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Abstract. Laser-plasma accelerators (LPA) deliver relativistic electron beams with
high peak current and low emittance, with energies up to the GeV-level in only few
centimetres. However, the divergence and the energy spread of these beams remain too
large for potential light source applications. A magnetic transfer line can be used to
manipulate the electron beam phase-space and select the transmitted energies with a
slit located at its center. We will show that with a proper focusing optics along the line,
one can tune the energy spread of the beam at a given energy without loss and produce
undulator radiation with controlled bandwidth. We present analytic studies, numerical
simulations and experimental results on the controled electron beam transport and
application to undulator radiation with a control of the bandwidth.

1. Introduction

Laser-Plasma Acceleration (LPA) is a promising technology as an alternative for
miniaturising the conventional radio-frequency-based accelerators. In recent LPA
schemes, a high-power femtosecond laser is focused into a gas target and excites a
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plasma-density wave with ultra-high accelerating fields much larger than in the radio-
frequency cavities of conventional accelerators [1]. In such compact accelerators, trapped
electrons from the ambient plasma can be accelerated up to relativistic energies within
a millimetre distance [2]. Progress in LPAs have made possible the generation of quasi-
mono energetic electron beams with ultra relativistic energies up to multi-GeV [3, 4, 5].
However, the characteristics of the produced electron beams strongly depend on how
electrons are injected into the accelerating plasma structures. In the past decade,
different strategies of controlled injection schemes have been proposed such as density
transition injection [6, 7, 8, 9, 10], multipulse colliding injection [11, 12], ionisation
injection [13, 14, 15] and plasma lens enhancement of self-injection [16, 17, 18, 19] but
the current lowest relative energy spread reported is still at the percent level [20].

The independent control over electron beam parameters such as energy spread,
charge, emittance and divergence is still a key challenge towards potential LPA
applications such as x-ray free-electron lasers (FELs) [21]. The intrinsic large divergence
(few milliradians) and energy spread (few percent) of the electron beam [6, 22
dramatically limit the capacity for an LPA beam to sustain FEL gain. Several
techniques, either focused on the LPA development or based on conventional accelerator
strategies, can be implemented to reach the mandatory Pierce parameter ppg; [23]
qualifying the FEL gain: use plasma lenses [24, 25, 26, 27] and/or high gradient
quadrupoles in the immediate vicinity of the LPA source to handle the large
divergence [28, 29], use a chicane [30, 31] or a transverse gradient undulator [32, 33|
to lower the slice energy spread, and/or use a chromatic matching [34] to synchronize
the beam maximum density with the radiation pulse propagation inside the undulator.

In view of approaching FEL application, experimental demonstration with
existing LPA performance are required for a better understanding of LPA-based FEL
requirements. For that purpose, the COXINEL line [30] has been designed to operate
an LPA in combination with a conventional transfer line based on multiple magnetic
devices. This permits to facilitate and handle the transport of such non trivial beams
and qualify them for FEL application.

In this paper, we present a method inspired from conventional accelerators where
the energy spread is handled in a magnetic transfer line using a slit inserted between
the second and third dipole magnet of a chicane. As a main result, the control of
the energy spread permits to improve the spectral purity of the spontaneous undulator
radiation. Experimental results on electron beam transport and undulator radiation on
the COXINEL line are confronted with numerical simulations based on experimental
LPA electron beams observations.

2. Laser-plasma accelerated electrons at the gas jet exit

The 60 TW, 30 fs Titanium:Sapphire laser from Salle Jaune at Laboratoire d’Optique
Appliquée (LOA) is focused into a supersonic gas jet of He and Ny mixture. The
ionisation injection regime [35] is considered because of its simplicity and robustness
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over daily operation. The electron beam properties are characterised using an
electron spectrometer composed of a dipole magnet and a scintillator screen for energy
distribution measurements. An estimation of the charge density per energy can be
obtained from the calibration of the number of photons created per incident electron on
the scintillator screen [36].

Figure 1a shows a series of measured single-shot energy distributions. Electron
beams with a broadband energy distribution ranging from few tens up to 200 MeV
are generated with a total average charge of 75.5 pC (Fig. 1b). While the horizontal
distribution permits to reconstruct the energy distribution, the slice divergence of the
beam can be deduced from the local distribution on the vertical axis. The vertical slices
are fitted with a Gaussian distribution. The slice vertical divergence distribution is
shown in Fig. 1c.

Even though the LPA provides electron beams with a large energy spread, only
a small part of the electron beam with the adequate energy is transported along the
beamline. Moreover, for lightsources applications with quasi monochromatic light, such
as undulator radiation or FEL, the proper quantity is not the total charge of the electron
beam but the charge density contributing to the radiation process, in a given spectral
bandwidth, that is equal to 1/Ny for spontaneous undulator radiation with Ny the
number of undulator period. In that case, the relevant quantities are the charge per
energy slice and the slice divergence at the nominal energy, which is, in our case,
equal to 176 MeV (see next section). Figures 1d,e show the evolution of the charge,
approximately equal to 0.2 pC/MeV, and the vertical divergence, around 1.6 mrad (rms)
within a 1 MeV slice around the nominal energy. The horizontal divergence is deduced
from the vertical one by applying a coefficient proportional to the ratio of the beam size
(r = 0,/0,) measured at the first scintillator screen after a direct drift from the gas jet.
The aspect ratio between the horizontal and vertical size is, on average, equal to 1.86.
This asymmetric beam distribution may come from the horizontal polarisation of the
laser [37]. The shot-to-shot pointing fluctuations are of the order of 3.5 mrad (rms).

3. COXINEL: a magnetic transfer line for laser-plasma accelerated beams

The COXINEL project [38, 39, 40, 41] aims at qualifying the LPA electron beams
for FEL applications using a dedicated manipulation line. The beamline is depicted
in Fig. 2a. The magnetic transfer line has been initially designed for a 1 % energy
spread and a 1 mrad divergence LPA beam and built at Synchrotron SOLEIL. The
line is currently installed in Salle Jaune (LOA) and has been upgraded to handle the
performance of the available LPA electron beams. A triplet of permanent quadrupole
magnets with adjustable strength [42, 29, 43|, located at 5 cm from the LPA gas jet, is
used to strongly focus the electron beam in order to mitigate the divergence. A magnetic
chicane, also called demixing chicane, is then used to stretch the electron bunch in order
to longitudinally sort the energy along the beam at the cost of a decrease of the peak
current [31, 30, 34]. Finally, a quadruplet of electromagnetic quadrupoles focuses the
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Figure 1. Experimental laser-Plasma accelerated electrons properties. (a) Series of
20 single-shot energy distributions. (b) Average (thick line) and single-shots (light
lines) charge density per energy. (c) Average (thick line) and single-shots (light lines)
divergence (rms) distribution per energy. Charge (d) and divergence (rms) (e) within
a 1 MeV slice around the 176-MeV reference energy (vertical dashed lines in a-c). The
histograms show the charge and divergence distributions.

beam at the undulator center.

The beam transport is based on a source-to-image optics in which the focusing
magnification depends on the energy range (Figs. 2b,c). In the previous work [44], the
demixing chicane was combined with a specific chromatic matching to synchronise the
beam maximum density with the radiation pulse propagation along the undulator [34].
In the present configuration, the electron beam is focused in the horizontal plane at
the center of the chicane (Fig. 2e) and then refocused in both horizontal and vertical
planes, at the undulator center (Figs. 2b,c). Thanks to the horizontal dispersion at
the chicane center, the adjustable-aperture slit permits to energy select the transmitted
electrons along the beamline. The effect of the slit will be described in the following.
The numerical simulation is done using particle tracking with initial conditions deduced
from the experimental observations of the LPA beam (Fig. 1).

The LPA electron beam has been successfully transported along the COXINEL
line (Figs. 2h-k). In order to mitigate pointing and alignment errors, a beam pointing
alignment compensation method (BPAC) has been developed on purpose [44]. At the
slit entrance, the shot-to-shot fluctuations in the horizontal plane are of the order of
167 pm (Fig. 2i).
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Figure 2. (a) COXINEL experimental setup. Electrons generated in a gas mixture
jet (LPA) pass through a triplet of adjustable permanent quadrupole magnets (QAP)
and then in a magnetic chicane (CHIC) where a slit permits electron energy selection.
They are then focused using a quadruplet of quadrupoles (QEM) in an in-vacuum
undulator (U18). At the end of the undulator, they are dumped by means of a bending
magnet (DUMP). Transverse electron beam distributions can be imaged on scintillator
screens (black thick lines). Horizontal (b) and vertical (¢) beam enveloppe for 171
(dot), 176 (solid) and 181 (dashed) MeV. Transverse beam distributions along the
beamline: numerical simulations (d-g) and experimental observations (h-k). Numerical
simulations are done using electron beam parameters from Tab. 1 and average energy
and divergence distributions from Fig. 1. The red crosses represent the shot-to-shot
pointing fluctuations at the scintillator screens.

4. Electron beam monochromator

Due to its broadband energy distribution, the LPA beam is not usable as it is for
light source applications that require low energy spread such as FEL. In parallel to the
improvements of high-quality LPA electron beams generation, a proper manipulation of
the phase-space of the LPA beams along the beamline can help in reducing the energy
spread to approach the properties of conventional accelerators. For that purpose, we use
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an electron beam monochromator composed of a slit, i.e. collimator, with adjustable
aperture located between the second and the third dipole magnet of the demixing chicane
(Fig. 2a) [45].

The effect of the slit aperture is studied using particle tracking simulations [46].
The magnetic line is considered ideal. A deeper study of the influence of more realistic
magnets on the emittance growth of the beam is presented in [47], and sensitivity studies
to beam fluctuations can be found in [48, 49]. The influence of collective effects on the
slice emittance has also been examined in [50], showing that the decompression of the
bunch significantly reduces the influence of the space charge on the slice emittance during
the transport. The experimental LPA energy and divergence distributions (Figs. 1b,c)
combined with the electron parameters summarised in Tab. 1 are used to generate the
initial electron distributions as input of the numerical simulations. Since the real 6D
phase-space distribution is unknown and not accessible experimentally, the simulations
are done assuming independent Gaussian transverse distributions.

Nominal energy Fy 176 MeV
Normalized emittance €,,;,, 1 mm.mrad
Bunch length AT, (FWHM) 30 fs
Total charge Q. 75.5 pC
Charge density (QE,) dQ/dE 0.2 pC/MeV
Vertical divergence (QFEp) 0., 1.6 mrad (rms)
Ratio r = 0, /0, 1.86
Undulator period Ay 18.16 mm
Undulator parameter KX 1.88
Numbrer of undulator period Ny 107

Table 1. COXINEL line, electron beam and numerical simulations parameters.

At the chicane center, the electron beam is horizontally dispersed, i.e. the horizontal
position of the electrons is correlated with the electron energy, and the nominal energy
of 176 MeV is focused in both horizontal and vertical planes (Fig. 3a). At the first
order, the correlation between the horizontal position x and the relative beam energy
deviation ¢ is given by:

x(0) = xo + R3S (1)

where R;4' is the transport matrix coefficient [51] at the slit position, also called

dispersion function D,, and z( is the horizontal displacement of the nominal energy.

The insertion of a slit, centred around the nominal energy position, permits then

to transversally select the transmitted energies. Thanks to the horizontal focusing

(Fig. 2b), the nominal energy is transmitted without loss (Fig. 3b). According to Eq. (1),

the transmitted relative energy bandwidth A¢ is given by:
Ax gy

A = ,
il

(2)
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with Az, the aperture of the slit. The evolutions with the slit aperture of the total
transmitted charge and energy spread of the beam at the undulator center are shown
in Figs. 3c,d. As the slit aperture is closed, the total transmitted charge and energy
spread decrease linearly.

125

(a) [ — ] 5) (c) . 1.50- (e)
100150200250 2 1 £
54 10.0
energy (MeV) &.’, Ei2s
—~ T 7.54 8
K= -
E of S )  1.00
~ o 5.0 8
-] € 0.75 A
. £ g
g 25 1 I o 5 0.50
® -- <
= 0017 : : 0.251° : : :
10 1 2 3 4
slit aperture (mm)
< 0.3 T 121
> no slit — 2 ®
() S 20 A £
= 4 mm o < 1.0
Q = o 1.
20.21 3 mm =t e
2 2mm | g1 o8
@ 1 mm = <
OJ
© 0.14 > 104 ©0.61
o o ©
< 9] g
s I S04
GO0 T——— — : : : - s : : :
100 125 150 175 200 225 250 1 2 3 4 1 2 3 4
energy (MeV) slit aperture (mm) slit aperture (mm)

Figure 3. Impact of the electron beam monochromator. (a) Transverse-energy
distribution of the electron bunch in presence of horizontal dispersion at the center
of the chicane. The vertical dashed lines represent the borders of the maximum slit
aperture (4 mm full width). (b) Energy distributions versus slit aperture. The vertical
dashed line highlights the 176 MeV reference energy. (c) Total charge at the center of
the undulator versus slit aperture. (d) Evolution of the full width at half maximum
(fwhm) energy spread versus slit aperture. Evolution of the rms horizontal beam size
(e) and rms horizontal divergence (f) at the undulator center versus slit aperture.
Numerical simulations from single-shot distributions (grey dots) and average of the
single-shot results (red). Numerical simulations from average distribution (red dashed
line) and analytical formula (black solid line). The transport matrix coefficients are:

Rfé“ = —32.2 mm, and at the undulator center: Ri; = 9.6, Rjs = —5.3-1072 m,
Ri16 = —15.6, Ry = —7.3 m, Ro1 = 6.3 m_l, Roy = 0.1, Ro1g = 4.5 - 102 H’l_l7
Roog = —4.6.

Up to second order in dispersion free section, a focusing transport in the horizontal
plane is given by:

Gl B ()
Z Ry Ra Ro1 Raze Lo

using the standard transport matrix notation [51]. The first matrix (R;;) corresponds
to the linear part and the second matrix (R;;) takes into account the chromatic second
order perturbation. (xg,xyp), (x,a’) are respectively the initial and final horizontal

coordinates (position-angle). Assuming an initial Gaussian distribution without any
correlation, the rms beam size and divergence at the focal point can be approximated
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by:

~ 2 2 2 -2 2 2 2 2 2 2
Oy & \/Rn%o + Rip050 + Ri1602005 + Riz603003 (4)

~ 2 2 2 -2 2 2 2 2 2 2
Og R \/Rm%o + R32050 + R31602005 + R32603005 (5)

Thanks to the slit, the reduction of the energy spread leads to a reduction of the
horizontal beam size and divergence at the center of the undulator by limiting the
chromatic effects during the transport (Figs. 3e,f).

5. Undulator radiation

When targeting light source applications, a rather monochromatic emission is usually
expected. The control of the energy spread can have a strong impact on the spectral
properties of spontaneous undulator radation. The radiation emitted by electrons
wiggling in a periodic magnetic field constructively interfere at the fundamental
resonance wavelength (and its harmonics):

2

A\r = ;53 [1 + I;U + (wéﬂ (6)
where Ay is the undulator period, Ky the deflection parameter proportional to the
magnetic field and the undulator period, 7 is the Lorentz factor and € the observation
angle. The undulator radiation presents a characteristic angulo-spectral parabola-
like distribution with a high spectral purity and brilliance assuming negligible multi-
electron contributions [52, 53|. Indeed, the spectral broadening due to multi-electron

contributions are presented in the following [54].

5.1. Relative bandwidth

The natural on-axis bandwidth of an undulator is inversely proportional to the number
of undulator periods Ny :

A 1
ara b 7
L= (7)

However, an inhomogeneous broadening of the undulator radiation bandwidth can result

from multi-electron contributions coming from the electron beam parameters such as
the large energy spread or horizontal divergence of the beam. The relative energy spread
of the beam symmetrically broadens the bandwidth as follows:

A\

~ 2 X —
A

oy o

(8)

In addition, the divergence brings a non-negligible contribution to the broadening of the
bandwidth on the long-wavelength side and can be estimated by:
A\

~ (’YOUJU’>2
2| T 9

=~ KZ *
(o] 1+TU
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Assuming independent multi-electron contributions, the on-axis undulator radiation

bandwidth can be obtained from the quadratic sum of the previous contributions
(Egs. (7, 8,9)) [54, 55):

AN 1 AN AN 1AM 1 AN AN (10
PR\ AP A N PN P

41 (a)

.|
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Figure 4. Resonance undulator radiation wavelength (black line), homogeneous
bandwidth (yellow area), energy spread broadening contribution (red area) plus
horizontal divergence contribution (blue area), for a 4-mm (a) and a 1-mm (b) slit
aperture. The undulator parameters are: Ay = 18.16 mm and Ky = 1.88.

Figure 4 illustrates the different broadening contributions to the undulator radiation
bandwidth for two extreme slit apertures: the maximum aperture of 4 mm (Fig. 4a) and
the minimum aperture of 1 mm (Fig. 4b). In absence of the electron monochromator,
the transmitted energy spread is so large (around 17.5 MeV rms, Fig. 3b) that the
on-axis undulator radiation will span over a window close to 100-nm width.

As the slit is closed, the electron beam energy spread, size and divergence are
reduced at the undulator center (Figs. 3, Egs. (4, 5)). According to Eq. (10), the
expected radiation bandwidth decreases (Fig. ba). This decrease is dominated by the
energy spread contribution (Fig. ba, red). At larger slit width, the beam divergence
contributes to an additional broadening of the bandwidth (Fig. 5a, blue).

5.2. Spectral peak brilliance

The spectral peak brilliance B, is a typical figure of merit for accelerator-based light
sources. It describes the intensity of the light source taking into account its spectral
purity and opening angle. For radiation sources with only partial coherence such as
spontaneous undulator emission, the spectral peak brilliance can be expressed as [56]:

N , (1)
AT20,0,, 0,0, At (AXN/N)

Bpk: X
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Figure 5. Theoretical undulator radiation relative bandwidth (a) and spectral peak
brilliance (b) versus electron slit aperture. (Homogeneous linewidth (a-black dot line),
relative energy spread inhomogeneous broadening (red) plus horizontal divergence
contribution (blue)).

where the number of photons is proportional to the number of electrons N, in the
bunch of duration At, o, ., . are the transverse rms sizes and angular divergences of
the source.

Figure bb shows the relative improvement of the spectral peak brilliance versus slit
aperture, taking into account all the electron beam parameters in Fig. 3. As the slit is
closed, the transmitted beam charge is reduced but the charge at the energy of interest
is maintained. The relative bandwidth is also reduced as the slit limits the transmitted
energy spread. Simultaneously, the electron beam sizes and divergences at the undulator
center are also reduced thanks to the energy spread control. All these combined effects
lead to an enhancement of the spectral peak brilliance.

5.8. Ezxperimental results: control of undulator radiation bandwidth

The LPA electron beam is experimentally focused on the slit in the chicane center and
then refocused in an in-vacuum undulator of 18.16 mm-long period with 107 periods
(Figs. 2h-k). While the electrons are dumped at the undulator exit, the undulator
radiation is observed using an imaging spectrometer that permits to measure the spatio-
spectral distribution of the undulator radiation in the far-field (Fig. 6a) and extract
the on-axis spectrum (Fig. 6b). As the various contributions to the broadening of the
bandwidth are not symmetrically distributed (Eq. (10)), the on-axis distribution is fitted

with an asymmetric Gaussian distribution of the form:
2

A=A
p(A):axeXp—? X 0

[1 + erf(&\//\ﬁ)] with A = o
with g the central value of the radiation, and o, the radiation bandwidth for a pure
Gaussian distribution. As the slit is closed, the relative bandwidth decreases (Fig. 6¢).
The experimental observations are in good agreement with the analytical trend of the

undulator radiation bandwidth (Eq. (10)).

(12)
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Figure 6. (a) Typical experimental observation of a far-field spatio-spectral
distribution of spontaneous undulator radiation for an undulator parameter Ky = 1.88
and an electron slit aperture of 4 mm. (b) Associated on-axis spectrum (horizontal cut
along the dashed line in (a)): experimental data (grey dots) and fit (red line). The black
diamond indicates the central wavelength and the horizontal error bar corresponds to
the full-width at half maximum. (c) Relative bandwidth versus electron slit aperture:
single-shot experimental data (grey dots) and average (black), theoretical relative
bandwidth for relative energy spread inhomogeneous broadening (red) plus horizontal
divergence contribution (blue). The horizontal black line indicates the resolution limit
of the spectrometer.

6. Conclusion

In this paper, we have reported on a phase-space manipulation of LPA electron beams
using a slit inserted in a magnetic chicane. Using numerical simulations, we have shown
that it is possible to control the transmitted energy spread along a transfer line taking
advantage of the horizontal dispersion in the center of the chicane. The simulations
have been performed using measured experimental distributions at the gas jet exit.
We thus have shown that despite an almost 100% initial energy spread, the relevant
electrons at the nominal energy are preserved along the beamline while the electrons
off-momenta vanish. The proper energy spread tuning enables the control of the
undulator radiation bandwidth and therefore an improvement of the expected spectral
peak brilliance. Thanks to the manipulation of an LPA beam along the COXINEL line,
we have experimentally observed the typical spatio-spectral pattern of the undulator
radiation and controlled its on-axis radiation bandwidth [54].
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