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Abstract

The European XFEL is an extremely brilliant Free Electron Laser Source with a very demanding pulse structure:

trains of 2700 X-Ray pulses are repeated at 10 Hz. The pulses inside the train are spaced by 220 ns and each one

contains up to 1012 photons of 12.4 keV, while being ≤ 100 fs in length. AGIPD, the Adaptive Gain Integrating Pixel

Detector, is a hybrid pixel detector developed by DESY, PSI, and the Universities of Bonn and Hamburg to cope with

these properties.

It is a fast, low noise integrating detector, with single photon sensitivity (for Eγ ' 6 keV) and a large dynamic

range, up to 104 photons at 12.4 keV. This is achieved with a charge sensitive amplifier with 3 adaptively selected

gains per pixel. 352 images can be recorded at up to 6.5 MHz and stored in the in-pixel analogue memory and read

out between pulse trains. The core component of this detector is the AGIPD ASIC, which consists of 64× 64 pixels of

200 µm × 200 µm. Control of the ASIC’s image acquisition and analogue readout is via a command based interface.

FPGA based electronic boards, controlling ASIC operation, image digitisation and 10 GE data transmission interface

AGIPD detectors to DAQ and control systems.

An AGIPD 1 Mpixel detector has been installed at the SPB1experimental station in August 2017, while a second

one is currently commissioned for the MID2endstation. A larger (4 Mpixel) AGIPD detector and one to employ Hi-Z

sensor material to efficiently register photons up to Eγ ≈ 25 keV are currently under construction.
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1. The European XFEL

The European X-Ray Free Electron Laser (XFEL) [1, 2]

in Hamburg is currently the most brilliant X-Ray source

(fig. 1) in the world. It provides extremely focused, fully

coherent X-Ray pulses. Trains of 2700 of these pulses are

repeated at 10 Hz. The pulses inside the train are spaced
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by 220 ns and contain up to 1012
× 12.4 keV 3 photons

each, while being ≤ 100 fs in length (fig. 2). The high

intensity per pulse will allow recording diffraction pat-

terns of single molecules or small crystals in a single shot.

As a consequence 2D detectors have to cope with a large

dynamic range, requiring single photon sensitivity e.g.

for single molecule imaging, and registering more than

104photons/pixel in the same image for the case of liquid

scattering or intense Bragg Spots4. AGIPD is one of three

detectors developed to cope with the timing requirements

of the European XFEL[3]. The other two are the Large

Pixel Detector (LPD) [4] with 500 µm×500 µm pixel size

and 1 Mpixel installed, and DSSC [5], a 1 Mpixel detector

with 200 µm × 230 µm hexagonal pixels, based on silicon

drift diodes or Depfet sensors with Signal Compression

(hence the acronym), currently under development. While

LPD is targeted at the same energy range as AGIPD, it dif-

fers from it by a lower spatial and energy resolution, but

covers a much bigger area and operates in ambient. DSSC

like AGIPD operates in vacuum, but can detect lower pho-

ton energies - on the expense of a nonlinear response and

a lower frame rate at low energies.

Future upgrades of the European XFEL planned for the

2nd half of the 2020ies include continuous wave (CW) op-

eration at a pulse rate of ≈ 100 kHz and a so-called long

pulse mode at / 200 kHz with 500 ms bursts repeating at

1 Hz[6]. At these rates moving or exchanging solid sam-

ples during a burst becomes feasible, which would reduce

the radiation damage of samples considerably and thus

enable european X FEL for new classes of experiments

and materials. To exploit these modes new detectors with

a different readout architecture are needed, since AGIPD

hardware can5 only operate up to ≈ 16 kHz CW frame

rate.

312.4 keV is the maximum fundamental photon energy of the SASE1

and SASE2 undulators at the European XFEL, providing beam for the

AGIPD-equiped instruments.
4Droplets and ice crystals are frequently encountered in gas and liq-

uid jet sample delivery setups
5The firmware for the readout system would have to send commands

to the ASIC in a different order

Figure 1: Brilliance of FELs and Synchrotron sources.

Figure 2: Time structure of the European XFEL source.
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2. The AGIPD Detector

AGIPD [7, 8, 9, 10] is a hybrid pixel detector, developed

by DESY, the Paul Scherrer Institute and the Universities

of Bonn and Hamburg to meet the requirements for the

use at the European XFEL. It consists of 500 µm thick Sil-

icon sensors, manufactured by SINTEF, Hamamatsu and

ADCVACAM, to provide a high efficiency (QE ≥ 98%)

up to 12.4 keV photon energy. While the sensors effi-

ciently sheild the ASICs underneath from radiation, the

sensors themselves will collect a substantial amount of ra-

diation dose during their expected lifetime. Special design

measures have been taken to mitigate radiation damage

and its effects [11]. Each sensor features 512×128 pixels,

which are 200 µm × 200 µm in size and pitch as a good

compromise. 8 × 2 AGIPD ASICs are bump-bonded to

each sensor for readout. Larger detector systems of 1- or

4-megapixels are composed by tiling these sensors6. The

high photon flux together with single photon sensitivity

require the detector to operate in vacuum, in order to pre-

vent the intense beam from interacting with ambient air or

exit windows, which would cause a huge background. In

turn a vacuum vessel is an integral part of the detectors.

The 1 Mpixel detectors at the SPB and MID experimental

stations have the 4 × 4 sensor modules arranged on four

movable quadrants7. These can be arranged to form a hole

for the direct beam to prevent it from hitting detector com-

ponents and inflicting damage to the system. The intense

beam and the experiments envisioned also require a huge

dynamic range, which can reach 104 photons/pixel/image

at 12.4 keV. To cope with this, AGIPD adaptively lowers

the sensitivity of the preamplifiers, independently for each

pixel in two steps. Furthermore the system has to comply

with the rather inconvenient time structure of the Euro-

pean XFEL. Since it is not possible to read out an image

within 220 ns, the detector has to record as many images

as possible during a pulse train and read these out during

the 99.4 ms gap in-between the trains.

6The minimum distance of the individual sensor tiles are 0.4 mm in

horizontal and 3.4 mm in vertical direction respectively.
7The AGIPD 1 Mpixel detector for the HIBEF endstation features a

different layout

3. The AGIPD readout ASIC

The core functionality of the AGIPD detector is imple-

mented in the readout ASIC [13, 14, 15]. It is manu-

factured in IBM/Global Foundries cmrf8sf (130 nm) tech-

nology and contains 64 × 64 pixels of 200 µm × 200 µm.

The circuit in each pixel (fig. 3) contains a charge sensi-

tive preamplifier based on an inverter core with threefold

switchable gain. This gain switching is implemented by

adding capacitors of 3 pF and 10 pF to the initial preampli-

fier feedback of 60 fF. A discriminator is connected to the

preamplifier output and triggers an adaptive gain selec-

tion, whenever this output exceeds a selected threshold.

A correlated double sampling (CDS) stage removes re-

set and attenuates low-frequency noise components from

the preamplifier output [16], such that the detection of

single photons8 is feasible. The output of the CDS, as

well as the selected gain is sampled in a capacitor based

analogue memory for 352 images, which occupies about

80 % of a pixel’s area. It is based on n-FET in n-well ca-

pacitors and dual PMOS switches for radiation tolerance

and low leakage, since the analogue signal must not de-

teriorate during several 10 ms of storage time. For read-

out each pixel features a 2nd charge sensitive buffer. Last

but not least each pixel features two sources of electrical

stimuli: A constant curren source and a pulsed capacitor,

which can be connected to the preamplifier input. A com-

mand based interface and control circuit provides random

access to the memory and controls the row-wise readout

of the data via multiplexers to four differential analogue

ports. The random access scheme allows overwriting im-

age data within a bunch train, which is compliant with the

European XFEL’s vetoing schema to maximise efficiency.

The data of individual ’amplitude’ and ’gain’ frames will

be combined to single images by the readout electronics9.

The power consumption of an ASIC is typically around

1.0 A at 1.5 V. To ensure sufficient radiation tolerance

of the ASIC, individual components and building blocks

have been tested for doses up to several 10 kGy, e.g. in

[12].

8down to ≈ 6 keV with SNR ≥ 5σ
9The current firmware of the AGIPD 1 Mpixel detectors at SPB and

MID reads 300 separate ’amplitude’ and ’gain’ frames, which are com-

bined offline.
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6. First User Experiments with

AGIPD

Due to its unique sampling rate, radiation hardness and

dynamic range characteristics, AGIPD has been em-

ployed for experiments already in its prototyping stage

and was e.g. used for an experiment to determine the

coherence of the beam at PETRA III [20]. The AGIPD

1 Mpixel system at the SPB station of the European XFEL

was successfully demonstrated during the facility’s inau-

guration and has seen continuous use since the very first

user experiments in September 2017. In that context al-

ready the very first user experiment facilitated MHz serial

femtosecond crystallography (at 1.1 MHz, the rate of the

accelerator during commissioning) for the first time and

resolved the structure of CTX-M-14 β-lactamase for the

first time [21]. The figures 9 and 10 show a diffraction

pattern from Lysozyme also recorded during that experi-

ment and powder diffraction rings from Lithium-Titanate

which are used for the spatial calibration, including the

tilt of individual sensor tiles with respect to the detector

plane.

7. New AGIPD Detector Systems for

SFX and HIBEF

For the SFX17 instrument at the European XFEL a

4 Mpixel AGIPD system is currently under construction.

The image plane of this detector will consist of 56 sen-

sors, arranged in a 4 × 14 pattern, formed by two halves

with a vertical gap. These halves can be translated in

the horizontal plane. The range lateral with respect to

the beam is 30 mm, while longitudinally the image plane

can be moved by 400 mm upstream – through a giant gate

valve of 800 mm diameter into the experimental chamber.

Unlike the 1 Mpixel systems, this system will use double

FEMs, consisting of two LTCCs bolted to a cooled inter-

poser. To cater the side-by-side arrangement of the sen-

sors, which is incompatible with the arrangement of the

readout electronics of the existing AGIPD 1 Mpixel sys-

tems at SPB and MID, and to implement lessons learned

17Serial Femtosecond Crystallography

from these systems, a new readout board was designed.

7.1. New readout boards

During comissioning of the AGIPD 1 Mpixel system at

SPB the vast number of connectors imposed a reliabil-

ity problem, which required the external housings to be

opened and the boards re-seated for proper contact. The

same held, albeit to a lesser extent, true for the power sup-

ply cables, which also make moving the detector a major

endeavour. A further shortcoming was the central genera-

tion of the ASIC commands by two Master FPGA boards,

which led to signal integrity issues and a limited tunabil-

ity of the ADC sampling phase. In turn the basic idea of

the new readout board was the elimination of connectors

and power supplies and a total modularity of the system.

Thus the board houses all components to operate a (sin-

gle) FEM as a stand-alone detector (see fig. 11). There-

fore, it implements the following components:

• A HV DC/DC module to generate the sensor bias.

• A connector for a mezzanine board to implement

backside pulsing of the sensor as an additional means

of calibration [22].

• 14-bit ADCs directly driven by the AGIPD ASICs.

• Cascaded switching and linear regulators to power

the FEM’s ASICs

• A Xilinx™ Zynq™ SoC18 with DDR3 memory to

control the ASICs, process the ADC data and send it

on via a 10 GE link.

• A microcontroller to implement secondary tasks like

power sequencing, configuration and monitoring.

• A multimedia serialiser and deserialiser to interface

with the European XFEL’s clock and control (C&C)

and interlock systems.

• A single power connector and DC/DC converters to

power the board.

• A Samtec™ FireFly™ [23] 4-channel optical

transceiver for communications.

• Two Lemo™ sockets for triggered stand-alone oper-

ation of an FEM without C&C signals.

The four channels of the FireFly transceiver are allocated

to the 10 GE data transmission, 1 GE control interface, the

serialised signals of the C&C and interlock systems and

18System-on-chip
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Figure 11: Photograph of a readout board used in the AGIPD systems

for the SFX and HIBEF endstations.

connectors interface to the 10 GE DAQ system, the 1 GE

control system and the receiver board, implementing the

serialiser/deserialiser interface to the European XFEL’s

C&C and interlock systems.

Since the readout boards are mounted within the vac-

uum vessel, a novell cooling concept is explored: Pairs of

boards are attached to a liquid cooled heat exchanger by

means of a ’Gap Filler’ thermal conductive plastic.

For the HIBEF19 endstation a 1 Mpixel system, based

19Helmholtz International Beamline for Extreme Fields

on the new readout board is under construction. The im-

age plane of this detector will be a fixed stack of eight

double modules, with a small gap between the top and

bottom four, to allow the direct beam to pass. For this

detector’s image plane only a translation along the beam

axis, i.e. to adjust the distance of the detector from the

sample, is foreseen. Translations in the other 2 dimen-

sions are accomplished by the detector bench, i.e. by

moving the detector’s vacuum chamber. The biggest chal-

lenges for the HIBEF AGIPD detector system are the

presence of pulsed high magnetic and electrostatic fields

and photon energies ≥ 25 keV. At such energies the sil-

icon sensor of AGIPD becomes transparent, i.e. ineffi-

cient and the usage of a high-Z sensor material like GaAs

mandatory.

8. ecAGIPD - An electron collecting

AGIPD ASIC for HIBEF

Charge carrier lifetime – especially of holes – in high-Z

semiconductor materials like GaAs and CdTe is short

compared to elementary semiconductors like Si or Ge

[24]. Recent advancements in the production of these

sensor materials [25] mitigate effects like ’afterglow’ and

’polarisation’ (decribed in [26]) and made compound

semiconductor sensors the subject of investigations for

an alternative to Germanium sensors in high-flux –

high-energy imaging detectors at FELs [27, 28, 29]. In

addition sensors made from high-Z materials (including

Germanium) do not show the defect mechanisms of

silicon decribed in [30], while the high absorption of

radiation in the sensor and the low cross section of silicon

at high photon energies drastically reduces the dose

deposited in the readout ASICs. However the current

AGIPD ASICs (and sensors) are hole collecting devices,

and thus not suitable for high-Z materials. For this reason

an electron collecting version of the AGIPD ASIC,

ecAGIPD, to equip the AGIPD camera at the HIBEF

endstation with high-Z sensors is being developed.

The primary difference is the lowered baseline (oper-

ating point at ≈ 400 mV) of the charge sensitive pream-

plifier. This is necessary to maintain a dynamic range of

≈ 104 12.4 keV photons towards the positive supply rail.
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tion and of 1 megapixel for HIBEF are currently under

construction. These systems are based on a new read-

out board, which implements autonomous operation of

each detector module from a single power supply and

data transmission and communications purely via opti-

cal fibres. Since prototypes showed no issues, produc-

tion of these boards has started. For these boards and

for the sensor modules novel in-vacuum cooling concepts

are evaluated. The AGIPD 1 megapixel system for HI-

BEF will be equipped with sensors made from high-Z

semiconductor material, for which an electron collecting

version of the AGIPD ASIC (ecAGIPD) is being devel-

oped. A 16 × 16 pixel demonstrator has been manufac-

tured and is awaiting evaluation. Since European XFEL

will provide different pulse patterns in the 2nd half of the

2020ies, we are studying concepts for an ultra high fram-

erate (≥ 100 kHz) imager with in-pixel digitisation, where

power consumption and readout bandwidth become lim-

iting factors.
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