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Detectors based on microchannel plates (MCPs) are used to detect radiation
Edited by G. Griibel, HASYLAB at DESY, from free-electron lasers. Three MCP detectors have been developed by JINR
Germany for the European XFEL (SASE1, SASE2 and SASE3 lines). These detectors are
designed to operate in a wide dynamic range from the level of spontaneous
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0.4 nm to 4.43 nm for SASE3. The detectors measure photon pulse energies with
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diagnostics; microchannel plate detectors. imager with a phosphor screen. At present, the SASE1 and SASE3 MCP

detectors are commissioned with XFEL beams. Calibration and first measure-
ments of photon radiation in multibunch mode are performed with the SASE1
and SASE3 MCPs. The MCP detector for SASE2 and its electronics are installed
in the XFEL tunnel, technically commissioned, and are now ready for
acceptance tests with the X-ray beam.

1. Introduction

Radiation detectors based on microchannel plates (MCPs)
(Syresin et al., 2011; Brovko et al., 2012) have been installed
at the European XFEL (EuXFEL). An important task of
photon beam diagnostics at the EuXFEL (Griinert, 2009) is
providing reliable tools for measurements aimed at searching
for and fine-tuning of the free-electron-laser (FEL) creating
SASE (self-amplified spontaneous emission) process. The
problem of detecting SASE amplification is crucial for XFELs
because of the large synchrotron radiation background. The
detectors operate over a wide dynamic range from the level of
spontaneous emission to the saturation level, and over a wide
wavelength range.

Three MCP devices have been installed at the EuXFEL
facility (Sinn et al., 2011), one after each SASE undulator
(SASE1, SASE2 and SASE3). Three different tasks can be
fulfilled with the XFEL MCP-based photon detectors: study of
the initial stage of the SASE regime, measurement of the
photon pulse energy, and measurement of the photon beam
image. The MCP detector will resolve each individual pulse at
a repetition rate of 4.5 MHz. The MCP-based photon detec-
tors will allow:

(i) Measurement of the pulse energy.

(i) Measurement of the photon beam image.

(iii) Operation at the pulse repetition rate of the XFEL
(bunch train repetition rate of 10 Hz, intra-bunch train repe-
tition rate of 4.5 MHz), thus resolving each individual radia-
© 2019 International Union of Crystallography tion pulse.
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(iv) A pulse energy measurement relative accuracy better
than 1%.

(v) A photon pulse energy dynamic range from a few nJ up
to 25 mJ; this applies to spontaneous and FEL radiation.

(vi) Visualization with the MCP imager of a single bunch in
a train, or an average image over the full train.

2. Design of the MCP detector

The SASE1 and SASE2 MCP detectors (Fig. 1) are almost
identical. They consist of two ports: three MCPs equipped with
the anode as a pulse energy monitor, and one MCP detector
for imaging the photon beam and a semiconductor photo-
detector.

The first MCP detector port houses two Hamamatsu F4655
MCPs, 18 mm in diameter (Fig. 2), which are used for
measuring the pulse energy and searching for initial indica-
tions of the SASE regime. The Si PIN photodiode (Hama-
matsu S3590) that is installed in this port detects X-ray
radiation from the undulator. The MCPs and the photodiode
installed in the first port of the MCP detector are shown in
Fig. 2. The PM 100-250 3D vacuum manipulator moves these
detectors in the horizontal direction through a distance of
200 mm (x axis); the vertical displacement range is £20 mm

X movement axis

Figure 1
Top view of the SASE1 MCP detector.
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Figure 2
First port with two Hamamatsu F4655 MCPs and one Hamamatsu S3590
photodiode.

(v axis) relative to the beam axis. It permits a considerable
increase in the vertical size of the SASE regime search area in
comparison with the MCP diameter. The linear motions of the
detectors are executed by stepper motors (Baur_PI_Motor
SM224M-K and SM234M-K).

The second detector port houses one Hamamatsu F4655
MCP for measurement of the pulse energies and the beam
observation system (BOS-40-IDA-CH/P-47) that has a 40 mm
diameter of active MCP area and a P-47 phosphor screen
(Fig. 3). These MCPs are also moved in the horizontal direc-
tion over a distance of 200 mm (along the x axis) and in the
vertical direction 20 mm (y axis) relative to the photon beam
axis. The BOS MCP is set at an angle of 45° with respect to the
photon beam and a viewport is used to provide the best
imaging on a CCD.

To search for the SASE mode, a CCD camera (Basler
avA1600-50gm) with a large field of view of about 90 mm
diameter (MCP diameter of 40 mm and a vertical displace-
ment of 20 mm) and a relatively small number of pixels per
millimetre is installed in the second port of the MCP detector
for recording the phosphor screen image (Fig. 4).

The SASE3 MCP detector has the same ports as the
SASE1/SASE2 detectors and also an additional port with
three movable semi-transparent wire meshes made from
nickel (2% open area) and stainless steel (79% and 88% open
area) for the production of scattering FEL radiation, similar to
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Figure 3
Second port with a BOS MCP imager and Hamamatsu F4655 MCP.

Figure 4
Camera box with a CCD Basler camera.

]. Synchrotron Rad. (2019). 26, 1400—-1405

Evgeny Syresin et al. + MCP-based detectors 1401



research papers

those used at FLASH. The MCP quantum efficiency for
photons at / = 04-44nm is about 5-30%. The mesh
attenuation system operates well at FLASH for the minimum
wavelength of 4 nm.

3. MCP detector tests
3.1. MCP acceptance tests

The acceptance tests for precise positioning and movements
of the detectors inside the vacuum chamber were performed
with an optical laser positioner for the SASE1 unit. The laser
beam was directed by the MCP BOS system at different
incident angles and positions. This procedure was fully
analogous to recording XFEL radiation at an incidence angle
variation of the carbon mirrors installed upstream of the
MCP-based detector. At each laser beam incident angle, the
MCP BOS system was moved into a position where the laser
spot was observed in the center of the phosphor screen. The
x and y coordinates at the center of the laser spot were
measured. Information about these coordinates was stored in
the control software system to correct the positions of the
MCP1-MCP3 pulse energy monitors relative to the X-ray
beam. The simulated detector coordinates were used for
movement of the MCP pulse energy monitors to new coor-
dinates x; and y;. The procedure of searching for XFEL
irradiation was successfully tested with the application of the
laser positioner.

Operability of the small MCP detectors was verified with
signals from the direct and reflected radiation of a UV lamp
(Fig. 5). Operability of the photodiode was checked using the
photovoltaic effect directly without any bias voltage.

Operability of the BOS MCP with a phosphor screen (Fig. 6)
is determined by the glow of the phosphor screen under the
action of UV radiation.

Movement tests were carried out with a control crate, which
included Beckhoff and Technosoft controllers for the x and y
axis motors and the camera motor. Alignment of the CCD
camera box (SASE1 MCP detector) was carried out during the
final tests.

MCP-2 + Diode in photocell mode

1 000w

Figure 5
MCP2 and photodiode signals produced by the flash lamp (SASE1 MCP
detector).

Figure 6
SASE1 BOS MCP glow under the action of UV radiation.

The SASE1, SASE2 and SASE3 MCP detectors were
installed in the EuXFEL tunnels after calibration and accep-
tance tests.

3.2. Test experiment with MCP

Prior to their installation at the EuXFEL, the MCP SASE1
detectors were calibrated using radiation with wavelengths
lying in the UV and X-ray ranges. A lamp generating UV
radiation was used for calibration in this wavelength range.
The dependence of the MCP gain on the applied high voltage
is shown in Fig. 7. As the applied high voltage is varied from
1.5kV to 2.1kV the gain is increased by four orders of
magnitude. Note that the spatial charge effects play a signifi-
cant role in the MCP channels at voltages below 1.4 kV. This
voltage value is a minimum for the F4655 MCP.

Further experiments with the SASE1 MCP were conducted
in the X-ray range at the DORIS synchrotron (BW1 channel;
Syresin, Grebentsov et al., 2014). Absolute measurements of
the radiation energy E, in a micropulse were performed with
the use of the MCP and a semiconductor photodiode at
E. > 0.03nJ, a photon energy of 85-12keV and a pulse
repetition time of 192ns or 96 ns. The detectors were
operated at a photon flux between 4 x 10’ photons s ' and
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Dependence of the F4655 MCP gain on the high voltage applied to it.
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Dependence of the MCP signal on the ionization chamber signal for
various high-voltage values.

2 x 10" photons s™'. The pressure in the detector vacuum
chamber was 5 x 10~° mbar. A beryllium foil with a thickness
of 200 pum was placed at the entry to the detector vacuum
chamber. The ionization chamber was positioned in front of
the detector MCP input and served to measure the synchro-
tron radiation flux. The dependence of the MCP signal on the
ionization chamber signal for a photon energy of 9.66 keV and
four values of the high voltage applied to the MCP (1.8 kV,
1.85kV, 1.9 kV and 2 kV) are shown in Fig. 8.

A pronounced influence of the secondary ions produced in
the detector vacuum chamber by the ionization of residual gas
atoms by the X-ray gamma quanta is observed at voltages of
1.9kV and 2 kV. At voltages of 1.8 kV and 1.85 kV, the MCP
signal increases linearly with increasing signal from the ioni-
zation chamber. The ratio of the MCP signal to the radiation
energy in a micropulse is 0.165 V nJ ™' at a voltage of 1.8 kV
and a photon energy of 9.66 keV (Syresin, Brovko et al., 2014).
It is expected that at XFEL radiation energies a micropulse of
1 mJ will yield an MCP signal of 1.2 V at an applied voltage
of 1.5 kV.

The time structure of the synchrotron radiation micropulses
was measured using the photodiode and the MCP at a repe-
tition rate of about 10 MHz (Fig. 9).

The BOS MCP with a phosphor screen was efficiently used
to search for the beam position at a synchrotron radiation
intensity above 4 x 10’ photons s~'. It should be noted that,
due to the low contrast resolution of
the screen and the broadening of the
image spot on this screen, the detector
provides data on the beam centroid
position for beams with a transverse
size smaller than 0.5 mm, but does not
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Figure 9
Signal from the MCP (upper signal) and the photodiode (low signal) at a
radiation pulse repetition time of 96 ns.

lution of the MCP detectors was verified for this case
(4.5 MHz repetition rate) by demonstrating a clear pulse
separation. The intensity in each pulse can be provided by fast
digitizer electronics that operate at 125 MHz sampling.

The first experience of the SASE3 commissioning in
multibunch mode is shown in Fig. 11 for the following regime:
30 bunches per train, only the minimal number of undulator
segments (12) closed for lasing, low-intensity SASE (X-ray gas
monitor shows 10 pJ in linear regime), synchrotron radiation
absorber 2 mm x 2 mm, photon energy of 930 eV and electron
energy of 14 GeV. The MCP2 (SASE3) can detect radiation
scattered from the offset mirrors and thus operate para-
sitically.

The peculiarity of the SASE XFEL MCP measurement is
the large synchrotron radiation background at an electron
energy of 14 GeV. An MCP image of the SASE signal (red
circular spot) and an image of the background synchrotron
radiation (rectangular spot) are shown in Fig. 12.
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were commissioned in single and s
multibunch modes (Figs. 10 and 11).
The minimum pulse separation inside
an X-ray pulse train of EuXFEL can be
as short as 220 ns. The temporal reso-
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SASE3 MCP2 and SASE2 MCP3 detectors, beam tests with single-bunch and two-bunch mode.
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SASE3 MCP in multi-bunch mode: 30 bunches per train and the first three bunches.

Figure 12
BOS MCP image measurements at an electron energy of 14 GeV.

Absolute intensity values of SASE radiation can be
obtained through cross-calibration with X-ray gas monitors
(XGMs) (Griinert et al., 2015), which can be operated simul-
taneously with MCP-based detectors (Fig. 13). There are six
XGMs at the EuXFEL that provide online beam position and
intensity radiation monitoring. The XGM consists of four
vacuum chambers placed on a common girder, and can record
the fast shot-to-shot beam position and
intensity as well as the absolute cali-
brated intensity. 0

5. Conclusions 104

Successful operation of a FEL strongly
depends on the quality of the radiation
detectors. XFEL MCP detectors -20-]
operate in a wide dynamic range from
a few nJ up to 25mlJ, and in a wide
wavelength range from 0.05nm to

Photon flux
>
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-25-

—— SA2_XTD1_XGM/XGM/DOOCS. pulseEnergy photonFlux
SA2_XTD6_MCP/ADC/1.channel_7.peakMean

=

(below 1%), which is crucial for detection of a signature of
amplification and characterization of statistical properties of
the radiation. MCP detectors with these unique characteristics
will be used as key instrumentation for the tuning of an XFEL
accelerator and searching of SASE regimes. Other diagnostic
tools cannot be used for the registration of XFEL radiation
with such a wide dynamic range and wide wavelength range.

During validation tests at the DORIS BW1 channel,
detector calibration was carried out in the X-ray range at
photon energies of 8.5-12.4 keV. The ratio of the MCP signal
to the radiation energy in a micropulse is 0.165 VnJ~' at a
voltage of 1.8 kV and a photon energy of 9.66 keV.

At present, the SASE1, SASE2 and SASE3 MCP detectors
are installed in the EuXFEL tunnels (Syrekin et al.,2017). The
first beam time structure was measured by MCP detectors. A
peculiarity of the SASE XFEL MCP measurement is a large
synchrotron radiation background at an electron energy of
14 GeV. The first SASE radiation intensity measurements
were performed using MCP and XGM.
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