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ABSTRACT

Directed x-rays produced in the interaction of sub-picosecond laser pulses of moderate relativistic intensity with plasma of near-critical den-
sity are investigated. Synchrotron-like (betatron) radiation occurs in the process of direct laser acceleration (DLA) of electrons in a relativistic
laser channel when the electrons undergo transverse betatron oscillations in self-generated quasi-static electric and magnetic fields. In an
experiment at the PHELIX laser system, high-current directed beams of DLA electrons with a mean energy ten times higher than the pon-
deromotive potential and maximum energy up to 100 MeV were measured at 10'° W/cm? laser intensity. The spectrum of directed x-rays
in the range of 5-60 keV was evaluated using two sets of Ross filters placed at 0° and 10° to the laser pulse propagation axis. The differen-
tial x-ray absorption method allowed for absolute measurements of the angular-dependent photon fluence. We report 10"* photons/sr with
energies >5 keV measured at 0° to the laser axis and a brilliance of 102! photons s~ mm™ mrad™? (0.1%BW)!. The angular distribution
of the emission has an FWHM of 14°-16°. Thanks to the ultra-high photon fluence, point-like radiation source, and ultra-short emission
time, DLA-based keV backlighters are promising for various applications in high-energy-density research with kilojoule petawatt-class laser
facilities.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0181119

. INTRODUCTION

Laser-driven sources of synchrotron-like (betatron) radiation
are characterized by very short time duration, small size, directed
emission, and extreme brightness.! Thanks to these qualities, such
radiation sources are promising for a number of advanced appli-
cations, such as high-resolution x-ray radiography and absorption

spectrometry of ultra-fast processes (e.g., in inertial confinement
fusion?), shock wave and implosion research,” ® medicine,”® and
biology.”"

The betatron radiation generated in the interaction of a fem-
tosecond laser pulse with gas jets or gas cells of under-critical density
(<10 cm™) is caused by electrons accelerated in the process of
laser wake field acceleration (LWFA). Typically, these accelerated
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electrons approach energies of the order of hundreds of MeV
and total charges of 10-100 pC.'""" In the case of well-
optimized schemes, multi-GeV energies'® >’ and >nC charges can
be reached.”"”” The efficiency of the betatron radiation can be signif-
icantly enhanced by novel methods such as tailoring the laser tem-
poral shape and the target density profile.*”’ Increasing the plasma
density and/or laser pulse duration at relativistic laser intensity can
lead to a self-modulated regime of acceleration (SMLWFA),”* ¢
where the laser pulse is substantially longer than the period of the
Langmuir electron oscillations. In this regime, the charge of the
accelerated electrons, and therefore the number of photons emit-
ted, increases by more than an order of magnitude compared with
LWFA. Measurements of the betatron radiation generated in the
self-modulated LWFA regime at the sub-ps sub-kJ Titan laser system
have been reported in Refs. 2 and 27. Simulations performed under
the 1.1 kJ sub-ps PETAL conditions showed that the SMLWFA
regime predicts up to 8 x 10" photons with energy 2-60 keV.**

The experimental study on the generation of betatron radia-
tion using sub-ps laser pulses presented in this work is motived by
predictions of 3D particle-in-cell (PIC) simulations with the Virtual
Laser Plasma Lab (VLPL) code.” ! These simulations show that
efficient production of betatron radiation can be achieved by inter-
acting the laser with a plasma of near-critical electron density (NCD)
ne~ 102 cm™ fora wavelength of 1054 nm formed from an ionized
low-density foam (2-3 mg/cm3).”‘”

In contrast to the gas targets commonly used for various goals,
we have found relatively few works dealing with low-density foam
targets, examples being experiments on the Vulcan,””* OMEGA,*
and Titan®® laser facilities. These experiments dealt with electron
and proton acceleration in plasmas of density 0.91, to 90n, (3-300
mg/cm?® foam), but not with the generation of betatron radiation. A
major contribution to the study of the relativistic laser interaction
with foam targets has been made at the PHELIX laser facility, where
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directed beams of super-ponderomotive electrons and MeV gamma-
ray emissions (in the case of combinations of foams with high-Z
converters) have recently been obtained with record-breaking con-
version efficiencies.”” "’ In these experiments, the foam targets with
a density of 2-3 mg/cm™ were pre-ionized by a ns pulse and irradi-
ated by a laser pulse of 750 + 250 fs duration and (2-5) x 10" W/em?
intensity. Thanks to the efficient direct laser acceleration (DLA)
process, ' super-ponderomotive electrons (>2 MeV) with an effec-
tive temperature of >13 MeV carried charge of the order of 4C and
reached energies up to 100 MeV.”” This experimental result is in
good agreement with 3D-PIC simulations.”””**" The exact charac-
terization of the electron acceleration, including the absolute spectra
and the angular distribution of electron fluence, allowed a theoret-
ical study of betatron radiation to be performed that was tailored
for the experiments on PHELIX.”"”* This study predicted betatron
radiation reaching 7 x 10'! photons in the 1-30 keV energy range
and a brilliance of ~10% photons s mm™2 mrad™? (0.1%BW)~!,
These values are comparable to the photon number and brilliance
expected on PETAL at laser energy and intensity an order of mag-
nitude higher than in the case of PHELIX.”® The combination of
ultra-high photon fluence and high brilliance makes DLA-based
betatron radiation sources very promising for high-energy-density
research with k] PW-class lasers characterized by high background
radiation.

In this paper, we present the first experimental measurement
of the betatron radiation driven by the interaction of a sub-ps laser
pulse laser with pre-ionized low-density polymer foam targets.””"

The structure of the remainder of the paper is as follows: The
experimental setup, parameters of the laser beam, information about
the target, and a detailed description of the diagnostics can be found
in Sec. II. Experimental data, a discussion, and results, including
the betatron radiation spectra, are presented in Sec. III. Finally,
conclusions are summarized in Sec. I'V.
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FIG. 1. Schematic of experimental arrangement.
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Il. EXPERIMENTAL ARRANGEMENT

The experiment was performed on the PHELIX laser facility at
the GSI Helmholtz Centre for Heavy Ion Research in Darmstadt,
Germany. PHELIX is a PW-class Ti:sapphire/Nd:glass hybrid laser
system with a fundamental wavelength of 1054 nm.*> A schematic
of the experimental arrangement is shown in Fig. 1.

As targets, we used low-density (2-3 mg/cm ™) polymer foams
with a diameter of 2.5 mm and a thickness of 300-1500 ym.** For
technological reasons, the foam was grown inside a copper washer
with inner and outer diameters of 2.5 and 8 mm, respectively. By
full ionization of the foam, we obtained a plasma with an elec-
tron density 7, ~ 0.64 x 10%! cm™ that is near the critical density
ne ~ 10*! cm™ for the laser wavelength of 1054 nm. In our exper-
iments, the foam was ionized by a well-defined ns laser pulse with
a full energy 0.2-2 J, a pulse length of 3 ns, and an intensity in the
range of 10"°~10"* W/cm®. The ns pulse initiated an ionization wave
propagating with a velocity of (1-2) x 107 cm/s. After a 3 ns delay,
when the ionization wave penetrated about 300-600 ym depth,
the formed NCD plasma was irradiated by the main laser pulse of
750 + 250 fs duration, 60-80 J energy measured before the com-
pressor, and a ns amplified spontaneous emission (ASE) contrast of
10'!. Both the laser pre-pulse and main pulse were focused on the
target by a 150 cm off-axis parabolic mirror to the focal spot with
the FWHM of 15 ym containing an energy Erwum ~ 17-20 J. Thus,
the intensity in the focal spot approached (1-2) x 10** W/cm?. To
prevent reflection of the laser beam back to the laser system, the tar-
get normal was tilted by 3°~10° with respect to the optical axis. To
reduce the influence of protons and ions emitted from the target on
the betatron radiation diagnostics, a Mylar foil was placed behind
the target, in the direction of the laser beam. Behind the Mylar
shielding, at a distance of 20 mm from the target, a C-shaped mag-
netic yoke with a pair of neodymium magnets was placed to deflect
the accelerated electrons to a massive plastic dump. The magnetic
yoke was shielded by 10 mm of plastic to prevent the generation
of bremsstrahlung that could interfere with the betatron radiation
signals. The mean magnetic field within the yoke working gap was
~0.45 T. To monitor high-energy (tens of MeV) electrons that were
not efficiently deflected, we used a magnetic spectrometer placed at
15° to the laser axis at a distance of 59 cm from the target.

AXUV HS11 Diode

Frame for filter
montage

Image plate slot

Flange ISO-F 100

3D model of the detector
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Since the betatron radiation produced by DLA electrons in an
NCD plasma is assumed to be well directed,”’ we used two detectors
placed at a distance of ~130 cm at 0° and 10° to the laser axis. The
detectors consisted of a set of x-ray filters, two layers of MS-type
image plates (IPs), and a semiconductor photodiode AXUV HS11.
A detector is shown in Fig. 2.

Regarding the set of filters, we used two kinds: “thin” and
“thick.” Both filter sets allowed us to evaluate the x-ray spectra by
the differential absorption method. In the case of the “thin” filters,
we used the Ross method.”*"” The Ross method utilizes filter foils
made of different materials with thicknesses optimized to reach as
similar transmission characteristics as possible so that they differ
only by the K-edge energy. Thus, a difference in signals obtained
behind paired Ross filters corresponds to the number of photons
with energy in the range given by the K-edge energies, i.e., the differ-
ence in the transmission characteristics. In this manner, it is possible
to obtain an x-ray spectrum with a relatively high resolution in the
photon energy (~1 keV). For cases in which the difference between
signals behind paired Ross filters would be insufficient and lead to
large uncertainty in the number of photons, in addition to the Ross
pair, a supplementary filter was used to obtain a filter triplet.

The supplementary filter was made of Mylar or aluminum foil
with an optimized thickness making the low-energy region around
the K-edge peak negligible in the transmission characteristics. Con-
sequently, as in the classical Ross method, the photon energy interval
was given by the transmission characteristics difference, but only
one filter had the K-edge transmission peak. Thus, on the one hand,
we obtained worse resolution in the spectrum, but on the other hand,
the signal-to-background level was higher. In addition to the differ-
ential filters, the thin filter set also included 70 ym thick silver foil
with a significant K-edge peak in the region of ~13-25 keV. Trans-
mission characteristics of the filters based on the data from Refs. 46
and 47 are presented in Fig. 3 and the differential transmission char-
acteristics representing the individual channels of the spectrometer
can be seen in Fig. 4.

In the case of the “thick” filter set, we also utilized the differen-
tial absorption method, but owing to the relatively large thickness,
the peaks around the K-edges in the transmission characteristics
were negligible. We used aluminum and copper filters with six

Photo of the detector with the
set of Ross filters

Scan of exposed
image plate

FIG. 2. X-ray detector. (a) 3D model of detector. (b) Photograph of prepared detector with a set of Ross filters. (c) Example of image plate signal, where the individual filters

are labeled by the foil material and thickness in micrometers.
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FIG. 3. Photon transmission characteristics of thin filters.
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FIG. 4. Differential photon transmission characteristics of thin filter pairs.

various thicknesses to obtain a six-channel spectrometer. The trans-
mission characteristics of the thick filters based on the data from
Ref. 48 and the differential absorption characteristics for the individ-
ual spectrometer channels are displayed in Figs. 5 and 6, respectively.
It is obvious that the “thick” filters have lower spectral resolution and
can be applied to the restricted photon range (>10 keV), but on the
other hand they absorb eventual ions that could interfere with the
betatron radiation signal better than the “thin” filters, and also this
set allows measurement of the spectrum at higher photon energies
than in the case of the thin filters.
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FIG. 5. Photon transmission characteristics of thick filters.
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FIG. 6. Differential photon transmission characteristics of thick filter pairs.

As mentioned above, the betatron radiation was detected by IPs
in our experiment. The first IP layer 40 x 40 mm? was located right
behind the filters. This IP layer was followed by a 0.5 mm thick cop-
per filter, which transmitted 1% of ~30 keV radiation, and the second
IP layer of identical dimensions that served as a monitor of the radi-
ation background caused by fast electrons (>20 MeV), which were
not deflected by the magnet. Small windows for the AXUV HSI11
semiconductor diode were cut both in the IPs and in the copper
filter. This diode is sensitive to photons in the keV energy range,
with a time response of 0.7 ns*”*’ Thanks to the time resolution pro-
vided by the diode, we could obtain information about protons and
ions that penetrated through the Mylar shielding, magnetic field, and
Ross filters to the IP detector and interfered with the betatron radia-
tion signal. Thus, with the help of the diode signal, we optimized the
thickness of the Mylar shielding to efficiently stop the protons and
ions and minimize their effect on the measured betatron radiation.

Proton energy [MeV]

16 12 5
6 =
s 5 x-rays protons H
O 44 L
8
g ]
S 21 [
T 1] i
01 ey
-10 0 10 20 30 40 50 60
Time [ns]
(a) without proton/ion shielding
20

Photodiode [V]
=}

-5+ T y - — - -
-10 0 10 20 30 40 50 60

Time [ns]
(b) proton/ion shielding: 560um thick Mylar foil

FIG. 7. Examples of semiconductor diode signal: (a) without proton/ion shielding;
(b) with proton shielding by 560 um thick Mylar foil.
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Examples of the diode signal from shots on a pre-ionized 2 mg/cm®
foam of 560 ym thickness without the Mylar shielding and with opti-
mized Mylar shielding are shown in Figs. 7(a) and 7(b), respectively.
We note that the proton peak in Fig. 7(a) is relatively high, and,
using the time-of-flight method, we can evaluate the proton energies,
which can reach up to 16 MeV.

We assume that such a relatively efficient acceleration of pro-
tons occurs when the rear side of the foam target remains in a solid
state after the action of the ns pulse that creates the conditions for
target normal sheath acceleration (TNSA). In contrast to x-rays,
the impact of protons or ions produces extremely high signals on
the IPs and makes it impossible to recognize betatron radiation in
the x-ray detector data. This is shown in Fig. 8, where the contribu-
tion of protons completely dominates the signals from the Ross filter
spectrometer when the shielding is not applied. For this reason, we
evaluated the x-ray spectra only in the shots in which protons were
not observed in the diode signal.

Thanks to the well-known absorption characteristics of Mylar
foils,"*"” the influence of the proton shielding on the x-ray
transmission can be corrected. The IP signal is given by

s= [ OB T(E)(E) dE, (1)

where @ is the photon fluence, Tr and T are transmissions of the
particular filter and proton shielding, respectively, E is the photon
energy, and #(E) is the IP sensitivity. Thus, the measured x-ray spec-
tra are evaluated by differences of IP signals behind the filter pairs in
individual spectrometer channels:

@, s
dE = AEAB(’TF)AB(TS)AB(YI)AB)

2

where Sy and Sp are IP signals of the paired IPs in photostimulated
luminescence events (PSL) per unit surface, and AE4p is the energy
window given by the width of differential transmission characteris-
tics (see Figs. 4 and 6). The photon transmissions (Tr) ., and (Ts) 45
are average values with respect to AEsp. The average IP sensitivity
() 4p is given by the calibration published in Ref. 51. The uncer-
tainty of this calibration is ~15%. As far as the filters are concerned,
verification by the MicroProf system in the target laboratory of GSI*?
showed that the deviation in the thickness was less than 10%. Con-
sidering other factors such as nonideal overlap of the paired filters’

105 L L L L L L
I /o shielding (no.36)
103,
1024
101 4

10°

Spectrometer signal [PSL/px]

107"

Channel

FIG. 8. Example of outputs from individual channels of the Ross filter spectrometer
in shots with and without proton/ion shielding.
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transmission characteristics outside the sensitive region and uncer-
tainty of scanning, we calculate that the total uncertainty in the
evaluation of photon fluence is about 50%. As far as the uncertainty
in the energy is concerned, we determine it as the FWHM of the win-
dow in the differential absorption characteristic for the particular
spectrometer channel.

I1l. RESULTS AND DISCUSSION

This section is devoted to evaluation and discussion of the
experimental results. The interaction of the relativistic laser pulse
with the NCD plasma leads to intense emission of particles and radi-
ation, which makes analyses of IP and diode signals difficult, since
these detectors are sensitive to both radiation and particles. In the
case of the diode time-resolved signals, the situation is easier, since it
is possible to resolve between radiation on the one hand and protons
and ions on the other using the time-of-flight method. However,
with this method, we cannot distinguish between photons and rel-
ativistic electrons, and their contributions to the diode signal must
be discussed.

The electrons emitted from the rear side of the target are
partially deflected by the 0.45 T magnetic field of the yoke with
permanent magnets behind the target (see Fig. 1). However, the
measurement with magnetic spectrometers at an angle of 15° shows
a significant number of electrons with energy above 30 MeV that
were not efficiently deflected: see the electron energy spectrum in
Fig. 9. This 30 MeV energy limit is in accordance with the deflection
angle given by”’

n(?)= | [Bxa 3
sm(2) 2y\/2mEeH < dif )

where ¢ is the electron deflection angle, e is the electron charge,
y is the Lorentz factor, m is the electron rest mass, Ee is the elec-
tron energy, B is the magnetic field, and dl is an element of length.
See the dependence of deflection angle on electron energy displayed
in Fig. 10.

Thus, the high-energy electrons (>30 MeV), which are not suf-
ficiently deflected, enter the diode and interfere with the x-ray signal.
Fortunately, the fluence of >30 MeV electrons is much smaller than
the expected fluence of the >15 keV x-ray photons,””* and consid-
ering the diode response to electrons and x-rays,”””" the influence

——430 ym CHO, +10° (sh.#19)
10" 4 ——430 ym CHO, -10° (sh.#19) | E
——577 um CHO, -15° (sh.#61)

d°N/(EdQ) [MeV"sr ]

0 20 40 60 80 100
Electron Energy [MeV]

FIG. 9. Electron spectra from shots without (red and green) and with (blue) the
deflection magnetic field.
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FIG. 10. Deflection of electrons by the magnetic yoke as a function of electron
energy.

of electrons on the diode signal should be negligible in compari-
son with that of x-rays. The amplitude of the x-ray signal carries
information about the x-ray production efficiency. In Table I, we
compare x-ray signal amplitudes in terms of their dependence on
the thickness of 2 mg/cm® CHO foam in shots with the same ns pulse
(10" W/cm?, 3 ns duration) and 3 ns delay between the ns pulse and
the sub-ps relativistic pulse of 10> W/cm?. The shielding in front
of the x-ray detector (12.5 ym Ti and two IPs) transmits 10%-100%
photons with energy above 15 keV. One can see that the maximum
of the diode signal peaks at 800 ym and drops with further increase
in foam thickness.

The diode signals also illustrate the influence of the ns-pulse
intensity on x-ray production, as can be seen in Table II. In the case
of 10" W/cm? intensity, the amplitude of the detected signal is two

TABLE |. Dependence of x-ray (>15 keV) signal amplitude on foam thickness for
103 Wicm?, 3 ns pulse and 10® W/ecm? main pulse with 3 ns delay. The x-ray diode
shielding is 12.5 ym Ti and two IPs.

Shot Target ps-pulse energy (J)  X-ray pulse (V)
No.36  Foam, 460 ym 71 ~9
No. 42 Foam, 800 ym 70 16
No. 44 Foam, 1000 ym 75 7
No.43  Foam, 1500 ym 70 3

TABLE II. Dependence of the x-ray (=15 keV) signal amplitude on ns-pulse intensity:
from 10% W/em? up to ~10™ W/em? (duration 3 ns, delay 3 ns). The x-ray diode
shielding is 12.5 um Ti and two IPs.

RESEARCH ARTICLE pubs.aip.org/aip/mre

to three times higher than at 10'* W/cm?. The reason could be that at
lower intensities, a larger fraction of the foam stays in the solid state,
and thus the conversion of the laser energy into x-rays is weaker.

To demonstrate the efficiency of the x-ray emission by interac-
tion of the laser beam with an NCD plasma, we present in Table I1I
a comparison of the results obtained for foams with the results for
solid foils of ~1 ym thickness. In Table 11, the 0.9 ym Mylar and
400 ym CHO foam have the same areal density of 10 mg/cm?, but
very different origins of the x-rays: plasma self-radiation in the case
of Mylar and 20 times more intense betatron radiation in the case of
foam.

As far as the IP detectors are concerned, they are more sensitive
to relativistic electrons than to x-rays,”* and their contribution to the
signal must be corrected. As mentioned in Sec. I, between the first
IP layer and the second IP layer (background monitor) was a 0.5 mm
thick Cu filter that was almost opaque for the keV betatron radiation
but practically transparent for the >30 MeV electrons. We calcu-
lated the electron stopping in the first IP layer and the 0.5 mm Cu
filter using a CASINO Monte Carlo simulation,” where the IP was
modeled in accordance with Ref. 56. The simulation indicates that in
the electron energy range 10-100 MeV, the IP and Cu filter slightly
reduce the energy of incident electrons, but this change in the elec-
tron energy is negligible with respect to the IP electron response
characteristics.” Therefore, we assume that the energies deposited
by electrons in the first and second IP layers are equivalent. Thus,
we can subtract the signal of the second IP layer (background moni-
tor) from that of the first layer and exclude the effect of electrons on
the result of the x-ray (betatron radiation) measurement. We should
mention that the signal of the background monitor is not entirely
homogeneously distributed over the whole IP surface: see the IP sig-
nals from the example shot in Fig. 11 (580 ym foam, 66 J). Therefore,
from the first IP signal, we always subtract the background signal
that corresponds to the same geometric position.

Another phenomenon that could interfere with the beta-
tron radiation signal is the characteristic K-shell radiation and
bremsstrahlung caused by electrons in the copper washer around
the foam target. The answer to the question whether such undesired
x-rays disturb our measurement could be given by the directionality
of the measured radiation. Figure 11 shows IP signals in photo-
stimulated luminescence (PSL) behind the set of thin filters placed
at 0° and 10° to the laser axis. One can see that after subtraction
of the background, the signals measured at 0° to the laser axis are
three to four times higher than those measured at 10°. Since the
K-shell radiation of a point-like source is generally considered to be
isotropic, it cannot be the main origin of the detected x-rays. As far
as bremsstrahlung is concerned, it usually has a strong maximum in

TABLE IIl. Dependence of x-ray (>15 keV) signal amplitude on target material.

ns-pulse intensity ps-pulse ~ X-ray
Shot Target (W/cm?) energy (J) pulse (V)
No.36 Foam, 460 um 10" 71 ~9
No.47 Foam, 400 ym 10" 78 29
No.44 Foam, 1000 ym 10" 75 7
No. 46 Foam, 1000 ym 10 80 19

ns-pulse intensity  ps-pulse ~ X-ray

Shot Target (W/cm?) energy (J) pulse (V)
No.47 Foam, 400 ym 10t 78 29
No.46 Foam, 1000 yum 3x10" 80 19
No.54 Mylar, 0.9 ym No ns pulse 70 1.3
No.56 Gold, 0.96 ym No ns pulse 76 5
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FIG. 11. Examples of IP signals behind the set of thin filters from the shot with
580 um foam target and 66 J in the main pulse.

the direction of the incident relativistic electron beam.”” Since the
copper washer is oriented coaxially with respect to the laser axis, the
only electrons that can generate bremsstrahlung must move in the
direction transverse to the optical axis. Thus, the x-ray detectors are
placed at angles of 80° and 90° with respect to the bremsstrahlung
radiation maximum (corresponding to the direction from the focal
spot to the inner wall of the copper washer: see Fig. 1). In these
orientations, the bremsstrahlung intensity should exhibit a minimal
dependence on the angle, a trend that contradicts the observed sig-
nificant directivity. Moreover, at 80°, the bremsstrahlung intensity
should be slightly higher than at 90°: a contrary trend to what we
actually observe. Thus, we believe that the detected radiation is most
likely of betatron origin, and we consider the measured x-ray spectra
as spectra of the betatron radiation.

As an example of the spectra obtained with the help of the thin
filters, we present a shot with a 580 ym thick foam target and total
laser energy of about 66 J (<20 ] FWHM) in Fig. 12. The x-ray spec-
tra measured at 0° and 10° are represented by the black and orange
points, respectively. Their vertical errors are given mostly by the
uncertainty in the IP scanning calibration and nonideal overlap of
the paired filters’ transmission characteristics outside the sensitive
region, and the horizontal errors are given by the FWHM of the filter
pair’s photon energy bandwidth.

In Fig. 12, the data measured at 0° to the laser axis are fit-
ted by an analytical function. According to the theory presented in
Refs. 58 and 59, the spectrum of betatron radiation produced by a
monoenergetic electron beam can be expressed by the formula
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FIG. 12. Betatron radiation spectrum from a shot with a 580 um thick foam target
in the directions of 0° and 10°.

(4)

d’N(0°) 3¢ L, E _, ( E )

dEAQ ~ ﬁ2n3hcsoyET 23 Eerit

crit

where N g is the number of betatron oscillations, y is the Lorentz fac-
tor, and % is the modified Bessel function of the second kind. The
critical energy of the betatron radiation can be calculated as Ecj
= Shr,;w,; /¢, where rg is the betatron oscillation amplitude, which
is assumed to be comparable to the ion channel radius of approx-
imately 10 ym, and wg is the betatron oscillation frequency.””
Since, in our experiment, we have a broad range of electron ener-
gies, we consider a beam of electrons with energies 1-100 MeV and a
one-temperature Maxwell-Boltzmann energy distribution fup(Ee).
Thus, the measured data at 0° are fitted by superposition of betatron
spectra from all components’ electron energies E,:

d2N(0°) 100 MeV E E
G0 = o N 0 (B B )
e=1 e crit cri

where Cis a fitting constant. The second fitting parameter is the tem-
perature of the electron beam. The best fit has been obtained for kT,
= 8 MeV, which is realistic for our experimental conﬁguration.}S

Whereas the spectrum in Fig. 12 obtained with the help of
thin filters represents rather low x-ray energies of 4-18 keV, for
the reconstruction of the spectrum in the higher-energy range of
12-60 keV, we use the set of thick filters. An example of such a spec-
trum from a shot with a 470 ym thick foam target is shown in Fig. 13.
To fit the measured data in Fig. 13, we use the same function as in the
case of Fig. 12. The best fit of the data measured by the thick filters
in the higher-energy region of the spectrum is obtained for electron
temperatures above 30 MeV, which indicates a two-temperature dis-
tribution.”® Comparing the low-energy spectrum in Fig. 12 and the
high-energy spectrum in Fig. 13, we can see that the spectra obtained
with thin and thick targets are interconnected.

To compare the influence of shot parameters on the x-ray spec-
trum, we performed measurements with various target thicknesses
and ns-pulse energies. In Fig. 14, we present spectra obtained with
the help of the thin filters from the following shots: 470 ym foam,
3 x 10" W/cm? ns pulse, and 64 ] ps pulse (violet data points); red
points: 580 um foam, 1 x 10" W/cm? ns pulse, and 66 J ps pulse
(red data points); and 1500 ym foam, 1 x 10" W/cm? ns pulse, and
83 J ps pulse (gold data points). Similarly, Fig. 15 displays spectra
obtained using thick filters: 470 ym foam, 1 x 10'* W/cm® ns pulse,
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FIG. 13. Spectrum of betatron radiation in the directions of 0° and 10° evaluated
with a help of thick filters.
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FIG. 14. X-ray spectra for different 2 mg/cm?® foam thicknesses evaluated with the
help of the thin filters set placed at 0° to the laser axis.

and 76 ] ps pulse (blue data points); 890 ym foam, 1 x 10" W/cm? ns
pulse, and 76 ] ps pulse (green data points). In all shots shown in
Figs. 14 and 15, the intensity of the main pulse was ~10" W/cm?
and the delay between ns and sub-ps pulses was 3 ns. The spectra in
both Figs. 14 and 15 were detected at a direction of 0° to the laser
axis.

The difference in the photon fluence measured by means of the
absorption method correlates well with the results from the x-ray
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FIG. 15. X-ray spectra from shots evaluated with the help of the thick filters placed
at 0° to the laser axis.
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diode presented in Tables I and II for photon energies >15 keV. At
the same time, the accuracy provided by the filters is not enough to
make a final conclusion.

Regardless of target thickness, the emission angle of the
x-ray emission is relatively narrow (see Figs. 12 and 13). The
x-ray radiation fluence in the direction of 0° is approximately three
to four times higher than that in the direction of 10°. Assuming a
Gaussian angular distribution of the radiation with its maximum
in the direction of 0°, we obtain a half-angle at FWHM of about
7° (~100 mrad rms). Such a directionality is 2.7-3.6 times higher
than the result of 3D-PIC calculations.””* Knowing the direction-
ality, we can obtain the spectrum of betatron photons emitted
to all directions and compare it with the 3D-PIC simulation’"*
(Fig. 16). As one can see, the measured spectral intensity above
a photon energy of 5 keV is slightly lower than in the simula-
tion, while in the region below 5 keV, the intensity is higher. This
can be explained by the diagnostic uncertainties and some differ-
ences in the laser and plasma parameters between experiments and
simulations.

Integrating the spectrum in Fig. 16 over the photon energy,
we obtain a total number of photons (>5 keV) of ~3 x 10" and
a total radiated energy of about 0.32 m] (which gives a conversion
efficiency ~1.6 x 107) that are in good agreement with the 3D-PIC
simulations.”"”* Such a betatron radiation yield is comparable to the
simulation results for the interaction of a laser with a significantly
higher energy of 1.1 kJ with a dilute plasma slab of 3 cm length.”
Also, a comparison with the scaling of betatron radiation production
from gas jets, presented in Ref. 60, shows that our betatron output
in the 10-20 keV energy range corresponds to a laser power that is
an order of magnitude higher than that in our experiment. As far
as the brilliance is concerned, according to the simulations,” " it
reaches 3 x 10%° photons s~ mm™2 mrad™? (0.1%BW) ™! for 5 keV
photon energy. Since, in the experiment, we observed a similar num-
ber of emitted photons but an approximately three times narrower
emission angle, we obtained for a 10" W/cm® ps laser pulse an ultra-
high brilliance of the order of magnitude of 10! photons s~ mm™
mrad™? (0.1%BW)™! at 5 keV, assuming a pulse duration corre-
sponding to a laser pulse of length 0.7 ps and a radiation source
diameter of 4-5 ym caused by laser self-focusing in the NCD plasma
(see the simulation results in Refs. 31 and 32).

10" ! L 1 L L L L
3D PIC

1012 ] = Thin filters (580 pm) (L
= Thick filters (470 um)

1011_
10101
10° 4
10° 4

dN/dE [keV']

10" 4 L
10°

0 10 20 30 40 50 60 70 80
Energy [keV]

FIG. 16. Comparison of betatron radiation spectra from the experiments using
thin filters (66 J, 580 ym foam) and thick filters (76 J, 470 um) with the 3D-PIC
simulation.
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IV. CONCLUSION

The bright betatron radiation produced by direct laser-
accelerated electrons in the interaction of the sub-ps PHELIX laser
of ~10"® W/cm? intensity with pre-ionized low-density CHO foam
targets was measured. To prevent interference of protons with the
betatron radiation signal, we used optimized Mylar shielding. The
impact of high-energy electrons (>30 MeV) on the measured beta-
tron radiation signal has been corrected using a second IP layer
(background monitor). Using sets of thin and thick filters, the abso-
lute spectra of betatron radiation in the range of 5-60 keV were
evaluated by the differential absorption method. With the help of
two differential absorption spectrometers, we observed a relatively
high directionality of the betatron radiation emission with FWHM
of 14°-16°, which is narrower than in 3D-PIC simulations tailored
for the PHELIX setup.’’ The total number of betatron photons
with energy greater than 5 keV was experimentally determined to
be 3 x 10%, matching the simulation results. Thanks to the direc-
tional and efficient emission, the brilliance of betatron radiation at
5keV is estimated to be as high as ~10?! photons s™' mm™ mrad >
(0.1%BW) ™!, These values are comparable to the photon number
and brilliance expected on PETAL in the self-modulated LWFA
regime at a laser energy and intensity an order of magnitude higher
than in the case of PHELIX.”

The combination of ultra-high photon fluence and high bril-
liance makes DLA-based betatron radiation sources very promising
for high-energy-density research using k] PW-class lasers.
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