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Future X-ray space observatory
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Future X-ray space observatory
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Superconducting Transition Edge Sensors

X-ray photons

Au/Bi1 X-ray Absorber

TES Bilayer Absorber stem

| SiN membrane

i | Si support

Low temperature detectors T,~ 90 mK Energy resolution:
Sharp transition o~ 500-1000
Small absorber (low heat capacity C) Erwum ~ 2.355
Limited dynamic range E;;,~ C/a.

K.Irwin and G. Hilton In Cryogenic Particle Detection; Enss,C. Springer, 2006
a J. Ullom and D. Bennett, Superc.Sci.Technol. 28, 084003, 2015
L. Gottardi and K. Nagayashi, Applied Sciences 11 (9),3793, 2021




Frequency Division Multiplexing

* TES i1s ac voltage bias and works
as AM modulator of the MHz
carrier

* High-Q bandpass filters

* Signal is demodulated at room
temperature

* Keeps performing with very long
harness

* Low sensitivity to parasitic and
EMI

* Low electrical cross-talk

* Individual pixels bias addressing

To read out ~ 4000 pixels
~100 SQUID channels are needed
with MUX factor of

40 pixels/channel

svar




Superconducting high_Q MHZ LC ﬁlters ?;I(.)f.z]fruijn, et al., J. of Low Temp. Phys. 167, 695
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Coplanar wiring
Low loss amorphous silicon capacitors

Gradiometric design to minimize pixel crosstalk
High yield (> 97%)
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Latest achievements at SRON

FWHM: 1.53 +/- 0.11 (gV)
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L. Gottardi et al., Phys. Rev. Lett. 126, 217001 (2021)
M. de Wit et al., J. Appl. Phys. 128, 224501 (2020),

E. Taralli ef al. Rev. Sci. Instr.. 92, 023101 (2021)
M. de Wit et al., Phys. Rev. Appl. 16, 04059 (2021)

Bismuth absorber

SRON FDM detectors
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ray TES microcalorimeters for XIFU

X

Nagayoshi et al, J. Low Temp. Phys. 199, 2019

Final chip SRON 32x32 X-ray microcalorimeters

Micrograph SRON 32x32 array before absorber deposition




Frequency division multiplexing demonstration

SRON 80x 13 um? kilo-pixel array: 37-pixel MUX
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. . Akamatsu et al. JLTP 199, 737 (2020)
Energy resolution fulfills XIFU requirements Vaccaro, HA et al. RSI 92, 035103 (2021)

5 o o van der Hulst, HA et al. RSI 92, 7 (2021)
SRON technology is ready for scaling up towards a real instrument . Akamatsu etal, APL 119,15, (2021)




Detector design optimization at SRON

Nb interconnecting lead

R W  Deep understanding of the detector physics and noise

X-ray absorber
stem

* Detector performance improvement from TES geometry
Soupling _ optimization

absorber-TES

SiN membrane * Successful pixels design optimization on going at SRON

Low aspect ratio, low resistance High aspect ratio, high resistance
Better for TDM/GHz-FDM Better for FDM

K Nagayoshi ef al., J. Low Temp. Phys. 199, 943-948 (2020)

M. de Wit et al., J. Appl. Phys. 128, 224501 (2020)

a L. Gottardi et al., Phys. Rev. Lett. 126, 217001 (2021)
E. Taralli et al. Rev. Sci. Instrum. 92, 023101 (2021)




TES magnetic field susceptibility

* DC biased are very sensitive to external magnetic field dE/dB~ 0.1-

5 * - Magnetic field susceptibility 1eV/nT (depending on the geometry)
3 of DC biased devices

~ SRON TES-FDM detectors show very low sensitivity to B-field <5
* | : meV/nT at B=0 uT

SRON FDM detectors T * Requirement for X-IFU: 8 eV/nT@ 7 keV, for AB <100 nT

- C— -

\ 80x13 pum? * The FPA design of future TES based instruments for ground-base and
20ge8 space observatory could be greatly simplified when using FDM
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TES magnetic field susceptibility

Support stems

X-ray absorber

New SRON pixel design with —
superconducting ground plane A
makes the detector bilayer

insensitive to magnetic field

Cu thermalization

S1 muntin

Nb groundplane

SiIN membrane

80x20um 80x20um

G- 9-00-¢ o pg-
\Q\ 0

Energy shift (eV)
Energy shift (eV)

M.deWit et al. Phys.
Rev. Appl. 2022
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TES X-ray microcalorimeters for sub eV resolution

~2.3umgold Counts: 23880 _ T. =76mK Counts: 9756

FWHM: 1.50 +/- 0.06 (eV) FWHM: 1.23 +/- 0.12 (eV) f Tc =65mK
C-stat: 1160.2 y C-stat: 441.2

Degr. of frdm: 1129 dE =1.5eV Degr. of frdm: 337 dE =1.2 eV
Posl: 0.0037 Posl: 0.0051

Pos2: 1.0269 Pos2: 1.0493

Absorber stem Nb leads

Counts /0.2 eV
Counts /0.3 eV

5.870 5.875 5.880 5.885 5.890 5.895 5.900 5.905 5.910 5.915 5.870 5.875
Energy (keV)

5880 5.885 5890 5.895 5900 5905 5.910
Energy (keV)

250 um

Existing TES calorimeter optimize for X-IFU like mission have been successfully fabricated in the past year with typical single pixel
energy resolution of 1.5 eV @ 6 keV

By fabricating new TES array with smaller absorbers and lower T (~50 mK) we can achieve the requirement for the proposed EBIT
experiments. (dE < 1eV @ 1 keV)

As a proof of principle, we baked one of the existing devices and lower the T from 76 mK to 65 mK. We achieved energy resolution of
1.2 eV with a large absorber.

a




Low heat capacitance, super high-resolution pixels for science at <2 keV

* Small and thin absorber
* Expected 0.5 eV energy resolution at 1keV in single pixel mode

o™ i g I | Ken’s presentation



Ground-based activities at SRON
with TES X-ray calorimeters and FDM read-out

e Calibration campaign of a 2 channels TES-FDM system using fluorescence targets

* Perfomance demonstration of SRON TES FDM system at the MPI-K Electron-Beam Ion Trap
facility

* Establishing potential applications of TES X-ray calorimeters in for fusion plasma research
and diagnostic, particle physics and material science

* And...for the fun of it: low background experiments for solar axion search

b



Vacuum Rotating Target Source

Credit: F. Richters

The design of the vacuum chamber 1is based on
NASA-GSFC design (with minor
modifications). Credits Maurice Leutenegger
and Scott Porter NASA/GSFC

We use a vacuum X-ray tube from McPherson

Target wheel 1s motor-driven , controlled via
python scripts




Targets wheel

Materials:

o Mg (magnesium)

o Al (Aluminium) o Cu (Copper)
o Si (Silicon) o Zn (Zinc)

o Sc(Scandium) 5 Ge (Germanium)
o Ti(Titanium) o Y (Yttrium)

o V(Vanadium) o Zr (Zirconium)
o Cr(Chromium) o Nb (Niobium)
o Mn (Maganese) o Sn (Tin)

o Fe (lron) o W (Tungsten)
o Co (Cobalt)

o Ni (Nickel)

* We have 19 targets of puur materials and one open hole for an external source (MSX/EBITs, Syncrotrons,...)

b



Pictures

TES array
i\ ‘
. , , | X-ray tu e '
* Many spectral lines are necessary to precisely calibrate - lw v
TES energy scale Stepper
» Athena X-IFU requires energy scale calibration , motor

precision < 0.4 eV up to 7 keV
* Rotating Target Source assembled at SRON
 First test activities started + analysis scripts under
development
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Laboratory high resolution X-ray spectroscopy

X-ray absorption (XAS),

Energy (keV)

X-ray fluorescence (XRF), L e

X-ray emission
spectroscopy (XES)

(..)

to measure distribution, _ 1
chemical state and local o Tenewyten T T e

structure of elements 3 —— TES - Al-mylar windows
' —— SDD - Be windows

.4..,6,,,8|nu 10
Nl » N Energy (keV)




Laboratory high resolution X-ray spectroscopy

Wi

Counts

o

= 1B | — TES
—— SDD | — sDD

il ”l |'qn|. L

22 24 26 2.8 78 80 82 84
Energy (keV) Energy (keV)




— Lcu122 Al

Wi = 230 /A5 VT Prehmlnary reSU.ltS RTS spectrum with different targets— iy
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) a https://spex-xray.github.io/spex-help/index.html




SRON TES-FDM system and EBIT

HOT GAS

Temporarily relocate one of the SRON TES systems to the
Electron-Beam Ion Trap (EBIT) facility at the Max Planck
Institute for Nuclear Physics in Heidelberg (Germany) for
remote operation during the year 2024

Obtain atomic knowledge of astronomically relevant atomic
species that are difficult to achieve in other facilities

Tackle issues critical to the XRISM, Athena, LEM science
Obtain crucial knowledge of calibration issue in X-IFU/Athena

and LEM and any other future space missions and ground-
based experiments

N\ MAX-PLANCK-INSTITUT

\\\\\ FUR KERNPHYSIK

@ € © M HEIDELBERG

N\ '
Msrophysque £ pndiologe



SRON TES-FDM system and EBIT
e

=N "M
i

HOT GAS

2 channels FDM system
e 40 pixels MUX factor

* Total of about 80 pixels
* dE < 1eV resolution at E<2 keV




TES X-ray microcalorimeters + plasma sources

Electron temperature [keV]
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TES X-ray microcalorimeters for fusion plasma physics

Radiative power density [W/m3]
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Beiersdorfer et al. RSI 81,10EE323 (2010)

M. Eckart et al. Rev. Sci. Instrum., 92, 063520 (2021)

Courtesy: ITER




TES X-ray microcalorimeters for fusion plasma physics
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* A XIFU-like X-ray spectrometer could be
used for diagnostic purpose in fusion plasmas.

~2000 pixels , dE ~ 3-5 ¢V,
Count-rate capability ~1Mcts/s

Beiersdorfer et al. RSI 81,10EE323 (2010)
M. Eckart et al. Rev. Sci. Instrum., 92, 063520 (2021)

Stellerator (W7-X) 26




TES X-ray microcalorimeters for fusion plasma physics

M. Eckart et al. Rev. Sci. Instrum., 92, 063520 (2021)

X-ray spectrometer
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* Rising interest in the plasma physics community in TES based X-ray spectrometers

 SRON, DIFFER and TU/e: a feasibility study for the use of TESs at tokamak facilities in Europe

P i i | | A XIFU-like X-ray spectrometer could be used for diagnostic purpose at ITER/DEMO. O) DIFFER



End-to-end simulation

Radiative power density [W/m3]

40 pixels DRE output, tokamak Lo ° | data

- multi-pulse fit
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*  We use the end-to-end simulator [1] developed for XIFU/Athena to simulate the TES array response to the X-
ray radiation expected from the ITER fusion plasma [2]

 INPUT : the radiated power profile as a function of energy and plasma radius for the standard ITER scenario without W
impurities: Te(0)~25keV, Ne(0)~102'm3

e  OUTPUT: X-ray pulses from a 40 pixels FDM set-up (1) T Dauser et al., A&A 630, A66 (2019) |
[2] Y Gribov. “15MA plasma of inductive scenario at burn (2V2XYR v1.4)" (2010).

a 0 DIFFER Available from: https://user.iter.org/?uid=2V2XYR



https://user.iter.org/?uid=2V2XYR

Counts

Broadband high-resolution energy spectrum

Results from 1 sec data stream

—— TES Optimal Filter

- Plasma model

Counts

. BT .h-.M—a A
3
I

2510 3% 10° 4 x 10°
Energy (eV)

1.05 x

10°1.1 »

—— TES Optimal Filter
- Plasma model

107.15 x 101.2 x 10P.25 x 10°3
Energy (eV)

1125 pixels

Counts

2862 pixels

SR o 300 -
G 0511022
£ 0404031

] Y x!
Jidh
1ot t}‘
[)(J' ) 67 l](_l [)\,( )
Energy (eV)

|
l 1l|()
k

200 1

() 1 el

w
G:0. Ilnl
r 08 ’Il 4

Zq Yx‘

JxJNJ

GGOO 6T l« 10
Energy (eV)

VM\

6300

1 G 057+0.05
r: OR8IL01S

¢ data

Counts

l
\
|
|

z* Y x

04 w ~~)f(} Worvhasmnse
HEO0 6700 G500

Energy (eV)

Throughput: 6682 cnts/s

CRON © DIFFER

Throughput: 74713 cnts/s

We used the Fe'?* w,z,y,Xx,q,]
lines (6700.4, 6636.6, 6667.57,
6682.33, 6661.94 and 6644.45
eV) to extract plasma density
and temperature information as
a function of the instrument
pixels number

Other lines at lower energy (Fe-
L lines 0.7-0.8 keV) can be
used in a similar fashion for the
diagnostics

Simulation performed with
XIFU-like pixels at moderate
countrate. The detector
throughput can be increase of
10 to 20 times with an
optimized pixel design




+ Large toroidal 8-coil magnet L =~20 m
+ 8bores: 600 mm diameter each Ty
+ 8 x-ray telescopes + 8 detection systems > X-ray
* Rotating platform with services T
S ‘ detector
500 s Axion
) AN

Flight time

= Primakoff conversion
——— Electron processes
—== Redondo 2013

[10% keV~! year™! m~2]

dP
dw

Ultra low background TES X-ray spectrometers
D. Vaccaro et al. RS1,94,4 (2023)




TES X-ray microcalorimeters for solar axion search

Detector technology should have:
 Large quantum efficiency and effective counting area
* High-resolution spectrometer in 1-10 keV region
 Extremely low background requirement: < 10-7 keV-lcm-2s-!
(ref. BabyIAXO)
* Proof-of-concept experiment (@ SRON w/ sub-optimal setup + makeshift shielding

L. piishing  R€View of Scientific Instruments

X-ray background with Pb+PTFE shielding

--- Estimated background rate o
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Summary

X-ray imaging spectrometers based on large array of superconducting transition edge sensors perform at
very high resolving power in a wide energy range (0 eV - 20keV )

* They have achieved high level of technological maturity to be used on real instruments

* They can be used in a wide variety of space and ground-based applications

Low background experiments
very very few photons

Primakoff conversion

—— Electron processes
——== Redondo 2013

10 ke~ year! m?]

dP
dw

6 8 10

w [keV] source: IAXO/DESY

X-ray telescopes
some photons

Source: Athena mission

Fusion plasma
many photons

"

Source: IAEA Ifternational Atomic E/nergy Agency







Detector design optimization for AC or DC biasing

@ X +/ PJR/fbias

with higher Ry,
operating at the same
power P, the gauge
invariant phase
difference across the
Josephson weak-link is
80x10 pm? maximized

‘—1 e o 0.00
J N ~0.02
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b) Vires (UV)

fbias: 4 MHZ, P=~2 pW

-0.08 1 —— DC bias (neg) 50x50um AR1:1
=== DC bias (pos) 50x50um AR1:1
—0. 1 0 . DC bias (neg) S0x25um AR2:1
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L. Gottardi, S. Smith, pre-print arXiv:2210.06617 (2022)
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FPA-DM for Athena/XIFU

50mK Nb magnetic shield

2K mu-metal (Cryoperm)
magnetic shield

2K structure / housing

sensor array S

300 mK support frame

flexible sensor-to-LC
interconnect

50 mK sensor read-out
assembly (LC filter array + !
front-end SQUID amplifiers)

Kevlar suspension unit

= 1. |

1= @), svosuzeet
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Future X-ray space observatory

AR - ’, .
" ©IRAPCNES, ESA &ACO -

v |

X-ray Integral

Field Unit

« ATHENA 1s a Large ESA mission to study
“The Hot and Energetic Universe”, launch 1n
late 2030s. ¢ ' |

* The X-IFU;‘~ihstruments of the payload 1s a

"« cryogenic imaging spectrometer:

Hls
ML

42 SBnergy band 0.2 - 12 keV, dE ~ 2.5%V

Observatory Science

Normalized counts/s/keV

Athena X-IFU
=== XMM-Newton EPIC-PN best fit model x 2

Energy (keV)

Credit: IRAP/CNRS/UT3/CNES/ESA/SRON/NASA-Goddard



Low temperature micro-calorimeters and bolometers

Fundamental elements:
(individually tuneable depending on the
applications)

Thermometer
| 1. Absorber
absorber

y _ 2. Sensitive thermometer
y Thermal link

G
| <f 3. Weak thermal link to bath

Thermal bath (50mK)

! e i 9 I | K. D. Irwin, Appl. Phys. Lett. 66, 1945 (1995)



