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Abstract
At the European X-ray Free Electron Laser high brilliance

femtosecond FEL radiation pulses are generated for user ex-
periments. For this to be achieved, electron bunches must be
reliably produced within very tight tolerances. In order to in-
vestigate the presence of microbunching, i.e. charge density
variation along the electron bunch with features in the mi-
cron range, a prism-based NIR spectrometer with an InGaAs
sensor, sensitive in the wavelength range 900 nm to 1700 nm
was installed. The spectrometer utilizes diffraction radiation
(DR) generated at electron beam energies of up to 17.5 GeV.
The MHz repetition rate needed for bunch resolved mea-
surements is made possible by the KALYPSO line detector
system, providing a read-out rate of up to 2.7 MHz. We
present the first findings from commissioning of the NIR
spectrometer, and measurements on the impact of the Laser
Heater system for various bunch compression settings, in
terms of amplitude and bunch-to-bunch variance of the NIR
spectra as well as FEL pulse energy.

INTRODUCTION

The European XFEL
In the linear accelerator of the European X-ray Free-

Electron Laser (EuXFEL) electron bunches are accelerated
to energies of up to 17.5 GeV. The bunches are accelerated
in bunch trains of up to 2700 bunches, with an intra-train
repetition rate of up to 4.5 MHz (currently 1.1 MHz opera-
tion is most common). Trains are generated at 10 Hz, for a
total of up to 27 000 bunches per second.[1] After accelera-
tion, the electron bunches are distributed to three undulator
sections (designated SASE1, SASE2, and SASE3) where
via Self-Amplified Spontaneous Emission (SASE) laser-like
X-rays are produced. This enables parallel Free-Electron
Laser (FEL) operation of three experimental stations.

Bunch Compression
The peak currents needed for the SASE process demand

that the bunches are longitudinally compressed during ac-
celeration. To compress the bunches a longitudinal energy-
position correlation called chirp is imparted by accelerating
them off crest and then leading them through a chicane where
energy dependent path length allows the higher energy tail
to catch up to the head. At the EuXFEL this is done in 3
stages, for a total compression factor of ∼100, and final peak
current ∼5 kA. [2]
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Microbunching and Laser Heater

Collective effects during bunch compression can lead to
so called microbunches developing [3, 4], where random pe-
riodic features on the longitudinal charge density from shot
noise from the electron-gun can be amplified many orders of
magnitude. These features lead to growth of slice emittance,
detrimental to the FEL process. Previously similar facilities
have implemented Laser Heaters (LH) to inhibit microbunch-
ing, with clear improvements to FEL performance.[5–7] In
the LH, part of the laser pulse for the photo-cathode elec-
tron gun is coupled out and overlapped with the electron
bunches in an undulator inside a chicane. This imparts a non-
correlated energy spread, which dampens microbunching in
the bunch compressor chicanes. A LH was also installed at
the EuXFEL.[8–12]

Longitudinal Diagnostics of Short Bunches

For the study of microbunching effects at the EuXFEL
a prism based Near Infra-red (NIR) spectrometer was in-
stalled.

For longitudinal diagnostics of sub picosecond electron
bunches, frequency domain methods using coherent radia-
tion can provide a non-invasive option, important for user
facilities. The spectral density of coherent radiation is de-
pendent on the magnitude of the longitudinal form factor,
𝐹𝑙, which is the Fourier transform of the longitudinal charge
density of the electron bunch. Coherent Diffraction Radia-
tion (CDR) spanning mm-waves to visible light is generated
when the relativistic electron bunches pass through a hole
in an aluminum screen. At EuXFEL this CDR is used to
non-invasively monitor bunch compression and longitudi-
nal profiles at several stations along the accelerator. [13]
Bunch Compression Monitors (BCM) use simple and ro-
bust broadband sensors to monitor the overall bunch length.
Spectroscopic investigation offer a more complete bunch
profile, and at the last CDR station, after full acceleration,
a THz spectrometer [14, 15] was previously installed.[16]
That spectrometer works in the mid infrared (MIR) to THz
spectral range, 5 μm to 450 μm, and can provide complete
bunch profiles. However, the smallest features it can resolve
is limited by its detection range. Since microbunching is
suspected with features in the single μm range, the spec-
trometer that this paper concerns was installed alongside it,
sensitive in the NIR range. Due to the stochastic origins of
microbunching great variance from bunch to bunch is ex-
pected, which requires bunch-resolved measurements. The
development of the KALYPSO detector unit [17–20] has
made this possible, with read-out rates up to 2.7 MHz.
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Figure 1: Layout of the NIR spectrometer. Not to scale.

NIR SPECTROMETER
The layout of the NIR spectrometer is shown in Fig. 1. 

The KALYPSO detector module has a 256 pixel InGaAs line 
sensor sensitive to 0.9 μm to 1.7 μm. The sensor is 12.8 mm 
wide, with a pixel pitch of 50 μm. The NIR spectrometer also 
has two Si CCD cameras, CCD1 and CCD2, for alignment 
and CDR beam profile imaging.

A 60 mm equilateral n-SF11 prism is used for dispersion. 
The n-SF11 glass has a relatively flat slope for the sought 
spectral range. A 2 ” n-BK7, 𝑓 = 150 mm plano-convex 
lens is used for focusing. To compensate for the shift of 
focal length due to decreasing refractive index for longer 
wavelengths, the central wavelength is incident on the sensor 
at an angle off of the normal.

The NIR spectrometer is assembled on a standard optical 
breadboard. Two 2 ” mirrors, M1 and M2, mounted on 2-
axis Standa motorized mirror mounts, are used for alignment. 
Two linear stages are mounted on the breadboard, LS1 and 
LS2. LS1 holds CCD1 and has extra space where e.g. optical 
filters for calibration purposes can be mounted. LS2 holds 
the KALYPSO detector module and CCD2.

INITIAL FINDINGS
We present measurements for scans over bunch compres-

sion, and LH power from three different measurement runs 
at different compression settings and FEL operation. Accel-
erator parameters  are  presented  in  Table  1.  For  the  third  
LH scan run,  the  accelerator  was  operated  in  so-called  
flattop mode, where two different compression settings can 
be ap-plied for different ranges of bunches within the same 
bunch train.  Our  read-out  script  was  however  only  able  to  
record the compression settings of the first flattop range.  
No FEL operation during 3rd run. Points in plots are  
averages over  many  bunch  trains,  and  the  standard  
deviation is indicated with error bars or transparent bands.

Changing Compression Settings
Figure 2 shows example spectra from the first readings 

with the NIR spectrometer. Uncompressed bunches in the 
left column and bunches at FEL compression settings in the 
right. The overall intensity decreased by almost 2 orders of 
magnitude when the bunches were compressed. This is in

Table 1: Accelerator Parameters for LH Measurement Runs

1st acc. section 2nd acc. section

Run Δ𝐸 [MeV] chirp [1/m] Δ𝐸 [MeV] chirp [1/m]

1 128.9 -9.04 569.8 -10.85
2 128.4 -8.67 579.2 -10.50
3a* 127.6 -8.65 585.4 -10.49
*Accelerator operated in ”flattop” mode.
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Figure 2: Example spectra from initial measurements with
the NIR spectrometer. Longer wavelengths towards higher
pixel number (uncalibrated). Left column: uncompressed
beam. Right column: FEL compression settings. Top row:
Selected spectra. N.B. vertical scales differ: compressed
signal ∼100 times weaker. Bottom row: Whole bunch trains,
demonstrates differences in shot-to-shot fluctuations.

line with earlier results from FLASH, where microbunch-
ing was observed in the μm range for lower compression
settings.[21] With FEL compression the relative bunch-to-
bunch variance increased.

Scans over the chirp of the accelerator sections in the first
two compression stages were made. The results are shown in
Fig. 3. The signal of the NIR spectrometer was split in two
halves, integrated and then normalized separately to show
the shift of the spectrum during the scan. In black the BCM
signal is shown, corresponding to right y-axis. We can see
that the decrease in NIR intensity continues after maximum
compression is reached. A general dampening occurs of
development of features in the μm range in the chicanes.

Changing Laser Heater Power
Figure 4 shows NIR spectrometer and FEL intensities

from run 1 and 2. Only SASE1 was operational for run 1.
We see an expected behavior, the NIR intensity falls off and
the FEL intensity generally sees an initial increase before the
induced energy spread from the LH becomes too large. For
all except SASE3 during run 2, the increase in intensity is
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Figure 3: Scans over bunch compression. Left axes: Signal
from NIR spectrometer integrated and normalized separately
for pixel 0-127 (dashed red line) and 128-255 (solid blue
line). Transparent regions indicate the standard deviation.
Right axes: Signal from BCM, black line with error bars.
Top: Compression adjusted with accelerator chirp before
first chicane. Bottom: Adjusted using chirp between first
and second chicane.

significant. However, in none of the cases the FEL intensity
is higher than what has been achieved without the LH.

Figure 5 shows the NIR intensities for all runs. Run 3 went
to higher LH pulse energies, and a difference in behaviour
between flattop ranges is seen for these higher energies, with
flattop one exhibiting an unexpected increase in intensity
and variance.

CONCLUSION
We have shown the first commissioning results from a new

NIR spectrometer with bunch-to-bunch read-out capabilities
at MHz repetition rates.

The investigations of compression settings show a be-
haviour in line with previous findings[21] where significant
microbunching occurs in the chicanes at lower compres-
sion, while with increased chirp microbunching is strongly
suppressed, due to longitudinal smearing by the energy dis-
tribution inside the bunch. Shot-to-shot variance with high
compression suggests that some microbunching could still
remain.

LH investigations show some positive effects on the FEL
pulse energy for moderate LH pulse energies. The effect is
not as significant as in other FEL facilities where the LH is
necessary for regular operation, whereas so far at EuXFEL
full FEL performance could be achieved without using the
LH. Reasons for this could be, for instance, different prop-
erties of the photo-cathode material in the electron-gun for

1

2a

2c

2b

1

2

Figure 4: Results from scan of LH pulse energy from Runs
1 and 2. Top: FEL pulse energy. 2a - SASE1, 2b - SASE2,
2c - SASE3. Bottom: Integrated signal across all pixels,
normalized with regards to their initial values.

3a1

2 3b

Figure 5: Results from scan of LH pulse energy from all
runs. Run 3 was made during ”flattop” operation mode, and
also to higher LH pulse energies. 3a is flattop 1 (first 100
bunches), 3b is flattop 2 (bunch 160 and onward).

the generation of the electron bunches, or beam dynamics of
the entire accelerator not producing microbunching with as
high gain for features in the micrometer wavelength range.
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