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ABSTRACT

The X-ray Integral Field Unit (X-IFU) instrument to be on board the future ESA mission Athena X-ray Ob-
servatory is a cryogenic micro-calorimeter array of Transition Edge Sensor (TES) detectors aimed at providing
spatially resolved high-resolution spectroscopy. As a part of the on-board Event Processor (EP), the reconstruc-
tion software will provide the energy, spatial location and arrival time of the incoming X-ray photons hitting the
detector and inducing current pulses on it. Being the standard optimal filtering technique the chosen baseline
reconstruction algorithm, a particular modification of this technique based on a truncation of the filter in the
Time Domain (equivalent to 0-padding the pulse signal) was previously studied on simulated data, proving a
better energy resolution results at a lower computational cost. However, the 0-padding technique also showed a
larger sensitivity to instrumental conditions, making essential the analysis of its behaviour over real laboratory
data. A comparative analysis of X-IFU-like TES laboratory data from NASA and NIST (at different instrumen-
tal conditions) with both the 0-padding filter and the standard optimal filters reconstruction shows that, once
the corrections for the baseline drift and the jitter (phase introduced by the sampling rate) have been performed,
the resolution values obtained using 0-padding are systematically lower than those of the standard filter of the
same length and comparable or even lower to the values provided by the full-length filter. The shorter length
of the 0-padding filter would be an additional benefit, reducing the computational cost of the reconstruction
process.
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1. INTRODUCTION

The X-ray Integral Field Unit (X-IFU)1 will be one of the two instruments on-board the ESA’s Athena mission.2

It is a high-resolution cryogenic imaging spectrometer in the 0.2-12 keV band that will provide unprecedented
spectral resolution (2.5 eV at 7 keV). The X-IFU Focal Plane will contain a large array of Transition Edge
Sensors (TES) in groups of several tens of TES per readout channel considering a Time Division Multiplexing
(TDM) scheme.3 The on-board Event Processor (EP)4 hardware performs the reconstruction of the detected
events caused by the impact of the X-ray photons, to estimate their energy and arrival time and also their spatial
location (based on impact pixel).
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The main challenge of the event processing is to get the best energy resolution from the photons with a
reduced computational cost. Therefore, the selected algorithms to work in the EP should be optimal and capable
of minimising the degradation of the energy resolution with energy due to the non-linearity of the detector.

The baseline reconstruction method for the X-IFU events is currently the optimal filtering.5 The time stream
data is digitized into records of a fixed length which are used to build the signal and noise parts of the filter.
For the signal portion, the Discrete Fourier Transform (DFT) of the average of many pulse records is calculated,
whereas the noise portion is built averaging the spectra of many pulse-free records. The f=0 Hz bin of the DFT
contains an arbitrary and slowly varying offset, so it is commonly discarded. That way, the final filter is zero
summed and the signal baseline can be effectively rejected from the processing.

Working in time domain, the energy of the photon is simply proportional to the scalar product of the data
pulse and an optimal filter:

E = k

∫
d(t) · of(t) dt

where d(t) is the pulse data, of(t) is the time domain expression of the optimal filter and k is the normalization
factor to give E in units of energy:

k =

∫
S(f) · S∗(f)

⟨|N(f)|2⟩
df

The matched filter (a normalized model pulse shape, S(f)) and the noise spectrum (N(f)) are used to initially
build the optimal filter in frequency domain as:

of(f) =
S∗(f)

⟨|N(f)|2⟩

The instrument energy resolution obtained after the events reconstruction is characterized by the Full Width
at Half Maximum (FWHM) of the Gaussian broadening produced by the instrumental setup (and the recon-
struction algorithm) on top of the Lorentzian natural profile of the line complex.

As the average value of the filtered pulse is set to 0 (f=0 Hz bin), the number of samples used in the discrete
expression of the data pulse and the filter has also an impact on the final energy resolution provided by the
optimal filter.6 The resolution improves with the record length, but at the expense of a larger computational
cost.

Aiming at a reduction in the number of computing operations to be done on board, in a previous work7

we explored the application of a variation of the optimal filter technique, consisting on a truncation of the
full-length optimal filter in the time domain (equivalent to 0-padding the data pulse). We then compared this
0-padding approach with the results obtained with the full-length version of the optimal filter, and also with a
short optimal filter built from a shorter template. The study was performed over synthetic data simulated with
the X-IFU official simulator XIFUSIM.8 The main conclusion of this test was the better performance shown
by the 0-padding technique when compared not only with an optimal filter of the same length but also with a
twice-as-long optimal filter that is the baseline filter for the high resolution events.

However, the analysis also revealed the higher sensitivity of the 0-padding filter to the varying instrumental
conditions, in particular the bath temperature causing baseline drifts. At that point a test of this method over
the real laboratory data proved essential before considering 0-padding as a real alternative to the current baseline
reconstruction algorithm.

In this work we present the results (in terms of energy resolution) obtained applying the 0-padding filter
to TES data from Goddard Space Flight Center (GSFC) and National Institute of Standards and Technology
(NIST) laboratories. We compared these results with those provided by the application of a full optimal filter
(baseline method at these laboratories) and also of a shorter version of it (equal in length to the 0-padding filter).



Section 2 presents the data used in the analysis; section 3 shows the three different filters used for the
reconstruction; sections 4 and 5 describe the corrections applied to the data and the fitting routines used to
retrieve the energy resolution respectively, and section 6 presents the results of the filter comparative.

2. THE LABORATORY DATA

The data analysed in this work belong to three datasets with different X-ray line complexes, count rates and
bath temperature drifts:

• 10Jan2020 (GSFC): initial dataset with several line complexes and 8x32 channels in the TES.

• LargeTdrift (NIST): two column measurement (2x32 channels) taken with the NASA LPA array at NIST
in a cryostat that exhibits much larger drift. This dataset was used to test 0-padding reconstruction under
conditions of worse temperature stability.

• 30Sep2020 (GSFC): lower count rate dataset of line complex MnKα (8x32 channels), to avoid an additional
effect on the energy resolution caused by a possible imperfect removal of crosstalk events which could
contaminate the Mn complex.

The typical single pulses of the different datasets are displayed in Figure 1. As it can be seen, they differ both
in the total length of the data record and in the pre-trigger length (data signal before the rising of the pulse).

Figure 1. Data records showing typical pulses for each dataset: 10Jan2020 (left), LargeTdrift (middle), 30Sep2020 (right).
In the X axis, the time in samples for a sampling rate of 156.25 Hz and in the Y axis the intensity of the pulse in arbitrary
units.

3. FILTER CONSTRUCTION

The pulse template accounting for the signal part of the optimal filter is built by averaging the largest number of
isolated and (as much as possible) monochromatic Mn Kα pulses (5.9 keV). For this, the records with multiple
pulses were discarded as well as the pulses with pulse heights (and thus, energies) out of the range of those of the
Mn Kα complex. In addition, the records contaminated by crosstalk events (events produced by a close-in-time
impact of another X-ray photon in a different pixel of the same TDM reading column) were also eliminated from
the analysis.

To obtain the noise spectrum, we selected the cleanest set of noise records (free from instrumental artifacts
or undesirable effects), removing those giving the largest residuals with respect to the mean noise spectrum.

With the pulse template and the average noise spectrum, three distinct optimal filters are built using different
pulse lengths in the pulse template or truncating an existing long filter in the time domain.

The three types of filters we have used in the analysis of all the datasets are:



• FULL: the pulse template is obtained using the maximum length permitted by the data records, including
the pre-trigger signal (see Table 1)

• SHORT: the pulse template is built using pulses only half the length of the record (to save computational
resources)

• 0-padding : the optimal filter is built in the same manner as the FULL filter, but once in the time domain,
its length is truncated to half the value of the FULL filter length (thus, equivalent to the length of the
SHORT filter but with a different construction technique).

DATA Pre-trigger FULL SHORT 0-padding

10Jan2020 2000 8000 4096 4096

LargeTdrift 1000 2900 1450 1450

30Sep2020 450 8000 4096 4096

Table 1. Filters pre-trigger lengths and total lengths (in samples, for a sampling rate of 156.25 kHz.)

4. DATA CORRECTIONS

Once the data pulses have been filtered with the three different filters described in section 3, reconstructed
energies must be corrected for the consequences of the instrumental variations produced during data acquisition.
The most important effects are produced by the baseline drift due to instabilities in the bath temperature of the
TES setup, and by the offset between the physical/real arrival time of the photon and the measured/digitized
arrival time (jitter).

The correction is performed by a simple cross-correlation technique where data (reconstructed energies) in a
moving window are continuously compared with the average histogram of the full data distribution. This way it
is possible to determine any potential energy offset with time (coupled to the baseline drift) or phase (jitter).

An example of the correction for one of the pixels in 10Jan2020 dataset can be seen in Figure 2.

The final additional correction that must be applied to the data is the energy calibration. The optimal filter
technique assumes that all the pulses are re-scaled versions of a model one, but the non linear behaviour of
the TES produces small offsets in the reconstructed energy once the data is out of the energy of the filter. As
the dispersion in energy of the reconstructed events is small in this case (we are using the MnKα complex to
calculate the energy resolution), we do a local energy calibration using the three peaks of MnKα1, MnKα2 and
MnKβ. We simply fit the data histograms with a double Gaussian for MnKα and a single Gaussian for MnKβ.
The local calibration curve is just then the degree 2 polynomial fit to the location of the Gaussian centres.

5. FITTING

Due to the TES response, the measured MnKα complex is a convolution of the natural Lorentzian profile of the
lines and the Gaussian broadening produced by the instrumental setup. In addition, the reconstruction algorithm
can increase the latter, being important to find the best compromise between minimization of this effect and
reduction of the computational cost.

The result of this Lorentzian-Gaussian convolution is called a Voigt profile and it is the model that we have
used to fit the corrected-calibrated energy distribution of MnKα data.

The data histograms have been fitted using AstroPy9,10 Fitting module (using LevMarLSQFitter). The
models used for the MnKα are 8 Voigt profiles where the Voigt relative intensities of the lines are kept tied, the



Figure 2. TIME (left column) and JITTER (right column) corrections of MnKα complex pulses. Top: reconstructed
Pulse Height vs TIME/JITTER; middle: correction curves; bottom: corrected distributions (orange)

distance of the line centres are also tied, the Lorentzian FWHMs are kept fixed (according to lab data values11)
and the Gaussian broadening is a free parameter, the same for all the lines. It is precisely the FWHM of this
Gaussian broadening the figure of merit to quantify the energy resolution of the detector.

For the AstroPy fitting procedure, different weights for the LevmarLSQFitter call have been tested:

* iSig: histogram bins are weighted by the number of counts N within each bin (σ2 = N)

* SN: histogram bins are weighted by the Signal-to-Noise ratio in the bin (σ2 = 1√
N
)

* None: no weight is applied (σ2 = 1)

The iSig options follows the approach suggested by Fowler (2014)12 as the best approximation to the maximum
likelihood fit (Neyman’s χ2 plus iteration). SN weights are also applied through an iterative process, which should
remove any bias in the histogram fitting process.

The other important parameter when dealing with histograms fitting is the number of bins. After studying
the dependency of the FWHM values obtained for different number of bins, we have chosen a value of 3000 bins
(for a total number of 8000 data points spread in the fitted energy range), a number where this dependency
becomes stable.



6. RESULTS

The resulting energy resolution for all the pixels in the different datasets, for the three filters described in section 3
and the three different weights explained in section 5 are shown in Figure 3.

Figure 3. Comparison of resolution values for FULL filter (blue) and SHORT filter (red) in Y axis vs those from the
0-padding filter reconstruction (X-axis) for datasets 10Jan2020 (top), LargeTdrift (middle) and 30Sep2020 (bottom), and
three different weights in the minimization process, iSig (left), None (center) and SN (right).

For all the datasets (with different instrumental stability conditions and crosstalk levels) and for the three
different weights applied to the histogram fitting process, the 0-padding filter shows better energy resolution
values not only in comparison with the other filter of equal length (SHORT filter) but also with the FULL
length filter, with the additional benefit of a reduced computational cost. However, since it is a truncation of the
FULL filter, it is not zero-summed anymore and this could make it more sensitive to fluctuations of the signal
baseline during data acquisition, as it was observed with previous tests done on synthetic data.7 This sensitivity
to instrumental drifts can be though removed with the corrections for the baseline drift and jitter presented in
section 4.

7. CONCLUSIONS

A variation of the classical optimal filter algorithm has been proposed as the method to retrieve the energy of
the photons detected by a TES device like the one to be on board the Athena mission.



This variation (0-padding) consists in a truncation of the optimal filter in its time domain expression. When
compared with an optimal filter of the same length (built from a shorter template instead of truncating the
filter) it shows a much better performance. The resolution values provided are similar or slightly better even
than those resulting from the application of a double-length optimal filter, with the additional benefit of a reduced
computational cost.

Provided the corrections for the baseline drift and jitter can be performed, the 0-padding filter results in the
best option to reconstruct the energy of the X-ray photons arriving to the TES detector. This is a very promising
result as the shorter length of 0-padding filters would require less computational resources (very important for
onboard processing) and could also let sources with larger count rates be analyzed in high resolution.
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