Laser and Particle Beams

cambridge.org/lpb

Research Article

Cite this article: Mix LT, Maslow JA,
Jaworski MA, Coleman JE (2024) Flux and
estimated spectra from a low-intensity
laser-driven X-ray source. Laser and Particle
Beams 42, el, 1-9. https://doi.org/10.1017/
lpb.2024.1

Received: 18 October 2023
Accepted: 5 February 2024

Keywords:

diamond radiation detectors;

foil hydrodynamics; hydrodynamic
simulations; KeV X-rays; laser-driven X-rays;
X-ray spectra

Corresponding author: L. Tyler Mix;
Email: [tmix@lanl.gov

© The Author(s) 2024. Published by
Cambridge University Press. This is an Open
Access article, distributed under the terms of
the Creative Commons Attribution licence
(http://creativecommons.org/licenses/by/4.0),
which permits unrestricted re-use,
distribution and reproduction, provided the
original article is properly cited.

CAMBRIDGE

' UNIVERSITY PRESS

Flux and estimated spectra from a
low-intensity laser-driven X-ray source

L. Tyler Mix (®, James A. Maslow, Michael A. Jaworski and Joshua E. Coleman

Los Alamos National Laboratory, Los Alamos, NM, USA

Abstract

Laser-driven X-rays as probes for high-energy-density physics spans an extremely large param-
eter space with laser intensities varying by 8 orders of magnitude. We have built and character-
ized a soft X-ray source driven by a modest intensity laser of 4 x 10'®> W/cm?. Emitted X-rays
were measured by diamond radiation detectors and a filtered soft X-ray camera. A material-
dependence study on Al Tj, stainless steel alloy 304, Fe, Cu and Sn targets indicated 5-pm-thick
Cu foils produced the highest X-ray yield. X-ray emission in the laser direction and emission in
the reverse direction depend strongly on the foil material and the thickness due to the opacity
and hydrodynamic disassembly time. The time-varying X-ray signals are used to measure the
material thinning rate and is found to be ~1.5 um/ns for the materials tested implying thermal
temperature around 0.6 eV. The X-ray spectra from Cu targets peaks at ~2 keV with no emis-
sion >4 keV and was estimated using images with eight different foil filters. One-dimensional
hydrodynamic and spectral calculations using HELIOS-CR provide qualitative agreement with
experimental results. Modest intensity lasers can be an excellent source for nanosecond bursts
of soft X-rays.

Introduction

Laser-produced plasmas have been studied as a source of X-ray radiation since the very early
days of the laser (Ref. 1). The field has advanced largely to address two related goals: laser-
driven inertial confinement fusion and laser-produced X-ray probes. To achieve those goals, a
signification portion of laser X-ray generation research was performed at large facilities such
as Shiva (Ref. 2), Argus (Ref. 2), Nova (Refs 3, 4), ]-KAREN (Ref. 5) and Trident (Ref. 6), with
ongoing experiments at NIF, (Refs 7, 8) OMEGA (Refs 3,9), ALEPH (Ref. 10), ELI-NP (Ref. 11),
SULF (Ref. 12) and many others. These laser systems typically operate with either kJ-class ns
beams at ~10'® W/cm?, or 1-100 J-class ultrashort beams with intensities of ~102°-2! W/cm?.
In comparison, experiments with J-class ns lasers with intensities of ~10'* W/cm? are a less
explored area of laser—plasma interactions. However, modest laser intensities hold promise for
their significant X-ray yield in the 1-5 keV range which can be used for biological imaging
(Ref. 13) and detector calibration (Ref. 14).

Intense laser radiation on a metal foil ablates the material, forming a solid density plasma.
Depending on the laser intensity, thickness of the foil and the hydrodynamic disassembly pro-
cess, a portion of the foil remains intact while the laser pulse heats the plasma formed on the
front surface. For ns class lasers <10'> W/cm?, inverse bremsstrahlung is the dominant mech-
anism of laser absorption (Ref. 15). Laser energy is absorbed by the electrons most efficiently
at densities with n, < n., where the critical density is n. = 3.9 x10?! cm™ for 532 nm radia-
tion (Ref. 16). At greater densities, the plasma becomes opaque, and these plasma regions are
heated by thermal conduction of the hot electrons (Ref. 17). After the plasma is sufficiently hot,
it radiates the absorbed energy out as bremsstrahlung X-rays and line spectra from the highly
ionized metal atoms. Inner shell ionization of cold atoms to produce K-line emission generally
requires much higher laser intensities and hotter election populations. The opacity of the plasma
and condition of the foil heavily influence the transport of X-ray radiation to the sample and
detectors (Ref. 15).

Marzi et al. (Ref. 13) and Labate et al. (Refs 14, 18, 19) describe a laser-driven soft X-ray
source for both biomedical imaging applications and CCD camera calibration. They use a single
beam of 3-], 3-ns Full Width Half Max (FWHM), 1053-nm pulse for an intensity of 5 x 10!
W/cm?, incident upon a solid cylinder target. Cu produced the highest yield of 1-5 keV X-rays
when compared with plexiglass, Al, Mo and W (Ref. 13). Years prior, Eidmann and Kishimoto
(Ref. 20) measured X-ray spectra from 50 eV to 1.2 keV with a 7-], 3-ns (FWHM), 532-nm pulse
for an intensity of 3 x 10> W/cm? with flat solid targets. Their results from Be, C, Al, Ti, Cu, Mo,
Sn, W, Au and Pb also identified Cu with the highest intensity X-ray emissions (Ref. 20). Near
1 keV, the spectrum for Cu was dominated by L-shell emission. More recent work on Al, Cu and
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Au by Chaurasia et al. (Refs 21-23), using a single 2- to 15-], 500-
ps, 1064-nm pulse for a maximum intensity of 4 x 10* W/cm?
on target, described the variation of X-ray emission with focal
position and thus the spot size. Shots that were slightly out of
focus produced larger signals of soft X-rays (0.7-1.5 keV) from
the larger volume of plasma. Shots that were in focus produced
more emission of harder X-rays (3-5 keV). Gaeta et al. (Ref. 24)
expanded a low-energy laser X-ray source to four beam lines of
2.8 x 10" W/cm? each with a 37-um-thick copper tape target to
produce ~1 keV radiation for lithography applications at 300 Hz
for 3.8 W/sr average power. They concluded that a laser system with
a moderate energy and a small focal spot and short pulse width
produces X-rays at a higher efficiency than systems with similar
intensities and larger energy per pulse (Ref. 24).

We have begun developing a similar laser-driven benchtop
X-ray source for detector and diagnostic development at the
Dual Axis Radiographic Hydrodynamic Test (DARHT) Facility
(Ref. 25). In comparison to previous work, our laser system uses
thin (2.5-10.0 um) foils with a 5-J, 8-ns, 532-nm pulse and an
intensity of 4 x 10" W/cm?. Our primary goal is to calibrate a
suite of X-ray detectors and spectrometers before installation on
DARHT. In this work, we detail initial experiments with multiple
foil materials and thicknesses on the DARHT soft X-ray test stand
to understand and commission this X-ray source to complement
the future Bragg crystal spectrometer calibrations.

Materials and methods

The simple goal of the experimental apparatus (Fig. 1) is to put
the most intense photon beam possible onto the metal foil target
and detect the generated X-rays. The optical beam is produced in
a flashlamp-pumped Nd:YAG (Ref. 26) and frequency doubled to
532 nm with a maximum energy of ~5 ] per 8-ns (FWHM) pulse.
The beam is focused onto the foil with a 150-mm lens to a 1/e?
diameter of ~40 pum; providing an intensity of 4 x 10" W/cm?.
The focal spot size was limited by experimental factors to protect
the optics from metal debris. A photodiode (Ref. 27) monitors the

View Along Laser Axis

Sophia Camera
45 cm from target

Figure 1. The laser beam enters the target chamber from the right
striking the metal foil in the center. A group of DRDs is mounted facing
the target front to detect backscattered radiation with different Al
filters 10 cm from the target. A second group of DRDs is mounted
around the filter object to detect forward-scattered radiation 18 cm
from the target. The Sophia camera is mounted at the end of the
chamber 45 cm from the target.
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scattered laser light from an alignment mirror and is calibrated to
provide the laser energy on every shot. The foils are mounted on
an aluminum frame inside the target chamber at 1077 Torr with a
manipulator arm to move a new sample into the target position for
each shot.

Diamond radiation detectors (DRDs), which are most sensitive
to X-rays <6 keV and have an instrument response time of ~200
ps, are the main detectors for the emitted X-rays (Refs 28-31).
These detectors are 3 x 1 x 1 mm and are mounted on an SMA
connector that provides a —150 V bias and records the induced cur-
rent. The DRDs on the right of Fig. 1 pointed at the front of the
target surface measure the X-rays in the ‘backward direction’ and
the DRDs on the left behind the target measure the X-rays in the
‘forward direction, which we define here for the remainder of this
work. The DRDs were cross calibrated, corrected for non-linearity
in high-voltage signals and the signals compared here are using
DRDs of the same size from the same manufacturer. Coarse X-ray
spectroscopy measurements were made using eight different metal
filters mounted to an anodized Al base and the Sophia-XO cam-
era (Ref. 32). The camera has a square 2048 pixel array with square
13.5-pm pixels and a 200-pm-thick silicon sensor. The Sophia has
a quantum efficiency >60% for X-rays between 0.5 and 5.0 keV
(Supplemental Figure S1). The camera sensor was overexposed for
100 ns, integrating the entire X-ray pulse. Light-tight filters on both
the DRDs and the Sophia camera are 500 + 5 nm of Al on top of
a5+ 0.25-pm polyimide support (Ref. 33). Thicker Al filters of 50
and 300 pm were used for higher energy X-ray measurements on
two additional DRDs. Targets for this initial study included 10-pm-
thick Al Ti, stainless steel alloy number 304 (SS-304), Fe, Cu and
Sn (Ref. 34). Also, 2.5- and 5-pm-thick foils of Ti, Fe and Cu were
also shot to quantify the thickness dependence on X-ray yield.

Results and discussion
Time-resolved X-ray measurements

We performed a series of time-resolved X-ray measurements using
DRDs with different foils at laser intensities from 0.8 x 10'* to
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Figure 2. (A) Average DRD X-ray signals from up to 15 shots in the forward direction for Al, Ti, SS-304, Fe, Cu and Sn. (B) Average signals in the backward direction. The laser
pulse is shown in grey and scaled for easy comparison. (C) Average numerically integrated signal for each material over five shots in the forward direction. (D) Average

numerically integrated signals in the backward direction.

4.0 x 10" W/cm?. Figure 2A shows the average DRD signals of
the forward-scattered X-rays from each material for up to 15 shots
with 4 x 10'* W/cm? of laser intensity. Time zero in these and all
other figures in this paper is set when 10% of the peak of the laser
pulse arrives at the foil. Cu targets yield the brightest X-ray source,
at the expense of larger shot-to-shot variation. Al generates much
larger X-ray signals than the other higher Z materials, aside from
Cu, in the forward direction. In the backward direction, Fig. 2B,
Cu remains the strongest emitter. Al is the weakest X-ray emitter
in the backward direction.

The average integrated signal versus atomic number Z is plot-
ted in Fig. 2C, where there is not a clear dependence on Z for the
forward-scattered X-rays. The expected increase in X-ray yield due
to the Z? scaling of the inverse bremsstrahlung absorption coeffi-
cient (Ref. 15) is evident in the integrated back-scattered X-ray flux,
shown in Fig. 2D. Cu has the best combination of a high Z number
for efficient absorption of laser energy by inverse bremsstrahlung
and low ionization energies, allowing a large fraction of the plasma
to ionize to the K and L shells which then emit keV X-ray radi-
ation (Ref. 13). Ti has lower ionization energies and would have
a larger fraction of K and L shell ionization; however, it does not
absorb the laser energy as efficiently. Sn exhibits the opposite phe-
nomenon. It has a high Z and absorbs the laser energy strongly but
has much higher ionization energies and much smaller fractions of
K and L shell ionized atoms. Sn plasmas would be expected to have
large fractions of M shell ions which emit in the extreme ultravio-
let region and is blocked by the light filters on our DRDs. Similar
trends were observed by Marzi (Ref. 13), Eidmann (Ref. 20) and
Chaurasia (Ref. 22) who all found Cu had the largest X-ray yield
with laser intensities near 10'* W/cm?.

The large differences in X-ray emittance and timing in the
forward- and back-scattered directions (Fig. 2) are an effect of
the hydrodynamic disassembly time and the opacity of the foil
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before disassembly. The forward-scattered X-rays arrive at the
DRDs between 3.7 and 6.3 ns after the laser hits the foil. In the
backward direction, the X-rays arrive between 0.5 and 0.9 ns after
the laser pulse which is slightly longer than the 0.3 ns (10 cm) tran-
sit time for light from the plasma to the DRD array. Based on the
X-ray arrival times, Al, Cu and Sn disassemble faster than the Ti,
Fe and SS-304.

With detectors in both the forward and backward directions,
an attenuation study was performed. Using the transmission equa-
tion, it is possible to calculate the time-dependent thickness of the
foil and the speed of the ablation or hydrodynamic disassembly
process.

2o () e m
IBack

where Iy, is the forward DRD signal transiting the foil corrected
for distance, Ip,q is the backward DRD signal corrected for dis-
tance, u/p is the mass attenuation coefficient (Ref. 35), p is the
material density and z(t) is the foil thickness. Signal intensity was
corrected for the distance traveled using the inverse-square law. We
believed that the X-ray radiation source was created by the laser
on the front surface of the foil and the source radiates outwards
isotropically into 47 steradians (sr) and the X-rays either transit the
foil or are absorbed by the foil. There is no reflection. Mass atten-
uation coefficients depend on energy, and we have selected to use
the values at 2 keV, the peak of the estimated Cu X-ray spectrum,
as described below.

The Cu foil is initially 10 pm thick and has begun thinning
when the first signals are detectable above the noise by the forward
DRD (Fig. 3). A 10-pm-thick copper foil attenuates 2 keV X-rays by
107, while 5-pm-thick Cu foils attenuate by 10~* where signals are
first observed in the forward direction. The foil thickness over time
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Figure 3. Ablation rate for 10-um-thick Cu foils. A fifth-order polynomial fit (black)
to the thickness data (blue) was used to calculate the ablation rate, dz/dt (red). The
maximum ablation rate is 1.78 um/ns.

was fitted to a fifth-order polynomial to provide a smooth function
to calculate the ablation rate, dz/d¢. Ablation rate has an average
rate of 0.65 pm/ns and an instantaneous maximum of 1.78 um/ns
early in time. This speed is faster than the Maxwell-Boltzmann root
mean squared speed of 1.05 pm/ns for a distribution of gaseous Cu
at the boiling point (2835 K) and slower than the solid Cu bulk
speed of sound, 3.75 pm/ns. Similar calculations were performed
for Cu of 5 and 2.5 um thick and different laser intensities. The
slight trend towards faster ablation rates with more laser energy
is encouraging; however, given the large uncertainties from shot
to shot variation, measurement error with small signals, and the
spectral estimation we do not believe these differences are mean-
ingful. Cu, Ti, Fe and Sn samples with a thickness of 10 pm
(Supplemental Figure S2) and the ablation speeds are compared
in Table 1. If the rates were completely driven by the boiling mate-
rial, we would expect a scaling with the square root of the atomic
mass. These rates do not follow that trend. If the measured ablation
speeds do represent the root mean squared velocity of the atoms,
it implies a temperature for the sublimating atomic Cu material
around 6900 K or 0.6 eV. This is not the electron plasma temper-
ature that creates the bremsstrahlung X-rays. Simulations predict

Table 1. Ablation rates

L. Tyler Mix et al.

a maximum plasma temperature of ~800 eV as described below.
The ablation rates are a subject of ongoing study and research.

We examined the effect of foil thickness on the X-ray intensity
in the forward direction; a thinner foil has a shorter absorbance
path length and disassembles faster, so it should produce stronger
X-rays in the forward direction. We observed a slight increase
in the percentage of forward-scattered X-rays with thinner foils
shown in Fig. 4. The absolute magnitude of the observed X-rays
was highest with 5-pum foils for Ti and Fe and with 2.5-um foils
for Cu. The drop in X-ray flux from 2.5-pm foils is likely due to a
smaller plasma volume, thus producing less radiation. This is veri-
fied by a similar decrease in radiation in the backscattered direction
for 2.5-pm foils versus 5-pm foils, along with Chaurasia’s (Ref. 22)
measurements that smaller plasma volumes produce less X-rays.
In Cu, the improvement in the percentage of forward-scattered
X-ray transmission for the 2.5-pm foil was large enough to offset
the decreased radiation production. The timing of the arrival of
the X-ray pulse at the DRDs is also shortened with thinner foils
(Supplemental Figure S3) which is consistent with the ablation
rates.

Filtered X-ray spectral estimation

Spectra of the emitted X-rays from Cu were estimated by using
eight different foil filters imaged onto the Sophia camera as shown
in Fig. 5A. The transmission of each of these filters, shown in
Fig. 5B, is calculated from the Center for X-ray Optics online
database (Refs 36, 37). To extract the estimated spectra, we
employed an expectation-maximization method, used for medi-
cal computed tomography images (Refs 38, 39). This method uses
an estimate of the spectra, calculates the expected signal ampli-
tude with each filter, compares the expected signal to the actual
signal and adjusts the spectral estimate. We used a 400 eV black-
body spectral guess with additional Cu K-alpha lines that was both
wider and more intense than the actual spectra as required by the
expectation maximization algorithm. Approximately 100 iterations
are required to arrive at an estimated spectra that accurately repro-
duces the measured signal for each filter within a 10% error. Spectra
were smoothed via a Gaussian basis set of 200 functions.

Material Density (g/cm?) Z Number Max. Ablation Rate (um/ns)? Temperature (K)
Al 2.700 13 - -

Ti 4507 22 0.90 1550
$5-304 8.000 25.8° - -

Fe 7.874 26 1.05 2470

Cu (10 pm, 4.0 x 10'* W/cm?) 1.78 8070

Cu (5 pm, 4.0 x 10*3 W/cm?) 1.55 6120

Cu (2.5 pm, 4.0 x 1013 W/cm?) 8.960 Z 1.68 7190

Cu (5 pm, 1.6 x 10*3 W/cm?) 1.58 6360

Cu (5 pm, 2.4 x 10*3 W/cm?) 1.62 6685

Cu (5 pm, 3.2 x 103 W/cm?) 1.67 7105
Average 1.64 + 0.07 6900 + 640
Sn 7.310 50 1.03 5000

2Al and SS-304 rates were not calculated.
bWeighted average of the alloy.
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Figure 4. Average numerically integrated DRD X-ray signals for five shots in the
forward (green) and backward (red) direction for 10-, 5- and 2.5-pm-thick targets of
different materials. The percentage of the flux in the forward direction relative to
the flux in the backward direction is given.

The calculated spectra from 5 pm Cu targets at different laser
intensities are shown in Fig. 6. The intensity setting was adjusted
by lowering the laser output energy, keeping the spot size fixed.
These spectra show an increase in amplitude with increasing laser
intensity and a slight shift in the peak to higher energy emis-
sion from 1.7 to 1.9 keV. There is no evidence of emission at the
Cu K-lines at 8.047, 8.027 and 8.905 keV or H and He-like lines
near 8.666, 8.699, 8.347 and 8.392 keV (Ref. 37). Cu K-alpha and
K-beta lines were inserted into the initial spectral guess and are
significantly reduced by the iterative algorithm. Omitting these
spectral lines from the initial guess results in negligible change in
the spectra <4 keV, and no signal >4 keV (Supplemental Figure
S4). Additional measurements from DRDs with 50-pm Al filters,
which have <1% transmission <3.5 keV and >50% transmission
>7.8 keV, only recorded noise, further supporting that Cu K-line
radiation is not produced (Supplemental Figure S5). It is possible
that emission from the Cu L-lines at ~900 eV and lines from Li-like
ions at 1.3-2.6 keV, Ne-like ions at 1-1.5 keV and F-like ions at

A 25umTi
31,200

7.5umTi
5900

1-1.2 keV (Ref. 40) are not being resolved with this coarse spectral
measurement technique (Ref. 37).

The estimated spectra have several features which are artifacts of
the spectral estimation method due to the strong absorption edges
in the available metal filters. At the low end of the spectra, we would
expect the decline to be smooth, and the estimated peak at 500 eV
is a result of the Ti L absorption edge in the same spectral range.
The sharp discontinuities at 5 and 7 keV are from the Ti K-edge
and the Fe K-edge.

Simulations

Hydrodynamic simulations were performed using the one-
dimensional (1-D) radiation-magneto-hydrodynamic software
HELIOS-CR (Ref. 41). HELIOS-CR utilized Lagrangian methods
to solve conservation equations, frequently used in the inertial con-
finement fusion community for laser-produced plasma (Ref. 42)
and Z-pinch plasma simulations (Ref. 43). HELIOS-CR simula-
tions were performed using a 5-J, 10-ns (FWHM), 532-nm pulse
with a 40 pm spot size resulting in an intensity of 4 x 10** W/cm?
incident on 10-, 5- and 2.5-um-thick foils of Al, Ti, Fe and Cu.
The foils are divided into 100 zones of equal size, which are 0.1,
0.05 and 0.025 pm thick depending on the foil. The provided
PROPACEOS (Ref. 41) equations-of-state and opacity values were
used. These simulations agree with the measured temporal X-ray
signals from the DRDs and support the conclusion that X-rays in
the forward direction are being attenuated by the mostly intact foil
until after disassembly.

A clear illustration of the laser—foil interactions is revealed by
following different zones through the hydrodynamic disassem-
bly process of a 10-pm Cu foil in Fig. 7A. As the laser pulse
arrives at the foil, the first micron of material is ablated from
the front surface. The leading edge of this plasma comprising the
first 100 nm of the foil is heated to ~800 eV by the laser pulse.
The remaining foil material is shock compressed to higher den-
sities and pushed backward, until disassembling around the time
of the peak of the laser pulse. The middle of the foil, material

z
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E i 1
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8 | g
. y
0.2 _ Vo
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Figure 5. (A) X-ray image of the metal target filter with the filter type and average counts listed in each region. The image contrast and brightness has been adjusted for
best visibility of each region. (B) X-ray transmission curves for Ti (blue), for Fe (green) and for Cu (orange). Note the strong K-edges in the chosen filter set and the small L

edge for Ti at ~500 eV.
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between 4.0 and 4.1 pm, reaches temperatures of ~60 eV from
collisional heating by hotter electrons. The total mass density of
the foil material and the simulated radiation flux from the front
and back surface in Fig. 7B show that radiation in the backward
direction begins almost immediately when the laser hits the foil.
Radiation in the forward direction is not released until the foil
has begun to disassemble and is significantly smaller in magnitude
than the flux in the backward direction. Comparisons of simula-
tions with different thicknesses of Cu in Fig. 7C show the expected
trend towards more emission in the forward direction with thin-
ner foils and slightly lower emission in the backward direction due

L. Tyler Mix et al.

to a smaller volume of high temperature plasma. Al, Ti and Fe
foils exhibit all of the same general features, but comparisons of
the magnitude of the radiation flux between materials in Fig. 7D
do not match experiments or the Z2 scaling from the inverse
bremsstrahlung absorption coefficient. The timing of the simulated
radiation pulses also deviates from experiments as the Al X-rays
are simulated to show up the earliest as the lightest material disas-
sembles the fastest, followed by Ti, Fe and then Cu. Experimental
results measured Cu and Al X-ray pulses arriving at the detectors
around the same time, followed a few nanoseconds later by Ti and
then Fe.
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Figure 6. Spectral estimation with intensities of 1.6 x 10*3 W/cm? (green), 2.4 x 10*3 W/cm? (blue), 3.2 x 1013 W/cm? (red) and 4.0 x 10'* W/cm? J (black). The features
marked by the numbers are artifacts of the chosen metal filters. The peaks at 8.5 and 8.9 keV are the locations of the Cu K-alpha and K-beta lines, respectively. These lines

are significantly decreased from the original guess by the algorithm and are likely not

present in the real experimental spectra.
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Figure 7. Results of HELIOS-CR simulations for Cu hydrodynamics irradiated by a 532

-nm 5-J pulse with a 40-pm spot and a 10-ns FWHM at an intensity of 4 x 10*3 W/cm?.

(A) Simulated foil motion from selected zones of a 10-pm-thick Cu foil with the laser pulse (grey). (B) On the same timescale, the mass density of the simulated foil and the
simulated radiation flux in the forward direction (green) and radiation in the backward direction. (C) The simulated flux for different thicknesses of Cu compares favourably

to experiment see Figure 4. (D) The simulated flux for different materials compares po

https://doi.org/10.1017/Ipb.2024.1 Published online by Cambridge University Press

orly with experiments, see Figure 2D.
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Figure 8. Simulated spectra from SPECT3D integrated over the full duration of the laser pulse exhibiting a black-body continuum from 0 to 800 eV and several Li-like Cu
lines from 1.3 to 2.4 keV. Lines from He-like and H-like Cu atoms or Cu K-lines are not estimated to be emitted under these conditions. Spectra estimated from the filtered

images at an equivalent laser intensity is scaled and shown for comparison in blue.

We simulated the spectra of the emitted radiation from the
5-pm-thick Cu foil using the output of the HELIOS-CR hydrody-
namic data with SPECT3D (Ref. 44). We chose to use the non-local
thermodynamic equilibrium K-line emission model for Cu which
is native to the code. This atomic model includes the fully detailed
states for H-like, He-like and Li-like Cu ions with the ground state
for Be-like Cu ions. The time-integrated simulated X-ray spectra
is shown in Fig. 8. At low energies, there is a black-body contin-
uum from 0 to 800 eV and peaks at 143 eV. The group of emission
lines from 1.3 to 2.4 keV is due to Li-like Cu®®* ijons (Ref. 40).
Using an estimated Boltzmann distribution and ionization ener-
gies tabulated by NIST (Ref. 40), the Li-like state comprises ~4%
of the plasma at a temperature of 800 eV. There is no emission
of K-alpha, H-like or He-like lines around 8 keV in the simu-
lated spectra. At an electron temperature of 800 eV, He-like Cu?’*
and H-like Cu®®* comprise only 0.000098% and 0.000026% of the
plasma using the same estimated Boltzmann distribution. We are
not able to generate a high enough temperature with a laser inten-
sity of 4 x 10'*> W/cm? to produce Cu He-like and H-like ions in
sufficient quantities to detect their characteristic X-rays. The sim-
ulated 1-D spectra roughly agree with the estimated spectra from
the X-ray filtered imaging as the black-body emission is filtered out
and there are no high energy lines. The simulated and estimated
spectra do peak at different wavelengths, 1.4 keV vs. 1.9 keV, which
may be due to emission from other ionized Cu species that are not
included in the atomic model used by SPECT3D (Ref. 44). This
also does not include the very real possibility of metal impurities or
other absorbed elements contaminating the experimental spectra
(Ref. 45).

Conclusion

We have built and characterized a modest intensity of 4 x 10'®
W/cm?, laser-produced plasma, soft X-ray source using a single 5-J,
8-ns (FWHM), 532-nm pulse on Al, Ti, Fe, SS-304, Cu and Sn foil
targets. This work, in agreement with other studies (Refs 13, 20),
has found that Cu has the largest X-ray yield for laser-produced
plasma at these intensities. Foil targets introduce additional X-ray
emission complications due to the hydrodynamic disassembly pro-
cess compared to a solid cylinder (Refs 13, 14, 18, 19), or a flat
solid target (Refs 20-23). X-ray emission begins with a material
ablated from the front of the foils and is detected earlier on DRDs
facing the front surface. X-rays reaching DRDs behind the foil are
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heavily attenuated by the foil until the hydrodynamic disassembly
time with signals that are about 10 times smaller than DRDs facing
the front surface. The ratio of forward/backward X-ray emission
has been used to measure the ablation rate of the foils and suggests a
thermal, boiling-like process with temperature of ~0.6 eV. Spectral
estimation of the emitted X-rays from Cu was calculated with an
expectation-maximization algorithm by imaging eight filters with
a Sophia X-ray CCD camera. The estimated spectra peaks at 2 keV
with no X-rays observed beyond 4 keV. There is no evidence of Cu
K-alpha lines or He-like and H-like emission. The intensity, tim-
ing and spectra of the X-rays compare favourably to simulations
performed using HELIOS-CR.

For future experiments, we explore ways to increase the inten-
sity of the laser pulse on the target by decreasing the spot size.
Placing the final lens inside the vacuum and reducing the focal
length by a factor of 3 would result in an increase in intensity by
a factor of 9 from 4 x 10 to 3.6 x 10* W/cm?. HELIOS-CR
simulations with 5 pm Cu targets suggest this would increase our
maximum electron temperature to 1400 eV and our X-ray flux by
~10 times if the irradiated area is equal. Future work will include
fielding a mica Bragg spectrometer with a spectral range up to
4 keV, collected on calibrated image plates to obtain X-ray dose
as a function of energy. Once this is implemented, the image plates
will be replaced with a microchannel plate gated X-ray imager.

Supplementary Material. The supplementary material for this article can be
found at https://doi.org/10.1017/1pb.2024.1.
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