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The lay of the land

XFELs detectors – some examples
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Historical 
evolution 
Pixelated detectors
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XSPA – Rigaku: Nakaye, Y., Sakumura, T., Sakuma, Y., Mikusu, S., Dawiec, A., Orsini, F., Grybos, P., Szczygiel, R., Maj, P., Ferrara, J. D. & 

Taguchi, T. (2021). J. Synchrotron Rad. 28, 439-447.

SELUN - Dectris: Montemurro, G. V., Grimm, S., Donath, T. & Zambon, P. (2026). J. Synchrotron Rad. 33, 98-105.
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Detectors for EuXFEL

Rate10 Hz 4.5 MHz

ePix100 (2 instruments)

Jungfrau x 18 (all hard X-ray inst.)
DSSC (2 instruments) 

pnCCD (1 instrument)

AGIPD (3 instruments) LPD (1 instrument)X-ray

energy

Hard

X-rays

6-25 keV

Soft 

X-rays

0.5-3 keV

Noise: 350 e- (HG)
Dyn range: 104 12 keV ph

Noise: 40/60 e- (DSSC1)
< 10 e- (DSSC2)

Dyn range:
N x 256 ph @ 4.5 Mhz –
N x 512 @ f≤2.2 MHz
N ≤ 1 for single ph sens.

Noise: 2010 e- (HG)
Dyn range: 105 12 keV ph

Noise: 3 e-
Dyn range: 
1500-3000 1 keV ph

Noise: 80 e- (HG)
Dyn range: 104 12 keV ph

Noise: 50 e- (HG)
Dyn range: 100 8 keV ph

Gotthard-II (all instr.)

Low noise to see low energy photons

High dynamic range to see many 

photons in the same pixel

EuXFEL

specific!



Ultra high-rate X-ray detectors for LCLS-II-HE 
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TOWARD MORPHEUS: Real-time hardware-based AI 
engines for MHz data-driven detectors

Single pixel
AI Engine in 

FPGA

Continuous 
learning

Live AI core input

Auto 

calibrated 

data

High speed 
configuration network

Detector
FPGA

Sample delivery 
system

X-ray 
source Network master

… … … …

…

…

…

CSA ADC

Sensor

High speed 
configuration 
network

data

ASIC 
prototype

● On detector Edge-AI/ML for auto calibration
● Prototype adaptive front-end with fast feedback
● Framework for algorithm validation

Joint efforts 
with

Development of high-rate X-ray area detectors, up to MHz readout is on-track, 

allowing >35 kHz from day one of LCLS-II-HE

ePixUHR – 4M
SparkPix-S

R&D on Intelligent detectors with 

adaptive real-time processing 

SPARKPIX-RT: 
Real-time data compression engines for MHz detectors

● Solve data transmission bottleneck by demonstrating 
on-chip compression in detector front-ends

● Digital multiplication (custom 9b FP) and “division” 
operations to support “photonization” on either a 
global or per-pixel basis

● First X-ray detector with compression and on-chip 
calibration!



CITIUS detector 
17.4 kframes/s and 1 Gcps with 72.6µm pixel
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Technology has been partly transferred to kai scientific

20.2M at SACLA FEL



Other ‘fast’ detectors
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The existing Icarus form factor comprises a 1024 x 512 pixel array at 25 µm pitch, giving a total 

active area of 25.6 mm x 12.8 mm
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Good news: we don’t need 
new crazy fast detectors!
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Bad news: we need better 
sensor materials!
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Detector sensing medium: 
a material challenge



Photon absorption depth in Silicon
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Yibin Bai et al, Teledyne Imaging Sensors: Silicon CMOS imaging technologies for x-ray, UV, visible and near infrared, SPIE Vol. 7021 (2008)

• hard x-ray cameras need tick sensors

• soft x-ray cameras need thin entrance windows 



‘Beyond’ silicon: materials challenge

Hard x-rays need better stopping power (high-Z materials)
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Every common higher-Z sensor has problems! 

Availability & quality, fluorescence, trapping, recombination lifetime, carrier mobility, 

radiation hardness, dark current, physical properties.

From Bencivelli et al., Nucl. Instr. Meth. Phys. Res. A310 (1991) 210-214

J. Thom (Cornell)
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High-flux CZT
• Development driven by CT applications (medical and security)

• ‘Small’ pixel pitch (~ 100s um)

• ‘High’ flux (> 10^6 ph s-1 mm-2)

• Redlen introduces HF – CZT in 2016-2017



High-flux CZT

Mention 

Us

Veale

ESRF

PSI

17

B. Thomas et al. Characterisation of Redlen high-flux CdZnTe, 2017 JINST 12 C12045

Characterization of High-Flux CdZnTe with optimized electrodes for 4th 

generation synchrotrons, O. Baussens et al 2022 JINST 17 C11008

Turning up the heat: 

up to 10^12 ph s-1 mm-2 



Contacts
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A Bolotnikov et al. ‘Properties of Pt Schottky type contacts on high-resistivity 

CdZnTe detectors, NIM A, Vol. 482 (1–2), 2002

Characterisation of Redlen HF-CdZnTe at > 106 ph s-1 mm-2 using 

HEXITECMHz, B.D. Cline et al 2024 JINST 19 P04028

• A 2mm thick HF-CZT sensor + HEXITECMHZ

ASIC was characterized at the DLS 

synchrotron’s B16 Test Beamline using a 

uniform and monochromatic beam.

• Excess leakage current was generated in 

the detector following the initial application 

of a specific X-ray flux. Observed a 

temporary shift in raw spectra to higher ADU 

values (changing position of the 0𝛾 peak). 

• Effect’s dynamics is highly localised, with 

pixels unaffected by the irradiation of their 

nearest neighbours, and intensity-dependent. 

• Comparison to Si suggests this is a CZT-

specific phenomenon and thought to result 

from charge trapping at the electrode-CZT 

interface. This results in the localised build-up 

of space charge and modification of the contact 

potential barrier. 

• More tests are needed!
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Evaluation of Hi-Z Detector Materials for 
X-ray Science

Nino Miceli (ANL), Mercouri Kanatzidis, Duck Young Chung 

(Northwestern University) 

Abdul Rumaiz, Gabriella Carini, Peter Siddons (BNL)

Julia Thom-Levy, Sol Gruner, Mark Tate (Cornell University)

Julie Segal, Connie Hanson, Chris Kenney (SLAC)
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Sensor materials under investigation
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Newer hi-Z materials:

• Perovskite CsPbBr3 (ANL/NWU)

• a-Se (BNL), CZTS (BNL)

• and recently GaAs (Advafab)

Germanium sensor wafer from 

Mirion/SLAC

Germanium sensor (Umicore) fabricated at BNL

Relatively established hi-Z materials:

• Germanium (wafers and sensors)

• Cadmium Zinc Telluride (Redlen

Technologies)

• CdTe (Acrorad)

1‐inch diameter CsPbBr3 wafer grown at NWU/ANL

CZTS grown at BNL



Major research project goals
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Evaluate and develop high quantum efficiency 

sensors for very hard X-rays (energies >20 keV) 

at XFELs and storage rings. 

Ingredients:

1. Sensors

2. Mature and representative detector readout 

ASICs and testing platforms

3. Full characterization using lab x-ray sources 

and high flux synchrotron radiation (SLAC, 

CHESS, ANL, BNL)

Hybrid pixel array detectors:

sensor

Application-specific IC (ASIC)



Detector Readout ASICs and testing platforms
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SLAC ePix10k: (a) Image of the chip. (b) 135k Pix Detector

MM-PAD detector system at a beamline

(b)

(a) (b)

Cornell MM-Pad: (a) tiled array. (b) analog and digital readout

Focus on very high dynamic range



Detector Readout ASICs and testing platforms
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SLAC ePix10k: (a) Image of the chip. (b) 135k Pix Detector

(a) (b)

Cornell MM-Pad: (a) tiled array. (b) analog and digital readout
• Originally, sustained count rate limit of 108 8-keV 

ph/pixel/s

• charge removal architecture with an emphasis on 

sustained count rate 

• E.g. 500 µs integration time corresponding to a frame 

rate of ca. 2 kHz

• 150 um x 150 um pixel size

New versions with capability to 

process negative polarity now 

available (e- collecting)



Characterization and beam testing
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APS beamlines 1-BM-B and 11-ID-B           LCLS at SLAC

CHESS 29keV energy, single bunch mode

Common detector testing framework for 

systematic exploration:
• Determine operating conditions, corrections and 

calibrations

• Measure flat field and single photon response histogram

• Measure charge collection efficiency and gain calibration 

vs. x-ray energy

• Resolution (edge response and probe distortion due to 

accumulated space charge)

In the lab (Cornell):



Trying to solve a similar puzzle

• Despite same contact material on 
both sides, (Pt:CZT:Pt), CZT exhibits 
Schottky IV-behavior

• Thought to be the result of Cd vs Te
rich side

• Lag/ afterglow: we observe voltage 
dependent level/time

• Possible dead layer?

• IR illumination improves response 
speed

• IR Light Polarization

26

J. Becker et al., Characterization of CdTe sensors with Schottky contacts coupled to charge-integrating pixel array detectors 
for X-ray science, Journal of Instrumentation Vol 11 (2016)



Polarization – Preliminary 
Results

• Preliminary: only conducted with in-
lab source which provides no more 
than 109 ph/mm2/s

• Some change in total spot intensity at 
high fluxes of low-energy (<20 keV) X-
rays

• Improvement over CdTe (at same E-
field)

Beam spot 
on MM-
PAD 
detector

27

Lena Franklin HiZPAD January 2026



Changes in spot shape

• Spot shape changes 
slightly as dose is 
absorbed, even if total 
spot intensity doesn’t 
change

• Electron collecting 
spot shrinks slightly, 
hole-collecting spot 
grows slightly

Image of the spot before polarization divided by the image of the spot after 
polarization

28

Lena Franklin HiZPAD January 2026
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Modeling detector 
response
‘coupling material, detector geometry, operating condition, and shaping 
electronics parameters’



Carrier dynamics in CdZnTe under high-flux x-ray irradiation: 
application to device polarization and temporal response

We have developed a model 
for the loss of counts due to 
diminished charge induction 
conditions (i.e. polarization) 
in the high-flux steady state 
within the crystal 

– D.S. Bale and Cs. Szeles
Phys. Rev. B77 035205 
(2008)

31

Courtesy of Derek Bale

(2008)
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Classic, old germanium?
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Germanium Detector BNL
First prototype 64-strip Ge (2013) - Dispersive Diffraction and Diffraction Imaging (2014 &2017) - HEX at NSLS II (current)

➢ 192-strip detector for 

HEX beamline at 

NSLS II

➢ Up to 200 keV with 

1% energy resolution

➢ New chip HE-MARS 

with lower gain

A.K. Rumaiz, T. Krings, D.P. Siddons, A.J. Kuczewski, D. Protic, C. Ross, Ge De Geronimo, Z. Zhong, 

IEEE TNS, 61, 3721 (2014).

S.R. Stock et al., SPIE Proceedings 10391, Developments in X-ray Tomography, 103910A (2017).



Germanium: pixelated and drift detectors

Full system GDD

Am response

Fe55 response



MM-PAD with Ge (New Results!)
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Radiograph Dynamic Response

L.A. Franklin, F. Capocasa, A.K. Rumaiz et. al, J. Inst. 20, P10025 (2025)
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How cold do we need to go ?



2 mm

Microscopic image

• Collaborated with MIT-LL and MIT-Kavli on developing the 
germanium CCD

• Developed the packaging, sequencer, cryogenic characterization 
system, autonomous data acquisition system and analysis 
software for germanium CCD by leveraging the LSST heritage

Front-illuminated
128×128 pixels
8.1×8.1 μm2

Germanium Charge-Coupled Device Development



Germanium Charge-Coupled Device Characterization
55Fe irradiation

~6 keV X-rays can be 
detected, and charge 
can be confined 
within 2x2 pixels.

133Ba irradiation

Cs-L (~5 keV) up to Cs-K (31 keV) can be clearly 
resolved.

Energy-Pulse height relationship

Excellent linearity 
is achieved from 
6 keV to 31 keV, 
demonstrating 
that the 
germanium CCD 
can be used as an 
X-ray 
spectrometer.

Estimate depletion thickness

The observed Cs-L to Cs-K 
count ratio deviates from the 
expected intrinsic branching 
ratio because of germanium's 
absorption efficiency. Since 
this efficiency depends 
directly on the depletion 
thickness, comparing the 
observed and intrinsic ratios 
allows us to calculate that 
thickness to be 1.6~4.3 μm.

amplifier glow
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Perovskites and amorphous 
selenium? CZTS*?
It depends…

*Cd0.9Zn0.1Te0.98Se0.02

*U. N. Roy, et al. Impact of selenium addition to the cadmium-zinc-telluride matrix for producing high energy resolution X-
and gamma-ray detectors. Sci Rep 11, 10338 (2021)

ePix CsPbBr3 Perovskite
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Running the EuXFEL with harder X-rays: now!

The recent week in which the machine provided 23 keV photons made very

clear the limitations of silicon:

only ca 20% of the radiation is absorbed by the sensor

electronics damage on the ASIC becomes likely

► need materials able to absorbe these photons: GaAs, Cd(Zn)Te

► the worldwide community is looking for a solution to this problem

► EuXFEL to provide beam and joining sensor qualification activities

Jungfrau with GaAs LPD with CZT

EuXFEL is joining the

community of scientists active

in this topic



Large areas: direct detection and scintillators
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U. Zastrau et al J. Synchrotron Rad. 28, 1393-1416 (2021).

The High Energy Density Scientific 

Instrument at the European XFEL

(a) HIBEF AGIPD 1M detector and coverage as a function 

of X-ray energy. (b) Varex twin detector system and 

coverage as a function of X-ray energy for the 

downstream position.

Varex XRD 4343 CT flat-panel detectors with scintillator 

panels consisting of CsI:Tl oriented needle crystals which 

are bonded to a 2880 × 2880 pixel (140 µm × 140 µm) 

TFT-diode array with an active surface of 

432 mm × 432 mm. 

The AGIPD 1 megapixel version consists of sixteen 

128 × 512-pixel modules in an 8 × 2 arrangement.
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Figure 10. Applications of glass scintillators (A)

High-energy physics.15 (B) Radiation detection.128 (C)

X-ray imaging.129 (D) Cosmic ray imaging.

High-density glass scintillators have very good efficiency for high energies >> 

reducing required thicknesses >> improving spatial resolution. Ce3+-doped 

fast glass scintillators

• Commercial solid-state scintillators, e.g., NaI(Tl), 

Bi4Ge3O12 (BGO), and Ce3+-activated crystals such as 

(LuY)2SiO5 (LYSO), (LuY)AlO3 (LuYAP), and 

Gd3(Al,Ga)5O12 (GAGG) , have demonstrated superior 

performance in high light yield (LY) (∼104 photons/MeV) 

and excellent energy resolution (ER < 10%). 

• Progress on crystalline scintillator technology (e.g., 

electronic band structures and defect-mediated scintillation 

mechanisms) has been enabled by robust computational 

frameworks (DFT and first-principles calculations), and more 

recently, data-driven approaches integrating physics-

informed machine learning.

• Glass scintillators offer 3 main advantages:

1 - compatibility with industrial-scale production techniques 

enables cost-effective fabrication of large-format 

components (≥30 cm3) tuned to specific applications.

2 - raw material costs remain substantially lower, typically 

10% of BGO crystal expenses.

3 - their unique viscoelastic properties during fabrication 

permit structural customization into complex geometries 

(fibers, tapered rods, conformal coatings) for deployment in 

extreme environments such as nuclear reactor cores or 

deep-space probes



Fast and bright scintillators for ultrafast materials 
dynamics using 4th generation synchrotron

Fig. 2. Theoretical X-ray attenuation as a function of scintillator 

materials type (LYSO, LaBr3:Ce, and CeBr3), thickness (50 to 

1000 μm) and X-ray energies (20, 25 and 30 keV). Thicknesses in 

the range of 200 - 500 μm scintillator crystal are sufficient for 

efficient absorption of X-rays and imaging at APS-U
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Observed material limitations due to: hygroscopicity, 

efficient optical coupling to imaging systems, and 

high quantum efficiency for conversion of 

scintillation light, predominantly at wavelengths 

below 400 nm, into detectable electronic signals.

Z. Wang et al arXiv:2607.00112v1 [physics.ins-det] 

https://arxiv.org/abs/2607.00112v1


44

Using light sources to 
understand material 
limitations
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G.A. Carini et al. High-resolution X-ray mapping of CdZnTe detectors, NIM A579 (2007) 120–124 

G.A. Carini et al. Effect of Te precipitates on the performance of CdZnTe detectors, Appl. Phys. 

Lett. 88, 143515 (2006)

Examples of correlations between x-ray (bottom) and IR (top) transmission maps measured 

for a 1mm thick CZT planar device. The scans were performed by using a 10×10μm2 size, 

85keV x-ray beam. In some cases, the typical triangular shapes of precipitates are 

recognizable in the x-ray maps.

Resolution mte map of 10mm. The mu-tau values 

fluctuate over a large range between 0.2 and 20.0 

10 3cm2/V, while the average value, as calculated 

for the region shown in the figure, is 1.1 10 3cm2/V.

2006
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HighZ JUNGFRAU at SPB/SFX: 6 night shifts

HighZ AGIPD at HED: 3 shifts in Nov 2024, 2 shifts in Feb 2025

LGAD JUNGFRAU at SCS: 6 shifts in Nov 2024

DSSC DEPFET at SCS: 11 shifts, as the first ~7 shifts were essentially lost due non-detector-related 

issues

New procedure to allocate beam time for detector development (in beam delivery weeks)

Plans and mini-proposals to be submitted before the PRP

Instruments will have the possibility to have the full overview of what needs to be allocated

Beam delivery days also for detector development

Summary of beamtime allocated for detector studies since last DAC 
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How to move fast forward?
Collaboration 
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Courtesy of Matt Veale
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• IFDEPS 2016   – Lake Kawaguchi, Japan   –

March 28-April 1

• IFDEPS 2018   – Annecy, France   – March 11-14

• IFDEPS 2020   – CANCELLED due to Covid-19

• IFDEPS 2024   – Port Jefferson, NY USA   –

March 17-20

• IFDEPS 2026 – Kyoto, Japan

March 10-13

• The IFDEPS Virtual Thursdays March-April 2021



Thank you!


