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Abstract.
The TES calorimeters like the one to be the core of the X-IFU instrument on

board the Athena mission, provides unprecedented energy resolution. However, this
resolution can be compromised due to the non-perfect sampling of the pulses rising-
edges (jitter) which could result in significant errors of the reconstructed energies if
the standard optimal filtering algorithm is applied (with no further correction). If not
corrected properly, these errors could induce a prohibitive broadening of the energy
resolution. We present here the analysis of the magnitude of this effect and propose a
correction. In addition, we evaluate the impact of a reduced readout sampling frequency
in the energy resolution, once the jitter correction has been applied.

1. Introduction

The X-ray Observatory Athena(Nandra et al. 2013) is the mission selected by ESA to
implement the science theme The Hot and Energetic Universe for L2 (the second Large-
class mission in ESA’s Cosmic Vision science programme). One of the two X-ray de-
tectors designed to be onboard Athena is X-IFU (X-ray Integral Field Unit)(Barret et al.
2018), a cryogenic microcalorimeter based on Transition Edge Sensor (TES) technol-
ogy that will provide spatially resolved high-resolution spectroscopy.

The X-ray photons absorbed by X-IFU detector generate intensity pulses that must
be detected and reconstructed on-board to recover their energy, position and arrival
time. During the detection stage, the single pulses that the data stream may contain
are individually triggered and assigned a trigger time. During reconstruction, an initial
estimation of the pulse height (as a proxy for the energy) of the pulses is performed. The
baseline for the processing algorithms has been defined selecting the optimal filtering
for energy reconstruction(Peille et al. 2016) and the Single Threshold Crossing(Cobo
et al. 2018) as the triggering mechanism. This combined selection provides the best
compromise results for the mission requirements, based on the analysis of the simulated
data. However, due to the non-perfect sampling of the pulses rising edges (jitter), the
random offset between the actual pulse arrival times and the trigger times could result
in significant errors of the reconstructed pulse heights. If not corrected properly, these
errors could induce a prohibitive broadening of the energy resolution.

An initial correction is done during the reconstruction process, where each event
is optimally filtered on phase with the trigger time and with a ±1 sample offset. This
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results in three pulse height (PH) estimates forming a parabola. Its peak is taken as
the “final” height estimate and the distance of the abscissa’s peak and the trigger time,
as its arrival phase with respect to the sampling process(Adams et al. 2009). Ideally,
this PH estimate would not need to be corrected, just calibrated through the gain scale
function to get the energy values in the proper units. However, in some configurations
this calibration would not be enough and the energy resolution could be compromised.

The main purpose of this study is the analysis of the situations where an additional
correction would be required and of the effects of the proposed solution, in particular
its dependence with the readout sampling rate, since the limitations of this correction
would be one of the key elements for the choice of its final value.

2. Simulation framework

This study is based on simulations performed with the xifusim tool of the X-IFU end-to-
end simulator (based on SIXTE/tessim(Wilms et al. 2016)) for LPA75um pixels, with
the Base Band Feed Back (BBFB) control loop. Data have been simulated for three
different sampling rates: 156250 Hz (S1), 78125 Hz (S2), 39062.5 Hz (S4).

The optimal filtering technique requires the construction of an optimal filter by
means of a pulse template and a noise spectrum. The template has been built averaging
20000 high resolution (perfectly isolated) 6 keV pulses simulated at random offsets
with the sampling (between -0.5 and +0.5). To convert pulse heights obtained with
the reconstruction process into proper unit energies a gain scale (functional relation
between the input simulated energy and the output reconstructed pulse heigth) must be
derived. For this purpose 5000 high resolution (perfectly isolated) pulses have been
simulated at calibration energies of 1, 2, 3, 4, 5, 6, 7 and 8 keV and with random offsets
between -0.5 and 0.5. These pulses are also used in Sec3 to illustrate the resolution
dependence with the arrival offset.

The testing of the proposed correction is performed over 2000 high resolution
(perfectly isolated) simulated pulses with random offsets between -0.5 and 0.5. They
are used to show the energy resolution achieved after the initial parabola correction,
after the gain scale calibration and finally, after the proposed polynomial correction.

3. Resolution and arrival phase

The optimal filter reconstruction of the pulses shows a clear dependence with the arrival
offset of the pulses, more pronounced for the lowest sampling rates. Fig.1 shows, for
different energies, the relative remaining error of the gain-scale calibrated energy with
respect to the input simulated energy, as a function of the measured arrival phase.

The measured arrival phase has a bias with respect to the true arrival phase, which
depends on the energy. The pulse shape changing with energy causes the dependence
of the measured phases on the energy. The effect is especially pronounced for lower
sampling rates and thus needs to be corrected. In addition, the relation between the
measured arrival phase and the estimation error depends strongly on the energy not
being easily corrected with a single relation calibrated at a given energy.

In the figure 2 the effect over the reconstructed (and gain scale calibrated) energies
can be seen for the 2000 simulated pulses at 7 keV for the 3 sampling rates included
in this study. The plot suggests that for the largest sampling rate (156.25kHz) no addi-
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Figure 1. Relative Energy Estimation Error vs arrival Phase for sampling rates
S1 (top), S2 (middle) and S4 (bottom). Phases on the right are as derived from the
processing and those on the left have been normalized to (0,1) samples.

tional correction would be required to comply with the resolution requirements but for
the other two lower values it would be mandatory.

Figure 2. Reconstructed (gain-scale calibrated) energy vs measured arrival phase
for sampling rates S1 (left), S2 (centre) and S4 (right) and for 7 keV simulated pulses.

4. Calibration of the correction

The energy dependence of the jitter correction excludes the possibility of applying an
initial single pulse jitter correction followed by the standard gain scale function. An-
other possibility would be applying the standard gain scale function first and then in-
terpolate a pulse jitter correction from relations calibrated at different energies. This
might however leave residuals due to the non-perfect interpolation of the jitter correc-
tion function. The approach used here is to apply directly a 2D gain scale function that
depends on both the measured pulse height and arrival phase. This is in principle the
most accurate correction but also the one that would be the most difficult to calibrate.
For this purpose the 5000 simulated pulses at various phases and energies were used
to fit a sixth-degree polynomial 2D gain function from their associate reconstructed
pulse heights and arrival phases (input simulated energy is known). This way, when
a pulse is reconstructed, instead of just measuring the “peak” energy and applying a
gain scale as f(PH), one needs to measure its phase too and apply a 2D gain scale as
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E = g(PH, phase). For the calibration, what is needed is to have a set of measured
pulse heights and phases for different energies.

5. The sampling rate factor

As it was shown in Fig.2 a key factor for the magnitude of the arrival phase bias (and
thus for its correction) is the sampling rate: the lower the sampling rate, the larger the
jitter effect, and the more difficult it will be to calibrate the correction. For the eval-
uation of the influence of the sampling rate over the performance of the polynomial
correction, the 2000 pulses simulated at different energies and sampling rates where
reconstructed and corrected using the 2D gain-scale functions derived from the polyno-
mial fits at every sampling rate. The results of the corrections are shown below.

Figure 3. Reconstructed (2D-gain-scale corrected) energy vs measured arrival
phase for sampling rates S1 (left), S2 (centre) and S4 (right) and for 7 keV simu-
lated pulses.

6. Conclusions

After this preliminary study, the main initial conclusions would be: (1) the jitter effect
does not seem to be very relevant for the nominal 156.25kHz sampling rate but it causes
a prohibitive degradation of the energy resolution at a two times lower (78.125 kHz) and
four times lower (39.0625 kHz) sampling rates; (2) A 2D gain scale is an efficient way to
obtain a calibrated energy estimate from the raw phase and pulse height to significantly
remove the effects of the jitter bias, specially for the lowest readout sampling rates
considered. After this correction there is no apparent degradation of the reconstruction
performance.
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