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Electron slicing for the generation of tunable femtosecond soft x-ray pulses
from a free electron laser and slice diagnostics
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We present the experimental results of femtosecond slicing an ultrarelativistic, high brightness electron
beam with a collimator. In contrast to some qualitative considerations reported in Phys. Rev. Lett. 92,
074801 (2004), we first demonstrate that the collimation process preserves the slice beam quality, in
agreement with our theoretical expectations, and that the collimation is compatible with the operation of a
linear accelerator in terms of beam transport, radiation dose, and collimator heating. Accordingly, the
collimated beam can be used for the generation of stable femtosecond soft x-ray pulses of tunable
duration, from either a self-amplified spontaneous emission or an externally seeded free electron laser.
The proposed method also turns out to be a more compact and cheaper solution for electron slice
diagnostics than the commonly used radio frequency deflecting cavities and has minimal impact on the

machine design.
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I. ELECTRON SLICING WITH A COLLIMATOR

In response to the interest of the community of synchro-
tron radiation and free electron laser (FEL) users in ever
shorter x-ray pulses [1,2] and flexible parameters of the
output photon beam [3,4], we propose an electron beam
collimation system for the generation of femtosecond soft
x-ray pulses with tunable duration from a free electron
laser. We demonstrate that the beam collimation is com-
patible with the machine operation both in terms of radia-
tion dose production and beam diagnostics, i.e. trajectory
control in the beam delivery system. Measurements of the
beam slice optical parameters supported by an analytical
evaluation, demonstrate that the collimator transverse
wakefield does not degrade the emittance of the collimated
beam, which can therefore be devoted to FEL production
as well as to slice diagnostics. Similarly to the work
presented in [5], the method relies on the linear correlation
between the particle energy and its longitudinal coordinate
along the bunch established via upstream off-crest radio
frequency (rf) acceleration. Such a beam manipulation is
regularly implemented in modern linac-based FELs for
bunch length compression in a magnetic chicane, in order
to increase the electron bunch peak current and eventually
enhance the FEL process [6-8]. In the following, we only
consider the particle motion in the chicane bending plane.
We propose to install a collimator at the center of the
chicane. If, at that location, the momentum dispersion is
much larger than \/eB/cs, where & is the beam rms
geometric emittance, B is the betatron function, and oy
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is the rms relative energy spread, the beam size is domi-
nated by the particle momentum dispersion and the colli-
mator selects a longitudinal slice of the bunch. The
proposed method is sketched in Fig. 1. It has the same
advantage of simplicity and flexibility as in [5], and it can
be similarly implemented without significant cost or design
alterations to an existing machine. However, it crucially
differs from [5] in that only the selected slice is propagated
downstream of the chicane, while the rest of the beam is
partially absorbed and scattered by the collimator and is
finally lost in the chicane vacuum chamber. The particle
removal allows slice diagnostics, since the beam slice is the
collimated beam itself. After propagating the collimated
beam in dedicated insertions, its horizontal, vertical, and
longitudinal parameters can be measured with standard
diagnostics. This is a much more compact and cheaper
solution than the commonly used rf deflectors [9,10].
When the accelerator is set for beam production, the colli-
mated beam can be used for the generation of femtosecond
soft x-ray FEL pulses with tunable duration, either from a
self-amplified spontaneous emission (SASE) FEL [11,12],
or from an externally seeded FEL [13-18]. Unlike in [5],
no corruption from spoiled electrons would degrade the
FEL output. The method is also likely to ensure a good
FEL stability [19], since a seeding pulse longer than the
collimated beam would make the FEL scheme less sensi-
tive to the arrival time jitter of the electron beam, while the
collimator, acting like a monochromator, reduces the ef-
fective beam mean energy jitter. The tunability of the final
bunch duration, namely the slice length and the FEL pulse
duration, depends on the minimum step of the movement
of the collimator blades. Making use of [5] [Eq. (2)],

2Ax
Atpwam = o i (1)
X
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FIG. 1. Schematic top view (not to scale) of electron slicing
with a collimator placed in the middle of a magnetic chicane,
once a linear energy chirp is imparted to the electron beam by an
upstream accelerator.

we find that a 1 um step with submicron reproducibility,
which is available from commercial linear encoders,
results in a control of the final bunch length with subfemto-
second accuracy. In Eq. (1) we used the following notation:
Atpwnm is the full-width-half-maximum (FWHM) dura-
tion of the collimated beam, Ax is the collimator half-
aperture, o, is the rms beam size at the collimator that
includes the particle chromatic motion, and o, ; is the final
rms bunch duration after the chicane, if the collimator were
removed.

II. EXPERIMENTAL RESULTS

The feasibility and operability of the proposed
method was investigated in the linear accelerator of
FERMI@Elettra FEL [8]. The collimator is a horizontal
scraper made of two identical, cylindrical and individually
movable rods of copper. The rod diameter is 13 mm wide.
The thermal load of the scraper was simulated with the code
ANSYS WORKBENCH V13.0 SP2 [20] under the assumption
of a 500 pC, 1 ps long electron bunch that is impinging on
the scraper rod at the mean energy of 300 MeV and at the
repetition rate of 50 Hz. The average beam power is
only 7.5 W. The beam is assumed to cover a surface of
15 X 1 mm?, on account of the fact that the beam is
stretched in the horizontal plane during compression.

Water cooling of the blade with a flux of 650 liter/hour
(water velocity of 2.05 m/s) is taken into account. The code
predicts a maximum temperature of 698°C on the rod’s
surface in the transient regime, while in the steady-state
regime, with a constant heating flux, the surface tempera-
ture reaches 24°C. In both regimes, the water temperature
increment is only 0.014°C. The radiation dose in the ma-
chine area surrounding the magnetic chicane (BC1) was
measured when approximately 95% of the 500 pC beam had
been intercepted by the scraper blades. The remaining 5%
was passing through a 100 xm aperture and detected a few
meters downstream. We measured a dose rate of about
80 Gy/h on the vacuum chamber about half a meter
downstream of the scraper and 4 Gy/h on the electronics
(specifically, a screen system) in its vicinity. To avoid
radiation damage, a relocation of such electronics or the
installation of shielding needs to be evaluated. There was no
measurable dose rate (<0.1 Gy/h) on the electronics
placed at the end of the chicane. No deterioration of the
vacuum was measurable during the experiments.
Collimation for slice diagnostics was applied to an
initial 350 pC, 5 ps long beam. The magnetic chicane
and the upstream linac were set in order to define the bunch
length compression by a factor of 5.5. All the relevant beam
and machine parameters are listed in Table I. The geomet-
ric beam size in the middle of BC1 was og = 160 um so,
following the prescription in [5] [Eq. (1)], the scraper
blades were inserted into the vacuum chamber to define a
half-aperture at least 3 times bigger, namely 0.5 mm wide.
The chromatic beam size o, = 2.6 mm was much larger
than the geometric one, so we can use Eq. (1) to evaluate
the duration of the collimated beam that is Az., = 70 fs
FWHM. The charge of such a beam is expected to be
Ol = Qi%;ﬁ”‘ =~ 27 pC, where Q; and A¢; are, respec-
tively, the initial total charge and the initial bunch duration
(FWHM) and C is the compression factor. The scraper
aperture was consecutively translated to select 12 longitu-
dinal slices of the bunch. Each slice was accelerated and
transported to the linac end, in the so-called transfer-line-
straight (TLS) region. The initial response of the beam

TABLE I. Electron beam and machine parameters used during beam collimation for slice

diagnostics. The optical parameters were measured at the entrance of the quadrupole used for the

emittance measurement.

Parameter In BC1 In TLS Units
Charge 350 10-35 pC
Mean energy 303 1205 MeV
Energy spread, rms 1.0 0.3 %
Normalized projected emittance, rms 1.7 (H), 1.3 (V) 3.7 (H), 1.9 (V) mm mrad
B function 22.2 (H), 24.1 (V) 9.4 (H), 8.2 (V) m

« function 93 (H), =3.1 (V) 45 H), -39 (V)

Dipole bending angle 85 mrad
Central momentum dispersion 255 mm
Compression factor 5.5
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position monitors (BPMs) to the smaller charge was differ-
ent by up to 100’s micron with respect to the entire beam.
However, the feedback was able to restore the reference
trajectory in a few shots: a clear demonstration that a
minimum charge of ~10 pC can be steered along the
beam line with a few microns accuracy. The slice optical
parameters were measured both in the BC1 and in the TLS
region with the quadrupole scan technique [21,22], in
dedicated diagnostic stations. The impact of the scraper
transverse wakefield on the emittance of the collimated
beam was analytically estimated, with the limitation that
the model starts failing when the particles travel at a
distance comparable to the collimator half-aperture.
Following [23], the FERMI scraper behaves like a flat,
long collimator and the kick factor k must be computed
in the diffractive regime. For a half-aperture 0.5 mm wide,
we have k = 72 V/pC/mm. This is a rather large value
but its effect on the emittance is mitigated by the low
charge traversing the scraper and a proper optics setting
at the collimator location. In the case of a 50 pC beam
charge traveling 0.4 mm far from the scraper axis, the
collimator’s kick is [23] 6 = h% = 4.8 urad, where Q is
the bunch charge, 4 is the bunch centroid distance from the
collimator axis, « is the kick factor in the plane of interest,
and E is the beam mean energy. Following [24], the
normalized emittance growth can be estimated with

ve, = y\/ai()(l +

&02) < 0.07 um,
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where v is the relativistic Lorentz factor, ye, o = 1 umis
the unperturbed rms geometric emittance, and B, is the
horizontal betatron function at the collimator location. Its
design value for a matched beam is 3 m. In Eq. (2), we
considered the case of a reasonably mismatched beam, i.e.
B, = 10 m. We do not expect any effect in the vertical
plane because the collimator has no aperture restrictions in
that plane.

Figure 2 shows the slice distribution of the charge, the
emittance, and the Courant-Snyder (C-S) parameters [25]
measured in BC1 and in TLS. The quadrupole scan tech-
nique and measurement accuracy are discussed, e.g., in
[22]. The largest error bars for the emittance measurement
are dominated by the variation of the central value over
several consecutive measurements. This variation is mainly
addressed to imperfect background subtraction during the
beam image recording. The maximum error over all mea-
surements is considered for the C-S parameters. By com-
paring the optics parameters of the entire beam, listed in
Table I, with those of Fig. 1, we infer that the slice emittance
after collimation is typically equal or smaller than that of the
whole beam, and that the scraper wakefield does not de-
grade the emittance of the collimated beam. Moreover, the
slice emittance is approximately preserved during the beam
transport from BC1 to TLS, while the projected emittance in
TLS is larger than in BCI1. This is an indication that it is
dominated by the correlation of the slices’ centroid coor-
dinates in the transverse phase space, such as those induced
by linac geometric wakefields [26].
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FIG. 2. Charge (squares) and slice optical parameters measured in the FERMI BC1 (dots, dashed line) and TLS (dots, solid line)
linac regions. From left to right: normalized emittance, 8 function, « function. The top line is for the horizontal plane; the bottom line

is for the vertical.
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FIG. 3. Left: FEL peak power along the FERMI high gain harmonic generation undulator line for 80 pC, 110 fs long electron bunch.
Different colors along the curve correspond to the emission of different and consecutive undulator segments. Right: FEL final pulse
duration FWHM (solid line) and peak power (dashed line) versus the collimator half-aperture. Simulations were performed with the

code PERSEO.

III. FEL SIMULATION

The simulation of a SASE FEL is not of great interest
here since it has already been treated in [5] and, as pre-
viously explained, the collimated beam exiting the chicane
has the same properties of the unspoiled beam in the foil
scheme. We focus instead on the performance of a seeded
FEL. We simulated the FERMI high gain harmonic
generation [8,13,14] with the code PERSEO [27]. The un-
dulator line consists of one longer period undulator (called
modulator) for electron beam and seed laser interaction, a
dispersive section (Rss = —40 wm) for bunching enhance-
ment, and six identical shorter period undulators (called
radiators) in the planar horizontal configuration. The seed
laser delivers 100 MW of peak power at 266 nm wavelength
in a flat, 350 fs long pulse. The radiators are tuned to the
tenth harmonic of the seed laser, i.e. to a wavelength of
26.6 nm. We chose electron beam parameters that reflect the
most recent FERMI performance [8]: a 500 pC, 10 ps long
electron beam is assumed to be compressed by a factor 15
in BC1 to achieve a flat current profile of approximately
750 A, and accelerated to the energy of 1.2 GeV. The final
slice emittance is 1.0 mm mrad and the slice energy spread
is 150 keV. We assume the collimator setting adopted for
the aforementioned slice diagnostics experiment. The
FWHM duration of the collimated beam turns out to be
[5] At = 110 fs, carrying a charge Q. =~ 80 pC. We
note that At.; and Q. scale as /B, in the middle of the
chicane, i.e. a 10 times smaller 8, would allow the genera-
tion of a 25 pC, 35 fs long collimated beam. The FEL power
emitted by the 80 pC bunch along the undulator is shown in
Fig. 3. The final peak power is 3 GW over 38 fs (FWHM),
which corresponds to = 2 X 10'3 photons/pulse. The final
FEL pulse duration is also shown as a function of the

collimator half-aperture in BC1. The maximum peak power
decreases from 3.71 to 2.98 GW (not shown) as the photon
pulse shrinks from 120 to 16 fs (FWHM).

IV. CONCLUDING REMARKS

In summary, the proposed beam collimation system
offers an alternative way to diagnose slice properties of
an electron bunch, with minimal impact on the machine
configuration. A comparison of the performance of pro-
posed scheme with other established techniques, such as rf
deflecting cavities, is already in the authors’ plan and will
be faced in a dedicated work.

The proposed scheme extends the capability of a soft
x-ray FEL facility to generate stable femtosecond pulses
with tunable duration driven either by SASE or an external
seed laser. It is not straightforward to extend the proposed
method to the generation of subfemtosecond pulses as well
as to hard x-ray FELs as both these scenarios would imply
an electron charge at the level of a few pC in the delivery
system. Electron beam diagnostics like BPMs might be
appositely tuned to handle such a small signal level. We
note, however, that a very low charge option is already on
the horizon of existing and planned FEL facilities [28-31],
thus anticipating a fundamental step forward for linac-
based, short pulse FELs in the near future.
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