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While plasma-based accelerators have the potential to positively impact a broad range of research topics,

a route to application will only be possible through improved understanding of their stability. We present

experimental results of a laser wakefield accelerator in the nonlinear regime in a helium gas jet target with a

density transition produced by a razor blade in the flow. Modifications to the target setup are correlated with

variations in the plasma density profile diagnosed via interferometry and the shot-to-shot variations of the

density profile for nominally equal conditions are characterized. Through an in-depth sensitivity study

using particle-in-cell simulations, the effects of changes in the plasma density profile on the accelerated

electron beams are investigated. The results suggest that blade motion is more detrimental to stability than

gas pressure fluctuations, and that early focusing of the laser may reduce the deleterious effects of such

density fluctuations.

DOI: 10.1103/PhysRevAccelBeams.27.111301

I. INTRODUCTION

Laser wakefield acceleration (LWFA) is capable of
generating gigaelectronvolt-energy electrons in centi-
meter-scale interaction lengths via the ponderomotive
excitation of a relativistic plasma wave by a high intensity
laser [1]. These accelerators constitute promising compact
sources of relativistic electrons, which could drive impact
in areas ranging from laboratory astrophysics [2] to bio-
logical imaging [3]. Improvements in technology and
understanding of LWFA have enabled the demonstration
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of electron beams with few percent energy spread via self-
injection in the bubble regime [4—6], nanocoulomb-class
electron bunches via ionization injection [7], and energy
gains up to 8 GeV in a 20 cm waveguide [8]. These
characteristics, combined with the femtosecond duration of
LWFA electron bunches [9,10], have led to extensive
research into applications of LWFA such as in fundamental
physics investigations of strong-field quantum electrody-
namics [2], and as sources for gamma rays [11], electron
diffraction [12] and bright x-rays through betatron oscil-
lations [3,13], Compton scattering [14], and free-electron
lasing [15]. However, improvements in the stability, reli-
ability, and robustness of electron beam parameters are still
required to develop these applications beyond proof of
principle [16,17]. In order to obtain the required stable
operation, it is necessary to characterize all sources of
experimental fluctuation.

In LWFA, the electron injection and acceleration dynam-
ics are determined by the nonlinear evolution of the laser
driver as it traverses the plasma. Thus small fluctuations in
the experimental conditions can cause significant shot-to-
shot variations of the electron beam parameters. The need

Published by the American Physical Society
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to maintain good density stability to minimize shot-to-shot
fluctuations of electron beam energy and charge has been
demonstrated for self-injection in a steady-state gas cell
[18]. Similarly, nonuniformities in the density profile have
been shown to cause variations in electron energy gain [19].
Controlled mechanisms of injection have demonstrated
improved short-term stability compared to self-injection
through the use of colliding laser pulses [20] or plasma
density tailoring [21]. Recently, long-term stability over
~100, 000 shots at high repetition rate was demonstrated
through high statistics experimental approaches using
ionization injection. These have shown strong correlations
of electron beam parameters with fluctuations of the laser
energy [22] and plasma density [23] and conclude that
stable ionization injection requires tight constraints on the
reproducibility of the interaction parameters.

Density down ramp injection is a mechanism of con-
trolled injection, which could improve electron beam
stability. By avoiding very high laser intensities and target
densities and thus limiting self-injection, the dependence of
the electron trapping process on the laser-plasma coupling
should weaken. Localization of the injection process can be
achieved by the sudden increase of the plasma wavelength
A, ne_l/ ‘ina sharp density transition, with length scale
L <2, [24], or via a locally reduced nonlinear wave-
breaking threshold on a long scale-length density ramp,
L > 2, [25]. In the latter, the lengthening of the plasma
wavelength within the decreasing density gradient requires
the phase velocity of the plasma wave v, to be slower than
the group velocity of the laser vy. This local decrease of vy,
in the ramp causes the relaxation of the injection threshold,
which requires electron velocities v, > vpy,.

Density transition injection has been realized experi-
mentally by introducing a razor blade into a supersonic gas
jet target [26], producing stable and tunable low energy
spread electron beams [27,28]. The density and length scale
of the shock produced by this setup have been shown to
vary with gas pressure, blade position, and height of the
interaction above the blade [29]. Extensive simulation work
has studied the dependence of electron beam parameters on
the transition length ranging from the sharp to the long
scale regime [30], the influence of ramp steepness on
electron beam quality [31], and the effect of transition
length, height, and laser energy on electron beam param-
eters [32,33]. However, the density profile in experiments
fluctuates over time and between shots, thereby reducing
the stability of the electron beam charge and energy. There
have been no dedicated investigations of these fluctuations,
which include coupled variations of the peak and plateau
densities, as well as changes to the down ramp position
relative to the laser focus. Studies of the source of these
fluctuations, which indicate the robustness of the density-
tailoring technique, are similarly lacking.

In this work, we present experimental results of param-
eter scans used to tailor the target density profile in a laser

wakefield accelerator and optimize density transition-
injected electron beams using a supersonic gas flow target
interrupted by a blade. The shot-to-shot fluctuations of the
target density profile are measured experimentally, together
with the electron beam charge and energy fluctuations as
motivation for the target sensitivity study. The sensitivity
of the accelerated electron beams to the experimentally
measured density fluctuations are understood through
particle-in-cell simulations. These investigations reveal
the relative importance of different aspects of the density
profile and the limitations to the density-tailoring setup.

II. EXPERIMENT

The experiment was conducted using the Gemini
laser system at the Central Laser Facility in the United
Kingdom (see [34] for further details of the setup). A GeV-
scale LWFA was driven by laser pulses with energy
(6.6 £0.5) J, pulse duration ~50 fs, and central wave-
length 800 nm. An f/40 off-axis parabolic mirror focused
the pulses to a (50 &+ 2) x (45 £ 2) pm spot onto a helium
supersonic gas jet target produced by a gas nozzle with a
diameter of 15 mm. A razor blade was placed in the gas
flow to produce a shock front along the laser axis that
comprised a decreasing density ramp for density transition
injection [26]. The electron density profile along the laser-
generated channel was measured using interferometry with
a short-pulse transverse probe beam. The target setup and a
representative interferometry measurement of the electron
density profile are shown in Fig. 1. The density profile is
characterized by the plateau density n, peak density N, and
ramp position Z,y, as defined in Fig. 1(b). The same razor
blade was used to produce the density ramp in all shots. No
damage to the blade was noted, and no decline of the
density profile quality or stability over time was measured.

The density transition length is measured to be of the
order 1 mm, which is at least an order of magnitude higher
than expected for the setup and pressures used [26-29].
This overestimate can be attributed to the assumption of
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FIG. 1. (a) Schematic diagram of the target used in the

experiment. (b) Representative electron density profile along
the direction of laser propagation retrieved from interferometry
measurements; the shaded region represents the experimental
uncertainties.
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cylindrical symmetry in the Abel inversion and imperfect
alignment of the probe beam perpendicular to the shock.
Therefore, despite being a useful diagnostic for the electron
density present in the peak and plateau, the shape and
extent of the density ramp is not considered to be accurate
and measurements of the ramp length are not discussed.

A. Experimental motivation

While there is a sound reason to believe that introducing
a density transition to a gas jet would decrease the shot-
to-shot fluctuations in accelerated electron parameters, such
a transition may also introduce an additional source of
variability. We consider such an experiment, where the beam
fluctuations were significant, in order to motivate the
simulations presented in this study. Forty four shots were
taken at nominally identical initial conditions, at backing
pressure P = 70 bar, blade coverage z = 0.5 mm, and with
the laser axis y = 13 mm above the blade and 18 mm above
the gas nozzle. This resulted in plateau densities n = (0.86 &
0.07) cm~ and peak densities N = (1.84-0.2) cm™, where
the uncertainties are 1o. The peak and plateau densities were
weakly correlated, with correlation coefficient r = 0.3.

The electron energy spectra were measured using an
electron spectrometer comprising a magnetic dipole and
two scintillating Lanex screens. The images on the screen
were energy-calibrated by numerical tracking of electron
trajectories in the magnetic field and detected electrons
with energies between 0.3 and 2.5 GeV. Automated
edge detection was employed on the electron spectra in
divergence-energy space to measure the maximum electron
beam energy for every shot. The total charge was measured
by integrating the signal in the electron spectrometer.

The distributions of injected charge and maximum
electron beam energy are presented in Fig. 2. The maxi-
mum electron beam energy was observed to fluctuate by
+18% (1o = 150 MeV), while the injected charge varied
by > 40% at lo. The observed fluctuations in electron
beam parameters are more severe than expected from the
use of controlled injection via longitudinal density tailoring
[26-28]. Gaining insights into these measurements requires
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FIG. 2. Experimental data of the accelerated electron beams
from 44 shots at the same nominal initial conditions. Distribu-
tions of (a) injected charge and (b) maximum electron beam
energy.

improved understanding of the effects of target fluctuations
relevant to the experiment.

B. Target density profile scans

To investigate the dependence of the target density
profile on input target parameters, the backing pressure
P of the gas jet and the vertical y and horizontal z positions
of the blade were scanned, with three to five shots taken at
each set of initial conditions. The position of the gas jet and
laser axis were fixed. The gas pressure was varied between
50 and 100 bar; the blade y between 2 and 16 mm below the
laser axis and the blade z between 0 and 11 mm coverage of
the gas jet.

Figure 3 shows the plateau density n, peak density N, and
ramp position Z,y, as a function of input target parameters
for representative parameter scans. Figures 3(a) and 3(b)
show that changes in the backing pressure between 55 and
95 bar result in approximately linear variations of both the
peak and plateau densities, maintaining a constant peak:
plateau ratio of 2.4 4+0.3. The correlation coefficient
between peak and plateau densities is r = 0.95 for the
pressure scan. By contrast, changes to the blade position
break the correlation between peak and plateau density, as
shown in Figs. 3(d) and 3(e) for a scan of vertical blade
position. Increasing the blade y causes a decrease in the
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FIG. 3. The left column shows the response of (a) plateau
density, (b) peak density, and (c) ramp position as a function of
backing pressure. (d)—(f) and (g)—(i) show the same parameters
for blade height and blade coverage, respectively. Each point is
the average of three to five shots and the error bars represent the
shot-to-shot fluctuations (+1(cs)) discussed in Sec. I C. For the
pressure scan, y = 6.5 mm and z = 3.2 mm. For the blade y
scan, P = 100 bar and z = 3.5 mm.
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FIG. 4. Shot-to-shot density fluctuations of (a) plateau density,
(b) peak density, and (c) ramp position. The gray histogram
represents the distribution of sample standard deviations o
calculated for samples comprising three to five shots at the
same nominal initial conditions. The black line denotes the mean
of the distribution, which represents the population standard
deviation (o).

peak density with an anomalous result for the lowest blade
position; this is likely due to the curvature of the shock and
so will be disregarded. The plateau density remains
approximately constant; the correlation coefficient between
peak and plateau densities is r = 0.38 for this scan
(disregarding the anomalous result). Changing the hori-
zontal position of the blade again has little effect on the
plateau density but an erratic effect on the peak density, as
shown in Figs. 3(g) and 3(h). A negative correlation is
observed when the blade coverage is under 3 mm, but this
trend inverts for larger blade coverages (r = 0.01). The
correlated peak and plateau densities are indicative of a
variation in gas backing pressure, while a lack of corre-
lation between the densities implies motion of the blade in
the gas.

The position of the density down ramp is found to be
strongly affected by the position of the blade in the gas jet,
as shown in Figs. 3(f) and 3(i). The density ramp is
observed to move outward as the blade is moved farther
below the laser axis, representing an outward shock. This is
representative of a gentle intercepting shock that develops
farther from the blade [29], rather than the sharp bow shock
that forms near the blade. The ramp position is most
sensitive to longitudinal motion of the blade, varying at a
rate (3.7 +0.8) mmmm~!. Figure 3(c) shows that the gas
pressure has a weak effect on the ramp position but still
comparable to or larger than the shot-to-shot fluctuations

TABLE 1. Measured shot-to-shot fluctuations of the density
parameters. The third column presents the fluctuations as a
percentage of the baseline simulation parameters from Sec. III;
the ramp position is given as a percentage of the laser’s Rayleigh
range.

Parameter Absolute 2(c) Relative 2(c) (%)
Plateau density n 0.12 x 10" cm™3 10
Peak density N 0.34 x 10'® cm™3 12
Ramp position Zgyp 260 pm 17

for pressure variations of order 10 bar. Therefore, gas
pressure and blade position are the main sources of
experimental fluctuation.

C. Shot-to-shot density fluctuations

A measure of the shot-to-shot fluctuations of the density
characteristics was obtained by taking repeat shots at the
same nominal initial conditions. The distribution of the den-
sity characteristics has a spread characterized by the sample
standard deviation o, which is an estimator of the fluctua-
tions. By measuring ¢ for every set of shots at the same
initial conditions, it is possible to build a distribution of the
measured fluctuations, as shown in Fig. 4. Here there are 145
samples comprising 628 shots taken over 2 days. The average
of the set of standard deviations, (o), is the population
standard deviation, which is expected to accurately represent
the spread of possible density values obtained with the same
setup, assuming that the fluctuations are independent of the
absolute density values. This assumption is valid for the
range of density profiles used in the experiment, as each
measured sample standard deviation is weakly correlated
with the sample mean for the plateau density (r = 0.03) and
peak density (r = 0.24). Thus the shot-to-shot fluctuations
can be characterized by the spreads 2(s), which represent
68% of the possible density values obtained and are
summarized in Table I.

Fluctuations in the peak density are 2.8 times higher than
those in the plateau density. Fluctuations in the ramp
position are ~260 pm, which is small compared to the
focusing geometry of the laser (Rayleigh range > 4 mm).
The measured density fluctuations are used to inform the
particle-in-cell simulations presented in Sec. III.

II1. SIMULATIONS

Two-dimensional simulations of density transition injec-
tion were performed using the particle-in-cell code EPOCH
[35] to investigate the sensitivity of the electron beam
charge and maximum energy to fluctuations in the peak and
plateau densities and ramp position. The simulations were
not designed to model the full experimental results but to
systematically study the fluctuations of electron beam
parameters. Therefore, the target fluctuations measured

111301-4



TARGET SENSITIVITY STUDY OF DENSITY ...

PHYS. REV. ACCEL. BEAMS 27, 111301 (2024)

from the experiment were applied to a simplified density
profile in this numerical study.

The target comprised a preionized plasma with a
360 pm rising edge to a peak density N, followed by a
down ramp onto a plateau region at density n. To be
computationally tractable, only the injection and initial
acceleration dynamics are considered; the total propaga-
tion distance was 1.2 mm, with the electron spectrum
characterized after 4 ps. Since the charge of the bunch is
primarily set by the injection, we expect a shorter
simulation to give a good indication of the charge at
the end of a longer accelerator. After injection, the energy
gained by the electrons is determined by their phase, the
length of the accelerator and the accelerating field (which
is, to first order, set by the plateau plasma density). Thus
the variation in electron beam energy prior to dephasing
can be assessed by the energy a shorter distance after
injection.

The down ramp had a tanh[(z —z,)/w)] form with
characteristic length w = 20 pm. w corresponds to an
effective total density transition length ~80 pm, which is
in the gentle ramp regime for a plasma wavelength 4, =
25 pm and is consistent with recent measurements [27,28].
The density profile for the baseline simulation is shown in
Fig. 5(a). The baseline (denoted by subscript 0) comprises a
peak density N, = 2.82 x 10'8 cm™3, plateau density n, =
1.2 x 10" cm™3 (Ny/ng = ko = 2.35), and vacuum laser
focus at the middle of the down ramp, z,; = 400. ng
represents the average plateau density used in the experi-
ment. The laser had Gaussian temporal and transverse
profiles with 50 fs pulse duration and 46 pm diameter beam
waist. The vacuum laser intensity was 2 x 10" Wem™2,

The simulations were performed with a window size
64 x 112 pm (longitudinal x transverse) with 4800 x 2800
cells and 8 particles per cell. Convergence tests suggest the
injected charge and maximum electron energy to have an
uncertainty < 1% with these parameters. Simulations
performed with no down ramp at densities n, and N,
show that a nonlinear wakefield is produced, but no self-
injection occurs in the first wakefield period. Thus these
simulations allow the study of the density transition
injection dynamics.

Three sets of simulations were run, based on the
experimentally measured trends of density characteristics
with target inputs, each of which isolated one kind of
density fluctuation. Simulation set I varied the peak
density only, n = ng; set Il varied the plateau and peak
densities at a constant ratio, N/n = k; set III varied the
laser focus z; relative to the position of the ramp. Within
each set, four simulations were run at £1(o) and +2(o)
away from the baseline relevant density parameter, where
2(o) represent the experimental shot-to-shot fluctuations
in Table I. The deviations of injected charge
from the baseline AQ and the deviations of maximum
electron energy from the baseline A(E,,,,) are calculated
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FIG. 5. (a)Baseline density profile for simulations. The density

profile was varied as in (b) for simulation set I at constant plateau
density and (c) for simulation set II with a constant N/n.
(d), (e) Analytic phase velocity evolution caused by the density
profiles in (b) and (c), respectively, during bubble elongation

at { = —1,(n,).

at the end of the simulation and given as a percentage of
the baseline quantity. Only the electrons in the first
wakefield period are considered. The electron energy
spectra depict a sharp cutoff in a log-scale at both high
and low energies. The high-energy cutoff E,_ .. was
identified by fitting the distribution function in energy
to a tanh [(E — E,,,)/wg] function, with the length scale
of the step wg taken as the measurement uncertainty. The
simulations show that injection occurs only in the ramp.
The baseline simulation accelerated 79 pC of electrons to
a maximum energy of 68 MeV.
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A. Sensitivity to absolute density

The density profiles used for simulation sets I and II are
shown in Figs. 5(b) and 5(c), respectively. The wakefield
phase velocity vy, depends on the local plasma density as

¢ dn,\!
Uph = Ug1<1 +gg &z ) (1)

where { = z — vyt and vy = (1 — @} /wj)"/?. Since the
local decrease in vy, relaxes the injection threshold, we
may understand the injection dynamics through this. The
evolution of vy, at the back of the bubble is plotted in
Figs. 5(d) and 5(e) for the simulated density ramps. The
effect of the laser evolution on vy, is neglected; while this
also induces a change in vy, (due to a changing a,), we find
this to be slow relative to the effect of the density gradient.

The charge and maximum energy deviations from the
baseline caused by density fluctuations up to 2(c) are
summarized in Fig. 6.

1. Injected charge

The injected charge is observed to increase with an
increase in peak density in Fig. 6(a), both for constant
and variable plateau densities. This indicates that the
availability of electrons determines the injected charge. In
addition, the decrease of the wakefield phase velocity in the
ramp affects the injection process. When only the peak
density changes, the injected charge increases by a factor of
2 more than when the peak and plateau densities are changed
consistently. As depicted in Figs. 5(b) and 5(d), a higher
peak density at a constant plateau represents a steeper
density ramp, which causes the phase velocity of the
wakefield to decrease by more and remain low over a longer
region. This further enhances injection and indicates that, in
this case, the peak density is the dominant contribution to
charge variations. By contrast, coupled variations of peak
and plateau densities cause a decrease in the wakefield phase
velocity that is only weakly dependent on the densities used,
as shown in Fig. 5(e).

2. Maximum electron beam energy

Simulation sets I and II display opposite trends of
maximum electron beam energy with density in Fig. 6(b).
For targets with a constant plateau density, the maximum
electron energy is observed to decrease with increasing
peak density. This may seem counter-intuitive since the
accelerating field, to a first approximation, will be constant
at constant plateau density, and it is in this region that
acceleration takes place. While beam loading may partially
explain the variation, the phase at which electrons are
injected also plays a significant role.

The injected electron beams have a negative chirp, so the
maximum electron beam energy is determined by the
dynamics of the leading electrons, which are the first to

Q Setlin=ng K Setll: N/n=ko
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FIG. 6. Simulated absolute density fluctuations in a tailored
plasma target after 1.2 mm. Deviation of (a) injected charge
and (b) maximum electron beam energy from the baseline as a
function of peak density fluctuations. The blue circles correspond
to variations of the peak density at a constant plateau density
(simulation set I), while the red triangles correspond to coupled
variations of the peak and plateau densities at a constant ratio
(simulation set II).

be injected. Increasing the peak density with a constant
plateau density results in earlier injection, leading to
electrons located at an advanced position ¢ in the wake.
This is because steeper ramps reach lower vy, earlier in the
interaction, as shown in Fig. 5(d). Injection also terminates
later, resulting in a longer bunch duration. In ramps with a
constant peak to plateau ratio, the opposite trend is
expected, as Fig. 5(e) shows lower-density ramps causing
vy, to reach lower values at smaller z. However, as electrons
inject from the back of the bubble, { = —4,(n,), those
injected at higher densities will be advanced in { on
injection. The position of the leading electrons in the
wakefield is depicted as the triangles in Fig. 7.

Figure 7(a) depicts the accelerating fields in simulation
set I after 4 ps. The laser at z = 1.19 mm travels along z
and drives a wakefield with longitudinal electric field E,.
The local maximum —F, in the inset coincides with the
position of the leading high-energy electrons (triangles),
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FIG. 7. Accelerating fields for simulations varying (a) only the

peak density and (b) both the peak and plateau densities after
4 ps. The inset shows the accelerating fields in the vicinity of the
leading high-energy electrons. The position of the leading
electrons is shown by the triangles and coincides with the local
maximum —E, for all simulations.

showing their separation in ¢ as a result of the varying
injection dynamics with peak density. The accelerating
fields behind this point are suppressed by beam loading. In
the vicinity of the leading electrons, the accelerating fields
from the laser-driven wakefields decrease linearly with (.
Therefore, the electrons injected from higher peak density
targets, which are advanced in {, witness lower accelerating
fields than those from lower density simulations. This
positional effect compounds with beam loading, which is
more significant for the higher charge injected with higher
peak densities. Beam loading modifies the electric field at
the back of the electron bunch, causing the effective plasma
wave to appear longer for higher densities.

Conversely, coupled variations of peak and plateau
densities result in an increasing trend of maximum electron
beam energy with plasma density, with 3 times lower
deviations. Figure 7(b) shows the accelerating fields in
these simulations after 4 ps. The leading high-energy
electrons (triangles) have a density-dependent { because
the injection point moves forward at higher densities as a
result of the shorter plasma wave. In contrast to simulation
set I, the plateau density is different after injection, driving
changes in the acceleration region. Increasing the density
causes a simultaneous increase in the peak accelerating
field and decrease in the plasma wavelength. Overall, the
increase in peak field (due to higher plasma density) is

coupled with the electrons being injected into an earlier
phase of the wave (i.e., a lower field relative to the peak).
These differences in the wavelength and amplitude of the
laser-driven wakefield compensate for the different position
of the leading electrons so that they witness more consistent
accelerating fields as shown in Fig. 7(b). The result is more
stable electron energies.

3. Stability

For simulation set I, the charge fluctuates by up to 8%
while A(E,,,,) reaches 15% for 2¢ density fluctuations.
The results are consistent with previous studies [30,32],
which report a reduction in mean electron energy as the
density transition height is increased. For simulation set II,
both the charge and the maximum electron beam energy
fluctuate by up to 4% for 2¢ input fluctuations.

The variations caused by changes in the peak density
independent of the plateau cause 2 times larger deviations of
the injected charge and 3 times larger deviations of the
maximum electron beam energy. This is because the injec-
tion dynamics are sensitive to variations in n;'dn,/dz, and
this in turn influences the acceleration dynamics through
changes in the position of the electrons. Such variations were
found experimentally to result from blade position fluctua-
tions in the target in Sec. II C. It is expected that fluctuations
in the ramp length would exacerbate this effect, as these also
change the ramp steepness that strongly influences electron
injection. By contrast, coupled variations of peak and plateau
densities present improved stability. As these density fluc-
tuations are associated with fluctuations in gas pressure, the
results suggest that blade motion is more detrimental to
stability than gas fluctuations. This indicates that a more
robust method of producing the density ramp could improve
the charge stability by a factor of 2 and the energy stability by
a factor of 3.

B. Sensitivity to ramp position

Fluctuations of the down ramp position were simulated
by moving the vacuum laser focus as depicted in Fig. 8(a),
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FIG. 8. (a)Density profiles used for simulation set III; the dashed
lines show the position of vacuum laser focus. (b) Simulation
results of the laser intensity evolution for the simulations in (a).
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FIG. 9. Simulated ramp position fluctuations in a tailored
plasma target after 1.2 mm. Deviation of (a) injected charge
and (b) maximum electron energy from the baseline. Az; =0
corresponds to the middle of the ramp aligned with the vacuum
laser focus; positive Az, corresponds to a vacuum laser focus after
the ramp. The green crosses in (a) depict the measured laser
intensity deviations after 0.4 mm propagation.

where the laser intensity variations in the density ramp are
shown in Fig. 8(b). The resulting charge and maximum
electron beam energy deviations from the baseline simu-
lation are shown in Fig. 9. Here, we define Az; = —Azy,
such that motion of the ramp farther along the gas is
equivalent to the laser focusing earlier.

The injected charge is observed to decrease when the
ramp is positioned before vacuum laser focus. The evolu-
tion of the laser wavelength throughout the interaction is
indistinguishable for simulations with different laser focus
positions (deviations < 0.002% throughout). This implies
that the laser energy depletion to the wakefield is compa-
rable. However, the evolution of laser intensity varies more
significantly, as a result of the different rates of self-
focusing and self-compression for different initial laser
spot sizes. This is depicted in Fig. 8(b) within the density
transition. The intensity deviates by —4% and —2% from
the baseline when the laser is set to focus 260 and 130 pm
after the ramp, respectively. By contrast, setting the laser to
focus before the ramp causes a 1% deviation in laser

intensity, which is very weakly dependent on the magnitude
of the translation between 130 and 260 pm. The laser
intensity determines the electron velocities reached during
oscillation in the wakefield, thereby influencing the number
of particles that can inject. The observed charge deviations
directly match the measured intensity variations in the
ramp shown as the green crosses in Fig. 9(a), suggesting a
linear dependence of injected charge to laser intensity,
despite the complex dynamics involved. This implies that
the injected charge will also be affected by fluctuations in
laser energy.

Variations of the ramp position relative to the vacuum
laser focus result in fluctuations of the maximum electron
beam energy of < 2%. The energy is observed to increase
as the vacuum laser focus is moved before the ramp. This
suggests that the increased laser-plasma coupling early in
the interaction taking place for Az; < O dominates the
initial acceleration dynamics simulated.

The simulations indicate that fluctuations of the ramp
position relative to the laser focus are less detrimental to the
injected charge and maximum electron beam energy than
fluctuations of the absolute density. The results suggest that
focusing the laser before the density transition is beneficial
in terms of shot-to-shot charge stability, since the nonlinear
dynamics will compensate an initial difference in intensity.
However, the limits of this require further study.

IV. CONCLUSION

We present a practical study of density down ramp
injection to improve the stability and applicability of
LWFA electrons generated by this means. These types
of sensitivity studies will help to define the required level of
control and acceptable tolerances for a reliable accelerator.
The shot-to-shot fluctuations of the plateau density, peak
density, and down ramp position produced by a supersonic
gas flow target interrupted by a blade were measured
experimentally and reproduced in particle-in-cell simula-
tions of the injection dynamics.

The sources of experimental density fluctuations were
identified as the variable gas jet pressure and the variations
of blade position. Changes in the longitudinal or vertical
position of the blade result in independent variations of the
peak and plateau densities, while density profile variations
caused by changes in the gas jet backing pressure maintain
a constant peak to plateau density ratio. Simulations reveal
that decoupled variations of peak and plateau density drive
larger fluctuations in charge and maximum energy. This
strongly indicates that the fluctuations observed in our
experimental data are more likely a result of a fluctuating
blade rather than a variation in gas pressure. Therefore, a
more robust method of producing the density ramp could
improve the charge stability by a factor of 2 and the energy
stability by a factor of 3. In addition to a more rigid
obstruction to generate the down ramp, the simulations
suggest that focusing the laser before the density structure
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will likely reduce the fluctuations observed in the electron
beams generated.

The results presented will enable future experimental
campaigns to be designed to improve the stability of the
accelerated electron beams through target design and
laser focal position. This should allow the effect of other
variations (e.g., due to laser parameters or the long
acceleration region that was not simulated) to be more
clearly observed. Such a systematic approach to improved
stability of LWFA electron beams presents a path to the
stable electron beams required for future applications in
particle physics, medicine, and x-ray free electron laser
applications.
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