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ABSTRACT

Athena is designed to implement the Hot and Energetic Universe science theme selected by the European Space
Agency for the second large mission of its Cosmic Vision program. The Athena science payload consists of a large
aperture high angular resolution X-ray optics (2 m? at 1 keV) and twelve meters away, two interchangeable focal
plane instruments: the X-ray Integral Field Unit (X-IFU) and the Wide Field Imager. The X-IFU is a cryogenic
X-ray spectrometer, based on a large array of Transition Edge Sensors (TES), offering 2.5 eV spectral resolution,
with ~5" pixels, over a field of view of 5’ in diameter. In this paper, we present the X-IFU detector and readout
electronics principles, some elements of the current design for the focal plane assembly and the cooling chain. We
describe the current performance estimates, in terms of spectral resolution, effective area, particle background
rejection and count rate capability. Finally, we emphasize on the technology developments necessary to meet the
demanding requirements of the X-IFU, both for the sensor, readout electronics and cooling chain.
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1. THE ATHENA MISSION

Addressing the Hot and Energetic Universe science theme! requires an X-ray observatory-class mission delivering
a major leap forward in high-energy observational capabilities. Thanks to its revolutionary optics technology?
and the most advanced X-ray instrumentation, the Athena mission, will deliver superior wide field X-ray imaging,
timing and imaging spectroscopy capabilities, far beyond those of any existing or approved future facilities. Like
XMM-Newton today, Athena will play a central role in all fields of astrophysical investigations in the next decade.
No other observatory-class X-ray facility is programmed for that timeframe, therefore Athena will provide our
only view of the Hot and Energetic Universe, leaving a major legacy for the future.

The breadth of science achievable with the X-IFU touches most of the key issues identified in the Hot and
Energetic Universe science theme. For the hot Universe, this ranges from understanding how baryons accrete and
evolve in the largest dark matter potential wells of groups and clusters (see Athena supporting papers®?), how
and when the energy contained in the hot intra-cluster medium was generated and how jets from active galactic
nuclei (AGN) dissipate their mechanical energy in the intracluster medium (see Athena supporting papers®).
X-IFU will also find the missing baryons at z<2 and reveal the underlying mechanisms driving the distribution
of this gas on various scales, from galaxies to galaxy clusters, as well as metal circulation and feedback processes
(see Athena supporting papers®). X-IFU observations will probe the first generation of stars to understand
cosmic re-ionization, the formation of the first seed super-massive black holes, and the dissemination of the
first metals (see Athena supporting papers”8). They will also reveal how accretion disks around black holes
launch winds and outflows and how much energy they carry (see Athena supporting papers®). Similarly, AGN
outflows and the processes by which the energy and metals are accelerated in galactic winds and deposited in
the circum-galactic medium will be studied in details (see Athena supporting papers!?). More generally, by
providing spatially resolved high-resolution X-ray spectroscopy, the X-IFU instrument will enable new science to
be performed for a wide range of objects of great interest to the whole astronomical community, from planets,
stars, supernova, binaries up to the most distant gamma-ray bursts (see Athena supporting papers!!19).
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Figure 1. Simulated Athena observation of the Perseus cluster, highlighting the advanced capabilities for revealing the
intricacies of the physical mechanisms at play. The left panel shows a simulated 50 ks X-IFU observation (0.5-7 keV),
displayed on a log scale. The spectrum on the right is from the single 5” x5” region marked by the box, with the existing
Chandra ACIS spectrum for comparison. The inset shows the region around the iron L complex. With such observations
velocity broadening is measured to 10-20 km/s, the temperature to 1.5% and the metallicity to 3% on scales <10 kpc
in 20-30 nearby clusters, and on <50 kpc scales in hundreds of clusters and groups (taken from the Athena supporting

papers®).



The illustration of the power of spatially resolved high-resolution X-ray spectroscopy is provided in Fig.1,
taken from the Athena supporting papers,® showing the simulation of a 50 ks X-IFU exposure of the Perseus
cluster. Such measurements will enable us to pinpoint the locations of jet energy dissipation, determine the total
energy stored in bulk motions, turbulence and weak shocks, and test models of AGN fuelling so as to determine
how feedback regulates hot gas cooling.

2. THE X-IFU PERFORMANCE REQUIREMENTS AND BASELINE DESIGN

The X-IFU top-level performance requirements are listed in Tab. 1. The following sub-sections provide some of
the most relevant information for the current X-IFU design, from the detection and readout principles to the
mechanical, thermal and electrical architectures. The X-IFU mass, power and telemetry current best estimates
are indicated in Tab. 2.

Table 1. Key performance requirements for the Athena X-IFU.

Parameter

Requirements

Energy range

Energy resolution: E < 7 keV

Field of view

Pixel size

Quantum efficiency @ 1 keV and 7 keV
Gain error (rms)

Count rate capability - faint source
Count rate capability - bright source
Time resolution

Non X-ray background

0.2-12 keV

2.5 eV (250 x 250 um? pixel)

5" (diameter) (3840 TES)

4.3// a

>60% and >70%

0.4eV

1 mCrab (>80% high-resolution events)
1 Crab (>30% low-resolution events)
10 ps

5x 1073 cts cm™ st keV!

“To be compared with the mirror point spread function (PSF): 5"

2.1 Detection and readout principle

The X-IFU detector is a large array of X-ray absorbers on top of Transition Edge Sensors (TES). The TES micro-
calorimeter senses the heat pulses generated by X-ray photons when they are absorbed and thermalized. The
temperature increases sharply with the incident photon energy and is measured by the change in the electrical
resistance of the TES, which must be cooled to temperatures less than 100 mK (the thermal bath is at 50 mK)
and biased in its transition between super conducting and normal states (see Fig. 2).
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Figure 2. Principle of a Transition Edge Sensor (TES) acting as a micro-calorimeter. Left panel) The TES is cooled and
voltage-biased to lie in its transition between its superconducting and normal states. Middle panel) The absorption of an
X-ray photon heats both the absorber and the TES through the strong thermal link. Right) The change in temperature
(or resistance) with time shows a fast rise (due to the strong link between the absorber and the TES) and a slower decay
(due to the combination of a weak link with the 50 mK thermal bath and a negative electrothermal feedback).



Two options are under consideration for the X-IFU sensors: Ti/Au bilayer TES with Cu/Bi absorbers'® or
Mo/Au bilayer TES with Au/Bi absorbers.!” The absorber has a size of 250 x 250 um?. Either absorber can
achieve the correct stopping power at 6 keV and provide low heat capacitance required for high spectral resolution.
The small current of the TES is read out using a low noise amplifier chain consisting of a superconducting
quantum interference device (SQUID) in the cold front end electronics (CFEE), SQUID array amplifiers at 2 K
and a semi-conductor low-noise amplifier in the warm front end electronics (WFEE). Multiplexing allows the
reduction of the number of readout channels and hence the thermal load on the cooling chain. For Frequency
Domain Multiplexing (FDM), a single comb signal AC-biases each pixel with a specific carrier matching the
resonant frequency of an LC circuit (see Fig. 4). De-modulation of the summed signal in the digital readout
electronics (DRE) enables the reconstruction of the shape of the signal in each pixel. With a frequency range
of ~1 to 5 MHz and a carrier separation of 100 kHz, up to 40 pixels can be multiplexed in a single readout
channel. To match the X-IFU field of view requirement (5" diameter), in its current design, 3840 equal size
pixels are required. These are read out in 96 channels of 40 pixels each.'® The first stage SQUID needs to be
linearized with a high gain feedback loop. A so-called base-band feedback technique ensures that the feedback
signal carrier is properly phased with the TES signal carrier at the SQUID input.!® Located closely underneath
the TES array, an active anticoincidence layer (Cryo-AC) screens the high energy particle background.?® 22 The
Cryo-AC detection chain comprises 4 TES pixels and their related cryogenic SQUID and warm electronics.?3
Fig. 3 shows the X-IFU block diagram.
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Figure 3. The X-IFU block diagram showing the main system components and the two temperature stages at 50 mK and
2 K. Analog and digital line signals are also shown, together with the power supply lines.
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Figure 4. Frequency Domain Multiplexing principle: Left) The schematics of a 3-pixel channel. Each pixel is biased at a
specific frequency (f1, f2 and £3), each matching the resonant frequency of an Rrgs LC circuit. Right) For each pixel, the
TES current is modulated by the temperature/resistance variation induced by the absorption of an X-ray photon. The
bottom panel shows the summed current readout by a single SQUID.

The TES biasing, the SQUID multiplexer control, the data digitization, the generation of the feedback
signals and the demultiplexing of the signals take place in the digital readout electronics (DRE-DEMUX), which
also contains the event processor (DRE-EP).2* The latter includes two major functions: event triggering and
pulse analysis. The handling of the anticoincidence detector is done in the Cryo-AC electronics. The number of
charged particles is sufficiently small that processing of the anticoincidence data can be performed on the ground.
The Instrument Control Unit is responsible for operating the instrument with the desired settings. The power
distribution unit (PDU) distributes the raw power over the different electronic boxes. For the WFEE and the
Cryo-AC WFEE, which have severe electromagnetic compatibility (EMC) requirements, the power conversion is
done in a dedicated power supply unit (PSU).

2.2 Focal plane assembly

The focal plane assembly provides the thermal and mechanical support to the sensor and the anti-coincidence
detector.?? In addition it accommodates the cold electronics and provides the appropriate magnetic shielding. A
magnetic field attenuation of at least ~ 10° has to be achieved by two shields: a super conducting Nb shield and
a cryo-perm shield at 2 K and by an appropriate cooling sequence to avoid the trapping of magnetic flux. The
focal plane assembly requires two optical blocking filters to reject the thermal and IR load on the detector.?%
The current best estimate for the mass of the focal plane assembly considering design maturity margins is about
8 kg.

Outside the cryostat, a filter wheel assembly will include additional filters to further reduce the optical load
on the detector for the observation of optically bright sources and to reduce the count rate in the X-rays to
prevent degradation of the energy resolution. In addition the filter wheel will be equipped with a closed position,
possibly a thick Be filter. The filter wheel shall also support several electrically controlled calibration sources,
as needed to correct for gain drifts in the detector (the exact location of the calibration source will be subject
to further studies).
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Figure 5. 3D drawing of the focal plane assembly, heritated from SAFARI/SPICA.?® The outer shield is at 2 K. Between
the detector, which is at 50 mK and the outer shield there is an intermediate radiation shield at 0.3 to 0.6 K. The
temperature stage is also used to thermally anchor the wiring. The electronics (SQUIDs, filters etc) may be mounted on
the side walls of the focal plane assembly to enable a compact design (white surfaces).

2.3 Cooling chain

The detector needs to be cooled and this requires a cryochain composed of several coolers and several intermediate
temperature stages. This has been extensively studied for IXO and different designs have been proposed which
can meet the requirements for Athena.?”2® An ADR-Sorption cooler is the baseline for the last stage cooler (from
2 K to 50 mK) whereas for the other stages a number of different options can be considered (2 K Joule-Thomson
(JT) cooler, Stirling coolers, 15 K pulse tube coolers). The design of the cooling chain is fully redundant and
allows for the failure of a single mechanical cooler. The only exception is the last stage cooler which does not
contain any movable part. The full cooling chain, including the redundant coolers and considering the design
maturity margins, is expected to weight around 120 kg.
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Figure 6. Left) X-IFU proposed cooling chain comprises a combination of a small passive radiator, 15 K pulse tube coolers,
2 K Joule Thomson loops and a 50/300 mK hybrid cooler. Right) 50 mK Cooler (1 pW @ 50 mK and 10 pW @ 300 mK,
77% duty cycle efficiency) developed and qualified in the framework of an ESA TRP for IXO.



Table 2. X-IFU mass, power and telemetry current best estimates including the design maturity margins.

Parameter Current best estimate
Mass of the FPA 8 kg

Mass of the cryo cooler chain 120 kg

Mass of the X-IFU 577 kg

Power consumption of the X-IFU 1290 W

Telemetry rate (10 mCrab) ~50 kbit/s *

“Equivalent to 4.4 Gbit/day, to be compared with the ~100 Gbit/day available telemetry rate.

3. X-IFU PERFORMANCE ESTIMATES

In this section, we present our current best performance estimates of the X-IFU capabilities, in comparison with
the requirements of Table 1.

3.1 Spectral resolution

The most recent results obtained with Frequency Domain readout are shown in Fig. 7. The pixel under test is
a X-ray microcalorimeter from an array developed at GSFC with a demonstrated energy resolution of 2.3 eV at
6 keV under DC bias.??3% On the left side of Fig. 7 the X-ray spectrum of a 1.3 MHz AC-biased pixel is shown.
The best single pixel X-ray energy resolution measured so far was 3.6 eV.3! This resolution was consistent with
the baseline resolution calculated from the detector noise and it was limited by the SQUID readout noise. On
the right sight of Fig. 7, we show the NEP of a pixel biased at 2.5 MHz with an improved read-out scheme. For
comparison, the NEP spectra of the DC biased and the 1.3 MHz AC-biased pixels are also shown in the plot.
The baseline resolution calculated from the NEP spectra of Fig. 7 corresponding to 2.5 MHz is 2.7 eV.
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Figure 7. Left: measured X-ray resolution (Fe®) for a pixel biased under AC (1.3 MHz). Right: Noise Equivalent Power
(NEP) for an AC bias pixel at 2.5 MHz with improved readout (Red curve). Estimated baseline resolution is 2.7 eV. For
comparison, the NEP spectra of the 1.3 MHz biased pixel (AE = 3.6 eV) and the DC biased pixel (AE = 2.3 eV) are
shown by the blue and black lines respectively.

3.2 Particle background rejection

The implementation of an anticoincidence system is required to meet the stringent scientific requirements on the
instrumental background for the X-IFU operating in a L2 orbit (see Tab. 1).2%:32 Cosmic rays and solar particles
interact both directly with the detector and through the production of secondary particles in the material close



to it. A fraction of these signals falls in the energy range of the detector and cannot be disentangled from true
X-ray photons. The internal particle background has been estimated using GEANT4 simulations. This was
necessary since no X-ray detector has ever flown so far in an L2 orbit. However, the external flux of energetic
particles at L2 was measured by several particle monitors flown on various satellites (e.g. Planck). The expected
residual background without any shielding (Fig. 8, left) would be 3 counts/cm?/s, ~60 times greater than the
requirement.

With the implementation of the anticoincidence, the residual background decreases by a factor of about
10, essentially eliminating all primary particles. The residual non-rejected component is basically composed of
secondary electrons. This component can be further reduced using a graded shielding with materials of a low
yield for secondary electrons.?®3* The most suited material was found to be Kapton. This shielding allows us
to meet the background requirements stated in Tab. 1.

In addition to the instrumental component, the background includes an X-ray diffuse component of various
origins. A diffuse X-ray emission observed in every directions is produced at high energies mostly by the
unresolved emission of AGNs, and below 1 keV by line emission from hot diffuse gas in the galactic halo and
the local hot bubble, with contributions from Solar Wind Charge Exchange in the 3/4 keV band. This latter
component is highly variable, and a model representative of typical high galactic latitude fields had to be defined,
as well as a study of its variations with time and pointing direction. Details on our modeling of these components
are given in Ref. 35. The total background for X-IFU in the focal plane of Athena is plotted in Fig. 8 (right),
showing that the particle background dominates only for energies above 2-3 keV.
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Figure 8. Left) The spectra of the internal background expected on X-IFU in all the cases analyzed. The black line
is the expected residual background without any shielding, the red dashed line is the residual background with the
implementation of the anticoincidence, and the blue dashed line is the final background level using a graded shield.
Right) Background components for extended sources: the green line is the internal particle background, the red line is
the diffuse component, and the total background is the black line.

3.3 Count rate capability

For a micro-calorimeter array the fraction of events with the highest spectral resolution depends on the rate of
the incident photons.?6-3® The rate in each individual pixel and therefore the fraction of high-resolution events
for a given source is also determined by the shape of the mirror PSF and the relative pointing with respect to
the pixels (the PSF can be centered at a pixel, just at the corner of four pixels or anywhere in between). In our
simulations, conservatively, we assume that a period of 10 7 before and 40 7 after an event is necessary to achieve
the maximum resolution, with a decay time of 7 =150 us (see Fig. 9). Using appropriate filtering, the mid-res
events typically have a resolution of about 3.5 eV which is still very good, while the low-res event resolution will
be several tens of eV, depending on count rates. In Fig. 9, the different event grades are shown as a function of



total flux on the detector and in terms of the fraction of high-res, mid-res and low-res events. As can be seen, we
can easily handle sources up to 1 mCrab without noticeable degradation of the resolution. At about 10 mCrab
events are split more or less equally between the three different grades.
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Figure 9. Left) The classification scheme of events. Right) X-IFU count-rate capability. The fractions of the different
event grades are shown as a function of the total incident photon rate on the detector (red are high-resolution, blue:
medium-resolution, green: low-resolution).

3.4 Effective area

The effective area of the instrument is a combination of the effective area of the optics, folded with the detector
quantum efficiency, filling factor and the transmission of the fixed optical filters in front of the detector.26 The
effective area including all detector related effects are shown in Fig. 10. The X-IFU effective area around 1 keV
is about 1.5 m? and is pretty flat across the X-IFU field of view.
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Figure 10. The X-IFU effective area, after accounting for all detector related effects (quantum efficiency, filters, filling
factor, ...). The effective area of the X-IFU exceeds 1.5 m? at 1.35 keV and is 0.25 m? at 6.4 keV. It is compared
with the ones of ASTRO-H SXS, Chandra HETG and XMM-Newton RGS. The X-IFU provides an order of magnitude
improvement of effective area at 1 keV compared to the SXS. Response matrix available at http://x-ifu.irap.omp.eu,
under “Resources”.



4. X-IFU STATUS AND ON-GOING TECHNOLOGY DEVELOPMENTS

Some components of the X-IFU have a TRL 4-5 based on heritage (e.g. filter wheel, instrument control unit).
Focused activities in ESA member states (MS) are on-going (e.g. TES array fabrication, Cryo-AC, digital readout
electronics). Taking advantage of the synergies existing between the X-IFU and the more advanced SPICA /Safari
instrument (focal plane assembly, front-end electronics, digital readout electronics), most of the FEE requirements
(noise floor, LC filter performance, SQUID, LNA performance, dynamic range, gain bandwidth) relevant to the
X-IFU have already been met. In addition, frequency multiplexed readout has now been demonstrated for 147
sensors, and for 38 sensors without increasing the noise. As illustrated in Fig. 7, AC-biased pixels have been
shown to approach the required spectral resolution. The technology developments that are required for the
X-IFU are listed below:

e Demonstration of 2.5 eV resolution at 6 keV with the baseline detector system, consisting of AC-biased
TES sensors with representatively dimensioned absorbers,; and relevant CFEE (SQUIDs, LC filters).

e Demonstration of this resolution with FDM readout of up to 40 sensors in one readout channel.
e Demonstration of the scalability of the detector and readout technology to realize the X-IFU field of view.

e Development of a representative Cryo-AC detector which can be integrated into the FPA to verify the
absence of any thermal, mechanical or electrical interference.

e Demonstration of a representative focal plane assembly (TES array and Cryo-AC sensors, magnetic shield-
ing, thermal suspension, cryo-harness and cold electronics).

e Development of low-noise warm analogue electronics, fast, low-power digital electronics, representative
harness between the cold stage and the warm electronics, and the EMI-tight integration of these components
into a cooler system.

e Optimization of basic technologies for the detector and its readout to allow for a compact and reliable
design (e.g. cryo-harness).

Building a complete cooling chain is a major challenge that is being addressed by an ESA TRP, recently
opened. As part of the TRP activity, integration with a representative focal plane assembly is foreseen. Emphasis
will be put on the verification of the compatibility of the coolers with the detector assembly in terms of cooling
power, intermediate stage intercepts, temperature profiles during cool-down/warm-up and cycling, temperature
stability, micro-vibrations, EMC and magnetic fields. This activity will be phased with those aiming at building
a demonstration model (DM) for the X-IFU planned for 2018, with the targeted goal of reaching TRL 5-6 at
mission adoption at the X-IFU system level. Additional activities related to the development of filters are also
planned.

5. CONCLUSION

The X-IFU instrument will provide unprecedented capabilities to perform spatially resolved high-resolution X-ray
spectroscopy with arcsecond imaging. In view of the ambitious performance to be achieved, the X-IFU consortium
is being organized. Its enabling technologies (cooling chain, sensors, readout electronics, ...) are being developed
in Europe, through a coordinated technology development plan between ESA and the ESA MS. Significant
progresses have been achieved in the last few years, benefiting from earlier studies and ongoing developments
for SPICA /Safari. The X-IFU described above is based only on European technologies. The instrument will be
built by an ESA MS consortium which has been set up within the Athena team and is led by France (IRAP,
CNES), with Netherlands (SRON) and Italy (INAF) as co-leads. Specifically, CNES is proposed to be prime of
the X-IFU, lead the project management, the system team and the AIT activities. Major contributions are also
anticipated from Belgium, Finland, Germany, United Kingdom, Spain and Switzerland. Teams outside Europe
have expressed interest in contributing to some elements of the X-IFU, for example components of the cooling
chain and the focal plane assembly, and those will be considered at appropriate times by the current consortium.
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