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Abstract

Measurements of silver K-shell and bremsstrahlung emission from thin-foil laser targets
as a function of laser prepulse energy are presented. The silver targets were chosen as a potential
22 keV backlighter source for the National Ignition Facility Experiments. The targets were
irradiated by the Titan laser with an intensity of 8x10" W/cm? with 40 ps pulse length. A
secondary nanosecond timescale laser pulse with controlled, variable energy was used to emulate
the laser prepulse. Results show a decrease in both K, and bremsstrahlung yield with increasing
artificial prepulse. Radiation hydrodynamic modeling of the prepulse interaction determined that
the preplasma and intact target fraction were different in the three prepulse energies investigated.
Interaction of the short pulse laser with the resulting preplasma and target were then modeled
using a Particle-In-Cell code PSC which explained the experimental results. The relevance of
this work to future Advanced Radiography Capability x-ray backlighter sources is discussed.

l. Introduction

High energy, monoenergetic laser-produced photon sources have many applications in
diagnosing inertial confinement fusion (ICF) plasmas’® and other high energy-density plasma
(HEDP) systems*®. To produce these sources, a short duration, high intensity laser pulse
interacts with a metallic foil target. Electrons from the metallic foil are then accelerated within
the electric and magnetic fields of the laser to relativistic velocities. These “fast” electrons make
binary collisions inside the target and emit K, and bremsstrahlung radiation. The line emission
from the K-shell of the metallic foil can then be used as a high-energy monochromatic photon
source with short pulse duration for the radiography of very dense materials®*°. Additionally, the
target itself is a high-energy density system and details of these emissions help to diagnose the
system as described in this paper.

Previous work has shown high intensity short-pulse produced K-shell line emission to be
a very effective radiography source®®3. In previous experiments®, optimization of the
backlighter target geometry led to high-resolution and high conversion efficiency from laser
energy to K, photons. High contrast (10™°) lasers have been used® to show significant
enhancements in total K, for both Mo and Ag targets. Higher conversion efficiencies are due, in
part, to the electrostatic potential buildup on the target preventing a large fraction of accelerated
electrons from leaving the target, and instead forcing them to make multiple passes (reflux)
through the target until all of their energy is given to the target. Previous work'! has shown
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dependence of K, yield on laser intensity and pulse length as well as shown further verification
of electrostatic fields surrounding the target causing refluxing and hence, K, enhancement. In
other experiments®, high intensity laser produced tungsten K, is used as a backlighter source for
measuring the density in shocked and unshocked iron to deduce the equation of state (EOS) at
high-density and high-pressure. Here the signal to noise of the backlighter is critical for making
accurate measurements of the density and hence EOS. However, there is no systematic study yet
according to our knowledge on the effect of joule level laser prepulse inherent to high intensity
short pulse lasers on the brightness of these high energy radiation sources. Particularly, it is
important to determine the tolerable laser prepulse for radiography sources using Advance
Radiography Capability laser (ARC) at the Lawrence Livermore National Laboratory.

In this paper, we discuss the effects of laser prepulse energy on the conversion efficiency
of laser energy to K, photons from silver foil targets. Measurements of K, photons,
bremsstrahlung and escaping electrons were measured while varying the laser prepulse energy
over two orders of magnitude (50 mJ up to 5 J) to infer a scaling with prepulse level. This is an
important regime to investigate in advance of future multi-kilojoule laser facilities such as the
Advance Radiography Capability laser* at the National Ignition Facility. Simulations were also
carried out to model the hydrodynamics of target expansion due to the prepulse as well as for the
electron source and transport of fast electrons within the target.

The paper is structured as follows: Section Il describes the experimental setup and data
analysis methods; Section Il describes the experimental results; Section IV describes modeling
methods and results; Section V discusses the implications of both experimental and modeling
results and summarizes.

Il. Experimental Setup and Diagnostics

The experiment was carried out using the Titan laser at the Jupiter Laser Facility in
Lawrence Livermore National Laboratory. Targets were silver foils, 12um thick and 250um
diameter. They were irradiated by a 1.050um wavelength laser at an angle of 16 degrees with
respect to target normal, in a 30pm diameter spot with a Full-width at Half Maximum (FWHM)
pulse duration of 40ps and total energy of 300J, resulting in a laser intensity of 8x10%" W/cm?. In
addition, a long pulse (3ns), 1.053um wavelength laser was injected coaxially with the short
pulse beam as a means to artificially increase prepulse energy beyond the nominal 15mJ due to
amplified spontaneous emission (ASE) inherent to the short pulse. The delay between the arrival
of the long pulse and the short pulse was set at 3ns, similar to the typical ASE pedestal pulse
duration from the short pulse beam. The long pulse parameters had a slightly larger focal spot
diameter of 50um, and energy was varied from 50mJ to 5000mJ. With this, the resulting power
corztrast raztio for this experiment ranged from 10 to 10 while the energy contrast ranged from
10" to 10,

Silver K, at 22keV and high-energy bremsstrahlung x-rays produced from the interaction
of these targets with both the Titan short and long pulses were measured using several
independent diagnostics listed below. Experimental layout is shown in Fig. 1.

i) A Highly Ordered Pyrolytic Graphite spectrometer (HOPG)™ placed at 80° with
respect to rear side target normal was used to measure x-rays in the range of 20 to 24 keV
including the K, line of silver.

i) A Transmission Crystal Spectrometer (TCS)® placed at 80° with respect to front side
target normal was used in conjunction with the HOPG to confirm silver K, yield. Integrated



yield output from both HOPG and TCS are given in units of photostimulated luminescence
(PSL).

i) A single hit CCD (SH-CCD)" was run concurrently on all shots to calibrate the
integrated Ag K, yields of i) and ii) from PSL to absolute photon numbers.

iv) Two hard x-ray bremsstrahlung spectrometers (HXBS) were placed on the front and
rear side of target normal to measure the fast electron-produced bremsstrahlung from within the
target. Differences between the front and rear side yield results could be used to examine the
effects of refluxing. The HXBS consists of 15 imaging plates stacked in series with filter
materials of increasing Z and/or thickness placed in front of each imaging plate starting with
100pum of aluminum in front of the first and ending with 6mm of lead in front of the last imaging
plate. The details of this diagnostic can be found elsewhere®. This diagnostic provides a spectral
range from roughly 12keV to 700keV. In this design, high-energy bremsstrahlung photons
deposit their energy on the imaging plates in varying doses depending on the photon energy and
the cumulative filtering by the preceding layers. Self-emission from the interaction of the high
energy primary photons with the filters within the diagnostic also contribute to signal on the
imaging plates.

The response of the diagnostic stack, including self-emission, was determined using 1D
photon transport simulations of the diagnostic with the Monte Carlo electron/photon transport
code INTEGRATED TIGER SERIES 3.0 (ITS). The ITS simulation consisted of modeling the
expected energy deposition on each imaging plate by individually propagating 151
logarithmically spaced monoenergetic photon beams ranging from 1keV to 100MeV through the
diagnostic. ITS was also used to simulate the bremsstrahlung response of the target by
propagating a beam of electrons through the silver target for 81 logarithmically spaced
monoenergetic electron beams ranging from 10keV to 100MeV. Parameterizing the 81
monoenergetic electron beams by assuming a Boltzmann distribution of electrons, the
bremsstrahlung distribution predicted by the target response was calculated. The distribution was
used to calculate the expected energy deposition on the imaging plates which was then compared
with the experimental data. This process was iterated with the Boltzmann temperature, laser-to-
electron conversion efficiency, and electron source divergence as free parameters until the
predicted energy deposition matched well to the deposited energy on the imaging plates from the
experimental data.

v) A vacuum electron spectrometer (ESPEC)*® was placed at rear side target normal and
used to measure fast electrons that escaped the target. The ESPEC consists of a ~0.5T magnet
placed ~1m from target chamber center which deflects electrons with energy up 100MeV onto an
imaging plate. Lower energy electrons are more preferentially deflected by the magnet and so the
resulting signal on the imaging plate is an energy spectrum of escaping electrons. This diagnostic
is absolutely calibrated and so the total number of electrons can be inferred from the signal on
the imaging plate in addition to Boltzmann-like steady-state “slope” temperatures.

I11. Experimental Results

Integrated K, yields for the HOPG and TCS are plotted as a function of prepulse energy
in Fig. 2. Both the HOPG and TCS agreed to within 1% of one another for all shots taken
throughout this experiment. Although the HOPG and TCS were on opposite sides of the target,
this agreement was expected as K, is produced from collisions with fast electrons and K-shell
electrons and is emitted isotropically in our thin foil targets. In this scan, three different prepulse



energies were used, 50mJ, 500mJ, and 5000mJ. Results show decreasing K, yield by a factor of
4 when the prepulse energy was increased by 2 orders of magnitude. Calibration of the HOPG
and TCS diagnostics with the SH-CCD show absolute photon numbers in the range of 3x10*! to
1x10% photons/sr. With mass-limited targets and intensities at 10*® W/cm?, previous work®
showed that the majority of fast electrons produced (as much as 99%) experienced refluxing with
the majority of their energy being deposited back into the target through direct collisions with
ions and with background electrons.

The HXBS diagnostic was analyzed following the methodology described in Sec. Il and
detailed in a previous work?®. The resulting inferred bremsstrahlung spectrum is plotted in Fig. 3
as a function of increasing prepulse energy. Here, the K and L edges (25.5keV and 3.4 — 3.8keV)
are visible in all 3 spectra. They are then integrated over energy to get the total energy of the
bremsstrahlung radiation produced, listed inset. The inferred bremsstrahlung results show a
similar trend to the K, yield detected by the HOPG and TCS as seen in Fig. 2: the total integrated
bremsstrahlung energy decreased by slightly more than a factor of 3 when increasing the
prepulse by 2 orders of magnitude. The total number of photons produced in the range of 1 keV
to 100 MeV is of the order 10'® photons/sr. The calculated K, yield from the ITS analysis
process, discussed in more detail in the next section, is also shown in Fig. 2 and is consistent
with that measured by the HOPG and TCS diagnostics.

Compared to K, emission, bremsstrahlung emission directionality is more strongly
dependent on the directionality of the fast electrons. By measuring the bremsstrahlung on both
the front and rear side of the target, refluxing, as described in previous work®® and discussed
extensively in the literature”®, could be verified. Bremsstrahlung incident on the front side
detector is due, in large part to refluxing®. Previous simulations' for both refluxing and non-
refluxing cases were done. The results of that study showed the ratio of rear side to front side
bremsstrahlung energy to be 2 for the non-refluxing case and 1.3 for the refluxing case. Here,
results from the two bremsstrahlung spectrometers show a ratio of 1.2 for the 50mJ prepulse
energy and increasing up to 1.4 for the highest (5000mJ) prepulse energy. This increase in the
ratio (rear to front side) of the total integrated bremsstrahlung energy demonstrates a slight
diminishing in the refluxing efficiency as the prepulse energy was increased by 2 orders of
magnitude. As discussed previously*!, refluxing allows for multiple passes of electrons, which in
turn gives higher yields for both K, and bremsstrahlung. In this particular case, the reduction in
inferred refluxing is relatively small when compared to the factor of 4 reduction in K, meaning
this mechanism cannot be the only explanation for the experimentally observed K, signal
reduction.

Fig. 4 shows escaping electron spectrum as measured by the ESPEC. Results show an
increase in escaping electron number and energy with increasing prepulse, which has been seen
in previous studies®*?* involving large pre-formed plasmas. Total energy in escaping electrons
increases by roughly a factor of 3 from 0.6J to 1.8] when increasing the prepulse energy by 2
orders of magnitude. More energy in the form of fast electrons escaping the target results in less
energy from fast electrons being deposited back into the target via refluxing which in turn means
reduction in K, signal. Similar to the HXBS, the ESPEC shows an inferred reduction in
refluxing, although not large enough to explain the entirety of the K, reduction seen on the
HOPG and TCS.

IVV. Modeling Methods, Results and Discussion




The experimental data needs modeling validation to determine the cause of the reduction
in both K, and bremsstrahlung yields. The change in prepulse level will change both the
interaction region of the laser as well as the transport region within the target. Changes to the
electron source due to changing underdense preplasma conditions as well as reduced solid
density regions with a prepulse as high as 5000mJ will greatly affect laser to electron conversion
efficiency and K, production efficiency, respectively. Many effects contribute to the overall
coupling of laser energy into K, photons including LPI, target ablation, fast electron transport,
and K, cross-section as a function of electron energy.

To include these effects in our interpretation of the data, a variety of codes including
HYDRAZ, ITS®, and PSC*® were used to simulate various aspects of the experiment. These
simulations helped to determine roles of each of the various mechanism played in reducing the
K. and bremsstrahlung signals while simultaneously increasing the number of escaping
electrons. The high energy prepulse creates a large (10’s of microns) preformed plasma which
significantly changes the interaction region of the short pulse beam; it also ablates away a
significant amount (as little as 40% remaining) of the 12um thick silver target and therefore also
changes the transport region of the fast electrons. To confirm this, the radiation hydrodynamic
simulations were carried out using HYDRA to determine the extent of the preplasma produced
for all three prepulse levels. The final electron density lineouts after 3ns of prepulse are plotted
in Fig. 5. Results show 2um of the target being ablated away for a 50mJ prepulse and the critical
density extending to 3um in front of the solid target surface at the arrival time of the short pulse
beam. For the 500mJ prepulse case, roughly 4um of target is ablated away and the critical
density is extended to 12um from the target. In the most extreme 5000mJ prepulse case, 7um of
the target is ablated away from the target leaving only 5um of solid-density target. In this case
the critical density extended to 27um, which drastically changes the transport region for the fast
electrons.

Although the HXBS records all x-rays from 12keV to 700keV, the results can be
compared with target simulations done using ITS which can then infer the predicted K, yield that
would result from the recorded bremsstrahlung emission which can then be compared with
experimental K, yield results from both the HOPG and TCS. The ITS target simulations were
carried out using the predicted remaining solid target from the HYDRA simulations to better
represent the number of remaining solid silver atoms capable of efficiently producing silver K,.
Given that only one HXBS was fielded on each side of the target, the predicted electron source
divergence had a very large uncertainty. To determine the sensitivity of the inferred results on
divergence, multiple ITS simulations were carried out with a range of electron divergences
scaling from 40 to 80 degree half angle, which covers the range previously observed from
experiments on the laser system?**'. The results were then averaged with the error bars
consisting of the imaging plate error and the standard deviation of the different source
divergence simulations, combined in quadrature. It is this predicted K, yield that is plotted along
with the HOPG and TCS results in Fig. 2 which agree to within one standard deviation.

ITS has been used previously' to infer laser to electron conversion efficiency by
analyzing in conjunction with the HXBS data; but the results will be overestimated with this
target geometry due to the fact that the production of both K, and bremsstrahlung comes from
fast electrons making multiple passes through the target while these specific ITS target
simulations only account for one pass. Because of this, a more sophisticated code, PSC was used
to simulate the laser-plasma interaction and infer relative conversion efficiencies.



In order to validate the experimental results and deconvolve the issue of reduced fast
electron interaction with the target with increasing prepulse, the particle-in-cell code PSC (1D)
was used with the HYDRA preplasma profiles to simulate the electron source for each prepulse
case which was then compared to the ITS fitting calculations to validate experimental K, and
bremsstrahlung information. The intensity used for all three cases was matched to the
experimental values at 8x10*" W/cm? Fig. 6 shows the 1D PSC electron source spectrum,
sampled from a “box” behind the critical density over a depth of 50um. Results show that
relative conversion efficiency from laser to fast electrons entering the solid target with energy
greater than 22keV decreases by a factor 3 as the prepulse energy is increased from 50mJ to
5000mJ.

V. Discussion

To compare the results from the PSC simulations with K, yield measurements, we
assume a highly refluxing regime?. With a predominately refluxing population of fast electrons,
fast electron energy deposition and observed K, yield are highly correlated because most
electrons will lose all of their energy into the target. To get a rough estimation of electron energy
deposition, ESTAR stopping power coupled with the areal density from HYDRA was used for
each electron energy bin from the PSC simulations. Assuming, hypothetically, that the number of
K. photons is proportional to the total deposited energy from all electrons with energy greater
than the silver K, line energy (22keV), the energy deposition would decrease linearly with laser-
to-electron conversion efficiency. Taking the relative conversion efficiencies from the PSC
simulations for each pre-pulse case, we would expect a decrease in K, yield by a factor of 3,
which is slightly less than the decrease observed in experiment. However, the assumption that all
electrons above 22keV deposit their energy into the target and result in silver K, emission is an
obvious overestimate. As stated previously, HXBS results showed an increase in the ratio of the
target rear side to front side integrated bremsstrahlung energy as the laser prepulse was
increased. This change is attributable to a reduction in electron refluxing in the target. With less
radiated energy due to refluxing electrons, as seen by the HXBS for the 5000mJ prepulse case,
one would expect less energy deposition into the target by fast electrons and therefore fewer
silver K, photons. This is consistent with the fact that the PSC simulation infers a K, yield
reduction factor of only 3, assuming a linear scaling of K, with fast electron energy deposition,
while the experimental measurements give a factor of 4. Comparison of the normalized fast
electron energy deposition into the target from PSC is plotted along with integrated HOPG vyield
in Fig. 7.

In addition to the reduction in refluxing seen by the HXBS with increasing prepulse, the
escaped electron spectra seen by the ESPEC also showed an increase in the total number and
energy of electrons that escaped the target. This can be seen when integrating the total energy in
escaped electrons and also in the strong reduction in the low energy component electron sprectra
in the 50mJ pre-pulse case. Compound that with the results from PSC showing a reduction in
conversion efficiency means that the fraction of electrons that escape the target without refluxing
must have increased with increasing prepulse. Utilizing a maximum estimated experimental
conversion efficiency of 30% from previous work™, where the laser and target parameters were
very similar, we can deduce from the relative reduction in conversion efficiency seen in the PSC
simulations that the conversion efficiency for the 5000mJ prepulse could not be more that 10%.
With a 300J laser, that leaves 30J of energy converted to fast electron Kkinetic energy. The



ESPEC showed 1.78J in escaping electron energy which corresponds to 6% of the total electron
energy that does not contribute to refluxing. That is up from 0.6% of the fast electron energy
escaping in the 50mJ prepulse case. Both the HXBS and the ESPEC show a reduction in
refluxing with the HXBS seeing an enhancement in rear to front side bremsstrahlung energy ratio
from 1.2 to 1.4 and the ESPEC seeing roughly 6% of fast electrons escaping the target.

From this, the dominant mechanism for reduction in K, yield with increasing prepulse is
the conversion efficiency of laser energy into fast electrons. A secondary mechanism apparent in
both the HXBS and ESPEC is the reduction in refluxing efficiency causing less fast electron
energy to be deposited into the target. A tertiary explanation for the slight disagreement between
the PSC relative reduction in conversion efficiency and the experimentally seen reduction in K,
yield could be due to the fact the simulations are one dimensional meaning the relative
importance of multi dimensional effects such as laser defocusing and self-generated fields are
not properly represented. Results for both simulation and experiment show good agreement in
this regard.

In summary, this study is the first to measure the production efficiency of K, photons
with high-energy (~Joule) prepulse levels. Results show a decrease in both K, and
bremsstrahlung yield with increasing artificial prepulse. Assuming energy contrast levels on the
order of 10, laser facilities such as the Advanced Radiography Capabilities (ARC) on NIF with
estimated laser energies of 10kJ, it is important to understand the effects of joule level laser
prepulses and how K, production efficiency depends on it in the context of x-ray radiography. In
this study, we see K, yields reaching above (1.0+0.2)x10" ph/sr or 3.3x10° ph/sr per Joule of
short pulse energy with minimal prepulse while dropping down to (3.0+0.6)x10™ ph/sr (1x10°
ph/sr/J) with the 5000mJ level prepulses. Simulations of the LPI show reduction of conversion
efficiencies from 30% to 10% as the prepulse energy increases to the 5000mJ level, which
accounts for the main reason that a reduction in K, yield is observed. It can be seen that higher
contrast laser systems will significantly improve the efficiency with which K, is produced.
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Figure 1: Schematic showing laser, target, and diagnostic layout geometries.
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Figure 2: K, yield as a function of artificially induced laser prepulse measured by HOPG
and TCS as well as from the post-processing of the HXBS using ITS.

— —
- N B

K« Photons/sr (1072%)
o O O O
N A O »

11



15e+11 || 50mj Bremsst_rahlung Energy
| | — s00m) s00m) PP = 24m)
| 5000m) 5000m) PP = 14m)]
> I
%J I
= le+11 -
W
— R
wn
- R
S R
o b5e+10}
c R
al i
0 . = L . fa—
1 10 100 1,000

Photon Energy (keV)

Figure 3: Bremsstrahlung spectra emitted from the target for three different prepulse
energies obtained from the post-processing of the rear side HXBS using ITS. Total energy
in the form of bremsstrahlung radiation decreases with increasing prepulse energy.
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Figure 4: Vacuum electron spectra for three different prepulse energies obtained from the
ESPEC. Total energy in the form of electrons escaping the target increases with increasing
prepulse energy.
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Figure 5: On-axis electron density profiles from HYDRA simulations for three different
prepulse energies. The critical density for 1.053um wavelength light gets pushed farther
and farther back as the prepulse energy is increased.
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Figure 6: Electron source spectra from LPI simulations using PSC. Here the relative
conversion efficiency of laser energy to fast electron energy decreases with increasing

prepulse energy.
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Figure 7: Relative comparison of K, yield measured from the crystal spectrometers with

the normalized energy deposition of fast electrons in a refluxing dominated regime.
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