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X-ray gas monitors (XGMs) are operated at the European XFEL for non-
invasive single-shot pulse energy measurements and average beam position
monitoring. They are used for tuning and maintaining the self-amplified
spontaneous emission (SASE) operation and for sorting single-shot experi-
mental data according to the pulse-resolved energy monitor data. The XGMs
were developed at DESY based on the specific requirements for the European
XFEL. In total, six XGM units are continuously in operation. Here, the main
principle and experimental setup of an XGM are summarized, and the locations
of the six XGMs at the facility are shown. Pulse energy measurements at
0.134 nm wavelength are presented, exceeding 1 mJ obtained with an absolute
measurement uncertainty of 7-10%; correlations between different XGMs
are shown, from which a SASE1 beamline transmission of 97% is deduced.
Additionally, simultaneous position measurements close to the undulator and at
the end of the tunnel are shown, along with the correlation of beam position
data simultaneously acquired by an XGM and an imager.

1. Introduction

Free-electron lasers (FELs) which are operated in the self-
amplified spontaneous emission mode (SASE) are currently
the most intense femtosecond (fs) light sources from the
extreme ultraviolet down to the hard X-rays wavelength
regime. However, the statistical nature of the SASE process
leads to intensity and spectral fluctuations in the photon pulses
(Saldin et al., 2000). Moreover, the electron acceleration
process introduces arrival-time fluctuations to the electron
bunches, which leads in pump-probe experiments to a
temporal jitter of the photon pulses at the scientific end-
stations with respect to a synchronized external optical laser.
Therefore, several diagnostic tools have been developed in
order to measure pulse by pulse the photon energy (Richter et
al., 2003; Sorokin, 2004), temporal profile (Friihling et al.,
2009) and arrival time (Maltezopoulos et al., 2008) of the
SASE pulses. In addition, for measuring the spectrum and
polarization of the photon pulses the photoelectron spectro-
meter (PES) (Buck, 2012; Lutman et al., 2016) can be used.
This gas-based online method measures angular resolved the
time-of-flight of photoelectrons [for further details see
Laksman et al. (2019)]. With these pulse tagging approaches,
experimental data can be sorted and categorized.

Gas monitor detectors (GMDs) were developed at the free-
electron laser in Hamburg (FLASH) (Richter et al., 2003;
Sorokin, 2004; Tiedtke et al., 2008; Saito et al., 2010; Kato et al.,
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2010) to measure non-invasively the single-shot photon pulse
energy and to monitor the average beam position in the
extreme ultraviolet wavelength (XUV) range. Meanwhile,
many facilities worldwide have used different attempts for gas-
based online intensity diagnostics (Moeller et al., 2011; Kato
et al., 2012; Tiedtke et al., 2014; Song et al., 2019). With the
development of X-ray gas monitors (XGMs), the GMD
technique was extended to X-ray photon energies (Sorokin et
al., 2011, 2019; Kato et al., 2012; Tiedtke et al., 2014).

The measurement principle is based on photo-ionization of
rare gas atoms; therefore, it is not degrading during operation
and, thanks to the replenishing interaction sample, is almost
transparent. The photo-ion current is absolutely calibrated to
the photon flux at the Physikalisch-Technische Bundesanstalt
(PTB). XGMs can measure individual femtosecond X-ray
pulses containing 10’ up to 10" photons with an absolute
measurement accuracy of 7-10%. The average beam position
measurement accuracy is of the order of £10 pm within a
range of £1 mm. The average beam position measurement
linearity was verified for a range of -6 mm.

In this paper we will present the operation of XGMs at the
European XFEL. This facility operates in a burst mode, where
the burst train repetition rate is 10 Hz. One pulse train can
contain from 1 up to 2700 pulses within a time window of
600 ps. The highest intra pulse train repetition rate is 4.5 MHz
and the lowest is 1.7 kHz (here only two pulses per train are
possible). After an introduction of the operation principle and
experimental setup, we will show the
locations of our six XGMs in the facility,
and present experimental data from
commissioning and the first year of user
operation.
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Figure 1

Photograph of the XGM in the XTD10 tunnel shown as an example.
The XGM consists of four chambers: XGMDh, HAMPh, HAMPv and
XGMDv. Chamber names ending with the letters h or v are dedicated for
horizontal or vertical beam position monitoring, respectively.

A detailed description of the XGMD and HAMP is given
by Sorokin et al. (2011) and a new contribution is to be
published (Sorokin et al, 2019). In the following we will
summarize the main operation principle of XGMD and
HAMP.

A schematic view of the XGMD is shown in Fig. 2. Photo-
ions and electrons are extracted in opposite directions by an
electric field, which must be sufficiently high to prevent the
photoelectrons from reaching the ion plates. The photo-ions
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named XGMDh, HAMPh, HAMPv
and XGMDyv. The X-ray gas monitor

detector (XGMD) is a development
performed by Deutsches Elektronen-
Synchrotron (DESY) towards hard
X-rays based on the XUV version of
the GMD. The Huge Aperture Open
Multiplier (HAMP) is the most recent
development to enable single-shot
resolution even using very hard X-rays.
Since we are also interested in beam
position monitoring, each XGM
contains both types of chambers twice,
rotated around the beam propagation
by 90° with respect to each other:
chambers ending in h or v stand for
horizontal or vertical beam position
monitoring, respectively.
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Figure 2
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Sketch of the XGMD (left) and HAMP (right). The XGMD is based on photo-ionization of dilute
gases. Photo-ions and electrons are extracted by an electric field (HV;mesn, HVe mesns, HVe). The
photoelectron signals (e; and e,) are coupled out over capacitors. The photo-ion currents (i; and i)
are coupled out directly. The plates for position monitoring are depicted schematically. HAMP is
also based on the detection of photo-ions. A repeller (HV,.,) accelerates the photo-ions towards a
multiplier (MP stage). This multiplier (HVgamp) amplifies the ionic signal to an electron signal,
which is coupled out of the vacuum chamber (h; and h,). Raw ADC traces for XGMD and HAMP
signals are shown below (ten pulses per train; peak widths are indicated).
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are detected with Faraday cups and measured as low pass
filtered average ion-currents (i; and i) with a bandwidth of
about 15 mHz which corresponds to a time constant of tens of
seconds. With this, the average photon flux can be determined
in absolute terms, but not for single shots. In addition, the
photoelectron signal (e; and e,) is coupled out over a capacitor
(around 800 pF), amplified with 17 dB or 37 dB with a band-
width of 500 MHz, and digitized with an analog-to-digital
converter (ADC) from Teledyne SP Devices (model
ADQ412-3G-MTCA, 12 bit, 2 GHz bandwidth). Raw ADC
traces are shown in Fig. 2. For this example, ten pulses within
the pulse train were lasing and clearly all of them are resolved
from shot to shot with a full width at half-maximum (FWHM)
of 4 ns. This signal is pulse resolved, but not absolutely cali-
brated like the photo-ion signal described above. In order to
calibrate the single-shot signal, we first locate the peaks. We
can work with the raw data or use a fit function. We can
determine the peak amplitude or the peak integral, which
are both linear to the pulse energy. Finally, the single-shot
photoelectron signal is averaged by software to the intrinsic
time scale of the ion current measurement and thereafter
cross-calibrated to the photon flux. Note that there are always
two plates for ions and electrons, as depicted schematically in
Fig. 2. This geometry allows for position monitoring: if the
photon beam is shifted to the right, the current on the right
plate is higher than on the left plate. By measuring the
difference between the currents relative to their sum, one can
obtain non-invasively the beam position. This needs a further
calibration factor which is obtained by geometrical calcula-
tions and can be measured by scanning the entire chamber
relative to a stable beam (Sorokin et al., 2019). Since we need
horizontal and vertical beam position monitoring, there are
two XGMD chambers, named XGMDh and XGMDwv.
HAMP is also based on photo-ionization of rare gas atoms
(see the sketch in Fig. 2). A repeller separates the photo-
electrons from the ions and accelerates the ions towards a
multiplier. This multiplier converts the photo-ion signal to an
electron signal, which is coupled out of the vacuum chamber,
amplified, and digitized with an ADC
(same electronics as for the XGMD
signal). Raw ADC traces are shown in
Fig. 2. These peaks are wider (100 ns
FWHM) than the XGMD electron
peaks (4 ns FWHM) but still resolvable
at the maximum intra-train repetition
rate of the European XFEL (4.5 MHz).
HAMP is another single-shot data
source which can be calibrated to the
photo-ion signal of the XGMD as
described above. The only difference
between the HAMP and XGMD signals
is that the calibration of HAMP must
be repeated if the multiplier voltage is
changed. Note that, like for the XGMD,
there are two split plates for position
monitoring. Since we need again hori-
zontal and vertical beam position
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XGM in XTD1

monitoring there are two HAMP chambers, named HAMPh
and HAMPv.

HAMP was developed for very hard X-rays where even the
cross section of xenon is considerably decreased. Since we
want to avoid secondary effects upon photo-ionization, like
charge exchange between photo-ions and gas atoms or ioni-
zation by secondary electrons, and since we use high voltages,
we cannot increase the working gas pressure above
1 x 10~* mbar to compensate for the diminishing signals. If
many pulses are used (up to 2700 per train), the averaged
XGMD ion signal stays resolvable but the single-shot XGMD
electron signal strength will fall below the detection limit.
Here HAMP can still resolve the weak single pulses if
the multiplier voltage is set accordingly. Additionally, since
HAMP at corresponding high amplification can resolve very
weak signals, it is used by the machine operators during
SASE search.

3. Installation of XGMs at the European XFEL

An overview of the entire European XFEL facility with
accelerator, photon system and experiments is given by
Tschentscher et al. (2017). The photon diagnostics at the
European XFEL are described by Griinert et al. (2019a,b).
The XGMs are essential components in the photon diag-
nostics system of the facility. In total, six XGMs were
produced by the Photon Diagnostics and Control team (FS-
FLASH-D) at DESY for the European XFEL. Five of them
are located in the tunnels while one is installed at the Spec-
troscopy and Coherent Scattering (SCS) experimental hutch.
Fig. 3 shows the locations of the XGMs at the European
XFEL. After each of the three SASE undulators we have one
XGM. Besides many other applications, these three XGMs
in the tunnels XTD1, XTD2 and XTD10 help the machine
operators to tune and maintain X-ray lasing in SASE2, SASE1
and SASE3, respectively. Not all end-stations are equipped
with an entire XGM. The photon beamline to the Single
Particles, Clusters and Biomolecules (SPB) and High Energy
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Locations of the six XGMs at the European XFEL. Five XGMs are located in the tunnels and one in
the SCS experimental hutch.
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Density Matter (HED) experimental hutch in XTD9 and in
XTD6, respectively, have dedicated XGMs, which measure the
pulse energy and beam position at the end of the tunnels after
transport through the beam optics.

Xenon, krypton, neon and nitrogen can be selected as a
target gas at the XGMs in the tunnels. All gases have a purity
of 5.0 (99.999%). The gas cabinets are located outside the
tunnels, thus bottle exchange can be carried out even during
X-ray operation independent from tunnel access times. Since
process gas is injected at the XGMs into the ultra-high-
vacuum system, differential pumping systems (Villanueva,
2014, 2016) are needed upstream and downstream of the
instrument to maintain the otherwise lower beamline vacuum
to below 10~® mbar.

The XGM measurement controls, data acquisition, analysis
and storage into the DAQ are installed in the DESY accel-
erator control system DOOCS. Vacuum and gas controls are
operated under the European XFEL photon control system
Karabo (Hauf et al., 2019). An additional DOOCS-to-Karabo
bridge enables the live plot of the DOOCS data also in
Karabo. Moreover, XGM data can be included in Karabo
DAQ runs of users.

One big challenge is the reliable continuous operation of
these instruments. Many machine parameters can vary within
one shift and from one shift to another, for example the
number of pulses per train, the repetition rate within the train,
the photon energy and the pulse energy. The requirement for
the XGMs is that they are always online, calibrated, and the
evaluated energy values must be reliable. This sets high
requirements to the lifetime and reliability of the subcompo-
nents and the operation and analysis software. The XGM
servers constantly read machine parameters and use them
to evaluate the raw data. For example, if the photon energy
changes, a new cross section and ion mean charge have to be
used. If the number of pulses per train changes, the ion current
has to be divided by the new value. If the intra train repetition
rate changes, the fast ADC signal has to be evaluated
accordingly.

4. Results

SASE]1 is the first undulator source of the European XFEL
which started operation in Spring 2017. Thereafter, SASE3
and SASE2 followed successively in the first half of 2018.
Meanwhile, simultaneous lasing operation of all three SASE
light sources was demonstrated.

The HAMP multiplier voltage (see Fig. 2) can be set to a
corresponding high value which resolves even the weakest
photon pulses. Therefore, the HAMP signal (see Fig. 2, right
lower part) was used for finding the lasing signature at the
SASE threshold and for optimization.

An example for stable SASE1 operation over 2 h is shown
in Fig. 4. The left vertical axis shows the beam position (grey
dots), while the right vertical axis displays the pulse energy
(orange dots). Beam position and pulse energy data are
deduced from the average ion signal of XGMDh and XGMDw.
The horizontal axis counts the pulse train numbers with each
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§, f
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18:00 time 20:00
Figure 4

Pulse energy and beam position measurements over 2 h after SASE1
tuning and optimization. The left vertical axis is the beam position (grey
dots); the right vertical axis is the pulse energy (orange dots). The data
source is XTD2 XGM (SASE1), averaged ion signal of XGMDh and
XGMDyv, date 4 December 2017, wavelength 0.133 nm, 30 pulses per
train, with a Xe gas target. The absolute measurement uncertainty o of
the energy was 7-10% (77-110 pJ).

train consisting of 30 single shots. The conventions for the
XGM beam positions are: positive values in the horizontal
direction correspond to a beam position in the beam direction
to the right, and positive values in the vertical direction
correspond to a beam position in the beam direction upwards.
Thus, in this example the beam position relative to the XGM
centre is almost at the centre in the vertical direction, but
horizontally it is 1.9 mm in the beam direction to the right.
According to beam position calibration experiments, a
deviation of up to =26 mm in the horizontal or vertical direc-
tion can be reliably measured (Sorokin et al., 2019). For larger
beam offsets relative to the XGM chamber centre, the linear
calibration value which is used for position deduction is no
longer sufficient for precise position monitoring.

The XGMs in XTD2 and XTD?9, see Fig. 3, can measure
simultaneously the SASE1 beam, if the SPB branch is selected
for operation. A linear correlation between the XTD2 and
XTD9 XGM pulse energy measurements is shown in Fig. 5.
The slope of the linear fit is 0.97 indicating a high beamline
transmission of 97%. The pulse energy data are deduced
from the averaged ion signal of the corresponding XGMDh
chambers and each pulse train consists of 60 single-shots.

For the correlation in Fig. 5, the XTD2 and XTD9 XGMs
were operated with xenon. In order to test our XGMs and the
evaluating software, we kept the XTD2 XGM under xenon
and changed the gas in XTD?9 to krypton. The server in XTD9
automatically changed the cross section and ion mean charge
from xenon to krypton. Thereafter, the relation between
intensity measured in XTD2 versus intensity measured in
XTD?9 stood the same. We measured relative intensities in
order to remove the SASE fluctuations. Therefore, the gas
change was successfully tested.
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Figure 5

Simultaneous pulse energy measurements for the SASE1 beam at XTD2
and XTD9 XGM. Note that these are averaged energy measurements and
not single-shot correlations like in Fig. 8. The slope of the linear fit is 0.97
indicating a beamline transmission of 97% (no filters inserted). Data
sources are XTD2 and XTD9 XGMs (SASEL1), averaged ion signals of
XGMDh chambers, date 15 June 2018, wavelength 0.134 nm, 60 pulses
per train, both XGMs with Xe gas targets. The absolute measurement
uncertainty o of the energy was 7-10% for both XGMs.

While we operated the XTD9 XGM with krypton, the
absolute measurement uncertainty o increased in single-pulse
mode from 9-12% to 34-37%. The reason for this is that at
0.134 nm xenon has a higher cross section than krypton, which
leads to higher ion currents with a smaller error. With
increasing pulse number per train the uncertainty with
krypton becomes closer and closer to the xenon operation. For
example, already at two pulses per train the uncertainty o for
xenon and krypton is 8-11% and 28-31%, respectively.

In addition to the pulse energy measurements in XTD2 and
XTD?Y, one can also obtain the simultaneous beam positions in
the horizontal and vertical direction. These correlations are
shown in Fig. 6 for the horizontal (left) and vertical (right)
directions. These data are from the same run as for Fig. 5 and

24F

Horizontal beam position in XTD9 (mm)

1 1 1 1 Il I L

1,96 1,98 200 202 204 206 208 210
Horizontal beam position in XTD2 (mm)

Figure 6

they are also deduced from the averaged ion signal of the
corresponding XGMDh and XGMDv chambers. Note that the
slopes of the linear fits are considerably greater than 1. We
expect a slope of unity if the SASE beam shows only plane
parallel offsets. These larger slopes of 3.8 and 2.5 for the
horizontal and vertical direction, respectively, indicate
pointing jitter. Since the XTD9 XGM is 878 m away from the
source point, a beam deviation of 0.4 mm, as seen in the
horizontal direction, corresponds to 0.5 prad. In the future,
this non-invasive position measurement at the XTD9 XGM
will be used as an input for an active feedback system to the
MIrrors.

Additionally, we inserted a pop-in imager type I (Koch et
al., 2015, 2019) into the beam in the SPB branch of XTD9 and
compared the XGM position measurement with the centre of
mass of the XFEL spot on the screen. With an upstream
mirror we moved the beam in the beam direction from the
right (positive values) to the left (negative values) and
compared the steps in millimetres that are measured with the
XGM and imager (see Fig. 7). Note that the imager (pixels to
millimetres) and XGM (current to millimetres) are calibrated
independently. Only a linear offset to the imager position data
was added for a better visualization. While the imager follows
the beam steps immediately, the XGM needs tens of seconds
averaging time of the ion signal to follow, but thereafter the
steps are identical. The right image in Fig. 7 shows the
correlation between the position measurement of the imager
and the XGM where the linear fit slope is almost unity. This is
reasonable since the imager and XGM are spatially very close
at this beamline. Note that the imager data show at the
beginning of the mirror movement a short deflection in the
opposite direction. This could be related to the mirror itself
when it starts moving.

We repeated this measurement at the HED branch of
XTD6 (SASE2) and found a slope of 0.83. Here the distance
between the XGM and imager is much larger than in the
previous example: The tunnel positions from the injector are
2785 m for the mirror, 3261 m for the XGM and 3334 m for the

185 F

175

170

Vertical beam position in XTD9 (mm)

1 I 1 '
0,14 0,16 0,18 0,20 0,22
Vertical beam position in XTD2 (mm)

Simultaneous beam position measurements for the SASE1 beam at XTD2 and XTD9 XGM. Horizontal (left graph) and vertical (right graph) beam
position correlations are shown. The horizontal and vertical slope of the linear fits are 3.8 and 2.5, respectively. Data sources are XTD2 and XTD9 XGMs
(SASEL1), averaged ion signals of XGMDh and XGMDv chambers, date 15 June 2018, wavelength 0.134 nm, 60 pulses per train, both XGMs with Xe gas
targets. The distance between the SASEI1 source point and XTD2 and XTD9 XGM is 209 m and 878 m, respectively.
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Simultaneous beam position measurements of imager pop-in type I and XGM in the SPB branch of XTD9. (Left) Five discrete steps evaluated out of
imager (red dots) and XGM (black dots) position data. Imager position data were linearly shifted with respect to the XGM data for better visualization.
(Right) Correlation between imager and XGM position data after XGMD ion signal is settled. The slope of the linear fit is 0.996 with a standard
deviation of 0.009. The data source is XTD9 XGM (SASEL1), pulse energy at XTD2 XGM was 400 pJ, attenuated to 100 pJ at XTD?9, averaged ion signal
of XGMDh, date 24 August 2017, wavelength 0.136 nm, XGM with a Xe gas target.

imager. Since the mirror movement changes the pointing of
the beam, we calculate a slope of 0.87 which is close to the
measured value.

At the end of this section we want to present single-shot
pulse-energy correlation measurements, which are shown in
Fig. 8. SASE3 was running at 120 pulses per train at 1.1 keV
photon energy and the gas absorber was set to a transmission
of 5.5%. All 120 intra-bunch pulses show a linear correlation

Pulse 1
© Pulse 5
BF | . Ppulse 10

SCS single-shot energy (uJ)

8|
6k
1 i [ " [ " '} A I} " 1
300 400 500 600 700 800
XTD10 single-shot energy (1J)
Figure 8

Single-shot pulse energy correlation for the SASE3 beam at the XTD10
and SCS XGM. Correlation of single-shot intra-pulse-train numbers 1, 5
and 10 are shown. The correlation coefficient for the intra-pulse number
1 is 0.98 and the scatter points stay within 7% (lower absolute
measurement uncertainty). The standard deviation of the SASE
fluctuation for this run is measured consistently with both XGMs to be
around 11%. The slopes are 0.02 indicating an overall beamline and gas
attenuator transmission to the SCS hutch of 2% for these settings. Data
sources are the single-shot XGMDh electron signals calibrated to the
average ion signal, date 11 November 2018, wavelength 1.127 nm, 120
pulses per train, XTD10 XGM with Kr and SCS XGM with Xe gas target,
gas attenuator was set to 5.5% transmission. The absolute measurement
uncertainty o for both XGMs was 7-10%

between the XTD10 and SCS XGM. For clarity, only single-
shot linear correlations of intra-pulse numbers 1, 5 and 10 are
shown in Fig. 8. The linear slope is 0.02 indicating an overall
gas absorber and beamline transmission to the SCS experi-
ment for this special case of 2%. The correlation coefficient
for the intra pulse number 1 is 0.98 and the scatter points
stay within +7% which is the lower absolute measurement
uncertainty of the XGMs. The distance separating the XGMs
of 211 m and the five mirrors in between are further potential
sources of scatter. For XTD10 and SCS the mean pulse energy
values are 563 pJ and 11.2 pJ and the standard deviations are
61 wJ and 1.26 pJ, respectively. Therefore, for this run the
standard deviation of the SASE fluctuation was measured with
both XGMs to be around 11%.

5. Summary and outlook

We have demonstrated operation of XGMs in the SASEI],
SASE2 and SASE3 beamlines of the European XFEL. We
presented non-invasive average and single-shot pulse energy
measurements and energy correlation results between
different XGMs. Simultaneous averaged beam position
monitoring in the direct undulator beam and at the end of the
tunnel has been realized. Pre-installation calibrations were
successfully cross-checked by position correlations between
XGMs and imagers.

The non-invasive beam position monitoring will be used in
the future as input for mirror feedbacks to stabilize the beam
at the experiment. Currently, the XGM operating system
software is updated to deal with the so-called fresh bunch
mode of operation, where dedicated pulses are addressed for
lasing in SASE1 but suppressed for lasing in SASE3 and vice
versa. Last but not least, we will explore in the future a wider
parameter space for the XGMs, including photon energies
beyond the initial ranges of 9-14 keV (SASE1l) and 530-
1200 eV (SASE3) and repetition rates of up to 2700 pulses.
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