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Betatron radiation, generated when a high-intensity laser interacts with an underdense target
[1], is an established source of hard X-rays. Its main advantages include a source size on the or-
der of microns and a high degree of collimation along the laser axis [2]. This radiation accompa-
nies the process of laser wakefield acceleration (LWFA) of electrons. In this study, we scrutinise
the efficiency of betatron radiation emission in the recently postulated, highly efficient, pump-
depletion-dominated, and highly nonlinear regime, driven by a joule-class, few-cycle laser pulse
[3]. This regime is now feasible with standard 100-TW-class Ti:sapphire systems, owing to re-
cent advances in thin film compression techniques [4]. In such a regime, nanocoulomb-class
electron bunches can be accelerated to energies of several hundred MeV over a distance of
approximately one millimetre, potentially carrying up to half of the laser pulse energy.

In this conference proceedings paper, we present betatron radiation emission calculations
for most of the laser pulse focusing and plasma density configurations analysed in the origi-
nal study [3], along with several similar setups. In all cases, the laser pulse has an energy of
1.5 J and a duration of 6 fs. The calculations were performed using the code SYNCHRAD [5],
which post-processes electron trajectories from particle-in-cell (PIC) simulations to compute
the energy density of synchrotron radiation in spectral volume using Fourier-transformed Lié-
nard—Wiechert potentials, as described by Eq. (14.65) in Ref. [6]. The spectral density dﬁ—dugz
was evaluated on a [E;,, @, 0] grid with resolutions [4096, 128, 128]. The photon energy axis
comprises 2048 logarithmically spaced points between 10 eV and 60 keV and 2048 linearly
spaced points between 60 keV and 1.5 MeV. Angular coordinates ¢ and 0 span [0, 27] and [0,
150 mrad], respectively. Additionally, the instantaneous radiation power is evaluated using the

Larmor formula:
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where @, = % is the critical frequency, ¥ is the Lorentz factor, and p is the instantaneous
radius of curvature of the electron trajectory [6].

As an illustration, Figure 1 shows the radiation features for a representative case with the fol-
lowing parameters: plasma electron density 719 = 1.71 x 10'® cm™3, laser waist size wy = 10 pm,
pulse duration 7 = 6 fs (FWHM), and laser strength parameter ag 4 = 8.57, corresponding to an

intensity of 7 = 1.57 x 10%° W/cm?.
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Figure 1: Betatron radiation features.

Panel a) displays the energy spectrum of the emitted radiation. Unlike typical betatron spec-
tra, the peak here is shifted to lower energies, around 0.605 keV (inset). However, as shown in
panel b), the high-energy tail extends up to 1.3MeV. This unusual spectral shape results from
the specific dynamics of the acceleration process: an initial LWFA phase is followed by a de-
celeration phase, where electrons drive a secondary plasma wave that subsequently accelerates
a new bunch in a plasma wakefield acceleration (PWFA) stage. The primary acceleration lasts
about 1.4 ps (or 400 um), which is only slightly longer than the betatron wavelength (275 pm).
As a result, the periods of most intense radiation do not coincide with peak electron energies,
leading to a lower-energy spectral peak.

Panel c) shows the angular distribution of emitted X-rays, with a divergence of 4.35°, which
is fairly symmetric. Panel d) illustrates the temporal profile of the instantaneous radiated power,

clearly showing signatures of both LWFA and PWFA stages. The latter phase exhibits stronger
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Figure 2: Dependence of critical energy E.is, total emitted energy E, and number of photons N, on
plasma density. Left: cases with matched focusing; right: constant focusing to wo = 10 um, correspond-

ing to ap = 8.57.

radiation due to fewer but more energetic electrons.

Figure 2 presents the dependencies of 10
the critical energy, total radiated energy, E 2:
and photon number on plasma density, E 4
both for matched focusing (left) and con- a 2 -
stant focusing (right), similar to the analy- 0 0 9 4 6 8 10 12
sis of electron bunch properties in Ref. [3]. t [ps]

These radiation-related quantities are rela- Figure 3: Instantaneous radiation power for n, =
tively stable across a broad density range. 4.28 x 10" cm™3, wo = 10 um, ap = 8.57.
However, significant fluctuations are observed in the constant focusing case. These are attributed
to enhanced collective oscillations of the bunch in the PWFA phase, driven by the hosing insta-
bility that can develop under certain conditions.

This behaviour is evident in Figure 3, which shows the temporal profile of radiated power for

the case of n, = 4.28 x 10'8 cm™3. After 7 ps, a series of X-ray flashes occurs, corresponding



