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We report on a study on controlled injection of electrons into the accelerating phase of a plasma
wakefield accelerator by tailoring the target density distribution using two independent sources of gas.
The tailored density distribution is achieved experimentally by inserting a narrow nozzle, with an orifice
diameter of only 400 μm, into a jet of gas supplied from a 2 mm diameter nozzle. The combination of these
two nozzles is used to create two regions of different density connected by a density gradient. Using this
setup we show independent control of the charge and energy distribution of the bunches of accelerated
electron as well as decreased shot-to-shot fluctuations in these quantities compared to self-injection in a
single gas jet. Although the energy spectra are broad after injection, simulations show that further
acceleration acts to compress the energy distribution and to yield peaked energy spectra.
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Benefiting from the high electric fields that can be
sustained in a plasma wave, laser wakefield accelerators
[1] appear promising as compact sources of highly rela-
tivistic electrons and X-rays. Quasi-monoenergetic bunches
of highly relativistic electrons were first observed in 2004
[2–4], by self-injection through wave-breaking. Since then,
much effort has been made on controlling the injection of
electrons into the accelerating plasma structure. Different
mechanisms for injection, such as injection by colliding
laser pulses [5–7] and ionization [8–11] and injection in
density down-ramps [12–16] etc., have been proposed and
studied both theoretically and experimentally.
The mechanism of density down-ramp injection is

typically divided into two regimes; short density ramps
(of the order of the plasma wavelength, λp) and long
density ramps (> λp). Short density ramps have been
produced experimentally, for example by optical plasma
formation and expansion [17] and by shock waves [15,18]
in gas jets. Due to the well-localized injection point,
electron bunches with peaked energy spectra can be
generated. In longer density ramps [14,16], injections occur
over a longer distance, and thus initially give broad energy
spectra. However, after further acceleration of the electrons,
the energy spectra can become peaked.
The mechanism of density down-ramp injection relies on

breaking of the plasma density wave that follows a laser

pulse. This occurs when the electrons that constitute the
plasma wave approaches and exceeds the phase velocity of
the wave. For laser wakefield accelerators based on self-
injection this is achieved by driving the plasma density
oscillations to such high amplitude that wave-breaking
occurs. In contrast, density down-ramp injection exploits
the gradually increasing plasma wavelength in the ramp.
Behind the driving laser pulse, this results in a decreased
phase velocity of the plasma density wave and can thus be
used to reach the conditions for wave-breaking.
In this article, we present a study, experimentally and

numerically, on controlled injection of electrons into the
accelerating field of a laser wakefield accelerator, based on
long density down-ramps, and the subsequent acceleration
of the injected electrons in the following low density
plasma. The aim is to improve our understanding of the
physics behind both injection in density down-ramps and
the subsequent acceleration.
Controlled injection is achieved in this experiment using

two separate nozzles to supply the gas in the interaction
region. In contrast to the work presented in Ref. [16], where
ionization-induced injection is employed in combination
with a density down-ramp, the electrons are injected in
this experiment solely by density down-ramp injection.
Furthermore, our experimental setup allows for continuous
variation of the length of the plasma after the injection
point, as compared to Refs. [14,16]. We show that this
density distribution can be used to separately control the
amount of charge and the electron kinetic energy in the
bunches of accelerated electrons. The shot-to-shot fluctua-
tions, in total charge and energy distribution, achieved
using this setup are significantly smaller compared to the
beams accelerated in the self-injection scheme in a single
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gas jet. The conclusions presented in this article are based
on experiments, performed using a multi-terawatt laser at
the Lund Laser Centre, and supported by particle-in-cell
(PIC) simulations using the code CALDER-CIRC [19].
The laser pulses, each containing 650 mJ of energy and

with a duration (FWHM) of 40 fs, are focused to an almost
circular spot with 19 μm diameter (FWHM), using an
f ¼ 0.765 m off-axis parabolic mirror. The peak intensity
of the laser pulses, when focused in vacuum, is determined
to 3.7 × 1018 W=cm2, corresponding to a normalized
vector potential of 1.3.
Two separate nozzles are used to provide the desired

density distribution of hydrogen gas in the interaction
region, as illustrated in Fig. 1(a), and is ionized by the
leading edge of each laser pulse. The main part of the gas is
supplied by a nozzle with an exit diameter of 2 mm, with its
orifice located 1 mm from the optical axis. This nozzle
provides an almost cylindrically symmetric jet of gas
toward the optical axis, and is typically positioned such
that the laser pulse is focused on the front edge of the
density distribution. Additionally, a narrow metallic tube,
with an orifice diameter of 400 μm, is inserted into the jet,
perpendicular to both the optical axis and the direction of
the main jet. Gas is supplied through this tube to provide an
additional, localized, contribution to the density in the
interaction region with the laser pulse.
The total neutral density distribution, along the optical

axis, of the gas provided from these two nozzles is
characterized off-line by measuring, using a wavefront
sensor, the additional optical path length introduced by the
gas in an optical probe beam [20]. The optical path length
introduced by the gas provided from the 2 mm nozzle is
first measured and the density distribution is calculated
assuming circular symmetry. The narrow tube is inserted

into the flow from the 2 mm nozzle and the wavefront is
again measured, first without any gas supplied from the
narrow tube. By comparing the wavefront with and without
the narrow tube inserted in the flow we conclude that the
gas distribution is essentially unaffected by inserting this
tube. Finally, the difference in optical path length is
measured with gas supplied simultaneously from the main
nozzle and from the narrow tube, as shown in Fig. 1(b).
This allows the contribution from the narrow tube to the
total gas density to be determined assuming circular
symmetry close to the orifice, and the final total density
profile, shown in Fig. 1(c), to be calculated.
The total density distribution along the optical axis

contains a peak and a plateau joined together by a gradient.
As will be shown, under suitable chosen conditions, density
down-ramp injection of electrons into the accelerating
phase of a laser plasma wakefield occurs in this gradient
and the electrons are subsequently accelerated in the
remaining plasma.
The backing pressures supplied independently to each

nozzle are used to control the density in the peak and the
plateau. The density profile from the 2 mm gas nozzle is
approximately flat over 0.7 mm which corresponds to
the maximum plateau length. The density in the plateau
is used to control the plasma wavelength in this region and is
also used to tune the strength of the accelerating field.
Furthermore, the two nozzles are separately mounted on
3-axis translation stages which allow full control of the
position of the two density distributions both relative to each
other and relative to the laser focus. By moving the 2 mm
nozzle along the optical axis, while keeping the narrow
nozzle fixed, the length of the density plateau is varied. This
degree of freedom provides a mean to perform studies of the
acceleration independently of the injection of electrons.

FIG. 1. A schematic illustration of the experimental setup is shown in (a). The laser pulses (red) are focused on the front edge of the gas
jet provided from a 2 mm nozzle with its orifice located 1 mm from the optical axis. A narrow tube is inserted into the jet, with its orifice
0.2 mm from the optical axis, and provides locally an additional amount of gas. The electrons (blue) accelerated in the interaction
propagate along the optical axis. Measurements, using a wavefront sensor, of the additional optical path length introduced by the gas in
an optical probe beam allows the neutral gas density profile to be determined. In (b) the additional path length (Δs) introduced by the
gas, supplied from both nozzles simultaneously, is shown in the color scale in the part not obstructed by the narrow tube. The 2 mm
nozzle is located just below the edge of the image and supplies a flow of gas along the vertical (z) axis. The shadow of the narrow tube
marks its position in the left part of the figure. The optical axis of the main laser beam is perpendicular to the plane of the figure and its
position in the plane is marked as a white cross. The typical neutral gas density (nneutral) distribution along the optical (x) axis used in this
experiment is shown in (c). The tube can be moved along the optical axis to change the position of the density peak and thus also the
density down-ramp. Furthermore, the density in the peak and plateau can be varied independently.
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Measurements of the density distributions show that the
gradient between the two regions is approximately 230 μm
long and is unaffected by changing the backing pressure
within the range used in this experiment. Thus, the density
down-ramp becomes sharper as the backing pressure to the
narrow tube is increased, which allowed for studies to be
performed of the dependence of the number of injected
electrons on the gradient.
The electrons accelerated in the plasma are observed

by letting them impact on a scintillating screen (KODAK

LANEX REGULAR), imaged onto a 16-bit CCD-camera
(PRINCETON PHOTONMAX 1024). The amount of charge
impacting on the scintillating screen is determined using
published calibration factors for the screen [21] and by
calibration of the response of the CCD-camera through the
imaging optics. Furthermore, a 10 cm long dipole magnet
with a peak field strength of 0.7 T can be inserted in the
electron beam to disperse the electrons according to energy
before impacting on the scintillating screen. This allows
for the energy spectrum, above a cutoff energy of 40 MeV,
of the electron beams to be determined. The electron energy
dispersion on the scintillating screen was calibrated by
numerically tracing electrons of different energies through
the dipole magnetic field, according to the experimental
geometry.
Electrons were first injected and accelerated in a target

where gas was supplied only from the 2 mm gas nozzle.
The threshold in electron number density in the plateau
for required self-injection was found to be approximately
11 × 1018 cm−3. The observed beams of electrons had the
typical characteristics of self-injection in gas jets [22,23],
with limited reproducibility and a bunch charge of the order
of 30 pC with a standard deviation higher than 50%.
The electron number density provided from the 2 mm

nozzle was lowered well below threshold for injection (to
3 × 1018 cm−3). When adding gas also from the narrow
tube, beams of accelerated electrons were observed [see
Fig. 2(a)] for every laser pulse sent onto the target. The
bunches of accelerated electrons injected using this
composite gas target contain only of the order of 1 pC
and their spectra typically contain a broad peak [see
Fig. 2(b)]. Furthermore, the shot-to-shot stability in charge
and energy of the electron beams, with standard deviations
13% and 5%, respectively, is far better than the stability
of the beams injected through the self-injection mechanism
in a single gas jet. This indicates that the local increase of
gas in the interaction region facilitates the injection of
electrons into the accelerating wakefield, and the repro-
ducibility suggests that the mechanism is different from the
self-injection observed when only supplying gas from one
nozzle.
The kinetic energy of the accelerated electrons could be

controlled by varying the remaining plasma length after the
density down-ramp. This was done by moving the 2 mm
gas nozzle, while keeping the position of the down-ramp

fixed with respect to the laser focus in vacuum. The
resulting dependence of the peak electron energy on the
length of the remaining plasma is shown in Fig. 3 for two
different densities in the plateau. The result shows that a
longer plasma, after the density down-ramp, provides
higher energy of the electrons. This corresponds well with
the estimated dephasing length [24] Ld ≈ 3 mm, i.e., the
maximum length an injected electron can stay in the
accelerating phase of the wakefield, which is much longer
than the plateau.
Assuming that the movement of the 2 mm gas nozzle

has minor effects on the position of injection, the average
accelerating electric field is estimated by fitting a line to
each series of data. This gives a value of 37 MV=mm at a
density of 2.6 × 1018 cm−3 in the plateau and 50 MV=mm
at a density of 3.25 × 1018 cm−3.
These accelerating electric fields are quite low compared

to most other studies of laser wakefield acceleration using
similar laser parameters [15]. This can be explained by two
parts; first, the electron number density in the plateau is
relatively low compared to studies in which the accelerator
is operated close to the threshold for self-injection. This
leads to a lower peak electric field in the accelerating region
in our experiments. Second, as the electrons are injected
when the plasma wake is growing longitudinally behind
the laser pulse, in a long gradient, the electrons will be
distributed longitudinally over a length approximately
equal to Δλp, where Δλp is the difference in plasma

FIG. 2. Typical image of the dispersed electrons impacting on
the scintillating screen (a) in a color map representing amount of
charge per area. The total amount of charge is approximately
1.5 pC and the beams have a divergence of 10 mrad. Calculated
energy spectra of electrons accelerated in five consecutive shots
(b). The energy spectra of the electrons accelerated using this
target typically contains a broad peak at an energy that is tunable
from 50 to 80 MeV. The shot-to-shot fluctuations in charge and
average energy achieved using this setup are significantly better
compared to self-injection.
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wavelength in the peak and the plateau regions. As the
plasma wavelength increases from 11 μm in the peak
where the electron number density is 11 × 1018 cm−3 to
19 μm for the electron number density in the plateau of
3.25 × 1018 cm−3, the injected electrons will be distributed
along 8 μm in the first plasma period. Thus, the injected
electrons are distributed over approximately 40% of the
first plasma wave period, and the average electric field
experienced by the injected electrons is lower than if they
were all placed in the back of the first plasma wave period,
which is the case for self-injection.
The influence of the electron number density in the

plateau after the density down-ramp was studied while
keeping the electron number density in the peak constant at
11 × 1018 cm−3. The resulting kinetic energy of the accel-
erated electrons showed a strong dependence on this
electron number density (see Fig. 4).
While varying the energy of the electrons, using either of

the methods described above, the charge did not show
significant variations compared to the standard deviation.
We conclude that the energy of the electrons could be
controlled independently of the amount of injected charge,
by changing either the electron number density in the
plateau or the length of the plateau. The amount of charge
in the electron beams could be separately controlled, within
a certain range, by varying the peak density while keeping
the plateau density constant. No trend is observed in the
electron energy spectra while varying the peak density,
whereas the beam charge shows a clear dependence on the
electron number density in the peak as shown in Fig. 5. Up
to an electron number density of 10 × 1018 cm−3, the
charge increases linearly with electron number density in
the peak. By increasing this density by only 40% (from

7.1 × 1018 cm−3 to 10 × 1018 cm−3), the observed charge
was increased by more than a factor of 3. Furthermore, the
standard deviation of the shot-to-shot fluctuations in charge
around the fitted linear dependence on peak electron
number density is smaller than 0.1 pC (standard deviation).
Thus, the relative charge fluctuations are significantly
smaller using this setup than in our experiments for self-
injection using a single gas jet.
An interesting feature is observed in the charge depend-

ence as the electron number density in the peak is increased
beyond 10 × 1018 cm−3, shown in the inset in Fig. 5. At
these densities the shot-to-shot fluctuations in charge are
much larger than for lower densities. Remarkably, there

FIG. 3. Peak energy against relative jet position along the
optical axis for two different plateau densities. The acceleration
length in the plateau after the density down-ramp is controlled by
the position of the gas jet. Zero on the x-axis corresponds to the
position where the density down-ramp is approximately centered
in the density distribution from the jet. Each data point corre-
sponds to 10 consecutive shots and the error bars indicate one
standard deviation in each direction. While the electron number
density in the peak is kept constant at 11 × 1018 cm−3, the peak
energy increases linearly (dashed blue line) with the relative jet
position.

FIG. 4. Peak energy (blue) and total charge (red) against
electron number density in the plateau. Each data point corre-
sponds to 10 consecutive shots and the error bars indicate one
standard deviation in each direction. The peak energy increases
linearly (dashed blue line) with the electron number density,
whereas the total charge shows no such trend. The electron
number density in the peak is kept constant at 11 × 1018 cm−3.

FIG. 5. Charge, above 40 MeV, as a function of electron
number density in the peak. The positions of the two nozzles
are kept fixed and the electron number density in the plateau is
kept constant at 3.25 × 1018 cm−3. At low peak densities, the
amount of injected charge increases linearly with only small shot-
to-shot fluctuations (standard deviation of 0.09 pC) around the
fitted line (red dashed). At densities above 10 × 1018 cm−3

(shown in the inset), large fluctuations occur. However, the
fluctuations only contribute to an increase in the total charge
and indicate two different mechanisms of injection. The onset of
the large fluctuations coincides with the electron number density
threshold for self-injection.
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is not a single data point below the line that follows the
charge dependence for densities below 10 × 1018 cm−3.
The images of the dispersed electrons on the scintillating
screen show that the electron beams, for peak densities
above 10 × 1018 cm−3 typically contain two components.
One component with spectral shape and total charge similar
to the ones observed at lower peak density is present on
every shot. In addition, some beams contain a second
component with higher charge and different spectral
shape. The shot-to-shot fluctuations in this component is
significantly larger than the fluctuations in the first com-
ponent. We interpret this feature as injection of electrons
through two different mechanisms; the stable, low charge
component which is present on every shot is injected as the
laser pulse propagate through the density down-ramp. The
second component, which is only present above a certain
threshold value for the electron number density in the peak,
could be due to self-injection in the peak. This interpre-
tation is supported by the observation that the value of the
electron number density above which the second compo-
nent starts to appear is the same as the electron number
density threshold for self-injection observed in our experi-
ments using a single gas jet.
To further support our interpretations of the experimental

results, particle-in-cell simulations are performed using the
code CALDER-CIRC [19]. In the simulations, the electron
number density profile is approximated by a piecewise
linear function, including two regions of constant density
joined together by a linear gradient as shown in Fig. 6(a).
The laser pulse parameters are chosen to correspond to
those used in the experiments.
From the simulations, it is observed that the laser

pulse undergoes self-focusing and self-compression in
the increasing density and excite a highly nonlinear wake-
field as the laser pulse reaches the density peak. However,
no electrons are injected into the accelerating structure in
this region [see Fig. 6(b)], as the wakefield is not yet strong
enough for self-injection. As the laser pulse propagates
through the linear density down-ramp, the wakefield
structure increases in size and a certain portion of the
background electrons become located within the electron
void behind the laser pulse [see Fig. 6(c)]. The injection of
electrons into the wakefield stops when the rear end of the
first plasma period reaches the end of the density down-
ramp, whereas the already injected electrons become
further accelerated in the remaining plasma.
The observations from the simulations of injection in the

density down-ramp and consecutive acceleration in the
following plateau agree perfectly with the experimental
observations presented above. For example, from Fig. 6(a)
it is clear that the final energy of the electrons can be
controlled by varying the length of the plasma after the
density down-ramp.
It is further evident from the solid curves in Fig. 6(b–c)

that the maximum accelerating field is much lower in the

low electron number density of the plateau than in the peak.
Also, since the electrons are distributed longitudinally the
average electric field experienced by the injected electrons
is lower than if all electrons would be located at the back of
the first plasma wave period.
Furthermore, it is observed in the simulations that the

wakefield structure is close to breaking already before the
density down-ramp and only minor changes in the param-
eters for the simulation result in self-injection there. This
agrees well with the experimental findings, in which two
populations of accelerated electrons are identified at high
densities (see Fig. 5).
The results from the simulations can also be used to

understand the shape of electron energy spectra of the
beams of accelerated electrons. In Fig. 7, the longitudinal

FIG. 6. Simulated evolution of the electron spectrum as the
laser pulse propagates through the plasma (a) and local electron
number density distribution before (b) and after (c) the density
down-ramp along with the laser field (red) and accelerating
electric field (blue). Injection of electrons into the wakefield
structure occurs in the density down-ramp, located between
≈1.1 mm and ≈1.35 mm. The injected electrons are accelerated
in the density plateau and the final electron energy spectrum
contains a peak centered around 105 MeV and a FWHM of
20 MeV. In (c) electrons have been trapped after being injected as
the plasma wavelength gradually increased in the density down-
ramp. Thus, the electrons are distributed longitudinally over a
distance approximately equal to Δλp ≈ 5 μm.
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phase-space distribution of the electrons is shown at three
different locations along the optical axis following the laser
pulse. Immediately after the density down-ramp [Fig. 7(a)],
the injected electrons are distributed along a line in phase-
space, corresponding to a spread both in energy and
longitudinal position. After propagating a short distance,
the average energy of the injected electrons is increased
[Fig. 7(b)]. Furthermore, since the electrons have a longi-
tudinal spread, they experience different electric field
strength. Locally, this results in a rotation of the phase-
space distribution of electrons, and globally the phase-
space distribution appears to be bending. In the final step
[Fig. 7(c)], the distribution of electrons has been deformed
into a U-shape, corresponding to an increased distribution
of electrons at an energy corresponding to the bottom of
the U-shape. Thus, the rotation and bending of the original
phase-space distribution of electrons thus acts to compress
the energy spectrum.
In conclusion, we have demonstrated independent con-

trol of the number of injected electrons and their final
energy distribution in a laser wakefield accelerator using a
simple setup to tailor the density distribution. It has been
shown that electrons are injected in the density down-ramp
between two regions of different electron number density.
The shot-to-shot fluctuations in both charge and energy
are greatly improved in comparison to electron beams
generated by self-injection. The same setup will be used

in future experiments to study acceleration over longer
distances and also to study localized ionization-induced
injection.
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