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The Universe seen in X -rays
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The X -ray data in astronomy

x  The final output of most X-ray instruments is an « event list »

x Contrary to longer wavelength experiments where fluxes are
measured, each individual X-ray photon is measured. For each

one of them, we have:

Its arrival time

Its energy

The impacted pixel (= position)
Auxiliary data

cC:. C:. C. C:

x  From this we can construct

U Energy spectra
U Images

U Light curves and Fourier spectra
o Oscillation of the emission of compact objects
o Pulsars
o e
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X-ray spectroscopy :composition of an X -ray spectrum
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X-ray spectroscopy: what we learn from X -ray lines
x Rest frame energy: gas composition (atomic element, ionization state)
0 The most famous X-ray line in astronomy: neutral iron = 6.4 keV in rest frame
. x Energy shift: gas velocity from Doppler effect (combined with relativistic redshift from source distance)

U 20km/s Doppler shift at 6 keV = T;': 0.4 eV
x Lineintegral: abundance (relative density of the element in the gas)

L
=) x Line broadening: state of the gas (temperature, turbulence, é )
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High resolution spectroscopy ( microcalorimeters vs. CCDs)
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x Note: Gratings based CCD spectrometers typically have a better resolution than
microcalorimeters at low energy but the spatial information is blurred with the spectral one
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True spatially resolved spectroscopy: from Hitomi to Athena
Perseus: Fe XXV Hex, z = 0.01756, 0y tyrp, = 160 km/s
14 [ I T I T I T I T I T I T ]
| == Athena/X-IFU ; *SIFU
= s Hitomi/SXS=XRISM/Resolve ﬁ
12 .
. Now/When XRISM flies When Athena flies 10F - .
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Athena science objectives

x Athenais the next generation large X-ray observatory

N
(=]
o

x Initially selected to address the hot and energetic
Universe science theme

[un
o
o

o

U How did matter assemble to form the large scale
. structures that we see today?
o Formation and evolution of the largest structures of the Universe
o Detection of the « missing baryons »
o Mainly through the observation of faint extended sources T e °

U How did black holes grow and shape the Universe?
o Black hole formation
o0 Feedback on galaxy and clusters formation
o0 Accretion physics
o Mainly through the observation of point sources, some among the
brightest of the X-ray sky

U Alarge part dedicatedtofi 0 b s e r vsacti oer nf@peno
observation calls)
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The Athena  Observatory

x ATHENA: Advanced TElescope for High ENergy Astrophysics

U Launch scheduled for 203X on Ariane 6
U Few tons and few kW ~ 14 m long satellite

. U Halo orbit around the L1 Lagrange point
o Preferred to L2 for stability of soft protons flux (create instrument background)

Mirror

Payload
Compartment
(PLC)
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The Athena  mirror

x Silicon pore optics mirror (Wolter 1)
working in grazing incidence

U Millions of pores stacked into so-called

mirror modules
o Stacks of Si wafers assembled in a mostly fully

® automated process
&
x Effective area an order of magnitude larger
® than current X-ray missions .
Loy
= x Accommodated on an hexapod platform.  ——
AI I OW S ' Parallel x-ray
U Switching between instruments (WFI, X-
I F U) Optical axis

Y

U Defocusing for bright point sources
observations

12 | @cnes
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The Athena  mirror

—— Athena/X-IFU (13 rows, no filter) - = XMM-Newton RGS
= XRISM/Resolve (gv open) Chandra HETG
—— XRISM/Resolve (gv closed)

x Silicon pore optics mirror (Wolter 1)

working in grazing incidence
_ U Millions of pores stacked into so-called /
_ mirror modules ER.
o Stacks of Si wafers assembled in a mostly fully
* automated process ;
o w 100:—
x Effective area an order of magnitude larger
. than current X-ray missions
o
: x Accommodated on an hexapod platform.
. AI l OWS: On focus PSF Defocused PSF
. i Switching between instruments (WFI, X- -
: I F U) 0.005 :::: 0.005 -
U Defocusing for bright point sources -
observations |- - .
70'0—18.010 —0.005 Xofgmﬂrg] 0.005 0.010 :UUG _0‘0—18010 —-0.005 xo['morgl 0.005 0.010 :5

13 | @cnes
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Payload Compartment (PLC) and Wide Field Imager (WFI)

x The Payload Compartment (PLC)

U Accommodates both Athena instruments (X-IFU + WFI)
U ~ 2000 kg, few kW

U Major overhaul (aka rescope) of the mission architecture
in 2023 following ESA budget constraints

o Addition of passive cooling down to 50 K for X-IFU thanks to V-groove
system

o Reduction of WFI allocated volume and sky access angle

x Wide Field Imager (WFI)
U 4006 4006FoV

U DEPFET detectors (depleted p-channel field-effect
transistor)

U Moderate energy resolution (170 eV at 7 keV)

U Small detector mounted out of focus to observe the
brightest objects of the X-ray sky

L
@
-
L]

Credit: ESA
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Payload Compartment (PLC) and Wide Field Imager (WFI)

x The Payload Compartment (PLC)

U Accommodates both Athena instruments (X-IFU + WFI)
U ~ 2000 kg, few kW

U Major overhaul (aka rescope) of the mission architecture
in 2023 following ESA budget constraints

- o Addition of passive cooling down to 50 K for X-IFU thanks to V-groove
® system

o Reduction of WFI allocated volume and sky access angle
Loy

Credit: ESA

x Wide Field Imager (WFI) 50 K dewar
U 400 4006FoV

U DEPFET detectors (depleted p-channel field-effect
transistor)

U Moderate energy resolution (170 eV at 7 keV)

U Small detector mounted out of focus to observe the
brightest objects of the X-ray sky

V-grooves

15 | @cnes
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Main X -IFU performance requirements

Energy range 02 .I. 12 kev —— Athena/X-IFU (13 rows, no filter) = XRISM/Resolve (gv closed)
- = XRISM/Resolve (gv open)
. Energy resolution 3 eV at 7 keV design target (4 eV T . —————— T3
. requirement) ]
= Field of view 496 equivalent dia t
Pixel size ~ 5" (1504 pixels) z
L =
Instrument efficiency >12%, >56%, >63%, >42% s
2 @ 0.35, 1.0, 7.0, 10.0 keV :
* Count rate capability 80% high res throughput at 1 mCrab E
. (goal at 10 mCrab) e ;
80% high res throughput on Perseus 3

cluster (goal at CasA) | Energy (keV)

50 % 10 eV throughput at 1 Crab (5-
8 keV)
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The X -IFU in the PLC
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The X -IFU in the PLC e
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TheX-”:UInthePLC | ————
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The X -IFU in the PLC e
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The X -IFU in the PLC

Harnesses routed
through \fgrooves
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The new cryogenic architecture
x New architecture following mission . ., .. ST co e
resco p e EE gg (;nr:)l( ) ADR EMC cover ZOK‘LT(‘:::E s omtom
U Dewar now under consortium mzox A JTpising
' responsibility ~ (AVS).  Passively mox H W
. cooled down to 50K via successive Bk roa || /5 Al [ CO.dhamessesj 5ot
» I‘adlatOI‘ pan EIS [1170K FPAEMCcover—f | J \ connectors l[% %%
Il 270K~300K (RT) Internal Cold 582
o U Active cooling down to 4.5K via A e o
remove US cooler | p—r support ints) £ € 5
® o Compressors and electronics in the Dever PLC / TH'EEOK — “omacrs . B
« basement » d External Cold &
= Competitive process in the US /i S \\
= 0 P P [ /1 ) VG-3 (50K) I

x Last stage cooling via multi-stage ADR
(CEA SBT) / | \\

.. . —7/ ! 74 150« W N
U 5 ADR pIIIS The:::lellzilter

o ~1mWat2K
o ~10puW at 325 mK

VG-1 (170 K)

[PLC] Dewar
dedicated
supports

Filterhousing
dedicated
supports

Thermal Filter
housing

0 ~ 1pw at 50 mK (~ 60 nW without margin .
from main detection chain cold electronics, FWOBF FWSS \' To warm units
~ half in TES shunts, half in SQUIDs) FWA (PLG besemen)
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The new cryogenic architecture

x New architecture following mission
rescope

U Dewar now under consortium
responsibility (AVS). Passively

. cooled down to 50K via successive

E radiator panels

o U Active cooling down to 4.5K via
remove US cooler

® o Compressors and electronics in the

® « basement »

o Competitive process in the US

x Last stage cooling via multi-stage ADR
(CEA SBT)

U 5ADR pills
o ~1mWat2K
o ~10puW at 325 mK

o ~ 1uw at 50 mK (~ 60 nW without margin
from main detection chain cold electronics,
~ half in TES shunts, half in SQUIDSs)

23 | @cnes
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The 4K core

x The « heart » of the instrument is organized in
a 4K core

U ~ 45 kg, suspended inside 50 K dewar (likely
via struts) with an interface at the green
plate level

U Faraday cage (on top of the 50 K dewar one)
to protect scientific signals

U Accommodates two main subsystems

o Focal Plane Assembly suspended at 2K by CFRP
struts

o Multistage ADR providing 2K, 325 mK (thermal
intercept) and 50 mK cooling

U Superconducting looms between 4K and 2K

U (« Tubes » are principle representations of
harnesses to show interfaces)
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The 4K core

x The « heart » of the instrument is organized in
a 4K core

U ~ 45 kg, suspended inside 50 K dewar (likely
via struts) with an interface at the green
plate level

U Faraday cage (on top of the 50 K dewar one)
to protect scientific signals

U Accommodates two main subsystems
o Focal Plane Assembly suspended at 2K by CFRP
struts

o Multistage ADR providing 2K, 325 mK (thermal
intercept) and 50 mK cooling

U Superconducting looms between 4K and 2K

U (« Tubes » are principle representations of
harnesses to show interfaces)
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Detection principle: Transition Edge Sensors (TES)
<VT> Voltage bias
RL Yypnonons
I Absorber
1 L
“Y V ____ | | Thermometer | | Weak thermal fink
TES Heat sink
¥ Absorber [lTES )
7777
A Normal
Functioning point F
E Energy dependent current
« § (reconstructed onboard)
0Q I ~90mK Superconducting
> >
Temperature Time

27 | @cnes



’~ ATHE N /AQUD/TES DETECTION CHAIN i DRTBT 20241 2024/03/28
- CNnes -

TES thermal equilibrium and electro -thermal feedback

x The TES is maintained inside its transition by the |
Joule power provided by its bias

x Under (quasi) constant bias voltage, we have a (v)
negative electro-thermal feedback loop:

LTI
R LI T TIE |
Loy

x Allows a stable operation of the TES in transition and
speeds up the cooling of the TES after an X-ray
impact => pushes the information towards higher
freq uency Functioning point

Normal

x Note that devices with negative dR/dT (e.g. doped
semiconductor detectors) in turn require being

biased via a current  Superconducing

Resistance
<]

Temperature

28 | @cnes



’. ATHE N /AQUD/TES DETECTION CHAIN i DRTBT 20241 2024/03/28 é

- CNes -
Main TES parameters and governing differential  equations

x The response of TES detectors is governed

by two coupled differential equations Pixel parameters definitions
00 Y (mq) i TES normal resistance
" . o o wor et s Y (mK) i TES bias point temperature
Uﬁc‘) v ¥ o Le QI Q "O (pW/K) i Thermal conductance
. 0 (pJ/K) i Total heat capacity
® L QY : . 5 ¢ 1 Thermal exponent
0 EC‘) U Y O v Y  (mK) i Bath temperature
9 L o o . Y (mq) 1 TES bias point resistance
WlthB UO( TYQ . YO U QY Y (¢ 91 Shunt resistance
- v O ‘O(e AT TES current at bias point
= AT
- : : : I (@Y M O
x The TES transition itself is characterized ~40] TOY)i ETF loop gain
locally by two main unitless parameters: 0 7 Unexplained Johnson noise factor
- N 0 (nH) i Damping inductance
TG rlIne T It (¢ 37 Detector time constants at L
| —~ ——
T 1 | |(§; "Q (Hz)1 Effective frequency

VN
v 70
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Main TES parameters and governing differential  equations

x The response of TES detectors is governed )
by two coupled differential equations g
Q0 . e
U—, w o T LEQ Q 10
Qo " -
° ~ ‘ o
] 4 Q Y 5 . v 5
0. U Y O v
Qo
® with § oYy Y ) 0 O Y
o 8 OFQo Gottardi&Nagayashi+21
L] 1600 35
x The TES transition itself is characterized | N ULOR TeE
locally by two main unitless parameters: 1000 = et I \ N
~ [ < - o 800 -‘u:;zzzs um @
LA .S ] o
T T i@ wof R
'Y !Y | (Y T !Y 0:: o i 0 T T T \ T
.,Y "C) 5 10 15R‘,Rn [0/2‘3) 25 R/Ry [%] Nkt
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Main TES parameters and governing differential  equations

x The response of TES detectors is governed

Spuerconducting thermistor

by two coupled differential equations 60
Q0O y o ue 50'
Uﬁc‘) w O O Ve Q Q 7
) QY
e 5 ; o 5 b .
. 6-—. 0 Y O 0 £ | o — LdR
® Qo ) YT RdAT
with l3 oY Y ) 0 |y O 7Y 10
. 0 !O TQb 0 Jlﬂl— 1 1 1 1
60 80 100 120 140 160 180 200
. Temperature [mK]
x The TES transition itself is characterized Plotfrom M. Gonzalez's LTD intro
locally by two maj ' arameters:

__ WARNING: Different convention from
— M. GonzaleZz’s Itd intro (see above)
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Small signal TES impulse response: an X -ray pulse
x In the small signal limit (see Lindeman+00, Irwin&Hilton+05), the TES response
follows
T®QT Qf
. with pFt and p¥T the eigen values of the differential system 20~
'Y —-- Ul g=12
- x  The response is stable (critically or overdamped) if W and W are real. This 151 = - - LUL,,=083
& reduces to a constraint on the circuit inductance =
G The circuitis underdamped (there are oscillations) ifdu - 4 i, o 3
® U Typically, TES circuits are dimensioned such thatd ., E
. x Inthe low inductance and stiff bias voltage limit (=| v o .I=<=| ): z
] n
0)
. t O . ' electrical time constant
Y Y p I
+ 0t 2 p 1 thermal time constant,

q) i ~ accelerated by ETF

x  The readout circuit has to cope with the initial sharp electrical rise whereas the
pulse information is rather contained in the slower thermal response

U For alarge part of the project, the circuit was thus optimized to operate near
critical damping (W W)
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Main TES noise contributors
x Phonon noise (aka thermal fluctuation noise)
{ -||| 3 7 7@ B4+ A ffluctuations across the thermal link
1tljle bat S
X JOhnSOI‘l nOise fI’0m the |Oad I‘esiStOI‘ — Total noise spectrum
' ] 0.2 — TES Johnson noise B
. ) . . : : I .
. 0 g 1| 44 (electrical fluctuations in the shunt resistor) ~ LoadJohnson noise
01k — Amplifier noise
- x TES Johnson noise X '
] i e 1 4 t(E) (electrical fluctuations in the TES < oos
" reaﬁance but amplified by the TES non-linear response) @
U  Without any other fluctuatlon mechanism than the impact of =
b the TES current sensitivity, (k) 7(1&H+00) g o0
" U In practice, only really works at low 51 values. Most recent TESs I
. for X-ray applications exhibit an fiun e x p | abiseein the o.0Lp I )
TES electrical band: {4 _; & 1 n | AN -
0 Hard to distinguish from' internal thermal fluctuation noise (thermal fluctuations 0.005 > : — L. 7
inside the TES, e.g. due to more than one heat capacity, imperfect thermalization, 1o 10 10
é ). It has the same frequency response Frequency [Hz]

U Each white thermodynamical fluctuations is transformed by the
TES system and gets a distinct frequency response
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Main TES noise contributors
x Phonon noise (aka thermal fluctuation noise)
{ SJ| 1 3G A4+ 2 ffluctuations across the thermal link
. xJohnson noise from the load resistor
. 0 g 13l 44 (electrical fluctuations in the shunt resistor) I§ el M AL S E—
+ NEJN ITFN = {gfal
* x TES Johnson noise % ' '
= U | i3l 4 +(E) (electrical fluctuations in the TES &
" reaﬁance but amplified by the TES non-linear response) e
i Without any other fluctuatlon mechanism than the impact of & |
. the TES current sensitivity, 1 () (1&H+00) 5 1074
: U In practice, only really works at low 51 values. Most recent TESs @ : ~ k ey,
R T T T

. for X-ray applications exhibit an A une x p | anbiseein the
TES electrical band: {1y _ 17 n

0o Hard to distinguish from' internal thermal fluctuation noise (thermal fluctuations
inside the TES, e.g. due to more than one heat capacity, imperfect thermalization,
€ ). It has the same frequency response

U Each white thermodynamical fluctuations is transformed by the
TES system and gets a distinct frequency response

Frequency (Hz)

Gottardi&Smith+22
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TES energy resolution and main driving parameters

Simplified TES model at high ETF and (very) low inductance
=> Information limited by Johnson noise

x The TES energy resolution is given by ‘
. . . . — Signal
the integrated signal to noise density: __ Total noise

¥
0 T T@( vioond
_ I T TESresponsivity
vl IKQ( 50 O Q % (= FT of normalized pulse)

T
— T|i Q] o
zaUl I(@( Y g v QY ﬁ("Q Qéz

—
o
(=}

[ary
T

(S
oI

~

h

Magnitude [A.U.]

x In the small signal limit, without amplifier
noise and in strong ETF case:

N gy 10
=0 5 \/T Q"Yo./—-(0O

| 10* 10° 10° 10
Frequency [A.U].
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Impact of different TES parameters on performances: Temperature

30

~0.5
1Q"Y6,/—(0 \/ ¢ "OYRY )/ for X-IFU TES

| p (Y TV~ -3

o
[ x Usual « the colder the better » (t'Q"Y noise scaling shared by all thermal detectors)
Loy

U But need lower Tc and colder thermal bath (fluctuations become much stronger

° when trying to operate a TES close to the thermal bath temperature)
U For X-IFU, {4+ «g O E(including fin thermal link between last stage cooler
and detector), 9|4 o Lk
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Impact of different TES parameters on performances: Heat capacity

Simplified TES model at high ETF and (very) low inductance
=> |Information limited by Johnson noise

- CNnes -

. 10 "Y(S\/—("O) € "OYH'Y ) — Signal for C
30 - ; -- Total noise for C
| p ( Y T Y) — Signal for C/2
\ .- Total noise for C/2
. x Reducing C (but keeping Wrixed): 107
& U Both sensitivity and transduced thermal noise _
increase linearly 2
. 0 Translates into a bandwidth increase =>+/ rimpact £
o on A '%10—1,
E U Limited by intrinsic heat capacity of TES, heat =
capacity of absorber required for the X-ray
stopping power and required energy range
U X-IFU absorber made of a main bilayer of gold
(good lateral  thermal  conductivity) and 1072
electroplated bismuth (better stopping power to
heat capacity ratio) o 0 10’ 10
o Small gold cap on top of absorber to increase IR reflectivity Frequency [A.U].

and protect absorber (Bi) from humidity
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Impact of different TES parameters on performances: Heat capacity

30

QY 6/=(0) J ¢ OYRY )
p

| Y TY)

\
x Reducing C (but keeping Wfixed).
U Both sensitivity and transduced thermal noise

= increase linearly

. 0 Translates into a bandwidth increase => v/ Fimpact
a on A

E U Limited by intrinsic heat capacity of TES, heat

capacity of absorber required for the X-ray
stopping power and required energy range

U X-IFU absorber made of a main bilayer of gold
(good lateral thermal conductivity) and
electroplated bismuth (better stopping power to
heat capacity ratio)

o Small gold cap on top of absorber to increase IR reflectivity
and protect absorber (Bi) from humidity

38 | @cnes
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Impact of different TES parameters on performances: alpha
Simplified TES model at high ETF and (very) low inductance

=> |Information limited by Johnson noise
20 TQYO/—(O e OYhYy ) | _ Signal for alpha
o , -- Total noise for alpha
\1 | P ( Y T Y) — Signal for 2alpha
-- Total noise for 2alpha
. X Increasing alpha: 10°
. U In strong ETF Ilimit, manifests itself as a _
o bandwidth increase => 7¥/) scaling ]
. E
. % 107
=
10—2 L
10" 10? 10° 10°

Frequency [A.U].
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What about pixel speed/bath conductivity  ?

Simplified TES model at high ETF and (very) low inductance
=> [nformation limited by Johnson noise

QY 6,/—(0) | &€ "OYRY )

30 — - — Signal for G
| p (Y TY) 7 - Total noise for G
. \1 — Signal for G/10
i -- Total noise for G/10
x  What happens when we change 1? Warning: « rough arguments » 10°
] A
U Thelow frequency response density scales as 7Ty
= i Phonon noise amplitude scales as v —
o

2 x BUTé to recover same TES setpoint temperature, need to decrease <

- Joule power and thus current scales as 7y => overall signal range T

scales as Tv/q. In total: £ ot | | s/Nincreasesby vp-
* i Responsescalesas TWq s

U  Phonon noise does not change e >
U Johnson noise does not change IS SRR Wi N

x  And bandwidth scales as q
. . . 1077
x Overall { 4 4§ V[ 5is conserved => "does not depend on  at first
order | | |
. . 10" 10° 10° 10*
Note Fourier transform scaling: if x(t) Y X(w), then x(at) Y X(w/a)/|al Frequency [A.U].
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Optimal filtering (matched filter )

X The energy of each X-ray pulse needs to be measured on board

U At 2 cps/pxl and ~ 50 ms pulse records sampled on 16 bits at
130 kHz, the current useful X-IFU data rate 300 Mbits/sé

x Most X-ray calorimeters use Optimal Filtering. It assumes (as an
approximation i both are wrong! But it works):

i Pulses are linear with energy : (9 Y49

L

i Noise is stationary: noise PSD4 | is sufficient to describe the
- full system noise
L

X F minimization problem in the Fourier Space:

I' E( 10(Q O "Yq >* 5 (OCQRY(QT0
5 (9l B 15—Q
(oo T {U\((Q

Equivalentintime domain: P

- CNnes -

Hz]

Amplitude [A.U/

-2
10 E — Pulse spectrum | 3
F — Noise spectrum |
I — Optimal filter '

1 1 1 3
102 103 10* 10°
Frequency [Hz]

Weighting by Noise Spectral Density

The time domain optimal filter
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Optimal filtering (matched filter )

0.000010

X The energy of each X-ray pulse needs to be measured on board
U At 2 cps/pxl and ~ 50 ms pulse records sampled on 16 bits at . w
130 kHz, the current useful X-IFU datarate 300 Mbits/sé 0.000000

x Most X-ray calorimeters use Optimal Filtering. It assumes (as an _ -0 0ovoosy

. approximation i both are wrong! But it works): ¥
—0.000010f
o i Pulses are linear with energy : (9 Y49
i Noise is stationary: noise PSDd ] is sufficient to describe the ~ |
L J full SyStem noise ~0.000020}
¢ X F minimization problem in the Fourier Space: 0000025, - - — - _

: 10(Q O Q| (O(QRY (Q70
I Ef 10 Q| t P B[ \(W Weighting by Noise Spectral Density

The time domain optimal filter
Equivalentintime domain: P
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Record length degradation

x The OHz bin of the OF is usually removed (the filter
becomes zero-summed)

U Energy reconstruction becomes insensitive to offsets and
In general less sensitive to low frequency noise (e.g. 1/f)

RSS energy resolution degradation [eV]

' o Not to low frequency gain variation though (e.g. temperature, bias, — Currentspur namplfer ine
® drifts)! S
® U Information is lost. The shorter the filter (record), the e
o larger the degradation (Doriese+09):
] T i OE ,B«-'O z':_ + Modeled AE_, |
30yl 'I'(<Q< T "YGOY(QQ ;2 — T3 e oBm
7 JP pFco Q g ol NN ]
with'Q = Q) £ — I
o () - }]J:__—_—_—_#_—_—T A?r—: :JF ]
x Slower (easier to readout) pixels lead to larger degradation g )
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Count rate capability

60000

Energy biased by previous pulse

x X-ray photons arrival times are governed by Poisson statistics 50000 Eneray rescluion degrade by the loss
of available data due to next pulse
U Depending on time separation, the quality of the energy 3 40000}
reconstruction can be degraded H
" % 30000
. U Grading scheme used to identify high (and lower grade) resolution i
. events. Creates branching ratios as a function of count rate g 20000 e\ T
o x An X-ray calorimeter count rate capability is thus usually defined as 2
pu a fraction of high resolution events to be met at a given count rate of : . -
Time [ms]
. x This C.R. requirement, yields a maximum total time period <7 that R b &
IS permitted to process an X-ray event: f 3 f | | / H,
= o 4 «{-- template length -
- . T e T v g~ v v 3 . \ I |0CO'Y) [
Foruniformcountrate: 0(0OY 0(¢ éQu@asdo ) Q t 30 — = M,
= (5
y
. 3 S
For nor?-unlform countrate oy "B Oy "0 R E = .
(e.g. point sources):
Ls

30 p Tt 0 time

/ \ SXS event grading

Simplified secondaries exclusion Available time for pulse processing
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What about X -IFU? On focus constraint

x Two main types of count rate capability requirements:

U Point source: 80% throughput at 1 mCrab, goal at 10 mCrab
U Extended source: 80% throughput on Perseus cluster, goal
at CasA

x Without defocusing, in the original X-IFU concept (250um pixel

pitch), ImCrab lead to ~ 42 cps on central pixel (also larger
mirror)!

U 80% throughput criterion yields 07 + (.
U Much tighter constraint than extended source goal (2.3
cps/pxl => N7~ )"l
x Which pixel speed is required to make this work?

U As asimplification, Vi+. .V[||nd ‘..caled together with
respect to orlglnal « Large Pixel Array » pixel parameters
(Smith+16) e scaling G without changing other parameters

U For aZ2eVintrinsic detector, need ‘I"] the range of 1 kHz

Y [mm]

Energy resolution with trec deg [eV]

3.0

2.8+

26}

2.4

2.2

2.0

1.8+

0.000 0.000

0.003 ' 0.001

0.032 | 0.003

0.089 R
0,032 | 0.003
0.006 | 0.003 0.000
0.000 0.000 0.000

-0.5 0.0 0.5
X [mm]

- CNnes -

10

=)
<
oljelJ Juno)

[
o
w

10*

— On focus 1 mCrab
Cas A

1
500

1000 1500
Effective frequency [Hz]

2000

45 | @cnes
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What about X -IFU? Introduction of defocusing

x Early in the program, ability to defocus the mirror was
introduced (same mechanism as for instrument
selection)

U Spreads point source flux over several hundreds of

pixels
U 1 mCrab constraint becomes i 8
N1 TRFo ™ Hi

X Instrument can simply be dimensioned on extended
source count rate goal

U Count rate constraint becomes much less stringent

U Cani s p e ragbociated margin to either:
o Decrease the pixel speed => easier to read out (see later)

0 |Increase the pixel size => lower number of required pixels to
populate the field of view
A Of course, stillneedtofi p r o psample yhé PSF
A still reasonable imaging with pixel size ~ telescope HEW
A Athena HEW = 506(now 100 & 291 pm with 12 m focal length

U We did both

Y [mm]

—0.018

0.010

0.005

0.000

—0.005

—0.010

—0.005

0.000
X[m

0.005

0.010

225

200

175

150
Ia)
[]

1255
=l
°
o

1007

75

50

25

0

46 | ®@cnes



~ ATHENAQUD/TES DETECTION CHAIN i DRTBT 2024 i 2024/03/28
.. CcNnes -« - - -

Evolution of TES array design over X -IFU study

w4000 .Athe;\a CIf)F . — I Masslsaviﬁg e)l(erciie = .Rescope
X +I-PRR E 3001 ]
a — |-PRR
5 »Mass saving exercize < - X "
N L 4 = [ _Athena CDF
g 2000 2 Rescope a 250 = ]
= O]
- g X -
z & ]
- 2001 8
ot . ]
n r 1 50 R 7
- K 100} ,Athena CDF . . escope ]
c - II—PRR - ;
< Mass saving exercize [ ]
L S " : ]
- s < 40| =Athena CDF I-PRR ;
o 50F T = i ]
.' 8 I uRescope ] i Mass saving exercize |
g : 30
e = ot . - : :
5[ «Athena CDF .I-PRR .Mass saving exercize | T 1000r LAthena CDF i
L —_ ] a. )
E 4l - Rescope | c 800 - |
S U ' o
s 3 ] g
g 3 . i < 600r I-PRR -
> 2 v . .
(e I ] = a Mass sgying exercize
] = Rescope
1 L L 1 L | L | L 1 s | L | ) é’ 400 B L 1 L | L | L 1 s | L | B
2014 2016 2018 2020 2022 2024 2026 L 2014 2016 2018 2020 2022 2024 2026
Time Time

x Preserved instrument performance for most of the study while significantly
decreasing demands on the cryogenic system
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Evolution of TES array designover X -IFU study

Silicon nitride Mo/Au

Absorber supports
SiN N EEIAS
membrane

Au stripes =
SiN=— *
membrane

—*

Absorber contact region

. Parameter LPA1[1]
Start of phase A baseline
249

Nb bias leads Absorber outlme
LPAa 75 AR:0.5 [2]

(2)
LPA2.5a[3] LPA 50x30 pm [4]
End of phase A baseline (FDM) First TDM baseline pixel Current optimization
275

® Pixel pitch (um)
® “Y (mK) - TES bias point T° 90 88 89 89
O (pW/K) - Thermal cond. 200 60 72 66
b 0 (pJ/K) - Total heat capacity 0.8 1.0 073 073
- 'Y (mQ) - TES bias point 1 71 0.97 14
. resistance
U (pW) - TES bias power 463 1.31 1.55 141
| (VYT oY 75 532 619 619
T (@yr M o 1.25 8 22 22
U - Unexplained Johnson noise 173 188 1.88
factor
070 1 1 0.64 0.74
"Q (Hz) - Effective frequency 962 421 477 435
30 - Small sigresolution 17 1.68 172 172

48 | @cnes
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TES optimization for AC bias

x Original X-IFU concept used FDM multiplexing (see D. membrane. |
Pr ° | présentation tomorrow) with TESs operated A
under AC bias
: x  Two main degradations observed wrt. DC bias posorverconctresion
: U AC losses from Eddy currents generated in the Absorber 250 um Volumeiric Los Dty a Absor Wi
- normal metal structures
o Prevents biasing low in the transition, spoils alpha, adds an
@ additional noise source TEs: 50 um
U AC Josephson effects .
® o Relatively large non-linear Josephson inductance in parallel with the £
TES resistance 5
A 0 Generates step-like structures in the TES transition c 5
. X \]Olnt NASA/GSFC and SRON effort tO Optlmlze TES TESModeIingandDissipativeLossSimulatic;n;vimFEM

. design

] TES 120pm, f, = 1.71TMHz 2 e
: U Remove normal metal features as much as possible —— ' — o
(notably stripes) | 1 o

<
210
= &

- RSJ model

R_lpt,[l’l"lﬂ]
L - e =]

U Reduce non microstip area loop formed by TES and e
leads 0.12 100 T30 200 250 0
U Increase Rn, notably via increased aspect ratio RN DPIY I A ; T oo —
o Higher Rn at the same power reduces the weak link effect oo *’*‘i’ffif/j/ / ;%‘/&77‘7./-»— 01
.. . . Py . —005F F AR TR 0.0 01 02 03 04 05
U Reduction of pixel speed to mitigate carrier leakage B TR T T Virs ()
Vres [nV]

49 | @cnes
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SQUID readout

Absorber

7777

X
i
i
@ Voltage bias
X
i
i

.. CcNnes -« - - -

TES current is readout by SQUIDs (Superconducting Quantum
Interference Devices)

The current flows through a coil to create a magnetic field

The SQUID transduces the magnetic field into a measurable

voltage signal
Photon \_BiaSVd‘age . /":/:'r?sgteo?ieglzltrmics N joliage——"
6 \\L Superconducting \ SQUID

“ material —~ &l .
C”ﬂy .S‘ JIRURtr ’ / ~ Current
- v _'/‘\\ <
\-’/—\/ - */\/' /. — Magnetic

— Qutput coil — Josephson
\ — . flux ®

A junction
Gound \ ’

A SQUID characteristic is very non-linear (almost a sine wave)

Its linear readout requires a feedback signal generated in the
warm electronics

Operated in a so-called « Flux Locked Loop » aka FLL

VSA VSA

400 400}

N
=1
=3

200

o

o
2
SA output (arb. unit)

SA output (arb. unit)

&
-]
e

02 00 02 04 06 08 10 12 %300

0.2 04 0.6 08 10 12
flux in SQUID1 (&) [0}

flux in SQUID1 (a) q
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Time Domain  Multiplexing (see also D. Pr ° | erésentation )

Column 1 4 Colurrln 2

<« LNA .
7] - 3 X <. .time between
::I two rows/pixels (160

ns for X-1FU)

X '>+D-JJ.| Fé 113 ;ZI::-

L .
time between two
reading of the same
o row/pixel (=48x160 ns

=7.68 us for X-1FU)

x X-IFU operated in 4
iIndependent (but
synchronized) 8x48
TDM schemes
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