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Abstract: The brightness of betatron radiation generated by laser wakefield accelerated electrons can
be increased by utilizing the laser driver with shorter duration at the same energy. Such shortening is
possible by pulse compression after its nonlinear self-phase modulation in a thin plate. However, this
method can lead to a rather complex femtosecond-scale time structure of the pulse. In this work, the
results of numerical simulations show that the presence of prepulses containing a few percent of the
main pulse energy can significantly alter the acceleration process and lead to either lower or higher
energies of accelerated electrons and generated photons, depending on the prepulse parameters.
Simultaneously, the presence of a pedestal inhibits the acceleration process lowering the brightness
of the betatron source. Furthermore, postpulses following the main pulse are not found to have a
significant effect on betatron radiation.

Keywords: laser plasma interaction; wakefield electron acceleration; betatron radiation; X-ray source;
femtosecond pulse; thin plate compression

1. Introduction

Soft X-ray sources are widely used in many applications [1,2]. One of the urgent
modern problems is the creation of sufficiently bright sources of soft X-ray radiation for
applications such as absorption X-ray radiography and phase-contrast X-ray imaging for
biological and medical purposes [3-6]. As a rule, to generate bright radiation in this range,
radiofrequency accelerators such as synchrotrons or linear accelerators, followed by an
undulator, are used. However, to generate bright radiation in the range of 1-100 keV,
electron beams with an energy of hundreds of MeV are required, which require the large
size of conventional accelerators. Much more compact laser-plasma X-ray sources have
been proposed as an alternative for those applications [7-9]. Among them, the most popular
method of radiation generation in the required range is the so-called betatron source [10-12].
In this method, the X-rays are radiated by electrons simultaneously being accelerated and
transversely oscillating in the plasma cavity behind an intense laser pulse propagating in
underdense plasmas.

Despite the fact that the brightness of the betatron source was experimentally achieved
at the level of 108-10° photons per shot, the problem of further increasing the brightness is
still relevant [13]. One of the possible ways to increase the brightness for the same laser
pulse energy can be to reduce the duration of the driving laser pulse.

Indeed, according to the widely accepted phenomenological model developed by
Lu et al. [14], the width of the laser pulse w, should be consistent with its intensity, and a
density of the plasma target due to a relation (kw)? ~ 4ay/ng, where k is a wavenum-
ber of the laser pulse, a9 = eEp/mcwc is a relativistic amplitude (e—elementary charge,
Eo—electric field amplitude of the laser pulse, m—electron mass, w—Ilaser frequency,
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c—speed of light), np = e*N,/egmw? is a plasma overdense parameter (N.—background

electron concentration, egp—electrical constant). In this case, the energy gained by an elec-
tron in a plasma wake is scaled as y ~ 2ay/3ng, where 7 is the maximum achievable
relativistic gamma factor of the accelerated electrons [14]. Let us fix the laser pulse energy:
W = W43 (kwp) 2wy, where Wy = ggm?c®/2e*w (Wie[J] = 1.84 x 1077 A[uml]), 1 is the
pulse duration, and find the dependence of the electron energy on the pulse duration and
plasma density:

1/3
= 3 Wreln%WTO

The power of the betatron radiation can be estimated from the following expres-
sion [11]:
2,22
Py~ 123 1 0" 2
where 1, is the amplitude of betatron oscillations, which we will consider in accordance
with the theory of ultrarelativistic similarity [15] as inversely proportional to the root of the
plasma density: r, = n, 1240, where ry is a constant determined by the shape of the laser
pulse. Then from (1) and (2) we obtain:

szezw‘*rio W31 ng 1/3‘ 3)
108c3 \ Wyq (wtH)?

From this it can be seen that, at the fixed energy and the duration of the laser pulse,
the power of betatron radiation increases with increasing plasma density. However, as the
plasma density increases, the plasma wavelength decreases, and when it becomes shorter
than the pulse length, the acceleration efficiency drops sharply, so the most optimal is to
use plasma with a density of ny ~ 1/ (w1) for which the pulse duration and the plasma
wavelength are of the same order. In this case, we have the betatron radiation power

equal to
PoptN€2w3r§0 2w \2/3 @
b 108c37) \ Wiep

Thus, at fixed pulse energy and an optimal choice of the plasma density and the laser
pulse waist, the betatron radiation power increases with decreasing laser pulse duration.

Since it is possible to increase the brightness of betatron sources at the same energy
of the laser pulse by shortening it, it seems promising to use the recently implemented
scheme for compressing multiterawatt and petawatt laser pulses using nonlinear self-phase
modulation in thin plates [16-22]. In this case, the pulse energy almost remains conserved,
whilst its duration can be reduced several times. Under the best conditions, pulses with a
duration of 11 fs at a power of 1.5 PW were achieved in this way [23]. The use of the pulses
compressed by this method was also recently demonstrated experimentally to increase
the brightness of betatron radiation [24]. However, as modeling shows, such pulses can
have a rather complex temporal structure at femtosecond scales. In particular, a pulse can
have a femtosecond pedestal and be accompanied by pre- and postpulses containing up
to 20-30 % of the pulse energy. It was shown in [25] that the complex temporal structure
of a pulse consisting of several pulses, i.e., the pulse with the precursor, can influence
the size and form of the electron bunch formed and accelerated in the wakefield and
therefore its betatron radiation. This work is devoted to the further analysis of this problem.
We, however, restrict ourselves to the demonstrative analysis for a certain laser pulse
parameters, leaving more general study for further works.

2. Methods

The analysis was carried out by numerical simulations by the fully electrodynamic
Particle-In-Cell method using the PICADOR code [26]. The simulations were carried out
in 2D geometry in a box 190 x 120 um? in size. The size of the steps in the longitudinal
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direction was Ax = 0.05 um, and in the transverse direction it was Ay = 1 um. The time
step was At = Ax/2c = 8.34 x 1072 fs.

A laser pulse with a wavelength of 900 nm and polarized in the out-of-plane z direction
was generated at the left boundary. The pulse had a Gaussian transverse profile with a
radius of 10 pm at the level 1/¢ of the amplitude, which corresponds to a focusing spot
waist of 11.8 pm at FWHM (full width at half maximum) of the intensity. The longitudinal
profile of the pulse varied; however, the total energy of the pulse was kept to be constant
and equal to 1.73 ] which gives the power equal to 1.15 TW, which roughly corresponds to
the parameters obtained experimentally [24].

Plasma was assumed to be homogeneous with an electron concentration equal to
1.24 x 10! cm ™3, which corresponds to the overdense parameter 1y = 0.009. The plasma
boundary was initially located at a distance of 10 pm from the left boundary of the box.

To reduce the calculation time, the moving window technique was used. Window
movement began at the time instant t = 570 fs after the beginning of the calculation, which
corresponded to the position of the laser pulse front at a distance of 150-170 pm from the
left boundary. The speed of window movement was equal to the speed of light. The total
calculation time was up to 8 ps.

Betatron radiation was calculated using the Monte Carlo method using the expressions
for synchrotron radiation, as described in the paper [27].

3. Results

First, we carried out a simulation with a pure Gaussian 11-fs pulse. Here and below,
the duration was determined at FWHM of the intensity. Thus, the dimensionless pulse
amplitude was ag = 7.5 and its intensity was equal to 4.9 x 101 W/cm?.

The simulation results are shown in Figure 1. It can be seen that the laser pulse forms
a plasma cavity behind it which capture a bunch of electrons and accelerate them to the
energies of the order of 100 MeV. The cavity grows with time, capturing and accelerating
more and more electrons. Overall structure of the cavity and the captured electron bunch
becomes quite complex however the prominent generation of the photons in 10-100 keV
range is seen. Those photons are emitted by high-energy electrons in the bunch which are
transversely oscillating in plasma fields of the cavity. It also can be pointed out that at 5 ps
the laser pulse almost extincts converting its energy in the energy of the plasma wake and
accelerated electrons.
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Figure 1. Simulation results for a Gaussian laser pulse with a duration of 11 fs. First row—electron
density distribution, second row—out-of-plane electric field distribution (it corresponds to the laser
pulse field), third row—electron phase space, fourth row—photon phase space. Columns refer to
different instants of time shown at top left corners of the first row plots.



Photonics 2023, 10, 108

40f11

This can be better seen from the time dependence of the electron and photon spectra
shown in Figure 2. The electron energies as well as photon energies significantly grow only
until ¢+ ~ 3—4 ps after which the acceleration process effectively stops because of extinction
of the laser pulse. It should be noted that this is also the moment of time when the front of
the accelerated electron bunch reaches the front of the cavity as seen from the left panel
of Figure 2. That is because the density of the plasma was chosen optimally such that the
length of the pulse energy extinction and the length of the electrons overcoming the laser
pulse were equal. Based on this the 4 ps simulation duration was chosen to be optimal and
was used for spectra comparison in the following analysis.
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Figure 2. Simulation results for a Gaussian laser pulse with a duration of 11 fs. Spatiotemporal
dynamics of electron density at y = 0 (left), time dependence of generated electron spectra (center),
time dependence of generated photon spectra (right).

In order to confirm that the use of a shorter laser pulse increases the brightness of
the betatron source, we compared the case of an 11-fs pulse with a case of a 50-fs pulse of
the same energy. We adjusted plasma density in the latter case in order to satisfy optimal
parameters according to the theory. So the electron concentration in this case was equal to
5.8 x 10'® cm~3, which corresponds to the overdense parameter 1y = 0.0042. The results of
the simulations are shown in Figure 3. Comparing to the case of 11-fs pulse, the electrons
are accelerated to roughly the same energies; however, their number is much lower due to
lower density of the target. The energy of generated photons are also significantly lower
due to weaker plasma fields in the wake. As a result, the generated radiation spectra is
much narrower, which confirms the idea that the shortening of the laser pulse can enhance
the betatron radiation.

Next, we studied the influence of a femtosecond scale prepulse on the acceleration
process. Both the main pulse and the prepulse in these calculations had Gaussian shapes.
The pulse duration was 11 fs and the prepulse duration was 5 fs. The prepulse preceded
the pulse with a fixed delay equal to 27 fs. The amplitude of the prepulse varied in the
range from a9 = 0.8 to a9 = 3.6 and the pulse amplitude varied accordingly so that the
total energy of the laser radiation was constant and equal to 1.73 J.
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Figure 3. Simulation results for a Gaussian laser pulse with a duration of 50 fs. The data shown are
similar to those in Figure 2. Note, however, that there are different scales for energies.

The final photon spectra obtained in these calculations are shown in Figure 4. It can
be seen that a prepulse with a non-relativistic amplitude has little effect on the generated
spectrum. The stronger prepulses, however, can alter the spectrum significantly either
enhancing or inhibiting it. Say, the prepulse with the amplitude ap = 1.6 leads to increase
in maximal photon energies from 400 to 500 keV to 600-700 keV and the prepulse with
the amplitude a9 = 3.6 leads to its decrease down to 150-200 keV. The brightness of the
source is also influenced by the prepulses. For example, the number of 100 keV photons is
several times higher in the case of the prepulse with the amplitude ap = 1.6 than in the case
without prepulse and about 10 times lower in the case of the prepulse amplitude ay = 3.6.
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Figure 4. Comparison of photon spectra obtained from the simulations for 11 fs laser pulses with 5 fs
prepulses with different amplitudes.
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To understand the physical mechanisms behind observed spectra dependence on
the prepulse amplitude, we analyzed dynamics of the interaction for different prepulses.
Figure 5 shows the simulation results for the case where the radiation spectrum is wider
and its intensity is higher (the prepulse amplitude a9 = 1.6).
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Figure 5. Simulation results for a Gaussian laser pulse with a duration of 11 fs with a 5-fs prepulse.
The amplitude of the main pulse is a9 = 7.1 and the amplitude of the prepulse is g = 1.6. The data
shown is similar to Figure 1. Note, however, the different scales of the electron momentum and
photon energy.

The main difference with the case of pure pulse is that the prepulse forms a distinct
electron channel in front of the main pulse, however, it does not deplete the electrons
completely. This can be better seen from Figure 6 where lineouts in two perpendicular
cross-sections are shown for different cases.
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Figure 6. Lineouts of electron density in cross-sections x = 212 ym (left) and y = 0 (right) at time
instants t = 759 fs in cases with different prepulse amplitudes ag. On the right the shape of the laser
pulse in the case of ag = 1.6 is shown for reference.

The main pulse effectively propagate in a preformed channel which leads to a more
stable structure of the cavity. So the structure of the accelerated bunch is also more stable
and there is only one distinct bunch accelerated to high energies. As a result, the attained
energies of the electrons are higher and so they emit more photons with higher energies
as well.
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In contrast, Figures 6 and 7 show the simulation results for the case when the radiation
spectra are narrower and its intensity is lower (the prepulse amplitude ag = 3.6). Here, we
see that already the prepulse forms its own cavity and the main pulse propagates inside it.
As the prepulse has lower amplitude than the main pulse the acceleration is less efficient.
Furthermore, what is worse, the prepulse quickly extincts and the cavity starts to be driven
by the main pulse, which makes the whole process less stable and hence less efficient. As a
result, the attained energies of the electrons are somewhat lower so they emit less photons
with lower energies.
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Figure 7. Simulation results for a Gaussian laser pulse with a duration of 11 fs with a 5-fs prepulse.
The amplitude of the main pulse is a9 = 6.5 and the amplitude of the prepulse is ap = 3.6. The data
shown is similar to Figure 1.

We would like to underline that even when the prepulse amplitude is as high as
ag = 3.6 its energy is still low compared to the main pulse due to the difference in duration:
the prepulse contains only ~20% of total laser energy in this case. It means that the
femtosecond prepulse can significantly affect the acceleration process and betatron radiation
even having small energy but concentrated in short pulse.

In the next series of calculations, the effect of a postpulse on the acceleration process
was studied. Just as in the case of the prepulse, both the main pulse and the postpulses
in these calculations had a Gaussian shape, the main pulse duration was 11 fs, and the
postpulse duration was 5 fs. We varied both the postpulse amplitude and the delay between
it and the main pulse but did not find any significant influence of the postpulse on the
generated photon spectra. Figure 8 shows those spectra for different delays in the case of the
postpulse amplitude ag = 3.6. It somewhat contradicts our expectations as it is known that
the pulse overlaping with the accelerated electrons can enhance their transverse oscillations
and hence their radiation [28]. We attribute the absence of this effect to the fact that the
postpulse in our case has much shorter duration than the electron bunch so it was able to
influence insignificantly small fraction of the electrons.
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Figure 8. Comparison of photon spectra obtained from the simulations for 11 fs laser pulses with 5 fs
postpulses following the main pulse at different delays. In all simulations the main pulse amplitude
was a4y = 6.5 and the postpulse amplitude was ag = 3.6 except the case without postpulse shown for
reference in which the main pulse amplitude was ag = 7.5.

Finally, we studied the influence of a femtosecond pedestal on the interaction process.
In this series of calculations, the main pulse had a Gaussian shape and a duration of 11 fs.
The pedestal also had a Gaussian shape, and its duration was 50 fs. The centers of the
main pulse and the pedestal coincided. We varied the amplitudes of both the main pulse
and the pedestal keeping total laser energy constant and equal to 1.73 J. Similarly to the
case of prepulse, we found that the pedestal with amplitudes a9 < 1 does not affect the
acceleration and radiation process. However, contrary to the prepulse case for higher
amplitudes the pedestal never enhance the radiation brightness. The comparison of typical
spectra obtained in the case of pedestal with the case of pure pulse is shown in Figure 9.
The main reason for the detrimental effect in this case is that the long pedestal contains lot
of energy and when its amplitude is a9 = 1.1 the amplitude of the main pulse is as low as
ayp = 2.5 whereas the betatron radiation brightness is known to decrease with decreasing
pulse intensity.
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Figure 9. Comparison of photon spectra obtained from the simulations for 11 fs laser pulses with and
without 50 fs pedestal. The pedestal amplitude was a9 = 1.1. The main pulse amplitude was ay = 2.5
in the case with the pedestal and ag = 7.5 in the case without the pedestal.
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4. Discussion

Our study shows that the femtosecond structure of a laser pulse can have a significant
effect on its interaction with underdense plasmas. The presence of prepulses can lead to the
excitation of plasma wakes that interfere with the wake from the main pulse. In some cases
it leads to a more stable interaction dynamics which results in wider emitted photon spectra
and its higher brightness. For sufficiently intense prepulses, however, the plasma cavities
excited by them and by the main pulse interfere, leading to inhibition of the acceleration
process and less efficient betatron radiation. The prepulse containing less than 20% of the
energy can either increase maximal energy of generated photons by 50% or at least halve it
depending on its amplitude. Simultaneously, the brightness at given photon energy can
vary by several times.

Our study did not find any significant effect of the postpulses on the interaction
process. The pedestal were shown to inhibit the betatron radiation but only when having
amplitudes higher than the relativistic one and the inhibition is due to dramatic decrease in
the main pulse amplitude due to presumed constancy of total laser energy.

It should be noted that in experiments the focusing properties of the various compo-
nents of the pulse also play an important role. Due to the dependence of the nonlinear
phase acquiring during the self-phase modulation on the local amplitude of the wave,
the structure of the phase front for the main pulse, prepulses, and pedestal can differ
significantly, which will lead to an effective decrease in the amplitude of the prepulses
and the pedestal at the focus [16,29]. This effect should be taken into account for a more
accurate description of the interaction process.

In conclusion, taking into account the femtosecond structure of ultrashort laser pulses
obtained by compression after nonlinear self-phase modulation in thin plates can be impor-
tant in interpreting the results of their interaction with matter, in particular, in the problem
of generating betatron radiation by laser wakefield accelerated electrons.
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