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Elettra I 150 ps bunch, 2 ns spacing  (Elettra II) 

Seeded Fermi FEL 50 Hz, 150 fs pulse  

CNR IOM



What we need in accelerator 
based photon science with 

X-rays
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• Imaging detectors (Elettra / Fermi)
• Low energy (30 eV – 2000 eV), frame rate ≥ 50 Hz, pixel size ≥ 5 µm x 5 µm, D ≥ 16 bit
• mid to high energy (10 keV – 60 keV), frame rate ≥ 1 Hz, 

• Pixel size ≤ 50 µm x 50 µm (direct conversion), spectroscopic properties
• Pixel size ≤ 5 µm x 5 µm (indirect conversion) 

• High Z materials ( III – V group elements -> sufficient absorption for high photon energies )
• Ultra fast single photo counters (𝜏 ≤ 100 𝑝𝑠) (requires avalanche processes, high mobility)
• Low time jitter (Δ𝜏 ≤ 10 𝑝𝑠) 
• Scalable multi element Spectroscopic detectors (beamlines want collect more solid angle) 

Valuable properties also in other fields (Astrophysics, HEP, medical imaging, etc)

If we can we buy detectors, we will do otherwise we have to develope



SDD systems for Elettra I /II
Trapezoidal SDDs for soft 

X-ray  microscopeTwinMic

SDDs for X-ray fluorescence spectroscophy (XAFS) 
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Main properties:

❖ 450 µm Si thickness
❖ Thin entrance window
❖ Low leakage current (down to 

20pA/cm2 @20ºC)
❖ Low anode capacitance ( ⁓30 fF)
❖ Implants for temperature 

measurements



EXAFS SDD

11

to a few hundred counts per second in each detector element . The spect rum presented

in the right panel of Fig.3 required about 12 hours, averaging 18 energy scans. Despite

the higher stat ist ical noise in the data, the main spect ral features are clear to be used

for reliable quant itat ive analysis to assess the Cr local coordinat ion chemist ry in the

sample.

Fig. 2. XRF spectrum of the C20 sample: the fluorescence intensit ies are shown in

log-scale, the Fe, Mn and Cr K↵ fluorescence signals are emphasized in colour. The

di↵erence in concent rat ion is reflected in the relat ive intensit ies of the XRF signals.

I U C r m acr os ver sion 2.1.10: 2016/ 01/ 28

Diluted samples in Ca matrix
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1.5 mm

Ag 120 mg /ml 

Br 160 mg/ml

Synchrotron light

Sample holder

Operating energies: 183 eV (Kα B) – 2 keV

4

Needs for new solutions: increase 
user throughput

SDD backscatter

Imaging detector

Comparison: current vs new detector systems

Current TwinMic detector system
Novel SDD detector 

system

Detectors – Total N. of Channels 8 - 8 4 - 32

Total active area [mm2] 240 1230

Solid angle [%] 4 27

Counts [kcounts/s] 35,1 195,0

Counts gain [%] 100 556

Experiment time equivalent [hh:mm] 10:00 1:48

FWHM 88 eV

Asbestos fiber in lung tissue 
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Figure7. Elemental distributions of Si, Mg, Al and O in aslice of human lung tissue containing an asbestos

fibre, together with the corresponding absorption image (Abs), where a comparison between 1 trapezoid

(figure 7a) and the standard LEXRF setup of TwinMic (figure 7b) is depicted. In figure 7c are shown the

sum spectra of the current collimated TwinMic system and one non-collimated trapezoid of the new setup.

Theenergy resolution iscomparablewith that of the8 standard SDDs, although wenote the lack of

acollimator, which hasalready been produced and will be implemented for thenext test campaign.
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1.5 mm

Ag 120 mg /ml 

Br 160 mg/ml

In 200 mg /ml

4

Needs for new solutions: increase 
user throughput

Elettra - PCO collaboration (Gpixel Gsense Pulsar sensor)
BSI Sensor Towerjazz

Absorption Refraction x Scattering  x 

Siemens Star pattern  Virtual pixel size 300 nm

R.H. Menk et al 2022 JINST 17 C01058
DOI 10.1088/1748-0221/17/01/C01058



50Hz Fermi FEL operation

H10

FFT

H06

FFT

Optical delay line to elucidate the coherent 
length for  each bunch

H6
λ = 41.67 nm

τFEL ≈ 66.4 fs

Simoncig, A. AC/DC: The FERMI FEL Split and Delay Optical Device for Ultrafast X-ray Science, Photonics, vol. 9, issue 5, p. 314, 2022



PERCIVAL CMOS imager
Higher framerate, higher dynamicPERCIVAL: Motivations and Goals

First user experiments of the PERCIVAL soft 
X-ray Imager.

PERCIVAL @ P04: Holography and SAXS

Brilliance of photon sources increases and thus

detectors are required to simultaneously provide:

-high dynamic range

- single-photon discrimination

- speed commensurate with the photon source

Detecting photons in the water window is challenging 

due to the sub-µm absorption lengths for Si and SiO
2
.

The Entrance window needs to be minimised while 

ensuring a suitable field geometry near the 

surface.

New detectors needed!

PERCIVAL: a collaboration between DESY, STFC, ELETTRA, DLS, PAL and SOLEIL. 

⚫ Primary energy range: < 250 eV to 1 keV

⚫ Single photon sensitivity

⚫ High dynamic range

⚫ High frame rate

⚫ -doping implemented by JPL/NASA consists 

of Low Temperature Molecular Beam Epitaxy to 

bring the window entrance thickness to few nm 

⚫ Alternatively, a combination of  shallow 

doping and laser annealing made by 

IBS/EMFT could reach ~ 20-30 nm thickness

Full P2M System

Monolithic Acti❖e Pixel Sensor CMOS

Back-thinned (~12 µm) 

& shallow doping
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partially-pinned 

photodiode

nmos -in p-well (avoid 

parasitic collection)

Lateral Overflow

Wafer Post-Processing

The pixel is based on a 3T structure enhanced with a 

series of switches and capacitors connected in 

parallel. Embedded lateral overflow circuitry 

increases the capacity of each individual pixel on a 

frame-to-frame basis, adapting to the photon flux.

Different wafer post-process options have been 

investigated:

⚫ 100 % fill factor 

⚫ Multi-Megapixel, small pixels (10s µm) 

⚫ High and uniform QE
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Operation mode (1)

beamstop

Beamstop-(frame)-induced-features

FTH

CDI

magnetic domain

FTH

CDI

Holography 

(with Beam Stop)

Holography 

(without Beam Stop)
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C.B. Wunderer et al. “The Percival 2-Megapixel monolithic active pixel imager“ , JINST (2019) 14 C01006

A. Marras et al. “Characterization of the Percival detector with soft X-rays”, J. Synchrotron Rad. (2021). 28, 131-145

PERCIVAL @ FLASH:  Ptychography @ FL24

k)

Left: Diffraction pattern at very low flux at 155 eV. 

Right: Diffraction image of 10um pinhole from single 

FEL 91.85eV pulse. Scale for both in e-.

Sketch of experimental setup

Experimental set-up at the FL24 beamline in Dec 2020

• O❖er 2 Million 27 x 27 mm2 pixels

• 4 ⚫4 cm2monolithic imaging area

• 1 –50000 photons at 250eV, 15e-RMS

• 2-side buttable⚫ clo❖erleaf for FEL

• Full-sensor design frame rate 300Hz
(demanding massive parallelization on-chip)

8 ADCs per column

Percival 2M “P2M” 

sensor

4 x 4 cm2

27 x 27 mm2 pixels

1408x1484 pixels

Left: Soft X-ray diffraction through a circular pinhole, at energies from 250eV – 1keV. 

Right: Cross-section of Airy-ring Pattern recorded in autoadaptive gain (red:high

gain, blue: medium gain data points) compared with theoretical expectation (orange)

Single-Photon discrimination capability: 

SNR at 250eV-1keV, determined in highest 

gain, in a mode suppressing crosstalks.

Note the 

lack of 

streaking 

from beam 

stop frame 

artefacts!
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Ptychography at FELs method: DOI https://doi.org/10.1364/oe.426931 , these experiments: Posters MML Workshop 2021  M.Mehrjoo & K. Kharitonov

Comparison of the resolution obtained for segments of a 

Siemens star, recorded in multi-shot (scanned) Ptychography 

with Percival and the more conventional Andor camera

Percival’s primary advantage: larger dynamic range.

raw images              resulting reconstruction

Finger plot showing individual 250eV 

photons. Data recorded in highest gain, 

in a mode suppressing the crosstalks.

Note: data rate up to 20 Gbit/s

Comparative characterization of plasma-treated 

polymer surfaces

(top: SEM images, bottom: X-ray  ptychography)

User feedback:
“I would prefer the PERCIVAL due to the 

bigger chip size and dynamical range.”

Delta-doping: M.E. Hoenk et al. Proc. SPIE 7419 (2009)

SAXS “Teaser”

Percival’s multiple gains & resulting dyn. range 

enable working without beamstop

SEM image of the sample 

(distance between dots 

~ 100nm) 

and 

resulting SAXS patterns 

obtained with 400eV 

photons

~ 130 cm (Percival),
~ 60 cm (Andor)

treatment 1                               control                                treatment 2

PERCIVAL: Motivations and Goals

First user experiments of the PERCIVAL soft 
X-ray Imager.

PERCIVAL @ P04: Holography and SAXS

Brilliance of photon sources increases and thus

detectors are required to simultaneously provide:

-high dynamic range

- single-photon discrimination

- speed commensurate with the photon source

Detecting photons in the water window is challenging 

due to the sub-µm absorption lengths for Si and SiO
2
.

The Entrance window needs to be minimised while 

ensuring a suitable field geometry near the 

surface.

New detectors needed!

PERCIVAL: a collaboration between DESY, STFC, ELETTRA, DLS, PAL and SOLEIL. 
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⚫ Single photon sensitivity
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⚫ -doping implemented by JPL/NASA consists 
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bring the window entrance thickness to few nm 

⚫ Alternatively, a combination of  shallow 
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Left: Diffraction pattern at very low flux at 155 eV. 

Right: Diffraction image of 10um pinhole from single 

FEL 91.85eV pulse. Scale for both in e-.

Sketch of experimental setup

Experimental set-up at the FL24 beamline in Dec 2020

• O❖er 2 Million 27 x 27 mm2 pixels

• 4 ⚫4 cm2monolithic imaging area

• 1 –50000 photons at 250eV, 15e-RMS

• 2-side buttable⚫ clo❖erleaf for FEL

• Full-sensor design frame rate 300Hz
(demanding massive parallelization on-chip)

8 ADCs per column

Percival 2M “P2M” 

sensor

4 x 4 cm2

27 x 27 mm2 pixels

1408x1484 pixels

Left: Soft X-ray diffraction through a circular pinhole, at energies from 250eV – 1keV. 

Right: Cross-section of Airy-ring Pattern recorded in autoadaptive gain (red:high

gain, blue: medium gain data points) compared with theoretical expectation (orange)

Single-Photon discrimination capability: 

SNR at 250eV-1keV, determined in highest 

gain, in a mode suppressing crosstalks.

Note the 

lack of 

streaking 

from beam 

stop frame 

artefacts!
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Comparison of the resolution obtained for segments of a 

Siemens star, recorded in multi-shot (scanned) Ptychography 

with Percival and the more conventional Andor camera

Percival’s primary advantage: larger dynamic range.

raw images              resulting reconstruction

Finger plot showing individual 250eV 

photons. Data recorded in highest gain, 

in a mode suppressing the crosstalks.

Note: data rate up to 20 Gbit/s

Comparative characterization of plasma-treated 

polymer surfaces

(top: SEM images, bottom: X-ray  ptychography)

User feedback:
“I would prefer the PERCIVAL due to the 

bigger chip size and dynamical range.”

Delta-doping: M.E. Hoenk et al. Proc. SPIE 7419 (2009)

SAXS “Teaser”

Percival’s multiple gains & resulting dyn. range 

enable working without beamstop
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(distance between dots 

~ 100nm) 

and 
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obtained with 400eV 

photons
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First user experiments of the PERCIVAL soft 
X-ray Imager.

PERCIVAL @ P04: Holography and SAXS

Brilliance of photon sources increases and thus

detectors are required to simultaneously provide:

-high dynamic range

- single-photon discrimination

- speed commensurate with the photon source

Detecting photons in the water window is challenging 

due to the sub-µm absorption lengths for Si and SiO
2
.

The Entrance window needs to be minimised while 

ensuring a suitable field geometry near the 

surface.

New detectors needed!

PERCIVAL: a collaboration between DESY, STFC, ELETTRA, DLS, PAL and SOLEIL. 
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of Low Temperature Molecular Beam Epitaxy to 

bring the window entrance thickness to few nm 
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doping and laser annealing made by 
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Attenuation Length of Photons in Si and SiO2
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Operation mode (1)

beamstop

Beamstop-(frame)-induced-features

FTH

CDI

magnetic domain

FTH

CDI

Holography 

(with Beam Stop)

Holography 

(without Beam Stop)

i)

C.B. Wunderer et al. “The Percival 2-Megapixel monolithic active pixel imager“ , JINST (2019) 14 C01006

A. Marras et al. “Characterization of the Percival detector with soft X-rays”, J. Synchrotron Rad. (2021). 28, 131-145

PERCIVAL @ FLASH:  Ptychography @ FL24

k)

Left: Diffraction pattern at very low flux at 155 eV. 

Right: Diffraction image of 10um pinhole from single 

FEL 91.85eV pulse. Scale for both in e-.

Sketch of experimental setup

Experimental set-up at the FL24 beamline in Dec 2020

• O❖er 2 Million 27 x 27 mm2 pixels

• 4 ⚫4 cm2monolithic imaging area

• 1 –50000 photons at 250eV, 15e-RMS

• 2-side buttable⚫ clo❖erleaf for FEL

• Full-sensor design frame rate 300Hz
(demanding massive parallelization on-chip)

8 ADCs per column

Percival 2M “P2M” 

sensor

4 x 4 cm2

27 x 27 mm2 pixels

1408x1484 pixels

Left: Soft X-ray diffraction through a circular pinhole, at energies from 250eV – 1keV. 

Right: Cross-section of Airy-ring Pattern recorded in autoadaptive gain (red:high

gain, blue: medium gain data points) compared with theoretical expectation (orange)

Single-Photon discrimination capability: 

SNR at 250eV-1keV, determined in highest 

gain, in a mode suppressing crosstalks.

Note the 

lack of 

streaking 

from beam 

stop frame 

artefacts!
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Ptychography at FELs method: DOI https://doi.org/10.1364/oe.426931 , these experiments: Posters MML Workshop 2021  M.Mehrjoo & K. Kharitonov

Comparison of the resolution obtained for segments of a 

Siemens star, recorded in multi-shot (scanned) Ptychography 

with Percival and the more conventional Andor camera

Percival’s primary advantage: larger dynamic range.

raw images              resulting reconstruction

Finger plot showing individual 250eV 

photons. Data recorded in highest gain, 

in a mode suppressing the crosstalks.

Note: data rate up to 20 Gbit/s

Comparative characterization of plasma-treated 

polymer surfaces

(top: SEM images, bottom: X-ray  ptychography)

User feedback:
“I would prefer the PERCIVAL due to the 

bigger chip size and dynamical range.”

Delta-doping: M.E. Hoenk et al. Proc. SPIE 7419 (2009)

SAXS “Teaser”

Percival’s multiple gains & resulting dyn. range 

enable working without beamstop

SEM image of the sample 

(distance between dots 

~ 100nm) 

and 

resulting SAXS patterns 

obtained with 400eV 

photons

~ 130 cm (Percival),
~ 60 cm (Andor)

treatment 1                               control                                treatment 2

Two flavors 
1) BSI (low energy 

X-rays)
2) FSI (high energy 

X-rays 
(scintillators))

J. Correa et al. The PERCIVAL detector: first user experiments, Journal of synchrotron radiation , Volume 30| Part 1| January 2023|
https://doi.org/10.1107/S1600577522010347



PERCIVAL CMOS imager

G. Pinaroli et al 2020 JINST 15 C02007
DOI 10.1088/1748-0221/15/02/C02007

FSI + CsI scintillator
Gold nano particle loaded tumor cells implanted in a rat brain 



Spectral imaging (PIXIRAD CdTe)  
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SYRMEP beamline

Pixirad 8 -
detector

Sample 
stage

Bent Laue 
crystal

White beam

Fixed radius frames
Radius = 0.5 m
Focus  ~ 0.25 m
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Horizontal position

Iodine Xenon
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1 cm

d
E

=
 0
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	≈ 50

34.6 keV

33.2 keV
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Tomographic multi-material imaging

Xenon

Barium

Iodine

Angular position

(sam
ple rotation)

Xenon

Barium

Iodine

Xenon

Barium

Iodine

Xenon

Barium

Iodine
Tomographic 

reconstruction

Multi-material 

decomposition

Goal: simultaneous 

cardiovascular + respiratory + 

inflammatory imaging!

iodine

barium

xenon

water

Multi-material

density maps

1 cm

E
n

e
rg

y

Linear Position
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bin1 - [21, 26] keV bin2 - [26, 33] keV bin3 - [33, 37] keV bin4 - [37, 42] keV

bin5 - [42, 47] keV bin6 - [47, 50] keV bin7 - [50, 57] keV bin8 - [57, ∞[ keV

5 mm

19

L.Brombal Unpublished data INFN PEPI Lab.



12/13/2022 Menk 14L.Brombal Unpublished data INFN PEPI Lab.

5 mm

g/ml g/ml g/ml g/ml g/ml

Composite image

Iodine Barium Gadolinium BoneSoft tissue

iodine

barium

gadolinum

bone

soft tissue

Nominal 

[mg/ml]

Measured 

[mg/ml]

Iodine 40 37.6 ± 0.8

Barium 35 30.2 ± 0.5

Gadolinium 39 41.2 ± 0.4



GaAs SAM-APD 
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Partners 
• Uni Udine -> simulations 
• Uni Trieste -> experiments 
• CNR IOM -> MBE
• EST -> electronics and tests 

PRIN 2015 number 2015WMZ5C8



(Partial) status and future 
directions 
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• Spectroscopic XRF system is mature and being commercialized 
• Twinmic system has still to be improved (less bulky)
• Spectral X-ray imaging for Elettra II life science beam line

• Crystal based 
• Detector based

• Respin Percival (mitigating remaining shortcomings) -> choice 
for high end experiments

• PCO Gsense -> will become workhorses
• GaAs APD pixel arrays
• THz pixel detector (Attract II )

• SiC pixel detector (SAL, Austria) 
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