation directly enables scientific breakthroughs 
in space exploration.

All figures used in this paper are either original or adapted 
from publicly available ESA documentation and related sci-
entific publications. Proper attribution has been maintained 
wherever applicable.

The ATHENA mission would provide the necessary angular 
resolution, spectral resolution, throughput, detection sensitiv-
ity, and survey grasp to revolutionize our understanding of 
these issues. With X-IFU’s spatially resolved high-resolution 
X-ray spectroscopy and the WIFI’s wide field X-ray imag-
ing, ATHENA would be able to map the outskirts of nearby
galaxy clusters in detail. These observations will measure the
emission, temperature, and metallicity of the ICM. This will
reveal the physical state of the accreted material, leading to
a comprehensive understanding of how galaxy structures as-
semble and grow over time.41 Specifically, ATHENA will
use the X-IFU to reveal the location, chemical composition,
physical state, and dynamics of baryons in the local universe,
focusing specifically on the Warm-Hot Intergalactic Medium
(WHIM). This can be achieved through nominal resolution,
where gamma-ray bursts afterglows are used as background
sources shining through the cosmic web.44 Thus, the ATHE-
NA mission would be able to study how baryonic gas accretes
and evolves in the dark matter potential wells by measuring
motions and turbulence in the ICM.

Figure 5: Physical parameter maps reconstructed from seven 100-ks X-IFU 
observations of a galaxy cluster over regions of S/N 300 (90,000 counts), 
simulated using the instrument end-to-end simulator SIXTE (Dauser et al. 
2019). The cluster is located at z = 0.1, with R500 = 1.1 Mpc, and T500 = 
4.2 keV. Input clusters are taken from large-scale hydrodynamic simulations 
performed using the GADGET-3 smoothed-particle hydrodynamics code. 
(From top left to bottom right) Spectral-like temperature (keV), bulk velocity 
deduced from line-shift with respect to the cluster’s average redshift (km/s), 
and emission-measure-weighted oxygen and iron abundance (with respect 
to solar). The image is taken from (Cucchetti et al. 2018), and references 
therein. White holes in the maps are associated with subtracted point 
sources. (Reference numbers have been modified from the original source.)44 
Reconstructed parameter maps reveal temperature, metallicity, and velocity 
variations within a simulated galaxy cluster. Figure 5 demonstrates Athena’s 
capability to spatially resolve complex intracluster medium dynamics. 

Figure 6:  Athena+ X-IFU spectrum of a subclump in the galaxy cluster 
A2256, demonstrating the high precision measurements possible for the 
ICM velocity field. Left: Velocity map of a cosmological hydrodynamical 
simulation of a perturbed galaxy cluster of about M200 ∼ 1015M⊙ with 
X-ray surface brightness contours overlaid. Right: Simulated spectrum for a
100 ks observation with Athena+ XIFU for a 1.5 arcmin region (one of the
9 small regions shown on the image), showing the turbulent broadening of
the Fe XXV Kα line. Simulated data with vturb = 200 km s−1 are shown in
red. Black and blue represent the model with vturb = 0 and vturb = 400 km
s−1, respectively. For an input turbulent velocity of 0, 200, 400 km s−1, the
1σ statistical uncertainty is ±20, ±5, and ±10 km s−1, respectively. (Reference
numbers have been modified from the original source.)41
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� Conclusions
The ATHENA mission represents a significant advance-

ment in X-ray astronomy, made possible through innovative 
cryogenic cooling technologies. This study has demonstrated 
how the multi-stage cryochain—combining Stirling coolers, 
Joule-Thomson systems, and Adiabatic Demagnetization Re-
frigerators—enables the X-IFU instrument to achieve the 
ultra-low temperatures of 50 mK required for high-resolution 
spectroscopy. 

The selection of appropriate cryocoolers for space ap-
plications involves careful consideration of cooling power, 
reliability, compactness, vibration control, and longevity. Each 
cryocooler type offers distinct advantages: Stirling coolers pro-
vide reliability and efficiency for medium-low temperatures; 
Joule-Thomson coolers offer stability and compact design for 
reaching liquid helium temperatures; and ADRs enable the 
achievement of milli-Kelvin temperatures with minimal vibra-
tion. 

The Transition Edge Sensors at the core of the X-IFU de-
tector system demonstrate how these cooling technologies 
directly enable scientific discovery. By operating at 50 mK, 
these sensors achieve the exceptional energy resolution needed 
to study the physics of black holes, cosmic feedback mecha-
nisms, and the formation of large-scale cosmic structures. 

This research highlights the critical relationship between 
advanced cooling technologies and breakthrough astronom-
ical observations. By pushing the boundaries of cryogenic 
engineering, ATHENA will provide unprecedented insights 
into the hot and energetic universe, revolutionizing our un-
derstanding of cosmic phenomena from black hole physics to 
galaxy evolution and large-scale structure formation.
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