Development of an end-to-end demonstration readout chain
for Athena/X-IFU
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Abstract The X-ray Integral Field Unit (X-IFU) of the Athena observatory,
scheduled for launch in the mid 2030's, will provide X-ray spectroscopy data with
unprecedented spectral and spatial resolution. This will be achieved with a 2 kilo-
pixel array of transition-edge sensor (TES) microcalorimeters. The complete
detection chain is under development by a large international collaboration. In
order to perform an end-to-end demonstration of the X-IFU readout chain, a 50
mK test bench is being developed at IRAP in collaboration with CNES.

The test bench uses a two-stage ADR cryostat from Entropy GmbH, a 1024-pixel
array, and will initially be operated using a warm electronics chain from NIST and
NASA Goddard Space Flight Center. We describe the complete system being
installed in the cryostat and the current results obtained with these electronics. We
also review the status of the integration of the digital readout electronics (DRE)
prototype into the demonstration chain and the plan for integrating and testing the
complete X-IFU readout chain.
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1 Introduction

The Advanced Telescope for High-ENergy Astrophysics (Athena) [1], scheduled
for launch in the mid 2030’s, will revolutionize X-ray astrophysics. This ESA
large class mission will address the science theme of the Hot and Energetic
Universe, trying to answer key questions such as how ordinary matter assembles
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into the large-scale structures we see today, and how black holes grow and shape
the Universe. It will consist of a single X-ray telescope associated with two
instruments: a wide field imager (WFI) and an X-ray integral field unit (X-IFU).
The X-IFU [2], a cryogenic imaging spectrometer operating at 55 mK, will
provide spectral data with unprecedented performance, with a full-width-at-half-
maximum energy resolution of 2.5 eV for energies up to 7 keV — a factor ~ 50
better than CCDs. This will be achieved using close to 2,400 transition edge sensor
(TES) microcalorimeters, optimized for the soft X-ray energy band (0.2 — 12 keV),
with a pixel size of 5 arc-seconds and a field-of-view of 5 arc-minutes. It will have
a count rate capability for point sources (using the defocus capability of the
telescope) of up to 10 mCrab with nominal resolution, and 1 Crab with 10 eV
resolution and a Be filter.

To limit the mass, power, heat load and complexity of the instrument it is
necessary to multiplex the read-out of the detector array, which will be achieved
using time division multiplexing (TDM) [3]. In this scheme, the TESs which are
DC voltage-biased using a shunt resistor are individually inductively coupled to
one of the front-end SQUIDs (superconducting quantum interference devices)
(also referred to as SQ1 or MUX SQUIDs). Those SQUIDs are turned on/off
sequentially using switches to measure the signal from each of the TESs
multiplexed together in each row. As the number of elements per column is limited
to meet the instrument capabilities and requirements (for X-IFU to 34 rows), this
can be replicated as many times as needed, by having multiple columns read out
in parallel, independently from one another. For each column, the multiplexed
output from the front-end SQUIDs is then amplified by the second stage series
array amplifier SQUIDs (AMP SQUIDs), and a low noise amplifier at room
temperature. To keep the SQUIDs in a linear and stable regime of operation, the
system is run in a closed loop (fluxed-lock loop). A simplified circuit diagram
describing the above can be found in Fig. 1.

For the X-IFU, the read-out chain will be integrated under a collaboration of 11
European countries, the USA and Japan, led by IRAP and CNES (France). Each
component of the system is currently being developed separately, summarized in
Table 1.
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Fig. 1 Circuit diagram of a TDM system for 1 column and 2 rows (based on [3]).
Min and Mfb are the mutual inductances of the SQ1 input and feedback coils; Lny
the Nyquist inductance; Rsh_tes and Rsh_sq the TES and SQ1 shunt resistances;
RA the row addressing; and FB the part of the electronics handling the fluxed-

lock loop.
Components Institution
Detector array [5] NASA GSFC (U.S)
Cold time domain multiplexing (TDM) electronics [6] NIST (U.S)
Cold amplifier [7] VTT (Finland)
Cold focal-plane assembly (FPA) [8] SRON (Netherlands)

Warm front-end electronics (WFEE) [9]

APC (France)

Digital readout electronics (DRE) [10], including:

IRAP (France), with:

- hardware part of the Event processor CEA (France)
- software part of the Event processor INTA (Spain)
- demux boards ASU (Czech Republic)

Table 1 Summary of the components of the detection chain and of the institutions

where they are being developed.
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For the success of the mission, it is hence crucial that the full baseline detection
chain, from the TES detectors at 50 mK to the warm electronics at room
temperature, is successfully integrated and tested. To do this, IRAP and CNES
have been developing a 50 mK test bench for demonstrating prototypes of all these
flight-like components functioning together, and to understand the performance
of the whole detection chain through a comparison with an advanced model that
is a very detailed end-to-end simulator of the entire detection chain [4]. It will
provide valuable feedback for the development of the warm readout electronics
and will later be used to characterize the X-ray calibration sources.

2 IRAP / CNES 50 mK test bench

The test bench includes a commercial cryostat purchased from Entropy GmbH
(Fig. 2). It consists of a 2-stage pulse tube cryocooler (PTR), which provides
cooling to 50 K and 3 K, and of a 2-stage adiabatic demagnetization refrigerator
(ADR) to provide cooling at 500 mK (with a gadolinium gallium garnet (GGG)
salt pill) and at 50 mK (with a ferric aluminum alum (FAA) salt pill).

6T ADR magnet
and shielding

300 K shiek ! GGG stage
¥ H (T<1K)

FAA stage (T<50mK)
Fig. 2 (leff) 50 mK test cryostat (nicknamed “Elsa”) and its current electronics at
IRAP (right) Schematic of the cryostat.
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A full characterization of the cryostat has been performed prior to integration of
the various subsystems from the X-IFU detection chain. This included a study of
the magnetic environment, an assessment of the micro-vibrations, and a
characterization of the temperature stability, hold time, and heat loads at 55 mK.
This was necessary to ensure that the TES detectors and SQUID-based read-out
are operated under suitable conditions for optimal performance. Both are highly
sensitive to magnetic fields (both static and dynamic), and the detectors are highly
sensitive to temperature fluctuations of the thermal bath. A summary of this
characterization is given below. Further details can be found in the SPIE
proceedings from Betancourt-Martinez et al [11].

The temperature stability and hold time were studied using a Lakeshore 372 AC
resistance bridge, and Cernox thermistors for the 0.5 K, 3 K and 50 K stages, and
a RuO; thermistor for the 50 mK stage. This showed a 3 uK rms temperature
stability — within our requirements for this test bench —, and 11 hours of hold time
at 55 mK with an additional 0.5 pW heat load on the FAA stage. This is well
above the expected load for our FPA, estimated to be around 14 nW maximum.

The magnetic field environment was studied using a Bartington Mag-01H
Single Axis Fluxgate Magnetometer, together with cryogenic Probes F & G (with
respectively 0.1 nT and 1 nT resolution). This showed a 1.4 uT (total) static
residual B-field due to the earth’s magnetic field shielded with an external mu-
metal external shield, and a less than 25 nT/15 min B-field slew rate during ADR
regulation at the location of the array (without consideration of the expected
attenuation from a superconducting shield around the detector set-up, which is
expected to be around 2000 or more).

Finally, the micro-vibrations were assessed using PCB piezotronics
accelerometers (two 393B04’s with 3 pg rms broadband sensitivity, and one
351B42 working at cryogenic temperatures). This gave levels of 6.50 mg rms,
2.37 mg rms and 0.099 mg rms respectively over the 0-100 Hz, 100-1600 Hz and
1600-5000 Hz frequency bands. Those results were similar to measurements made
at SRON [12] and known to be acceptable.

3 Read-out chain for initial validation

Following the characterization of the 50 mK test bench, we will soon begin
integrating sub-systems (see high level diagram on Fig. 3). The initial system
validation is to be carried out first using non-flight electronics from NIST and
GSFC with the heritage of having demonstrated the required performance.
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We will use analog low noise amplifiers at room temperature provided by
NIST with a noise level of less than 1 nV/\VHz [6], which perform the same
function as will be provided by the X-IFU WFEE [9]. The analog electronics box
(‘tower’) also provides bias currents for the front-end multiplexed SQUIDs and
the second stage AMP SQUIDs.

For the TDM multiplexing, we will be using digital electronics provided
by GSFC that is based upon commercial off-the-shelf (COTS) electronics boards
[13]. These will perform a similar function to the X-IFU flight DRE to be provided
by IRAP [10], providing column selection and row switching (with timing signals)
for TDM.

‘Tower' | WFEE COTS/DRE
- Feedback
- LNA o
- Bias - Timing
- Feedth h - Addressing
eedihroug - Event processing*
Cryostat

Flex
Heat sinking @ 50 K

| Amp SQUIDs @ 3K |

| Interconnect @ 0.5 K I
Looms

Front-end SQUIDs &
TES array @ 50 mK * DRE only

Fig. 3 High level diagram of the read-out demonstration chain.

The read-out chain also consists of harnesses and cold electronics. This starts with
flex wiring fabricated from Cu-Ni traces on Kapton flex going from 300 to 3 K,
which passes through an epoxy hermetic feedthrough and is heat-sunk at 50 K
before being terminated at the 3 K stage. The signal wiring is connected to the
second stage AMP SQUID amplifiers at 3 K which are provided by NIST.

The input signals to the AMP SQUIDs as well as those that run directly
to the low-temperature multiplexer are carried on superconducting twisted pairs
in looms that are heat-sunk at a 500 mK interconnect board (provided by GSFC),
before the signals pass through to the 50 mK stage.

Finally at the end of the read-out chain, at the 50 mK stage, are the TES
detectors provided by NASA-Goddard [5]. These are coupled to the cold
multiplexer read-out electronics provided by NIST that perform switch addressing
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and holds the front-end SQUIDs [6]. The 50 mK test bench can accommodate a
32 x 32 TES microcalorimeter array (absorber pitch of 275 um and TESs with
dimensions 75x75 pum). For this demonstration chain, it was decided for simplicity
and efficiency initially to populate and connect only two columns of the read-out
out of a possible eight available, providing a 2 x 32 demonstration system. Pictures
of the various parts of the read-out chain can be seen in Fig. 4.

4 First results and way forward
4.1 Initial results

The ‘snout’ (TES detectors + cold read-out electronics) has been tested at NASA-
Goddard together with the same warm readout electronics described in section 2
and these have been sent to IRAP for integration. Single pixel measurements
showed good uniformity and an energy resolution of 2.1 £ 0.1 eV at 6 keV as
shown in Fig. 5. Multiplexed measurements, using 2 x 32 pixels, also showed a
preliminary energy resolution of 2.63 £ 0.01 eV. It should be pointed out however
that although adequate for initial demonstration, this level of performance is not
(and was not meant to be) the ultimate optimized multiplexed performance
achievable for these detectors [5].
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Fig. 5 Example of single pixel spectrum measured at NASA-Goddard with the
focal plane assembly that has been shipped to integrate with the rest of the test-
bench at IRAP.
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300 K

Tower installed at IRAP (top) and g
COTS TDM electronics at GSFC (right)

(left) 3 K - 300 K flexes
installed in Elsa

(right) Elsa opened, with the 3 K,
500 mK and 50 mK stages visible.
The 3 K board and niobium magnetic
shield (where the detector assembly
will be placed) have been installed

50
mK

TES array
SQUID multiplexers

Interface chips (Nyquist filters +
TES bias resistors)

NIST 8x32 MUX readout, with GSFC 32x32 array

Fig. 4 Breakout view of the subsystems from the initial E2E demonstration chain.



Development of an E2E demonstration readout chain for Athena/X-1FU

4.2 Installation at IRAP

As of mid-October 2021, the flexes and analog electronics have been installed on
the test bench. The focal plane assembly ‘snout’ and COTS TDM electronics have
been received as well by IRAP and are scheduled for integration imminently. This
will be followed by mechanical alignment checks at 3 K. The full initial
demonstration chain will then be tested at IRAP for validation, to be ready for the
DRE TDM row addressing tests later in the fall of 2021.

4.3 DRE prototype integration status

The Demonstration Model (DM) of the DRE will be tested in several steps in the
50 mK test bench. This fall, the Row Address and Synchronization (RAS) module
(driving the Flux Actuated Switches in the focal plane assembly (FPA) and
synchronizing the readout electronics) will be tested together with the U.S. digital
electronics. Beginning 2022, a 4-column DEMUX module will also be
implemented in the set-up. This module demultiplexes the pixel's data and
linearizes the detection chains. The digital signal event processing (triggering of
the events and measurement of the energies) will be done in software using a
computer from the test bench. By mid 2022, a test is planned with a prototype of
the flight event processor to validate its high-speed interface with the DEMUX
module. Finally, at the end of 2022, a demonstrator of the DRE DC-converter will
be coupled to the other modules.

4.4 Integration and testing of the complete X-IFU readout chain

The full end-to-end demonstration with the WFEE is scheduled for end 2022.
Aiming at reaching the best possible noise level, the WFEE is being developed
using differential electronics, while the current chain based on legacy electronics
is single-ended. The 3 K AMP SQUID board and the cold harness from 3K to
300K will hence also need to be updated to support differential electronics.
Procedures for the various flight operation modes for all the electronics will then
be tested.
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