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Introduction
The continuous exponential improvement in X-ray sources at synchrotron storage rings [1,

2] and Free-Electron Lasers [3] means that significant improvements in X-ray imagers are

needed in order to maximize the scientific output, both in quality and quantity. Keeping up

with the increase in source brilliance by an order of magnitude every 3 years, is, however, a

major  challenge.  To  put  this  into  perspective,  to  develop  a  new detector  from idea to

installation at the experimental station takes roughly 10 years when the concept is new. This

means  that  the  source  brilliance  increases  by  3  orders  of  magnitude  during  the

development time of the detector. In addition, the large variety of experimental techniques,

especially  at  storage  rings  [2],  results  in  very  diverse,  and  often  conflicting  detector

requirements, so that different detector systems need to be developed. 

In Hamburg the situation is even more challenging due to very different photon sources.

PETRA III  is a 6 GeV storage ring catering mainly to the medium to high photon energy

synchrotron community. This is very different to the FLASH facility, which is a 1.35 GeV Free-

Electron Laser using super conducting accelerator technology. It produces photons in the

VUV to soft X-ray regime in a burst mode operation. It  produces pulse trains up to 800

micro-seconds long, with a train repetition frequency of 10 Hz and up to 500 pulses in each

train. The European X-ray Free-Electron Laser uses the same superconducting accelerator

technology as FLASH, but runs at 17 GeV and produces photons in the soft, medium and

hard X-ray regime. The pulse trains are 600 micro-seconds long, are repeated with a 10 Hz

frequency, and can contain up to 2700 pulses. 

There are many fundamental differences between a storage ring and a Free-Electron Laser,

both  from  an  experimental  and  a  detector  point  of  view.  Storage  rings  can  often  be

regarded as continuous sources and data is mostly collected with many consecutive pulses.

Free-Electron Lasers on the other hand are mostly used as pulsed sources, where an image

is recorded for every single pulse. This is both useful, since single FEL pulses are often strong

enough to produce a statistically significant image, and also required, since a single pulse
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often destroys the sample. This has many consequences for the detectors at Free-Electron

Lasers.  First,  the photon-counting technique,  widely  applied at  storage  rings,  cannot  be

used,  since  all  photons  arrive  at  the  same time,  and  charge  integrating  front-ends  are

required instead. At storage rings, the desired dynamic range can be obtained by either

extended  exposure  times,  or  multiple  exposures.  At  Free-Electron  Lasers,  a  single  shot

image has to be able to cover the entire dynamic range. For Free-Electron Lasers based on

superconducting accelerators, frame rates of up to 4.5 MHz are additionally required. Even

though the time structure of the European XFEL and FLASH are comparable, their photon

energies are so different that conceptually different detectors are required. 

In the following section we will  present the detector systems that have been developed

specifically  for  the  European  XFEL  and  FLASH,  including  ongoing  improvements  and

additional  system under construction. Based on these developments and other previous

projects, we are developing two new systems, CoRDIA and TEMPUS, which are tailored for

the upgraded source PETRA-IV. The developments and current status will be presented in

the subsequent section.  In  the final  section we will  discuss  the future directions of  our

developments. 
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AGIPD detectors for the European XFEL.
With the construction of the European X-ray Free-Electron Laser, conceptually new X-ray

imagers were required [4]. A few of the most challenging requirements were that in a single

shot the entire dynamic range from single photons to more than 104 photons per pixel had

to be covered,  with a  frame rate  of  4.5 MHz.  Additionally,  as  many frames as  possible

needed to be recorded during the 600 micro-second long pulse trains. Following a call for

proposals  three projects were selected; The Large Pixel  Detector (LPD)  [5],  the DePMOS

Sensor with Signal Compression (DSSC) [6], and the Adaptive Gain Integrating Pixel Detector,

AGIPD  [7].  Each  system  tackled  the  challenges  with  a  different  concept  and  targeted

different applications [4]. 

The AGIPD system was developed by a consortium of DESY, PSI, University of Hamburg and

University of Bonn. The AGIPD ASIC employs a charge integrating frontend with adaptive

gain, where every pixel  automatically and autonomously adapts its gain to the incoming

signal strength [7]. Every pixel starts in high gain mode, with a small feedback capacitor,

allowing for single photons to be distinguished from the noise. As soon as the voltage over

the feedback capacitor reaches a preset threshold a second, larger, feedback capacitor is

added reducing the gain and extending the dynamic range. For very strong signals a third,

even larger, feedback capacitor is added, resulting in a low gain and dynamic range of 104

photons of 12 keV. At the end of the integration time the final voltage over the feedback

capacitors is stored in an analog memory, together with the information of the final gain

setting, i.e. which feedback capacitors were used. In this manner the required frame rate of

4.5 MHz of the European XFEL was achieved. During the 99.4 millisecond interval between

pulse trains, the analogue memory is read out and digitized by external ADCs and the digital

information is transmitted over 10G links to the DAQ system. The pixel concept is given in

figure 1.

Figure 1. Pixel concept of the AGIPD detector.

An  additional  complication  for  building  the  system  was  the  requirement  of  maximum

flexibility. Two 1-million-pixel  systems operate in a moderate vacuum of ~10 -6 mbar  and

consist  of  four  individually  movable  quadrants  that  protrude  into  the  sample  chamber.

Figure 2 shows a picture of the systems in operation at the MID and SPB/SFX instruments of

the European XFEL.
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Figure 2. Picture of the 1-million-pixel AGIPD detector system in operation at the MID (left)

and SPB/SFX (right) beamlines at the European XFEL.

The 1M-AGIPD systems have been in user operation at the SPB/SFX and MID stations since

2017 and 2019 respectively, and together produced the vast majority of the scientific user

publications of the European XFEL. 

Since commissioning, various improvements have been made to the system. [8] One of the

hardware improvements concerned the so-called baseline shift. It had been found that the

baseline of all pixels of a front-end module shifts to lower values with increasing photon

intensity. Simulations showed that this baseline shift was caused by a resistor in the high-

voltage supply.  By replacing this resistor on all  in-vacuum boards of the SPB/SFX AGIPD

system in 2020, the effect of the baseline shift could be reduced to <2%.

Another  improvement  concerned  the  so-called  late  gain-switching.  In  scattering

experiments, pixels with unexpectedly high signal values were observed in the transition

region between high gain and medium gain mode. The wrong signal values occur when a

pixel changes it gain too close to the end of the integration window, so that the output

signal of the pre-amp is not yet settled when it is stored into the storage cell matrix.
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The solution to the problem is to block gain switching within the last 40ns of the integration

window, but this requires a significant redesign of the ASIC. Instead, two solutions were

implemented  to  mitigate  the  issue.  The  so-called  fixed-medium  gain  mode  was

implemented, in which dynamic gain switching is disabled and all  pixels use the medium

gain configuration. This mode can be used for experiments that do not require single photon

sensitivity. For experiments requiring a repetition rate below 4.5 MHz, an acquisition mode

with  extended  integration  time  was  enabled.  Studies  have  shown  that  extending  the

integration time reduces the occurrence of late gain switching in the transition region by at

least three orders of magnitude.

Both MID and SPB/SFX systems will undergo an upgrade, where all the front-end modules

will be replaced with new ones equipped with AGIPD1.2 ASICs. This new version fixes an

issue of the so-called gain bit separation in the AGIPD1.1 ASICs. The information of which

gain-setting was used by the pixel is stored as a voltage in a 2nd analogue memory consisting

of much smaller capacitors. Unfortunately, the voltage difference between medium and low

gain was gradually  decreasing during readout,  which makes full  adaptive gain operation

difficult; the gain information would be stored properly for small or medium signals. The

AGIPD1.2  ASIC  uses  a  modified  structure  to  store  the  gain-bit  voltages,  removing  the

ambiguity between medium and low gain settings. 

We are currently constructing two more AGIPD cameras for the European XFEL. The first

one  is  a  4  megapixel  version  for  the  Serial  Femto-second  Crystallography  (SFX)  user

consortium, which will also be installed at the SPB/SFX instrument. This in-vacuum camera

consists of two halves, which can move independently, by 400 mm along the beam axis and

±15 mm perpendicular to it. The frontend modules will be equipped with AGIPD1.2 ASICs

and silicon sensors. A CAD rendering of the 4M-AGIPD is given in figure 3.

Figure  3.  CAD  rendering  of  the  AGIPD-4M  system  for  the  SFX  user  consortium  at  the

European XFEL.
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The  second  system  is  a  1  megapixel  version  with  high-Z  sensors  for  the  Helmholtz

International  Beamline  for  Extreme  Fields  (HIBEF),  which  will  be  installed  at  the  HED

instrument. High-Z sensor material is required for high photon-energies of up to 25 keV.

Since the original AGIPD is hole collecting an electron collecting version of the AGIPD ASIC

had to be developed [9].  The camera will initially be equipped with 500mm silicon sensors

and hole-collecting AGIPD1.2 ASICs and will later be upgraded to front-end modules with

the electron collecting AGIPD1.3 ASICs and high-Z sensors. The camera is in vacuum and can

be  moved  along  the  beam  over  550mm.  Special  care  was  taken  for  EMC  compatibility

required  by  the  very  high  pulsed  electro-magnetic  fields  in  the  experiments.  A CAD

rendering of the system is given in figure 4. 

Figure 4.  CAD rendering of  the AGIPD-1M system for the HIBEF user consortium at  the

European XFEL.

To enable the long in-vacuum travel ranges along the beam axis of the two new cameras,

the  entire  readout  electronics  were  revised.  The  core  idea  was  to  combine  all  the

functionality previously distributed over many different boards on a single readout board,

which is located directly behind the frontend module in vacuum. This drastically increases

modularity  and  improves  reliability,  which  was  compromised  by  the  large  number  of

connectors in the 1st generation systems.

A  0.5  megapixel  prototype  camera  system  based  on  the  new  readout  electronics  is  in

operation at HED instrument as part of the dDAC (dynamic Diamond Anvil Cell) compression

platform [10]. Numerous user experiments have already been successfully completed with

the prototype. Installation and commissioning of both new AGIPD cameras, the AGIPD-4M

for the SFX user consortium and the AGIPD-1M for the HIBEF user consortium, are planned

for 2024. 
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PERCIVAL soft X-ray CMOS imagers for FLASH
The Free-Electron Laser in Hamburg (FLASH) produces photons in the XUV and soft X-ray

range. Developing imagers for soft X-rays is particularly hard, since in order to get the low-

energy photons into the sensitive volume of the sensor, entrance windows and passivation

layer thicknesses have to be kept to a minimum. As for photons below 250 eV, attenuation

lengths fall significantly below 100 nm, the dead layer at the entrance should be on the

order of 10nm or less. As each photon does not create many electron-hole pairs (e.g. 69e-

for 250eV in Si),  in addition care must be taken to have favorable electric  fields at  the

surface, and the readout electronics must have low noise, preferably on the order of 10-15

electrons or less to avoid false positives in a megapixel-scale system.   In order to meet the

requirements  for  imaging  experiments  at  FLASH,  a  backside-illuminated  CMOS  sensor,

PERCIVAL, was custom designed by Rutherford Appleton Laboratory. Like AGIPD, every pixel

can  adapt  its  gain  according  to  the  incoming  signal  strength,  using  an  in-pixel  lateral

overflow that auto-selects the capacitance used depending on the charge deposited in the

pixel [11]. During pixel readout, thresholding is used to determine which capacitor(s) were

needed and thus which gain was used, the corresponding voltage level is digitized on-chip,

and ADC output and gain are transmitted via LVDS. The pixel concept is given in figure 5. The

high dynamic range of 14 electrons noise to 3.6 megaelectrons recorded charge per pixel

and frame, corresponding to a useable range of 1-50000 photons at 250eV, is combined

with a design frame rate of 300 Hz and an uninterrupted 4cm x 4cm active imaging area

with 1484x1408 pixels of 27x27  mm2.  It  is the combination of these features that makes

Percival  an especially well-suited detector for soft X-ray scattering experiments.  Detailed

description of the system and its performance can be found in [11-18]. 

Figure 5. Pixel concept of the PERCIVAL sensor. The standard CMOS 3T pixel is enhanced by

three switches and two capacitors. All three switches are biased at ~0.7V, enabling lateral

overflow as the diode, then C0, then C1 reach low voltages. While SW0 and SW1 enable

adding in more capacitance as needed, the 3rd “AntiBlooming” switch provides controlled

overflow for even larger charges, a preventive measure to avoid ‘blooming’ effects.

Even though the current first version of the sensor has a number of shortcomings [16] it has

been used in a number of proof-of-principle user experiments, including Holography and

XPCS  of  magnetic  skyrmions  at  Petra  III’s  soft  X-ray  beamline  P04,  and  single-shot

Ptychography at FLASH. These exploratory experiments showed the great potential of the
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large dynamic range and high frame rates of Percival  [18]. The shortcomings  of the first

version sensor – crosstalk between ADC and digital control lines, and insufficient ground

connections for the pixel array that resulted in uneven biasing – are understood and are

corrected in a second version of the sensor which was recently submitted to the foundry. In

addition, a more compact version of the camera head has been designed; a CAD rendering is

given in figure 6.

Figure 6. CAD rendering of the compact Percival 2M backside-illuminated CMOS camera.

8



New developments
Thanks to the technological developments in accelerator technology, in particular the multi-

bend  achromat magnetic lattice [19],  synchrotron storage rings world-wide are currently

being  upgraded  giving  2  or  more  orders  of  magnitude  improvement  in  the  horizontal

emittance and overall source brilliance. At DESY the plan is to upgrade PETRA III to PETRA IV

using a multi-bend achromat lattice and on-axis injection. This gives an improvement of the

source brilliance by a factor 500 at 10 keV and a factor of 1000 at 60 keV photon energies

[2].  This creates  many  new  scientific  possibilities,  but  also  requires  an  upgrade  of  the

current X-ray imagers. Even though an increased source brilliance does not always translate

to the same increase in the number of photons to be detected, it is clear that the X-ray

imagers need to have both higher flux handling capabilities (count rates), and higher frame

rates.   As  an  example,  there  will  be  enough  incident  photons  to  obtain  statistically

significant ptychographic images by raster scanning entire microelectronic chips with more

than 100 kHz frame rates. This makes it possible, for example, to investigate a silicon chip

for  either  defects  or  unwanted  structures  within  a  reasonable  period  of  days.  Another

example  is  3D  tomography  of  batteries  on  millisecond  timescales  during  charging  and

discharging, in order to follow ongoing processes at the microscopic level.  All  these and

many more examples require X-ray imagers with a large dynamic range and frame rates of

more than 100 kHz. 

As described above, the European XFEL operates in a burst mode, where all X-ray pulses

arrive  in  less  than 1% of  the time,  the  remaining  99% of  the  time are  needed for  the

superconducting accelerator to cool down again. For many reasons this mode of operation

is not ideal for the experiments and more evenly distributed pulses would be beneficial.

Studies and developments are underway for the accelerator to stretch the pulse trains, and

ultimately to distribute the pulses evenly over time, which is called continuous wave or CW

operation. From a detector point of view, PETRA IV and a CW-XFEL would become more

similar than PETRA III and European XFEL are at the moment. However, a 100 kHz frame rate

is not sufficient for a CW-XFEL operation, where pulse frequencies of 1 MHz are expected.

Since PETRA IV will almost certainly be realized before an upgrade of the European XFEL

towards more CW operation, we have started the development of an imager driven by the

specifications of PETRA IV. This development, CoRDIA, will be described in the next section.

PETRA IV will have a large variety of experiments and techniques and not all needs will be

covered by the capabilities of CoRDIA. Specifically, there will be needs for photon counting

based systems, particularly in experiments with moderate X-ray flux but extremely high time

resolution requirements. For these applications a system called TEMPUS is being developed,

which is based on the TimePix-4 readout chip and can operate in either photon counting or

timestamping modes. This system will be described in the subsequent section.

The Continuous Readout Digitizing Imaging Array: 
CoRDIA
For the diffraction limited storage ring PETRA IV a dedicated development was started at

DESY building on the successful  development of  the AGIPD system. Some of  the target

specifications are given in table 1.
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Table 1 Target specifications for CoRDIA

Frame rate > 135 kHz continuous Revolution  frequency  of

PETRA IV

Readout dead time 0 sec Continuous RW

Reset blind time 0.6 msec 10%  of  integration  time  at

highest frame rate

Pixel size 110 mm x 110 mm Compatible with 55  mm pitch

of Medipix systems

Photon energy 0.5 – 150 keV Using different sensors

Noise 1 keV Giving  single  photon

sensitivity

Dynamic range 5x103 photons/pixel/image 12 keV in silicon

Dead area in focal plane Minimal Using TSV technology

The CoRDIA (Continuous Readout Digitising Imager Array) project is a collaboration between

DESY and University of Bonn. Like AGIPD, CoRDIA is a hybrid pixel detector in which read-out

ASICs  will  be  bump  bonded  to  the  semiconductor  sensor.  CoRDIA  utilizes  the  same

architecture for  the analogue  front-end in  the ASIC as  AGIPD,  a  charge-integrating pre-

amplifier with adaptive gain. This allows for a dynamic range from single up to thousands of

photons. To provide continuous operation without any dead time beyond the reset phase of

the front-end, the readout architecture had to be developed from scratch. Compared to the

systems  developed for the European XFEL, frame recording is slower by a factor of ≈30,

while readout frame rate needs to be faster by 2 orders of magnitude. The latter rules out

analogue signal transmission due to the poor performance expected, while the input rate of

≈150kHz conveniently allows for the digitization of multiple pixels with a single ADC. In such

a scenario, memory is only needed on the level of a 2-stage S&H (sample and hold) per

pixel, in order to allow simultaneous frame recording and digitization of the previous frame.

As  a  benefit,  pixel  size  can  be  shrunk  considerably.  Figure  7  summarizes  the  strategy

described above and the readout ASIC architecture to implement it.

An analog stage front-end (FE) is used to collect charge generated by photons in a bump-

bonded sensor. The FE circuit is compatible with electron-collecting sensors, so that a p-

doped silicon sensor could be used for the main energy range (around 12keV), while High-Z

sensors could be used for harder  X-ray imaging.  The circuit uses the same adaptive-gain

approach as AGIPD to modulate the  signal amplification to the incoming photon flux.  The

response of the analog circuit to a charge injection, emulating photon fluxes of variable

intensity (with modulation of the gain), has been tested on a test chip, at a frequency of

150k frame/s, i.e., exceeding our frame-rate requirements [20].

While a new image is stored as an analog signal in one memory circuits, the previous image

stored in the other memory circuit is retrieved, processed by a correlated-double-sampling

(CDS)  circuit, and  digitized.  As  soon  as  digital  bits  are  produced  by  the  ADC,  they  are

packaged, encoded, and transmitted off-chip by a high-speed driver.  
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Figure 7:  Pipelined approach adopted (left) and architecture of the readout ASIC (right).

The Analogue frontend contains two memory circuits, while one is readout by the CDS,

the other one is used to collect the next image.

To  reach  a suitable trade-off  between frame rate,  layout  size  and power  dissipation,  a

successive approximation register (SAR) ADC was designed, capable of digitizing 11bits at

2.5MS/s while reaching 10 ENOBs (effective number of bits net resolution).  While its layout

is reasonably compact, it is too large to fit within our target pixel size (110x110µm); on the

other hand, the ADC sampling speed is high enough that the signal from 16 FE circuits can

sequentially be processed by the same ADC without impairing our frame rate requirements.

We  defined  our  basic  structure  as  a  440um  x  440um  pixel  block  (“super  pixel”),  each

including 16 analog FE circuits, a CDS and ADC circuit serving sequentially the 16 pixels, and

1/128 of the digital readout circuit. 

Space has been reserved in the pixel block layout for TSV landing pads that could be used

for vertical integration as an alternative to traditional periphery wirebonding, so that blind

silicon areas could be minimized. The inputs of the FE circuits are distributed evenly to pads

on the “super pixel” surface, allowing the ASIC to be bump-bonded to a 110um-pixel-pitch

sensor.

The  readout  circuit  has  been  developed by  NIKHEF,  and  implements  the  physical  layer

defined in the IEEE 802.3ae standard. The circuit consists of the Physical Coding Sublayer

(digital)  part,  preparing  the  data  for  high-speed  throughput  (scrambling  to  ensure  DC

balance,  and  64-to-66-bit  encoding),  and  fast  driver  (Gigabit  Wire  Transmitter)  able  to

stream out data at several GHz.  The circuit has already been used in the Timepix4 ASIC

(discussed later) and has been successfully tested by the Medipix4 collaboration [21] at 5.12

GHz. In our architecture, each block of 2k pixels is streamed out by one such circuits: since

each pixel output is digitized with less than 16 bits, the 5.12GHz frequency is enough to

cover our frame rate requirements.

Several MPW prototypes have been designed and manufactured in TSMC 65nm technology,

to  validate  the  circuits  described  above  as  standalone  blocks,  up  to  now  confirming

expected performances. We acknowledge CERN and the RD53 collaboration for developing

several  IO blocks  that were  used in the design of  the MPWs. A further ASIC prototype,

embedding some of the blocks in a “superpixel” layout, is currently under test Figure 8. We

aim  at  developing  the  first  version  of  the  imager  so  that  it  will  be  ready  for  the  first

experiments at the PETRA-IV upgraded ring, expected in 2029. 
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Figure  8:  MPW  prototypes  including  standalone  circuits  for  validation.  From  left  to  right:

CoRDIA01 -  front-end and CDS, HIS-ADC01 -  SAR ADC, CoRDIA03 -  multi-gigabit  transmitter,

CoRDA02 “superpixel” layout including front-end, CDS  and ADC.

The TimePix-4 based Edgeless Multi-Purpose Sensor: 
TEMPUS
A large number of different experiments at PETRAIII have benefited from the use of one of

the detectors developed at DESY, the LAMBDA detector [22]. Based on the Medipix3 photon

counting readout chip  [23],  it  has become a workhorse for  many different experimental

stations. The combination of a small pixel size, of 55 μm, with relatively high readout rates

have  made it  attractive  for  X-ray imaging  at  synchrotrons.  Moreover,  the use of  high-Z

sensors (mainly CdTe and GaAs) and the option of tiling up several ASICS covering a large

area, has pushed the project to a full commercialization of the detector by the DESY spin-off

company X-Spectrum GmbH [24].

In  that  context,  a  new  readout  chip  has  been  recently  developed  by  the  Medipix4

collaboration using 65 nm technology, Timepix4 [21]. This chip, almost 4 times as large as

the previous generation while keeping the same 55 μm pixel pitch, offers an array of 448 ×

512 pixels. One crucial difference with this new device is the combination of two distinct

operation modes, whose specifications can be found in Table 2. Firstly, there is a Photon

Counting mode, similar  to the Medipix3,  but it  improves frame rate up to 40 kfps,  and

maximum counting rates by an order of magnitude compared to its predecessor. Secondly,

there is a time-stamping mode, where for each photon detected a packet of data is sent out

containing  the  pixel  co-ordinates,  a  timestamp  and  an  energy  measurement;  this  can

provide extremely high time resolution in experiments with moderate fluxes. Compared to

the previous generation, the Timepix3 readout chip [25], the hit rate has been increased by

an order of magnitude and the time resolution can achieve a value of 192 ps with suitable

sensors. 

To  reach  these  high  frame  and  event  rates,  the  chip  has  16  high  speed  readout  links

developed by Nikhef; the design of these links is being re-used in the CoRDIA detector. In

the chip’s original specifications, these were targeted at 5.12 Gbps, but during development

a  10.24  Gbit/s  mode  was  also  developed.  Since  this  speed  has  not  yet  been  fully

demonstrated,  Table  2  conservatively  lists  the  frame  and  event  rates  with  5.12  Gbps

readout, but the readout system is designed to be compatible with 10.24 Gbps readout.

Table 2: Timepix4 chip readout specifications
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Sensitive area
6.94 cm

2

Pixel size
55 x 55 μm

2

Pixel arrangement 512 x 448

Photon Counting Mode

Max count rate
2 x 10

6
 hits/pixel/s

Max frame rate (@ 

5.12 Gbps/link)

40 kfps @ 8-bits depth

Time-stamping Mode

Chip readout rate 

(@ 5.12 Gbps/link)

1.24 x 109 events/s

Corresponding 

average pixel rate

5.4 kHz/pixel

Time resolution 192 ps

Energy resolution < 1 keV

Readout bandwidth @ 10.24 Gbps/link ~ 163 Gbps

At DESY, the development of a readout system based on this new ASIC has started: TEMPUS,

the Timepix4-based Edgeless Multi-Purpose Sensor. The initial system developed is a single-

chip system, consisting of a custom chip carrier board connected to an off-the-shelf Xilinx

evaluation board – see Figure 9 left. The board has a Zynq system-on-chip, incorporating a

CPU  for  high-level  control  functions,  and  an  FPGA  fabric  for  low-level  interfacing  with

Timepix4. In particular, this provides high-speed transceivers for receiving the high amount

of data from the chip and sending serialized data out over 100 Gigabit Ethernet links. To

send  the  data  from  the  Xilinx  evaluation  board  to  the  outside  world,  an  FMC+  FireFly

daughter  board  with  up  to  6  Samtec  FireFly  links  is  used  to  reach  the  160  Gbps  data

bandwidth. To make effective use of Timepix4, TEMPUS uses high-data-rate board designs

and firmware.

The chip can be configured for sending the data out using the control link, as a debugging

tool. This, although limited to a much lower hit rate of ~ 5000 hits/s, has already allowed us

to obtain a number of images of background radiation and measurements of X-ray sources –

see Figure 9 middle. Operating in timestamping mode, Timepix4 offers nanosecond timing

while detecting X-rays with a silicon sensor.
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Figure  9  left:  The  TEMPUS  system,  comprising  the  custom  carrier  board,  the  Xilinx

evaluation  board,  and  the  FMC+  Firefly  board;  middle:  acquisition  made  in  the  time-

stamping mode using a 
55

Fe source and a DESY logo as target; right: future concept of a

TEMPUS multi-chip system in collaboration with X-Spectrum.

There are a range of anticipated applications in photon science. Photon counting detectors

nowadays are widely-used in X-ray diffraction experiments, and Timepix4’s high frame rate

in  photon  counting  mode  will  enable  higher-speed  measurements,  for  example  when

rapidly raster-scanning large samples. Time-stamping mode will enable much higher time

resolution in X-ray diffraction experiments with moderate flux; for example, experiments

such as XPCS and XCCA studying dynamics of proteins in solution. Furthermore, Timepix4

can potentially  replace detectors  such as  delay lines or  APDs in experiments  measuring

emission of photoelectrons or nuclear fluorescence from a sample excited by an X-ray pulse.

Finally, the Timepix4 chip has been designed to be fully TSV compatible. As described in the

next section, this technology will allow powering, control and data read out from the back of

the chip, eliminating the use of wire-bonds. This 4-side buttable chip will make it possible to

build multi-chip systems with reduced gaps between the ASICs, therefore minimizing the

dead area in the imaging plane. DESY, together with X-Spectrum, has already started the

development of a multi-chip  module – see Figure 9 right – which in turn  can be tiled to

create multi-megapixel systems.  
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Near future developments
In addition to the above-described developments of new systems, there are also a number

of technological and component developments in the DESY photon science division. One of

them is  focused on high-Z sensors  for  higher photon energies.  This  is  a  very important

energy range for PETRA and the European XFEL, both being high energy machines. Over the

past  decades DESY  together  with partners  have successfully  developed large area GaAs

sensors with acceptable quality [26.]. We will continue these activities, further improving

the  performance  and  contributing  to  establish  multiple  suppliers.  GaAs  shows  have  a

number of advantages over other high-Z sensor materials like Cd(Zn)Te, one being the much

shorter range of fluorescent photons generated by the sensor itself. The shorter range leads

to less blurring and makes charge summing techniques more efficient [27].  However, for

photon energies above 50 keV the efficiency of GaAs sensors drops to unacceptable levels,

and higher Z sensors are required. High-flux CdZnTe is the most promising material also for

experiments with high instantaneous intensities,  e.g.  at  the European XFEL [28].  We, at

DESY are participating in the world-wide efforts to further improve the quality, availability

and size of this material. 

At  the  other  end  of  the  energy  spectrum,  we  are  involved  with  the  development  of

inverted-Low Gain Avalanche Diodes (i-LGADs) with thin entrance windows. The high energy

physics  community  has  initiated  the  developments  of  LGADs  mainly  for  their  timing

performance. The photon science community is now pushing the development of inverted

LGADs  in  order  to  boost  the  weak  signals  produced  by  low  energy  photons  [29].  The

enormous advantage of such sensors becoming available is, that the entire detection chain

developed over many decades for the intermediate photon energies can be used also for

the low photon energies. Even though imaging at DESY is mainly done in the medium X-ray

energy range, soft X-ray imaging, especially at FLASH, remains a scientifically important area.

Another technological  development that will  bring significant improvements to the X-ray

imaging experiments is the use of thru-silicon-vias (TSV). TSVs with redistribution layers will

almost  completely  eliminate  the  dead  areas  required  for  wire  bond connections  in  the

imaging plane of large multi-module imagers. This avoids the loss of important information,

in  particular  for  non-repeatable  scattering  experiments.  One  example  is  high  pressure

experiments on small unit cell compounds using dynamic diamond anvil cells, where only a

few  reflections  are  produced  and  some  fall  in  the  gap  between  modules.  At  DESY  we

successfully developed TSV based modules with the Medipix3 readout chip [30]. However,

manufacturing  time was  too long and the yield  too low for  it  to  be a viable  option to

produce multi-module systems. One of the reasons was the non-ideal layout of the metal

stack in Medipix3; the TSV landing pad consisted of a single layer with a mesh structure, and

over-etching could result in making contact with structures in the next layer. In Timepix4

and other chips, multiple metal  layers are used for landing pads,  to avoid this problem.

Another reason was the developmental nature of the chip processing we were using.  TSV

technology  has  been around for  a  long time,  but  has  not  been readily  available  to the

scientific community. An important reason is that the required volumes are often too small

for  foundries to be interested.  It  is  hoped that a  concerted effort by the larger photon

science detector community might change this situation. 

15



Conclusion
Over last decades, a number of X-ray imagers have successfully been custom developed by

DESY for the different photon sources operating in the Hamburg area. Due to the continual

improvement in source performance these systems are continuously upgraded,  and new

system are developed. For the future source PETRA IV, DESY is focusing its developments on

a high frame rate integrating imager, CORDIA, and a high time resolution photon-counting

imager TEMPUS. 
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