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ABSTRACT. The Line Emission Mapper (LEM) is a proposed x-ray probe mission to study the
physics of galaxy formation through spectral and spatial measurements of x-rays in
the energy band of 0.2 to 2 keV. The LEM Microcalorimeter Spectrometer instrument
on LEM will have a hybrid transition-edge sensor (TES) microcalorimeter array
made up of an inner array of single-pixels with one x-ray absorber connected to one
TES and an outer array of multi-absorber microcalorimeters, or “hydras,” with four
absorbers connected to a single TES, each with a different thermal conductance.
Here, we characterize the first hybrid array of single-pixel and multi-absorber micro-
calorimeters designed for LEM. We present the fundamental transition, noise, and
detector performance properties to demonstrate their suitability for the mission.
We also show that the spectral resolution at the AlK,, line is 1.92 + 0.02 eV for the
4-pixel hydra (coadded) and 0.90 + 0.02 eV for the single-pixels. This is significantly
better resolution than the LEM mission level requirement. Finally, we demonstrate
that the position discrimination between the four pixels of the hydra can be achieved
down to 200 eV when measured with a time-division multiplexed readout using tim-
ings representative of the anticipated LEM requirements.
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1 Introduction

The Line Emission Mapper (LEM) is an x-ray observatory satellite proposed for launch in the
2030s. The main purpose of LEM is to study the physics of the formation of galaxies and, in
particular, the diffuse gas in the Circumgalactic Medium and Intergalactic Medium." To achieve
this, LEM is proposed to have a 30’ field of view with 18” angular resolution, with the LEM
Microcalorimeter Spectrometer (LMS) as the detector instrument at its core. The LMS will
have an array of transition-edge sensor (TES) microcalorimeters optimized for measurement
in the 0.2 to 2 keV energy band. There will be an inner region of the array with 784 pixels capable
of 1.3 eV resolution at 1 keV and an outer region of 12,736 pixels capable of 2.5 eV at 1 keV.
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To read out ~14 kilo-pixels within the constraints of mass and power of a satellite mission
requires large multiplexing factors. The inner region will have an array of 15” pixels (290 ym
pixel pitch), each with a single x-ray absorber pixel connected to a single TES. These single-
pixels will be read out using time-division multiplexing (TDM) with 60 timing rows. The outer
region will have 3184 TESs, also read out with 60 row TDM, but additionally each TES will
connect to four 15” x-ray absorber pixels to give a total of 3184 X 4 = 12,736 pixels. In such a
multi-absorber TES microcalorimeter, or “hydra,” the position sensitivity between the four
absorbers is achieved by each absorber having a different thermal conductance to the TES.
Thus, the position discrimination can be determined through analysis of the x-ray pulse-shape.??

The development of single-pixel and hydra TES microcalorimeters has been an area of
intense study over the last several decades,* and in particular it has been developed for potential
space-based astrophysics applications, such as Lynx,*® Constellation-X,”® and ATHENA.>!?
LEM places a unique combination of constraints on the TES microcalorimeter design but draws
upon knowledge from the designs and prototype arrays of each of these missions. The ATHENA
X-IFU design has a pixel pitch of 317 um, similar to LEM’s 290 pum, with a similar total number
of TES pixels. However, the X-IFU array is designed with only single-pixels and is optimized for
7 keV with arange of 0.3 to 12 keV. Constellation-X was designed with a hybrid array of single-
pixels and hydras, but again for higher energies than LEM and higher count rate requirements.
The Lynx mission was also designed with a hybrid array of single-pixels and hydras, with regions
optimized for different observations. The hydras in the main array and enhanced main array for
Lynx have 25 absorbers per TES and were designed for an energy range up to 7 keV. The ultra
high resolution array on Lynx was designed with single-pixels for energies up to 0.75 keV. The
pixels in Lynx have a much smaller pixel pitch than LEM of 25 to 50 um.

The knowledge gained from these previous mission prototypes has been applied to design
TES microcalorimeters optimized for the LEM mission. In recent years, there have also
been considerable advances in the understanding of the TES superconducting transition,'*!®
noise,'”"'? and energy gain scale properties,” as well as their optimization for TDM readout.!>*!
Advances in TDM readout of TES microcalorimeters in the last few years show that the noise
levels and band width required for 60 row TDM of LEM pixels will be achievable,”>* but this
will be experimentally demonstrated in the near future.

In this report, we present characterization of the first hybrid array of single-pixels and hydras
designed for LEM. Through measurement of the TES transition and x-ray performance proper-
ties, we show that these pixels are well suited to this application. Section 2 shows the detailed
TES design and the electro-thermal models used to describe the single-pixels and hydras.
Section 3 presents the results of characterization of the TES transition properties, pixel perfor-
mance, and position sensitivity of the hydra designs when read out using representative timing of
60 row TDM. These results are then discussed in relation to the LEM requirements and future
demonstrations in Sec. 4.

2 Methods

2.1 Pixel Design

Figure 1 shows an image of a kilo-pixel hybrid array designed as a demonstration for LEM and
used in this study. The chip has a central array of 256 single-pixels with 192 4-pixel hydras
around it. The measurements reported here were performed on several single-pixels and hydras
in the top left quadrant of the array with a uniform TES design.

2.1.1 Single-pixel

The design of the single-pixels is shown in Fig. 2. The TES Mo/Au bilayer is 47/300 nm thick,
has a sheet resistance R =9 mQ /[, and is 50 pm long in the current direction and 15 pum
wide. Au banks run down each edge of the TES parallel to the current direction. They are each
6 yum wide, overlap the bilayer by 3 um, and have a low temperature sheet resistance of
20 mQ/[]. The TES is at the center of a square region of silicon nitride behind which the
Si chip has been etched away. This ensures that the thermal conduction from the TES to the
thermal bath of the Si chip is through the relatively low thermal conductance of the 0.5 pym thick
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Fig. 1 Photograph of a kilo-pixel hybrid array chip. It contains a center array of single-pixels, with
one absorber connected to a single TES, and an outer array of 4-pixel hydras, with four absorbers
connected to a single TES.

Silicon Nitride Membrane Absorber

outline \

285 um

Au banks

Absorber
Nb leads stem

200 um

Fig. 2 Diagram of the single-pixel design.

silicon nitride. The electrical connection to the TES is made using Nb wires that overlap the
bilayer by 5 ym at each end. A square Au x-ray absorber is supported ~4 um above the plane
of the TES by six cylindrical Au pillar absorber stems. Four of these are placed on the silicon
nitride and have a diameter of 4 ym, and two are placed on the Au banks of the TES and have a
diameter of 5 ym. The stems and absorber have a low temperature resistivity of ~1 nQm. The
pixel pitch is 290 pym and the side length of the absorber is 285 ym with a thickness of 0.52 pm.

2.1.2 Hydra

The design of the hydras is shown in Fig. 3. The absorber size is the same as the single-pixel
design, but four absorbers connect to one TES at the center. The TES design for the hydras is very
similar to that of the single-pixels. The Mo/Au bilayer is 50 ym long and 15 pm wide, with Nb
leads at either end. The Au banks in this case run beyond the length of the bilayer to allow for
thermal connection to the absorbers through Au links placed on the silicon nitride membrane and
connected to one stem of an absorber and the banks. These links are a different length for each
pixel of the hydra to give a different thermal conductance between the TES and the absorber,
which allows for the position discrimination of x-ray pulses in each of the pixels. The low tem-
perature sheet resistance of the links is 20 mQ/[]. The pixel number is shown in the corner of
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Fig. 3 (a) Diagram of 4-pixel hydra design and (b) zoom in of the TES design. Pixel number is
indicated by the number in the corner of each absorber.
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Fig.4 Schematic diagram of the electro-thermal model of (a) single-pixels and (b) hydras. Adapted
from Ref. 17.

each absorber in Fig. 3(a). Pixel 1 has no link, so the absorber stem sits directly on the bank. Each
absorber is supported by three other stems toward the edge of the silicon nitride membrane. All
stems have a diameter of 4 ym.

2.2 Electro-Thermal Models

Figure 4(a) shows the two-body electro-thermal model of a microcalorimeter that has previously
been used to describe the noise characteristics of Mo/Au TESs.!” In this model, the TES, with
heat capacity C,, is thermally connected to an absorber, with heat capacity C,, by thermal con-
ductance G. The TES is also thermally connected to the heat bath by thermal conductance Gy,
This model is used here to understand the behavior of the single-pixels. To describe the hydras,
we extended this model to include four absorbers, all with the same heat capacity C, but with a
different thermal conductance G, between the absorber of pixel x and the TES. The TES circuit is
also shown in Fig. 4, where the variable resistor represents the TES with resistance R, which
varies as a function of TES temperature 7 and TES current /. The shunt resistor R and additional
inductor L are also shown.

3 Results

3.1 Transition Properties

Figure 5(a) shows the TES resistance R as a function of the TES temperature T for two four-pixel
hydras (TES A and B) and two single-pixels (TES C and D) sampled across one quadrant of the
array. Out of the total of five hydras and seven single-pixels measured in the quadrant, these four
were selected as suitably representative for further study because they span the measured range of
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Fig. 5 (a) Resistance R as a function of TES temperature T for two single-pixels and two hydras.
(b) oy = %% as a function of R as fraction of normal state resistance R,,. Double headed arrow
shows spread in T,.

transition temperature and normal resistance. R(7) was calculated from the measurement of [ as
a function of TES bias voltage Vy;,, and the thermal conductance from the pixel to the thermal
bath Gy, for each pixel. Gy, was calculated from fitting TES power as a function of heat bath
temperature T, at a bias point in the transition of R/R, = 90%, where R, is the normal state
resistance of the TES. Calculating Gy,q, at this large value of R/R, has been shown to be more
accurate for small TESs.>** From these measurements, we calculate Gy, (T,.) = 21 pW/K and
48 pW /K for the single-pixel and hydra, respectively, where T is defined as T at R/R,, = 10%.
The approximately two times larger Gy, in the hydra compared with the single-pixel is expected
because the larger banks, additional Au links, and increased number of absorber stems mean that
there is an approximately two times larger phonon emitting perimeter. Gy, has been shown to be
proportional to this perimeter when limited by ballistic phonon transport.** Figure 5(a) shows
that the average T, is around 58 mK, which is within the target for LEM of 55 to 60 mK. There is
a small spread in the transition temperature 7. of around 3 mK between the different TESs. A
variation of a few mK is typically seen across an array of this size from non-uniformity in the
Mo/Au bilayer properties resulting from fabrication, but this may be improved in the future with
better bilayer thickness uniformity. The normal state resistance of the TESs of the two single-
pixels are consistent with each other, as are the two TESs on the hydras, but R, of the single-
pixels is smaller than that of the hydras by ~5%. This is consistent with the predicted effect of the
reduced resistance of the gold banks in the single-pixels because of the thick gold absorber stems
in the center, as shown in Fig. 2. These stems are at the ends of the banks in the hydra design, as
shown in Fig. 3(b), and therefore do not reduce the resistance of the current path along the banks
in that case. Figure 5(b) shows ajy = %% calculated from Fig. 5(a). apy appears to be higher in
the hydra pixels; however, the difference is small, and more measurements of many pixels will be
needed to determine if this is a significant difference between the designs.

Further information about the TES transition properties was obtained from measurements
of the complex impedance of the TES from 10 Hz to 5 kHz. The details of these measurements
are described elsewhere.!**3! To extract the transition parameters, the complex impedance mea-
surements were fitted using the single-pixel and hydra models described in Sec. 2.2. Measured
values of Gy, R, T, and Ry, were used in the model. The total heat capacity at T, was calcu-
lated from literature values of the specific heat and the volume of all component parts of the
pixels. It was then increased by ~10% to 0.21 pJ/K and 0.90 pJ/K in the single-pixel and hydra,
respectively, to allow for a better fit to the complex impedance. The thermal conductance
between the absorber of the single-pixel (or pixel 1 of the hydra) and the TES G, was estimated
from the normal state sheet resistance of the TES bilayer using the Wiedemann—Franz law to be
91 nW/K at T,. This approximation has been shown to give a reasonable order of magnitude
estimate in other Mo/Au TESs, with or without Au banks.'”*> The thermal conductance of the
stems and absorber are large enough to be negligible. The thermal conductance between the
absorbers of pixels 2 to 4 in the hydra were also estimated from the Wiedemann—Franz law,
using the measured sheet resistance and geometry of the Au links and then adding the sheet
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Fig. 6 TES transition parameters (a) a = (T/R)oR/oT|,;and (b) # = (I/R)oR/dl| as a function of
R/R,.

resistance of the TES bilayer in series. This gives G,, Gs, and G, as 9.5, 6.1, and 4.3 nW /K at
T, respectively. Figure 6(a) shows a = (T/R)0R/dT|; and Fig. 6(b) shows g = (I/R)dR/dI|;
as a function of R/R,,. As seen in other Mo/Au TES designs with a length of 50 ym,*’* ¢ and $
decrease rapidly with increasing R/R,,. There is no significant variation in a between the hydra
and single-pixel designs. The f appears lower in the hydra designs, which is consistent with the
larger ayy, but, again, determining whether this is an intrinsic difference between the designs will
require further investigation of a large sample of pixels.

3.2 Pixel Performance

Next, we investigated the noise, x-ray pulse-shape properties, energy resolution, and energy gain
scale sensitivities of each pixel design. These are all key properties for the design of the LMS
instrument on the LEM mission, and they provide input to determine what instrument
performance will be achievable. These measurements predominantly focused on the bias point
R/R, = 10% because this has been shown in devices optimized for X-IFU to be a good com-
promise of spectral resolution and pixel speed.'" However, we will also discuss whether this
choice may be further refined in the future.

3.2.1 Noise

Figure 7 shows the measured current noise in the single-pixel and hydra at R/R,, = 10%. The
noise for each type was fitted using the single-pixel or hydra model described in Sec. 2.2 and
Sec. 3.1 and in more detail in Ref. 17. The readout noise was assumed to be white and was
measured with the TES in the superconducting state and at sufficiently high frequency to not
be influenced by noise from the TES circuit.

In contrast to higher resistance Mo/Au devices, for these devices, the internal thermal fluc-
tuation noise a, between the absorber(s) and TES (where x is the pixel number) was not sufficient
to account for the total observed noise at intermediate frequencies.'” Therefore, as is common
practice for TESs, the Johnson noise term Jgg was increased by a factor of \/Z 1 + M?) to fit the
data. An M? value of 3.9 was used in the single-pixel and 3.5 in the hydra. It was shown recently
that this excess Johnson noise may be the result of Johnson noise that is ‘mixed-down’ from a
higher frequency by Josephson oscillations in TESs with a non-linear current-voltage
relationship.'®!” Attempting to fit to that model would require significantly more measurements
and is beyond the scope of this work, but the reasonable agreement between the M? value needed
in these two TESs with similar transition properties, but very different thermal properties, is
consistent with an electrical origin, such as “mixed-down” Johnson noise. As noted on previous
devices,>!"** the thermal fluctuation noise term between the TES and thermal bath P, must
also be increased from the theoretical prediction to account for the measured noise at the lowest
frequency. The origin of the ~30% increase in Py,q, in the single-pixel and 45% increase in the
hydra case observed here is not understood, but it may be the result of additional complexity in
the thermal system not accounted for in the simplified discrete model described above. This
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Fig. 7 Measured and calculated current noise as a function of frequency for (a) single-pixel and
(b) hydra. T = 40 mK, and TES was voltage biased at R/R,, = 10%. Noise was fitted using the
models described in Sec. 2.2. Term a, is the internal thermal fluctuation noise between the
absorber of pixel x and the TES. Jig is the TES non-equilibrium Johnson noise increased by
a factor of \ﬂ1 + M?) to fit the data. Jgn,n is Johnson noise in the shunt resistor. Py, is the theo-
retical thermal fluctuation noise between TES and thermal bath. This term was increased by 30%
in panel (a) and 45% in panel (b) when calculating the total noise to obtain a good fit to the data at
low frequency. Readout noise is the noise level measured in the superconducting state from read-
out components, which is assumed to be white. The difference in the readout noise between the
hydra and single-pixel is a consequence of different SQUID readout chips being used for each
measurement. All noise terms include the high frequency roll-off from readout electronics.

warrants further study, and in particular, the apparent difference in magnitude between the hydra
and single-pixel is an interesting avenue to pursue.

3.2.2 Pulse-shape

The pulse-shape from C K, x-rays is shown in Fig. 8 for the single-pixel and for each of the four
pixels of the hydra. The hydra pulse-shapes for the different absorbers are distinguished by their
different rise-times. The model used to fit the measured noise in Fig. 7 has also been used to
predict the small-signal pulse-shape, as shown in Fig. 8. In the single-pixel, we observe reason-
able agreement between the modeled and measured pulse-shape. There is good agreement
between the time constants of the pulse and only a small discrepancy in pulse height of
~10%. In general, the agreement is also good in the hydra design, with the fall-times of the
modeled pulse and the separation of the pulse-shapes of the four pixels well described.
Looking in detail, it is clear that in the fastest pulse from pixel 1, the predicted pulse-shape
is slightly different at the peak, and there is a discrepancy in the predicted and measured

(a) 700+ (b) 3504
600 - 300
500 250 e
Measured M "
< 400- — Single-pixel Z 200 _eag;;r:l )
= Simulated < -~ Fixel2
< 300 --- Single-pixel < 1504 P:;(zl 2
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2007 1004 F . Pixel 1
-.= Pixel 2
== Pixel 3
1909 50+ -- Pixel4
o T T T T 1 o T T T T 1
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Time (us) Time (us)

Fig. 8 Measured TES current pulse-shape (red) from C K, x-rays compared with the predicted
pulse-shape (black) for (a) single-pixels and (b) hydra. Pulse-shape is predicted using the model
described in Secs. 2.2 and 3.2.1. Data were taken at R/R, = 10% and Tpa, = 40 mK.
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rise-time of ~40%. This discrepancy is found to get larger at higher energies and is, therefore,
likely a consequence of non-linearity of the TES response as it leaves the small-signal limit used
in the model.

3.2.3 Integrated noise equivalent power

The integrated noise equivalent power (NEP) for a TES microcalorimeter is an estimate of the
achievable energy resolution of the device based on the measured detector responsivity and the
measured noise at the equilibrium bias point before an x-ray event.>*>>® Figure 9(a) shows
the integrated NEP of the single-pixel and hydra as a function of R/R, for the AlK, x-rays.
This shows that the integrated NEP increases as the bias point resistance increases. At
R/R, = 10%, the integrated NEP in the single-pixel is 0.94 eV, and the average integrated
NEP in the hydra is 1.93 eV. The integrated NEP in the four pixels in the hydra ranges from
1.91 to 1.94 eV.

In the hydra, the integrated NEP is approximately a factor of two larger than that in the
single-pixel. The energy resolution of a TES microcalorimeter is predicted to be proportional
to \/Ci, Where Cy, is the total heat capacity. Therefore, although there are additional noise
terms in the hydra pixels compared with the single-pixel, the increase in the integrated NEP
in the hydra is consistent with the factor of approximately four increase in the total heat capacity.
This is in agreement with the small contribution of the fitted thermal fluctuation noise between
the TES and the four absorbers shown in Fig. 7, and it shows that there is little additional deg-
radation in the integrated NEP as a result of the hydra design, as expected.

3.2.4 Slew-rate

The slew-rate is defined as the maximum in the time derivative of the current through the TES
during an x-ray pulse. This is a key performance metric for the design of the LMS because the
slew-rate for the maximum incident energy will determine the minimum TDM readout noise that
can be achieved in a stable system and therefore the maximum multiplexing factor that can be
achieved for a given energy resolution requirement.”"¥” Figure 9(b) shows the slew-rate during an
AlK, x-ray pulse, as a function of R/R,, for the single-pixel and pixel 1 of the hydra, which has
the highest slew-rate of the four pixels. The figure shows that the slew-rate decreases with higher
bias point resistance and is larger in the single-pixel than the hydra. This difference is largely
because of the increased heat capacity in the hydra from the four absorbers, but the difference in
added inductance L and critical inductance L, in the two circuits also influences the slew-rate
difference. For the single-pixel with a circuit inductance of 640 nH (L /L. = 0.14), this gives
91 mA/s at 10% R, and in the hydra with a circuit inductance of 1370 nH (L /L ;; = 0.22), the
slew-rate was 44 mA/s for pixel 1 at 10% R,,.

(@) 30 (b) 140-
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254 1204 - Hydra-TES 1
= 100
3 20 g
& —e- Single - TES 1 £ 80
Z 45 -~ Hydra- TES 1 o
o 154 T
2 o
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0.5 204
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Fig. 9 Measured data for hydra and single-pixels showing (a) integrated NEP for AIK, x-rays as a
function of R/ R,,. Integrated NEP for the hydra is the average of the four pixels. (b) Measured slew-
rate, the maximum in the time-derivative of TES current, during an Al Ka x-ray pulse as a function of
R/R,. The slew-rate in the hydra is for pixel 1, which is the highest of the four.
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Figure 9 suggests that, although the integrated NEP is improved by going to bias points that
are lower in the transition, and therefore the energy resolution might also be improved, this will
lead to an increase in the slew-rate. When optimizing for TDM readout, the larger slew-rate
means a larger noise contribution to the energy resolution when using multiplexed readout for
a fixed number of TDM rows and energy range.*’ Therefore, for the LEM mission, the bias point
must be carefully chosen to optimize the system within these constraints.’>** Here, we continue
to focus on the behavior at R/R,, = 10% as a well optimized point, but small improvements in
overall performance may be possible in the future through minor adjustments to this value.

3.2.5 Energy gain scale sensitivity

The energy gain scale is an empirical function that is used to determine the energy deposited in
the microcalorimeter, in units of eV, from the optimally filtered pulse height measured in the TES
from this event.”’*® An important parameter for any TES microcalorimeter instrument is the
sensitivity of this energy gain scale to external perturbations such as magnetic field, bath temper-
ature, or TES bias voltage. These appear as noise terms in the instrument energy resolution
budget, and the minimization of these terms can have a significant impact on the instrument
design. In particular, the sensitivity of the energy gain scale to variations in magnetic field
perpendicular to the plane of the TES has been a key parameter in the design for X-
IFU?"4% and will be important in the design of LEM.

To investigate this gain sensitivity to magnetic field, we first measured the TES current as a
function of magnetic field perpendicular to the plane of the TES I(B). Figure 10 shows I(B)
normalized by dividing by I(B = 0) for the single-pixel measured in this work, as well as pre-
viously reported data on single-pixel TESs with larger widths.?” All of the data were taken with a
constant voltage bias applied for each design to give R/R, = 10% at B = 0. The previous data
on pixels optimized for the X-IFU instrument were measured with a bath temperature of 55 mK,
and the 50 ym X 15 ym TES studied here was measured at T4, = 40 mK. These data show that
reducing the TES width to 15 gm leads to a further reduction in (dI/dB)/I1(0) compared with a
width of 30 um. This is expected; as the effective area of the weak-link is reduced, the current
distribution across the TES is altered, and the effect of self-field from the TES current is also
reduced.'*?"3¢4142 The reduced sensitivity of the TES current to magnetic field in narrower devi-
ces correlates with a reduced gain scale sensitivity of the x-ray pulse height to variations in the
magnetic field. This magnetic field dependence is calculated as the change in the energy gain
scale at 1.5 keV SEjp, after optimal filtering, divided by the change in magnetic field B. This value
is shown for each pixel type in Table 1 and is more than an order of magnitude smaller than

= = 50 um x 50 um
1.014 sens 50 um x 30 um
: ‘_---~_~ — 50 um x 15 um (This study)
* ~
-~
-
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Fig. 10 TES current / as a function of magnetic field B divided by /(B = 0) measured on the single-
pixel TES from this study with a length x width of 50 um x 15 um. This is compared with previous
measurements of TESs studied for X-IFU with a length x width of 50 um x50 yum and
50 um x 30 um for TES.?” Thermal bath temperature Ty, was at 40 mK for the 50 um x 15 ym
TES and 55 mK for the others. Each TES was biased with a constant voltage such that R/R,, =
10% at B =0.
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Table 1 Sensitivity of the energy gain scale to environmental conditions
for the hydra and single-pixel when biased at R/R,, = 10%.

Single-pixel Hydra
SE/dTyam (MeV/uk) 775 79
SE/dB (meV/nT) 3.9 6.7
VbiasOE /dVpias (MeV/ppm) 1.7 1.8

~200 meV /nT measured at 6 keV in the 50 ym X 30 um TES proposed as a potential new base-
line for X-IFU.”

The table also includes the measured sensitivity of the energy gain scale to variation in the
bath temperature and TES voltage bias at 1.5 keV.

3.2.6 Energy resolution

The energy resolution of the single and hydra pixels was measured for the AlKa;, line at
R/R, = 10% and a bath temperature of 40 mK. The fitted spectra are shown in Fig. 11.
Figure 11(b) shows the coadded spectrum for the four absorbers of the hydra. The spectral res-
olution of each pixel in the hydra from 1 to 4 was 1.90 &+ 0.04, 1.93 4 0.04, 1.92 + 0.04, and
1.92 £ 0.04 eV. All of these spectral resolution measurements are in agreement with the inte-
grated NEP.

3.3 Position Sensitivity in Time-Division Multiplexed Readout

Readout of the ~4000 TESs on LEM will use TDM to reduce the number of readout channels
required. Full performance testing of the LEM pixels with TDM will require the fabrication of
SQUID readout chips optimized for these pixel designs. This optimization of the readout is
described elsewhere.””** Here, we limited our TDM measurements to testing a key feature
of the hydra pixel design, which is whether there is sufficient position sensitivity between the
four pixels of the hydra over the targeted energy range when the x-ray pulses are sampled at
the rate expected in LEM. To do this, we measured four 4-pixel hydras using TDM readout.
The readout used 10 timing rows to read out these four physical TESs and six “dummy” rows.
The sample rate was 102.4 kHz, which is within a few percent of the expected sample rate on
LEM of 104.17 kHz. The pixels were then illuminated with an x-ray source with a range of
characteristic lines from ~0.3 to ~2 keV and Bremsstrahlung radiation up to ~4 keV.

(a) T T T T T (b) T T T T T
400 AlKay Single pixel (inner array) 600~ Al Ka , Hydra (outer array)

c AEpwnm = 0.90 +£0.02 eV c 5001 AEpwhm = 1.92£0.02eV
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Fig. 11 Fitted energy resolution for the AlKa, , line for (a) the single-pixel and (b) the coadded
spectrum of the 4 pixels of the hydra. Red dots are the measured energy histogram, the blue
dashed line is the assumed natural line shape of the AlKa complex from literature, and the solid
black line is the fit to the measured data. Data were measured at Ty, = 40 mKand R/Rn = 10%.
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Fig. 12 (a) Pulse height in the hydra TES current as a function of pulse rise time when illuminated
with a broad band source. (b) Measured (solid) distribution of the rise time for the four pixels at the
C K, line and a Gaussian fit (dashed) to each distribution.

Figure 12(a) shows the pulse height of the x-ray pulse as a function of the pulse rise time, where
rise time is defined as the time taken for the current to rise from 20% to 80% of the pulse height
and divided by (In 0.8 —1n 0.2) to convert to an equivalent exponential time constant. In this
parameter-space, the four pixels of the hydra are clearly distinguishable as four separate bands, as
expected. The sample rate of the pulse measurement is a key parameter because, at a given
energy, as the sample rate is reduced, the variation in the measured rise time increases and could
potentially prevent position discrimination. However, in these pixels, at the sample rate required
for LEM, each pixel is well separated.

The spread in the rise time is also a function of the x-ray energy E, with the full width half
maximum of the rise time distribution expected to increase at lower energies proportional to 1/E
for pulses that are sufficiently sampled.* Figure 12(b) shows the distribution of measured rise
times for the C Ka line across the four pixels of the hydra. This shows that, even at this low
energy, the pixels are clearly distinguishable. Fitting a Gaussian curve to each of these distri-
butions, we are able to estimate the probability of a C Ka x-ray being measured in a region of
overlap between two pixels as <0.1%.

Note that the approximate white noise from the TDM readout during the measurement
shown in Fig. 12 was ~5 pA/+/Hz. This is less than the 12 pA/v/Hz baselined for LEM,*>%}
and increased TES noise will increase the width of the rise time distributions. This will have
the largest impact at low energies where the signal-to-noise is smallest. The effect of this
small increase in white noise was simulated by adding random white noise to the measured
data. This simulation showed that, even with the added noise, the overlap between the
Gaussian distributions of the four pixels is predicted to be ~0.1% at the CKa line.
Extrapolating these results to the lowest energy for the LEM mission of 200 eV, using the
1/E scaling discussed above, we estimate an overlap of 3.1%. This overlap of a few percent
is anticipated to be acceptable for the LEM mission, but full simulations will need to be
completed before a requirement can be set. Note that we do not expect electrical cross-talk
to impact position discrimination.

There is an additional feature observable in the plot of pulse height as a function of rise time
shown in Fig. 12(a). At the Al Ka line, which is the line with the most events, there are a small
number of events between the bands of the first and second pixels. The number of events in this
region is ~0.1% of the total Al Ka events seen in the four pixels. This fraction is approximately
equal to the area of the TES that is exposed between the four absorbers, divided by the total area
of the four absorbers. Therefore, we postulate that these events arise from the absorption of X-
rays directly in the TES. In the small-signal limit, these events are predicted to have pulse-shapes
very similar to events in pixel 1 and would likely be indistinguishable here. However, the effects
of non-linearity of the TES response will affect pulses from events in pixel 1 differently than
those in the TES and therefore may explain this apparent discrepancy. Very high statistics spectra
over a wide range of incident energies will be performed in future work to confirm whether this
feature is indeed from x-ray absorption directly in the TES.
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4 Discussion

The comprehensive results presented in Sec. 3 demonstrate that these hydra and single-pixel
designs have excellent characteristics that are well suited to implementation in the LMS on
LEM. The resistive transitions of these 50 um X 15 ym TESs are a smooth function without
discontinuities, as expected for devices without normal metal bars perpendicular to the current
direction in the TES.'* In this chip, the a is smaller and /3 is larger at R/R,, = 10% than has been
seen in other 50 ym long TESs.!®?” The intrinsic bilayer transition temperature in these TESs is
significantly lower than those measured before, which may have an impact. However, in general,
the lower a/f observed here is consistent with evidence presented elsewhere that the transition
parameters may predominantly be sensitive to the sheet resistance of the bilayer, rather than the
TES width or T,.>” This apparent correlation warrants further study. In the future, by fine-tuning
the bilayer sheet resistance, there may be potential to adjust parameters and further optimize the
instrument’s performance.

The measurements and modeling of the noise and pulse-shapes in the hydra and single-pix-
els indicate that the performance of these is generally well understood. In addition to adjustments
to the TES bilayer mentioned above, small improvements to the performance may be possible
through slight adjustments of C,, L, and the chosen resistive bias point. These adjustments, as
well as further investigation of the excess phonon and Johnson noise, will be the subject of future
studies. However, the performance of the devices studied here is already excellent. At
R/R, = 10%, the integrated NEP of the single-pixels and the average of the hydra pixels is
0.94 eV and 1.93 eV, respectively. The spectral resolution at 1.5 keV was found to be in agree-
ment with these values. The instrument energy resolution requirement is 1.3 eVand 2.5 eV for the
single-pixel and hydra, respectively. Therefore, there is a significant margin on the requirement
for additional error terms at the instrument level, such as the contribution of the multiplexed
readout and environmental perturbations. The measured slew-rate of the x-ray pulses provides
input on the multiplexing factor that can be achieved on LEM using TDM. This optimization is
discussed in detail elsewhere, but it is estimated that the target of 60 row multiplexing will be
achievable.?>?* The degradation of energy resolution with environmental perturbations is depen-
dent on the sensitivity of the energy gain scale to these perturbations. The measurements of the
sensitivities to T, B, and Vi, shown in Table 1 are in reasonable agreement with expectations
based on extrapolation from data on other devices.'® It is noteworthy that 5E/dB is found to be
over two orders of magnitude smaller than the devices currently baselined for use on X-IFU
because of the narrower width of the TES in LEM. These gain sensitivities provide input for
the instrument design and the instrument energy resolution budget.?

The detector performance under TDM will need to be verified using TDM readout compo-
nents optimized for these devices, with representative values of Ry, L, and noise levels, as well
as timings consistent with the requirements for LEM. However, we were able to show in Sec. 3.3
that, under TDM readout with representative timing, full position sensitivity of the four pixels of
the hydra was achievable down to energies of 200 eV. This is crucial evidence that this multi-
absorber TES design is suitable for LEM and other future astrophysics applications.

5 Conclusion

In conclusion, we have presented the first characterization of a hybrid array of single and multi-
absorber TES microcalorimeters designed for the proposed LEM mission. The spectral resolution
for the AlK, line was found to be 1.92 4+ 0.02 eV for the 4-pixel hydra (coadded) and 0.90 &+
0.02 eV for the single-pixels. Detailed studies of the transition, pulse, and gain scale sensitivity
properties all indicate excellent suitability for the mission and will provide input to the LMS design
and the instrument energy resolution budget. Measurements were performed of the position sen-
sitivity of a hydra under TDM with row timings representative of that proposed for LEM. This
showed that discrimination between the four pixels was achievable down to energies of 200 eV.

Code, Data, and Materials Availability
The data presented here are available from the authors upon request.
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