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Density Measurement Setup

Wavefront sensor 
(Phasics SID4)

Imaging lens

HeNe-laser beam
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Measured Phase at 9 bar Backing Pressure
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II. Measurements with Different Gases
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Laser Wakefield Acceleration Setup

• Laser parameters: 

• 800 nm 

• 35 fs 

• 650 mJ on target 

• 19 µm spot size

3.1.1 Gas Targets

Figure 3.4. Typical experimental
setup for electron acceleration. In
the figure, the o↵-axis parabolic
mirror focuses the incoming laser
beams towards the gas jet. Di-
rectly afterwards, a permanent
dipole magnet is mounted on a
transversal slide which allows it
to move out of the optical axis.
A scintillating screen is also vis-
ible after the magnet. Note that
parts belonging to the alignment
system of the laser, the top-view
camera, interferometer, the 16-bit
CCD camera, as well as the X-ray
sensitive CCD camera are not vis-
ible in this figure.

it to a spot size according to Table 3.2.

3.1.1 Gas Targets

During the experimental work, two di↵erent types of gas targets
have been employed. In the experiments presented in Papers I, II
and IV we used a gas jet capable of producing super-sonic flows,
and for Paper III a glass capillary tube filled with gas served as
target.

Gas Jet

The gas jet we use during experiments has a fast opening time,
and is opened a few milliseconds before the laser pulse arrives.
This is done to ensure a stable gas flow. The nozzle has a conic
shape, and is detachable, which makes it possible to adjust the
plasma length. During the experimental work described later in
this thesis, nozzle diameters of 2mm and 3mm were used. To
have an e�cient plasma wave production, the laser propagation
depends on relativistic self-focusing, which is described in Sec-
tion 2.3.6. Experimentally, a density threshold for self-injection
is observed, which puts a lower limit on n

e

where injection stops
and no electrons are accelerated.

The gas jet is connected to a gas-handling system, which is
built by 6mm steel pipes outside the vacuum chamber (see Fig. 3.5
for a schematic drawing). The system was built to have the ability
to mix gases, which is why a gas reservoir is present. However,
electron acceleration in gas mixtures is not covered in this thesis.
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Different Gases at 10 bar Backing Pressure

2

presented.

40

50

100

200

E
le
ct
ro
n
E
n
er
g
y
(M

eV
)

0.0

0.2

0.4

0.6

0.8

1.0

C
h
a
rg
e
(a
.u
.)

(a)

40

50

100

200

E
le
ct
ro
n
E
n
er
g
y
(M

eV
)

0.0

2.0

4.0

6.0

8.0
C
h
a
rg
e
(a
.u
.)

(b)

FIG. 1: False-colour images of five consecutive electron
beam-spectra emerging from (a) hydrogen and (b)

helium. Due to the di↵erences in charge between them,
the colour scale is di↵erent for the two series, with both

normalised to hydrogen. The series show a better
shot-to-shot stability for hydrogen as compared to

helium.

It is apparent that electron beams originating from hy-
drogen (Fig. 1a) are highly stable. The electron beams
emerging from helium (Fig. 1b), however, fluctuate a lot,
both in terms of position, energy, as well as filamenta-
tion. This behavior makes it di�cult to use the beam
diameter full-width at half-max (FWHM) as a measure
of beam divergence. Therefore, it is more appropriate
to use the second central image moment with respect
to the weighted center of the image (✓

x

, ✓
y

) as variance�
�2

�
, which will include any filamentation and irregular-

ities into the divergence. ✓
x

and ✓
y

are also determined
in a similar fashion, but instead by their normalised first
image moments, which equal weighted centroids.

Another important di↵erence when comparing the two
series can be found when plotting � as a function of beam
charge, Q, which is done in Fig. 2. As can be seen, elec-
tron beams from hydrogen have smaller spread in both
Q as well as � than for helium. The two di↵erent se-
ries seem to be emerging from two di↵erent regimes of
LWFA. Conducting a scan over the pressure range 3 to
15 bar with a 2mm gas nozzle and determining the beam
charge results in Fig. 3a.

As can be seen, the threshold for self-injection, which
is the point where beam charge increases rapidly, occurs
at ⇠ 9 bar for He and ⇠ 11 bar for H2. This would sug-
gest that the threshold does not occur at the same ⌘
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FIG. 2: The measured beam divergence (�) as a
function of beam charge (Q). It is clear that beams
emerging from hydrogen both have a lower mean and
smaller spread in Q as well as � when compared to
helium. This data is extracted from electron beam
profile images, which are not shown in the paper.
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FIG. 3: Measured charge in the electron beams
accelerated over the scanned pressure range 3 to 15 bar
in hydrogen (blue circles) and helium (red crosses)
plotted as functions of (a) pressure and (b) plasma

electron density.
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Pressure Scan
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FIG. 1: False-colour images of five consecutive electron
beam-spectra emerging from (a) hydrogen and (b)

helium. Due to the di↵erences in charge between them,
the colour scale is di↵erent for the two series, with both

normalised to hydrogen. The series show a better
shot-to-shot stability for hydrogen as compared to

helium.

It is apparent that electron beams originating from hy-
drogen (Fig. 1a) are highly stable. The electron beams
emerging from helium (Fig. 1b), however, fluctuate a lot,
both in terms of position, energy, as well as filamenta-
tion. This behavior makes it di�cult to use the beam
diameter full-width at half-max (FWHM) as a measure
of beam divergence. Therefore, it is more appropriate
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series can be found when plotting � as a function of beam
charge, Q, which is done in Fig. 2. As can be seen, elec-
tron beams from hydrogen have smaller spread in both
Q as well as � than for helium. The two di↵erent se-
ries seem to be emerging from two di↵erent regimes of
LWFA. Conducting a scan over the pressure range 3 to
15 bar with a 2mm gas nozzle and determining the beam
charge results in Fig. 3a.
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is the point where beam charge increases rapidly, occurs
at ⇠ 9 bar for He and ⇠ 11 bar for H2. This would sug-
gest that the threshold does not occur at the same ⌘
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function of beam charge (Q). It is clear that beams
emerging from hydrogen both have a lower mean and
smaller spread in Q as well as � when compared to
helium. This data is extracted from electron beam
profile images, which are not shown in the paper.
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accelerated over the scanned pressure range 3 to 15 bar
in hydrogen (blue circles) and helium (red crosses)
plotted as functions of (a) pressure and (b) plasma

electron density.
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Converging-Diverging Nozzle

See also: Schmid, K., & Veisz, L. Rev. Sci. Instrum. 83, 053304 (2012).
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Calibration of Gases
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FIG. 4: The neutral gas density 1mm above the nozzle
orifice (⌘

ng

) measured by the setup consisting of a
wavefront sensitive sensor as a function of the applied
backing pressure (p0) for H2 (red crosses) and He (blue
dots). The dashed lines are the theoretical results fitted

with regards to r⇤.

for H2 and He. Therefore, characterising the relation be-
tween p0 and ⌘

ng

for both gases released from the nozzle
is necessary. Using a setup consisting of an expanded
HeNe-laser beam together with a wave-front sensor (SID
4) which measures the phase shift as the laser beam prop-
agates through the neutral gas. This type of setup is sen-
sitive enough to detect the small phase shift introduced
by He. Plotting the determined ⌘

ng

as a function of p0
results in Fig. 4. From a linear regressions (not shown
in Fig. 4), it is found that nHe = 1.26 ⇥ nH2 . Thus, ⌘

e

in helium is 26% higher than for hydrogen at a specific
p0. Compensating for this di↵erence and plotting the
data in Fig. 3a as a function of ⌘

e

results in Fig. 3b.
Now it can be seen that the threshold for self-injection
occurs at the same ⌘

e

for both gas species. The e↵ect
observed in Fig. 1 is therefore not due to any funda-
mental di↵erences between the two gas species, but can
be fully explained by the relation between ⌘

e

and p0 in
Fig. 4. In Fig. 1, the electron beams were accelerated at
⌘
e

= 0.75⇥ 1019 cm�3, characterised for hydrogen, with
a corresponding ⌘

ng

= ⌘
e

/2 = 0.38⇥ 1019 cm�3, assum-
ing full ionisation. In Fig. 4, it can be seen that this
⌘
ng

corresponds to 8 bar for hydrogen. Thus, the ⌘
e

used
for helium in Fig. 1 was 1⇥ 1019 cm�3, which, combined
with the higher laser-pulse energy used for these series,
is far above the threshold for self-injection.

A simple 1D model3 of gas flowing from a converging-
diverging nozzle, with a divergent region similar to Fig. 5,
it is possible to find an expression for the resulting neutral
gas density. First, the relation between the nozzle throat
sizes and flow Mach number, Ma, is4

⇣ r0
r⇤
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Ma
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FIG. 5: Schematic of the divergent region of a
converging-diverging gas nozzle producing a supersonic

gas flow. In the figure, r⇤ is the critical radius for
choking conditions, ✓ the expansion angle of the nozzle,
r0 the nozzle exit diameter, h the distance between the
nozzle exit and the laser axis, and ' the divergence

half-angle of the resulting gas flow. In the experimental
setup, h = 1mm, r⇤ ⇡ 0.39mm, and r0 = 1mm. '

depends on Ma of the gas flow.

where r0 is the nozzle exit radius, r⇤ the critical radius
where the flow reaches sonic speeds inside the nozzle, and
 is the ratio of specific heats of the gas. Assuming that
the gas can be described as an ideal gas, it is also possible
to express the density at the nozzle exit, ⌘exit, as4

⌘exit =
p0

k
B

T0


1 +

� 1

2
Ma2

�� 1
�1

, (2)

where p0 is the stagnation pressure, k
B

Boltzmann’s con-
stant, and T0 = 293K the stagnation temperature. As
the flow exits the nozzle, it will diverge with a half-angle,
', of the flow given by ' = ↵+✓, where ↵ = arcsinMa�1

is the Mach cone half-angle and ✓ = 4.75� is the nozzle
expansion angle. This means that the radius of the flow
can be written as r(y) = r0 + y ⇥ tan'. Assuming that
' remains constant, the flow at a specific y can be esti-
mated by ⌘(y) = ⌘exit ⇥ (r0/r(y))

2
.

TABLE I: Heat capacity ratio, , at T = 293K for
di↵erent gases commonly used in LWFA experiments

Gas 

H2 1.41
He 1.66
N2 1.404
Ar 1.668

Using r⇤ in Eq. 1 to fit the theoretical results to ex-
perimental values, together with gas properties shown in
Tbl. I, yields r⇤ ⇡ 0.35mm, which is close to the spec-
ified critical radius (0.39mm) of the nozzle. The fitted
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FIG. 1: False-colour images of five consecutive electron
beam-spectra emerging from (a) hydrogen and (b)

helium. Due to the di↵erences in charge between them,
the colour scale is di↵erent for the two series, with both

normalised to hydrogen. The series show a better
shot-to-shot stability for hydrogen as compared to

helium.

It is apparent that electron beams originating from hy-
drogen (Fig. 1a) are highly stable. The electron beams
emerging from helium (Fig. 1b), however, fluctuate a lot,
both in terms of position, energy, as well as filamenta-
tion. This behavior makes it di�cult to use the beam
diameter full-width at half-max (FWHM) as a measure
of beam divergence. Therefore, it is more appropriate
to use the second central image moment with respect
to the weighted center of the image (✓

x

, ✓
y

) as variance�
�2

�
, which will include any filamentation and irregular-

ities into the divergence. ✓
x

and ✓
y

are also determined
in a similar fashion, but instead by their normalised first
image moments, which equal weighted centroids.

Another important di↵erence when comparing the two
series can be found when plotting � as a function of beam
charge, Q, which is done in Fig. 2. As can be seen, elec-
tron beams from hydrogen have smaller spread in both
Q as well as � than for helium. The two di↵erent se-
ries seem to be emerging from two di↵erent regimes of
LWFA. Conducting a scan over the pressure range 3 to
15 bar with a 2mm gas nozzle and determining the beam
charge results in Fig. 3a.

As can be seen, the threshold for self-injection, which
is the point where beam charge increases rapidly, occurs
at ⇠ 9 bar for He and ⇠ 11 bar for H2. This would sug-
gest that the threshold does not occur at the same ⌘
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FIG. 2: The measured beam divergence (�) as a
function of beam charge (Q). It is clear that beams
emerging from hydrogen both have a lower mean and
smaller spread in Q as well as � when compared to
helium. This data is extracted from electron beam
profile images, which are not shown in the paper.
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FIG. 3: Measured charge in the electron beams
accelerated over the scanned pressure range 3 to 15 bar
in hydrogen (blue circles) and helium (red crosses)
plotted as functions of (a) pressure and (b) plasma

electron density.
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III. Tailored Density Profile
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Tailored Density Profile

• Double nozzle setup 

• 2 mm main nozzle 

• 400 µm tube 

• Hydrogen

2

(a)

1
8

�
3

Figure 1. Schematic illustration of the experimental set-up (a)
and typical neutral density profile (b). (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 and provides lo-
cally an additional amount of gas. The electrons (blue) accel-
erated in the interaction propagate along the optical axis. The
typical neutral gas density (nneutral) distribution along the
optical axis shown in (b) is determined interferometerically.
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 changed independently.

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 2mm,
with its orifice located 1mm from the optical axis. This
nozzle provides an almost cylindrically symmetric jet of
gas towards 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 400µm, 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 neutral density distribution of the gas provided
from these two nozzles is characterized o↵-line by mea-
suring the phase-shifts, using a wave-front sensor, intro-
duced in an optical probe beam [20]. The shapes of the
density distributions from each of the nozzles are shown
in Fig. 1(b), together with the total density distribution.
The combined density distribution contains a peak and a
plateau joined together by a gradient. As will be shown,
under suitable chose conditions, density down-ramp in-
jection 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 2mm gas nozzle is
approximately flat over 0.7mm 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 2mm 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.
Measurements of the density distributions show that

the gradient between the two regions is approximately
230µm long and is una↵ected 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 num-
ber 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 scintillat-
ing screen. This allows for the energy spectrum, above a
cut-o↵ energy of 40MeV, of the electron beams to be de-
termined. The electron energy dispersion on the scintil-
lating screen was calibrated by numerically tracing elec-
trons of di↵erent 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 nar-
row tube, beams of accelerated electrons were observed
(see Fig. 2(a)) for every laser pulse sent onto the tar-
get. The bunches of accelerated electrons injected using
this composite gas target contains 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 stan-
dard 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 accelerat-
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Figure 1. Schematic illustration of the experimental set-up (a)
and typical neutral density profile (b). (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 and provides lo-
cally an additional amount of gas. The electrons (blue) accel-
erated in the interaction propagate along the optical axis. The
typical neutral gas density (nneutral) distribution along the
optical axis shown in (b) is determined interferometerically.
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 changed independently.

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 2mm,
with its orifice located 1mm from the optical axis. This
nozzle provides an almost cylindrically symmetric jet of
gas towards 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 400µm, 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 neutral density distribution of the gas provided
from these two nozzles is characterized o↵-line by mea-
suring the phase-shifts, using a wave-front sensor, intro-
duced in an optical probe beam [20]. The shapes of the
density distributions from each of the nozzles are shown
in Fig. 1(b), together with the total density distribution.
The combined density distribution contains a peak and a
plateau joined together by a gradient. As will be shown,
under suitable chose conditions, density down-ramp in-
jection 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 2mm gas nozzle is
approximately flat over 0.7mm 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 2mm 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.
Measurements of the density distributions show that

the gradient between the two regions is approximately
230µm long and is una↵ected 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 num-
ber 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 scintillat-
ing screen. This allows for the energy spectrum, above a
cut-o↵ energy of 40MeV, of the electron beams to be de-
termined. The electron energy dispersion on the scintil-
lating screen was calibrated by numerically tracing elec-
trons of di↵erent 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 nar-
row tube, beams of accelerated electrons were observed
(see Fig. 2(a)) for every laser pulse sent onto the tar-
get. The bunches of accelerated electrons injected using
this composite gas target contains 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 stan-
dard 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 accelerat-
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Control of Electron Peak Energy
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Figure 2. Typical image of the dispersed electrons impact-
ing on the scintillating screen (a) in a colormap represent-
ing amount of charge per area. The total amount of charge
is approximately 1.5 pC and the beams have a divergence of
10mrad. 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 set-up are significantly better compared to self-injection.

ing wakefield, and the reproducibility suggests that the
mechanism is di↵erent 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
di↵erent 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] L

d

⇡ 3mm,
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 e↵ect 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 37MV/mm at a
density of 2.6⇥1018 cm�3 in the plateau and 50MV/mm
at a density of 3.25⇥ 1018 cm�3.

These accelerating electric fields are quite low com-
pared to most other studies of laser wakefield acceler-
ation using similar laser parameters [15]. This can be
explained by two parts; Firstly, the electron number den-
sity in the plateau is relatively low compared to studies
in which the accelerator is operated close to the thresh-
old for self-injection. This leads to a lower peak elec-
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Figure 3. Peak energy against relative jet position along the
optical axis for two di↵erent plateau densities. The acceler-
ation 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 centred in the density distribution from the
jet. Each data point corresponds to 10 consecutive shots and
the error bars indicate one standard deviation in each direc-
tion. 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.

tric field in the accelerating region in our experiments.
Secondly, 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 longitu-
dinally over a length approximately equal to ��

p

, where
��

p

is the di↵erence in plasma wavelength in the peak
and the plateau regions. As the plasma wavelength in-
creases from 11µm in the peak where the electron num-
ber density is 11 ⇥ 1018 cm�3 to 19µm for the electron
number density in the plateau of 3.25 ⇥ 1018 cm�3, the
injected electrons will be distributed along 8µm in the
first plasma period. Thus, the injected electrons are dis-
tributed 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
accelerated 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 devia-
tion. 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 con-
trolled, within a certain range, by varying the peak den-
sity 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
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Control of Beam Charge
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Figure 4. Peak energy (blue) and total charge (red) against
electron number density in the plateau. Each data point cor-
responds 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 num-
ber density, whereas the total charge shows no such trend.
The electron number density in the peak is kept constant at
11⇥ 1018 cm�3

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 fluctua-
tions are significantly smaller using this set-up than in
our experiments for self-injection using a single gas jet.

An interesting feature is observed in the charge de-
pendence 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 is much larger than for lower densities. Re-
markably, there 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 dif-
ferent spectral shape. The shot-to-shot fluctuations in
this component is significantly larger than the fluctua-
tions in the first component. We interpret this feature as
injection of electrons through two di↵erent mechanisms;
The stable, low charge component which is present on ev-
ery 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 elec-
tron number density in the peak, could be due to self-
injection in the peak. This interpretation is supported
by the observation that the value of the electron num-
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Figure 5. Charge, above 40MeV, as a function of electron
number density in the peak. The positions of the two noz-
zles 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 fluctuation only contribute to an increase
in the total charge and indicate two di↵erent mechanisms of
injection. The onset of the large fluctuations coincides with
the electron number density threshold for self-injection.

ber density above which the second component starts to
appear is the same as the electron number density thresh-
old for self-injection observed in our experiments using a
single gas jet.
To further support our interpretations of the experi-

mental results, particle-in-cell (PIC) simulations are per-
formed using the code CALDER-CIRC [19]. In the
simulations, the electron number density profile is ap-
proximated by a piecewise linear function, including two
regions of constant density joint together by a linear gra-
dient as shown in Fig. 6(a). The laser pulse parameters
are chosen to correspond to those used in the experi-
ments.
From the simulations, it is observed that the laser pulse

undergoes self-focusing and self-compression in the in-
creasing density and excite a highly non-linear wakefield
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 yet not
strong enough for self-injection. As the laser pulse prop-
agates through the linear density down-ramp, the wake-
field structure increases in size and a certain portion of
the background electrons become located within the elec-
tron void behind the laser pulse (see Fig. 6(c)). The in-
jection of electrons into the wakefield stops when the rear
end of the first plasma period reaches the end of the den-
sity 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 experi-
mental observations presented above. For example, from
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Summary

• Robust tool for measuring gas density 
• Gas density of jets 

• Depends linearly on backing pressure 
• Depends on heat capacity ratio 

• Tailored and adjustable density profile 
• Tuning peak electron energy 
• Tuning beam charge

18



Research Group

C.-G. Wahlström O. Lundh A. Persson

L. Senje M. Hansson I. Gallardo  
Gonzalez

19


