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Synchrotron applications y PSI

Mitchell et al, 1999.
Structure 7 (5),
R111-R121

 Synchrotrons are electron accelerators used to generate X-rays
* High X-ray flux

The linac and

Macromolecular boowlesing
. Crystallography \
- Leonarski et al.

* Energy selection through monochromator
* EUV (<100 eV)to hard X-rays (>100keV)

* Highintensity on the detector

* Photon-starved applications possible

* High speed :
e Coherence T
e Polarization @ ""bt?c’ﬁhg@phy_, Fy‘,llvfiel-d ﬁuorescenbe

imaging..
Marone et;\""%v

Operando diffraction‘
Hocine et al.

. Holler et al.
 Pulsed time structure w e o

- SNy
Magnetic contrast

2 ptychography — Butcher et al.



SLS 2.0 - a 4" generation synchrotron
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Hybrid detectors

— e Semiconductor sensor

Direct conversion

* Versatile CMOS readout chip
* Fastreadout
 Radiation hardness

sensor |
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Everything in-house

Sensors

Electronics

_Mechanics

Firmware
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PSI Detector portfolio PSI

Microstrip

25/50 pm pitch 75 pm pitch 25 pm pitch

<2,
ST

Single photon
counting

Charge
integrating



Readout modes  PSI
Photon counting Charge integrating
Total Total
5 5
fluorescence fluorescence

Tota Total
4 H
+1 +1 +1 +1 F 5.5

—

Noiseless, very large dynamic range v’ Compromise between noise and dynamic range
v Stable operation, well established v" Works also at pulsed sources
calibration v Detection of multiple soft X-rays
v Fluorescence suppression x  Saturation for long integration times
v" Frame rate scales with counter depth
x  Pile-up 1MHz/pixel
x

Soft X-ray detection prevented by noise



State of the art | PSI

Photon counting Charge integrating with adaptive gain

Total

fluorescence

Ne 3] TP
4

+1 +1 +1 +1

Noiseless, very large dynamic range v Single photon resolution for hard/tender X-rays
v’ Stable operation, well established v Detection of multiple soft X-rays

calibration v" Dynamic range up to 10% photons/pixel/s
v :

Fluorescence suppression x  Saturations for long integration times
v :

Frame rate scales with counter depth x Challenging calibration and cumbersome data
x  Pile-up 1MHz/pixel processing
X

Soft X-ray detection prevented by noise



Upgraded light sources: many more photons!

PSI

Photon counting Charge integrating with adaptive gain

AN

x

Noiseless, very large dynamic range v

Stable operation, well established
calibration

Fluorescence suppression

Frame rate scales with counter depth
Faster shaping, pile-up tracking
Pile-up = 1MHz/pixel

Soft X-ray detection prevented by noise

*x x N S

— e L

Single photon resolution for hard/tender X-rays

v' Detection of multiple soft X-ray

Works also at pulsed sources

Dynamic range up to ~10% photons/pixel/s
Supported flux scales with frame rate
Saturations for long integration times

Challenging calibration and cumbersome data
processing needs high throughput!



PSI Detector portfolio

Microstrip

Single photon
counting

Charge
integrating

10

25/50 pm pitch

75 pm pitch

25 ym pitch




MATTERHORN: the next peak for single photon counting

I TN TN ST  Fullsize ASIC submitted last week

Pixel size 75X 75 pm? e Dual polarity analog chain
Module size 4 x 8 cm? * 4independent comparators and gatable
Thresholds 1 4 counters
Min Threshold ~ 3 keV ~1.5 keV * Pile-up tracking
Counter depth 12 bit 4 x 16 bit * Pump-multiprobe measurements
rl\::;(. Frame 10 kHz 20 kHz * Synthesized digital periphery
(8 bit) (burst) (continuous) * On-chip PLL
* 4x3.125 GHz serializers / chip
Count rate
0.35 20 .
(90% . :
. . Mcounts/pixel/s  Mcounts/pixel/s
efficiency)

Gating ~ S ~20ns
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MATTERHORN prototypes

PSI

n Count rate capability with 90% efficiency
(MH01-MH02)

— 2.5MHz (1 counter)

Pixels 48 x 48
Min threshold < 2keV — >7.5MHz (3 counters)
Noise 80 e- ENC rms Below expectation, due to low
Threshold 33 oV rms comparator current used
dispersion
Courtesy E. Frojdh
= ) - |
L] ] 1.0 o 8
10° 1 e
i [ ] B
=z Noise vs. rate capability . —
g . ' MHO2 Preliminary
é (one counter) MHO1 - SOLEIL Beamtime June 2024
9 S 0.6 -
E .E Energy: 9 keV
2 - 233 e~ - 2.49Mcps £ "-‘l’f:h‘.lﬂﬂ Dose rate dependence of
g 10° 1 o 201 e~ - 1.69Mcps 0.4 vrsh: 700 TID Damage in front-end
iﬁ ¢ ¥ 166 e~ - 1.69Mcps . electronics for SLS 2.0
® 143 e - 1.15Mcps Counter 0 ViveRa cavtam.
[ ] 118 e~ 0.39Mcps 0.2 4 —— T 82ns - Effg.9: 1.3Mcps Movwlald poster session
® 98 e~ 0.07Mcps Sum counter 0-3
® e 82 e~ 8.01Mcps —— T:82ns - Effgq: 7.5Mcps '_;.‘: g
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Noise [e-] Incident rate [cps]

025
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JUNGFRAU2: faster, even higher intensities

y PSI

A 1M charge integrating
hylbrid pixel detector for
electron diffraction
Khalil Ferjaoul

. . Mowday 15:00
Pixel size 75x75 pm? .
Module size 4x8 cm? RSN

. Characterization of the
Dynamic range 104 JUNGFRAWU 1.2 readout
ASIC
(1 2 keV) vaolgm Kedach
Min Energy* ~ 800 eV ~ 600 eV Thursday 11:00
Max Frame e o
- 2.2 kHz 10 kHz At Synchrotrons full duty cycle 2 kHz ==y 10 kHz
rate
* 2 GB/s/module —) 10 GB/s/module
Max count rate 22 100 . 190 TB/day/module === 1 PB/day/module
(12 keV) Mcounts/pixel/s Mcounts/pixel/s - 5.3 PB/day for a 16M detector s 25 PB/day for a
Storage cells - 16-64 _16M detectol
(burst mode) Rebin-able C ot ‘:
TR
&% g | DR | Lt S
* with single photon resolution, standard silicon | r - A% T o= & pad ;
13 1ns 10 ns 100 ns és 100 ps 1ms 10 ms 100 ms
Wranik et al. Nat Commun 14, 90 (2023).



Maximum detectable intensities PSI

Faster than Moore! =2t/1.55y

1.E+06

1.E+05
JUNGFRAU2, -+

CITIUS %

1.E+04

1.E+03

1.E+02

-e-Charge Integrating

Maximum Flux (Mph\s\mm?)

1.E+01 __}i""
aue®®’ -&-Single Photon Countin
1.E+00 PILATUS ; ;
1 E01 Large pixels
2000 2005 2010 2015 2020 2025 2030

Year
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v Hatsui, PIXEL 2022, full duty cycle, burst mode 17.4 kHz



 PSI

Silicon quantum efficiency

Standard
Silicon

High-Z

Efficiency (%)
00
o

),
o

=
o

3D Doping Concentration
maging of Silicon
Sensors Using Backside
Pulsing
Y i A I W Xiangyu Xie
0 L L oa il R T N | wWednesday poster session

10" 1 10 10
Energy (keV)
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High-Z sensors for hard X-rays

Absorption Efficiency (%)

16
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150

CZT as a Matertal for
Detecting Hard X-rays at
Sywnchrotrons and FELS

Jonathan Mulvey
Tuesday 9:50

Enhancing the
Performance of High-Z
Sewnsors for Photon
Science Applications
Kirsty Paton
Tuesday 10:10

PSI



Soft X-rays detection

p+

Standard

Zhang, et al. JINST 2022; 17(11): C11011.

Shallow absorption of soft X-rays

¢ Thin entrance window technology with improved doj

and thin passivation

'D(

EJ <ESSLLR

Characterisation of
inverse LGADS i the soft
X-ray energy range
Shuqt LL
Tuesday 11:00

Charge per photon comparable to electronic ..... -

e Exploitinternal multiplication of LGADs to increase SNR
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Occurance

Courtesy J. Zhan
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Single photon counting below 1 keV y PSI

Jh i * Largest LGAD ever!

| e Single photon resolution down to ~500 eV
» Effective noise reduction

 Cooling required

* Scientific papers at the Fe L-edge (700eV)
and O K-edge (530 €eV)

4 X 4 cm?2 iLGAD

Image of a FZP acquired using EIGER
SIM beamline SLS
F. Baruffaldi et al., under review.
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More X-rays for photon-starved applications

Total * With fast frame rates and low fluxes

fluorescence  Energyresolution < keV

‘ « Super-resolution ~um

Total * Developments to sustain higher fluxes
° « Faster frame rates
ﬁ * Machine learning to handle pile-up
l_l — ' JAI—__" P

O
WAL

P
\WAEAUNUAU)
e AT -

Hgbréd Pixel Detectors

~ Wedwnesda Y poster sesslon
SENSOR

~ -

INDIUM BUMP BONDS WIREBOND PADS .,

CMOS CHIP
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Super-resolution

LGAD sensor @ 500eV Silicon sensor @ 10keV
| e

25 um pixels

25 um pixels

(%)
c
High frame rate RIXS o |
Spectroscopy using a g_
JUNGFRAW detector with —
an LLGAD sensor
Viktoria Hinger
wednesday poster session

5 um bins

75 um pixels

2.5 um bins

5 um bins

20



MONCH: high spatial and energy resolution

21

Targeting low noise

Hyperspectral imaging with super-resolution
RIXS combined with LGADs

Scalability is challenging

800 kpixel on a single chip

1.6 Mpixel module, non negligible gap

Huge data throughput

~ kHz frame rate, compromise with ROI

On-the-fly data reduction is mandatory!

blood vessel

C. Dullin et al., J. Synchrotron Rad. (2018)

Fgllfield ﬁuorescence
imaging .
Marone et al.

Fourier ptychography
Wakonig et al.

MONCH1.0
modules
2.56 x 3.84 cm?

MONCH1.0
2.56 x 1.92 cm?

MONCH big
prototype
1x1cm?

MONCH
prototype
0.4 x0.4 cm?2

PSI

2028

2026

2015

2013



PSI

Summary

MATTERHORN single JUNGFRAU2 and LGADs for soft X-rays High-Z sensors for hard

photon counting Megaplxel MONCH * Soft X-ray single photon X-rays

* Faster shaping High frame rate counting * Large area single photon
*  Pile-up tracking e High performancedata ¢ RIXSdetector with counting

« Higher frame rate conversion and interpolation « High resolution energy

compression platform dispersive imaging

22



Detector plans for SLS2.0

16M MATTERHORN
1.5M MATTERHORN (OMNY)
1.5M JUNGFRAU (Serial laminography)

500k MATTERHORN LGAD ]
500k MATTERHORN (PEEM) )

10

NAPP
2027
~

P22
R

4M MATTERHORN High-Z

4M MATTERHORN High-Z

Injection Depy,q

/ or ‘Q%\SOOk JUNGFRAU CZT (FFFT)

1M MONCH LGAD

%

short straight 60 k M YT H E N 3
medium fstraight b 4 M M ATT E R H O R N
4M MATTERHORN High-Z

normal bend /

*o

&

4M JUNGFRAU LGAD

b
4

8‘90’6,
U

\\ /
R N —0/ 16M MATTERHORN

16M JUNGFRAU

23 4M MATTERHORN LGAD



! 15t Joint X-ray Sensor Workshop
From Soft to Hard X-rays
ETH Zurich (Switzerland)

X-RAY SENSORS 12.-16. January 2026

OFT X-RAY DETECTORS Hi AD
12-14 JANUARY 2026 15-16 JANUARY 2026
Bridging Science and Detection High-Z Pixel Array Detectors for Photon
Technology for Soft X-ray Applications Science
Call for abstract is open! Abstract: hizpad.community@gmail.com

Webpage and registration:

https://indico.psi.ch/e/XRaySensors2026

Registration for the two workshops is separate.
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Thank you! PSI

High frame rate RIXS
spectroscopy using a
JUNGFRALW detector with
an LLGAD sensor
Viktoria Hinger
wedwnesday poster session

2D Doplng Concentration
maging of Silicon
Sensors Using Backside
Pulsing
Xiangyu Xie
wednesday poster session

aare — A Flexible Data
Analysts Library for
Hy brid Pixel Detectors
Erik Frojolh
wednesoay poster session

Dose rate dependence of
TID Pamage tn front-end
electronics for SLS 2.0
Viveka qautam
Mowday poster session

Ll ¥

\j

o ; 1

e [l l

i

y

Enhancing the
Performance of High-Z
Sensors for Photon
Science Applications
;é’urstg Paton
Tuesday) 10:10

b A 1M charge integrating
hylbrid pixel detector for
electron diffraction
Khalil Ferjaoul
Mowday 15:00

4 CZT as a Material for
Detecting Hard X-rays at =g
Sywnchrotrons and FELS
Jonathan Mulvey
Tuesday 9:50

Characterization of the B8

JUNGFRAU 1.2 readout [
ASIC

vadym Kedyoh

Thursday) 11:00

X-ray entrgy range
Shuqt Li
Tuesoay 11:00

k

~

Back: V. Kedych, M. Muller, P. Sieberer, K. Ferjaoui, M. Bruckner, E. Frojdh, J. Heymes, C. Lopez-Cuenca.

Middle: K. Moustakas, C. Ruder, J. Mulvey, S. Silletta, V. Hinger, A. Mozzanica, M. Carulla, X. Xie,.
o5 Front: R. Dinapoli, A. Bergamaschi, S. Li, D. Thattil, J. Zhang, A. Mazzoleni, V. Gautam, D. Mezza, T. King, B. Schmitt.
Missing: S. Ebner, D. Greiffenberg, S. Hasanaj, K.A. Paton, C. Posada, A. Haugdal.
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Large detectors

 PSI

27



New counting modes

Photons

Paralyzable

Time over Threshold

Bergamaschi, JSR (2011)
SRS AR T Y """

Zambon, NIM A (2021)

Pile-up tracking
 Andrd, JINST (2019)

* Reduce shaping time

* Dependon

fill pattern

* Challenging calibration

(MH2)
0 5 10 15 20 25 30
[ I I I I I I
0 1 2 3 4 5 6
? 1: I | [ I ]
50 9 :_ ....... Ideal 6
_'0_-! FE | — Paralyzable
E 0.8;— — ToT .
By 7:_ —— Retriggering /,4_- 3
o™ - | — Pile-up tracking 47
2 0.6F =150 ns /f P ~4
8 0 5:_ 1=30ns A
s s -3
0.4F ;/
C T
0.3F A 2
: y
0.2¢ 5// 1
0.1F

Photon rate (1)

% 01702703704 050607 0.8 09 1
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Calibration into number of photons

[16bits]

Bit masking

PSI

*Fresnel zone plate at
XIL beamline, SLS,

92¢eV
*Etched sensor (no Al),

b = module mounted to
f:iiga]-n = flange in high vacuum
(; 1(110 260 S(I)O 460 COIU;O: i 0
Pedestals ¥
; B =25 l ' 12000 2 250 s
QEE:E;Z .. 'gzoo E 10000 “%mé_ o 10000
“Fpedestal corrected on  "F Pedestal corrected g™
8l ADC B cfADCGT W P ADCGZ
9 COIursnor? 0 100 200 300 400 COquno: 0 100 200 300 400 CDIU;O:
Gain factors ¢ i 4 Seaed poAD
=250 NiA)
o 10°
200 § 5
S. Redford et al., :g
150 4
JOURNAL OF o
INSTRUMENTATION 11, ™ e : 0
C11013 (2016). o QR "
29 4 G R 7
& 0 A 100 200 300 400 500 L

Column



Adaptive gain methods

* Noise increases with exposure time
Linear * Fast frame rate extends dynamic range
'deal performance * Challenging calibration
=
g 905 ------- Poissonfimit | ”
E 80 SNR>5 '
Gain switching Q. [ |— Gain Switching
JUNGFRAU, AGIPD, ePix @ 70 | __ Nondinear gain
g 602— —— Charge removal |
Non linear 405_ Only
DSSC C qualitative
305_ trends!
l|l|/|/|/| oF e
Charge removal C _Fﬂ_'_'_'_,_,_-—'—‘74|
V VVVV MMPADX/derDynam/x = ol b L liaallh e
T V ' S 00 1000 2000 3000 4000 5000 6000 7000 8000

Number of photons
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Adaptive gain methods

* Noise increases with exposure time
Linear * Fast frame rate extends dynamic range
'deal performance * Challenging calibration
W onl !
g 20:_ ------- Poisson limit
E 18-{|  sNR2s
Gain switching 9"16:—; —— Gain Switching
JUNGFRAU, AGIPD, ePix o E —— Non-linear gain
6 14__5 —— Charge removal
121
Non linear 10';'_ 7
DSSC 8;- /
5% / Only
4 qualitative
AAA II”/|/|/|/ / - trends!
Charge removal 27/
V VVV MMPADX/derDynam/x sl DL
. | V "I 00 1000 2000 3000 4000 5000 6000 7000 8000

Number of photons
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Energy resolved imaging at X-ray tubes PSI

A full spectrum with an energy resolution of about 750
eV FWHM is acquired for each pixel

-

s 0 9 »

[ 0.8;— —— Silicon wafer
g 0.75— —— Gold on Silicon

& A N T P s Loy
00 5 10 15 20 25 30 35 40
Energy (keV)

Siemens Star with spokes 60-0.5 pym gold on silicon with silicon microspheres
W-anode X-ray tube 40 kV 200 pA
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Edge subtraction imaging

Images can be binned in energy
Below the L-edge gold becomes “transparent” to X-rays

Below Au L-edge

Siemens Star with spokes 60-0.5 pym gold on silicon with silicon microspheres
W-anode X-ray tube 40 kV 200 pA
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High resolution energy resolved imaging

Color imaging works also in combination with
interpolation.

a1ttt
1“-"1?'1;".’:5.'
i ﬁﬂl i

¥ i‘|.”
i Il
'.lllllli!

Below Au L-edge | Interpt ‘ m ins

Siemens Star with spokes 60-0.5 pym gold on silicon with silicon microspheres
W-anode X-ray tube 40 kV 200 pA
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