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ABSTRACT

The dynamics of ionization-induced electron injection in the high density (∼ 1.2 × 1019cm−3) regime of Laser
Wakefield Acceleration (LWFA) was investigated by analyzing betatron X-ray emission inside dielectric capillary
tubes. A comparative study of the electron and betatron X-ray properties was performed for both self-injection
and ionization-induced injection. Direct experimental evidence of early onset of ionization-induced injection into
the plasma wave was obtained by mapping the X-ray emission zone inside the plasma. Particle-In-Cell (PIC)
simulations showed that the early onset of ionization-induced injection, due to its lower trapping threshold,
suppresses self-injection of electrons. An increase of X-ray fluence by at least a factor of two was observed in the
case of ionization-induced injection due to an increased trapped charge compared to self-injection mechanism.
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1. INTRODUCTION

Since the theoretical prediction1 of electron acceleration in a plasma wave driven by a laser pulse, evidence
of large amplitude electric field (100 GV/m) and subsequent electron acceleration to MeV energies have been
reported from numerous experiments2–4 . More recently5–7 , production of quasi-monoenergetic GeV electrons
have been demonstrated in the bubble regime8 , where an ion cavity is formed by the near-total expulsion of
electrons initially located in the path of the laser. For adequate laser-plasma parameters9 , self-injection may oc-
cur: electrons from the background plasma are injected into the bubble, then accelerated to relativistic energies.
During their acceleration, electrons are subjected to the radial focusing force existing inside the cavity10 which
leads to a transverse oscillatory betatron motion, and so emission of radiation in the X-ray domain. Electron
acceleration in the bubble regime is a very promising technique aiming at various applications, such as the de-
velopment of the next generation of compact X-ray sources with femtosecond pulse duration and micron source
size. Typically, current experiments11–15 are able to produce up to ∼ 109 photons per pulse with peak spectral
brightness in the range of 1020 − 1022 photons/(s mm2mrad20.1%BW) using 50 - 100 TW laser systems.

For a successful realization of a practical LWFA based X-ray source, it is crucial to improve the efficiency of X-
ray generation. Since X-ray fluence is proportional to charge15 , increasing the amount of trapped and accelerated
electrons for constant laser parameters would be a significant step toward an efficient compact femtosecond X-ray
source. This can be achieved in two ways:
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1. The trapped charge is maximum when the LFWA is operated near the beam loading limit, where the
amplitudes of the laser wakefield and the electron bunch wakefield are comparable. For the laser pulses
commonly used in LWFA experiments, beam loading occurs in the high density operation regime: ne0 ∼
1019 cm−3.

2. The ionization-induced injection mechanism16–20 offers an attractive alternative to the self-injection mech-
anism for the optimization of X-ray generation. In this mechanism, inner shell electrons of high atomic
number gas are ionized near the laser peak intensity, and preferentially trapped in the plasma wave. The
electron injection starts for lower laser intensity compared to self-injection, resulting in an earlier time of
injection onset. This increases the time during which electrons radiate, and leads to a higher X-ray fluence.

We report here a comparative study of electron and X-ray properties for both self-injection and ionization-
induced injection mechanisms in the high density regime near beam-loading threshold. By analyzing betatron
radiation, we give an experimental demonstration of the early onset of the ionization-induced injection due its
lower injection threshold compared to self-injection. This result is obtained by using a technique similar to pinhole
imaging of the betatron radiation inside a long dielectric capillary tube15,21,22 . Previous experiments16–19 have
demonstrated ionization-induced injection by operating below the self-injection threshold. With the help of
numerical simulations, we demonstrate that this early ionization-induced injection of electrons in the ion cavity
suppresses subsequent self-injection. We also report a significant increase, by at least a factor of two, of the X-ray
fluence when ionization-induced injection is used compared to self-injection. The improvement of the X-ray yield
is pre-dominantly due to an increase of trapped charge. The remaining part of this paper is organized as follows:
the experimental arrangement is described in Sec. 2, while the results on accelerated electrons and emitted
X-rays are presented in Sec. 3. PIC simulations using the WARP code were performed, their results are reported
and used to discuss experimental results in Sec. 4.

2. EXPERIMENTAL SETUP

2.1 Laser Beam

Experiments were performed at the Lund Laser Centre (LLC) in Sweden using a multi-terawatt laser. The scheme
of the layout of the experimental chamber is represented in Fig. 1. A titanium-doped sapphire (Ti:Sa) laser
delivers pulses with FWHM duration of 40 fs at a wavelength of 800 nm by using chirped pulse amplification
(CPA). The laser radial profile is corrected by a deformable mirror before focusing by a f = 78 cm off-axis
parabola. This produces beams with gaussian-like transverse profile, as seen in Fig. 2(a). The profile of the laser
intensity distribution in the focal plane, measured in vacuum with a CCD camera, is represented by the blue
crosses. The blue solid line represents the best fit of the experimental points to a gaussian function. As part of
the signal in the wings was not detected by the camera, only the central part of the laser intensity distribution
was used for the fitting. The laser transverse size w0 at waist, i.e. radius at e−2, is measured to be about
17 µm (black vertical line). The energy on target is measured to be EL = (830 ± 30) mJ and its proportion
contained within a circle having a radius equal to w0 is 88%. The laser peak intensity is thus estimated to be
Ipeak = (3.8± 0.2)× 1018 W/cm2 giving a normalized vector potential of a0 = eA/mec

2 ≈ 1.3− 1.4. An active
system for stabilizing the laser pointing, developed23 at LLC, was used in this experimental campaign, giving a
standard deviation of the laser pointing of ≈ 4 µrad and improving the electron properties as well as extending
the lifetime of capillary tubes.24

2.2 Electron and X-ray Diagnostics

Spectra of accelerated electron bunches were studied using a 12 cm long dipole magnet with a peak field of 0.7 T,
located 13 cm after the capillary entrance. After being deflected by the magnet, the electrons drifted 16 cm before
impinging on a scintillating screen (Kodak Lanex Regular). The radiation emitted by the lanex was imaged by
a 16-bit CCD camera located outside of the vacuum chamber. Both the energy and the divergence spectra of
bunches were obtained from the analysis of the distribution of the lanex emission. The lowest energy that could
be measured with this setup was about 40 MeV. The charge Qe was calculated from the image of the scintillating
screen using published calibration factors25 . Finally, the average full width at half maximum (FWHM) divergence
( 〈θFWHM

e 〉 ) of the electron bunches was estimated as follows: (i) Both the charge (dQe/dEe) and the FWHM
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Figure 1. Layout of the experimental chamber implemented for the experimental campaign at the Lund Laser Centre.
A multi-terawatt laser system, including a deformable mirror and an active system stabilizing the laser pointing (not
represented on this scheme), was employed. (i) Typical radiation emitted by the scintillating screen, i.e. electron energy
distribution when the magnet is on axis, (ii) typical betatron radiation exiting by the hole of the capillary tube, and (iii)
typical laser focal spot are shown. For clarity of the scheme, the electron dispersion is drawn horizontally whereas they
were deflected downward during the experiment.
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Figure 2. (a) Experimental radial profile (blue crosses) of the laser intensity (IL), in vacuum, at the focal plane. The solid
blue line indicates the best fit of the central part of the experimental points with a gaussian function. The vertical black
solid line defines the laser size at waist w0. (b) Electron number density (red solid line) as a function of the longitudinal
position z, within a 20 mm long, 152µm diameter dielectric capillary tube. The locations of the capillary exits and the
slits are indicated by the vertical solid and dashed lines, respectively.
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divergence (θFWHM
e ) are calculated in term of the electron energy (Ee), (ii) the average FWHM divergence is

determined using the formula :

〈θFHWM
e 〉 =

∫
θFWHM
e (Ee)

dQe

dEe
dEe∫

dQe

dEe
dEe

(1)

The X-ray emission was recorded with a 16-bit X-ray CCD camera, its features have been characterized by
Fullagar et al.26 . An array of thin metallic filters was positioned in front of the camera in order to estimate the
critical energy using the method of Ross’ filters, assuming a synchrotron-like spectrum.

2.3 Gas Target: Dielectric Capillary Tubes

A glass capillary tube, with length of Lcap = 20 mm, and inner radius rcap = 73µm, was used to confine and
control the gas distribution. It was mounted in a motorized holder allowing its accurate alignment, in vacuum,
on the laser axis. The gas used for studying self-injection was pure hydrogen (H2), and two gas mixtures for
ionization-induced injection. We name these mixtures as nitrogen (N2) mixture and argon (Ar) mixture, which
are composed of 99%H2 +1%N2 and 99%H2 +1%Ar, respectively. The gas was let in through two slits located at
2.5 mm from the tube exits, providing a 15 mm long plateau with constant pressure between the two slits. The
molecular density inside the capillary tubes was adjusted by a gas regulator controlling the upstream reservoir
pressure. The gas density was calibrated off-line by interferometric studies27 coupled with fluid simulations using
the sonicfoam solver of OpenFOAM code28,29 . The simulated longitudinal profile of the electron number density
is represented in Fig. 2(b); the locations of the capillary exits and the slits are indicated by the black solid and
dashed lines, respectively. The electron number density of the plateau, with and without nitrogen or argon, is
ne0 = (12± 2)× 1018 cm−3, assuming complete ionization of the atoms.

3. EXPERIMENTAL RESULTS

3.1 Electron Acceleration

The energy spectra of electron bunches accelerated in pure H2, nitrogen mixture and argon mixture media are
given in Fig. 3(a), (b) and (c), respectively. These data were acquired from a sequence of 30 shots in the case
of pure H2 and nitrogen mixture, and a sequence of 8 shots when the argon mixture was employed. The mean
spectra are represented by the solid lines whereas the dashed lines illustrate its standard deviation. For these
experimental parameters, electron bunches with broad energy spectra were measured, suggesting continuous
injection. The resulting detected charge (Qe), with energy above 40 MeV, was estimated to be 55 ± 10 pC for
pure H2, 100 ± 20 pC for the nitrogen mixture, and 130 ± 40 pC for the argon mixture. It was found that the
average energy is approximately 70 MeV for the three cases, giving a Lorentz factor (γe) of about 140.

Similarly, the divergence spectra of the electron bunches as a function of electron energy is plotted for pure
H2, nitrogen mixture and argon mixture media in Fig. 3(d), (e) and (f), respectively. In the case of pure H2,
the signal was too low to compute the FWHM divergence for energies higher than 130 MeV. Using Eq. 1, the
FWHM divergence is estimated to be 6± 1 mrad for pure H2, 23± 3 mrad for nitrogen mixture and 24± 5 mrad
for argon mixture.

3.2 X-ray Generation

The characterization of the X-ray beams exiting the capillary tubes provides valuable insight on the electron
injection and dynamics during acceleration. On one hand, it allows an estimate of the transverse amplitude of
betatron oscillation, which is assumed to be the source size of the emitted X-ray radiation. On the other hand,
it is possible to determine the profile of betatron emission which is directly linked to the dynamics of electron
acceleration. The X-ray beams generated during the acceleration process are depicted by the typical image of
the integrated X-ray beam shown in Fig. 1(ii). As the emission angle of the betatron radiation is much larger
(∼ 100 mrad) than the aperture angle of the capillary tubes (∼ 10 mrad) in the present case, the X-ray beam
will be cropped by the capillary walls. This allows the use of capillary tubes for pinhole imaging as discussed in
Sec. 3.2.2. Moreover, published tables30 indicate that the X-ray beams are not absorbed by the gas.
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Figure 3. Mean energy spectra (solid curves) of electron bunches for a sequence of 30 shots performed at n0 = (12 ±
2) × 1018 cm−3 with pure H2 (a) , nitrogen mixture (b) and argon mixture (c). The dashed curves indicate the standard
deviation from the mean spectra. (d-f) Corresponding FWHM divergence curves. The gray area shows the energy range
where the signal was too low to compute the FWHM divergence.

3.2.1 Synchrotron Spectra and Critical Energy

Assuming a synchrotron-like spectrum13 , the critical energy of an X-ray beam is given31 in the wiggler regime
as

Ec =
3γ2erβh̄ω

2
p

2c
, (2)

where rβ and ωp are the source size and the plasma frequency, respectively. Ec was estimated from a least squares
method using the transmission data of the filters and the sensitivity of the imaging system14 . The critical energy
was only determined for the pure H2 and nitrogen mixture. It is found to be independent of the type of gas.
The average critical energy for all the shots shown in Fig. 3(a) and (b) was computed to be 5.2± 1.0 keV, giving
rise to an X-ray source size of rβ ≈ 2.2± 0.5µm (see Eq. 2). We assumed here the betatron radiation from the
argon mixture medium to have a critical energy similar to the one measured for pure H2 and nitrogen mixture
media.

3.2.2 Profiles of X-ray Beams

The X-ray radiating zone along the capillary axis inside the plasma can be determined by analyzing the transverse
spatial distribution of the cropped X-ray beam exiting the capillary tubes21,22 . This method assumes that: (i)
X-ray photons are emitted on the capillary axis, (ii) the radiation source is ponctual (rβ � rcap). The radial
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variation of the X-ray signal (Schip(r)) in the detector plane can be transformed into the longitudinal intensity
(I (z)) of the X-ray emission inside the plasma by using the following system of equations :

z = Lcap −DX

rcap

r
, (3)

I (z) = −
∂Schip(r)

∂r

r2

rcapDX
, (4)

where DX = 1220 mm is the distance between the X-ray source and the detector. The azimuthal average of
the X-ray signal on the detector (Fig. 4(a)) shows that the peak value of the X-ray fluence for the nitrogen
mixture (red solid line) and argon mixture (green dot-dash line) is twice that of pure H2 (blue dashed line). The
fluctuations of Schip for r < 2 mm is attributed to X-ray reflection. This artefact has been highly mitigated
by carefully chosing the region of interest used for plotting the radial profile, in such a way it does not affect
the analysis of the betatron emission profiles. The peak fluence for the nitrogen mixture case is estimated to be
∼ 105 ph/mrad2. Kostyukov et al. shows10 that the fluence (ΓX) of betatron radiation emitted by an electron
bunch oscillating within an ion plasma channel is

ΓX = 5.6× 10−3 ×Nβγ2eQe . (5)

The number of oscillations can be estimated as Nβ = Lϕ/λβ ∝ n−1
0 γ

−1/2
e , where Lϕ is the dephasing length of

electrons and λβ the betatron oscillation wavelength. As γe and n0 are similar for the three cases, the higher
fluence observed in the presence of the mixture is pre-dominantly due to an increase of the electron bunch charge.
The betatron emission profiles are plotted in Fig. 4(b) and give rise to two main conclusions:

1. Assuming that the start of charge trapping is similar to the onset of betatron emission, Fig. 4(b) shows
that the onset of charge trapping occurs earlier with the presence of N2 or Ar than with pure H2. As the
electron number density is similar for all the gases, the non-linear evolution of the laser pulse enveloppe
during the propagation is similar for the three cases, as confirmed by simulations (Fig. 5(a)).

2. The emission length for both gas mixtures is about 5 mm whereas it is 3 mm for pure H2. For all the
gases, the X-ray emission length is significantly larger than the dephasing length which is estimated32 to be
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Figure 4. Typical experimental profiles of X-ray beams for pure H2 (blue dashed line), nitrogen mixture (red solid
line) and argon mixture (green dot-dash line) at (11 ± 1) × 1018 cm−3: (a) Azimuthal average of the X-ray signal on the
detector, and (b) corresponding calculated longitudinal profile of emission. The grey area represents the central part of
the X-ray profile that is not cropped by the capillary tube.
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Lϕ ' 400µm. It indicates a continuous injection of electrons over the emission length. Assuming that the
X-ray radiation source moves inside the plasma with the laser group velocity, we can estimate the temporal
profile of the X-ray pulse using the transformation t = z(v−1

g − c−1) where vg is the group velocity of the
laser pulse. The corresponding time scale is shown on the top horizontal axis in Fig. 4(b).

The analysis of 10 shots shows that, on average, the FWHM of X-ray emission duration is 47 fs for pure H2 and
53 fs for nitrogen mixture media. The corresponding peak brightness for nitrogen mixture case is estimated to
be ∼ 5× 1020 photons/(s mm2mrad20.1%BW) and the number of photons ∼ 109.

4. PARTICLE-IN-CELL SIMULATIONS AND DISCUSSION

4.1 Simulation Settings

These experimental results are qualitatively analyzed using Particle-In-Cell (PIC) simulations in two dimensional
cartesian geometry with the code WARP33 . Ionization dynamics is described by a field ionization model34

implemented in WARP. In order to identify the origin of trapped electrons, different electron species are created
for each possible ionization state of hydrogen (H), helium (He), nitrogen (N) and argon (Ar). The corresponding
ionization potentials (IP) are reported in Tab. 1. The cells are shaded according to the dynamics of the electrons
after ionization, as discussed in Sec. 4.2; this is not based on the atomic structure. The cells colored in light gray,
white and dark gray refer to, arbitrarily named, low IP (LIP), medium IP (MIP) and high IP (HIP), respectively.
In the following discussion on gas mixture, LIP electrons will refer to a group of electrons including hydrogen
electrons and those coming from the LIP shells of nitrogen or argon.

H He N Ar

13.6 24.6 14.5 15.8
54.4 29.6 27.6

47.5 40.7
77.5 59.8
97.9 75.0
552.1 91.1
667.0 124.3

143.5
422.5
478.7
539.0
618.3
686.1
755.7
854.8
918.0
4121.0
4426.0

Table 1. Table of ionization potentials in
electron-volt for the hydrogen (H), helium (He),
nitrogen (N) and argon (Ar). The light gray cells
show the low ionization potential (LIP) for which
electrons contribute to the plasma wake. No sig-
nificant amount of these electrons are trapped and
accelerated. The white cells contain the medium
ionization potential (MIP). MIP electrons are po-
tentially trapped by the plasma wave. The dark
gray cells indicate the non-ionized argon shells
with a high ionization potential (HIP).

The glass capillary tube (dielectric constant = 2.25) is mod-
elled by two dielectric slabs separated by a distance equal to the
inner diameter of the capillary tube. As shown by the grey area
in Fig. 5(a), the longitudinal profile of plasma density is set
to be a linear density ramp near the capillary entrance followed
by a plateau of density n0 = 11 × 1018 cm−3. The laser pulse
with a0 = 1.3, waist size w0 = 17µm and duration (FWHM)
τL = 40 fs is focused at z = 1 mm. The grid resolution in Z
and X directions is 0.04µm and 0.33µm, respectively, with 4
macro-particles per cell.

4.2
Parameters of Laser Beam and Electron Bunches

The simulated evolution of the laser a0 and accelerated charge Q
(with energy above 40 MeV) along the longitudinal direction z
is plotted in Fig. 5 for pure H2 (blue dashed line), nitrogen mix-
ture (red solid lines) and argon mixture (green dot-dash lines).
In all cases, self-focusing of the laser pulse causes a0 to increase
above the thresholds of self-injection and ionization-induced in-
jection (see Fig. 5(a)). Typically, for our operating conditions,
ionization-induced injection is expected20 to occur for a0 ≈ 1.7
whereas self-injection will occur for32 a0 > 2. The locations z
where the laser intensity reaches the thresholds of self-injection
and ionization-induced injection are shown by the dashed and
solid black lines, respectively. The dynamics of electron injec-
tion is discussed for the three cases.
Firstly, we observe on Fig. 5(b) that, for the pure H2 medium,
the onset of hydrogen electron trapping is located at z ≈ 2.7 mm.
The corresponding intensity of the laser pulse is a0 = 3, well
above the theoretical threshold of self-injection.
Secondly, in the case of nitrogen mixture, the amount of trapped
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Figure 5. Simulated normalized vector potential a0 of the laser beam and gas profile (grey area) (a), bunch charge
(b) as functions of plasma length for pure H2 (blue dashed line), nitrogen mixture (red solid lines) and argon mixture
media (green dot-dash lines). The black dashed and solid lines indicate the theoretical thresholds of self-injection and
ionization-induced injection, respectively. In case of mixture, the lines with and without circles represent the trapped
charge coming from LIP and MIP, respectively.

LIP and MIP electrons are represented in Fig. 5(b) by a red solid line with and without circles, respectively. It
shows that the amount of MIP electrons is two orders of magnitude higher than that of accelerated electrons with
a LIP, which confirms that more electrons are trapped when nitrogen mixture is employed (see Fig. 3(a),(b)).
As electron injection starts at z ≈ 1.4 mm, a position where laser intensity (a0 ≈ 1.8) is below the self-injection
threshold, it shows that the injection of MIP electrons can only be attributed to ionization-induced injection.
However, as soon as the laser intensity is above the self-injection threshold (z > 2.1 mm), the two mechanisms are
possibly in competition. Previous work35 showed that, in the case of nitrogen mixture, self-injection of LIP elec-
trons is suppressed by the ionization-induced injection of MIP electrons. The LIP electrons coming transversely
to the axis are repelled by the presence of longitudinally injected MIP electrons near the axis. This suppression
is possible because, for our experimental conditions, the evolution of a0 is such that the onsets of self-injection
and ionization-induced injection are clearly separated in space and time, as it can be seen by comparing the
two vertical lines in Fig. 5(a). The threshold for ionization-induced injection is reached before the trapping of
self-injected electrons could take place. It was found that ionization-induced injection starts at ∼ 1 mm before
self-injection (Fig. 5(b)) which is consistent with the experimental results (see Fig. 4(b)). The continuous
injection of MIP electrons is possible over a longer distance than the dephasing length, it results in the increase
of radiating charge in ionization-induced injection compared to the self-injection process.
Thirdly, a trend similar to the nitrogen case is observed when the argon mixture is employed. The amount of
trapped LIP and MIP electrons is plotted in Fig. 5(b) by a green solid line with and without circles, respectively.
We note that the intensity of the laser pulse did not reach a peak value high enough36 (a0 > 20 for τL = 40 fs)
to ionize the argon HIP electrons. As suggested by the experimental results on X-ray emission (Fig. 4), the
simulation shows that the amount of trapped charge, as well as the dynamics of electron injection, is similar to
the nitrogen case. This observation may differ at higher laser intensity. McGuffey et al. reported a different
electron injection dynamics for a a0 = 4 and ne0 = 1019 cm−3 in a 95%He + 5%N2 medium: LIP and MIP elec-
trons were indifferently and transversely injected. This is infered to result from an ionization of MIP electrons
located at the front of the laser pulse where the residual transverse momentum given to them is high. As argon
MIP electrons have a different IP range compared to nitrogen MIP electrons (Tab. 1), this change in electron
injection scheme may occur at a different laser intensity for argon mixture. Dynamics of argon electron injection
will be the topic of future investigations.
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5. CONCLUSION

Through an experimental study of betatron radiation, as well as two dimensional PIC simulations, we demon-
strate the early onset of ionization-induced injection in a LWFA regime in which both ionization-induced injection
and self-injection are possible. We find that a higher X-ray fluence (∼ 105 ph/mrad2) is achieved in the case of
ionization-induced injection compared to the case of self-injection. This is inferred to be the consequence of the
increased amount of trapped charge observed in presence of ionization-induced injection, resulting from a longer
injection length due to a lower injection threshold. Finally, we observe that the early onset of ionization-induced
injection suppresses the transverse self-injection process in the regime where both self-injection and ionization-
induced injection can occur.
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