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Abstract

SRON (Netherlands Institute for Space Research) is developing the focal plane
assembly (FPA) for Athena X-IFU, whose demonstration model (DM) will use for
the first time a time domain multiplexing (TDM)-based readout system for the on-
board transition-edge sensors (TES). We report on the characterization activities on
a TDM setup provided by NASA goddard space flight center (GSFC) and national
institute for standards and technology (NIST) and tested in SRON cryogenic test
facilities. The goal of these activities is to study the impact of the longer harness,
closer to X-IFU specs, in a different EMI environment and switching from a single-
ended to a differential readout scheme. In this contribution we describe the advance-
ment in the debugging of the system in the SRON cryostat, which led to the dem-
onstration of the nominal spectral performance of 2.8 eV at 5.9 keV with 16-row
multiplexing, as well as an outlook for the future endeavors for the TDM readout
integration on X-IFU’s FPA-DM at SRON.
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1 Introduction

The advanced telescope for high-energy astrophysics (ATHENA) is ESA’s L2-class
mission, slated to launch in 2037 into a L1 orbit between the Sun and the Earth
to study the hot and energetic universe. It will feature two instruments: the Wide
Field Imager (WFI) designed for surveys and the X-ray integral field unit (X-IFU)
[1] optimized for imaging spectroscopy. The core of X-IFU will contain 1536 tran-
sition-edge sensors (TES) micro-calorimeters [2], organized in an hexagonal array
covering a field of view of 4’ with a pixel size of 317um corresponding to 4” angu-
lar resolution. The sensors will be cooled down to a base temperature of 50 mK
by means of a multi-stage Adiabatic Demagnetization Refrigerator (ADR) and are
designed to operate in the soft X-ray energy band, between 200 eV and 12 keV, with
a predicted energy resolution better than 2.5 eV for energies up to 7 keV.

The readout of hundreds (or thousands) of cryogenic sensors in a space-borne
mission requires multiplexing in order to comply with heat load, mass and wire
count limitations. For X-IFU, the chosen readout technology is time-division multi-
plexing (TDM) [3], a mature technology routinely used in ground-based X-ray and y
-ray spectrometers, such as the SSRL beamlines at SLAC (USA), and recently in the
Micro-X sounding rocket [4].

In TDM readout, the TES are continuously dc-biased and are each coupled to a
first stage SQUID (SQ1), activated one at a time via a a flux-actuated switch (FAS).
SQ1 signals are amplified by a SQUID series array (SSA) and digitized by room
temperature electronics. Each SQ1 represent a “row” and the FAS are activated by
sequential square wave signals, or row-addressing signals (RAS), generated by the
digital readout electronics (DRE). The SQ1s are hosted on “MUX” chips, together
with the shunt resistance Ry, to voltage bias the TES and Nyquist inductors Ly, to
limit the pixel bandwidth. Each row is active for a certain “row time”, all the N
rows are readout within one “frame” and the M columns are readout in parallel. For
X-IFU, a 48-row X 32-column TDM readout is envisaged, with row time of 160 ns.

SRON is developing the next iteration of X-IFU’s Focal Plane Assembly Demon-
stration Model (FPA-DM), which will implement TDM readout. For this reason, the
National Institute of Standard and Technology (NIST) and NASA Goddard Space
Flight Center (USA) provided SRON with a complete TDM system to use as a test-
bed Toward the integration of TDM into the FPA-DM. In this paper the characteri-
zation activities of this system are reported.

2 TDM Cryogenic Test-Bed
The TDM system is mounted in a Leiden Cryogenics (model CF-CS81-400) dilu-
tion refrigerator with a cooling power of 400 uW at 120 mK. The setup consists of

the components listed as follows.

e A “50 mK snout” hosting the TES and MUX chips ([A] in Fig. 1). The detector
chip is a kilo-pixel array with TES of 75 X 75 um, Ry = 9.55mQ, T, = 92.5 mK
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Fig. 1 Cryogenic components of the setup installed in the dilution refrigerator: 50 mK snout in Al super-
conducting shield (A), two-stage Kevlar suspension system (B), 4 K board (C), SSA SQUIDs (D), inter-
thermal stage boards (E) for the NbTi braided looms connecting the 4 K to the 50 mK snout, flex harness
(F) and in the background the DRE (G) mounted in an electronics rack

and an average single-pixel energy resolution at a level of 2.3 eV at 6 keV, while
the MUX chips are designed with Ly, = 640 nH and Ry, = 69u€Q. The snout is
enclosed in an aluminum shell to shield the TES array and SQUIDs from the
influence of external magnetic fields. An Iron-55 source is mounted on a chim-
ney on the aluminum shield to illuminate the detectors with photons from the
MnKa line complex (~ 5.9 keV) to characterize the spectral performance. A
magnetic field can be applied locally via a superconducting coil placed below the
TES array. The snout is mounted below the mixing chamber of the refrigerator
using a two-stage Kevlar suspension ([B] in Fig. 1) system to dampen mechani-
cal vibrations [5] and thermalized via copper braids. Temperature is monitored
and controlled via a ruthenium oxide thermometer and a 750 Q heater installed
on the snout’s mechanical support. A temperature of 50 mK is set, with a stabil-
ity at a level of 1 pK.

e A “4 K board” ([C] in Fig. 1) connected to the warm analog electronics
(“Tower”) via flex harness, used to host the Series SQUID array (SSA, [D] in
Fig. 1). The SSA chip is mounted inside a niobium casing for magnetic shield-
ing, and is constituted by SA20a SQUIDs manufactured at NIST. The board
is mounted on a mechanical support located below the mixing chamber, but
thermalized to the refrigerator’s 4 K plate via a copper rod passing through the
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clearshots of the refrigerator’s plates. This extension from the far 4 K plate is
necessary to limit the distance between the SSA and the snout, so that there is
sufficient interstage bandwidth between the two SQUID stages. Because of the
weight of the board’s mechanical support and the length of the rod, a Kevlar
support structure on top of the mixing chamber has been devised to dampen
mechanical vibrations. Communication between the 4 K board and the snout
is done via NbTi wiring, with a thermal break achieved through inter-stage
boards thermalized at the heat exchanger plate (~ 100 mK) ([E] in Fig. 1).

e Flex harness ([F] in Fig. 1) connecting the 4 K board to the “Tower”. There
are a total of 10 flexes, each constituted by 8 Cu single-ended signal lines. The
total length of the harness is 1.54 m. The flexes are stacked and thermalized
via dedicated heatsink plates at 4 K and 50 K.

These flexes differ from the “legacy” design used in standard TDM systems,
either in length (~43 cm), trace geometry (wider return traces) and material
(Cu instead of CuNi). The motivation was the reproduction of the nominal
performance of a TDM system in our dilution refrigerator, where the distance
between 4 K and room-temperature is larger than in the ADRs available at
NIST and NASA-GSFC. Furthermore, it was also an important and necessary
step to characterize the system with longer harness, closer to the current 2.3 m
required for X-IFU. In order to maintain the typical “row time” of 160 ns,
these “SRON” flexes were dimensioned at NIST to keep the electrical resist-
ance below 20 Q to be compliant with the requirements for the electronics, as
well as limiting the capacitance between signal and return lines, keeping it at
the same level of the “legacy” flexes, to prevent bandwidth loss This design
however resulted in a larger cable inductance, which enhanced electrical
crosstalk in the system, ultimately affecting the system performance already in
early tests performed at NIST, as discussed in more detail in the next Section.

e The “Tower” (NIST) is the warm front end electronics (WFEE) connected
via the flexes to the 4 K PCB, by a vacuum feed-through on top of the cry-
ostat. The Tower is composed of modular boards, each assigned to a specific
function: amplification of the signal coming from the SSA via a low-noise
amplifier (LNA), biasing via DAC circuitry to the quiescence operating point
of detectors, SQ1s and SSA and connection to the feedback circuitry of the
digital readout electronics. Control of the bias boards is performed through
a serial protocol, instantiated from the measurement computer via a optical
fiber connection. Connection to the digital readout electronics is performed by
HDMI cables for the RAS and BNC cables for ADC and feedback.

e The DRE, Digital Readout Electronics (NASA-GSFC), is composed of two
elements: the Column Box and the Row Box ([G] in Fig. 1). The DRE has
the important function of maintaining the synchronicity among the various
signals, done via the generation of several clocks (frame clock, line clock)
derived from a master clock of 245.76 MHz. Besides timing control, the DRE
generates the RAS to switch the multiplexers (Row Box), the digital feedback
for the flux-locked loop (FLL) of the SQ1s and DAQ back-end for data stream-
ing (Column Box). More details on this DRE can be found in [6].

@ Springer



Journal of Low Temperature Physics (2024) 215:225-236 229

The system is designed to host up to 8 readout channels. In the case of the sys-
tem received by NASA GSFC, only 2 channels are populated and the available DRE
allows a single channel (or Column) readout. Therefore, in this paper the focus is
on the characterization of one single channel. The Row Box allows for a readout of
up to 40 rows, however the MUX chips in the snout are designed for up to 32-row
multiplexing. Of these 32, 2 rows are disconnected at SQ1 level due to defects in the
chip. Furthermore, 3 rows were observed to be extremely noisy, likely due to defects
in the flex harness, so that in the considered channel there are 27 rows which exhibit
the expected SQUID and TES response.

3 Characterization and Performance
3.1 EMI Optimization

To prevent ground loops, a “star” grounding scheme is used, where the top of the
cryostat is used as ground reference. All measurement electronics are grounded via
thick copper braids to such reference. Electronics modules, including the Column
and Row Boxes, are powered on via an isolation transformer to decouple the ground-
ing of the TDM to the ground of the wall socket. The top of the cryostat is then con-
nected to a “clean” ground reference in the laboratory via a thick copper grounding
cable. To electrically decouple the connection between the Tower and the Column
box to the measurement computer, optical fibers are used.

Despite this optimization, strong noise lines at 50 Hz and higher harmonics have
been initially observed in SQUID noise measurements. This was identified as due
to electromagnetic interference (EMI) in the loop constituted by the ~ 3 m HDMI
and BNC cables connecting the DRE to the Tower. In fact, it was observed that
bundling and intertwining the cables together, to minimize the area of the loop and
reject common-mode noise, significantly reduced the amplitude of such noise lines.
Finally, enclosing the cable bundle in aluminum foil completely removed the 50 Hz
noise lines. High-frequency (several kHz) lines, thought to be spurs from the elec-
tronics, remained present in the system, as depicted in Fig. 2. However, their fre-
quency is sufficiently higher with respect to the thermal bandwidth of the detectors
to consider their impact negligible. Note that the measurement was performed with
the TES in superconducting state, so that the Johnson noise from the shunt resistor
and the Ry, /Lyy roll-off could be observed. The measured values correspond very
well to the expected values, verifying the cold readout circuit as well as thermometry

3.2 Impact of Magnetic Field

For optimal spectral performance, the behavior of the TES under external magnetic
field has to be studied, since the best detector operation is achieved when no perpen-
dicular magnetic fields are present. These fields might be caused by external sources
such as pulse tubes, Earth magnetic field, EMI from laboratory equipment, etc. Fur-
thermore, TES under dc-bias suffer from the effects of self-field, i.e. the magnetic
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Fit Parameters:

Current spectral density (pA/VHz)

Ren = 69.1 uQ
Lyy = 640.0 nH
1024 f308 = 17.2 Hz

--------------------------------- SQUID noise = 3.5 pA/VHz
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Fig.2 Measured SQUID noise for a single pixel (blue curve) and fit (red curve) with Ry, and Ly, fixed to
the nominal value, after EMI optimization. The noise level is measured with the TES in superconducting
state, by averaging the FLL signal between 1.9 and 2.1 kHz, outside the Johnson noise cutoff Ry, /Lyy of
the shunt resistance

field generated by the loop made by the leads and the TES itself [7]. Such magnetic
field adds to the residual field at the TES array and is bias point dependent. Such
magnetic fields are typically compensated with a superconducting coil mounted just
below the TES array, a configuration also envisaged for X-IFU.

It was assumed that for best spectral performance an external magnetic field equal
to the residual field without self-field is used. To estimate this, TES IV curves at dif-
ferent magnetic fields B,,, are measured to extract how the calibrated TES current
I1pg changes as a function of applied field for a given bias point. We then obtain /g
versus B,,, curves, showing the well-known Fraunhofer-like trend. The peak of such
curve for different bias points can be used to extrapolate the canceling field corre-
sponding to when no current is flowing through the TES, as shown in Fig. 3.

=501 ---- Extrapolated By to null lzgs Ve
20 M P o5
s
M -75 ad
— 10 @ DAC: 1600 mV -100 /,/
< o  DAC:-1600 mV = v
= < y
- e DAC: 1400 mVv -~ -
5 o DAC: -1400 mV 7125 L
£ e DAC: 1300 mV S p
S ,
o e DAC:-1300 mV ® _159 7
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(a) (b)

Fig.3 Example of I;yg vs B, as a function of bias point (a) and fit of B, vs I1yg to estimate the canceling
field at zero TES current, where no self-field effect is present
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As a sanity check, we also estimated the optimal canceling field with an alter-
native method, raising the bath temperature just below T~ and measuring the /(B)
curve with the minimum bias voltage to bring the TES in transition. In this con-
figuration, Irgg is low and self-field can be considered negligible, so that the peak
of the measured Fraunhofer pattern can be assumed to be purely due to the residual
magnetic field.

We found the average of the canceling fields measured with both methods to be
consistent. We measured an average canceling magnetic field at a level of 150 nT
with no evident gradient across the array, comparable with what typically measured
for other TES setups readout under Frequency Domain Multiplexing hosted in the
same cryostat [8]. The absence of a magnetic field gradient is important for flight
operation, particularly for TDM readout since (1) dc-biased pixels are more sensi-
tive to magnetic fields than ac-biased pixels [9, 10] and (2) each TES shares the
same bias voltage and can’t be tuned individually to compensate for eventual differ-
ent magnetic field offsets across the array.

3.3 Row Time Tuning

As mentioned in Sect. 2, the harness connecting the 4 K board to the Tower was
redesigned for this system to maintain the electrical resistance and capacitance at the
same level as in the “legacy” flex, given the ~ 4x length of the flexes with respect to
standard NIST systems. This design however produced an unforseen predominantly
inductive crosstalk.

This crosstalk manifests as underdamped oscillations (or ringing) in the electri-
cal signals in the system. They are expected to be initiated by two mechanisms: the
row-addressing signals activating the TDM rows and change in the feedback signals,
due e.g. to an X-ray pulse. The latter ringing is observable, for example by injecting
a current-jump in the system equivalent to 1 @, at SQ1 feedback coil, to mimic a
X-ray pulse. In this fashion, we measured a peak frequency for this oscillations at a
level of 8-9 MHz (Fig. 4), well within the required ~ 12 MHz system readout band-
width. In standard TDM systems with shorter harness, this oscillation is also present
but decays fast enough to be outside of the readout bandwidth, for the same timing
parameters.

The nominal spectral performance for this system was at a level of 2.8 eV at ener-
gies of 6 keV with 32-row readout and “legacy” flexes. Because of the larger cross-
talk with the longer flexes, a row time of 160 ns did not allow for a sufficient decay
of the oscillation before signal sampling, resulting in severe performance degrada-
tion. Increasing the row time while keeping untouched the multiplexing factor would
have resulted in an increased frame time and hence undersampling of the X-ray
pulses. To maintain the same frame rate while increasing the row time, the multi-
plexing factor must then be reduced. In tests with the longer “SRON” flexes, NIST
demonstrated that multiplexing 16 rows instead of 32 allowed to set a row time of
360 ns, with a settling time of 224 ns and a sampling time of 136 ns. These settings
were chosen to wait for a sufficient damping of the ringing and then to integrate the
ADC signal over one period, to effectively average out the oscillation. The choice
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Fig.4 Ringing (left panel) as a function of input low-pass filter (LPF) order at the ADC, sampled over
one frame, i.e. 58.6 us, with system parameters as in the 3rd column of Table 1. The calculated transfer
function of the digital LPF for 16 samples is shown in the right panel. Increasing the order of the filter
concurrently smooths the edges of the RAS square wave, effectively reducing the sampling window to
construct the error signal. With 366 ns row time, a Sth order filter limits the bandwidth too much, result-
ing in an excessive smoothing of the square wave for practical use: for our measurements we therefore
used a 4th order filter (purple curve), as the best trade-off available between dampening of the ringing
and sharpness of the row-addressing signal square-wave

of these parameters allowed to recover the expected performance in multiplexing of
2.8 eV with a reduced number of rows, from 32 to 16, as a consequence of extend-
ing the row time from the nominal 160 ns. This configuration was considered as the
reference to reproduce with the system installed in the SRON cryostat.

3.4 X-ray Spectral Performance

First X-ray measurements with the TDM system in the SRON cryostat were per-
formed in a 4-row multiplexing configuration, leaving sufficient margin in the tim-
ing parameters to consider these measurements as an acceptable proxy for single
pixel measurements.

To estimate the spectral performance, about 5000 X-rays per pixel were collected
from an Iron-55 source, emitting fluorescence photons corresponding to the Mn-Ka
line complex (5.9 keV). The energy of the X-ray events is evaluated using the opti-
mal filtering technique. The spectral performance is then calculated by fitting the
Mn-Ka model [12] to the collected events by minimizing the Cash statistics in the
maximum-likelihood method [13].

The measurements consisted of collecting X-ray photons at different TES bias
points, in the range of R/Ry between 0.25 and 0.10. The best energy resolutions
were at a level of 2.4 eV, measured for R/Ry ~ 0.18, consistent with what measured
at NIST in single-pixel mode before shipping of the system to SRON. The energy
resolution as a function of external magnetic field was also measured, finding that
the best values corresponded to a canceling field of 150 nT, consistent with expecta-
tions from the tests reported in Sect. 3.2.

For 16-row multiplexing measurements however, due to design differences of
the DRE from NASA GSFC received for the system at SRON with respect to the
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Table 1 Comparison of timing parameters for different TDM demonstrations: first column is a reference
for typical operation in NIST systems; second column are the parameters set at NIST for the tests of the
system object of this paper (longer flex harness included); third column are the parameters (with the
DRE from NASA GSFC) used to replicate the results obtained at NIST; fourth column are the required
or expected parameters for Athena X-IFU

NIST 2019 demo [11] NIST SRON X-IFU nominal
Master Clock 125 MHz 125 MHz 245.76 MHz 125 MHz
N-row 40 16 16 48
Line rate 6.25 MHz 2.78 MHz 2.73 MHz 6.25 MHz
Frame rate 156.25 kHz 173.61 kHz 170.76 kHz 130.21 kHz
Row time 160 ns 360 ns 366 ns 160 ns
Flex lenght 43 cm 154 cm 154 cm 230 cm
Sampling time 32 ns 136 ns 65 ns 32 ns
Settling time 128 ns 224 ns 301 ns 128 ns
dEgm 22eV 2.8eV 2.8eV 2.5eV

NIST electronics, the exact same timing parameters could not be set. In particular,
we could not match the 136 ns sampling time, since the maximum number of inte-
gration samples in the DRE is 16, so that 16/245.76 MHz = 65 ns. For this reason,
the approach to average out the remnant of the ringing over one period of oscillation
is not feasible.

Setting the same row time and settling time with a limit of 65 ns sampling time
yielded a summed spectral performance at a level of 3.1 eV at 5.9 keV. To circum-
vent this limitation, we made use of the additional = 70 ns available, increasing
the settling time and moving as far away as possible the 65 ns integration window,
up to right before the falling edge of the square wave smoothed by the 4th order
low-pass filter (see Fig. 5 for a visual representation). This approach successfully

Fig.5 Visualization on the digital scope for the fine tuning of the position of the 65 ns (16 samples) inte-
gration window on the RAS for the generation of the error signal. The curve depicted here is a zoom on
the crest of the square wave, visibly oscillating due to the presence of the ringing. This is the configura-
tion with an input LPF of 4th order. Using a 5th order LPF would result in this “crest” being reduced to
only few samples
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minimized the impact of the oscillation and allowed to retrieve the nominal system
performance. For reference, a comparison of timing parameters for a standard TDM
system, the tests for this system at NIST and SRON, and the nominal parameters for
X-IFU is reported in Table 1.

Using this configuration, we repeated the tests at different TES set-points and we
measured for two different bias voltages (R/Ry between 0.17 and 0.18) an energy
resolution of 2.80 + 0.03 eV at 5.9 keV. Figure 6 shows one of such spectra, consist-
ent to what measured at NIST before delivery of the system to SRON.

The system was tested also with higher multiplexing factors. With 32-rows, set-
ting the row time to the X-IFU nominal 160 ns, the system could not maintain a
stable FLL. An operative 24-row configuration was achieved, with a stable FLL: as
expected, in this case there was no margin to sufficiently mitigate the impact of the
crosstalk, and summed spectral performance was at a level of 7 eV.

4 Summary and Future Outlook

We reported on the characterization and test in SRON cryogenic facilities of a cold
test-bed for a TDM readout provided by NIST and NASA GSFC Toward the new
FPA-DM for Athena X-IFU. The integration of the system in the SRON dilution
refrigerator required harness between the warm front-end electronics and the cold

| FWHM=2.80+0.03 eV
42000 AECc=0.0036+0.0104 eV
Reduced )(2 = 2369.0/1498 = 1.58
10000 4 83984 counts
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Fig.6 Summed spectral performance measured with 16-row TDM multiplexed readout, for TES setpoint
R/RN = 0.18. The histogram for the experimental data is presented in black. The best fit of the data with
a Voigt function is presented in red. The single lines whose convolution represents the model for spectral
complex are presented in blue
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SQUID amplifier with a length four times larger than what used in standard NIST
systems (1st column in Table 1). This resulted in a high level of electrical crosstalk,
posing the necessity to reduce the multiplexing factor from 32 to 16 to sufficiently
relax the row time, from 160 to 360 ns: this allowed to increase the settling time and
integration time, to 224 ns and 136 ns respectively, matching the oscillation period
to average it out.

In these tests, performed with NASA GSFC digital readout electronics, a further
challenge consisted in the upper limit of 65 ns on the sampling time. Fine tuning the
position of the sampling window allowed to minimize the remnant impact of the
ringing: in this way we could measure a spectral performance of 2.80 + 0.03 eV at
5.9 keV with 16-row multiplexing, thus reproducing the system performance meas-
ured by NIST.

A new flex with an improved design is currently being implemented, to further
mitigate the crosstalk effects and retrieve the nominal 32-row multiplexing factor
with no degradation in energy resolution. Furthermore, the switch from single-
ended to differential readout is expected to significantly reduce the magnitude of
the ringing on the system, combined with active LNA input termination: its imple-
mentation requires a redesign of mainly harness and warm electronics, which is cur-
rently being pursued both by NIST and the Center National de la Recherche Scienti-
fique (France), the latter being responsible for the delivery of the WFEE for X-IFU.
Preparations are ongoing to demonstrate experimentally that the 160 ns row time,
to date only achieved with the shorter “legacy” flexes, will be maintained with the
proposed expedients for the > 2 m harness required for X-IFU.
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