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Abstract

The Coherent Synchrotron Radiation (CSR) interaction
is a source of unwanted correlated energy spread in short-
unch Free-Electron Lasers (FEL), diluting the desired FEL
spectrum and reducing the total brightness of the light source.
£ Many accelerator codes make use of 1-dimensional approxi-
mations in the calculation of the CSR-wake, which breaks
down for bunch dimensions typical within bunch compres-
sor dipoles in FELs. General Particle Tracer [1] simula-
tions of the CSR interaction make use of the 3-dimensional
bunch distribution, making it advantageous in modelling the
» short-bunch, high aspect ratio regimes typical of modern
4™_generation light sources. Measurements of THz CSR
= emitted from the final bunch compressor dipole of the SP02
‘€ beamline at the MAX-IV Short Pulse Facility (SPF) were
£ used, alongside start-to-end GPT and Elegant [2] simula-
~ tlons to characterize coherent radiation emission across a
é‘ broad range of bunch lengths.
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INTRODUCTION

The brightness of 4™-generation light sources is depen-
dent on high peak current electron beams with low energy-
spread [3,4]. Conventional bunch compression methods
= making use of chicane or dogleg lattice structures can bring
> about unwanted correlated energy spread induced by CSR
> . . . —
@ wake. Numerical methods for estimating the energy redistri-
S bution often make use of assumptions regarding the bunch
£ dimensions, bunch trajectory and dipole field form, limiting
S the generality of their application [5-7].

The validity of a CSR calculation making use of the 1-
& dimensional approximation is characterized by the so-called
": “Derbenev Criterion” [8,9],
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where o, and o, are the longitudinal and transverse (in-
plane) r.m.s beam sizes, and p is the bending radius. When
< this criterion is satisfied, the transverse projection of a por-
= tion of the trajectory, corresponding to a slippage length on
£ the order of the electron bunch length, is much larger than
§ the bunch’s transverse extent. Outside of this regime, the full
& 3-dimensional distribution must be taken into account when
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modelling the coherent interaction and the subsequently
emitted radiation [10].

GPT’s CSR model, csrld, simulates the interaction di-
rectly from the Lienard-Wiechert (L-W) fields [11], taking
into account the transverse bunch distribution, although cur-
rently only calculating the resultant longitudinal field. By
employing a sub-bunch method for modelling the electron
distribution, and a history manager to store coordinates for
use in the L-W calculation [12], GPT is able to simulate
the interaction with far fewer assumptions than many cur-
rently available codes. Transverse effects are captured by
source points offset from the centre of each sub-bunch [12],
and the because no assumptions are made on the nature of
the magnetic field the interaction in the fringe region of a
magnet can also be modelled. This could potentially aid
towards the design of compression structures in which the
CSR interaction becomes partially self-cancelling [13] in
terms of energy spread and emittance increase.

While the GPT code does not currently support explicit
radiation calculations, such as obtaining spectra or angular
distributions, the total instantaneous power can be calculated
simply from changes to the centroid energy of the bunch.
This total energy loss can then be compared against mea-
surements of emitted radiation power to quantify agreement
between simulation and observation, thus benchmarking the
CSR algorithm.

EXPERIMENT

Measurements of CSR power were carried out alongside
complementary measurements of CTR power. A gold-plated
mirror, positioned 1.678 m downstream from a bunch com-
pressor dipole, was used to generate CTR as well as reflect
CSR emitted from the dipole edge. In order to isolate the
CSR the mirror was partially extracted from the beamline
alongside with a trajectory kick to the beam such that no CTR
was generated, with part of the CSR signal captured. Beam
loss monitor observations were used alongside a downstream
screen to confirm that no CTR was generated.

The electron bunch length characterizes the relevant fre-
quency range for coherent radiation. With final bunch
lengths in the range of ~ 0.4-0.02 ps (Table 1), the expected
coherent cutoff frequency is between 2.5 and 50 THz. In
order to measure sub-THz, THz and IR wavelengths, a pyro-
electric detector (PED) array was used because of it’s broad
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Table 1: Key Machine Parameters for the MAX-IV SP02
Beamline

Parameter Value
Repitition Rate, vy 2Hz
Dipole Bending Radius, p 9.84771 m
Beam Energy Centroid, (U) 3 GeV
Bunch Charge, O 85-100 pC
R.M.S Bunch Length, o, (Elegant) 0.02-0.4 ps

Normalized Horizontal

R.M.S Emittance, ¢, , (Elegant)
Normalized Vertical

R.M.S Emittance, €, , (Elegant)

3-34 mm mrad

2-9 mm mrad

spectral range. The array consisted of 256 pixels, each with
a width of 50 um and a pyroelectric crystal thickness of
5 um. Such thin layers of pyroelectric crystal are sensitive
to damage from visible wavelengths, requiring a HFZ-Si
window be fitted over the detector head. A Z-cut quartz win-
dow is installed at the mirror location to permit transmission
of THz radiation. The combined spectral transmissions of
these two window materials resulted in a detectable spectral
range of up to 7 THz; considerably smaller than that of the
expected radiation spectrum.

The PED array was mounted on a 2-axis translation stage,
with one axis controlling the detector position along the opti-
cal axis, and the other controlling the horizontal position of
the array. The linear detector array was oriented vertically
to enable 2-dimensional scanning of the radiation distribu-
tion (Fig. 1). A 200 mm focal length TPX lens was used
to focus the radiation onto the detector head, with all wave-
lengths focused equally owing to the TPX’s near-constant
refractive index across the relevant spectral range. The PED
array enabled the acquisition of shot-to-shot measurements,
although signals were averaged over multiple shots to allow
for better confidence in each measurement by mitigating the
effect of machine jitter.
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Detector

Translation Stage

Focusing Stage

Figure 1: Schematic of experimental setup. Optical radiation
is isolated through the use of a 3 um thick beam-splitter, and
measured using a CCD camera. Optical measurements were
used for alignment of the beam and mirror only.
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Short electron pulses in SP02 are achieved through two
bunch compressors, BC1 and BC2. BCI1 lies just after the
first accelerating structure on the MAX-IV linac, KO1, which
accelerates electrons from ~100 MeV to ~250 MeV, as well
as controlling the compression in BC1 via a longitudinal
energy chirp imparted by the off-crest phase in KO1. When
operating close to the maximal compression phase of K01,
BC1 compresses electron bunches from lengths of approx-
imately 1.8 ps down to approximately 300 fs. From there,
electron bunches are accelerated to 3 GeV in the main linac
over a distance of 232 m before entering BC2 were it is
further compressed down to around 50 fs.

The off-crest phase of KOl (6¢ko1) was scanned for
three different values of K02 offset (6¢k02), to enable a
broad characterization of the longitudinal machine param-
eter space. The scans featured in this report focus on the
measurement technique as a concept, with transverse sizes
kept small enough to be within the bounds of validity for
a l-dimensional CSR approach (Equation 1). While the
presented measurements and simulations do not serve to
benchmark the 3-dimensional capabilities of GPT’s CSR
model, they are a test of the model’s efficacy in modelling
CSR emitted from a dipole edge.

SIMULATIONS AND RESULTS

Elegant simulations were used to match and track the elec-
tron beam through the majority of the accelerator. In order
to re-create the conditions during the experiment, simulated
transverse beam optics were matched to recreate measured
beam profiles at 3 YAG screen locations (Fig. 2). The Ele-
gant beam distribution 0.05 m upstream from the final BC2
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Figure 2: Matching of simulated transverse statistical beam
quantities to screen measurements at the entrance (MS3
Screen 1), middle (BC2 Screen 2), and exit (SPO2 Screen
1) of the second bunch compressor on the MAX-IV linac
beamline.
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£ dipole is then passed to GPT and SPECTRA [14] for CSR
;;:f simulations. The total radiated energy-per-pulse is inferred
Z from the total energy loss of the bunch close to the dipole
% exit and within the fringe field zone. SPECTRA is used to
+ calculate an approximate angular distribution of the radia-
£ tion emitted from the dipole exit, which is normalized and
2 then scaled by the total emitted energy calculated in GPT.

Normalised Measured Pixel Voltages
and Simulated Pixel Irradiances
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Figure 3: Normalized peak PED voltage and normalized
simulated detector irradiance (filled lines). The filled region
encapsulates the variation of the peak irradiance with re-
spect to an offset of the detector equivalent to half the pixel
spacing.

This distribution is then propagated to the mirror location,
with beam centroid offsets and the mirror raised position
taken into consideration. The incident radiation fraction is
then propagated further to the TPX lens plane, where the
surviving angular distribution is mapped to spatial points
in the focal plane. The focal plane distribution is integrated
over the individual pixel areas to produce an expected irradi-
S ance of the detector. As this irradiance does not accurately
© take into account transport losses and the detector’s spectral
8 response is not precisely defined, the distribution is nor-
§ malized to the peak value over the entire scan (18 machine
g setups). This is compared to the peak pixel voltages, which
“ have been normalized in a similar fashion as the simulated
M detector irradiances (Fig. 3).
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DISCUSSION

Coherent radiation emitted from the exit of a bunch com-
pressor dipole has been successfully measured using a pyro-
electric detection method. The phase of maximum compres-
sion are in agreement between simulation and experiment,
showing that a similar method may be employed for relative
compression monitoring. The radiation pattern captured is
only a fraction of the total radiation distribution, meaning
2z that the radiation distribution must be carefully propagated
£ to the detector plane. The particle-tracking tools used to
¢ estimate the strength of the CSR interaction do not provide
«» the information necessary to precisely model this distribu-
= tion, so approximations must be made for this calculation.
Improvements to this method of radiation propagation are
expected to significantly improve the agreement between
simulation and measurement.
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For two of the three scans of d4,,, there is an offset of
around 3 ° between the observed and simulated peak CSR
signal. This could be due to one of several reasons: the
longitudinal dynamics of the bunch are not being correctly
simulated in Elegant, either within the bunch compressors
or within the linac, resulting in the LPS not being accurately
recreated; the crest phase was not correctly measured at the
time of data collection, causing a direct systematic shift of
the observed crest phase; the angular distribution is being
incorrectly modelled in SPECTRA, and as such the derived
detector irradiance deviates significantly.

An issue with the simulation of experimental conditions
during the experimental period at MAX-IV lies with the
reconstruction of transverse distributions at screen locations.
Although transverse statistical parameters of the bunch
were matched successfully, the transverse distributions
themselves are significantly different in most cases. The
significance of this deviation is mitigated by the low value
of the Derbenev parameter across all bunches in these
scans. Finally, the distribution propagated from the mirror
does not incorporate diffractive effects about the sharp
edge of the mirror, which would be expected to broaden
the CSR distribution incident upon the detector and may
serve towards altering the convolution of the propagated
signal over pixel areas. The effect of this is expected to be
of a similar magnitude to the effect caused by the overall
detector vertical offset (Fig. 3).
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