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Abstract

Many laser-based high-energy-density science (HEDS) facilities have one or more short-pulse
(sub- to few-picosecond) laser beams for diagnostics. For the past decade, we have been devel-
oping a novel x-ray probing capability using such picosecond lasers interacting with an under-
dense plasma to produce relativistic electrons. The ultimate goal of these experiments is to demon-
strate a new type of x-ray backlighter using the short-pulse ARC laser at the National Ignition
Facility (NIF). Before this diagnostic is fielded at the NIF, it is critical to demonstrate the viab-
ility and reproducibility of the x-ray source on comparable high-power short-pulse laser sys-
tems. We present experiments that were carried out with the OMEGA EP laser at the University
of Rochester’s laboratory for laser energetics. In these experiments, high-energy electrons are pro-
duced through a combination of the self-modulation instability and direct laser acceleration in an
underdense gas jet. These electrons generate directional x-rays with characteristic energies up to
several tens of keV as they execute betatron motion in the ion channel, and the inverse Compton
scattering process generates even harder x-rays, with characteristic photon energies of 60—240 keV.
When implemented on the OMEGA EP laser(s), this x-ray source yields results that are com-
parable to those obtained recently on the short-pulse Titan laser at the Jupiter Laser Facility at
Lawrence Livermore National Laboratory, after accounting for differences in laser energy, peak
intensity, focusing f/#, and plasma source. Applications of such an x-ray source for HEDS exper-
iments are discussed.

1. Introduction

X-ray backlighting is a critical diagnostic tool in high-energy-density science (HEDS) experiments, par-
ticularly for radiographing hydrodynamic instabilities [1], implosion symmetry [2], and stagnation
dynamics in inertial confinement fusion (ICF) targets [3]. Conventional laser-produced x-ray sources
include recombination line radiation from solid targets embedded with highly ionized impurity atoms, as
well as inner-shell K, g emission induced by hot electrons, or by radiation pumping. These sources are
often limited in HEDS applications because of their relatively low photon energy, low flux, long dura-
tion, and large source sizes [3].

© 2026 The Author(s). Published by IOP Publishing Ltd
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Over the past decade, our collaboration has been developing an x-ray source using relativistic
(>100 MeV) electrons generated by a picosecond-class, 100 TW laser propagating through an underdense
plasma [4, 5]. When relativistic electrons (v > 1) are bent by the focusing force of a periodic magnetic
field (undulator motion), bent by the transverse electric field of an ion column in a plasma (betatron
motion) [6], decelerated by strong deflection from atomic nuclei (bremsstrahlung) [7, 8], or collide with
an intense laser pulse (inverse Compton scattering) [9, 10], they emit radiation that is typically tempor-
ally incoherent but highly directional. Therefore, such a photon source can, in principle, be placed as far
as 5-10 cm from the experimental package.

Early efforts in this field focused on betatron x-ray generation from laser-plasma accelerators [4].
However, it soon became apparent that many HEDS facilities worldwide-multi-beam, multi-k], 1-10 ns-
class laser systems-also provide one or more picosecond short pulse beams. This realization redirected
our work toward characterizing x-rays generated by picosecond relativistic laser-plasma interactions [11].

The initial years of our work were devoted to elucidating the mechanisms underlying electron accel-
eration in this regime [12]. The stimulated Raman forward scattering instability [13] and its multi-
dimensional analog, the self-modulation instability (SMI), are known to generate relativistic plasma
waves capable of trapping and accelerating a copious number of plasma electrons [14—-16]. Experimental
campaigns by our group and others show that when a picosecond-long, multi-TW laser pulse propagates
through plasma with a typical density of 0.05-0.1 times the critical density #,, the laser power quickly
exceeds the critical power for self-focusing, and electron cavitation ensues [17—19]. The partially formed
plasma channel guides the laser pulse and facilitates the excitation of a relativistic plasma wave. The lon-
gitudinal field of this plasma wave accelerates electrons to high energies, as shown in figure 1. The ion
channel that remains in the plasma can also provide further direct acceleration of electrons by coupling
to the transverse electric field of the laser-hence the term direct laser acceleration (DLA) [20, 21].

Betatron radiation arises when relativistic electrons accelerated in the plasma cavity undergo trans-
verse oscillations driven by the focusing fields of the ion channel, producing synchrotron-like x-rays
with a broadband spectrum [22, 23]. This radiation is emitted primarily in the forward direction from
a micrometer-scale source, with photon energies extending up to tens of keV [4, 5, 24, 25]. In addi-
tion, even higher-energy x-rays can be generated not only within the underdense plasma itself, but also
externally through inverse Compton scattering (ICS) [9] and bremsstrahlung mechanisms [26], using
foils of variable thickness and material composition. In this work, we investigated how the addition of
ICS increases the total forward hard-x-ray yield and maximum photon energy, noting that the electron
beam-bremsstrahlung interaction with the low-Z foil is negligible when compared to the ICS process.

To realize ICS in a compact, single-beam geometry, we employed a 100 um low-Z (CH-plastic) foil as a
plasma mirror that retro-reflects the drive pulse for a head-on interaction with the accelerated electron
beam.

This work represents the first demonstration of a compact, directional hard x-ray source driven by
picosecond laser-plasma interactions on a facility other than the Titan Laser at the Jupiter Laser Facility-
specifically on OMEGA-EP at LLE-showing that the platform is reproducible, robust, and transferable
across major HED facilities. We demonstrate betatron radiation, which provides a stable broadband
flux up to tens of keV at ~10'° phkeVsr~! [4, 5, 24, 25], along with ICS emission extending to 60—
240keV [9, 10], and (potentially) bremsstrahlung reaching energies above 1 MeV [7, 27]. Together, these
mechanisms establish a tunable, point-projection backlighter that spans the 10-50keV band for phase-
contrast and low-Z interface imaging, while providing higher-energy capability for shock, instability, and
implosion diagnostics [28-31].

1.1. Particle-in-simulations of this directional hard x-ray source

Particle-in-cell (PIC) simulations using the 2D-OSIRIS [33] code illustrate the essential physics of
relativistic picosecond laser—plasma interactions in underdense targets figure 1. A nominally 700 fs
(FWHM) laser pulse with normalized vector potential ay = 3, with a ratio of peak power to critical
power for relativistic self-focusing P/P. = 23, and wavelength A = 1053 nm propagates 1 mm into a fully
ionized helium plasma of density n. = 1.0 x 10 cm ™2 (n./n. = 1%). Figure 1 summarizes the laser-
plasma dynamics in a plasma window from 500 to 1000 um: (a) after the laser pulse has propagated
through approximately 1 mm of plasma, the rising edge of its envelope exhibits strong relativistic self-
focusing with transverse compression of the E, field around x; = 830-850 pm; (b) the SMI develops
rapidly, as indicated by the formation of nonlinear plasma waves behind the self-focused front, with the
strongest longitudinal plasma wave annotated in green; (c) the electron density shows modulations asso-
ciated with SMI, as well as electron bunching and partial channel formation between x; = 615-915 um;
and (d) the corresponding ion density profile reveals the developing ion channel, whose focusing force
supports DLA and betatron x-ray emission. The region between the dashed lines in panels (c) and (d)
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Figure 1. OSIRIS 2D particle-in-cell simulations of a relativistic (ap = 3, 7 = 700 fs) laser pulse after I mm of propagation in
underdense helium plasma (. = 1.0 x 10! cm™2). (a) Envelope of the transverse (laser) electric field (E,), (b) on-axis longitud-
inal electric field (E;), (c) electron density, and (d) ion density. (a)—(d) Reproduced from [32]. © IOP Publishing Ltd. All rights
reserved.

marks the ion-channel region that predominantly contains the trapped electron population. Collectively,
these simulations illustrate where the coupled action of SMI, DLA, and ion-channel-assisted DLA occur
that produce electron beams with orders of magnitude higher charge—though at somewhat lower gradi-
ents, because of beam loading, and broader spectra—than in the ideal blowout regime of laser wakefield
acceleration induced by an ultrashort laser pulse.

2. Experimental method

The experiments were carried out on OMEGA EP at the University of Rochester’s laboratory for laser
energetics (LLE) using a 100 J-class, short-pulse (~1 ps) laser, making it an ideal platform for making a
direct comparison with prior work carried out on the Titan Laser at JLF at LLNL [5, 17]. The electron
beam characteristics of this platform on OMEGA EP have been published in detail elsewhere [34], but
here we give an overview to set the stage for discussing the x-ray capabilities in the 10-100 keV photon
energy range.

For repeatable and stable operation, we use a gas jet and a fast-acting valve system, which for
OMEGA EP is capable of opening and closing within approximately 100 us [35]. For these campaigns,
a Mach 5 nozzle with a 6 mm opening (except for one experimental shot, taken with a 10 mm nozzle
opening) was employed to spray a plume of helium gas, which the laser ionized to generate relativ-
istic laser-plasma interactions, as described above, where these interactions are driven at approximately
1.8 mm above (Mach 5, 6 mm opening) or 2.7 mm above (Mach 5, 10 mm opening) the nozzle within a
stable plasma density plateau that is adjustable from 1.5 x 10¥cm™> to 5 x 10" cm™3 [36].

The OMEGA EP laser system operates at a central wavelength of 1054nm with a pulse duration of
700 £ 100fs, with a typical shot rate of once every 90 min. Therefore, two beamlines, referred to as the
‘Backlighter’ and ‘Sidelighter’, were alternately used to double the number of experimental shots. For this
experiment, spatially filtered apodizers were inserted before the final focusing off-axis parabolic mirror
to control the beam diameter and improve the focal spot characteristics of each beamline [37]. The f/6
apodizer configuration increased the Rayleigh length by a factor of approximately 10 relative to the nat-
ive f/2 final focusing optic. With this setup, the apodized beams produced focal spots with a nominal
beam waist, wy which ranged from 13.5 — 17.3 um, and delivered up to 85 J (49 J) of laser energy on
the Backlighter (Sidelighter) beamlines; this configuration resulted in nominal peak normalized vector
potentials of ay = 5.4 (ay = 4.4), corresponding to nominal peak laser intensities of 3.61 x 10" Wcm ™2
(2.46 x 10 Wem™2).

For certain experimental laser shots, (as identified in later figures) an ICS foil was placed after the
gas jet at a 15° angle with respect to the electron beam axis, where it generated a highly reflective surface
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plasma. Since the electron and the pump laser both travel at approximately the speed of light, most of
the electrons collide with the reflected laser photons despite the small angle. The use of a low-Z ICS foil
may raise the concern that the laser’s pre-pulse could ablate the foil well before the arrival of the main
pulse, thereby skewing the results and suppressing the ICS mechanism. However, the incoherent focal
spot of the EP pre-pulse reaches a peak intensity of only ~1.6 x 10'*Wcm™2 about 1.2 ns before the
main pulse, compared to a main-pulse peak intensity of 5.9 x 10" Wcem™2, corresponding to an intens-
ity contrast of ~76 dB [38]. Consequently, any pre-pulse interaction with the foil is negligible, and the
ICS foil is expected to remain intact during the main pulse, ensuring that the ICS mechanism is not
compromised by unintended properties of the OMEGA EP laser system.

The diagnostic assembly was positioned 47.63 cm downstream of the gas jet. A nominal 0.8 T mag-
netic field, generated by a 10.48 cm dipole magnet, dispersed the electron beam after it passed through
a 5mm X 5mm square aperture in the electron spectrometer, inset 6.88 cm from the front surface of
the diagnostic. The combined electron—proton spectrometer employed a cylindrical outlet aperture
8 mm in diameter and 13.8 mm in length to terminate charged particles before they reached the photon
diagnostic.

The x-ray diagnostic system arranged metal filters in a spoke-wheel geometry (filter wheel), fol-
lowed by stacked metal layers interleaved with image plates (IPs), and inset this assembly 109.92 cm from
the front surface of the diagnostic. Shaw et al [34] provides further details on beam charge, divergence,
source size, and pointing stability.

We varied the gas pressure (plasma density) and laser energy, while also repeating experimental shots
to quantify both the reliability of the platform and the variability of the electron beam and x-ray source
for a given set of input parameters.

2.1. Results & discussion
2.1.1. Electron spectrum
In experiments described here, the laser-plasma produced relativistic electron beams were detected
54.5 cm downstream, where they were measured using an electron positron proton spectrometer (EPPS)
mounted on a 10 inch manipulator and equipped with a blast shield [34, 39] (figure 2). The spectro-
meter housed a stack of IPs positioned perpendicular to the beam axis to capture information about the
beam’s transverse distribution, angular spread, pointing stability, and charge. The front stack included
a 25 pum thick aluminum filter to eliminate residual laser light, followed by two BAS-MS IPs. The first
plate served as an energy filter, suppressing electrons below approximately 400 keV, while the second
plate captured the spatial and charge distribution of higher-energy electrons that penetrated the filter.
In the experiment, the front plates had a central 5mm aperture, enabling on-axis high-energy electrons
to pass through to the EPPS spectrometer. The EPPS has a high-energy, low-dispersion 0.8 Tesla magnet
configuration, which bends the propagating electrons onto an IP oriented facing orthogonal to the axis
of propagation. This electron spectrometer is capable of resolving energies up to 200 + 20 MeV [34, 39].
A dedicated analysis suite was used to process the raw IP data and extract the electron spectra. The
Fujifilm BAS-IP SR IPs were scanned using a Fujifilm Typhoon FLA7000 imager system with a spatial
resolution of 100x 100 um?, dynamic range of L5, laser voltage sensitivity setting of $4000, and a pho-
tomultiplier voltage of 687 V. The resulting proprietary 16 bit .gel files were converted into photostimu-
lated luminescence (PSL) units using these parameters as described by equation 1 of Williams ef al Rev.
of Sci. Inst. 2014 [40—42]. The central portion of the electron beam-illuminated diagnostic images were
then vertically averaged and converted into a lineout to represent the energy-resolved signal across the
dispersion axis. A narrow background region, taken from the top two pixels of each plate, was subtracted
from the signal to isolate beam-induced luminescence from the background electron signal of second-
ary electrons and light emission. The horizontal pixel coordinates were mapped to electron energy using
a pre-characterized EPPS dispersion curve as per Shaw et al [34]. Signal decay due to the time elapsed
between experimental shot and IP scan was corrected using a double-exponential fading model, equation
3 of Maddox [43], and absolute electron yield was calculated by applying an energy-dependent PSL-
to-charge conversion. The resulting electron spectrum was fit with a two-component exponential func-
tion, f(E) = Ale_% + Aze_% using a base-10 logarithmic transform of the dependent variable. Fitting
in log space improves numerical stability by compressing the dynamic range of the data (which spans
two to three orders of magnitude between 1 and 200 MeV), thereby reducing the number of function
evaluations required to reach the target coefficient of determination (R?). In this form, the trust region
reflective algorithm solves a problem that is closer to linear in the transformed space, leading to faster
convergence compared to a direct fit in linear space [44, 45]. From this fit, the amplitudes and charac-
teristic energies (A, T1, A;, T,) were extracted, and 95% confidence intervals were estimated from the
parameter covariance matrix [44].
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Figure 2. Schematic layout of the experimental platform. The two lasers beams are orthogonally oriented with the ‘Backlighter’
beam delivering a maximum f/6 energy of 85] and the ‘Sidelighter’ beam providing a maximum f/6 energy of 45 J. These beams
share a gas jet (6/8 mm dia.) at the chamber centered and duplicate, identical diagnostics are fielded for each laser beam.

The A; and T, parameters are representative of the population of SMI accelerated electrons, as
determined by PIC simulations, which are the dominant source of accelerated electrons in the 1-40 MeV
range [46]. In contrast, the A, and T, parameters of the two-temperature exponential fit represent elec-
trons accelerated via other mechanisms such as DLA, which dominates above 60 MeV [46]. We note that
DLA occurs in both the plasma channel that forms right behind the self-modulated plasma wave due
to relativistic self-focusing, and by overlap of the electrons accelerated by the longitudinal field with the
transverse field of the laser in the presence of ions [47].

It is important to note that placing an ICS foil should have very little effect on the electron spec-
tra [9]. The plasma produced by the picosecond laser pulse on the surface of the foil can affect the emit-
tance (and hence the divergence angle) of the low energy electrons (E < 10MeV), but should not affect
either the yield or temperature of the high energy electron beam. The two-temperature fit represents
the sum of the SMI and DLA effects, which produce two quasi-Maxwellian populations. As might be
expected, the electron spectra from gas-jet-alone shots (betatron with DLA) were tightly grouped, with
T, temperatures in the 18 MeV range for SMI-accelerated electrons and 50-60 MeV temperatures for the
T, fit component attributed to DLA-accelerated electrons, (figures 3(b) and (c)). In our mathematical
model of these gas-jet-alone shots, the smaller T4 value reflects a ‘cold’ electron population, character-
istic of the substantial charge accelerated in the multitude of EPWs driven by the SMI, whereas the lar-
ger T, value corresponds to a ‘hot’ population originating from DLA, for the respective energy ranges
as described by [46]. In comparison to the gas-jet-alone shots, the experimental shots with ICS con-
verter foils driven with comparable lasers ay (4.5-5.4) had more substantial spread in electron spectra
(purple data points). We attribute the spread of fit parameters associated with ICS shots to the shot-
to-shot variation of the gas plume profile, number of e-foldings of the SMI, stochastic variations of
the DLA, and absolute pointing stability of the accelerator. For the lower count of gas-jet-alone shots,
by happenstance, all exhibited similar electron beam spectra (figures 3(b) and (c)) even though the
accelerated electron beam was subject to the same variability. Specifically, two ICS shots (facility shot
number #38391 & #38396) exhibited elevated electron T, temperatures, ~70 MeV, but these higher
T, temperatures were correlated with reduced electron yield 1.59e+12 Particles/sr/MeV and 9.02e+11
Particles/sr/MeV. The two ICS-coupled shots with low T temperatures (data points at 11 and 15MeV,
facility shot numbers #38 400 figure 3(a), & #38404), held the highest yield at 1.03e+413 Particles/sr/MeV
and 9.81e+12 Particles/sr/MeV at temperatures of 46.8 MeV & 46.2 MeV, respectively. These ICS shots
outperformed the gas-jet-alone configuration experimental shots, which all were grouped around 50—

60 MeV. Importantly, when averaged over all high-energy (>80 ]) shots, the gas-jet-alone and ICS con-
figurations produced comparable mean beam charge, 0.9 4C sr™ 1, while being characterized by some
variance in the fitting parameters as described by the per shot discussion above. By contrast, the lower-
energy (<80 ]) subsets for both configurations showed greater variability in all fit parameters, reflecting
the increased sensitivity of SMI growth, DLA onset, and beam loading to drive energy and instantaneous
plasma conditions at reduced normalized laser intensity, aq.

In summary, the SMI and DLA mechanisms produced remarkably consistent results across multiple
shots ranging from ay of 4.5 to 5.4 (> 80J). Somewhat surprisingly, the electron spectra on the exper-
imental shots with ICS foils showed broader electron spectra. The origin of this effect is not yet under-
stood, as neither the total yield nor the temperature of the accelerated electrons was expected to be sig-
nificantly altered by the low-Z plasma generated on the surface of the ICS foil by the residual drive laser
pulse.
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Figure 3. Example electron spectra (a) of an electron beam generated by the underdense plasma interactions. The example
spectrum is for the experimental configuration where the electrons transferred energy to the reflected laser photons by
propagating through a low-Z ICS foil. This and other laser-produced electron beams (b), (c) were fit to a two exponential fit
Are B/ 1 Ay x e E/™: to quantify temperature and yield of the electron spectra.

2.1.2. X-ray analysis method

After passing through the filter wheel the x-rays expose a stack of IPs, separated by variable-thickness
metal foils that act as an x-ray spectrometer. An example of the exposure produced on the first IP is
shown in figure 4(a) with recovered spectrum shown in figure 4(b). In figure 4(b), (as well as the fol-
lowing figure) the y-axis denotes the photon yield, expressed as y/keV/sr, corresponding to the number
of photons emitted per unit photon energy and per unit solid angle.

The IPs used for x-ray detection were also scanned using a Fujifilm FLA-7000 650 nm laser scan-
ner. The BAS-SR IPs were scanned with a spatial resolution of 100 x 100 zm? while the x-ray IP stack
was scanned with a laser sensitivity setting of S1000, photomultiplier tube voltage of 687V, and with a
dynamic range of Latitude 5. The scanned IPs were converted from raw 16 bit intensity counts to PSL
using a calibration procedure based on the aforementioned scanner resolution, sensitivity, and a stand-
ard response model for photons [42]. For each metal filter region on the filter wheel, a circular region
of approximately r =300 pum, centered around the diagnostic’s 5 mm aperture, was averaged to obtain a
transmitted intensity. The mean PSL value within that region was used to represent the transmitted sig-
nal, and the standard deviation of pixel values was used to estimate the uncertainty due to spatial vari-
ation of the PSL counts associated with the transmission through these metal filters.

The filter wheel contained the following metal foils, identified clockwise from the 12 o’clock posi-
tion: Zr (16 um), Zn (30 um), Zn (15 um), Fe (20 yum), Fe (13 pm), Ti (36 um), Mo (18 um), and Zn
(32 um), see figure 4(a). These foils were selected to form both Ross and differential attenuation thick-
ness (DAT) pairs. Ross filter pairs-constructed from different elements with nearby K-edges-include
Zn 15 pm/Fe 20 pm (7.1-9.6 keV), Zr 16 um / Zn 30 pym (9.6-18.0 keV), and Mo 18 um / Zr 32 ym
(18.0-20.0keV). For Ross pairs, the spectral datapoint is defined as follows: the center point is the mean
photon energy of the K-edge window; the horizontal error bars correspond to the bandwidth of this
bandpass filter, the difference between the two material’s K-edges; and the vertical error bars represent
the transmission fraction above or below the window, respectively. In the ideal case, the transmission
difference outside the K-edge window vanishes, describing a theoretically perfect bandpass filter. DAT fil-
ter pairs comprising the same element but different thicknesses include Zr (16/32 pm), Zn (15/30 yum),
and Fe (13/20 ym). For DAT filter pairs, the center point is now defined as the transmission-weighted
mean photon energy, with the horizontal error bar now corresponding to the bandwidth between the
25% and 75% percentiles of the cumulative transmitted photon fluence. The vertical error bars are
defined analogously to Ross filter pairs, with the positive error bar corresponding to the transmission
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Figure 4. Example x-rays detected on the diagnostics image plates via the filer wheel (a) & stacked metal spectrometer (b). Panel
(c) contains the resulting analysis from the Ross (Blue) and DAT (Teal) pairs of the filter wheel, the DAT (Orange) pairs of the
stacked metal spectrometer along with theoretically fitted curves. See the text for details.

above this window and the negative error bar corresponding to the transmission below this transmis-
sion weighted window. The PSL fluences for all filters are shown in figure 4(a), and the resultant spec-
tral data points inferred from the Ross and DAT pairs are plotted in figure 4(b).

Of the three possible Ross pairs, only two provided useful data, as the Mo 18 um / Zr 32 pum (18.0-
19.9 keV) K-edge window resulted in anomalously high spectral fluence, likely due the observed trans-
mission, PSL, through the two foils being too similar to each other, in comparison to the other Ross
Pairs. This is likely due to the signal-to-noise ratio of the illumination across the IP and/or the detected
x-ray spectrum being unduly influenced from background x-ray generation of the electron beam striking
the containment walls of the EPPS detector.

In addition to the filter wheel we employed a reduced-channel hard x-ray spectrometer (HXS) based
on the diagnostic design of Chen et al [48]. This instrument consists of a linear stack of nine high-Z
filters. By sampling the transmitted fluence through increasing atomic number and thickness, this spec-
trometer provides sensitivity to the 15keV — 132keV hard x-ray band and enables sequentially ordered
DAT pairs for spectral extraction. These HXS DAT pairs are: Ti 100 pum & Al 100 pm (15-24 keV), Fe
100 pm & Ti 100 pm (20-33 keV), Cu 100 um & Fe 100 pum (24-42keV), Mo 100 um & Cu 100 pum
(28-50keV), Ag 150 pm & Mo 100 pum (25-60keV), Sn 500 pm & Ag 150 um (46-80keV), and Ta
500 pm & Sn 500 pm (81-132keV). These hard x-ray DAT pairs provide transmission-weighted mid-
points spanning 18.8-102 keV, with corresponding 25%-75% bandwidths ranging from 9.2keV in the
lowest-energy pair to 51 keV in the highest-energy pair. The sequential DAT configuration of the HXS
substantially expands the number of available spectral constraints-from five Ross and DAT pairs on
the filter wheel alone to twelve when the stacked-metal spectrometer channels are included-thereby
providing additional empirical leverage on both the spectral slope and high-energy tail of the analytical
models used in the curve fitting analyses.
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To reconstruct the incident x-ray spectrum, both forward-fitting and discrete analysis methods were
employed [49].The discrete fitting method employs a weighted nonlinear least-squares routine [50] to fit
the analytical functions f(E; A, E.) or f(E;A;,E;) to the Ross and DAT pair data. To mitigate the influ-
ence of the high-yield Ross pairs, the fit was performed in log;, space, thereby weighting the analytical
function in a manner that emphasizes the lower-yield DAT pairs. The forward fit method is an inversion
routine that estimate the energy spectrum of x-rays by comparing measured IP responses behind various
metal filters to predictions from an analytical model. Instead of directly trying to ‘unfold’ the spectrum
from measurements (which can be unstable or ambiguous), this method starts with an analytical model
of the expected functional form of the x-ray spectrum. This analytical model is used to calculate how
much signal each filter should produce by accounting for how each material absorbs x-rays at different
energies and how sensitive the IPs are to those energies. In this implementation, the forward-fit method
computes synthetic PSL values for each of the eight metal filters using

Peac,i = /Ti (E) R(E) f(E;E.,A.) dE,

where T;(E) is the energy-dependent transmission of the ith metal filter (including all upstream materi-
als), R(E) is the calibrated energy response of the IP, and f(E; A, E.) or f(E;A;,E;) is the assumed spec-
tral model (synchrotron-like for gas-jet-alone shots or exponential for ICS shots) parameterized by amp-
litude (A, A;) and characteristic energy (E., E;). The resulting vector P ; is supplied to a weighted
nonlinear least-squares routine [50], which adjusts the input parameters (E.,A. or Ej,A;) so that these
analytically generated PSL predictions best match the experimentally measured values Ppe,s,; for each fil-
ter channel, thereby providing a physically constrained inversion of the x-ray spectrum [49, 51, 52].

For the shots with experimental configurations that only generated hard x-rays from the
betatron radiation emitted from the underdense plasma (gas-jet-alone) we can utilize % =A. X

1010% ( 5 )ZKg /3 (EE), where E is the energy of the emitted x-rays, E. o< y*#1p, is the critical energy, and
K33 is the modified Bessel function of the second kind [32]. This equation models the on-axis obser-
vation of the resultant betatron x-ray spectra. For the experimental laser shots with both the under-
dense plasma and the low-Z ICS foil, we employed an exponential fit, f(E;E;,A;) = A; x 1010~ F/Fr,
where now A; is the amplitude of the decaying x-ray spectrum and E, is the effective spectral temper-
ature (i.e. the fitting parameter), which represents the characteristic energy scale over which the spec-
trum decreases by one e-folding. The expected PSL values for each filter are computed by convolving the
assumed spectrum with the filter transmission and IP response functions, and then iteratively adjusting
to minimize residuals with the measured PSL. In parallel, discrete analysis was performed using Ross and
DAT pairs, as described above [49]. Together, these methods provide a robust, multi-pronged analysis

of the x-ray spectrum across a broad energy range, ensuring internal consistency and resilience to filter-
specific artifacts (i.e. non-uniform x-ray transmission across a metal foil).

2.1.3. X-ray comparison between gas-jet-alone spectrum and gas-jet with inverse compton scattering

A key distinction between the various spectral analysis methods used in this work lies in their treat-
ment of spectral shape and resolution. The Ross and DAT pairs figure 5(a), evaluate x-ray transmis-
sion through specific filter combinations to determine the relative fluence across well-defined energy
bands (e.g. 7-18keV). This technique is robust in determining the transmission over the filter windows,
however, it lacks the capacity to reconstruct continuous spectral structure (whereas forward fitting can),
making it less suited for characterizing broad or high-energy tails.

From a base-10 discrete fit to the Ross and DAT filter pairs, ICS-enhanced shots yielded an average
amplitude of A; = (2.96 + 0.41) PhkeVsr~! and a characteristic energy of E; = 19.6 + 6.03keV across
N =5 shots, figures 5(d) and (e). A single low energy ICS shot, figure 5(f), yielded A; = 0.62 PhkeV sr!
with characteristic energy of E; =50keV (limited to the upper bound of the least squared fit). Across
the gas-jet-alone configurations, the discrete fit analysis characterized parameter scaling. High-energy
shots 5(a) produced A. = 1.67 £ 0.90 PhkeVsr—! and E=31.10 &+ 5.74keV for N = 3 shots. Lower-
energy shots 5(b) exhibited reduced amplitude, A. = 0.636 4- 0.518 PhkeV sr~!, but substantially higher
effective spectral temperatures, E. = 82.58 & 101.68keV, again for N = 3 shots. Finally, in the low-
density regime 5(c), a single shot yielded A =1.028 PhkeV sr—! and E = 25.17keV. These characteristic
x-ray spectra indicate that ICS-enhanced spectra, while lower in x-ray temperature E;, typically outper-
form gas-jet-alone spectra in the diagnostic range by a factor of greater than 10x, according to discrete
analysis. Although the ICS electron spectra (figure 3) exhibit significant variance in the temperatures and
amplitude of the recovered electron spectrum, the associated x-ray output remains remarkably consistent
in both amplitude and energy, confirming the robustness and reproducibility of ICS-generated radiation.
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Figure 5. Examples of x-ray spectra (a)—(c) described by forward fitting, discrete fitting and the Ross filter pairs & DAT filter
pairs as produced by the x-rays emitted by betatron radiation from the electrons in the underdense plasma in gas-jet-alone con-
figuration. Panel (a) is for laser parameters above 80 J, panel (b) less than 80 J, and panel (c) is when plasma density was below
1Xx10' cm~3. Panel (d)—(e) are for shots with laser energy above 80 J with both betatron radiation and ICS from employing a
low-z (CH-plastic) foil (shot collection split only for illustrative purposes). Panel (f) is for the same prior configuration, but for
laser energy of 49 .

In contrast to the Ross and DAT filter pairs discrete fit analysis method, the forward-fit technique
(figure 5(c)) applies a parametric model-typically synchrotron-like or exponential-to the full set of filter-
resolved PSL data. Using least-squares optimization, it incorporates both filter attenuation and detector
response to reconstruct a continuous spectrum and enable statistical comparisons across shots. However,
because the forward fit emphasizes global spectral structure, particularly at higher energies, it often
underestimates the photon fluence in the lower-energy range. This discrepancy arises from its reduced
sensitivity to localized spectral contributions that are more directly captured by the discrete method (e.g.
through transmission windows of the Ross filter pairs). As a result, the forward fit tends to underpredict
these lower intensity photon yields.

Forward-fit analysis of the filter-wheel PSL data revealed clear spectral trends that arise from vari-
ations in the scanned laser energy, plasma density, and the presence or absence of the ICS foil. The
gas-jet-alone shots are grouped by three experimental parameter regimes. High-energy betatron shots,
figure 5(a), produced an average amplitude of A; = 9.55 4- 15.27 PhkeV sr~! and a characteristic energy
of E; =51.0 & 47.3keV (N =3). Lower-energy betatron shots, figure 5(b), generated a smaller amp-
litude, A; = 1.06 &+ 1.51 PhkeVsr—!, but a significantly harder spectral falloff with E; = 70.8 &+ 50.6 keV
(N =3). The single low-density betatron shot, figure 5(c), produced a distinctly different response,
with a large amplitude A; = 57.2PhkeVsr~! and a soft energy scale E; = 4.27 keV, which is consistent
with a larger plasma volume, but lower number of accelerated electrons, hence the lower x-ray tem-
perature. Comparing the forward fits of the gas-jet-alone to the ICS foil shots, we identify two ICS
experimental parameter regimes. The low-energy ICS shot, figure 5(f), produced a small amplitude of
A; =0.166 PhkeV sr—! but a very hard spectrum with E; = 100keV (limited to the upper bound of the
least squared forward fit), indicating efficient high-energy photon generation despite reduced low energy
x-ray fluence. In contrast, the collection of high-energy ICS shots, figure 5(d) & e, yielded markedly
enhanced forward-fit parameters, with A, = 19.24 £ 14.09 PhkeVsr~! and E; = 10.37 & 3.38keV across
N =5 shots. These results demonstrate that ICS consistently enhances the photon yield while produ-
cing a softer exponential spectral slope, whereas betatron-dominated spectra show substantially greater
shot-to-shot variability as the x-ray generation is solely dependent upon the evolution of gas-jet plasma
dynamics (SMI and DLA).

Looking forward, the directional hard x-ray source is well positioned for integration with
bremsstrahlung converters, which can substantially extend the x-ray spectrum into the MeV regime [27],
albeit with reduced photon flux over the 1keV to as high as the 100 keV photon range. Together, the
discrete and forward-fit analyses demonstrate a complementary picture of betatron and ICS emission:
betatron radiation offers broadband, high-fluence output ideal for a wide range of imaging, and ICS acts
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Table 1. Comparison of the parameters used for the (a) laser, (b) focal system, and (c) plasma, as well as the results obtained for the (d)
electron and (e) x-ray spectra on two sister facilities, the Titan Laser System at JLF and OMEGA EP Backlighter/Sidelighter Laser

System at LLE.
System parameters

Laser Wavelength Pulse duration Energy Peak ag
JLF Titan 1053 nm 700-1000 fs 80-1507 3
EP EP Back/Sidelighter 1053 nm 700 4 100 fs 45-84] 5.4

Focal system

Type fl# Spot size
JLF OAP f110 29 um
EP Apodizer fle 12 pm

Plasma target

Type Diameter Gas Density x10'® cm™?
JLF Supersonic nozzle 3,4,10 mm He,He/He:N2,He 5-15, 1-5, 1-10
EP Mach 6 nozzle 6, 10 mm He 7-17

Electron spectrum

T1 (MeV) T, (MeV) Ay x10" (e™ /MeV /sr) Ay x10"([e™ /MeV /sr)
JLF 7-18 20-50 1.08E-01° 1.80E-03"
EP 11.7-40 36-70 11-28 0.3-10

X-ray spectrum models

Acx10'° (PhkeV Sr™1) E. (keV) A1x10" (PhkeV Sr71) E; (keV)
JLF 6-36 8.5-19.7 1.2-5.6° / 0.89-1.75° 8.7-13" / 23.9-29.0°
EP 0.4-57 4-100 8.3-43 5.3-14.1

2 Normalized against Qge = 0.01 sr.
b Diagnostic band from Filter Wheel [49].
¢ Diagnostic band from Hard x-ray Spectrometer ‘Cannon’ [49].

as a booster to the betatron emission in both yield and x-ray energy range to strengthen the applicability
of this directional hard x-ray source for HEDS experiments.

2.1.4. High level comparison between JLF Titan results and OMEGA EP Backlighter/Sidelighter results
The Titan Laser at JLF (80-150], 700-1000 fs, ao ~ 3) and the OMEGA EP Back/Sidelighter system (45—
857, 700 fs, ag ~ 5.4) were each focused with f/10 or f/6 optics to 29-12 um spots into Mach 3-5 or
Mach 6 gas jets with densities ranging from 1-17 x 108 cm ™2, as detailed in table 1. These configura-
tions produced electron spectra with temperatures up to 50-70 MeV and x-ray emission characterized
by Betatron-like spectra extending from ~10keV up to ~300keV. The measured source size is ~100 um
FWHM [25], consistent with point-projection imaging requirements.

The characteristic electron spectra driven by the Titan laser exhibited T; ~ 7-18 MeV and T, ~ 20—
50 MeV, whereas the OMEGA-EP laser produced hotter distributions of T ~ 11.7-40 MeV and T ~
36-70 MeV, indicating a flatter spectrum that extended further into the high-energy electron range,
as per table 1. This behavior is reflected in the betatron x-ray output: Titan shots yielded A. ~ 6—
36x10'° phkeV sr~! with critical energies E. ~ 8.5-19.7 keV, while the forward-fit values obtained on
OMEGA-EP spanned a wider range of A. = 0.4-57x10' phkeV sr~! and E. = 4-100keV. The lar-
ger E. values observed on OMEGA-EP, particularly in lower-energy (ag) shots, correspond to sig-
nificantly harder spectra but with reduced fluence in the 1-10keV band relative to Titan. A sim-
ilar trend appears in the ICS results: Titan produced A; ~ 1.2-5.6 (0.89-1.75 in the Cannon spectral
range) x 10 phkeV sr—! at E; ~ 8.7-13keV (23.9-29.0 keV in Cannon), whereas OMEGA-EP ICS shots
exhibited a broader range of A; = 8.3-43.3 x 10! phkeVsr~! and E; = 5.3-14.1 keV,, as listed in table
1. Thus, while both facilities demonstrated broadly comparable hard x-ray sources driven by picosecond
lasers, OMEGA-EP achieved these spectral results with less than 85 J on target, whereas Titan required
up to 65 ] more energy to produce qualitatively similar spectra. This enhanced efficiency at OMEGA-EP
arises from the use of a spatial apodizer to replicate a shorter f-number optic, which reduces the focal
spot size and thereby increases gy, compensating for the lower delivered energy relative to Titan.
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This compact, directional hard x-ray source thus bridges the ~10 keV band (critical for phase-
contrast and low-Z interface imaging) with >50keV capability using ICS-enabling penetration of dense
targets. Placing a high-Z converter foil can further increase the photon energy into the MeV range by
incorporating electron beam-bremsstrahlung radiation. Such brightness and tunability are critical for
OMEGA and OMEGA-EP campaigns that demand directional radiography rather than those based on
point projection imaging [53, 54]. Experiments that would benefit from such a radiographic source
include early-time hydrodynamics [28], growth of seeded hydrodynamic instability [29], the break-up
and mixing of low-Z interfaces [30], dense directly-driven implosions [31], coil-laden MIFEDS tar-
gets [55], thick metal shock tubes [7], and areal density (pR) measurements of deuterium—tritium filled
spherical capsule implosions [2, 56].

The applicability of this source extends broadly to shock-imaging experiments. Ultrafast betatron
radiography of laser-driven shocks in silicon by Wood et al [57] highlights the potential of compact x-ray
sources for probing solid-density dynamics. Unlike traditional surface-based diagnostics such as high-
speed photography or velocity interferometry [58], which are restricted to measuring shock breakout and
surface velocities, directional hard x-rays can directly probe subsurface structures and thereby capture
the temporal and spatial evolution of laser-driven shocks. tabletop single-shot phase imaging of shocked
targets [59] has already demonstrated phase-sensitive contrast and recently, the x-ray phase-contrast ima-
ging method discussed in this work has been utilized at OMEGA EP using laser-driven Cu—(CH) foil
backlighters [30]. For all these experiments the directional hard x-ray source proposed here would be
advantageous compared to such low-Z foil bremsstrahlung sources, as it provides true point-projection
imaging with tunable photon energy and significantly higher flux. Similarly, point-projection radio-
graphy of buried-cone targets at LULI [60] would benefit from the increased brightness and >50 keV
capability needed to penetrate cone walls and resolve shock propagation in dense assemblies. Proton
radiography of shock-compressed carbon foams [61] could also be complemented by broadband hard
x-ray imaging, which enables attenuation-based density mapping with higher spatial resolution and
provides a direct comparison to charged-particle diagnostics.

3. Summary

Before a new diagnostic for HEDS experiments is adopted on a major laser facility, such as National
Ignition Facility, it has to be tested for reliability and robustness on at least two laser facilities with
similar power. Our experimental platform uses picosecond laser pulses interacting with an underdense
plasma to generate and accelerate relativistic electrons that emit betatron x-rays within the plasma,
augmented by ICS radiation. This paper reports our results obtained on the OMEGA EP laser facility at
LLE. The results are in good agreement with our previous results obtained using the Titan Laser at the
Jupiter Laser Facility at LLNL, where x-ray fluences were recorded to be 6 — 36 (1.2 — 5.6%,0.89 — 1.75)
%10 PhkeV Sr~! at 8.5 —19.7 (8.7 — 13%,23.9 — 29.0P) keV for Betatron (ICS) generated photons.

Two spectral analysis techniques-discrete filter-based fitting and forward model fitting-were employed to
extract spectral amplitudes and critical energies across a range of experimental conditions. While the for-
ward fit resolves full spectral profiles, it systematically underestimates fluence within the 7-18 keV band
compared to the more robust, window-specific Ross Pair and Differential Averaged Transmission filter
technique. Betatron sources produced broadband emission with minimal shot-to-shot variability, whereas
ICS-enhanced shots occurred with more variable, but exhibited higher electron energy, x-ray energy, and
fluence, with average x-ray yields exceeding betatron emission by up to an order of magnitude. These
results highlight the complementary strengths of betatron and ICS emission and establish that this dir-
ectional hard x-ray source driven by a sub-picosecond, 100-TW-class laser is a viable and flexible source
for HEDS experimental diagnostics.
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