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Abstract. Laser Plasma Acceleration (LPA) enables to generate up to several GeV

electron beam with short bunch length and high peak current within centimeters scale.

In view of undulator type light source applications, an electron beam manipulation has

to be applied. We report here on detailed electron beam transport for an LPA electron

beam on the COXINEL test line, that consists of strong permanent quadrupoles to

handle the electron beam divergence, a magnetic chicane to reduce the energy spread

and a second set of quadrupoles for adjusting the focusing inside the undulator. After

describing the measured LPA characteristics, we show that we can properly transport

the electron beam along the line, thanks to several screens. We also illustrate the

influence of the chromatic effects induced by the electron beam energy spread, both

experimentally and numerically. We then study the sensitivity of the transport to the

electron beam pointing and skew quadrupolar components.
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1. Introduction

In Laser Plasma Acceleration (LPA) [1], an ultra short laser pulse generates a plasma

wave with relativistic phase velocity via the ponderomotive force. Particles can be

accelerated, with electric fields up to three orders of magnitude larger (>100 GeV/m)

[2] than conventional radio frequency accelerators, in a range covering from tens of MeV

to GeVs [3, 4] with fs duration [5], excellent emittance at the plasma-vacuum interface

(∼1 mm.mrad), high peak current (1-10 kA) and percent energy spread [6] within cm

scale. Nevertheless, the best LPA parameters are not achieved simultaneously. Different

configurations (laser wakefield accelerator (LWFA) [1], plasma beat wave accelerator

(PBWA) [1], self-modulated LWFA [7], wakefields driven by multiple pulses [2] and the

highly nonlinear regime of electron cavitation [8]) offer distinct characteristics. In the

generation of the electron bunch by LPA, two phases can be differentiated, injection,

during which the electrons are injected into the wave forming the beam, and boost where

the electrons of the beam gain energy. The method used for injecting the electrons in the

bubble (colliding pulse regime [9, 10], density ramp injection [11], ionization injection

[12, 13, 14]) determines the characteristics of the LPA system.

The improvement of LPA motivated the development of shorter accelerators for

high energy physics [15] and light source applications [16, 17, 18, 19, 20, 21, 22]. Many

challenges still need to be overcome in order to achieve a stable and high performance

system. The beams with high divergence and percentage level energy spread are difficult

to capture and transport for applications due to fast emittance worsening [23, 24, 25].

Indeed, the geometrical emittance εg evolution is strongly dominated by the initial

divergence σ′i, the energy spread σγ and the roll angle of the quadrupoles θ as:

ε2g,x ≈ ε2g,x,i + 4θ2σ′2x,iσ
′2
z,iL

2 + L2σ′4x,iσ
2
γ (1)

with L the drift distance [23, 26, 27]. Thus, for a current I, the peak brightness, defined

as [28]:

B =
2 × I

π2εg,zεg,x
(2)

used as beam quality figure of merit, also deteriorates. In addition, to achieve free

electron laser (FEL) amplification the beam relative energy spread σγ [29] should be

smaller than the Pierce parameter [30]. The width of the electron energy slice should be

inferior to the natural bandwidth of the first harmonic [29]. Hence, specific techniques to

effectively transport and control the electron beam, while avoiding a decrease in quality

and improving some of its characteristics, are required [31, 32, 33].

Studies about LPA beam dynamics in a transport line are carried out in the

COXINEL line (COherent Xray source INferred from Electrons accelerated by Laser),

which has been conceived with a final purpose of demonstrating FEL amplification

using LPA [34, 35]. The Pierce parameter condition on σγ translates for the COXINEL

undulator (107 periods of 18.16 mm [36]) to 176±0.5% MeV. The COXINEL line has

already achieved electron beam transport from the source to an undulator while properly
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Table 1. Baseline parameters at the source of the COXINEL line design, beam

characteristics at the undulator center after transport for a flat-top initial beam with

the ”undulator slit” optics and the slit opened at 3.6 mm and 1 mm.

Position Slit Total 176 ± 0.5 MeV Energy Divergence Emittance x Emittance z Beam Beam Beam Central

charge slice charge spread length size x size z energy

Qt Q176±0.5MeV σγ σ′x, σ
′
z εx εz σs σx σz

mm pC pC mrad mm.mrad mm.mrad µm mm mm MeV

Source — 34 — 1% 1 1 1 1 — — 176

Undulator center 3.6 34 10.9 1% — 1.7 1.4 — 0.05 0.03 —

Undulator center 1 28.5 3.3 0.8% — 1.6 1.3 — 0.05 0.03 —

focusing the beam and adapting to pointing instabilities [37]. In this paper, a study

of LPA beam behavior through a transport line is carried. The adaptability of the

COXINEL line is shown and the typical beam characteristics obtained with an LPA

source based on the ionization injection scheme are analyzed. Then, the transport

through an ideal line with measured initial electron beam is examined and compared

with experiment. The effects of a non-optimized gradient of the quadrupole triplet is

explored for ideal cases and experiment. The sensitivity of the beam characteristics to

pointing at the source is shown. Finally, the effect of a roll angle in the quadrupole

triplet is reproduced via simulations and compared to experiment. The degradation

suffered by the total beam and also the slice of interest, quantified by the brightness, is

shown through experiment and simulations.

2. COXINEL transport line

The COXINEL line (see Figure 1) aims at demonstrating FEL capabilities from an

LPA based electron beam [38, 39, 34, 40] and is designed for the baseline parameters in

Table 1. The beam is transported from the source to the center of the undulator while

being modified to fulfill the FEL requirements. The LPA system, generating the electron

bunch, is composed of a Titanium:Sapphire (Ti:Sa) laser and a gas jet. 5 cm after the

source, a triplet of variable gradient quadrupoles called QUAPEVAs [41, 42] handles

the beam via a strong gradient [21, 43, 44]. Then, a magnetic chicane composed of four

dipole magnets sorts the electrons by energy in the horizontal plane. To reduce the

energy spread σγ, a removable slit, located at the chicane center, selects a small energy

range around an energy of interest [24, 37, 45, 46, 47]. Thus, the slit reduces σγ at the

expenses of the total beam charge. Finally, a set of four electromagnetic quadrupoles

(EMQs) (up to 20 T/m) focuses the beam at the center of the undulator.

The line counts with multiple beam diagnostics. A removable electron spectrometer,

that can be introduced at the position of the QUAPEVA triplet, permits to estimate the

initial electron beam parameters. Before and after the undulator, two integrating current

transformers (ICT) are used to measure the total beam charge. Five removable imagers

are positioned after the QUAPEVA triplet, at the chicane center, undulator entrance

and exit and after the dipole dump, allowing for electron beam observation and total
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charge measurements at the undulator exit and the electron dump after calibration via

an ICT.

Figure 1. COXINEL transport line scheme. Left to right: Laser pulse focused on

a gas jet (blue), triplet of QUAPEVAs (grey), first screen for electron beam profile

measurement (white), chicane (red), a second set of electro-magnetic quadrupoles

(blue), screen before and after the undulator (black) and cryo-ready undulator (purple).

2.1. COXINEL optics

For the electron beam transport simulations, the line is modeled up to second

order (BETA [48]) and the electrons are tracked in a 6D phase space (positions,

momenta, energy) via a 6D tracking pass code from the source to the undulator dipole

dump [39]. The code has been benchmarked with ASTRA [49, 34], ELEGANT [50]

and OCELOT [51]. The adaptability of the line components gives the ability to change

to different configurations in order to check the beam positioning and properties at

different locations of the line and to correct any misalignments.

Figure 2a shows the horizontal and vertical beam envelopes along the entire line in

the case of a flat-top 176±0.01 MeV beam for different COXINEL optics configurations

and Table 2 presents the corresponding magnetic lattice characteristics for each optics.

The different optics focus the beam in both horizontal and vertical planes at different

positions along the line. The ”slit” optics focuses the beam horizontally at the center of

the chicane to select the energy of the electron beam. Additionally, the electron beam

can be refocused in the undulator center with the ”undulator slit optics”. Three other

optics can be used to directly image the electron beam at the undulator entrance, center

and exit (”undulator entrance, center and exit optics”). Figure 2b shows the horizontal

and vertical beam envelope along the entire line for the ”undulator slit” optics for a

beam with the 176 MeV reference energy and σγ = 5%, 1%, 0.01%. When the σγ
increases, the focusing in the undulator center degradates.

Figure 3 shows the transport along the line for a beam with the baseline parameters

(Table 1) and the ”undulator slit” optics with the slit opened at 3.6 mm. Table 1 shows

the beam parameters at the undulator center. For a beam of 1% energy spread at the

reference energy, a small increase of the emittance occurs while the charge is conserved
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Figure 2. Simulation of the horizontal (red) and vertical (blue) beam envelopes

versus longitudinal position ”s” of (a1-2) the optics ”slit”, ”undulator entrance”,

”undulator center”, ”undulator exit” and ”undulator slit” along the transport line

for a flat-top energy spectrum of 176±0.01 MeV and (b1-2) the optics ”undulator slit”

along the transport line for a flat-top energy spectrum of 176 MeV with σγ = 5%, 1%,

0.01%. The beam parameters are εx,i,εz,i=0.2 mm.mrad, σ′z,i = 2 mrad, σ′x,i = 3.12

mrad RMS. Transport line elements representation (black) with screens (vertical line),

dipoles (rectangle), focusing (rectangle with indentation) and defocusing quadrupoles

(triangle on top).

at the undulator center and the beam is properly focused. For a flat-top beam of 10%

energy spread around the reference energy 176 MeV, for the slit opened at 3.6 mm (1

mm) the σγ is reduced to 5.5% (0.8%) (Table 1).

3. LPA electron beam characteristics

The COXINEL line uses the laser system at ”Salle Jaune” of Laboratoire d’Optique

Appliquée for the LPA source. The Ti:Sa laser provides a linearly polarized light on the

horizontal direction, 30 fs (FWHM), 60 TW, 800 nm pulse focused in a 20 µm spot into
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Table 2. Magnetic elements characteristics per optics configuration. The chicane

dipoles always with a gap of 25 mm, magnetic field 0.24 T with a current of 46.5 A

and chicane dispersion (r56) of 4.3 mm.

Optics QUAPEVAs Electro-Magnetic

(QAP) Quadrupoles (EMQ)

Gradient Gradient

Unit T/m T/m

Component QAP1 QAP2 QAP3 EMQ1 EMQ2 EMQ3 EMQ4

“Slit” +104.8 −104.3 +97.36 0 0 0 0

“Undulator entrance” +102.8 −101.2 +90.26 0 0 0 0

“Undulator” +102.68 −101.14 +89.10 −0.52 0.85 −1.23 0.46

“Undulator exit” +102.41 −100.74 +89.78 −1.74 1.26 −1.36 0.41

“Undulator slit” +104.1 −103 +96.43 −0.01 4.70 −4.40 0.29
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Figure 3. Electron beam transverse shape simulated after the QUAPEVA triplet

(a), center of the chicane (b), undulator entrance (c) and exit (d) for a flat-top beam

centered at 176 MeV with the baseline parameters (Table 1) with the ”undulator slit”

optics.

the supersonic gas jet with a millimeter scale nozzle, using a gas mixture of 99% Helium

and 1% Nitrogen. The LPA system is operated in the bubble regime with ionization

injection [12, 13, 14], using a medium of low-Z gas with a small proportion of high-Z

gas: the ionized outer-shell electrons of the high-Z gas contribute mainly to the plasma

wave and the inner-shell ionized electrons of the high-Z are more easily trapped [12].

This configuration is robust and capable of producing beams of relatively high charge.

The electron beam energy distribution and the vertical divergence are measured

with the removable spectrometer placed 355 mm from the source and is composed of

a 100-mm long permanent dipole magnet of 1.1 T. The electron beam is dispersed

horizontally and imaged on a lanex scintillating screen with a CCD camera. The

resolution of the spectrometer spans from 2.7% up to 3.8% for energies between 50

and 350 MeV. A removable imager positioned 64 cm from the source indirectly measure

an approximation of the horizontal divergence of the beam. The ratio r = σx
σz

between

the horizontal beam size σx and the vertical beam size σz after a drift is assumed to be

equal to the ratio between the horizontal divergence σ′x and the vertical beam divergence
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Table 3. Typical distribution energy range Erange, average total charge Qt,i, slice

176±0.5 MeV charge Qi,176±0.5, vertical divergence σ′z,i,176±0.5, ratio r, emittance

εx,i, εz,i and beam length σs,i obtained at the LPA source (Figure 4a,b,c). εx,i, εz,i
and σs,i obtained through particle in cell simulations (PIC)

Erange Qt,i Qi,176±0.5 σ′z,i,176±0.5 r εx,i, εz,i σs,i

MeV pC pC mrad mm.mrad µm

50-300 148±95 0.01-0.5 1.5-5 1.5-3 0.2 1

Table 4. Total charge, slice 176±0.5 MeV charge and vertical divergence of the initial

distributions of Figure 5.

Distribution Shots Qt Q176±0.5 σ′z,176±0.5

pC pC mrad

Experimental campaign (Figure 5a) 370 196 0.3 1.9

Good experimental campaign data (Figure 5b) 160 215 0.5 2

Set average (Figure 5c) 20 245 0.22 2.2

Single-shot (Figure 5d) 1 239 0.51 2.1

σ′z at the LPA source. Figure 4a,b present the electron distribution and the total charge

evolution at the spectrometer during one experimental campaign (739 shots). Table 3

shows the range of values obtained from the LPA source. After the energy selection of

the slice of interest with the chicane slit and the aperture of the line, the total charge

drops (Figure 4d). Experimental LPA parameters significantly differs from the baseline

ones (see Table 3, Table 1). Consequently, the adaptability of the transport line is key

to work with an LPA source.

Figure 5 shows the measured energy distribution and divergence (see Table 4)

during an experimental campaign, with the average (a), 43% best shots (b), 20 shot

series (c) and a single shot case from a previous campaign (d). As seen in Figure 4a,

the beam distribution changes significantly from day to day and even in the same day.

The distribution resulting from an average of a set (20 consecutive measured beams)

(Figure 5c, Table 4) presents a ratio r=1.56 and a shot-to-shot pointing variation on the

first beam imager for the data set of 2.62 mrad (RMS) in the horizontal direction and

0.49 mrad (RMS) in the vertical direction. Figure 5d (Table 4) presents a single shot

distribution from an older experimental campaign.
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Figure 4. Electron beam characterization at the source. (a) Electron distributions, (b)

total charge corresponding to 739 shots, (c) slice 176±0.5 MeV charge corresponding

to 739 shots measured using the electron spectrometer and (d) total charge at the

undulator exit measured with an ICT (red) and by the camera (blue) during an entire

experimental campaign separated by days, corresponding to 3993 shots (red dotted

line).

4. Electron beam transport

4.1. From the source to the beam dump

Figure 6a-e shows a simulation of a transport from the source to the electron dump

with the initial distribution of Figure 5b in the case of perfect quadrupoles. While

the total charge arriving at the beam dump is of only 13 pC, the 176±0.5 MeV slice

charge is roughly conserved (0.5 pC at the source and 0.49 pC at dump). In the case

of the measurements of an entire experimental campaign (Figure 6f), the average total

charge measured at the undulator exit ICT is of 1 pC (standard deviation (STD) 1.7

pC) while at the beam dump screen is of 1.4 pC (STD 1.9 pC). Both measurements and

simulations present similar evolution.
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Figure 5. Initial beam energy distribution (black), vertical (blue), and horizontal

(red) RMS divergence for energy slices of ±0.3 MeV, spectrometer resolution. (a)

Average of the experimental campaign, 370 shots (Figure 4a), (b) without the worst

days, 160 shots, (c) Average over a set of 20 distributions and (d) one-shot of a previous

experimental campaign.

4.2. Beam chromatic effects during transport

Let’s consider the chromatic effects in the COXINEL case (Equation (1)). Figure 7

presents the effects of changing the gradient of the second QUAPEVA, the strongest one,

on the beam at the undulator entrance with the ”undulator entrance” optics. Figure 7a-

e1 shows the transverse electron beam distributions for the baseline beam (Table 1). For

the reference gradient 0%, the beam is properly focused at the center of the screen with

a spot of σx=0.04 mm and σz=0.08 mm RMS. When the gradient is modified, the beam

starts to elongate in the vertical direction achieving σx=0.07 mm and σz=0.45 mm RMS

(σx=0.07 mm and σz=0.41 mm RMS) for a gradient of +3% (-3%). The modification

of the optimized gradient causes the defocusing in the vertical direction of the electrons

of energies different from 176 MeV. Figure 7a-e2 presents the influence of the gradient

for the average beam of Figure 5c. For the optimized gradient (reference case 0%), the

beam, in particular the 176±1 MeV slice, is properly focused at the center of the screen

surrounded by a halo from the further energies. A modification of ±1% or more of the

reference gradient immediately causes the apparition of a cross due to the horizontal

and vertical focusing in different positions for each electron energy. Thus, when the

gradient suffers a change of 1% (-1%) or higher (lower) the electrons of higher energies

are focused vertically (horizontally) and the lower energies horizontally (vertically). The
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Figure 6. Electron beam transverse shape simulated (a) after the QUAPEVA triplet,

(b) at center of the chicane, (c) at undulator entrance, (d) exit and (e) electron dump

for the average beam of Figure 5b, Qi=100 pC, εx,i,εz,i=0.2 mm.mrad, σ′z,i = 2 mrad,

σ′x,i = 3.12 mrad with the ”undulator” optics. (f) Total beam charge measured with

the ICT at the undulator exit (blue), at the electron dump screen (red) during an

entire experimental campaign, 1287 shots, chronologically organized.

measurements (Figure 7a-e3) show a good agreement with their simulated counterparts.

For the optimized gradient the measured beam has a horizontal beam size σx=430 µm

and vertical size σz=270 µm while the simulated case has σx=490 µm and σz=670 µm.

The σz difference between measurement and simulation is probably due to the inherent

unknowns of the experimental parameters of each shot.

5. Transport sensitivity

5.1. Beam pointing effect

Figure 8 shows the transverse beam shape along the transport line with the ”undulator

slit” optics for the on axis beam (Figure 8a-d2) and for a 2 mrad vertical off-axis pointing

case (Figure 8a-d1). The vertical off-axis pointing substantially defocuses the beam in

the same direction along the line as compared to the on axis case, especially in the

middle of the chicane where the beam suffers from a tilt which potentially worsens

the energy selection capabilities of the slit (Figure 8b1). Table 5 presents the beam

characteristics at the center of the undulator for the total beam, the 176±0.1 MeV and

176±0.5 MeV slices. Three cases are considered: using the distribution of Figure 5b

without the slit, with the slit opened at 3.6 mm and using a flat-top beam of 176±5%

MeV with the slit opened at 3.6 mm. In the flat-top case of σγ=5% with the slit opened
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Figure 7. Electron beam transverse shape simulated for the baseline parameters (a1-

e1), for the average beam distribution (a2-e2) with the ”undulator entrance” optics

and measurement (a3-e3) at the undulator entrance for the relative gradient change

of QUAPEVA 2 of +3% (a), +1% (b), 0% (c), -1% (d) and -3% (e). Simulation case

with the average beam distribution Figure 5c, εx,i,εz,i=0.2 mm.mrad, σ′z,i = 2 mrad,

σ′x,i = 3.12 mrad.

at 3.6 mm, the brightness (Equation (2)) of 5.53x104 A/(mm2mrad2) for the on axis

beam is significantly reduced to 3.76x104 A/(mm2mrad2) with the 2 mrad pointing

error. For the beam distribution of Figure 5b without slit in the case without pointing,

from an initial total charge of 100 pC only 28 pC arrives at the center of the undulator.

With a 2 mrad vertical pointing error angle with respect to the axis, the charge at the

undulator center is reduced to 26 pC. The charge of the 176±0.5 MeV slice is mostly

conserved. The increase of σγ makes the chromatic term (Equation (1)) larger, which

results in εx and εz at the undulator center doubling their initial value. σs is increased

by a factor 1.4. When a 2 mrad vertical pointing is introduced for the total beam (slice

176±0.5 MeV) case, the εz at the center of the undulator increases, which translates

into a decrease of the brightness of a factor 1.07 (1.13). When the 3.6 mm slit is

introduced at the center of the chicane, the charge of the total beam arriving at the

center of the undulator is reduced to 10.6 pC and εz drops by a factor 8 for the on-axis

beam. However, the 176±0.5 MeV and 176±0.1 MeV slices charge barely changes, i.e.

the designed transport line with slit indeed cuts mostly energies outside the range of

interest 176±0.5 MeV. The slice brightness of the Figure 5b distribution with the 3.6

mm slit is one order of magnitude lower than in the flat-top case evidencing how much

the σγ affects the beam quality. In both cases using the 3.6 mm slit, a degradation of

the beam due to pointing is confirmed, even for the slice 176±0.1 MeV.

To tackle the shot-to-shot pointing, a beam pointing compensation method (BPAC)

has been put in place. In such a method, the response matrix of the line linking the

position and dispersion of the electron beam to the transverse offset of the QUAPEVAs

is numerically calculated and then applied to the transverse offsets of the QUAPEVA

to correct orbit dispersion [37].



COXINEL transport of laser plasma accelerated electrons 12

In
iti

al
 Z

 a
ng

le
 

2m
ra

d
N

o 
in

iti
al

 a
ng

le

Z 
(m

m
)

D
en

si
ty

 (a
.u

.)

5

0

-5

a2

-5 0 5
0

50

100

150

200

250

0

50

100

150

200

X (mm)
-5 0 5

X (mm)

b2

0

50

100

150

200

-5 0 5
X (mm)

c2

0

50

100

150

200

-5 0 5
X (mm)

d2

0

50

100

150

200

250

0

50

100

150

200

0

50

100

150

200

0

50

100

150

D
en

si
ty

 (a
.u

.)

Z 
(m

m
)

5

0

-5

a1 b1 c1 d1

Figure 8. Simulated transverse beam shape along the transport line on screens located

after QUAPEVAS (a1-2), in the middle of the chicane (b1-2), undulator entrance (c1-

2) and undulator exit (d1-2), for an on axis beam (a-d2) and for a beam with 2 mrad

vertical pointing (a-d1), transported with the ”slit undulator” optics with the average

beam (Figure 5a), εx,i,εz,i=0.2 mm.mrad, σ′z,i = 2 mrad, σ′x,i = 3.12 mrad.

Table 5. RMS Beam length σs, charge Q, RMS εx, RMS εy and brigthness B

(Equation (2)) at the undulator center in the case of the ”undulator slit” optics and

average beam of Figure 5b, without and with slit of 3.6 mm aperture for the total beam,

for the 176±0.5 MeV and 176±0.1 MeV slices and for the case of a flat-top beam of

176±5% MeV, with εx,i,εz,i=0.2 mm.mrad, σ′z,i = 2 mrad, Qi=100 pC, σ′x,i = 3.12

mrad.

Beam distribution Beam part Slit Pointing σs Q εx εz B

(mm) (mrad) (µm) (pC) (mm mrad) (mm mrad) ( A
mm2mrad2

)

Figure 5b Total beam — 0 0.40 28.4 112.4 454.3 9.86

2 0.38 26.6 112.1 489.2 9.051

Figure 5b 176±0.5 MeV — 0 0.013 0.5 9.2 3.1 0.92x103

2 0.014 0.48 9.2 3.5 0.74x103

Figure 5b 176±0.1 MeV — 0 0.013 0.043 1.2 0.4 5x104

2 0.012 0.043 1 0.5 5.53x104

Figure 5b Total beam 3.6 0 0.14 10.56 117.4 56 79.1

2 0.14 10.49 117.6 73.2 60.38

Figure 5b 176±0.5 MeV 3.6 0 0.014 0.48 9.2 3.1 0.89x103

2 0.014 0.48 9.1 3.6 0.74x103

Figure 5b 176±0.1 MeV 3.6 0 0.010 0.046 0.9 0.4 8.74x104

2 0.012 0.04 1.0 0.5 4.16x104

Flat-top beam 176±0.5 MeV 3.6 0 0.01 0.48 4.6 1.4 5.53x104

2 0.01 0.48 4.6 2 3.76x104

Flat-top beam 176±0.1 MeV 3.6 0 0.005 0.046 0.4 0.2 6.24x105

2 0.006 0.040 0.4 0.3 4.26x105

5.2. Sensitivity to magnet error

Following the proportionality in Equation (1) [26], a change in the tilt converts into

an equal effect on the emittance. The roll angle of the quadrupole magnet θ, due

to its inherent imperfections, is defined as θ = −1
2
arctan(a2

b2
), with b2 the normal

quadrupolar term and a2 the skew quadrupolar term. Figure 9 compares simulations
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Figure 9. Transverse beam shape along the transport line at screen after QUAPEVAS

(a1-5), in the middle of the chicane (b1-5), undulator entrance (c1-5) and undulator

exit (d1-5) measured (a-d2, a-d4) and simulated (a-d1, a-d3, a-d5), with no (a-d1),

low (a-d2-3) and high (a-d4-5) roll angle, the optics ”undulator slit” for (a1-3) and

(b-d1), ”slit” for (a4-5) and (b2-5), ”undulator entrance” (c2-3), ”undulator center”

(c4-5) and (d4-5), ”undulator exit” (d2-3) for the average beam (Figure 5b) (a-d1,

a-d3) and single-shot (Figure 5d) (a-d5). Parameters: εx,i,εz,i=0.2 mm.mrad, σ′z,i = 2

mrad, σ′x,i = 3.12 mrad for (a-d1-3) and σ′x,i = 4.7 mrad for (a-d4-5). QUAPEVAs

High roll angles: 3.3 mrad, -9 mrad, -9.4 mrad. Low roll angles: -0.3 mrad, 0.7 mrad,

0.05 mrad.

and measurements of the transverse beam shape at the four screens along the line

for different θ values. Measured QUAPEVA high and low θ correspond to different

shimming configurations [26]. Figure 9a1-d1 presents the transport simulation with

”undulator slit” optics without roll angle and the initial beam distribution of Figure 5b.

The beam is well focused vertically at the slit to achieve an accurate electron energy

selection and in both directions at the center of the undulator, while at the undulator

entrance and exit the different focus for the electron energies leads to a cross shape. In

the low roll angle case, measurements (Figure 9a-d2) are well reproduced by simulations

(Figure 9a-d3). Table 6 compares the beam RMS horizontal and vertical sizes found in

simulation and experiment (Figure 9a,c,d2-3). The difference can be easily caused by

the fluctuations of the beam distribution. In the presence of the high roll angle, the

beam suffers from a tilt that causes dispersion, affects the emittance (Equation (1)) and
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Table 6. Simulated and measured transverse beam shape (Figure 9a,c,d2-3) RMS

horizontal (σx) and vertical (σz) sizes for the low roll angle case.

Simulation Measurement

Figures Position σx σz σx σz

mm mm mm mm

Figure 9a2-3 After QUAPEVAs 1.16 3.11 1.49 0.86

Figure 9c2-3 Undulator entrance 1.16 1.19 1.03 1.58

Figure 9d2-3 Undulator exit 0.75 0.69 1.29 0.93

degrades the transport [26]. The simulation is able to well reproduce the shape of the

beam along the line (Figure 9a-d4-5).

6. Conclusion

The limitations of LPA sources still pose a setback on the quality of the produced elec-

tron beam. Thus, a specific transport line is crucial to control the phase space of the

electron beam in order to transport a undulator like photon source for applications.

In the COXINEL case, the beam measured after the source has a much higher energy

spread and divergence with a lower charge density than the expected reference param-

eters. The transverse beam shape along the line varies with the triplet gradient setting

due to chromatic effects, leading to the appearance of a cross shape due to the different

position of vertical and horizontal focusing for the different energies. The beam size is

substantially increased even for an energy spread of 1% beam centered on the energy

of interest 176 MeV. Pointing variations of the laser leads to an emittance growth and

additional electron beam losses, due to the line aperture, and further brightness reduc-

tion. Finally, the existence of a roll angle in the QUAPEVA triplet causes an observable

tilt of the electron beam along the line and increases the emittance.
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