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ABSTRACT

A versatile set of methods for analyzing x-ray energy spectra and photon flux has been developed for laser plasma accelerator experiments
driven by picosecond lasers. Forward fit provides extrapolated broad energy spectrum measurements, while Ross pair and differential average
transmission analysis provide directly measured data points using a particular diagnostic. Combining these methods allows the measurement
of x-ray energy spectra with improved confidence. We apply the methods to three diagnostics (filter wheel, stacked image plate spectrometer,
and step wedge), each sensitive to a different region of x-ray energies (<40 keV, 35-100 keV, and 60-1000 keV, respectively), to characterize
the analysis methods using laser-driven bremsstrahlung x-rays. We then apply the methods to measure three x-ray mechanisms, betatron,
inverse Compton scattering, and bremsstrahlung, driven by a laser plasma accelerator. The analysis results in the measurement of x-ray energy
spectra ranging from 10 keV to 1 MeV with peak flux greater than 10" photons/keV/Sr. The combined analysis methods provide a robust
tool to accurately measure broadband x-ray sources (keV to MeV) driven by laser plasma acceleration with picosecond, kilojoule-class lasers.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5082965

I. INTRODUCTION

There is a need at large laser science facilities, e.g., the National
Ignition Facility (NIF) and OMEGA, for compact, versatile x-ray
sources to probe dense, transient states of matter created during high
energy density (HED), inertial confinement fusion (ICF), and labo-
ratory astrophysics studies. To date, research in x-ray source devel-
opment at NIF and OMEGA has primarily focused on the develop-
ment and improvement of laser-driven bremsstrahlung and K-alpha
line emission backlighters.'™ The backlighter sources have been
used to provide critical insight into various experimentally unex-
plored processes like shock propagation through materials,® insta-
bilities in compressed gas,” and the shape and velocity of imploding

shells.>? These sources commonly produce energies <20 keV with
laser to x-ray conversion efficiencies of a less than a few percent
in some materials and have large source sizes, >250 ym.*>'? The
large source size from these backlighters can be mitigated with pin-
holes to reduce the effective source size and increase the resolution
of radiographic images by sacrificing photon flux and contrast of the
image."? An improved x-ray source to be used in similar experi-
ments at NIF and OMEGA would need to have a broad energy range
(few keV to MeV), high photon flux (>10%° photons/keV/sr), and
small source size (<20 ym).

X-rays with these improved characteristics can be produced
from relativistic electrons generated in a self-modulated laser
wakefield accelerator (SM-LWFA). A laser wakefield accelerator is
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generated when an intense laser pulse interacts with a plasma, radi-
ally blowing out electrons through the ponderomotive force and
generating a co-moving plasma wave. A powerful accelerating force
is created through charge space separation in the plasma bubbles
(100 GeV/m is typical) allowing trapped electrons to be acceler-
ated to relativistic energies in a very short length. The SM-LWFA
is a regime in which the laser pulse length is much greater than
the plasma period, resulting in the pulse overlapping with multiple
plasma periods. "

A SM-LWFA offers a compact means of generating relativis-
tic electron beams''"'? using existing picosecond lasers in operation
at NIF (ARC), OMEGA (OMEGA-EP), LMJ (PETAL), and GEKKO
(LFEX). The electrons produced in a SM-LWFA can be used to gen-
erate x-rays through several processes like betatron emission,’*"*
electron-driven bremsstrahlung radiation,'® and inverse Compton
scattering.'®7

Betatron x-rays are generated during the acceleration process
in a SM-LWFA. Electrons trapped off axis and accelerated longitu-
dinally also oscillate in the transverse direction due to space charge
separation and produce x-rays in the laser propagation direction.
Betatron x-rays from SM-LWFA and direct laser acceleration have
been shown to reach photon fluxes >10'° photons/keV/sr with x-ray
energies >15 keV and a source size <35 ym.'&'?

Inverse Compton scattering is produced when an electron col-
lides with a photon up-shifted by 2y in the electron frame, where y
is the Lorentz factor of the electron. The electron oscillating in this
Doppler shifted radiation field re-emits a photon, which in the labo-
ratory frame is in the forward direction and is frequency up-shifted
by an additional 2y for a total of 4%, in the case of head on colli-
sion. A common method of producing Compton x-rays in a laser
wakefield experiment is to place a plasma mirror at the exit of the
gas jet and reflect the drive laser pulse back onto the electrons.'®
In the SM-LWFA regime, this method can produce x-rays of ener-
gies >100 keV with small source sizes <100 ym and high photon flux
>10® photons/keV/sr.2

Bremsstrahlung radiation is achieved by colliding the electron
beam produced in a SM-LWFA with a high Z foil target. The elec-
trons collide with the nuclei of the high Z foil producing high
energy x-rays with a large divergence. Bremsstrahlung radiation pro-
duced through electron interactions has shown an increased x-ray
generation efficiency over the previously discussed laser-generated
bremsstrahlung sources and is capable of reaching temperatures of
>1 MeV with a photon flux >10° photons/keV/sr.' 52

The optimization of x-ray emission properties, which vary
based upon generation mechanism, motivates the development of
robust analysis methods to be used for any SM-LWFA x-ray source
in a spectral range between 10 keV and 1 MeV. This paper describes
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three of them: forward fit, Ross pair, and differential average trans-
mission (DAT), for three different diagnostics, each sensitive to a
different range of x-ray energies (thin filters, stacked image plate
spectrometer,”? and step wedge®*). This paper is organized as fol-
lows: Sec. 11 presents an overview of the experiments; Sec. 11 details
and compares each of the analysis methods and diagnostics using
a laser-driven bremsstrahlung source; Sec. IV applies these meth-
ods and diagnostics to quantify x-ray sources driven by SM-LWFA
on a >100 J, ps laser system, the Titan Laser at Lawrence Livermore
National Laboratory (LLNL).

Il. EXPERIMENTAL OVERVIEW

The Titan laser, located at the Jupiter Laser Facility (JLF) at
the Lawrence Livermore National Laboratory (LLNL), has a beam
energy of 120 J, a pulse length of 0.77%3 ps, and a central wavelength
of 1053 nm. In our experiment, shown in Fig. 1, the laser is focused
1 mm above a 4 mm He gas jet using a F/10 off axis parabolic mirror
to obtain a spot size of ~29 ym and an intensity of ~10" W/cm?.
The laser pulse ionizes the He gas and creates a plasma with a den-
sity of ~5 x 10'® cm™3 and drives a SM-LWFA, which produces a
beam of electrons with a maximum energy of ~380 MeV. Betatron
x-rays are generated during the acceleration of electrons in the SM-
LWFA, and by placing a 100 ym polyethylene target at the exit of
the jet or a 500 yum W target 15 mm from the exit of the gas jet,
inverse Compton scattered or bremsstrahlung x-rays are generated,
respectively. The electrons produced in the SM-LWFA are bent away
from the propagation axis using a 0.9 T magnetic spectrometer. The
electron signal is captured on a Fujifilm BAS-IP MS image plate
(IP), the type of IP used for all the diagnostics, and an energy spec-
trum is determined by mapping the displacement in the horizontal
direction on the IP to the expected location given the spectrometer
calibration.

The x-rays exit the target chamber via a 200 ygm mylar window
located 1.5 m from the gas jet and enter the filter wheel, Fig. 2(a),
located 4 cm from the mylar window. The filter wheel is a set of 10
materials, differing in thicknesses, that are sensitive to x-ray energies
up to ~40 keV. The transmission of all the channels, shown in Fig. 3,
reaches 100% at roughly 40 keV, preventing x-rays above this energy
to be differentiated. The materials, thicknesses, and channel number
are detailed in Fig. 2(a). The transmitted x-ray signal is collected by
an IP placed at the back of the filter wheel. The x-rays pass through
the filter wheel and into the cannon, shown in Fig. 2(b), which uses 8
filters stacked behind one another with an IP between each material
to capture the x-ray signal in each layer.???* The cannon is sensitive
to a higher energy range, 30 to ~200 keV, and is used in tandem with
the filter wheel to improve the energy detection range. For higher

Filter
\'\0@ % WMyéar Wheel, Cannon
Foil q}ao Inaow
Laser Pulse Target
0 IP FIG. 1. Experimental setup for SM-LWFA experiment on the
r Titan Laser at JLF.
4mm 0-9 T magnet P
gas jet Step
Wedge
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expected x-ray energies (up to a few MeV), the step wedge diagnos-
tic replaces both the filter wheel and cannon along the beam axis.
The step wedge uses stacked plates of Ta with holes cut into them
creating channels of varying thickness to alter the x-ray attenuation
through each. The signal is then collected on an IP placed behind the
diagnostic.?®

-
o
o

= =Ti[6 pm]
-Al [40 pm]
Fe [7 pm]
= ~Ti[20 pm]
= -Fe [20 pm]
= =Zn[15 pm]
—2Zn [20 pm]
—2Zr[10 pm]
Zr [45 pm]
—Mo [25 pm]
—Cu [500 pm]
—Pb [200 xm]

Material Response [PSL/photon]
o o

102

[
o
-
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FIG. 3. Filter wheel material response curves as a function of x-ray energy
converted to PSL/photon.
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FIG. 2. (a) The filter wheel diagnostic channels are labeled
clockwise from the top right, each corresponding to a dif-
ferent material and thickness. The image is labeled with
the material type, thickness in um, and the channel num-
ber, respectively. (b) The cannon diagnostic channels are
labeled from the front of the detector to the back, each cor-
responding to a different material and thickness, labeled
with the material type, thickness in um, and channel num-
ber, respectively. The inset shows a view of the cannon
from the front. (c) The step wedge diagnostic uses varying
thicknesses of Ta to attenuate the x-ray signal.

The IPs are all scanned using a Fuji model FLA7000 scanner at
a 200 pm pixel size. The scanner provides a measure of counts per
pixel that is then converted to photo stimulated luminescence (PSL)
using the calibration equation provided by Ref. 25.

11l. ANALYSIS METHODS

This section presents the diagnostics results and associated
analysis methods in the case of a laser-driven bremsstrahlung source.
Laser-driven bremsstrahlung is used here because it is a well under-
stood x-ray production mechanism that can be generated without
creating additional x-ray noise. To ensure only laser bremsstrahlung
is generated, the gas jet is not operated for these shots ensuring there
is no LWFA generation. The laser focus is positioned 1 mm into the
entrance of the 4 mm gas jet and a 100 ym Al target was placed at
the exit of the jet, 3 mm from laser focus, so that the focal spot size
is ~50 um and the laser intensity is 2 x 10"* W/cm®.

A. Forward fit method

The forward fit method uses the x-ray attenuation properties of
thin filters to fit a measured set of data and extrapolate the energy
spectrum using an assumed analytical distribution function.'®1921
Equation (1) describes how to calculate a synthetic PSL value for
each material using an assumed analytical distribution function,
fe.4(E,), and a material response function, Y;(E,), shown in Fig. 3
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] Data
— Best fit E1 = 21.28 keV, A = 16.50
|__.Conf E1=+/-0.36 keV, A = +/--0.10

FIG. 4. (a) Raw data of the filter
wheel diagnostic on bremsstrahlung x-
ray data. The black triangles show the
areas in which the data was sampled
to obtain mean PSL values for the fit.
(b) Results of the forward fit method on
bremsstrahlung x-ray data described in
the text.
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where T; is the calculated transmission of material i, IPy is the
response function of the image plate,”® E, is the photon energy, and
0 is the angle subtended by each pixel from the source. The material
response is a product of each material the x-rays interact with on the
way to the detector and the energy-dependent response of the detec-
tor used. Here, fz 4 is the chosen analytical distribution function to
describe the x-ray generation mechanism where E is the energy and
A the amplitude. Calculated PSL values are fit to a measured data set
by varying the amplitude and energy using weighted least squares
fitting tools.

Bremsstrahlung emission is modeled with a single temperature
distribution function, ]% 4 =AX 100 x ¢ E/E , that is used with Eq. (1)
to calculate a PSL value for each channel. An example, a laser-driven
bremsstrahlung source measured with the thin filter wheel, is shown
in Fig. 4. The best fit for this laser bremsstrahlung data results in a
temperature of 21.2 + 0.36 keV with an amplitude of 16.5 + 0.10,
giving a total flux of 16.5 + 0.10 x 10'° photons/keV/sr, plotted in
blue in Fig. 4(b). The mean PSL signal for each material is taken from
within the area of each small triangle shown in Fig. 4(a) and plotted
as black data points in Fig. 4(b). The error in PSL is the standard
deviation of the signal in each channel. The error in temperature,
El, and amplitude, A, are obtained from the best fit of the upper and
lower error in PSL.

B. Ross pair method

The materials that make up the filter wheel were designed to
take advantage of the Ross pair analysis method.?” Each material
was chosen such that the K-edge location and thickness would pro-
vide a difference in signal equal to zero everywhere except for a
small energy bin determined by the difference in K-edge location.
The thickness of each material controls the total attenuation of the
x-ray signal and can be used to ensure that the signal outside each
bin is as close to zero as possible. By choosing materials correctly,
the Ross pair method can provide a direct measurement of x-ray flux
in a small energy range. Figure 5 shows the energy bins for the mate-
rials in the filter wheel diagnostic used in our experiment and the
attenuation of the signal in each bin. By subtracting channels 1-2,

4
Channel Number

(®)

5 6 7

3-4, 6-5, 8-7, and 10-9 corresponding to 5 ym Ti-40 ym Al, 7 ym
Fe-20 ym Ti, 15 pm Zn-20 ym Fe, 10 ym Zr-20 ym Zn, and 25 ym
Mo-45 ym Zr, the flux in 5 energy bins spanning 3-20 keV can be
directly measured.

As can be seen on the blue curve in Fig. 5, the signal outside the
bin is not always exactly zero, which accounts for error in the photon
number measurement. The ratio of integrated signal outside/inside
is calculated as the error in photon count.

The difference in PSL values from the filter wheel data in
Fig. 4(a), following the same subtraction scheme that created Fig. 5,
is converted to photon flux by following Eq. (2)

[in -

Here Tr{""" is the mean transmission value of each bin, IP{"*"" is the
mean image plate response value for each bin, 6 is the angle sub-
tended by each pixel from the source, and W™ is the bin width
inkeV.

d*N
dEAQ

PSL;
Trymean x [pmean x § x Whin”

2

1 T ; .
—Ti [5 pm] - Al [40 pm]
—Fe [7 pm] - Ti [20 pm]
0.8} Zn [15 pm] - Fe [20 pm]|]
—Zr[10 pm] - Zn [20 pm]
506_ —Mo [25 pm] - Zr [45 pm]||
2.
2
£
0 0.4}
c
o
[
0.2}
0 -
5 10 15 20
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FIG. 5. Subtraction of channels 1-2, 3-4, 6-5, 8-7, and 10-9 corresponding to 5 um
Ti-40 um Al, 7 um Fe-20 um Ti, 15 um Zn-20 um Fe, 10 um Zr-20 ym Zn, and
25 um Mo-45 um Zr results in the remaining signal appearing in small energy bins.
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C. Differential averaged transmission method (DAT)

The DAT method'® is similar to the Ross pair method in that
it utilizes the subtraction of the transmission signal from two dif-
ferent materials to provide a measured data point and does not rely
on a particular spectral distribution. This method works well when
materials in the diagnostic are the same element with varying thick-
nesses but may provide poor results when subtracting different ele-
ments due to the different K-edge locations. The subtracted material
transmission curves of the desired materials should create a broad
distribution for this method to work properly.

Figure 6 shows this method applied to the filter wheel diagnos-
tic. The energy assigned to each pair corresponds to the mean energy
of that pair’s distribution. The bin size, corresponding to the region
which contains 50% of the pair’s signal, is plotted as the error in
energy. The error in photon flux is determined by integrating the
signal outside of the energy bin and converting the results to per-
centages of the total signal. The percentages are used to represent
the error in measured photon flux caused by excluding the regions
outside of the 50% energy bin in the calculation.

The photon number is then calculated as follows:

INT  (51-%) 3)
dEdQ |, [ fdE,’

f;(:(Tl—Tz)XRXG.

Here, N is the number of photons, dE is per photon energy,
dQ is per solid angle, S1,, are the measured signals being subtracted,
T1,, are the calculated transmission curves through the same mate-
rials, R is the response of the detector being used, and 0 is the angle
subtended by each pixel in the detector.

By using the PSL values shown in Fig. 4 and the filter wheel
material pairs described in Fig. 6, the photon flux is calculated and
plotted in Fig. 7 along with the results of the Ross pair method.
As shown in Fig. 5, there are five possible data points which can
be calculated using the Ross pair method; however, Fig. 7 only

—Ti[5 pm] - Ti [20 pm]

—Fe [7 pm] - Fe [20 pm] ||
Zn [15 pm] - Zn [20 pm]

—Zr [10 pm] - Zr [45 pm]

\

N\

10 20 30 40
Ery [keV]

FIG. 6. DAT bins are created by subtracting channels 1-4, 3-5, 6-7, and 9-10 cor-
responding to 5 ym Ti-20 um Ti, 7 ym Fe-20 um Fe, 15 um Zn-20 um Zn, and
10 pum Zr-45 um Zr resulting in broad transmission distributions. The mean energy
and full width half maximum are determined for each distribution and are used for
error calculation. See the text for details.
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FIG. 7. Results of forward fitting (solid) and discrete fitting (dashed) analysis
for a laser-driven bremsstrahlung source using the filter wheel (black), and can-
non (blue) diagnostics. Data points are the result of Ross pair (circles) and DAT
(triangles) analysis methods described in the text.

has two data points plotted. The missing data points are from the
first three low energy pairs which, when created through subtract-
ing the signal from the pair’s corresponding materials, resulted in
a zero or negative flux. This can be caused either by x-rays with
energies above the pair’s sensitivity region, or by low energy x-
rays which are blocked on the way to the detector. In this exper-
iment, we were unable to resolve the Ross pair signals below 10
keV due to the mylar window on the target chamber attenuat-
ing the signal of low energy x-rays to a level below our detection
threshold.

D. Fitting the discrete data points

The discrete data points, determined by the Ross pair and
DAT methods, are fit using weighted least squares fitting tools and
the same distribution function as the forward fit method, and f;; A

= A x 10" x ¢"B/E! for a laser-driven bremsstrahlung source. This
fit provides an additional independent method of determining the
temperature and amplitude of the x-ray energy spectrum. The best
fit results in a temperature and amplitude of E1 = 21.2 + 4.23 (22.9
+0.67) keV A =159 + 0.62 (4.5 + 1.15) photons/keV/sr for the filter
wheel (cannon) diagnostic, shown in black in Fig. 7. The error in the
temperature, E1, and amplitude, A, of this fit is determined through
the best fit of the upper and lower photon flux errors of the discrete
data set. The energy bins, represented by energy error bars, are not
explicitly included in the fitting as the flux error accounts for signal
not included within this bin. If the energy bin gets bigger or smaller,
the flux error will change by an equal percentage to compensate, as
detailed in Sec. III C. Like the discrete data points, their fits agree
very well with the forward fit results inside each detectors sensitivity
range.
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FIG. 8. Results of the forward fitting method using the cannon diagnostic. Here E1
is the temperature and A is the amplitude of the single temperature distribution.

E. Stacked image plate spectrometer analysis

Subsections 111 A-IIT D have detailed three analysis methods
applied to a bremsstrahlung source using the filter wheel diagnostic.
This section will apply the same analysis methods to the cannon,
a stacked image plate spectrometer, and highlight the differences
between the two diagnostics. As shown in Fig. 1, the cannon can
be fielded at the same time as the filter wheel allowing for a greater
range of the x-ray spectrum to be measured. Similar to Sec. I1I A,
Fig. 8 shows the results of the forward fitting method, where the
channels are detailed in Fig. 2(b). The bremsstrahlung energy spec-
trum was again modeled using a single temperature distribution,
f (E1,LA) = A x 10" x ¢ /P! and resulted in a temperature
E1=16.0 + 2.17 keV and amplitude A = 13.44 + 3.9 Photons/keV/Sr
as shown in Fig. 7. The DAT method is computed the same way as
in Subsection IIT C; however, since the cannon has stacked materi-
als, S; and T; as defined in Eq. (3) represent channels rather than
materials. For example, channel 1 is Al and channel 2 is 100 ym
Al x image plate transmission x 100 ym Ti. The resulting mea-
sured x-ray energies are shown in blue in Fig. 7 with the forward fit
results.

F. Combining methods and diagnostics

Sections 111 A-III E have detailed three separate methods of
analyzing measured x-ray energy spectra and shown the methods
applied to two diagnostics. Applying the three methods to measured
x-ray data results in two valid temperature and amplitude solutions.
Optimally, the two solutions will exactly agree with one another.
However, due to noise in the raw data, the solutions more often will
be different. Therefore, the results are combined to produce a solu-
tion band which encompasses the results from both fitting methods,
forward fit and discrete fit. The results of both fits are plotted with
their maximum and minimum errors, and the highest and lowest
solution, regardless of the fitting method, is chosen. The two tem-
perature and amplitude solutions are then presented as the final
measured x-ray energy spectrum.

As an example, Fig. 9 shows the solution band for the fil-
ter wheel (black) and the cannon (blue) on the same laser-driven
bremsstrahlung shot. The solution band for the filter wheel is created
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FIG. 9. The solution bands for a laser bremsstrahlung source. The bands are
created by combining forward fitting and discrete fitting as explained in the text.

by combining the lowest (T = 15.0 keV and A = 16.01 photons/
keV/sr) and the highest (T = 26 keV and A = 15.28 photons/
keV/sr) temperature and amplitude fit from the forward fit and
discrete fit methods. In this instance, the discrete fit fully encom-
passes the forward fit solution and error, so both the highest and
lowest temperature and amplitude solutions are from the discrete
fit.

The same method of choosing the highest and lowest fit is then
applied to the cannon diagnostic resulting in temperatures, T, of 16
and 23 keV and amplitudes, A, of 16.6 and 3.8 photons/keV/sr from
the forward fit and discrete fit, respectively. The cannon solution
band is then combined with the filter wheel solution band to create
a measured x-ray spectrum spanning 10-100 keV.

IV. SM-LWFA X-RAY SOURCES

This section presents the analysis of x-ray sources generated
through SM-LWFA following the experimental schemes shown in
Fig. 10. X-ray characterization from SM-LWFA generated sources
that generally have far more noise to mitigate than the laser-only
bremsstrahlung data presented above due to the large amount of
charge being diverted into the target chamber walls, and proper
accounting for this noise is instrumental in correctly determining
the energy spectrum of LWFA-driven x-ray sources. The filter wheel
diagnostic includes a 500 ym Cu and 200 ym Pb filter to be used
for background subtraction. These filters prevent any transmitted
signal from x-rays above ~40 keV from contributing to the overall
data. Since the sensitivity of the filter wheel has a maximum of ~40
keV, any signal behind these filters can be assumed as background.
For data with a uniform background level, the signal level from
behind the Cu and Pb filters is subtracted from the whole image to
reduce the noise level and improve accuracy of the analysis. For non-
uniform backgrounds, a mask is created by selecting the perimeter
of each filter and removing it from the image as shown in Fig. 11.
The background is smoothed over the whole image and normalized
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such that the maximum value of the smoothed image is equal to
the signal behind the Cu or Pb filter. The smoothed image is sub-
tracted from the main image to remove non-uniform backgrounds,
vastly improving the accuracy of the analysis methods detailed
above.

A. Betatron radiation

Here, betatron radiation is generated during the SM-LWFA
electron acceleration process. The laser is focused as described in
Sec. I1 with no foil placed after the gas jet [Fig. 10(b)]. The data anal-
ysis begins by first following the background subtraction technique
detailed in Fig. 11 and then applying the three analysis methods
described in Sec. III. Figure 12 shows the results of these meth-
iK% [2]7%7% as the analytic equation

ods using fp, 4, = A x 10'° 2

describing the x-ray energy spectrum. The expected energy range
for betatron radiation is <40 keV due to the critical energy scaling
(~5 x 10"21y2ne [em™]ro [¢m]) where the maximum electron
energy is measured to be ~300 MeV, so the filter wheel and cannon
diagnostics were used. The noise in this signal is higher than the laser
bremsstrahlung example due to the large non-uniform background
produced from stray electrons in the target chamber. The combined
analysis methods result in a critical energy (the point in which half
the energy in the spectrum lies below this value), E1, between 25 and
34 keV and an amplitude, A, between 15.7 and 16.5 photons/keV/sr.
This result is combined with the Ross pair (circles) and DAT (trian-
gles) methods in Fig. 12. Due to noise in the later channels of the

ARTICLE scitation.orgljournal/rsi

FIG. 10. Experimental setup for each SM-LWFA x-ray gen-
eration mechanism: (a) inverse Compton, (b) betatron,
(c) electron-driven bremsstrahlung, and (d) laser-driven
bremsstrahlung. Each method is isolated by controlling the
gas and foil placement as detailed in the text.
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FIG. 11. (a) Experimental data with no background sub-
traction. (b) 2D mask created to remove filters from the
background signal. (c) Using the 2D mask, the background
signal is smoothed over the filter regions and normalized to
the PSL signal behind the copper or lead filter. (d) The final
6 image after subtracting the smoothed background from the
original image.
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cannon diagnostic which could not be mitigated, the cannon did
not provide fitted critical energies to combine with the filter wheel
results.

B. Inverse Compton scattering

We generate inverse Compton radiation by placing a 100 ym
polyethylene target at the exit of the gas jet as shown in Fig. 10(a).
The laser, after generating the SM-LWFA and accelerating elec-
trons, exits the gas jet and ionizes the polyethylene target, creat-
ing a plasma mirror.'® The laser pulse is reflected back onto the
relativistic electrons, producing x-rays in the electron propagation
direction. Here, we have contribution from four different mecha-
nisms: betatron from the SM-LWFA, bremsstrahlung from interac-
tion of the laser and the electrons with the foil, and the Compton
radiation we seek to measure. To account for the x-rays generated
from the first three mechanisms, we measure the radiation energy
spectrum produced by isolated betatron, fgeta, and bremsstrahlung,
fBrem> emissions under the same experimental conditions and include
the results in the Compton analysis. The laser-driven and electron-
driven bremsstrahlung components are differentiated by placing the
foil at the exit and 15 mm from the exit of the gas jet, respectively, as
shown in Fig. 10. In the latter case, the laser has diverged more than
the electron beam ensuring the electron-driven bremsstrahlung is
dominant.

Compton scattering is likely to produce higher energy x-rays
than betatron radiation, as inverse Compton scattering scales as
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FIG. 12. Combining the forward fit, Ross pair, and DAT analysis methods from the
filter wheel and cannon diagnostics creates a band of solutions between critical
energies of 25 and 34 keV using the filter wheel diagnostic. Only the first three
channels of the cannon had signal above the detection threshold, resulting in two
data points using the DAT method. These data points are not sufficient to use the
fitting method but are plotted here to show agreement with the filter wheel solution
band, which is extrapolated to 65 keV.

~4y*E,, where E; is the laser photon energy, and betatron radiation
drops exponentially after its critical energy 5 x 10™*'y?*n, [cm™]ro

[um]. Hence, we use the step wedge.'* A single temperature spec-

trum, fEl,A = foota ¥ Sforem T A X 1010e(_%), is used for the forward fit
and discrete fit methods after first using the background subtraction
technique detailed in Fig. 11. The Compton emission is approx-
imated as a single temperature distribution in the narrow range
of sensitivity for both the filter wheel and step wedge. The result-
ing temperature bands, found by following the analysis methods
described in Sec. 111, are shown in Fig. 13 to be E1 = 18-93 keV and
El = 67-162 keV between 10-40 keV and 60-250 keV, respectively.
These sensitivity regions are dictated by the diagnostics and not the
spectrum being measured. The lower energy region measured by
the filter wheel has large components of laser bremsstrahlung and
betatron signal, however, the signal in the higher energy region mea-
sured by the step wedge can only be x-rays produced through inverse
Compton.?°

C. Electron bremsstrahlung radiation

Electron-driven bremsstrahlung radiation is generated by col-
liding the relativistic electrons from a SM-LWFA with a 500 ym
thick W target placed 15 mm from the exit of the gas jet, mitigating
laser bremsstrahlung and inverse Compton emissions, as shown in
Fig. 10(c). A 500 ym target is chosen for this mechanism to convert
as much of the electron energy into x-rays as possible, without being
too thick so that x-rays are re-absorbed. By choosing the correct
high-Z foil, much of the electron energy can be converted to x-rays
through collisions in the foil, producing a high temperature (MeV)
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FIG. 13. The filter wheel (black) and step wedge (red) were used to mea-
sure the low and high energy regions of the inverse Compton x-ray spectrum
respectively. The filter wheel measured a temperature band of 18-93 keV in the
1040 keV region, while the step wedge measured a temperature band of
67-162 keV between 60 and 250 keV.

emission spectrum. Due to the expected high energy x-ray produc-
tion, the step wedge diagnostic is used to analyze the electron-driven
bremsstrahlung emission spectrum. The temperature bands for this
mechanism are found to be T = 806-1354 keV by fitting to a single

_b

temperature distribution, fEl, 4 =AX 1010e( T ), following the anal-
ysis methods detailed in Sec. I11. The result of this analysis is plotted
with data points following the DAT method in Fig. 14.
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FIG. 14. The forward fit and discrete fit for electron-driven bremsstrahlung x-
rays produce a solution band with temperatures between 806 and 1354 keV (red
shaded region).
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V. CONCLUSION

In conclusion, we have shown the analysis methods employed
to fully characterize x-ray energy spectra generated through SM-
LWFA. These methods were applied to three diagnostics, each sensi-
tive to a different energy range: the filter wheel (10-40 keV), cannon
(30-80 keV), and step wedge (60 keV to >1 MeV). These diagnos-
tics were used together to characterize four distinct x-ray generation
mechanisms: betatron, laser and electron driven bremsstrahlung,
and inverse Compton scattering. These x-ray sources span a total
energy range of more than 1 MeV, proving useful in a wide variety
of applications.

The forward fit method provides a way to extrapolate an energy
spectrum given an analytical function to describe the x-ray energy
distribution. The Ross pair and DAT methods provide a way to
directly measure the photon flux in a narrow energy bin without
needing to assume a distribution function. These discrete points are
then fit using the same equation used in forward fitting to provide a
separate independent measure of the x-ray energy spectrum. Com-
bining all of these methods provides a solution band in which the
x-ray spectrum can exist. This technique allows a robust method of
characterizing an x-ray source in a high noise environment, like that
of SM-LWFA.

Large laser facilities like NIF and OMEGA are capable of creat-
ing experimentally unexplored conditions and states of matter valu-
able to HED, ICF, and laboratory astrophysics. These new experi-
mental capabilities bring with them a need for a broadband x-ray
source capable of probing the various transient states of matter being
created. Laser wakefield accelerators are a promising tunable driver
for x-ray sources at these facilities and have been demonstrated to
produce a broad range of x-ray energies.
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