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Abstract. The Advanced Laser—Plasma High-Energy Accelerators towards X-rays
(ALPHA-X) programme at the University of Strathclyde is developing laser—
plasma accelerators for the production of ultra-short high quality electron bunches.
Focussing such LWFA bunches into an undulator, for example, requires particular
attention to be paid to the emittance, electron bunch duration and energy spread.
On the ALPHA-X wakefield accelerator beam line, a high intensity ultra-short
pulse from a 30 TW Ti:Sapphire laser is focussed into a helium gas jet to
produce femtosecond duration electron bunches in the range of 90-220 MeV.
Measurements of the electron energy spectrum, obtained using a high resolution
magnetic dipole spectrometer, show electron bunch r.m.s. energy spreads down to
0.5%. A pepper-pot mask is used to obtain transverse emittance measurements of a
128 +3 MeV mono-energetic electron beam. An average normalized emittance of
Erms,, = 2.240.7,2.34+0.6 n-mm-mrad is measured, which is comparable to that
of a conventional radio-frequency accelerator. The best measured emittance of
&ms,, = 1.14+0.1 m-mm-mrad corresponds to the resolution limit of the detection
system. 3D particle-in-cell simulations of the ALPHA-X accelerator partially rep-
licate the generation of low emittance, low energy spread bunches with charge less
than 4 pC and gas flow simulations indicate both long density ramps and shock
formation in the gas jet nozzle.

ergy range available produces radiation from the visible
(Schlenvoigt et al. 2008) and ultra-violet (Fuchs et al.
2009) to the X-ray (Rousse et al. 2004) and gamma-ray
(Cipiccia et al. 2011) spectral regions.

Here, we present the compact design utilized in the
Advanced Laser—Plasma High-energy Accelerators to-
wards X-rays (ALPHA-X) LWFA. The ALPHA-X beam
line has demonstrated the production of suitable elec-
trons for both driving a compact FEL and advancing
compact accelerator applications.

1. Introduction

Since laser—wakefield accelerators (LWFAs) were first
postulated by Tajima and Dawson in 1979 (Tajima and
Dawson 1979), the advancement of laser technology
has allowed their concept, of harnessing the strong
ponderomotive force of a laser beam to excite plasma
waves and form wave-like structures (Sprangle et al.
1990) that travel with a velocity close to the speed
of light, to become reality. The LWFA now enters
a new area of technology where it lends itself well
to applications that previously required higher levels
of expenditure and large experiment areas associated

with conventional radio-frequency (RF) accelerators.
The production of high quality electron beams, con-
sisting of mono-energetic (Rechatin et al. 2009;
Wiggins et al. 2010), tunable energy (Mangles et al.
2004; Faure et al. 2006; Leemans et al. 2006), low
emittance (Fritzler et al. 2004; Brunetti et al. 2010;
Sears et al. 2010) and short bunch length (Lundh et al.
2011) is readily achievable using compact, high power
laser technology. With further refinement and the in-
clusion of high peak currents, the LWFA shows great
promise as a driver for a compact free electron laser
(FEL) (Jaroszynski et al. 2006), and due to the en-
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2. Experimental set-up

The ALPHA-X laser—wakefield accelerator beam line
(shown in Fig. 1) at the University of Strathclyde
(Jaroszynski et al. 2006) has been used to conduct
experiments studying electron beam generation and their
associated properties. A high power Ti:Sapphire laser
pulse (wavelength = 800 nm, energy = 0.9 J on target,
duration = 35 fs) is focussed using a f/18 spherical
mirror to a spot size of wy = 40pum (1/e* diameter),
giving a maximum peak intensity I = 2 x 10" Wem ™,
corresponding to a normalized vector potential ay =~
1.0. The laser beam interacts with a 2 mm diameter
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Figure 1. (Colour online) Scale diagram of the ALPHA-X experimental beam line.

pulsed supersonic helium gas jet, compressing to a 10 um
diameter relativistic plasma channel with a density of
~1 —3x 10" cm™ just inside the leading edge of the
gas jet.

The intensity of the laser is high enough to allow self-
guiding of the laser across the gas jet. For this to occur
the critical laser power P, must exceed the limit gov-
erned by P, ~ 17((1)/a)p)2 GW (Sun et al. 1987), where w
and w,, are the laser and plasma frequencies, respectively.
The ponderomotive force pushes the electrons from the
high intensity region. The void created is referred to
as the bubble and is analogous with the wake created
behind a boat travelling on the surface of water. The size
of the bubble can be clearly defined as having a radius
\/aT)ip /7 (Lu et al. 2007) with 4, the plasma wavelength.
Depending on the laser parameters and the plasma
density profile (and therefore bubble size), a stable
operating regime can be obtained. To preserve the high
quality of the electron beam careful consideration must
be given to optimizing beam transport after acceleration.
Removable Lanex and Ce:YAG screens are strategically
placed along the beam line (Fig. 1) to monitor the
transverse profile, pointing and charge of the electron
bunch. Absolute charge calibration has been conducted
using imaging plates (Paterson et al. 2008). To transport
the beam, a compact triplet of permanent magnetic
quadrupoles (PMQs) can be placed 2 cm after the
accelerator (Eichner et al. 2007). The quadrupoles are
designed to transport a wide energy range of mono-
energetic electron bunches. Here, they are optimized for
130 MeV mono-energetic electron beams in combination
with a triplet of electromagnetic quadrupoles (EMQs)
placed 1 m further downstream. Varying the separation
of the PMQ triplet components allows successful trans-
port of a wide energy range electron beams over the
entire length of the beam line.

To characterize the electron energy spectrum, the
ALPHA-X imaging dipole magnet electron spectrometer
is utilized. Placed 2.5 m after the accelerator, it has
the capability of measuring electron energies up to
~660 MeV. The spectrometer features a Browne—
Buechner design (Browne and Buechner 1956) to provide
strong focusing in both the horizontal and vertical
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planes, thus, enabling excellent energy resolution to be
maintained over the wide energy range (from <1% at the
lower end to ~10% at the upper end). Measurements are
performed in a high energy measurement regime where
a high magnetic field ~0.5 T is applied. Scintillating
Ce:YAG crystals are placed at the image plane of the
spectrometer and imaged using a high resolution CCD
camera.

Transverse emittance measurements are performed
using the pepper-pot technique (Yamazaki et al. 1992).
A 125um thick tungsten mask with a 27 x 27 array
of 25um diameter holes with a period of 150 um is
used to intercept the electron bunch 30 cm after the
accelerator thereby producing an array of electron beam-
lets superimposed on a smoothly varying background.
Simulations using GEANT4 (Agostinelli et al. 2003)
have been performed to verify that this method would
provide accurate emittance measurements for this beam
energy. These electron beamlets are measured 60 cm
downstream on a thin Ce:YAG crystal which is isolated
from any stray light.

3. Experimental results

As shown in Fig. 2, narrow energy spread bunches have
been obtained using the ALPHA-X electron spectro-
meter (E-SPEC) operating in its high energy config-
uration where, at electron energies above ~100 MeV,
optimal focussing of the beam in the imaging plane of
the spectrometer can be obtained with additional beam
collimation provided by the EMQs (no PMQs have been
used for these measurements). The dependence of the
spectrometer response on the electron beam properties
is well understood from General Particle Tracer (GPT)
(van der Geer et al. 2005) simulations and estimations
of the detection system resolution are consistent with
the narrowest measured energy spreads (Wiggins et al.
2009). For the energy range discussed here, the resolution
is typically 0.3-1.0%.

Due to the design of our nozzle, and with fixed laser
parameters, the electron energy can be tuned over a
wide energy range (90-220 MeV) and the measured
r.m.s. relative energy spread of the main bunch is as
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Figure 2. (Colour online) Electron energy spectra with false colour YAG screen images inset: (a) 89 MeV, 0.8% spread bunch
measured with EMQs: Q1 = 47 mT, Q2 = 22 mT, Q3 = 0 and E-SPEC: 0.59 T. (b) 137 MeV, 0.5% spread bunch measured
with EMQs: 01 = 62 mT, Q2 = 65 mT, Q3 = 72 mT and E-SPEC: 043 T. (c) 171 MeV, 0.7% spread bunch measured with
EMQs: 01 =55 mT, 02 = 55 mT, 03 = 51 mT and E-SPEC: 0.56 T. (d) 218 MeV, 1.1% spread bunch measured with EMQs:

01 =82 mT, Q2 =76 mT, 03 = 81 mT and E-SPEC: 0.74 T.

low as 0.5% (Fig. 2(b)). Convolution by the detection
system response implies an actual energy spread as
low as ~0.3%. In each case, the bunch charge is low
(~0.5 — 1.0 pC) ensuring that the self-injection process
is close to threshold such that the phase-space volume
for injection is small and the resultant emittances are
low. The r.m.s spread has been calculated solely for
the main electron energy peak, i.e. the background is
neglected, with a Gaussian profile fitted to each peak.
This approach is justified from the viewpoint of FEL
radiation generation that is determined by the properties
of the main bunch only. For other applications, the entire
electron beam may have to be accounted for and, in this
case, the r.m.s energy spread is larger (but still 1-2% in
the best shots). Energy tunability is mainly determined
by the reciprocal scaling with plasma density (Lu et al.
2007). At higher plasma density ~3.2 x 10”cm™3, the
central electron energy of the bunch decreases to around
90MeV (Fig. 2(a)) while, at lower density ~1.3 X
10 cm~3, the central electron energy has reached as
high as 218 MeV (Fig. 2(d)). At these plasma densities,
the laser ap parameter is indicated to increase to ~2.4,
which is close to that expected because of self-focusing
and photon acceleration effects (Reitsma et al. 2005).
Figure 3(a) shows an electron beam measured 60cm
after the accelerator. Here a thin Ce:YAG crystal, which
has higher spatial resolution (10 pm) than Lanex
(>100 pm), is used for imaging during the emittance
measurement. The pepper-pot mask is introduced into
the beam axis using a motorized rotation stage. Both
the laser and the electron beam travel through the
mask before being blocked by an aluminium foil at
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the detection crystal. The GPT calculations have shown
that by allowing the electron beam to travel through
the laser blocking foil placed as close as possible to the
detector any degradation of the emittance measurement
is minimized (Manahan et al. 2011). A typical beamlets
recorded image is shown in Fig. 3(b) and, by analysing
consecutive shots, a distribution of emittance has been
determined. A mean value of 2.240.7 n-mm-mrad is
obtained for the horizontal emittance with best value
of 1.1 +£0.1 z=-mm-mrad. For vertical emittance, a mean
value of 2.3+0.6 n-mm-mrad is obtained and with a
best emittance of 1.2+0.1 z-mm-mrad (Brunetti et al.
2010; Manahan et al. 2011).

Simultaneous pepper-pot and electron spectrometer
measurements are not possible, thus, the average elec-
tron energy in the emittance experimental run has been
determined immediately afterwards upon removal of the
mask and imaging crystal from the beam line axis. A
sequence of 200 consecutive shots resulted in an average
central energy for the main bunch of 125 + 3 MeV, which
demonstrates the stability of the accelerator and is con-
sistent with other measurements (Wiggins et al. 2010).
The ellipticity evident in the transverse beam profile
(aspect ratio = 1.05) is reproduced in the emittance
calculation. The transverse emittances obtained are com-
parable with conventional linear accelerators (Carneiro
et al. 1999), yet the lowest measured values along the
horizontal and vertical directions still represent an upper
limit because of the resolution limit of the detection
system. Future upgrades for this single-shot diagnostic
will entail refinement of the mask geometry, imaging
screen spatial resolution and drift distance between mask
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Figure 3. (Colour online) (a) False-colour image of an electron beam without the mask measured on a YAG crystal.
(b) Electron beamlets produced after propagating through the pepper-pot mask.
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Figure 4. (Colour online) OSIRIS simulation of the

accelerator: (a) electron density distribution after 0.99 mm
of propagation (a magnified surface plot is displayed in the
inset) and (b) evolution of central energy and energy spread
with propagation distance. Plasma density = 1.0 x 10 cm~3,
laser vector potential = 1.6, initial pulse duration = 35 fs and
initial spot size = 20 pm. Electron bunch charge is 3 pC.

and imaging screen. Applicability up to an electron
energy of 300 MeV should be achievable with an
increased mask thickness of 250 pm.
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Comparable high quality electron beams (spread <1%,
transverse emittance <1 m-mm-mrad) can be generated
in 3-D particle-in-cell (PIC) simulations, as shown in
Fig. 4. These simulations have been performed using
the OSIRIS code (Fonseca et al. 2002) with the number
of cells set as (1500:300:300) in a box of (12:20:20)
(c/a)p)3, where ¢ is the speed of light in vacuum and
the propagation direction is along +z-axis. The energy
spread is seen to reach a minimum of 0.8% at the
dephasing point (1 mm of propagation) where the energy
reaches a maximum of 170 MeV but it remains an
open issue to fully reconcile the simulation results with
experimental observations. Most significantly, an initial
laser ag value of 1.6 has been used in simulations
to obtain such bunches (initiate self-injection) which,
clearly, is significantly higher than the initial ay applied
experimentally (1.0). On-going studies are concerned
with the gas jet nozzle behaviour and plasma channel
formation and initial results indicate a high sensitivity
to the entrance plasma density ramp that is of length
140 pum in the PIC simulation of Fig. 4 but may be
much longer in experiments (unpublished). In agreement
with experiment, high quality bunch parameters are
coupled to low charge injection (~3 pC in the simulation,
contained in a 1um?® volume) so high sensitivity to
accelerator conditions are expected when operating close
to the injection threshold.

Figure 5(a) shows an averaged image of 200 consistent
laser-induced plasma channels produced across the gas
jet with the onset of the channel several 100s of um
before the nozzle location indicating a long entrance
density ramp. The dashed circle represents the inner
wall of the nozzle and is 2 mm in diameter. The laser
propagates 2.3 mm above the exit of the nozzle and the
backing pressure of the helium gas was 30 Bar. The
plasma channel length here is ~2 mm, consistent with
other observations (Huntington et al. 2011). Based on
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Figure 5. (Colour online) (a) Top—down, false colour image
of laser channel produced 2.3 mm above the gas nozzle. The
laser is focussed to wy = 40 um in 30 Bar backing pressure of
He gas. The image represents the average of 200 consecutive
images. (b) FLUENT simulation results of the gas density
profile at 2.3 mm above the nozzle for 30 Bar backing pressure
for the supersonic gas nozzle used in experiments. Also shown
is the gas density profile and density ramp assumed for 3-D
OSIRIS simulations.

this, our approach to study the density ramp has been
to carefully simulate the expected density profile from
our supersonic nozzle.

Gas flow simulations have been performed using the
commercial software ANSYS® FLUENT 6.3.26 and the
modelling and meshing of the nozzle is included using
GAMBIT 2.4.6. The model used for the simulation is a
SST k-w turbulence model suitable for our gas nozzle
and flow (Schmid 2009). The density-based coupled
implicit solver is used as is standard for supersonic
flows. Due to large variations in all flow parameters,
a double precision solver is utilized. The gas nozzle is
set in a 2-D axis symmetric geometry, where the mesh
size 1s set to resolve all characteristics of the flow, the
most important being turbulences. A boundary layer
consisting of 30 rows of cells, 16.4 pm thick, has been
used for the walls of the nozzle. This enables the gas flow
to be resolved since it reduces by 90% close to the gas
wall and ultimately affects the density gradient width.
The total number of cells used for this simulation is
1 078 800. All simulations use helium gas at a backing
pressure of 30 Bar, temperature of 300 K and the gas
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density profile was calculated at 2.3 mm above the
nozzle exit, as shown in Fig. 5(b). FLUENT simulations
assume continuous flow which, due the long opening
time (2.5 ms) of the gas valve in the experiment, is a
valid assumption. Also, the gas density calculated (and
the plasma density used for 3-D OSIRIS simulations)
assumes 100% ionization of the gas.

Figure 5(b) shows the gas density profile calculated
from FLUENT simulations and also the assumed profile
used in 3-D OSIRIS simulations (Fig. 4). The FLU-
ENT simulation shows long density rising and fall-
ing ramps with a maximum gas density of ~1.3 X
10" electrons/cm™3. The oscillation evident in the profile
is due to shocks generated from the nozzle. These
shocks are both dependant on the backing pressure
used and the distance above the nozzle exit. Evidently,
the profile used for OSIRIS simulations is significantly
different and will require further investigation to produce
conditions matching that applied in the experiments.
The inclusion of shocks and investigation of the range
of peak densities applied experimentally will be the
subject of a separate publication. Currently, an in-situ
interferometer is being installed at the LWFA gas nozzle
to verify the plasma density profile. To date, off-line
characterization of the nozzle has been used to obtain
plasma density information.

4. Summary

We have presented a review of the achievable elec-
tron beam on the ALPHA-X beam line. Measurements
of the electron energy have shown that stable, mono-
energetic electron bunches are produced with measured
r.m.s. energy spread down to ¢,/y = 0.5%. Moreover,
emittance measurements have shown that the measured
emittance, 1.1 £0.1 nz-mm-mrad, is comparable to that
of conventional accelerators. Properties such as these,
coupled with the lower cost and significant reduction in
size, emphasize the LWFA as a strong competitor in the
advancing field of accelerator technology. The ALPHA-
X laser—plasma accelerator emphasizes the application
possibilities, such as driving a compact table-top FEL,
from a tenable high quality source.

The PIC simulations of our accelerator give further
insight into the production of high quality electron
beams with low charge. Maintaining a bunch length
of ~1um along the beam line would represent a peak
current of ~1 kA, suitable for FEL application. Gas
flow simulations and improved accelerator diagnostics
are being implemented to fully understand experimental
conditions (including density shocks and ramps) which
may lead to fully consistent replication of experimental
electron beam generation in PIC simulations.
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