
 

LLNL-JRNL-2004803 

Advanced Energy Scale Correction 
Techniques for the X-ray Transition 
Edge Sensors of the Athena mission 

 
 
 

E. Cucchetti, S. Smith, M. Witthoeft, M. Eckart, F. 
Pajot, P. Peille, F. Porter 

 

May 2024  
 

 

 



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under Contract DE-AC52-07NA27344. 



Journal of Low Temperature Physics manuscript No.
(will be inserted by the editor)

Advanced energy scale correction techniques for the X-ray
Transition Edge Sensors of the Athena mission

E. Cucchetti1 · S. J. Smith2 · M. C. Witthoeft2,3 ·

M. Eckart4 · F. Pajot5 · P. Peille1 · F. S. Porter2

the date of receipt and acceptance should be inserted later

Abstract The X-ray Integral Field Unit (X-IFU) onboard the future European X-ray tele-
scope Athena will be the first space instrument carrying an array of more than a thousand
transition edge sensors. One of the key challenges of the X-IFU is the measurement of narrow
X-ray atomic lines to determine velocity shifts at an unprecedented level of accuracy. For
this reason, the energy scale of the instrument needs to be known with extreme accuracy,
of 0.4 eV (1𝜎) up to 7 keV. The energy scale will be measured on the ground through a
dedicated calibration campaign using fiducial X-ray sources. Though calibrated, the energy
scale is extremely sensitive to the environmental conditions around the TES array, and drifts
in the readout chain electronics. Uncorrected, the energy scale can naturally drift up to
hundreds of eVs. Changes of the TES gain will be monitored via onboard X-ray calibration
sources, and the energy scale will be corrected either per pixel, or within a small groups
of pixels. Although simulations show that a 0.4 eV level can be achieved, the very high
accuracy required by the X-IFU calls for experimental validation. A dedicated measurement
campaign has been performed by NASA Goddard Space Flight Center to characterize the
energy scale of a prototype kilo-pixel array of X-IFU-representative TESs. The analysis of
the data demonstrated the ability to correct for various drifts using two fiducial lines to track
the temporal gain variation. In this paper, we propose to extend this study on the same data set
by investigating multi-parameter correction techniques based on both the pulse-height of the
fiducial line and the pre-pulse baseline level, using the knowledge of the TES energy scale
at reference temperature/magnetic field set points acquired on the ground. Investigations on
the co-adding of pixels to perform a joint correction over pools of pixels is also explored.
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1 Introduction

The ‘Advanced telescope for high-energy astrophysics’ (Athena) will be the future European
X-ray observatory planned for the mid-2030s. Athena will carry two instruments at the focal
plane of a square-meter class telescope: the wide-field imager (WFI) [1] and the X-ray
integral field unit (X-IFU) [2]. The latter will be the first space instrument to carry a matrix
of ≥ 1500 transition edge sensor (TES) pixels, enabling unprecedented X-ray capabilities
with its ≤ 3 eV FWHM energy resolution over the soft X-ray band (0.2-12 keV).

One of the key science topics of the X-IFU is the measurement of narrow X-ray emission
line shifts in the hot gas surrounding clusters of galaxies, to understand the motions and the
physics of the intra-cluster medium. First proofs of these motions have already been brought
by Hitomi [3] and are expected to be clearly observed with the X-IFU [4, 5]. To achieve this
objective, the knowledge of the absolute energy of the lines at sub-eV level is critical.

X-ray astronomy using TESs relies on calorimetric detection. The TESs are voltage-
biased in their superconducting transition; absorbed photons will cause changes in TES
resistance, that will be read out as current pulses and eventually converted into an energy
e.g., through optimal filtering [6]. The energy scale of these devices is strongly nonlinear
over the energy bandpass. A dedicated ground calibration using fiducial X-ray sources is thus
required. Even after calibration, the energy scale remains sensitive to the TES environment
and its readout electronics. Unchecked, this can lead to energy scale drifts of ≥ 100 eV.

Changes in the energy scale will be monitored via an onboard modulated X-ray source
(MXS) [7] providing at least two fiducial lines (Cr/Cu 𝐾𝛼) and corrected every ∼ 4 ks. To
meet its science objective, the energy scale of the X-IFU shall be known below 7 keV, per
pixel and after correction, to better than 0.4 eV at 1𝜎 statistical level over the 4 ks time
windows. However, due to cross-talk [8] and count rate constraints, a correction per pixel
is not possible without large dead time penalties. It is therefore envisaged to be performed
on groups of ∼ 10 pixels. Although simulations show that the 0.4 eV level can be achieved,
the extreme accuracy required calls for an experimental validation. A dedicated energy scale
measurement and correction campaign has been performed at NASA Goddard Space Flight
Center (GSFC) on a prototype X-IFU kilo-pixel array [9]. In this paper, we extend this
previous study by investigating a more advanced correction technique [10]. We then apply it
on groups of pixels to assess the feasibility of co-adding to correct the energy scale.

2 Energy scale correction techniques

The energy scale function, 𝐺, of a TES links the pulse-height 𝑃𝐻 to the energy 𝐸 of a
photon. This function is measured on the ground for a reference equilibrium ‘set point’. In
flight, this function is likely to drift, per pixel, over time. For the X-IFU, a new calibration
after launch is excluded in nominal operations, deemed both excessively time consuming
and difficult to perform (requires an onboard source with 10+ lines, or a known astrophysical
source with prominent emission lines across the bandpass). The energy scale will instead be
monitored and corrected using the MXS and ground calibration measurements every ∼ 4 ks.

To ensure an energy scale knowledge within 0.4 eV (1𝜎), the current assumption is to
rely on ground calibration curves with an accuracy of ≤ 0.1 eV over the energy band. This
is challenging per se, but was demonstrated using ≥ 10 X-ray atomic complexes [9]. Using
these ground curves and the MXS lines, several correction techniques can be considered:

– Linear correction: scales the energy scale of the reference TES set point by the ratio
between the 𝑃𝐻 of the fiducial line in-flight to the one measured on the ground.
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Fig. 1 (Left) TES addressed on the kilo-pixel array at NASA GSFC. The rainbow color scale of the pixels is
only for visualization purposes. (Right) 𝑃𝐻 (eV-like)/𝐸 (eV) points and interpolated energy scale (pixel 5).
The inset shows the Cr 𝐾𝛼 best fit. (Color figure online)

– One-parameter nonlinear correction: this technique was proposed to correct energy
scale drifts on Hitomi [11]. It links the energy scale drift to changes in one TES effective
parameter (e.g., bath temperature). It then interpolates the new energy scale using this
effective parameter and at least three ground calibration curves at different set points.

– Two-parameter nonlinear correction: this technique leverages both the 𝑃𝐻 and the
prepulse baseline 𝐵 of the fiducial lines to derive two distinct effective parameters instead
of one. This technique is detailed in [10] and requires at least six ground calibration
curves. It extends the previous technique to a two-dimensional space.

When multiple lines are available, the effective parameters can be estimated at different
fiducial energies, and interpolated over the bandpass to further improve the correction [10].

3 Ground calibration data set

Simulations of the previous correction techniques have shown a higher performance of the
two-parameter correction [10]. To investigate its accuracy on real data, we took advantage of
the energy scale measurement campaign performed at NASA GSFC on a X-IFU prototype
kilo-pixel array (252 physically-connected pixels, see Fig. 1 - Left, of which ∼ 200 were
operational) using a 8×32 time-domain multiplexing set-up (see [9] for details). The detectors
consist of 50 µm × 50 µm Mo/Au bi-layers, with 250 µm pitch Bi/Au absorbers [12]. They
were illuminated for 60 hours with a Rotating Target Source (RTS) [13], providing counts
for 15 line complexes in the 1-10 keV range (Mg, Al, Si, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn 𝐾𝛼) with rates between 0.4 to 2.0 cts/s/pix. For all complexes, enough counts
were gathered to ensure ≤ 0.1 eV centroid accuracy.

All pulses are optimally filtered using a Mn 𝐾𝛼 pulse template, and are time and phase
corrected [6]. Each complex is fitted with a combination of Voigt profiles using intrinsic
energy centroids from the literature [14, 15, 16, 17, 18, 19, 20, 21] leaving a global energy
shift, amplitude, energy resolution and local energy scale coefficients – assumed affine over
the complex’s energy band – as free parameters. The weighted-averages of the fitted line
profile (deemed more stable and less affected by binning than the peak position) and the
raw 𝑃𝐻 space data provides a sampling of the energy scale for each TES set point (Fig. 1
– Right). The final function, 𝐺, is approximated using an eighth order polynomial, which
provides the best compromise between interpolation accuracy and numerical stability of the
polynomial. Excursions in magnetic field and bath temperature were tested (Table 1), as they
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Fig. 2 (Left) Correction residuals on the reference set point (‘self-correction’, in eV) and 1𝜎 scatter for the
∼ 200 pixels after one-parameter nonlinear correction (-40, 0, 40 nT calibration set points). The bottom panel
shows the fitted energy centroids for each line. (Right) Residuals after subtraction of the ’self-correction’
average residuals. The green dashed line, shows the expected 1𝜎 residuals from simulation (1000 ground
calibration iterations). The light green envelope on the bottom panel shows the predicted statistical error for
the considered count rates. The horizontal dashed lines remind the X-IFU 0.4 eV requirement, the dash-dotted
lines the ground calibration requirement of 0.1 eV. (Color figure online)

are expected to be the largest drift contributors to the X-IFU energy scale, alongside linear
drifts in the electronics. Temperature changes were introduced by tuning the thermal bath
regulation temperature, while magnetic field changes normal to the TESs are introduced by
tuning the current of the field-compensation coil, located under the pixel array.

4 Correcting the energy scale of representative X-IFU data

4.1 Accounting for systematic errors

The energy scale curves obtained through polynomial fit may contain systematic errors, e.g.,
related to the interpolation. To quantify this effect, we apply a similar approach as in [9]
and self-correct the TES set point energy scale. This consists in performing the energy scale
correction on the reference set point to determine interpolation and systematic errors (Fig. 2),
and subtract them in all subsequent corrections. By doing so, we highlight systematic biases
in the recovered energy scale, in particular for the Cl (2.6 keV) and K (3.3 keV) 𝐾𝛼 lines.
These errors are computed per technique and subtracted from the final residuals.

These residuals were compared to the expected accuracy of the energy scale calibration
derived through simulation (Fig. 2 - Right). To do so, we have simulated each RTS 𝐾𝛼
line with similar statistics over 1000 independent runs, and compared the 1𝜎 scatter to
the standard deviation over the ∼ 200 pixels. At high energies (∼ 5 to 7 keV) residuals are
consistent with a purely statistical error, but not at low energies. A similar feature can be
seen in the scatter on the centroid accuracy over the pixels (bottom panel of Fig. 2). Though
this does not affect the subsequent corrections (as we always subtract the self-correction and
compare energy scales in a relative way), no explanation was found for this discrepancy. The
current hypothesis is that some of the low-energy lines (e.g., K, Cl) are being modulated
from their theoretical value, either due to the incident energy of the excitation [22], or due to
chemical shifts [23]. Since the RTS targets were not calibrated against an absolute reference,
this may systematically bias line fits and propagate errors in the energy scale. This assumption
remains to be ascertained once an absolute calibration of the RTS is performed.
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Correction Lin 1P 2P
Lines used Cr Cr/Cu Cr Cr/Cu Cr Cr/Cu
Set point Max error on 0-7 keV in eV [Average scatter in eV]

55 mK / 0 nT Cal DB Cal DB Cal DB Cal DB Cal DB Cal DB
55 mK / +40 nT 7.56 [0.39] 1.66 [0.23] Cal DB Cal DB Cal DB Cal DB
55 mK / -40 nT 3.18 [0.40] 0.47 [0.25] Cal DB Cal DB Cal DB Cal DB
55 mK / -20 nT 3.94 [0.34] 0.87 [0.15] 0.08 [0.11] 0.05 [0.10] 0.07 [0.16] 0.04 [0.11]
55.25 mK / -20 nT 4.34 [0.36] 1.07 [0.20] 0.54 [0.14] 0.11 [0.09] 0.12 [0.13] 0.04 [0.10]
55.5 mK / 0 nT 4.94 [0.36] 0.57 [0.19] 1.15 [0.19] 0.21 [0.10] 0.15 [0.13] 0.06 [0.08]
55.125 mK / 0 nT 0.33 [0.20] 0.14 [0.11] 0.26 [0.15] 0.08 [0.10] Cal DB Cal DB
55.5 mK / -20 nT 4.67 [0.38] 1.31 [0.27] 1.51 [0.17] 0.21 [0.10] Cal DB Cal DB
55.5 mK / +20 nT 4.33 [0.34] 0.14 [0.17] 1.61 [0.20] 0.18 [0.10] Cal DB Cal DB

Table 1 Comparison of the different reconstruction techniques (‘Lin’: linear, ‘1P’: one-parameter nonlinear
[11], ‘2P’: two-parameter nonlinear [10]) for several perturbation set points and lines (Cu only or Cr/Cu 𝐾𝛼).
The ground calibration database is constructed using the set points marked as ‘Cal DB’. The maximal error
in eV is shown, along with the average scatter over the ∼ 200 pixels (in brackets), both on the 0.2-7 keV band.
Values in italic red show residuals above 0.4 eV, in bold green below 0.1 eV. (Color table online)

Fig. 3 (Left) Correction residuals (eV) over the energy band (in eV) for the one-parameter nonlinear (green
dots) and the two-parameter nonlinear (red diamonds) technique for a (-20 nT / 0.25mK) change in TES set
point. (Right) Effect of linear drifts on the two-parameter correction for the same set point. For both plots, the
average residual over the ∼ 200 pixels is given by the different markers, along with best polynomial fit (order
5). Both Cr and Cu 𝐾𝛼 lines are used (vertical dotted lines). The horizontal dashed lines remind the X-IFU
0.4 eV (1𝜎) requirement. (Color figure online)

4.2 Two-parameter nonlinear correction

The use of the one-parameter nonlinear correction on this data set has been reported with
encouraging results in [9], in particular when two fiducial lines (Cr/Cu 𝐾𝛼) were used. Here,
we extend this analysis and compare it with the two-parameter correction [10].

For all TES set points (Table 1), we select the required amount of curves to generate the
ground calibration database. The TES equilibrium set point (55 mK/0 nT) is always selected,
while the other two (five) energy scales are chosen to pave evenly the drift space in one
(two) dimension(s). For all remaining energy scales – considered as perturbations – we
select a subset of lines (Cr or Cr/Cu 𝐾𝛼) representing an onboard MXS measurement. The
perturbed 𝑃𝐻 and the calibration database are then used to perform the corrections. Finally,
the interpolated energy scale is compared (after subtraction of systematic errors) to the one
obtained with all available lines, considered as the best achievable reference. Examples of
correction residuals are shown in Fig. 3, a summary is given in Table 1. On these data sets, the
two-parameter correction systematically outperforms the one-parameter correction. When
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Correction 1P 2P
Lines used Cr/Cu Cr/Cu
Set point Max error on 0-7keV in eV [Average scatter in eV]

55 mK / 0 nT / 1000 ppm 0.03 [0.03] 0.12 [0.15]
55 mK / 0 nT / 2000 ppm 0.06 [0.03] 0.24 [0.17]
55 mK / 0 nT / 5000 ppm 0.15 [0.07] 0.62 [0.18]

55 mK / -20 nT / 1000 ppm 0.22 [0.10] 0.10 [0.16]
55 mK / -20 nT / 2000 ppm 0.26 [0.10] 0.36 [0.22]
55 mK / -20 nT / 5000 ppm 0.34 [0.13] 0.72 [0.27]
55.5 mK / 0 nT / 1000 ppm 0.23 [0.09] 0.13 [0.21]
55.5 mK / 0 nT / 2000 ppm 0.26 [0.09] 0.27 [0.18]
55.5 mK / 0 nT / 5000 ppm 0.35 [0.12] 0.57 [0.20]

Table 2 Same as Table 1 when adding linear drifts (multiplication by 𝜖 ppm). (Color table online)

drifts are observed on the common effective parameter (the magnetic field) residuals are
comparable. However, the two-parameter technique provides a factor 2 to 5 improvement
when drifts are seen in the other parameter (the bath temperature), as expected [10].

As a final test, a third type of drift is included. To avoid new measurements, a linear
drift 𝐿 was included in the available set points by multiplying the initial energy scales with a
multiplicative factor (1+ 𝜖) where 𝜖 is a drift (in ppm). Results are reported in Fig. 3 (Right)
for the two-parameter technique and summarized in Table 2. We see that the two-parameter
correction is more sensitive to this type of drift (worst case sensitivity of 𝜕𝐸/𝜕𝜖 ∼ 1.2 eV/%
over 0.2-7 keV, vs. ∼ 0.4 eV/% for the one-parameter technique). This can be related to
the linear nature of the drift, dissimilar from that of magnetic field and bath temperature,
both behaving as a higher-order polynomial degradation. This method however is still very
efficient (in particular more efficient than the one-parameter correction) when moderate drifts
(≤ 2000 ppm) occur in addition to drifts in bath temperature and magnetic field.

4.3 Joint energy scale correction using pixel grouping

Once in-flight, the energy scale correction of the X-IFU is planned every ∼ 4 ks on the ground
to ensure a proper monitoring of the gain and to remove any low-frequency variation of the
detector set point. Given the count rate constraints of the MXS, in particular dead time and
cross-talk, each pixel will only see ∼ 300 calibration counts in its fiducial lines over this
period, which is insufficient to ensure a proper centroid accuracy (300 counts provide a 1𝜎
accuracy of ∼ 0.4 eV). It is therefore planned to group pixels and correct them together. The
pixel grouping strategy remains an open subject, we noticed however in the experimental
set up at NASA GSFC that time domain multiplexing readout columns (of 32 pixels) had
strongly correlated baseline drifts [9]. We therefore based our demonstration of the joint
energy scale correction on pools of ∼ 10 pixels (10/11/11 pixels per column).

To establish a reference, an individual correction using all the Cr/Cu 𝐾𝛼 line counts
is performed (red dots Fig. 4) in the same way as the results reported in the previous
section. Then, each of the pixels is instead corrected not with the full Cr/Cu 𝐾𝛼 data set,
but by taking a random sub-sample of events (typically 300 to 500, i.e. 10% of the data set)
covering the same continuous time period for the given pixels. This operation is repeated at
least 1000 times though bootstrapping to ensure enough statistics (purple squares Fig. 4).
These individual corrections are compared to a joint correction, where the pixels of the same
column are pooled into groups of ∼ 10. To perform this correction, we select a random (e.g.,
first) pixel of the group as reference. Each line (with 300 to 500 counts each) is transposed
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Fig. 4 Correction residuals (eV) for a (-20 nT / +0.25 mK) drift for two pixels in the same group (67 – Left and
71 – Right) for an individual correction (red dots), an individual correction using only ∼ 10% of the counts
(purple squares) and a joint correction using 10 pixels having ∼ 10% of the counts (blue pentagons). Both Cr
and Cu 𝐾𝛼 lines are used. A two-parameter correction was used in all cases. The error bars give the scatter
over the 1000 statistical draws of 10% of the dataset (no error bar on the full data set, which is always used in
full). The horizontal dashed lines remind the X-IFU 0.4 eV (1𝜎) requirement. (Color figure online)

into the reference 𝑃𝐻 space using a pixel-dependent linear transformation (obtained by
comparing the average 𝑃𝐻 of the reference pixel with the others). Then, the co-added line
is fitted to obtain a statistically-accurate estimate of 𝑃𝐻𝑝𝑒𝑟𝑡 for each line. This quantity is
finally transposed back into the pixel-dependent 𝑃𝐻 space, and the correction performed as
previously presented. The linear transformation modifies slightly the systematic errors for
pixels other than the reference. For each group of pixel, we can either subtract the average
self-correction residuals (see Fig. 2) or recompute it for the subset of pixels. The latter was
performed when co-adding, as it improved the residuals of the correction by ∼ 0.1 eV.

Results are compared with the individual correction (blue pentagons in Fig. 4). The
systematic residuals from the co-addition differ from that of the individual pixel correction
on the full data set, but remain of the same order of magnitude, indicating that the joint
correction is just as efficient as the individual one. Interestingly, the joint correction seems to
be very stable, regardless of the subset of counts used. In particular, results are within∼ 0.1 eV
when considering only counts from the beginning or the end of the acquisition, highlighting
the robustness over time of the co-addition, as long as pixels within each group drift together.
Various combinations of pixels within a column were tested to assess our grouping choice,
but no real difference was found. A slight – but not significant – degradation is observed
when pixels from multiple columns are combined. Finally, for the specific drifts investigated
here, no benefit is seen in joining spatial neighbors with respect to readout neighbors. A
further optimization of the pixel grouping shall be considered for the flight array.

5 Conclusion and way forward

The energy scale knowledge of future TES-based X-ray missions such as Athena will be
critical. Due to the extreme sensitivity of micro-calorimeters to environmental conditions,
the energy scale will drift over time, requiring correction. In this paper, we took advantage
of a dedicated energy scale measurement performed at NASA GSFC to investigate ways of
correcting the energy scale at the required level of accuracy of ≤0.4 eV (1𝜎) over 0.2-7 keV.

First results were presented in [9] and extended here. On these data sets, the two-
parameter nonlinear correction provides excellent results, improving the accuracy found
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with the one-parameter nonlinear correction, despite exhibiting a stronger sensitivity to
linear perturbations. For the X-IFU, such drifts are designed to remain ≤ 0.1% and are
thus not expected to be the largest contributors to the energy scale. Also, other means of
monitoring linear drifts are planned in the readout chain housekeeping data. A different layer
of correction could then be used to improve the sensitivity to this parameter, if needed. The
two-parameter technique should therefore be a good choice for in-flight correction.

Finally, we have investigated the feasibility of a joint energy scale correction on pools
of 10 pixels, as a single-pixel correction is not planned for the X-IFU. Results show that
the correction on co-added pixels performs similarly to an individual correction, providing
stable residuals even when fiducial lines have low statistics. No optimization of the pixel
grouping (e.g., spatial or readout neighbors) was considered, but shall be part of future work
when the demonstration models of the instrument become available over the next few years.
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