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We investigate a new regime for betatron x-ray emission that utilizes kilojoule-class —picosecond
lasers to drive wakes in plasmas. When such laser pulses with intensities of ~ 5 x 108 VV/cm2 are
focused into plasmas with electron densities of ~ 1 x 10*® ecm ™2, they undergo self-modulation and
channeling, which accelerates electrons up to 200 MeV energies and causes those electrons to emit
x-raysx rays. The measured x-ray spectra are fit with a synchrotron spectrum with a critical energy
of $0-20-10-20 keV, and 2D PIC-particle-in-cell simulations were used to model the acceleration and

radiation of the electrons in our experimental conditions.

A frequently used method to probe the size, density, and composition of highly—tramnsient-highly transient states
of matter is x-ray backlighting using laser-produced x-raysx rays. A source based on betatron emission from a laser-
plasma accelerator [1] is attractive for this purpose because it generates a small-divergence +-broadband x-ray beam
that can be used to backlight the target being studied. Betatron x-ray radiation has been used for biological and
medical purposes, such as x-ray phase contrast imaging of insects [2-4] and hard x-ray radiography of bone [5]. Tts
unique properties also make it suitable for studying the dynamics of high-energy-density plasmas and warm dense
matter, a state near solid densities, and a few electronvolts’ (eV) temperatures found in the core of jovian planets and
inertial confinement fusion plasmas [6, 7]. Within this context, measurements that could possibly be made using a

betatron x-ray source include x-ray radiography and phase contrast imaging of laser-driven shocks, near-edgenecar-edge



absorption spectroscopy, and opacity [8].

Most of the current work on betatron sources uses <50 fs-long laser pulses [1]. However, national large-scale
laser facilities, where betatron radiation could serve as a backlighter x-ray beam, have kilojoule-class —picosecond
lasers. Examples include the advanced radiographic capability (ARC) of the National Ignition Facility (NIF), the
Petawatt Aquitaine Laser (PETAL) of the Laser Megajoule (LMJ) in France, and the LFEX laser at the University
of Osaka in Japan. Initially, the peak intensities produced by these lasers are expected to be in the few times 10'®
W /em? range. In view of its potential for applications, it is therefore important to investigate the mechanisms of
betatron x-ray emission using a picosecond-class laser with such intensity, which corresponds to a peak normalized
vector potential ag = 8.5 x 10719, [um]]i/z[W/ch] of about 2, where I, and \g are the laser intensity and central
wavelength, respectively. In the blowout LWFA regime, the laser pulse length c7, with 7 the laser pulse duration and
¢ the speed of light in vacuum, is about half of a plasma period A, = 2m¢/w,, whereas in the self-modulated laser
wakefield acceleration (SMLWFA) regime, the laser pulse overlaps with several tens of plasma periods. Consequently,
the electron charge trapped in SMLWFA can be about two orders of magnitude higher than in the blowout regime,
and recent Paztiele-Tn-Cellparticle-in-cell (PIC) simulations suggest that for conditions relevant to the PETAL laser
(kJ, ps), SMLWFA can enhance the betatron x-ray yield by a factor of +6-466-10-400 [9] compared to the blowout
regime.

In this Letter, we report on the first observation of betatron x-ray radiation in the SMLWFA regime from an
experiment where 1 ps laser pulses are focused onto an underdense target (at an electron density n. < n., where n.
is the critical density) to intensities corresponding to 1 < ag < 3.

When a picosecond laser pulse is focused onto an underdense target at intensities below 10 W/cm?, electrons
are accelerated through SMLWFA. Initially, some of the photons are forward scattered by thermal fluctuations in
the plasma at the plasma frequency. Stimulated forward Raman scattering [10] and selfmodutationself-modulation
are parametric decay instabilities that occur during the interaction, where the incident electromagnetic wave (wp, EO)
decays into an electron plasma wave (wp, Ep) +and scattered electromagnetic wave (ws, ES) These processes obey
frequency and sravenwmber-wave number matching conditions wy = ws + mw, and ko = ky % mk:,, where m is an
integer. For m > 1, these instabilities modulate the laser at the plasma period. Hence, a large-amplitude s—resonant
plasma wave is driven [11], which traps and accelerates plasma electrons up to relativistic energies [12-14]. When a

self-modulated wakefield is present, electrons that are trapped in the wakefield can also gain energy from the DLA



mechanism [15] if they overlap the drive laser [16, 17]. If the laser intensity is increased to above 102° W /cm?, almost
all the electrons are expelled from the focal volume, creating a near hollow channel [18]. The SMLWFA structure no
longer exists in this case, and electrons will be accelerated by DLA alone [19] and emit betatron s—+ays—=x rays [20].

To study betatron x-ray emission at the lower intensities relevant to upcoming —larger-scale laser facilities, we
conducted an experiment at the Jupiter Laser Facility ;—Lawrence Livermore National Laboratory ——with the Titan
laser. Titan is a Nd:glass laser system that produces O.7J_r8€’ ps-long pulses at a wavelength of 1.053 pum with up to
150 J on target. In our configuration (Eigure-Fig. 1), the laser is focused onto a 3-mm supersonic gas jet with an
£f/10 off-axis parabola (OAP). This geometry produces focal spots of 29.6 £6.1 pum radius, measured at low laser
power and containing 86% of the total laser energy (ag ~ 3). This spot is well fit with a Gaussian of dimensions
16.5 + 3.2 um in the vertical direction and 20.3 4+ 3.3 um in the horizontal direction (1/e? intensity radius). The
gas composition for each shot could be varied from pure He to He/No mixtures containing between 1% and 100% Ny
(by partial pressure). The electron density, measured with interferometry, is between 0.1 and 1.5x10' cm~2. An
uncoated glass wedge reflects the laser light transmitted through the gas jet onto an imaging optical spectrometer
(Acton SpectraPro) coupled with a visible CCD camera (Princeton PI-XIS), which records wavelengths from 0.5 to
1.2 pm. An example image is shown in Figure-Fig. 1. The electrons, accelerated in the jet and propagating in the
forward direction through a hole in the glass wedge, are deflected onto two image plates by a 0.42 Tesla permanent
magnet. This spectrometer, described in detail in previous work [21], measures the electron energy and deflection
from the laser axis, with fiducials placed between the two image plates. X—rays-X rays pass through 15 filter wedges,
arranged as Ross pairs, and are detected using image plates. The image plates are outside of the target chamber
behind a 200 pm myter-Mylar and a 22 pm aluminum window and in front of a stacked-image-plate spectrometer
[22, 23], used as a second diagnostic to also measure x-ray yield produced during the experiment.

Electrons display an expenentially—decaying—enerey—distribution—{Figure—2A)—exponentially decaying energy
distribution [Fig. 2(a)] that extends out to between 250 and 300 MeV. For a range of electron densities within
0.5+5-1.5x10'" ecm™3, with laser energies around 150 J (ag ~ 2.9), the number of electrons N, per MeV can be
approximated by a two-temperature distribution of the form N, oc e=#/Tt 4 pe=E/T2 L with 13 < T7 < 18 MeV and
20 < T, < 50 MeV. The corresponding transmitted laser spectra {Eigure2B}[Fig. 2(b)] show Raman satellites indica-

tive of large-amplitude plasma waves and of plasma electrons not completely expelled by the laser pulse. The electron

density and the relativistieally—eerreetedrelativistically corrected plasma frequency w, are inferred from the position



FIG. 1: Experimental setup, with the OAP focusing the laser pulse (red) on the gas jet, the transverse interferometry probe
(green), and the transmitted laser optical spectrometer. An interferogram and transmitted laser spectrum are shown next to
and below the interferometer CCD camera, respectively. The electrons (dashed line) are dispersed in energy by the magnet
centered on the laser axis (122 cm from the source inside the target chamber) and recorded on image plates (IP, and IP) 5
167.5 cm and 187 cm away from the source, respectively. After exiting the vacuum chamber, s-rays=x rays (solid line) propagate
through 15 wedge filters onto the image plates and then through an S8-ekeannel-8-channel stacked image plate spectrometer (see
text for details). We show a raw image of IP, and IP;, an enlarged image of the sx—+ays—x rays measured on the image plate

through each of the 15 filters of the wheel, and the stacked image plate channels.

FIG. 2: (&a) Measured electron beam spectra for different conditions —and-{Band (b) corresponding transmitted laser spectra,

showing Raman anti-Stokes satellites (A1 and A2).

of two neighboring satellites with wavelengths A; and A2 so that w, = %‘2 — 2%; The electron densities measured

here were consistent with those deduced from the interferometry to +30%.

The x-ray spectra contain both betatron from the SMLWFA and higher-energy Bremsstrakdung-bremsstrahlung
noise from electrons hitting the chamber. These are analyzed with two different methods. Both take into account the
transmission of x-+ays—=x rays through elements of the system (Al, myter-Mylar windows) and the calibrated image
plates’ absorption and efficiency [24]. For photon energies between 1 and 30 keV, we utilize the filter wheel. Assuming
that the betatron motion of the electrons dominates the observed x-ray emission in this range, we consider an intensity
distribution per unit photon energy dE and solid angle df2 as a function of the photon energy F of the form:

2 2
% S (EE) K3 5[E/E, (1)
which is valid for betatron xrays—=x rays on axis [25]. Here, E, is the critical energy of the betatron spectrum, and

K33 is a modified Bessel function. The distribution function is calculated through the different filters of the wheel

FIG. 3: (Aa) Normalized x-ray yield through filters of Figure-Fig. 1 (red dots) —for ap = 3.05 and n. = 10" ecm ™3 —and critical
energy fits calculated with Equation=+Eq. (1), with E. = 5 keV, 10 keV, and 15 keV (solid, dashed, and dotted lines). Insets
:_stacked image plate data Rp, (red dots) and fit Rr; for a photon distribution Beuatien—2}[Eq. (2)] with E. = 10 keV, A
A = 8:000H4-—-nd-F-0.000 14, and T = 200 keV. (Bb) Deduced betatron and Bremsstraklang-bremsstrahlung spectra (see text

for details).



FIG. 4: Results of ©SHRIS-0SIRIS 2D PIC simulations. (Aj-eleetron-a) Electron density map at the beginning of the downramp,
where the black dots represent the 750 tracked electrons. (Bb) Raman forward scattering spectrum, (&)¥leetren—) electron
energy spectrum. (Bd) Trajectories of the 750 tracked electrons and energy gain throughout the simulation. (¥je) Overall

betatron x-ray spectrum calculated with JRABIRAD. See text for details of simulation.

and integrated to obtain the corresponding signal that it would yield on the image plate. The filters are sufficiently
thin to neglect the effects of scattering for our range of energies. Both the experimental and theoretical data are
normalized so that the sum of the signals of the filters is equal to 1. The data are analyzed through a least squares
fitting method by minimizing the number > (D; —T;)?, where D; and T; are, respectively, the measured and calculated
i

normalized signals for each filter. One example is shown in Figure-3A;Fig. 3(a) for ag = 3.05 and n. = 10" cm™3.
Here, the best fit is obtained for E. = 10 keV. In our experimental conditions, the highest critical energy F. = 20 keV
was measured for ag = 3.02 and n, = 1.3 x 10'? cm~3. By differentiating the signal obtained in the Tren/Chrominm
iron-chromium Ross pair (filters 6 and 5, see image of Figure-Fig. 1), we can deduce the x-ray photon yield N,
at 6.5+£0.5 keV. At constant electron density n. = 1.3 x 10 ¢cm~—3, it goes from N, = 3 x 10® photons/eV.Sr for
ag = 1.44 to N, = 1.45 x 10° photons/eV.Sr for ag = 3.02. A sharp +stainless-steel edge placed 22 cm from the source
casts a clear shadow on the first image plate detector, indicating that for energies below 30 keV, the main source of
x-rays-X rays originates at the gas jet, consistent with betatron emission. We do not expect any significant hard x-ray
Bremsstrahlans-bremsstrahlung emission from the very underdense plasma. The measured 1/ee? source diameter has
an upper value of 35 um.

To quantify the x-ray spectrum at photon energies between 10 and 500 keV, we use the stacked image plate
spectrometer. In addition to the betatron spectrum described by Eeuation—=Eqg. (1), we assume an additional 5

high-energy photon background so that the total number of photons per unit energy on axis is:

dNy 1 (E

2
=5 (£) K3lE/E]+ Aesl-B/Er), @)

where Erp is the temperature of the expenentially-deeaying Bremsstrahlune-exponentially decaying bremsstrahlun

spectrum and A its amplitude relative to the betatron spectrum. We propagate Beuation—2Eq. (2) through the
different materials of the experiment and through the calibrated stacked image plate spectrometer [23, 26]. The
number Ry ; = Pro/Pr, is calculated, where Pr is the total theoretical yield in the first plate (plate CO in Fignre

Fig. 1) and Pr; the total theoretical yield in subsequent plates for ¢ = 1 : 7. These values are compared to the



experimental results Rg; = Pgo/Pg,; to minimize the residue Y (Rg,; — RTJ-)2 by varying the parameters Er and
i

A. The betatron critical photon energy is set at F. = 10 keV in agreement with the Ross pair filters measurements.
The best fit fnset-ef Fieure-3A—[inset of Fig. 3(a) with the experimental data}-| is obtained for E7 = 200 keV and
A = 0.00014. The residue is higher +-by a factor of 10 —if we fit using only betatron or Bremsstrahlune-bremsstrahlung
distributions separately. We deduce that the total x-ray yield observed in our experiment and shown in Figure3B-Fig.
3(b) is a combination of betatron radiation (dominant up to 40 keV) and Bremsstrahbanebremsstrahlung (dominant
above 40 keV). The Bremssteahlunebremsstrahlung, inevitable whenever relativistic electrons are produced, is likely
due to lower energy (< 500 keV) electrons being strongly deflected by the magnet onto the walls of the target chamber.

To explain the observed betatron x-ray spectra, we performed 2D PIC simulations with ©OSHES-0SIRIS for a variety
of conditions [27]. We illustrate the salient observations from one simulation that uses an ag = 3, 7=0.7 ps, \g=1.053
pm laser pulse focused to a spot size of 15 ym (1/€? intensity radius) +—into a 200 pum density up ramp. The pulse
duration and ag were chosen to match the experimental values, and the spot size matches the value obtained from
the Gaussian fit (1/e? intensity radius) of the measured spot. The pulse then propagates through a 3 mm-long
fatly-ionized-fully ionized helium plasma of constant electron density n. = 1 x 10!? cm™3. The simulation utilizes a
moving window with box dimensions of 500 pum in the longitudinal (laser propagation) direction and 150 pm in the
transverse direction. The corresponding resolutions are, respectively, 60 and 7.2 cells per A\g. To calculate betatron
x-ray emission in these conditions, we select 750 random electrons in energy to match the overall spectrum Figure
4CcH[Fig. _4(c)]. The simulation is run again while also tracking the corresponding particles. Their position and
momentum are used to calculate their emission with the pest-preeessing-eedeJRAD-postprocessing code JRAD [28].

Figure 4A—(a) shows the instantaneous electron density map after 3.2 mm of propagation through the plasma. At
1 = 3200 pum, we clearly see several plasma wave periods with length \,, consistent with the front of the laser pulse
driving a large-amplitude plasma wave. In this region, electrons are mainly accelerated by the wakefield. At 1 = 3100
pm, the back of the laser has expelled the electrons through relativistic self-focusing to form an ion channel. In this
region, electrons are mainly accelerated by DLA [27], where, for our simulation parameters, DLA has been shown to
be a physical effect and not a numerical artifact [29]. Figure 4B-(b) shows the spectrum of the transmitted light. Here,
as in the experiment, one can see the anti-Stokes satellite upshifted by the plasma frequency. Figure 46-(c) shows

the electron spectrum at the end of the run. Again, as in the experiment, an expenentially-deeaying-exponentially

decaying spectrum extending out to 300 MeV is observed. This spectrum is also best fit with a two-temperature



Maxwellian distribution with 77 = 14 MeV and Ts = 56 MeV, similar to what is observed in the experiment. Figure
4B-(d) shows the trajectories of the 750 tracked electrons. These electrons were randenty-ehosenrandomly chosen to
represent the overall electron energy spectrum shown in 4-6-Fig. 4(c) and describe a strong betatron motion as they
are accelerated in the plasma. Using JRADJIRAD, we calculated the betatron radiation spectrum emitted by these
750 electrons {Figure4E}[Fig. 4(e)]. Here, the x-ray photon energy, below which 50% of all the radiated energy is
contained, is about 20 keV +in reasonable agreement with the experiment.

In conclusion, we have observed betatron radiation from the interaction of a picosecond srelativistic 1 < ag < 3 laser
pulse with an underdense plasma. 2D ©5HIS-0sIRIS PIC simulations show that betatron x-ra&ys-x rays are explained
by the emission from relativistic electrons accelerated primarily through SMLWFA. The number of betatron x-ray
photons observed in our experiments (10° Photons/eV-Sr at 6 keV) is comparable to or better than the bremsstrahlung
emission produced from foils at the same laser facility [30, 31]. It is also approaching the flux of hish-Z-plasmaM-band
high-Z-plasma M-band emission successfully used for single-shot x-ray absorption near edge structure (XANES) [32],
a technique widely used to diagnose shock-compressed and warm dense matter [33—-35]. Using betatron radiation to
this end will greatly benefit from efficient x-ray focusing optics [36], x-ray spectrometer designs [37], and increased
yield for kilojoule laser systems [9]. Hence, this first experimental demonstration of betatron x-ray emission in the
SMLWFA regime is encouraging for undertaking future applications at larger-scale laser facilities.
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