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Abstract

The Athena mission entered a redefinition phase in July 2022, driven by the imperative
to reduce the mission cost at completion for the European Space Agency below an
acceptable target, while maintaining the flagship nature of its science return. This
notably called for a complete redesign of the X-ray Integral Field Unit (X-IFU)
cryogenic architecture towards a simpler active cooling chain. Passive cooling via
successive radiative panels at spacecraft level is now used to provide a S0K thermal
environment to an X-IFU owned cryostat. 4.5 K cooling is achieved via a single remote
active cryocooler unit, while a multi-stage Adiabatic Demagnetization Refrigerator
ensures heat lift down to the 50 mK required by the detectors. Amidst these changes,
the core concept of the readout chain remains robust, employing Transition Edge
Sensor microcalorimeters and a SQUID-based Time-Division Multiplexing scheme.
Noteworthy is the introduction of a slower pixel. This enables an increase in the multi-
plexing factor (from 34 to 48) without compromising the instrument energy resolution,
hence keeping significant system margins to the new 4eV resolution requirement.
This allows reducing the number of channels by more than a factor two, and thus the
resource demands on the system, while keeping a 4’ field of view (compared to 5’
before). In this article, we will give an overview of this new architecture, before detail-
ing its anticipated performances. Finally, we will present the new X-IFU schedule, with
its short term focus on demonstration activities towards a mission adoption in early
2027

Keywords X-ray integral field unit - Athena - Instrumentation - X-rays -
Micro-calorimeters
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1 Introduction

The Athena X-ray Integral Field Unit (X-IFU) is the high resolution X-ray spec-
trometer [1], studied since mid-2014 for operating in the mid-30s aboard the Athena
space X-ray observatory of the European Space Agency (ESA). Athena is a versatile
facility designed to address the Hot and Energetic Universe science theme [2—-6] that
was selected in November 2013 by ESA’s Survey Science Committee. For previous
incarnations of X-IFU, when the cryostat and cooling chain were in the instrument
Consortium perimeter (by opposition to being ESA/primes responsibilities), see [7—
11]. X-IFU entered its System Requirement Review (SRR) in June 2022, at about the
same time when ESA called for a mission redefinition (which eventually lead to a
redesign of the X-IFU cryostat and the cooling chain), due to an unanticipated cost
overrun of Athena at ESA.

Along the reformulation of the Athena mission, the reduction of the X-IFU perfor-
mances (e.g. spectral resolution, field of view, count rate capabilities) was scrutinized
by the Athena Science Redefinition Team (SRDT), in view of the science objectives
that had been defined previously for Athena, but also regarding some developments
in the field over the last decade. It was found that most of the original science goals
would not be largely compromised, although in some cases, longer exposure times
would be required to reach the same sensitivity limit. This obviously contributed to
maintain the flagship status of NewAthena.! Building upon the scientific objectives
of Athena [2] not repeated here, the SRDT promoted ten driving science goals for
X-IFU, as listed below? :

e Determine how Active Galactic Nuclei (AGN) feedback affects its host galaxy,

e Determine the nature of the primary X-ray source in AGN and stellar compact
objects,

e Probe the interstellar medium of high-redshift galaxies (z > 7), using gamma-ray
bursts as background sources,

e Quantify how AGN feedback and gravitational energy are dissipated into bulk
motions and turbulence of the hot gas in the galaxy clusters from the core to the
halos,

e Map the cosmic baryons and probe their evolution and connection with the cosmic
web,

e Quantify the chemical enrichment of the intracluster medium over cosmic time
from the epoch of structure formation,

e Determine if and how the coronal activity of a star affects its planets,

e Constrain supernovae explosion mechanisms, progenitors and neutrino models,

e Probe particle acceleration in supernovae remnants.

These science goals are now translated into performance requirements for the X-IFU,
through the elaboration of Science Requirement Document for the mission.

1 Post reformulation name of the Athena mission.

2 Extracted froma presentation given by Mike Cruise and Matteo Guainazzi at the ESA Astronomy Working
Group, as co-chairs of the SRDT in conclusion of the reformulation exercise. A publication of the SRDT
is submitted to peer review, and is not made public at the time of this writing.
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This paper provides a description of the X-ray Integral Field Unit in its configuration
after the Athena mission reformulation activity that spanned from September 2022 to
November 2023. The presented architecture, making use of passive cooling down
to 50K, is the result of a full system redefinition between the X-IFU consortium,
ESA, its international partners and the WFI [12] consortium (this last interface being
directly handled by ESA). Its purpose was to bring the ESA Cost at Completion of
the NewAthena mission below an acceptable target while maintaining the mission
performance at a flagship level. A necessary condition to reach this objective was a
simplification of the interfaces between the instrument and the platform, with notably
the instrument dewar being, as in its first incarnation, an X-IFU instrument consortium
delivery to ESA.

The first part of the paper gives an overview of the new instrument configuration,
with a focus on the major changes related to the NewAthena mission rescope. The
second provides a summary of the main instrument budgets. The third one describes
the currently anticipated performance of the X-IFU instrument (see also Table I).
Finally, the last part gives an overview of the new project schedule and development
logic.

2 Main updates of the X-IFU design following the reformulation

Figure 1 provides an overview of the current instrument configuration, identifying the
different subsystems and contributions. It is important to note that the current design
still builds on significant heritage from the previous X-IFU study. This was an implied
boundary condition for the success of the mission reformulation in order to limit the
need for additional/complementary technological developments, as well as schedule
slip. Concretely speaking, beyond the changes related to the cryogenic architecture
described in the next two sections, virtually all other technological building blocks
remain mostly identical to the previous concept. This is highlighted in Table 2.

Table 1 The key X-IFU performance at the end of the reformulation phase

Key performance parameter Value and comments Pre-rescope value
Energy range 0.2-12keV Same

Spectral resolution 4.0eV FWHM at 7keV 2.5eV

Energy scale calibration 0.5eV (lo) 0.4eV (lo)

Field of view 4’ (equivalent diameter) 5

Instrument efficiency at 0.35, 1, 7, 10keV > 12%, 56%, 63%, 42% Similar

Non X-ray background <5x103 cps/cmzlkeV (2-10keV)  Same

Relative time resolution 10us Same

High res throughput (broadband, point source) 80% at 1 mCrab (goal at 10 mCrab) Same

10eV throughput (5-8 keV, point source) 50% at 1 Crab Same
High res throughput (broadband, ext. source) 80% at 2 x 101 ergs/s/cmzlarcmin2 Same
Continuous cool time and duty cycle Up to 28h with > 75% duty cycle Same

Formal requirements are pending the issue of the NewAthena Science Requirements Document based on
the NewAthena mission driving science objectives and its flowdown towards the instrument
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Fig.1 The Physical Breakdown of the X-IFU instrument following the reformulation. It highlights the main
components of the instrument as well as the country responsible for its development

In particular, the overall detection chain concept (2-stage SQUID TDM readout of
TES microcalorimeters operated by two stages of warm electronics - see more details in
[1] and references therein) as well as its dimensioning rules were preserved. Similarly,
the command-and-control and power distribution architecture of the instrument have
been conserved across the rescope [1]. Finally, whereas the cryogenic anti-coincidence
(CryoAC) detector design has recently evolved (see [13, 14]), it is only the result of a
trade-off that was still open at the time of the 2022 pre-reformulation SRR and is not
associated with the reformulation itself.

2.1 New cryogenic architecture

The most important modification of the instrument reformulation, the X-IFU cryogenic
architecture, now relies on the following:

e a passive cooling system implemented by the PaylL.oad Compartment (PLC,
ESA/Primes responsibility), providing a S0K environment to the instrument,

e a Dewar vessel with an outer envelope at 50K (developed by AVS, Spain), which
hosts the Instrument 4 K Core containing the detector,

e aremote cryocooler (CryoCooler Unit, CCU, procured by NASA), providing active
cooling to the instrument inner stages in the 20K and 4 K ranges,

e a multi-stage Adiabatic Demagnetization Refrigerator (ADR, developed by CEA-
SBT, France), able to cool the detector stage in the 50mK range starting from the
4K stage.

@ Springer
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Table2 Impact of the Athena mission and X-IFU instrument reformulation on the different X-IFU subsys-
tems

Subsystem (Institute) Impact of reformulation Change wrt. previous X-IFU design

FPA (SRON) Low to medium Reduction of FoV, change of segmentation
TES array (NASA) Low Reduction of FoV, change of segmentation
MUX SQUIDs (NIST) Low Only change of “aspect ratio”

AMP SQUIDs (VTT) Low No change

Cold harness (CNES) High Part of cold harness now outside of Dewar
WEEE (APC) Low Same electronics design, new units repartition
DRE (IRAP) Low Same electronics design, new units repartition
DRE-DEMUX (IRAP) Low Same electronics design

DRE-RAS (IAP) Low Same electronics design, one additional line
DRE-EP (CEA-IRFU) Low Slight reduction of processed pixels per module
4K Core (CNES) Major Complete redesign

4KCC (CEA-IRFU) High Significant redesign for 5 stage ADR

FAB (SRON) Low No change

MAX (CEA-SBT) Major Complete redesign (except SOmK stage)
CryoAC chain (INAF) Low Almost no impact (reduction of FoV)

ICU (INAF) Low Almost no impact (change of # of SpW I/F)
THF (Univ. Palermo) Medium Change of diameters, new external filter

50K Dewar (AVS) Major New subsystem

DCE (AVS) Major New subsystem

DEA (CSL) Major New subsystem

CCU (NASA) Major New subsystem

CAS (SRON) Low Almost no impact (change of diameter)

FW (Univ. Genova) Medium Reduction to 5 positions

Figure 2 provides a schematic view of this new cryogenic architecture, with a
representation in color of the different thermal stages. This configuration replaces a
relatively complex, fully active (and redundant) cryogenic chain constituted of four
15 K pulse tube refrigerators, two 4 K Joule-Thomson coolers, two 2 K Joule-Thomson
coolers, and a sorption/ADR hybrid cooler (see more details on the previous config-
uration in [1]). With the mechanical cryogenic chain now remote and under a single
responsibility, we expect the new design to ease the management of the interfaces (a
key objective of the reformulation), notably in terms of electro-magnetic and micro-
vibration compatibility.

2.1.1 Passive cooling from the Payload Compartment

Figure 3 (right) shows the CAD model of the PLC as studied by the ESA team during
the reformulation phase (the left part of Fig. 3 recalls the original phase A-B concept).
Its main purpose is to accommodate both NewAthena instruments at the focal plane
of the NewAthena mirror. Whereas the WFI remains located in a “300K” environ-
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Fig. 2 Schematic view of the new X-IFU cryogenic architecture in the “cold” PLC. The notional Sun
direction is indicated on the left

ment as before (with a detector stage passively cooled down to ~ 180K), the X-IFU
Dewar is now passively cooled down to 50K by a set of three L-shaped cryogenic
radiators (called V-grooves), which can be seen on the left side of the image. The
X-IFU electronics are located in the bottom part of the PLC (so-called “basement”),

Fig.3 Left: CAD model of the X-IFU in the Athena Science Instrument Module (SIM) as available at the
end of phase A (We show here this dated design due to the competitive nature of the SIM industrial studies
performed in phase B with the X-IFU cryostat under the primes’ perimeter.). In this configuration, the SIM
provided a closed 300 K environment (not shown here for visibility of the instruments) and the X-IFU
featured a fully active cryogenic chain. Right: CAD model of the NewAthena PLC as studied by ESA
during the reformulation phase. This system is now being studied by two competitive European industrial
primes. Figure credit: ESA
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which remains at room temperature. This is enabled by a modification of the allocated
volume towards the WFI instrument, as well as a reduction of the mission Field of
Regard (FoR) due to the increased Sun exclusion angle imposed by the V-grooves.
Based on experience from previous missions/studies® such as Planck [15] and Ariel
[16], the temperature staging is expected to lie in the range of 170K, 90K and 50K.
With this concept, only limited heat lift capability is available at the intermediate radi-
ators compared to concepts with active coolers, their main role being to shield the
50K stage, which itself provides ~ 1 W of lift. The main benefit of this architecture of
course lies in the relative simplicity of the required hardware, mainly at the expense
of a complication of the testing environment on the ground. The full cryogenic perfor-
mance indeed can now only be verified in thermal vacuum condition with a low and
controlled thermal background on the V-grooves.

We note that this concept is currently being re-assessed and further detailed by two
European industrial primes, in a competitive process, in preparation of the mission
adoption expected in early 2027.

2.1.2 The 50K Dewar

The 50K Dewar is a mechanical and thermal assembly accommodated in the PLC
50K area, ensuring:

e The mechanical support and thermal insulation of the X-IFU 4K Core from the
PLC 50K environment,

e The mechanical support and thermal intercept in the 20K range of the X-IFU
internal Cold Harnesses,

e The 4K and 20K thermal links (conductive links), including feedthrough func-
tions, between the CCU cold tips and the instrument 4 K and 20K stages,

e A vacuum-tight enclosure at room temperature during on-ground transport, stor-
age, and integration activities, and during launch (together with other X-IFU
subsystems),

e Residual venting capability in orbit, prior to Door opening and cool-down,

e A 50K Faraday cage (in combination with other X-IFU subsystems),

e Baffling functions along the sides of the photon path (protection from thermal
radiations, straylight and contamination), between the Dewar entrance at S0K and
the 4K Core entrance at 4K.

2.1.3 The CryoCooler unit

Cooling down to 4.5K (with a required heat lift of 50 mW) is ensured by a remote
cryocooler. It also provides 200 mW of heat lift around 20K to cool an internal
radiative shield of the Dewar (see Fig. 2). For the sake of modularity, subsystems’
parallel verification, and integration ease, the interfaces between the cooler cold tips
and the 50K Dewar are foreseen at the exterior of the Dewar main vessel, outside

3 JWST is another well-known example of passive cooling via subsequent radiative panels. With 5 deploy-
able shields of much larger areas though, they result in a quite different temperature staging to the one
expected for NewAthena.
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the vacuum enclosure and outside the Faraday cage. Dedicated feedthroughs are thus
implemented inside the Dewar for the 4 K and 20K thermal conductive links between
the 4 K Cooler cold tips, and the Instrument 4 K and 20 K stages. The 50K feedthroughs
are both vacuum and EMC (electro-magnetic compatibility) tight such that the 50K
Dewar constitutes a vacuum and EMC enclosure independent from the cooler (see
Fig. 2).

Atthis stage, the CCU vendor remains to be selected and the exact cooler technology
is thus not known. Its accommodation within the PLC however will follow these
general principles (see also Fig. 3):

e The cooler compressors and pre-coolers are remotely accommodated in the PLC
basement, together with their control electronics.

e The cooler transfer line(s) and its(their) dedicated radiative shielding are routed to
the Dewar across the PLC floor and the V-grooves and supported by the PLC.

e The 4K and 20K cold tips of the cooler interface with the 50 K Dewar thermal
feedthroughs.

2.1.4 The 4K core

Accommodated at the heart of the SOK Dewar at the ~ 4.5K stage, the Instrument
4K Core primarily hosts the Focal Plane Assembly (FPA, [17, 18]) and the Multi-
stage Adiabatic demagnetization refrigerator for X-IFU (MAX, [19]). Figure 4 gives
an overview of the current 4K Core concept. The FPA is suspended at ~ 2K thanks
to low-conductivity carbon-fiber-reinforced polymer (CFRP) struts, whereas MAX
is directly mounted onto the ~ 4.5K 4K Core baseplate, which provides the main
mechanical interface to the Dewar internal supports. EMC covers are implemented
on both sides (a radio-frequency tight thermal filter is implemented at the optical
entrance) in order to close the 4 K Faraday cage.

Electrical ® EMCSeal

[ T0(S0rmk) M T3(«50K)
Connection/transition W T1(«325mK) B T4 (<20 »K)

© EMC Feedthrough W T2(«1.8»K) [ T5(«50 »K)

Back side EMC cover \

I Tombac EMC tight I/F

Thermal Strap / path to

MAX
ADR
(part of Core)
Thermal I/F
Back side

Core HK

4K core base plate

ADR current lead (I/F with Dewar)

T3 Thermalization

v"
Front side —_. \ Insulating structure

MAX Uti-CH [| CrvoAC&UEi-CH
+Tombac
(x1)

CryoAC-CH
FPA

Front side EMC cover

4K Thermal

— — / Filter

Fig.4 4K Core overview. Left: schematic diagram, Right: exploded CAD view
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Fig.5 MAX’s 5-stages configuration. The three arrows indicate thermal interfaces at TO (~ 50mK), T1 (~
325mK) and T2 (~ 1.8K) at which MAX provides heat lift. Figure taken from [19]

This architecture was preferred to alternatives featuring an FPA interface temper-
ature at 4.5 - 5K (to account for a pessimistic case gradient between the CCU cold
tip and the 4K Core interface) as it provides a smoother temperature staging and is
thus considered more robust from a cryogenics perspective. It further keeps the FPA
temperature to its pre-rescope value and thus maximizes the heritage from the previous
study.

The last stage cooler (MAX) is a 5-stage ADR that provides three thermal inter-
faces at TO (~ 50mK), T1 (~ 325mK) and T2 (~ 1.8K) and rejects heat to its warm
interface at T3 (< 5.0K). The 5 ADR stages are in series as seen in Fig. 5. It pro-
vides 28-hours of cooling at 50mK and continuous cooling at T1 and T2. A pair
of ADR stages is necessary for each continuous cooling interface. Each ADR stage
comprises a superconducting coil and its ferromagnetic shield. At its center, a core of
magnetocaloric materials is suspended using Kevlar suspensions. Heat switches are
connecting the stages to either thermal disconnect or transfer heat from one stage to
another. The preliminary demonstration model (DM) CAD concept (see Fig. 6) is built
on a compact assembly of the 5 stages on a common plane with heat switches located
on both sides of the supporting plate. The design optimization focuses on reducing
volume, mass and parasitic induced magnetic field to the FPA. Overall, in order to

Fig.6 CAD design of the to-be-manufactured demonstration model of MAX. This detailed design is still
evolving. Figure taken from [19]
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provide heat lifts of 0.9 uW, 10 uW and 1 mW at TO, T1 and T2 respectively, MAX is
expected to reject around 15 mW peak at T3 (with margins).

2.2 The new X-IFU optical configuration

With part of the instrument aperture now outside of the Dewar and going through the
V-grooves, the X-IFU optical configuration had to be reviewed for what concerns the
cold part of the system. In contrast, the elements located at room temperature, namely
the Filter Wheel (FW) and the Calibration Assembly (CAS, with its modulated X-
ray sources, MXS, for in-flight gain tracking), remain mostly unchanged. Beyond
the increase of diameters due to the larger distance between the focal plane and the
300K environment, the only significant modification with respect to the previous X-
IFU incarnation is the reduction of the number of FW positions from seven to five in
order to keep similar wheel inertia and motorization technology. The new design now
features a single optical blocking filter and a single high count-rate filter, instead of
two of each type previously (see [20]).

2.2.1 Thermal filters

The new baseline configuration accommodates 4 thermal filters (THF) to reduce the
radiation heat-load from warmer surfaces onto the instrument cold stages, as well as
the IR/optical load onto the detectors, that creates shot noise:

e Three internal filters located at the 50 mK (inside the FPA), 4K (on a 4K Core
EMC cover), and 50K (inside the DEA, see below) stages. Whereas the final
filter design is still being re-iterated accounting for the new diameters and new
mechanical environments, the filters are expected to keep a similar design to the
SRR one (thicknesses subject to potential small evolution) : a thin film of ~ 45nm
of polyimide and ~ 30 nm of aluminum (~ 7nm of which get oxidized to AI203)
supported by a low blocking factor (few percents) metallic mesh. The 4 K and 50K
filters also ensure EMC tightness of their respective Faraday cage.

e One thicker (150 nm of polyimide instead of 45 nm) external filter (E-THF) located
in the V-Groove 1 area (170 K). This filter will be maintained at 180 K in operation
to be kept above the water saturation point temperature at low residual pressure
(prevention of icing). As shown in Fig. 7, this filter is assumed to be hosted by a
filter wheel (or other mechanism) allowing placing the Thermal Filter inside of a
non-evacuated housing during launch, to provide protection from acoustic loads.
During launch and the mission early phase, a thick beryllium filter (or similar)
would be put in its place in the optical path in order to catch contamination from
the main early outgasing phase of the spacecraft.

Overall, the number of thermal filters has thus been reduced with respect to the previous
design, with only three internal filters and one external one, compared to five internal
filters before. This results in an overall lower total aluminum thickness (~ 120nm
including oxidized thickness) but larger total polyimide thickness (~ 285nm, dom-
inated by the external filter). This configuration was verified to be consistent with
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Fig. 7 Left: Configuration of the X-IFU aperture, showing the different THFs, the FW and the CAS. The
top-right corner contains a schematic diagram (top view) of the filter housing and filter wheel hosting the
external thermal filter. Right: Dewar Entrance Assembly preliminary concept

the required shot noise attenuation through preliminary simulations, but as mentioned
above, optimization remains ongoing.

2.2.2 The Dewar Entrance Assembly

The Dewar Entrance Assembly (DEA) is one single integrated unit composed of the
following three main sub-assemblies (see Fig. 7, right):

e The 50K thermal filter and its carrier.
e The Dewar Door.
e The external 50K baffle.

The DEA is mounted onto the Dewar via a conductive interface. The Door is vacuum
tight at ambient temperature through the use of a gasket onto which the cover is pressed.
Vacuum tightness is ensured during launch and warm ground testing conditions. The
one-shot Door is spring actuated and opens inside the 50K baffle, using a redundant
non-explosive separation nut actuator (SNA) once the system is cold. Heaters will be
implemented to maintain the door around 80K during actuation in order to simplify
the mechanism verification/qualification. Together with the heaters, the DEA will
carry the necessary housekeeping thermal sensors. EMC gaskets are foreseen at the
Dewar interface and at the filter and carrier interfaces to ensure the 50 K Faraday cage.
Labyrinths are implemented to vent the filter cavity when pumping/re-pressurizing
the Dewar while limiting contamination.

The cover of the Door includes 6 (on the external part of the door, aligned with the
MXS sources) + 1 (at the center, aligned with the optical axis) X-ray transparent Be
windows to allow X-ray illumination while the door is closed during ground testing
(notably at PLC level) and early in-flight verification.

The 50K baffle will be adequately coated and will include vanes as needed to limit
the straylight towards the 50K filter and the radiative heat load from the PLC and
upper V-grooves. By reducing the gap with the S0K and 90K V-grooves, the S0K
baffle will also limit the contamination of the 50K filter from the PLC.
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2.3 Update of the detection chain configuration

As mentioned earlier, the X-IFU detection chain architecture has been mostly pre-
served during the mission reformulation. It still utilizes two stages of Superconducting
Quantum Interference Devices (Multiplexing SQUIDs [21, 22] at 5S0mK and Ampli-
fier SQUIDs [23] at 2K) to readout a Transition Edge Sensors array [24, 25] operated
at 50mK using a Time Domain Multiplexing scheme. This readout chain remains
commanded by two sets of room temperature electronics (see more details in [1, 26]):
the Warm Front-End Electronics (WFEE, [27]) and Digital Readout Electronics (DRE,
[28]), located in the PLC basement (see Section 2.1.1). Cold harnesses, routed along
the 50 K Dewar mechanical supports, connect these electronics (as well as the the 4K
Core Controller, 4KCC, and Dewar Control Electronics, DCE) to the 50 K Dewar (see
Fig. 2).

The instrument rescope activities, however, lead to a significant reduction of the
number of channels from 72 at the pre-reformulation SRR to 32 in the current concept.
This change was accompanied by a modification of the instrument segmentation logic,
which now presents a 4-fold symmetry as illustrated in Fig. 8 (by opposition with the
previous 6-fold symmetric design). Both revisions lead to a reduction of the required
instrument hardware as well as of the overall X-IFU needs from the spacecraft, in terms
of dissipation, volume and thermal losses from harnesses (see instrument budgets in
the next section). In contrast, the readout multiplexing factor was increased from 34 to
48, which allowed retaining a field of view of 4’ equivalent diameter populated by 1504
TES detectors. This was made possible by a new, slower and thus easier to readout,
detector design (see more details [25, 29]). This is an optimization that was already
on-going when the reformulation started. With a ~ 40 % lower slew rate, despite the
higher MUX factor, the same readout noise target (and noise requirements from the
electronics) could be preserved and a similar resolution performance at detection chain
level is expected. The main adverse consequence of this optimization is a degradation
of the instrument count rate capability, but as emphasized in [30, 31] and Section 4.4,
the X-IFU has always retained significant count rate margins since the introduction of
mirror defocusing. The associated science impact is thus expected to be minimal.

DRE1 DRE3
DEMUX:4 channels, 1 FPGA [— | DEMUX:4 channels, 1 FPGA

DEMUX:4 channels, 1 FPGA |- r.DEMUX:4 channels, 1 FPGA

RAS: 14 RA lines M m RAS: 14 RA lines
EP EP
WFEE1-2 WFEE3-4
ASIC board: 8 channels, 4 x ASICs 8x48 | 8x48 'ASIC board: 8 channels, 4 x ASICs
RAS board: 14 RA lines RAS board: 14 RA lines
ASIC board: 8 channels, 4 x ASICs ASIC board: 8 channels, 4 x ASICs
RAS board: 14 RA lines 8x48 8x48 RAS board: 14 RA lines.
DRE2 DRE4
DEMUX:4 channels, 1 FPGA - + DEMUX:4 channels, 1 FPGA

DEMUX:4 channels, 1 FPGA [~ | DEMUX:4 channels, 1 FPGA
RAS: 14 RA lines — — RAS: 14 RA lines
EP EP

Fig.8 The new X-IFU detection chain architecture. Whereas the focal plane and detectors remain hexagonal,
the readout is now performed with four independent sets of electronics. Note that whereas a multiplexing
factor of 48 is employed, only 32x47=1504 TES detector populate the field of view. One readout row per
column is indeed occupied by a pure resistor (not sensitive to X-rays, temperature or magnetic field) used
to monitor drifts of the readout electronics
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3 X-IFU mass and power budgets in the new architecture

The budgets presented below correspond to the estimates provided to ESA in the new
X-IFU Payload Definition Document (PDD) in November 2023 as an input to the
NewAthena spacecraft industrial studies. These are preliminary and subject to change
across the project lifetime, in particular those regarding the cryogenic elements, which
were heavily impacted by the mission reformulation.

3.1 Mass budget

The X-IFU mass budget is given in Table 3. The presented numbers include Design
Maturity Margins (DMM), as needed at this phase of the project, as well as some
specific contingencies to cover already identified technical risks (e.g. mechanical loads

Table 3 The X-IFU mass bugdet

as provided in the November Unit Mass (ke)

2023 Payload Definition FPA 11.0

Document
MAX 194
4K Core Ancillary Elements 15.5
Sub-total: 4K Core 459
Internal Cold Harnesses 10.5
50K Dewar 100.0
Dewar Entrance Assembly 5.1
Sub-total: Dewar Assembly 161.5
External Cold Harnesses 19.3
External Thermal Filter THF180 0.4
Sub-total: Subsystems within PLC V-grooves 19.7
CAS 7.0
FWA 13.0
WEFEEs (2 boxes) 19.0
DREs (4 boxes) 57.6
CryoAC WFEE 2.0
CryoAC WBEE 4.0
4KCCs (2 boxes) 32.6
FWE 32
ICU 15.0
DCE 4.0
Sub-total: Subsystems in PL.C basement 1574
TOTAL INSTRUMENT MASS 338.6
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environment, volume of cryogenic elements, ...). This budget however does not include
the CCU, whose mass is formally a direct interface between NASA and ESA/primes,
nor the instrument warm harnesses that are expected to be provided by the primes.

With the cryogenic chain concept completely revisited and the responsibilities
changing, a direct comparison with the previous concept cannot be done at instru-
ment level. The V-groove system indeed effectively replaces the warmer stages of the
X-IFU cryostat. One can nonetheless note a significant decrease of ~ 40kg of warm
electronics (see budget in [1]). This is explained by the simplification of the readout
chain, a gain that is partially offsetted by the increase of the 4KCC mass (which now
controls five ADR stages) with respect to the pre-reformulation equivalent electronics
box.

3.2 Power budget

Table 4 presents the X-IFU power budget. As for the mass budget, this corresponds to
the November 2023 reference and includes DMMs as needed. We note that only pri-
mary supplied units are accounted here. Asillustrated in Fig. 1, the WFEEs are powered
by the DREs, the CryoAC WFEE by its Warm Back-End Electronics (WBEE), and
the Filter Wheel Assembly (FWA) and CAS by the Filter Wheel Electronics (FWE).

For comparison, the X-IFU power budget at the pre-reformulation SRR ammounted
to ~ 820 W [1], depending on the instrument mode. The reduction by ~ 300 W
illustrates plainly the readout chain simplification operated during the mission rescope
to ease the system spacecraft design.

4 Anticipated X-IFU performance
4.1 Main changes to instrument performance following reformulation

As mentioned above, the overall readout chain architecture has mostly been preserved
across the mission reformulation phase. This ensures that the overall performance

Table4 The X-IFU power budget

Primary power supplied unit Average power consumption (W)
Digital Readout Electronics (4 boxes) 372

CryoAC Warm Backend Electronics 30

Dewar Control Electronics 33

4K Core Controller (2 boxes) 59

Filter Wheel Electronics 18

Instrument Control Unit 20

TOTAL POWER 532

It is presented with the filter wheel not being rotated. For reference, an increase of ~ 19 W is expected in
this mode
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of the instrument is similar to its previous configuration and is still driven by the
fundamental goals listed in Section 1. For a detailed description of the X-IFU perfor-
mance targets, we refer the reader to [1] and references therein. We list here the main
differences with respect to the former design:

e A more conservative target for energy resolution has been selected by ESA, in
particular to ensure larger margins for system level interference and therefore
de-risk the overall project. A short discussion is provided in Section 4.2.

e The most notable change in the instrument performance is related to the decrease
of the mirror collecting area and updates to the overall instrument efficiency. This
aspect is detailed in Section 4.3.

e The previous point, together with the update of the pixel design, cause a direct
effect on the countrate capabilities of the instrument. The anticipated performances
are discussed in Section 4.4.

e Finally, the change in the number of pixels has a direct effect on the field-of-view
of the instrument. The smaller field of view means that an update of the mock
observing plan will be required. This topic is not addressed in this paper.

4.2 Energy resolution target

In the new instrument design, most parts of the readout chain — and therefore its
subsequent performance — have been maintained. Additionally, both the smaller sen-
sitivity of TES pixels to magnetic field [25, 29] and an increased distance between the
cryostat and the cryogenic machines forebode beneficial effects on electromagnetic
and micro-vibration perturbations, which are two of the main contributors to the final
X-IFU performance.

However, to maintain a higher system-level margin and in particular simplify ground
testing requirements, the previous energy resolution target of 2.5eV FWHM at 7keV
has been raised, in agreement with ESA. Two configurations are considered: the base-
line case — aiming for a 4eV FWHM at 7keV — and a so-called internal design goal
— aiming for a 3eV FWHM at 7keV. The latter corresponds to the budget target used
at instrument level to derive subsystem level requirements. It does include a moder-
ate level of margin (0.8eV in quadrature at the time of writing), such that it should
cover for expected uncertainties related to instrument development and constitutes the
current estimate of the instrument resolution. Margin with respect to the formal 4eV
requirement is thus reserved for “unknown unknowns” at system level.

In both cases, the energy resolution behavior as a function of energy is derived from
measurements performed at NASA GSFC on previous pixel configurations, as shown
in Fig. 9. We note in particular that for lower energies a resolution of ~2.8eV FWHM
is expected.
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Fig. 9 Energy resolution variation as a function of energy for the required (solid line) energy resolution
of 4eV at 7keV, and for the internal design goal (dotted line) of 3eV at 7keV. A constant (with energy)

quadrature degradation has been added to the measured pixel level resolution to match each respective target
at 7keV

4.3 X-IFU instrument efficiency and effective area
4.3.1 X-IFU instrument efficiency

Despite the change in the thermal filters design, most of the instrument efficiency
previously available [1] has been maintained. The increase of the total polyimide
thickness (now ~ 285nm, dominated by the external filter) is compensated by a
decrease of the total Al thickness (now ~ 120nm including oxidized thickness -
see Section 2.2.1 and limitations therein). Detector quantum efficiency and filling
factor remain identical to the previous configuration. The total instrument efficiency
is provided in Fig. 10. A 2 % dead-time effect (1 % from the CryoAC and 1 % for the
exclusion of cosmic ray generated thermal transients*), an expected yield of 91.6 %
across the field of view, as well as an overall system-level margin of 10% at all energies
are added. We note that most of the low-energy instrument efficiency is driven by the
thermal filters, while the high-energy part of the spectrum is driven by the detector
quantum efficiency.

No contamination is included in the curves in Fig. 10. Contamination will cause
an energy-dependent effect, whose spectral signature depends on the contaminants’
composition. The current X-IFU performance budgets allow up to 20 % total transmis-
sion loss at end-of-life at 0.35 keV. This corresponds to a maximum equivalent carbon
surface density of 6.2 ug/cm?.

4 Time dedicated to MXS calibration is accounted in the mission calibration time.
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Fig. 10 Total instrument efficiency of the X-IFU (red) as a function of energy. The main contributors to the

performance are also shown: the thermal filters (blue), the detector (green) and the contributions of dead
time, margins and overall yield (purple)

4.3.2 X-IFU effective area

The main change on the overall instrument effective area comes from the decrease of
the mirror collective area — in particular at lower energies — related to the reduction
from 15 to 13 mirror rows and the change in mirror coating.’ The effective area curves
for the new XIFU baseline are shown in Fig. 11 (left). This includes the no-filter
configuration and three possible filter wheel configurations (thin, thick and Be filter).®
The peak effective area is reached between 1 and 2keV and saturates at a value of
about 6700 cm?. Compared to the previous X-IFU configuration [1], a loss of ~ 30 %
in total count rate is expected, in particular at lower energies. This loss mostly affects
the observation of extended sources (e.g., hot clusters or supernova remnants) which
have line-rich spectra below 2keV, and isolated stars.

In Fig. 11 (right), we compare the X-IFU response with the XRISM/Resolve [32,
33] response with the gate valve closed, but also with the Hitomi/SXS [34] response
which would correspond to the case of the gate valve being eventually opened (it has
been blocked in closed position for now for Resolve). In the later configuration, X-IFU
would have a peak effective area ~ 15 times larger. At 6keV, this ratio drops to ~
7, with Resolve with the gate valve closed. This comparison shows that even with a
decreased effective area, the X-IFU will remain a transformational instrument.

5 See https://www.cosmos.esa.int/web/athena/resources-by-esa

6 The current filter wheel design only accounts for a single optical blocking filter. The trade between a thin
or thick filter, or an intermediate solution, remains to be done. The full list of assumptions, the effective
area curves for this configuration and details on their generation are available on the X-IFU resource portal
https://x-ifu.irap.omp.eu/resources
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Fig. 11 Left: X-IFU effective area (cm2) for the 13 rows mirror configuration with the thin (200 nm
polyimide, 30 nm aluminum - 7 of which oxidized - and a 4 % blocking factor mesh) and thick (same as
thin but with 60 nm of aluminum) optical filters, as well as with a 100 um Beryllium filter. Right: Comparison
between the X-IFU response in the no filter configuration, with the XRISM/Resolve response with the gate
valve closed, but also with the Hitomi/SXS response, corresponding to the gate valve open

4.4 Count rate performance

Using the previous assumptions on the X-IFU effective area, we can provide an updated
estimate of the count rate capabilities of the new instrument configuration. We define
the throughput as the ratio between the number of valid events (e.g., high-resolution)
observed over the total number of events received. Table 5 provides an estimate of the
expected count rate values seen by the focal plane array for the most extreme point
and extended sources.

Table5 X-IFU count rate capability targets and expected energy resolution (i.e. based on 3 eV design goal
and not for now on 4 eV requirement - higher throughput may be obtained at the expense of degrading
the spectral resolution, but this trade remains to be performed depending on the level of margin in both
resolution and throughput required at system level)

Source type Flux Count rate Count rate Throughput
(X-IFU entrance) (X-IFU detector)

Defocused point source 1 mCrab 70cts/s 39cts/s > 80%

< 3eV resolution [10mCrab] [700 cts/s] [390 cts/s]

Defocused point source 1Crab 70kets/s 6.3 kets/s > 50%

< 10eVresolution (with Be filter)

In focus point source 0.25 mCrab 17 cts/s 10cts/s > 80%

< 3eV resolution

Extended source Perseus 0.40 cts/s/pix 0.33 cts/s/pix > 80%

< 3eV resolution [Cassiopea A] [1.2cts/s/pix] [1.0cts/s/pix]

For different sources, the equivalent count rate at the X-IFU entrance (mirror-only) and at the X-IFU detector
are provided. The values in brackets represent goals, as they were defined at the time of the 2022 SRR
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For each of the cases provided, the count rate capability is estimated using XSPEC
[35] models of the corresponding astrophysical sources as inputs of the STXTE instru-
ment simulator [36]. Two main effects cause a loss of throughput [31, 37]:

e The first effect is grading: the energy resolution and the energy estimate of a
given pulse depend on the separation of this pulse with respect to its preceding
and succeeding pulse. A so-called ‘high-resolution’ pulse (corresponding to the
highest performance of the instrument) requires a separation of 24 ms with its
preceding event, and 63 ms with its succeeding pulse. For high enough count rates,
this means that a non-negligible fraction of events is either rejected, or expected
to have a lower accuracy in reconstructed energy.

e The second effect is crosstalk: when the instrument observes high count rate
sources, photons can reach the detector closely in time either spatially or within
the same readout column. This gives rise to crosstalk, affecting the events’ recon-
structed energy. This effect is simulated in SIXTE using predefined crosstalk
look-up tables computed via the detailed instrument simulator XIFUSIM [38].

The throughput results are summarized in Table 5 for the various cases illustrated
in Fig. 12. Requirements and goals are also reminded. For extended sources, the new
instrument configuration is able to reach its throughput requirement (Perseus cluster)
and even the goal (Cassiopea A supernova remnant) with 10 % margin. For point
sources, fluxes up to ~ 0.5 mCrab can in principle be observed in focus. For brighter
sources, a defocussing of the mirror (35 mm) is planned to spread the photon counts
over more pixels, allowing the observation of up to a few tens of mCrab. If even brighter
sources are observed, the additional Be filter’ can be used to strongly decrease the
count rate below ~ 4 keV. Over the 5 to 8 keV band, this results in a ~ 5 % loss in count
rate (see blue curves Fig. 12) but allows the observation of sources up to the Crab with
an energy resolution better than 10eV FWHM at 7keV using shorter optimal filters
(lower grading options).

We see that the X-IFU throughput performance remains similar to the previous
configuration (see [1]). This is due to two compensating effects. On one hand, the
decrease of mirror effective area leads to a lower count rate at the focal plane level
(and thus higher throughput) at a given source flux. On the other hand, the new slower
pixel gives a lower throughput at a given count rate. We however emphasize that the
total valid output count rate of the X-IFU for bright sources will remain lower than
before as conserving a similar throughput performance will not compensate the loss
of effective area.

5 The new X-IFU schedule and development logic

Figure 13 gives the latest X-IFU high level schedule as iterated with ESA, in coherence
with the mission level development logic. The NewAthena mission adoption is now
positioned in early 2027, for a launch date in mid-2037. Accounting for ~ one year
of contractualization/industrial prime selection phase at ESA, this leads to an overall

7 We note that an alternative design based on thick polyimide and aluminum with similar transmission in
the X-ray band is being considered.
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Fig. 12 Count rate capabilities of the X-IFU accounting for grading and crosstalk. Top: Throughput as a
function of the flux for defocused point sources with (blue) or without (black) Be filter. The plot is provided
for the high-resolution grade (3eV, left) and the limited-resolution grade (10eV, right) over the 5-8keV
band. Bottom: High-resolution throughput for in focus point sources (left) and for extended sources (right)
over the full spectrum as a function of the flux and the count rate at detector level (cts/s/pix) respectively.
The red and green squares report the requirement and the goal respectively (see Table 5)
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Fig. 13 Latest development schedule of the X-IFU instrument. The main phases of the mission/spacecraft
ESA studies are represented in blue and at the top of the figure. The corresponding X-IFU instrument
level and subsystem activities are shown in grey and pink in the middle and bottom parts of the schedule
respectively
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implementation phase at system level of 9 to 10 years. This duration is consistent with
the objective that ESA gave to limit the schedule in order to control the mission cost
at completion.

At X-IFU level, the development plan before mission adoption remains focused
towards technology development. Table 6 lists all of the activities currently scheduled
at the level of the different subsystems. Whereas most of them are the direct (or slightly
adapted) continuation of the efforts from the previous instrument study, a number of
key additions can be noted to address the new architecture:

e A new FPA demonstration model (FPA DM1.1) is going to be built and tested by
SRON (see [18]). Whereas this model will re-use most of the thermo-mechanical
hardware of the FPA DM1.0, it will now implement a full-sized TES array based
on the latest pixel design as well as representative TDM cold electronics (MUX
SQUIDs at 50mK, AMP SQUIDs at 2K, as well as interface networks at 2K
representative of the foreseen flight design).

e CEA/dSBT will develop and test a full 5-stage ADR DM model to demonstrate
the cryogenic performance required by the new architecture.

e A cryostat DM is foreseen by AVS to demonstrate the key elements of the SOK
Dewar architecture.

e Breadboards of the key technologies of the Dewar Door (for the sealing principle,
and for the opening mechanism) are planned by CSL. These will then be combined
in a full functional DM model.

e NASA is conducting a technology demonstration program with potential US cry-
ocooler vendors. Its prime objective is to demonstrate the heat lifts at 4.5 and 20 K
required by X-IFU within the NewAthena PLC constraints (notably input power).

Beyond these subsystem level demonstrations, two system level activities are
planned to de-risk the X-IFU instrument development:

e The detection chain early verification campaign (activity already scheduled before
the mission reformulation): the WFEE DM, DRE-DEMUX DM, and DRE-RAS
DM will be coupled together and ultimately to XIFU-like balanced differential
cold electronics and detector in a test cryostat at IRAP (see [26, 39, 40]). The aim
of this campaign is to consolidate early, well in advance of the EM campaign, the
main TDM detection chain design choices and overall validate its main functions,
interfaces and preliminary performances.

e The 4K core DM (see Fig. 14): The FPA DMI1.1 and MAX DM will both be
integrated in a demonstration model of the 4 K core and tested inside a laboratory
cryostat at CNES (SVOL). Laboratory electronics will be used to operate most
of the setup (multi-stage ADR control, FPA and 4K core thermometry, cryoAC
readout), whereas the main TDM readout will be performed with demonstration
models of the WFEE and DRE (either the current DMs and/or upgraded versions)
in order to operate a minimum 4 readout channels, with a goal of implementing 8.
The main objectives of this activity are 1) to validate design choices and manufac-
turing of specific items for the 4 K core in advance of the EM, 2) to consolidate the
integration sequence of the FPA and ADR in the 4K core structure, 3) to test and
optimize the regulation schemes of all the thermal stages of the 4K core (50 mK,

@ Springer



Experimental Astronomy (2025) 59:18

18 Page220f36

s159) A311qndaossns pajonp

-uod pue Ajqnedwosoine - [opow UOTIENSUOWA(] (Y:]) so1uoNd9[H [991S AD DA/DA - 3dd
[opowr uonensuowad SVI- HId (zD) dv1 SVY - 34d
[9PON tonEnsuows( xnwod-gyd (D) dV I XNWHd - 39d
(ASo1ou
-400) DSV SNV Sulsn) [pou uoNENSUOWaq FHAM
AIpunoj soruond9[e uon
-0IOIW S UO Paseq SISV JO S[opowW Uonensuowa(q (49 DAV HIAM -ensuowap nopear xo[dninn NAI-X
2d£10301d paeoq [onuod YAV
ad£)0j01d preoq no pear AnowowIay) Jw(s () NAAI-VAD SOTUONOY AL YAV
[opow UONELNSUOWAP YV 93eIs ¢ (¥:D 14SA-vdD 19]000 YAV 191000 YAV NAI-X
uonisodop sourfdins aanonpuodredns 1D
uonepi[eA ss001d uoneILIqe) SHL (LD dVNI JVOL1D DVoAID NAT-X
T'TINd Vdd 10J 159) pue Sunmjoejnuew yojeq Aeire
SAL ‘spxid SHI, ;wrogx0g jo uonezueoerey) (SN) DdSH Keury SHL ey
I'TINA
Vd: 10§ 1591 puE JeuLiof ¢ X+ ‘[oxId SH, ;urog x 05
01 pardepe sQINOS INAL JO S[PPOIAl uonensuowa(y (SN) LSIN SAinos XN
SAINOS dINV JO S[9POJA uonensuowa(y (1D LLA ainos dNv
Vd4 JO [epoul uonensuowa(y
Amiqndaosns UONEBIGIACIDIA
Sunmjoejnuew pRIYs qN MaN : SUIp[aIYs oNUSBIN
(Iz-Yw(S) ssaurey xay qN Sunonpuodrdng
X3p 109uu0dIdUI pue JALLed qINOS XNIN
(IuI[ ¢L-1.L pue YuIf [L-0L) SpI0d uorsuadsns rejaasy (IN) NO¥S Vdd vdd NAT-X 5
SANIATIOR UOIIEI)SUOWAP UTBJA UONENSUOWP JO AFILYD UT UOIMT)SU] PAATOAUT SWRISAsqng 100[qns A3ofouyoay, m.

7
uondope uorsstw oy jo uoneredard ur [9A9] N JT-X & pouue(d SONIANIOR UOTIENSUOWAP JO ATewruing 9 ajqe) Sl



18

Page 23 of 36

Experimental Astronomy (2025) 59:18

SPEI] JUALIMD YV JO [opOW UOTeNSuowa]
sooueuriojrod ssourey [eqo[3 JO uoneNsUOWAJ
sanm g¢ 93ned Suropos/SuldwiLid Jo uonensuowa(q

1dao
-U0D UOTIRZI[BWLIDY) SSOUIRY P[OD JO UOHBISUOWS(]

p: (08
Je J0JO2UUO0D ONAUWIIAY JO UOIEPI[EA/UOTIENSUOWA(]

uonensuowap A[quiasse 1asodiuy ¢
souewIo)1ad S1UaS0AI0 Ay} JO UOHENSUOWA

19y Jo 2dA) yoes 103 ugisop remydad
-u09 3y} jo aanejuasaidar A[[ny [spowr uoneNSUOWA

IOTARYQQq
QueIqUIOW I9YY Ay} ssasse 0] sojdwes ozIs [rewS

SpPIEOQPEAIQ SAOQE JO
pasoduwod A Ioo( [euonouny [[ng & jo juawdoosag

WISTUBYIIJA] ASBA[Y UMO(J P[OH ® JO Judtudo[oadq
preogpearg Surfeas e jo juawdooadq

[OpOW UOTJENSUOWIAP JEISOAID)

(4D SAND
(SN) VSYN

(LD) owwsofed ‘tup)

(d9) 18D
(S3) SAV

Speo[ JULINd YAV

S[H / @9URI0S SSouIRH P[oD
19[009 Mf

SIT [eUIAY L,

I00p Tema(J

emad JM0OS

ssauley piop NAI-X
191000 3y NAI-X

SINL] ey L, NAI-X

100(] TeMd NAT-X
Temo 0S NAI-X

SANIATIOR UOIEI)SUOWAP UTRIA

UOT)EISUOWAP JO dTIeyd Ul oMUY

PIATOAUT SWRISASqNG

109[qns A3ojouyoay,

panunuod 9 3jqe]

pringer

As



18 Page240f36 Experimental Astronomy (2025) 59:18

DRE DEMUX
DM/EMO.
DC/DC Converter WFEE
CRISPY DM/EMO
DRE RAS
DM/EMO

! [Readout chain
electronics control EGSE
XIFU Studio + GSEs

| FPA science harness —
- =
! [science data processing SVOL cryostat
1 XIFU FWK

4K core DM

| | MAX EGSE - CRYOFLEX | MAX harness
|| ADR power supply & HK

! cryonc eGse i CyoAChamess MAXDN

! | HK & CryoAC read out chain .
i 1 FPA utility harness
| | FPADFEE EGSE ——

i FPAHK

4K core frame \-m .

FPADM 1.1 [I \-"’W‘“‘"»’
coils

-~

Central test
bench

3 STAR 4K 3 GSE harnesses
: 4K core DM HK

| [scapbas

| Accelerometers data & microshaker operation

| EMCEGSE H
! Magnetic field injection Command and Control | |

I MXS EGSE
”””””””””””””””””” X ray sources
SVOL harness MXS DM, %Fe

Fig. 14 Preliminary test configuration for the 4 K core DM

325mkK, 1.8K, and 4.5K), 4) to gain confidence in the thermal (and to a lesser
extent mechanical - representativeness on this point is not a primary objective)
mathematical modeling of the 4 K core to inform the design of later models, 5) to
perform a functional verification of the 4 K core (including magnetic compatibility
between the ADR and the FPA) and assess the sensitivity of its performance to
external perturbations (uvibrations and magnetic fields), 6) to verify the compat-
ibility between the 4K core and the X-IFU readout chain. As shown in Fig. 13,
the 4 K core DM integration and test is scheduled for mid-2026 to mid-2027, such
that full testing is not expected to be completed before mission adoption, but will
be done in advance of the EM development.

After adoption, the instrument development follows a relatively classical Engineer-
ing Model (EM) and Proto-Flight Model (PFM) approach. Worthy of note, with the
X-IFU Dewar now in the instrument perimeter, instrument verification, qualification
and calibration will be performed at CNES (see [41] for a description of the X-IFU
calibration plan). This will require the development of a dedicated ground cryostat
(Thermal Ground Support Equipment) in order to test the 50 K Dewar Assembly and
the X-IFU readout and control electronics. In this configuration, the 50 K Dewar and
4K core will be cooled down conductively by ground cryo-coolers. Whereas special
care will be taken to replicate and test the main interfaces of the instrument with the
PLC and the CCU, this will naturally limit in particular the representativeness of the
50K Dewar, DEA and cold harness radiative environment. This element of the NewA-
thena design can only be verified at PLC level, a level at which coupling between the
CCU and X-IFU will also be assessed. For that purpose, the X-IFU EM model will be
delivered to ESA in 2031 in order to support a PLC Cryogenic Qualification Model
test in a vacuum chamber. The X-IFU PEM model is then expected to be delivered in
2034, for integration and test at higher level, before a launch in 2037.
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6 Environmental considerations

A Life Cycle Assessment (LCA) of the X-IFU, prior to entering the reformulation
phase, was performed [42]. It was found that the most significant environmental
impacts arise from:

e testing activities, related to energy consumption in clean rooms,
e office work, related to energy consumption in office buildings,
e and instrument manufacturing, related to the use of mineral and metal resources.

In addition, travels remain an area of concern, despite the policy to reduce flying
adopted by the Consortium. As described above, the instrument design has evolved,
so as the perimeter of responsibility of the Consortium. A new LCA is being computed,
in house, through the use of the SIMAPRO modeling software, fed by a more thorough
collection of data, involving all subsystems. This will confirm the hot spots previously
identified, further consolidating the areas over which to take actions, as to reduce the
environmental footprint of X-IFU, while complying with the stringent requirements
in terms of performance and risk management imposed to space projects.

7 Conclusions

The X-IFU passed the reformulation of the Athena mission with minimal degrada-
tion of its anticipated performance, and contributed to maintain the flagship status
of the NewAthena mission. Yet its simplified architecture and the transfer of some
responsibilities from ESA to NASA (e.g. the 4K cooler) and to the X-IFU consortium
(e.g. the 50K Dewar and the downstream AIT/AIV activities) enabled a reduction in
the overall cost of the mission, to an envelope presumably affordable with the ESA
science program. As a consequence, the industrial activities on NewAthena have now
started. The success of these studies condition the start of the mission adoption review
process, expected to kick-off in June 2026. In parallel, ramping up the critical tech-
nologies is also required to reach the highest Technology Readiness Level at adoption,
and demonstrate that all critical items of X-IFU are under control, to secure its imple-
mentation schedule. It is the prime commitment of the X-IFU Consortium to make
everything possible to secure the adoption of NewAthena in the ESA science program
early 2027, so that the implementation of the mission can start towards the goal of
launching NewAthena in 2037.
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