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High-brightness betatron
emission from the interaction
of a sub picosecond laser pulse
with pre-ionized low-density
polymer foam for ICF research
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Direct laser acceleration (DLA) of electrons in plasmas of near-critical density (NCD) is a very
advancing platform for high-energy PW-class lasers of moderate relativistic intensity supporting
Inertial Confinement Fusion research. Experiments conducted at the PHELIX sub-PW Nd:glass laser
demonstrated application-promising characteristics of DLA-based radiation and particle sources, such
as ultra-high number, high directionality and high conversion efficiency. In this context, the bright
synchrotron-like (betatron) radiation of DLA electrons, which arises from the interaction of a sub-ps
PHELIX laser pulse with an intensity of 101° W/cm? with pre-ionized low-density polymer foam, was
studied. The experimental results show that the betatron radiation produced by DLA electrons in NCD
plasma is well directed with a half-angle of 100-200 mrad, yielding (3.4 + 0.4)-10%° photons/keV/sr at
10 keV photon energy. The experimental photon fluence and the brilliance agree well with the particle-
in-cell simulations. These results pave the way for innovative applications of the DLA regime using
low-density pre-ionized foams in high energy density research.

Optimizing the laser energy coupling into relativistic electrons to achieve the highest possible conversion effi-
ciency when generating laser-driven sources of MeV particles (electrons, protons, neutrons) and radiation is
a challenging task for many laser facilities supporting Inertial Confinement Fusion (ICF) research". Acceler-
ated electrons can be used to generate X-rays through several processes like betatron emission, electron-driven
bremsstrahlung radiation and inverse Compton scattering®'2 Betatron emission generated by electrons during
laser-plasma acceleration is characterized by a short pulse duration, small source size, broadband X-ray spectrum,
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and a small divergence. It is confirmed to be promising for X-ray radiography and X-ray phase contrast high-
resolution imaging in investigations of ultra-fast processes in High Energy Density Science (HEDS)!*!5,

Depending on laser and plasma parameters, betatron radiation can be generated in the process of the laser
wakefield acceleration (LWFA)'®"18 self-modulated LWFA (SM-LWFA)"-2!, direct laser acceleration (DLA)?>%
or a hybrid regime”**.

The LWFA works best in tenuous, underdense plasmas and ultra-short laser pulses, shorter than the plasma
wave period. The most prominent case of LWFA is the so-called bubble regime!’. It allows reaching GeV elec-
tron energies with total beam charge of > 100 pC*%*. Plasma electrons trapped in the cavity experience both
longitudinal and radial focusing fields and therefore oscillate transversely as they are accelerated forward. These
so-called betatron oscillations cause the electrons to emit synchrotron-like radiation confined to a narrow cone
(10-50 mrad) in the forward direction. Due to relative low electron beam charge, total number of X-ray photons
reaches ~ 10°%6-%,

Self-modulated LWFA works at higher plasma densities (still much lower than the critical one) and longer
laser pulse duration (longer than the plasma wave period). Here, a high-intensity (> 10'* W/cm?) picosecond laser
pulse propagates through an underdense plasma and generates plasma waves via the resonance self-modulation
instability (RSMI)'*?° or Raman Forward Scattering (RFS)?. Betatron-like oscillations of the trapped and acceler-
ated off-axis electrons causing them to radiate X-ray photons in the forward direction with a higher X-ray photon
number due to higher number of accelerated electrons compared to the LWFA*>.

A SM-LWFA regime builds a platform for generation of broad band X-ray sources at large kJ-class picosec-
ond laser facilitates in operation such as the advanced radiographic capability (ARC) at the National Ignition
Facility (NIF), the Petawatt Aquitaine Laser (PETAL) of the Laser Megajoule (LM]) in France, OMEGA EP
etc.’. In experiments performed at the OMEGA EP and the Titan lasers, which support this program, betatron
X-ray emission has been produced by irradiation of super-sonic gas-jets with ps laser pulses of moderate rela-
tivistic intensity*>”%. The bright betatron radiation with > 10'° photons/keV/sr at X-ray energies > 15 keV was
reported. At the same time, the nature of SM-LWFA based on instabilities, leads to a rather poor reproducibility
of results®. It has also been shown that SM-LWFA is the main mechanism for accelerating electrons up to ener-
gies of ~40 MeV, while for higher energies direct laser acceleration (DLA) dominates*!. The major role of DLA in
interaction of the Vulcan ultra-intense laser pulses with a normalized vector potential a,> 10 with high density
gas-target was also discussed in*2.

Application of the SM-LWFA regime on the ARC faces difficulties caused by an imperfect focal spot of several
tens of micrometers, in which most of the laser energy is sub-relativistic. This makes the efficient generation of
relativistic electrons in laser-plasma interaction a major challenge. Williams reports on the ARC performance
improvements at near-relativistic intensity using compound parabolic concentrator (CPC) cone targets®. This
concept suggests that the large fraction of energy contained in the wings of the ARC-beam (~80%) could be
repointed towards the central beam spot. Using this approach, more than tripled increase in average electron
energy was found compared to flat targets®**. This is due to a combination of the long scale length plasma con-
fined by the cone tip and the enhanced acceleration mechanism driven by laser turbulence that develops from
reflections from the cone walls®. On the other hand, to control the SM-LWFA, a near-Gaussian single-mode
laser spot is crucial®**. This makes CPC hardly compatible with gas-targets.

Recently, direct laser acceleration of electrons in plasma of near-critical density, where the electron density
is up to two orders of magnitude higher than in gas jets, has become increasingly attractive®**?**%%7 In the case
of DLA, the pulse is sufficiently long and intense to create an ion plasma channel with strong radial fields. The
radial inhomogeneity of the electron density due to the ponderomotive expulsion of background plasma electrons
from the channel creates a radial electrostatic field, and at the same time, the current of accelerated electrons
generates an azimuthal magnetic field*>?*,

A relativistic electron trapped in the channel experiences transverse betatron oscillations and gains energy
efficiently from the laser pulse when the frequency of the betatron oscillations becomes resonant with the Dop-
pler shifted laser frequency®**. Depending on the plasma density and laser intensity, DLA, SM-LWFA, stochas-
tic heating® or a combination of these mechanisms can be realized. Different from LWFA, the DLA does not
generate electrons at very high energies, rather, it produces ample amounts of electrons with Maxwellian-like
distribution carrying mega-ampere currents. The effective temperature of these electrons can reach several tens
of MeV at moderate relativistic intensities.

Generation of the ultra-bright DLA-based secondary sources of MeV particles and radiation was successfully
demonstrated at the sub-PW Nd:glass PHELIX laser facility in Darmstadt Germany. Interaction of the sub-ps
pulse of ~ 10" W/cm? intensity*® with pre-ionized low-density polymer foams*! resulted into an increase in the
effective electron temperature, electron energy and beam charge by 10-20 times compared to shots on conven-
tional foil at the same laser parameters®’. The resulting mega-ampere current beam of DLA electrons penetrates
a high-Z converter attached to the foam on the back side and generates directed gamma rays with an effective
temperature of 10-15 MeV and photon energies exceeding 50 MeV, as observed in the detection of short-living
isotopes Aul192 and Ta176%* and high-yield neutrons'".

With 40% conversion efficiency of the focused laser energy into electrons (>1.5 MeV) and ~ 2% efficiency
of conversion into gamma rays in the giant dipole resonance region (>8 MeV) a breakthrough in the efficient
production of secondary sources using the DLA regime was demonstrated®!14>43,

In this work, we experimentally explore betatron emission by irradiation of a pre-ionized low-density polymer
foam with sub-ps laser pulse of moderate relativistic intensity and demonstrate the feasibility of a robust high-
brightness DLA-based betatron source for applications in HED research.
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Experimental set-up

The experiment was performed at the Petawatt High Energy Laser for Ion eXperiments (PHELIX) at the Helm-
holtzzentrum GSI Darmstadt*’. A relativistic laser pulse of 0.75+0.25 ps duration and ~ 10'* W/cm? intensity
was sent to the foam layer pre-ionized by an additional ns pulse. The estimated focal spot size was 13.5+0.5 pm,
the total laser energy after compressor was 52+ 2 J and the energy concentrated in the FWHM of the focal spot
was 15+117.

The sub-microstructure of low-density foam and the profile of the ns pulse forerunning the relativistic PHE-
LIX pulse are shown in Fig. 1a,b correspondently. The foam structure shown in Fig. 1a builds a stochastic 3D
micro-network, which consists of ~40 nm thick fibers (thicker than the laser skin layer) of 1 g/cm® density and
pores of a sub-um size (more details can be found in *!). In the case of fully ionized CHO-plasma, 2 mg/cm® mean
density corresponds to 0.64-10?' cm™ electron density or 0.64n,, where n ., =10*' cm™ is a critical electron density
for 1 um laser wavelength. The ns pulse, which was used to ionize foam and convert it into NCD plasma, had a
10710 W/cm? intensity and 1.5-3 ns duration, depending on the foam thickness and density. It was focused
on the target using the same off-axis parabolic mirror with an f/5 number as a relativistic pulse. The generation of
a sub-mm long NCD plasma requires focusing optics with a Rayleigh length of hundreds of micrometers, which
was the case with PHELIX due to the 150 cm long off-axis parabolic mirror. This ensures a relatively constant
ns laser pulse intensity over the entire layer thickness. A delay of 3-5 ns between the ns pulses and the sub-ps
pulses was chosen long enough to ionize and homogenize the foam structure.

Since the foam layer was surrounded by a copper disk (washer), measuring the electron density profile at the
moment of interaction of the relativistic pulse was difficult. To compensate for this drawback, two-dimensional
hydrodynamic (2D HD) modeling of the interaction of the ns pulse with a structured matter was carried out
for the foam and ns pulse parameters used in the experiment. An example of simulated plasma density and
temperature profiles along the laser axis after exposure to a ns pulse is shown in Fig. 4, “Methods”

After the action of the ns pulse, the rising edge of the incoming sub-ps laser pulse generates an ion channel
where a certain number of electrons is ponderomotively expelled from the Gaussian-like laser beam. Sub-
sequently, in the region with reduced electron density, the remaining electrons undergo transverse betatron
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Figure 1. (a) Low-density polymer foam with stochastic 3D structure*’; (b) nanosecond pulse to convert the
foam into a plasma, followed by a relativistic sub-ps pulse to accelerate the electrons; (c) experimental setup with
magnetic spectrometers placed around the foam target; (d) spectra of the ponderomotive electrons in the case
of a high contrast shot on the foam without ns-pulse; (e) measured energy and angular distribution of the DLA
electrons in the case of pre-ionized foams; (f) generation of the synchrotron radiation in the relativistic plasma
channel during the betatron oscillations of the DLA electrons.
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oscillations in the quasi-static fields and emit synchrotron-like radiation'®*. See also 3D PIC simulations in
“Methods” in this work.

For confirmation of the DLA process, where strongly directed super-ponderomotive electrons are expected,
measurements were conducted using magnetic spectrometers (MS) placed at different angles to the laser axis.
In Fig. 1c, the experimental setup is schematically depicted, employing simultaneously 3-5 MS with ~ 1 T static
field and one modified magnetic spectrometer X-MS to measure and to characterize relativistic electrons and
X-rays produced in interaction of the sub-ps PHELIX-pulse with plasma. A stack of three stainless half-cylinders
charged with imaging plates (IP) was used to measure angular distribution of electrons with energies > 3.5 MeV
and>7.5 MeV. A horizontal 4 mm wide slit centered at the laser pulse height allowed for electron propagation
to the magnetic spectrometers placed behind the semi-cylinder-stack®. Further details on the electron and keV
X-ray diagnostics can be found in “Methods” and “Supplementary Information”.

Results and discussion

Measurements of DLA electrons

In Fig. 1d, electron spectra are shown for a 450+ 50 pm thick 2 mg/cm® CHO-foam, irradiated with a
0.75+0.25 ps pulse of ~ 10! W/cm? intensity and high nanosecond laser contrast of 107'!. The resulted spectra
show ponderomotive electrons with effective temperature of ~2 MeV accelerated in all directions. Similar spectra
were observed in shots onto metallic foils.

In Fig. le, a ns pulse of a 10> W/cm? intensity and of 3+ 0.5 ns duration was used to pre-ionize a foam layer.
After ns delay, the sub-ps relativistic pulse interacted with the produced plasma. Relativistic electrons with an
effective temperature of up to 16 MeV were detected, directed along the laser axis with a half divergence angle
of 13+£1.5° (inset in Fig. le). Electron spectra measured at —45° to laser axis and in the backward direction show
only ponderomotive temperature and much lower electron charge. These results demonstrate the importance of
the pre-ionization of polymer foams by a ns pulse for the generation of a homogeneous plasma target.

Figure 1f shows schematically the generation of synchrotron radiation in the relativistic plasma channel
during the betatron oscillations of the DLA electrons.

Measurement of the betatron radiation

In the interaction of relativistic laser pulse with pre-ionized foam, not only the betatron radiation but also other
types of radiation can be produced. The use of a copper ring-like disk (washer) as a holder for the foam leads
to bremsstrahlung caused by ponderomotive electrons propagating across the laser axis and interacting with
copper. In addition, isotropic self-radiation of the CHO-plasma heated up to 1-2 keV by the relativistic pulse
can contribute to measurements at photon energies below 10 keV. To exclude self-radiation of CHO-plasma, we
discuss results of measurements made for photon energies above 10 keV.

To separate the betatron radiation from bremsstrahlung, a spatial resolution of the multiple X-ray sources is
required. To address this issue, a modified magnetic spectrometer (X-MS) was constructed to provide 1D resolu-
tion of the sources and to enable separate observation of the betatron radiation from the NCD plasma and the
bremsstrahlung generated in the Cu-washer. The use of a well-shielded X-MS with two magnets, which deflected
electrons with energies up to 220 MeV and protons with energies up to 70 MeV, enabled “clean” measurements
of the betatron signal. For more details, see “Methods” and “Supplementary Information”.

The filter pair method was used to measure the number of X-ray photons/keV/sr at different angles to the laser
axis. The X-ray data shown in Fig. 2a were obtained in the case of a 450 + 50 pm thin foam that was pre-ionized
by a~ 10" W/cm? ns pulse and then irradiated with relativistic pulses of 10’ W/cm? The energy errors cor-
respond to the energy windows of the filter pairs, defined as > 50% of the maximum value for the product of the
IP transmission difference and the IP sensitivity (more details in the Supplementary Information). The IP stack
was simultaneously used for the detection and filtering of X-rays. In the X-MS case, the first IP registered X-rays
in the photon energy range between 4 and 19 keV after passing the Ross filter set. The corresponding data points
in Fig. 2a,c are denoted as Ross filter method X-MS. X-ray signals filtered by the first, second and third IP of the
same stack (DAT X-MS and DAT MS in Fig. 2 a,c) belong to the photon energy range between 12 and 36 keV.

The spectrum along the laser axis (DAT MS 0°) evaluated using the Differential Averaged Transmission (DAT)
method®, shows a good agreement in the number of photons/keV/sr with 3D PIC (Particle-in-Cell) simulations
performed for PHELIX parameters (black dashed line)'%*.

The photon number drops with an increasing angle to the laser axis. Already at+ 10°, the number of photons
measured by means of X-MS using a set of Ross filters (see “Methods") drops up to 4 times at ~ 10 keV photon
energy compared to 0°. This result is confirmed by the DAT-method using MS placed at -10° to laser axis. The
side (MS at —45°) and backward (MS at+97°,+ 170° and X-MS at — 146°) radiation exhibit isotropic features and
are mainly caused by keV bremsstrahlung from the washer. In Fig. 2b, the angular distribution of ~ 10 keV pho-
tons is shown, with red dots depicting the positions of the MS and X-MS spectrometers used for measurements.
The directional component corresponds to the betatron radiation generated by DLA electrons in the relativistic
plasma channel. The divergence of the X-rays in the directed part is shown in Fig. 2d for photon energies> 10 keV
and is summarized in Table 1. In contrast to shots on pre-ionized foam, no directional radiation was observed
in shots on foams without the ns pulse (Fig. 2c).

The data in Fig. 2a, obtained at 0° to the laser axis, can also be approximated using Eq. (64) in*®, averaged
over the energies and betatron radii of the emitting DLA electrons in the plasma channel:
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Figure 2. Angular dependent X-ray spectra measured by means of filter methods (laser axis at 0°): (a) forward
(0°,£10°), sideward (—45°) and backward (- 146°,+97°,+ 170°) radiation in case of pre-ionized foam; black-
dashed curve is the result of 3D PIC simulations'’; (b) reconstructed angular distribution of 10 keV photons
using MS (-45°,-10° 0°,+97° and + 170°) and X-MS (- 146°, + 10°) from two subsequent shots; (c) X-rays from
the interaction of a relativistic pulse with foam without pre-ionization by the ns pulse; (d) number of photons/sr
with an energy above 10 keV as a function of the angle to the laser axis. Here, the red dots indicate the positions
of three MS (-45°,-10°, 0°) and one X-MS (+10°) in the shot corresponding to the data in Fig. 2a for forward
and sideward radiation.
Directed electrons Betatron radiation
ns pulse: intensity Q. (nC) of DLA Ni (% 10'° photons/
Foam target/ thickness | (W/cm?)/length (ns)/ | Intensity of sub-ps electrons with keV/sr) at 10 keV (0° to
Shot (um) density (mg/cm?®) | delay [ns] pulse (W/cm?) E.>10 MeV T, (MeV) ay, pwam (°) | laser axis)
#12 P21-05-1 CHO/500/2 1-10%/3/5 ~10" 30+3 10+1 6.5+1 3.1+0.3
#5 P22-48 CHO/800/2 1.10%/3/3 ~10° 39+4 11+1 75+1 37404
#11 P22-48 CHO/800/2 3.10'%/3/3 ~10° 37+4 13+1 10£1.5 3.0+0.3
#2 P22-48 CHO/800/2 1-10%/3/3 ~10" 34+3 16+2 11+1.5 3.5+0.4
#17 P22-48 CHO/800/2 5.10'%/1.5/4 ~10° 48+5 16+2 1115 3.0+0.3
Shou (2022)*° CNF/40/6 High contrast ~10% 50 (PIC) 20 (all directions) | >50° (PIC) 1 (14° to laser axis)

Table 1. Characteristics of DLA electrons and the produced betatron radiation.

where af = e?/(hc) = 1/137, f.(E.) = exp( E./T,) is the electrons’ distribution function with elec-
tron energy E., T, is the effective temperature of accelerated electrons, N, is their number, y = E,/(mc?),
frrp) =2[Jmrs]™ exp[ (rg/rs) } is the distribution function of electrons over the amplitudes of their beta-
tron oscillations rg, 7, is the characteristic value of rg, Ng = L/ /g is the number of betatron oscillations over
ion channel length L with the length of betatron oscillations Ag = 2mwc/wg , wg is the betatron frequency of
electrons in the ion channel, and E, = Aw, = 3a,3y hwg with ag = ywgrg/c is the critical energy. In the case
of complete evacuation of electrons from the channel, the betatron frequency determined by the electrostatic
focusing force equals to wg = wp/+/2y, where w, = (4me’n,/ m) is the electron plasma frequency determined
by the unperturbed plasma density.
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Good agreement of the photon energy spectrum (1) with the results of measurements and PIC modelling
shown in Fig. 2a for 0°, was obtained for an effective temperature T,= 10 MeV, a characteristic value of betatron
radius ry = 3 um, n./ng, = 0.1 — 0.2 and the number emitting electrons N. = (1 — 3) - 10'L. These parameters
are consistent with the measured characteristics of the DLA electrons shown in Table 1.

Depending on the foam parameters (volume density, structure, chemical composition, and thickness) and
characteristics of the ns pulse (intensity, duration, ns - sub-ps delay), plasmas with different density profiles can
be produced. Two-dimensional hydrodynamic simulations were performed for 2 mg/cm® 450 pm thick foam
layer irradiated with a ns pulse of 10'* W/cm? intensity and 3 ns pulse duration using NUTCY-F code*. The
code accounts for the characteristics of the foam structure, laser radiation absorption and the hydrodynamic
and thermal energy transfer in partially homogenized plasma*’~*. The code uses the equation of state of partially
homogenized plasma described in*’, which considers the contribution to pressure from only the homogenized
part of matter (for more details see “Methods”).

The resulting plasma profile, created at the time of arrival of the relativistic pulse with 3 ns delay to the ns
pulse, consists of a long-scale underdense part, a sharp density up-ramp in front of the shock where the mass
density is 2-3 times higher than initial one, and a part with initial foam density unperturbed by the ns pulse
(see Fig. 4a,b, “Methods”).

3D PIC simulations previously performed for a linear ramped density profile followed by a density plateau®”
and currently for the plasma profile shown in Fig. 4b revealed a weak dependence of the properties of the acceler-
ated electrons on the specific shape and length of the underdense part of the plasma target. 3D PIC simulations
show that both the strong laser self-focusing and intense DLA start at the density up-ramp around 0.1#,, and
continue in the NCD plasma, which is thick enough to fully absorb the laser energy. At the same time, the long-
scale, underdense plasma does not contribute significantly to the DLA process (further details will be published
elsewhere). These results may explain the high stability of the DLA process when using pre-ionized foams’.

This regime occurs until the shock wave reaches the back side of the foam. Thereafter, the plasma expands in
both directions and the total plasma density decreases rapidly and reaches a subcritical value close to a gas-jet.

In contrast to NCD foams, where the shock region is still transparent for the laser pulse with moderate
relativistic intensity, the shock generated in overdense foams can reflect the relativistic laser pulse back. In this
case, the DLA takes place only in the pre-plasma expanded to-wards the laser. Experiments show that in order
to increase the plasma scale length and to optimize the DLA in overdense foams, the delay between the ns pulse
and the relativistic pulse should be longer than in the NCD case so that the shock can propagate deeper in the
foam. In Table 1, several PHELIX shots at laser intensity of ~ 10’ W/cm? and various parameters of the ns pulse
and NCD foam thickness are presented.

Depending on the ns pulse, the charge of directed electrons (> 10 MeV), which emerged from plasma var-
ies from 30 to 50 nC. In all measurements, the total number of directed 10-30 keV photons and the betatron
divergence are lower than predicted by 3D PIC simulations: (1-3)-10'° vs. 9-10'° and 100-200 mrad vs. 300-400
mrad. This is likely explained by the higher laser energy and laser intensity used in simulations' but also by
the difference between the plasma profile after exposure to a ns pulse and uniform NCD plasma slab used in'.

As already mentioned, the strong laser self-focusing and the DLA start at the electron density up-ramp in
front of the shock (Fig. 4b, "Methods") and continue in the NCD region of the density profile. Depending on
the ns pulse intensity, the delay between the ns and sub-ps pulses, and foam thickness, the contribution of these
two regions to the resulting spectrum can be different. A long density up-ramp and short NCD part can lead to
fewer photons but with a narrower angular distribution. Finally, the photon fluence in the experiment and in
the simulations agree well (~2-10" photons/sr vs.~3-10" photons/sr). The stable number of ~ 3-10'° photons/
keV/sr at 10 keV photon energy independent of the ns pulse considered in Table 1 proves once again the high
robustness of the DLA-based sources.

In Fig. 3a, betatron spectra acquired at 0° and + 10° to the laser axis are presented for the PHELIX case (this
work) along with the results from Shou et al. obtained at the Center for Relativistic Laser Science (CoReLS) in
Korea. There, targets made of carbon nanotube foam (CNF) were irradiated with 20 fs, ~ 10?! W/cm? laser pulses
and high ns contrast™. In both cases, the photon fluence was normalized to the focused energy of each laser
(~30% from the total energy). Two orders of magnitude higher laser intensity resulted in a much higher total
number of X-ray photons compared to PHELIX, but with a betatron divergence of a few steradians predicted by
PIC simulations (private communications, Shou et al.). This feature of DLA at ultra-high laser intensities can be
explained by the high amplitude of the laser field, which leads to a large transverse moment of DLA electrons
and, as a result, a large divergence. This feature of DLA is confirmed by experiments on the Vulcan laser with a
normalized amplitude of the laser field a,= 10-30*2. As mentioned above, the betatron radiation at ~ 10'* W/cm?
laser intensity is well directed and has a half-angle of 100-200 mrad (6.5-11°) (see Table 1).

Summarizing the results on betatron radiation from pre-ionized polymer foams at moderate relativistic
intensity and a sub-ps laser pulse, as well as from CNF-foams irradiated with ultra-high laser intensity and a
20 fs laser pulse, one can conclude that in both experiments a comparable number of 10-40 keV photons/sr
normalized to laser energy was achieved.

Figure 3b shows numerically predicted and measured number of 10 keV photons per energy bin and solid
angle normalized to the focused laser energy®*'%*!, which use super-sonic gas-jets and low-density foams as
targets irradiated with sub-ps laser pulses (except™). As it was mentioned in the introduction, the acceleration
regime spans from SM-LWFA and hybrid SM-LWFA-DLA in gas-jets up to DLA in foams. One can conclude that
in the SM-LWFA regime, more collimated betatron radiation can be produced but with less number of photons/
sr/keV/] compared to numerical predictions'® and experiments with foams® and this work.
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Figure 3. (a) Comparison of measured photons/keV/sr normalized to focused laser energy in case of CNF-*
and CHO-foams (this work), dotted lines are used to guide the eye; (b) number of 10 keV photons per energy
bin, solid angle, and laser energy. The diameter of the circles indicates the half-angle (FWHM) of the betatron
radiation in the logarithmic scale. The numbered works are as follow: Lemos (2018, 2019)%7, King (2019)%, Shen
(2021)™°, Shou (2022), Ferri (2016)°.
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Figure 4. (a) Two-dimensional mass density profile 3 ns after interaction of the ns pulse with structured foam
with z as the cylindrical axis of symmetry and the direction of laser pulse propagation, while r axis corresponds
to radial direction in foam disk (x, r in um). Foam parameters: 2 mg/cm? mass density, 450 pm thickness and
180 um radial size. The black arrow on the color bar indicates the initial foam density. (b) Profiles of density and
temperature generated up to the moment of relativistic pulse interaction with plasma: mass density in g/cm®
(black), electron density, cm™ (blue) and electron temperature in eV (red) along z axis.

Conclusion and outlook

In this work, we studied betatron radiation in a long-scale NCD plasma at moderate relativistic laser intensity
and picosecond pulse duration, both typical of currently operating kJ-PW class laser facilities, and demonstrated
the feasibility of the high brightness betatron source. The use of low-density foams has opened the door to the
practical implementation of DLA in NCD plasma and demonstrated its high robustness.

In the experiment with the Nd:glass PHELIX laser, we measured directed beams of super-ponderomotive
electrons and directed X-rays generated in the interaction of a sub-ps 10" W/cm? laser pulse with pre-ionized
low-density polymer foams of sub-mm thickness. Electron spectra showed a strong dependence on the direc-
tion of observation. The highest charge of the directed part of the electron beam (>10 MeV) reached 2-3 nC
per joule of focused laser energy and the highest effective temperature of 10-16 MeV was measured along the
laser axis within the solid angle of 100-200 msr. 3D PIC simulations show near-linear scaling of the DLA-beam
charge with laser energy (to be published elsewhere), which is beneficial for the application of foams in kJ and
PW class laser systems.

In the case of sub-pm stochastic structure of polymer foam, the importance of applying additional ns pulse to
trigger the ionization wave and plasma homogenization process before interaction with relativistic pulse is crucial
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for DLA. No DLA electrons were observed when shooting foam with high ns laser contrast. Instead, the foam’s
electron spectra were similar to those obtained by PHELIX pulse interaction with conventional foils (Fig. 1d).
This distinguishes it from the nm-thin CNF structure, which provides DLA electrons even at high ns contrast
without an additional ns pulse®*>?, which was also observed in the PHELIX experiments.

The robustness of betatron generation is demonstrated in Table 1, where a stable number of photons/keV/sr
at the level of 3-10' for 10 keV photon energy was obtained for different sets of ns pulses. This differs DLA from
SM-LWFA based on laser-plasma instabilities.

Another advantage of DLA is that the process happens in high density background plasma. High electron
density is responsible for strong transverse focusing force F| actlng on the relativistic electrons in the plasma
channel. This explains why the photon critical frequency w, = 5 32 J—‘” differs in the DLA-case by a factor of
only 2-5 from LZWFA and SM-LWEFA, despite significantly lower Lorentz factor y of accelerated electrons. The
critical energy predicted by PIC simulations for PHELIX is 5 keV, while the average y=20-30'". An additional
advantage of the DLA-based betatron source is the small source size of a few micrometers due to the strong self-
focusing of the laser pulse during its channel propagation in the NCD plasma'.

At the same time, the disadvantage of high electron density (high focusing force) is much higher divergence
of synchrotron radiation than in case of LFWA and SM-LWFA accelerators using gas-jets. This starts to be critical
at ultra-high laser intensities*’, what makes Inverse Compton Scattering more advanced as a source of directed
X-rays™. For PHELIX shots at ~ 10'* W/cm?, the half opening angle at FWHM of the betatron radiation was esti-
mated from measurements of the X-ray signal at different angles to the laser axis and resulted in 100-200 mrad.

The brilliance of the betatron sources based on the DLA-mechanism in NCD plasma and produced by a
picosecond laser pulse can be moderate compared to LWFA, with the record brilliance of 10% photons/s/mm?/
mrad?/(0.1% bandwidth (BW))?. The reasons are rather high divergence of the X-ray beam and a picosecond
duration of the X-ray flash. In the PHELIX case, estimated peak brilliance of betatron radiation is of ~ 2-10%
photons/s/mm?/mrad?/(0.1% BW) at 10 keV. For this estimation, 5 pm source’s size from 3D PIC simulations
was accepted!’. However, in the case of k] PW-class lasers, the brilliance of the betatron source is less important
compared to the fluence of directed photons used to radiograph an object. This can be explained by the extremely
hazard conditions caused by a high flux of particles and photons which interact with target chamber and diag-
nostic tools and produce a high-level background.

The application of pre-ionized low-density foams to generate a betatron source at the ARC/NIF can be very
promising. To meet the 1 ps ARC beam conditions at the PHELIX, the laser beam with 1 ps duration was defo-
cused from 15 pm to 35 um in diameter and contained ~ 8 J of laser energy with an intensity of 10'® W/cm?, while
the remaining 50 J was below the relativistic limit. Electron beam diagnostics showed an intense beam directed
along the laser axis with a temperature of 9 MeV and a charge of 25 nC (> 1.5 MeV). The energy and charge of
accelerated electrons decrease sharply as the observation angle increases. Based on these results, the experiment
with foams on NIF as part of the Discovery Science program is dedicated to the year 2025.

Methods

HD simulations

Two-dimensional hydrodynamic simulations of foam heating by the ns pulse were performed using the NUTCY-
F code to reconstruct the density and temperature profiles in the plasma at the time of the relativistic pulse
interaction*®. The NUTCY-F code is one of the versions of the NUTCY Eulerian code® for the modelling of
laser-plasma hydrodynamics in an axisymmetric geometry. The absorption coefficient of laser radiation, the
equation of state and the thermal conductivity coeflicient are calculated in time as a function of the degree of
plasma homogenization H*

’ 1/2
(x,t):@=1—{1—2}d7t)} . @)

my o T(xt

In this expression, my, and my are, respectively, the mass of the pore homogenized up to the moment ¢ and
the total mass of the pore; 7 is the time of complete homogenization of the individual pore due to diffusion
broadening of dense elements of the medium (initially, the pore walls) in the process of ion-ion collisions of
plasma flows inside the pores®:

2 Z482
~ —11 0P
= 2 N0 3)

1

where V; is the ion velocity of colliding plasma flows, 7;; is the time of ion-ion collisions, T is the temperature of
heated pore’s walls in keV, p is the average density of porous substance in g/cm?, &y is the average pore’s size in um.
The absorption coefficient of laser radiation in HD equation of energy is calculated in accordance with the
degree of homogenization as the sum of the inverse bremsstrahlung absorption coefficient for the homogenized
part of the plasma with a weight factor H and the inverse value of geometric transparency length of the non-
homogenized part of the plasma with a weight factor (1 — H)***". The geometric transparency length is>

11—«
L~5-107%. (%) 8o, (4)

where p, is the density of pore’s wall material; « is the fractal parameter, which is equal to 0.8 for micro-size
porous substances having, as a rule, a mixed membrane-filament structure.
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It is assumed that the non-homogenized part of the plasma does not contribute to pressure and electronic
thermal conductivity. The pressure P, in HD equations of motion and energy and thermal diffusion coefficient
Xph in HD equation of motion are calculated from the corresponding values of a completely homogenized plasma
as P, = H-Py, and y,, = Hy,,*.

By varying the ns pulse intensity, which defines the velocity of the ionization wave and the time of structure
homogenization, as well as the delay between the nanosecond and relativistic laser pulses, one can create plasmas
with different density profiles. Figure 4a,b show results of numerical simulations made for 2 mg/cm? 450 um
thick CHO-foam layer and ns pulse of ~ 10" W/cm? intensity and 3 ns duration used in the experiment. At this
laser intensity, the longitudinal ionization wave velocity reaches ~ 100 um/ns, while in the radial direction it is
2-3 times slower. The homogenization time depends on electron temperature as T->? and is of 100 ps for 200 eV.

During the propagation of the ns pulse, plasma is partially blown out of the interaction region, which is shown
in Fig. 4a, where a blue-green region represents an underdense plasma. Here, the r-axis shows a foam density
distribution in the radial direction and the z-axis shows the foam density distribution along the laser pulse axis.
The red colored area denotes the shock that propagates within the foam and in the radial direction and has a mass
density about twice the original; The yellow colored region represents an area unperturbed by the ns pulse with
an initial foam mass density of 2 mg/cm®. Figure 4b shows the density and temperature profiles along the z-axis
produced up to the time of relativistic pulse interaction with the plasma. All three regions are then completely
ionized by the optical field of relativistic laser pulse.

Electron diagnostics

The angle-dependent energy distribution of relativistic electrons emerging from the plasma was measured using
a series of magnetic spectrometers. The permanent magnetic field of ~ 1 T enables the measurement of electrons
up to ~ 100 MeV. The energy dispersion was simulated for each MS using a two-dimensional magnetic field dis-
tribution measured at the height of the entrance slit. The field distribution between two magnets was very flat
with sharp gradients near the spectrometer walls. Thanks to the 300 um thin entrance slit, an estimated electron
energy measurement accuracy of ~ 2% was achieved. The calibration curve for the BASF-MS IP and the FLA-7000
IP scanner from®® was used to evaluate the electron energy distribution. The spectrometers were positioned at
distance of 400 mm from the target chamber center (TCC) at different angles to the laser axis, as shown in Fig. 1c.

To record the angular distribution of electrons, a stack of three stainless half-cylinders, each 3 mm thick and
with a radius of curvature of 300 mm, was used at distance of 300 mm from the TCC. Large area BAS SR- or
TR-type imaging plates were placed between the first and second, the second and third half-cylinders to image
the angular distribution of electrons with E>3.5 MeV and E> 7.5 MeV, respectively.

A horizontal, 4 mm wide slit centered at the height of the laser pulse allowed electron propagation to the
magnetic spectrometers placed behind the cylinder stack. To map the position of the electron beam in space,
small holes were drilled in the front panel at 20 mm intervals in vertical and horizontal directions. The result of
this diagnostic is shown in the inset of Fig. le.

X-ray diagnostics

MS and X-MS were used to measure X-rays. In both devices, the X-ray signal is projected onto the back wall
through an entrance slit, where a series of filters and IPs are placed as detectors. The primary distinction between
the two spectrometers is the inclusion of a Ross filter system in the X-MS, as it is shown in Fig. 5a (see also “Sup-
plementary Information” for more technical details).

The modified magnetic spectrometer incorporates several features to measure X-ray radiation from external
sources. It utilizes stepped entrance slits to reduce background noise. To avoid input of electrons (up to 220 MeV)
and protons (up to 70 MeV) into the X-rays’ signal measured by IPs, permanent magnets were used.

In the rear section of the magnetic spectrometer, a Ross filter system is used (Fig. 5a), followed by a series of
successive IPs. Figure 5b,c show two examples of X-ray signals on IP after passing through the Ross filters set
and recording with X-MS. Figure 5b displays a 1D image of the self-radiation of keV hot Au-plasma heated by
a relativistic PHELIX pulse, while the central part of Fig. 5¢ (area 1) depicts intense betatron radiation of NCD
plasma and rather weak bremsstrahlung from the Cu-washer (areas 2, 3) in the shot onto pre-ionized foam.

The Ross filter and the Differential Average Transmission (DAT) methods® enable the evaluation of X-ray
spectra. A correction to the Ross filter method® was used, involving iterative assessments that consider signals
outside the energy window of a Ross filter pair. This correction procedure is described in more detail in the
“Supplementary Information” to the paper.

Python simulation

To better understand the geometry of the X-ray source projected through the entrance slit of X-MS onto the
detectors (IPs), Python code using geometric optics was used. Signals from various spatially separated sources
have only 1D resolution. This means that signals from different sources may overlap in some cases, particularly
in the case of a “ring X-ray source” (the washer produces bremsstrahlung) and a central X-ray source (plasma
channel) of the target. In this case, it is possible to separate sources by modeling the geometry of the sources. In
our case, the effect of bremsstrahlung on the betatron radiation signal is noticeably weaker (Fig. 5¢). However,
it is possible to exclude the contribution of bremsstrahlung by applying appropriate corrections.

When imaging the X-ray source through the entrance slit in the MS and X-MS, the criterion of geometric
optics is fulfilled for X-ray radiation with energies in the range of a few keV with d > /L, where d is the width
of the entrance slit in magnetic spectrometer. L is the distance between the center of target and entrance slit
and A the wavelength of the X-ray radiation. In our case, d~300 um and L ~400 mm. For X-ray radiation with
E, 21 keV, the corresponding wavelength is A <1.24 nm. This condition allows simulating the geometry of the
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Figure 5. (a) Setup of the Ross filters in the modified magnetic spectrometer. (b—c) X-ray signals after passing
Ross filters and registered by X-MS: for Au-foil irradiated by a relativistic laser pulse at high contrast (b), for
pre-ionized CHO-foam irradiated by a relativistic laser pulse (c). Numbers 1, 2, 3 denote betatron (1) and
bremsstrahlung (2, 3) signals and their profiles in PSL after passing the Ross filters. (b, ¢), 1 pixel corresponds to
50 um on IP.
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X-ray source and comparing it with experimentally measured signals. Consequently, it is possible to identify the
shape or geometry of the source. In Fig. 6a—c, different cases are depicted:

In case a, a 10 um Au-foil was shot by relativistic pulse at high laser contrast and best focus (~ 15 pm), This
resulted in a 1D projection of the point X-ray source on the IP (Fig. 6a, experiment) what is confirmed by the
modeling.

In case b, the foam confined in the Cu-washer was irradiated by the relativistic laser pulse at high ns contrast,
without pre-ionization by a ns pulse. On the first IP, a strong central signal caused by soft X-rays (> 1.5 keV)
was observed, indicating radiation from CHO-plasma. On the second IP (> 16 keV), only lateral signals were
registered. The modeling showed that the source, in this case, has a ring-like form and corresponds to a source
with a diameter equal to the internal diameter of the Cu-washer. One can conclude that the bremsstrahlung from
the Cu-washer holder was registered.

In case ¢, the foam target was pre-ionized by the ns pulse before the sub-ps relativistic laser pulse arrived.
Three signals at low (> 1.5 keV) and higher energies (> 16 keV) were detected in this situation. The central signal
corresponds to the betatron radiation from DLA electrons, while at~ 1.5 keV, plasma self-radiation also contrib-
utes. The lateral signals correspond to bremsstrahlung from the Cu-washer holder. The modeling demonstrates
a combination of point and ring sources.

3D PIC simulations

Simulations of the synchrotron radiation caused by DLA electrons'® were performed using the Virtual Laser
Plasma Laboratory (VLPL) code®”*8. The PHELIX laser pulse intensity was approximated using a Gaussian
distribution in both temporal and spatial dimensions. The laser focal spot with an elliptical shape was taken
from the experiment. The laser pulse energy, confined within the FWHM focal spot of 20 ] and a FWHM pulse
duration of 700 fs, resulted in a laser intensity of 2.5 - 10" W/cm?, corresponding to a,=4.28.

The simulations considered the ion type and ion fraction based on the chemical composition of triacetate
cellulose C,H,,O5 The homogeneous NCD plasma of 0.65n, was composed of electrons and fully ionized ions
of carbon, hydrogen, and oxygen. The simulation box had dimensions of 350\ x 75\ x 75\ and is sampled by
3500 x 150 x 150 cells in x, y, and z directions, where x was the propagation direction of the laser pulse. The
numbers of particles per cell in the simulation are four for the electrons and one for the ions of each type (C, H,
O). Absorbing boundary conditions are used for particles and fields in each direction. The order of the particle
shape function used to describe the NCD plasma is zero. We compared different particle shape functions and
found that the difference is negligible. The time step was 0.1 um along the laser axis (x) and 0.5 um in the y and
z directions. A convergence test was carried out by comparing the physical quantities of interest at different
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Figure 6. Experimental and simulated 1D images of the X-ray sources on the first and second IPs behind a set
of Ross filters in case of: (a) High contrast shot at 10" W/cm? laser intensity on Au-foil; (b) High contrast shot at
10" W/cm? on CHO-foam; (c) Shot at 10" W/cm? on CHO-foam pre-ionized by the ns pulse.
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Figure 7. (a) Trajectories of four selected electrons with a corresponding relativistic Lorentz factor y that
undergo betatron oscillations; (b) Photon energy distribution per 0.1%BW at time t= 130T, (black), 3307,
(blue), and 630T, (red)™.

resolutions. It is shown that at the resolution used in the present manuscript, the number of energetic electrons
is only about 3% higher than at a finer resolution (h, = 0.054,h, = h, = 0.31).

In VLPL, at each time step, relativistic electrons were assumed to emit photons in the direction of their
propagation with a spectrum defined by S(w/w.)*, where w, is a critical frequency. To facilitate the calculation,
the critical frequency was determined from the instantaneous acceleration as: . = %)/2',%!, where F| is the
transverse force felt by electrons at the particular time step. For parameters of the PHELIX experiment it resulted
into the critical energy of E.=5 keV. The spectral shape was based on synchrotron (betatron) radiation®, with
a spectrum determined by the universal function S(x) = x f ;OK5 3(6)dE with x = w/w. and K53 is a modified
Bessel function of the second kind.

Figures 7a,b show trajectories of four selected electrons with a corresponding relativistic Lorentz factor y
that undergo betatron oscillations and photon energy distribution per 0.1% BW at time ¢=130T, (black), 3307,
(blue), and 6307 (red). Here the time =0 corresponds to the peak intensity of the laser pulse on the target front
side, for more details on simulations, see in'°.

Simulations predicted ~7-10"! photons with energy > 1 keV, more specifically, there are 6-10'! photons in the
range of 1 keV to 10 keV and 9-10'° in the range of 10-30 keV. X-rays are emitted predominantly in the forward
direction and most of the photons are concentrated within the angle of ~ 15°. The half opening angle at half
maximum (RMS) O, (polarization direction) and ©, at the critical energy are 360 mrad and 270 mrad. Due to
the strong self-focusing, the transverse sizes of the radiation source are much smaller than the initial laser focus
spot size and approaches ~ 3.5 um x4 pm (RMS) along y and z directions. Considering all characteristics of the
betatron source, we come up with a peak brilliance of 3.3-10% photons/s/mm?/mrad?/0.1% BW. More details
can be found in™.

Data availability
The data supporting the plots of this article and other results of this study are available from the corresponding
authors on reasonable request.
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