
Memorandum Vol. 10, No. 8 / August 2023 / Optica 963

Pulse-resolved beam position measurements of
high energy X-ray pulses at MHz rate with a
diamond sensor
Tuba Çonka Yıldız,1,* Wolfgang Freund,1 Jia Liu,1,3 Michal Pomorski,2 AND
Jan Grünert1

1European XFEL, Holzkoppel 4, Schenefeld, 22869, Germany
2Université Paris-Saclay, CEA, LIST, F-9112, Palaiseau, France
3jia.liu@xfel.eu
*tuba.conka@xfel.eu

Received 12 May 2023; revised 28 June 2023; accepted 2 July 2023; published 21 July 2023

The European X-ray Free Electron Laser facility produces
extremely intense and short X-ray pulses. A diamond sensor
proposed for non-invasive diagnostics of hard X-rays enables
pulse-resolved beam position measurements within less than
1% uncertainty at 2.25 MHz. © 2023 Optica Publishing Group
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X-ray free-electron lasers (XFELs) generate extremely intense
X-ray pulses with durations in the femtosecond range. These pulses
are created via a process called self-amplified spontaneous emission
(SASE), which has a stochastic feature causing variations in beam
intensity, spectrum, and position. Therefore, it is critical to per-
form single-shot beam intensity and position measurements [1]
in the least-invasive manner, during which almost no photons are
lost and beam properties are affected as little as possible. There has
been previous work demonstrating a curved grating technique in
good agreement with the method of ablative imprints in analyzing
FEL beam dimensions and properties [2]. However, these mea-
surements were neither non-invasive nor single-pulse resolving. At
the European XFEL (EuXFEL) [3], X-ray gas monitor detectors
(XGMs) [4] are used for monitoring the pulse-resolved and abso-
lutely calibrated pulse energy signal. Meanwhile the beam position
can also be derived, but only averaged over several tens of seconds.
For gas-based systems, the efficiency drops as photon energy
increases; besides, it is not always possible to implement such bulky
systems. X-ray imaging systems [5] deliver accurate beam shape
and position information, but only at 10 Hz. To overcome the
above issues, sensors have been developed based on single-crystal
diamonds produced by chemical-vapor-deposition (CVD), and
they were used as beam monitors at synchrotron facilities [6–8].
Thanks to the excellent diamond material performance under
high temperature, high frequency, high voltage, and high radiation
[9,10], we were able to apply these sensors to the much brighter
and shorter XFEL pulses (synchrotrons deliver on the order of
1012 photons per second while FELs produce a similar number
of photons in each single pulse), demonstrating unprecedented
pulse-resolved FEL beam position measurements.

The sensor shown in Fig. 1 has both surfaces covered by
diamond-like carbon (DLC) layers with defined resistivity of
350 � on the front and 750 � on the back side, and on each side,
two planar metallized electrode strips allow the collection of the
generated currents. The sensor consists of an electronic grade
diamond with a high charge collection efficiency with dimensions
4× 4 mm2 with a thickness of 40 µm.

The X and Y position information is calculated using
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where A(xi ) and A(y i ) are the X-ray-induced current on lateral
electrode xi and y i , respectively. L corresponds to the distance
between the lateral metal electrodes. A duo-lateral diamond sensor
was mounted on an XY motorized manipulator and attached to the
K-monochromator [11] vacuum chamber in the X-ray tunnel for
distribution (XTD1) of the SASE2 beamline.

First, diamond sensor functional tests were performed at
12− 15 keV and 30 keV. The recent results that we present here
were obtained at a photon energy of 11 keV. The beam arriving
at the diamond contained a train of 30 pulses at an intra-pulse
repetition rate of 2.25 MHz, with the trains repeating at 10 Hz
and with an average pulse energy of around 130 µJ.

Due to the large signals produced from FEL pulses, a 50 dB
attenuator was used for each current signal of the sensor, which was
biased with 100 V. The digitization of the signals is performed
by FastADC modules in µ-TCA crate. These commercial ADCs
(FastADC by Struck) have 16-bit resolution and a sampling rate of

Fig. 1. (a) Structure of the diamond sensor and (b) photo of the
mounted diamond sensor.
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Fig. 2. Beam position measured by the diamond sensor and FEL
imager in (a) X and (c) Y directions; (b) and (d) are the position differences
in X and Y directions, respectively.

Fig. 3. Correlation of X direction beam position measured by the dia-
mond sensor and the FEL imager.

108 MHz. Pulse stretchers in the analog front-end electronics are
used to temporally resolve the few ns long pulses with this limited
sampling rate. The ADCs are triggered synchronously with each
pulse train. The calibration of the sensor was performed by moving
the sensor in X and Y directions.

The diamond sensor mean position averaged over all 30 pulses
in the train was compared with train-resolved data of the SASE2
FEL imager [5] and is in good agreement as shown in Figs. 2 and
3. Figure 3 demonstrates the direct correlation of the position X
measured by both detectors, with the X and Y lineouts extracted
from correlation shown as red and black curves. The correlation
width of the distribution defines the measurement uncertainty.

As an example, an image of the FEL beam recorded by the FEL
imager is shown in Fig. 4 where the red dot represents the 2D tilted
Gaussian fitted centroid position of the beam, whereas the green
dots are single-shot beam positions measured by the diamond
sensor. The ellipse is the contour plot of the fitted 2D profile, and
the dashed cross represents the mean position measurement by the
diamond sensor measurements, where the average was taken over
all pulses in the train.

In conclusion, a diamond sensor was developed for operation
with high energy X-ray beams such as those produced at FELs. It

Fig. 4. Beam position (X and Y directions) measured with the diamond
sensor and the FEL imager.

delivers pulse-resolved beam position information at MHz rate and
has a position measurement uncertainty of 3 µm (X-direction)
and 5 µm (Y-direction), which corresponds to 0.5%− 1%
uncertainty for a beam diameter on the order of 500 µm.
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