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Abstract
We present a characterization of the sensitivity of TES X-ray micro-calorimeters to 
environmental conditions under frequency-domain multiplexing (FDM) readout. In 
the FDM scheme, each TES in a readout chain is in series with a LC band-pass filter 
and AC biased with an independent carrier at MHz range. Using TES arrays, cold 
readout circuitry and warm electronics fabricated at SRON and SQUIDs produced 
at VTT Finland, we characterize the sensitivity of the detectors to bias voltage, bath 
temperature and magnetic field. We compare our results with the requirements for 
the Athena X-IFU instrument, showing the compliance of the measured sensitivi-
ties. We find in particular that FDM is intrinsically insensitive to the magnetic field 
because of TES design and AC readout.
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1  Introduction

Transition-edge sensors [1] (TES) are the baseline detector technology in future X-ray 
space-borne telescopes, such as Athena X-IFU [2], Lynx [3] and HUBS [4]. To meet 
their scientific goals, thousands of TESs will be hosted on the focal plane of these 
instruments, with high requirements on energy resolution, spatial resolution and count-
rate capability. Given the stringent limitations of space-borne missions in terms of 
available cooling power at cryogenic temperatures, electrical power and mass, the read-
out of TESs is usually performed under a multiplexing scheme, the most common ones 
being Time-Division Multiplexing [5] (TDM) and Frequency-Domain Multiplexing [6] 
(FDM) (a description of the TES architecture, as well as both readout designs, can be 
found in Gottardi, Nagayoshi 2021 [1]). Requirements on the detector spectral perfor-
mance dictate a stringent energy resolution budget on the various contributors to the 
total instrumental energy resolution, such as detector and readout noise, sensitivity to 
environmental conditions and instrumental drifts. In particular, the latter factors affect 
the total energy resolution via undesired variations of the TES responsivity.

The responsivity, or gain, of a TES to a photon of a certain energy depends on the 
setpoint along the superconducting transition, which is defined by the bias voltage V, 
the bath temperature T and the magnetic field B. A small change in these parameters 
can affect in some measure the TES gain, which implies that photons of identical 
energy E could generate pulses of different height and/or shape. This effect can in 
principle degrade the instrumental energy resolution. For this reason, gain sensitivi-
ties are important parameters to characterize, since they contribute to defining the 
instrumental design. For example, the B-field sensitivity is related to the magnetic 
shielding: a lower sensitivity to magnetic fields allows for a magnetic shield of lower 
mass, a very important factor to consider for a space-born instrument.

SRON has been developing, in the framework of Athena X-IFU, TES micro-cal-
orimeters for X-ray spectroscopy [7] and a frequency-domain multiplexing (FDM) 
readout with base-band feedback (BBFB) [6, 8]. In the FDM scheme, the readout 
of a TES array is performed by placing a tuned high-Q LC band-pass filter in series 
with each detector and providing an ac-bias with an independent carrier in the MHz 
range. The signals of all the detectors in the readout chain are summed at the input 
coil of a Superconducting QUantum Interference Device (SQUID), which provides 
a first amplification at cryogenic temperature. Further amplification and conversion 
into digital is performed at room temperature by a control electronics board, which 
is also responsible for the bias carrier generation and demodulation of the output 
comb. In the BBFB scheme, the demodulated TES signals are again remodulated 
using the same carrier frequencies, compensated with a phase delay and fed back at 
the SQUID feedback coil, to null the current at the SQUID input: this allows a more 
efficient use of the SQUID dynamic range and effectively increases the number of 
pixels readable in a single readout chain.

The FDM scheme is fundamentally different from TDM, where TESs are dc-
biased. In this contribution, we present a characterization of the gain sensitivities of 
a TES array using a cryogenic FDM setup.
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2 � Experimental Setup and Measurement Method

For our experiments we use a 8 × 8 uniform TES array, with 31 devices con-
nected to the readout circuit. Each TES is a 80 × 13 μm2 Ti/Au bilayer, coupled to 
a 240 × 240 μm2 , 2.3 μ m thick Au absorber (thermal capacitance C ≃ 0.85  pJ/K 
at 90 mK) via two central pillars and with four additional corner stems providing 
mechanical support. These devices have critical temperature T

C
≃ 84 mK, normal 

resistance R
N
≃ 155 mΩ and thermal conductance G ∼ 65 pW/K at T

C
.

For the FDM readout, the TESs are coupled to custom superconducting LC fil-
ters [9] and transformers for impedance matching. A stiff voltage bias is provided 
through an effective shunt resistance of ∼ 1 mΩ . The TES summed signals are pre-
amplified at cryogenic temperature via two SQUIDs (Front-End + Amplifier). Such 
“cold” components are hosted on custom oxygen-free high-conductivity (OFHC) 
copper and enclosed in a niobium shield. Superconducting Helmholtz coils are 
employed to control the magnetic field applied to the detectors. A 55 Fe source hosted 
on the Nb magnetic shield is used to hit the detectors with 5.9 keV X-rays, typically 
with a count rate of ∼ 1 count per second per pixel.

The setup is housed in a Leiden Cryogenics dilution unit with a cooling power 
of 400 μ W at 120 mK. The setups are hung via Kevlar wires to the mixing chamber 
to damp mechanical oscillations [10]. OFHC copper braids connecting the setups 
to the mixing chamber ensure the thermal anchoring. The setup temperature is con-
trolled via a Ge thermistor anchored to the copper holder and kept stable to 55 mK.

To characterize the gain sensitivities, we bias the pixels at a reference setpoint 
along the superconducting transition, defined by the reference values V0, T0,B0 
(where B0 is chosen to minimize the residual magnetic field and V0 corresponds to 
R ≈ 0.1R

N
 , where the best single pixel spectral performances are observed, likely 

due to the higher loop gain than at larger R∕R
N

 ), and at different setpoints obtained 
by individually changing each parameter by a quantity �V ,�T ,�B , respectively. For 
each setpoint we acquire X-rays events with ≈ 500 events per pixel, in multiplexing 
mode. The X-ray energy of each event is assessed by using the X-ray pulse and noise 
information with the optimal filtering technique. To do so, an optimal filter template 
is generated for each pixel at the reference setpoint. To extract the impact on the 
estimated X-ray energy, each dataset is analysed using the optimal filter template 
of the reference setpoint. The energy scale is calibrated using the known K α1 line 
of the 55 Fe source spectrum, with energy E0 = 5898.75 eV. To assess the energy for 
the sensitivity estimation, the acquired photons in the K � energy range are collected 
into a histogram and a gaussian fit is performed to extract the position E for the K α1 
line. In this way, for each setpoint we can measure the shift in energy �E = E − E0 
of the K α1 line caused by the variation of the TES gain.

Repeating this action for several setpoints, we can fit �E as a function of 
�V ,�T ,�B , respectively, to deduce a dependency and estimate the gain sensitivity 
for our TES arrays.
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3 � Results and Discussion

In Table 1 we summarize the results of our gain sensitivity measurements, with a 
comparison with the requirements for Athena X-IFU. Since for X-IFU the require-
ments are at an energy of 7 keV, we also linearly scale up our values, measured with 
5.9 keV photons.

From the IV curves we calibrate the reference voltage V0 to bias each pixel at a 
resistance R ≈ 0.1R

N
 . We performed measurements also at higher bias points, up to 

≈ 0.3R
N

 . Sensitivity values measured at such bias points are still compatible with 
what described in the following.

Fig. 1   Measured sensitivity curves (each color represents a different pixel): a bias voltage sensitivity, b 
bath temperature sensitivity, c magnetic field sensitivity with d derivative of a linear interpolation of the 
data to extract the sensitivity from the non-linear dependency.

Table 1   Summary of the measured TES gain sensitivities.

The requirements for X-IFU are derived by simulations with the xifusim 12 software, using an old TDM-
optimized design of pixels

Sensitivity X-IFU req. @ 7 keV Measured @ 5.9 keV Scaled up to 7 keV

�E∕�V 15 meV/ppm 7.2 meV/ppm ± 0.3 meV/ppm ≈ 9 meV/ppm
�E∕�T 0.15 eV/μK 0.09 eV/μ K ± 0.01 eV/μK ≈ 0.1 eV/μK
�E∕�B 8 eV/nT @ 0.1 μT ≲ 2 ⋅ 10−3 eV/nT @ 1 μT ≲ 2 ⋅ 10−3 eV/nT @ 1 μT
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To characterize the voltage sensitivity, we change the bias voltage of each pixel 
in a range �V = ±5% = ±5 ⋅ 104  ppm. For each pixel we plot the shift in energy 
�E as a function of �V  and use a linear fit to extract the dependency. The measured 
voltage sensitivity curves for each pixel are reported in Fig. 1a. The results of the fit 
range from 6.4 ± 0.8 meV/ppm to 7.7 ± 1.0 meV/ppm, with a mean sensitivity of 
7.2 ± 0.3 meV/ppm.

We repeat the same process for the temperature sensitivity, varying the bath 
temperature in a range �T = ±160 μ K from a base temperature T0 = 55 mK. The 
measured temperature sensitivities curves for each pixel are reported in Fig. 1b. The 
results of the fit range from 67 ± 3 meV/μ K to 121 ± 4 meV/μ K, with a mean sen-
sitivity of 94 ± 14 meV/μ K. The T-sensitivity values show a larger spread than the 
V-sensitivity case: we interpret this as � and � not being exactly the same for pixels 
biased at different frequencies, as a consequence of the weak-link effect. For this 
geometry, at R ≈ 0.1R

N
 typical values for � and � are 500 and 5, respectively.

To characterize the magnetic field susceptibility, we change the external mag-
netic field in a range �B = 6 μ T, after calibrating the starting value B0 as the exter-
nal magnetic field that in average minimizes the residual magnetic field for all 
the pixels. We only scan for positive �B values, since for our setup the sensitivity 
curve is symmetrical around the zero residual field B0 . In principle, this magnetic 
field dependence comes from the weak-link behaviour of the TES, acting as a SNS 
Josephson junction (S being the superconducting leads and N the TES bilayer itself) 
[11] with a gauge-invariant phase � ∝

√

PR∕�0 depending on the device power, 
resistance and the frequency of the magnetic field, either external or self-induced.

Figure 1c shows the measured magnetic field sensitivity curves, along with a fit 
using a second order polynomial. The different parabolic trends observed could be 
interpreted as a consequence of the frequency dependency of the TES weak-link 
behaviour. Given the non-linear behaviour, an univocal value for �E∕�B cannot be 
extracted as for the voltage and temperature sensitivities. Therefore, we perform a 
quadratic fit and calculate the sensitivity as the derivative of the fit function at a 
certain �B.

In this way the sensitivities we obtain from the fit for �B = 100  nT, where the 
X-IFU requirement is defined, are of the order of 1 meV/nT or less, but with errors 
of comparable value. To be conservative, we then estimate an upper limit, perform-
ing a linear interpolation of the data-points and directly calculating the differentials 
dB and dE as a function of the applied magnetic field. We then calculate the sen-
sitivity as the derivative dE/dB. As shown in Fig.  1d, across the measured range 
the sensitivity values are less than 10 meV/nT for all the pixels. At �B = 1 μ T, i.e. 
the expected drift during one cool-down cycle on the X-IFU Focal Plane Assembly 
(FPA), the magnetic field sensitivity is ≲ 2 meV/nT.

The voltage and temperature sensitivities are compliant with the X-IFU require-
ments within reasonable margin, the measured values for magnetic field sensitivity 
are orders of magnitude lower. Note that we are here considering the influence of 
dc magnetic fields and dc gradients on the array, since the main worry are magnetic 
fields at low frequencies such as stray fields from the cryo-cooling system on-board 
the satellite (compressor, ADR, etc.). This large difference with the magnetic field 
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sensitivity measured with our TES arrays and FDM system can be understood as 
due to two concurrent factors.

The first one is the readout. Under ac-readout, the TES current is continuously 
sweeping between positive and negative values, hence intrinsically less sensitive to 
dc-magnetic fields than when readout using a dc-bias.

The second one is the TES design. The geometry of our TES bilayers for FDM 
readout has significantly evolved over the last years, moving from the classi-
cal large square, low-R

N
 designs (more suitable for dc readout) towards smaller 

geometries with high aspect ratios [13] (width W much smaller than the length 
L), resulting in higher normal resistances R

N
 , a feature more desirable for AC 

readout. In fact, as shown in Gottardi et al. [14], this optimization allows to mini-
mize the weak-link effect, detrimental for the TES spectral performance under 
FDM readout.

Overall, the sensitivity then depends on a combination of TES design plus 
readout scheme. In principle, though optimal for ac-readout, higher R

N
 devices 

could be used under dc-readout to mitigate the B-susceptibility. To our knowl-
edge, the X-ray performance and B-sensitivity of such higher R

N
 under dc-read-

out however has not yet been reported.
In Fig. 2a we show the measured TES current and the pulse height for 6 keV 

photons as a function of external magnetic field. As can be seen, there is no shift 
between the two curves which follow the same dependence on B, indicating that 
also the impact of the TES self-induced magnetic field is negligible [11]. This 
means that the TES current can be used as a figure of merit for choosing the opti-
mal setpoint to both minimize the B-sensitivity and maximize the pulse height, 
i.e. without sacrificing energy resolution. Figure  2b shows that also the pulse 
shape is very well conserved at the different �B , at a level better than 1%.

The measured B-field sensitivity should produce negligible impact on the 
energy resolution of the detectors for small changes in magnetic field. To verify 
this, we performed three consecutive X-ray measurements with all the 31 pixels 
active and simultaneously readout, for �B = 0 μ T and ±1 μ T. Such values were 

Fig. 2   a Measured TES current (black) and pulse height (red) at different applied magnetic fields for 
the same pixel. The current is a good indicator for the pulse height, as no shift between the two curves 
is observed. b Comparison of X-ray pulses measured at different magnetic fields for the same pixel. The 
bottom panel refers to the residuals with the B = 0 μ T data.
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chosen because 1 μ T is approximately the expected magnetic field gradient on the 
focal plane for X-IFU. The measured spectra, reported in Fig. 3, show consistent 
energy resolutions.

Such a negligible sensitivity to external dc magnetic fields of TES devices 
under FDM readout has important implications at an instrumental level: in par-
ticular, the design of the FPA of future space-borne instruments employing TES 
arrays could be greatly simplified if FDM readout is used, e.g. with the reduction 
of the mass of the magnetic shielding.

4 � Summary

We presented a characterization of TES gain sensitivities under FDM readout 
using 6  keV photons. The measured values are compliant with large margin with 
the requirements for the Athena X-IFU instrument. In particular, we found that TES 
geometries optimized for ac-readout have a sensitivity to dc-magnetic fields orders 
of magnitude lower than the current baseline under dc-bias for X-IFU. For future 
TES-based space-born missions, this would allow a simpler, lighter FPA design 
with much less stringent needs for magnetic shielding.

In the near future we plan to perform further measurements using a Modulated 
X-ray Source to probe different energies than 6  keV and with larger, kilo-pixel 
arrays, more representative of the actual arrays that would be used on a real instru-
ment, to further validate these results and to verify the magnetic susceptibility of the 
energy scale calibration.
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Fig. 3   Energy resolutions measured with 5.9 keV photons at different values of applied magnetic field: 
�B = 0 μ T (left), = −1 μ T (center), = +1 μ T (right).
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