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ABSTRACT

We report on the characterization of the conditions of an imploding cylindrical plasma by time-resolved x-ray emission spectroscopy.
Knowledge about this implosion platform can be applied to studies of particle transport for inertial confinement fusion schemes or to astro-
physical plasmas. A cylindrical Cl-doped CH foam within a tube of solid CH was irradiated by 36 beams (Iyot~ 5 x 10" W/cm?, 1.5ns
square pulse, and Eo, ~ 16.2Kk]) of the OMEGA-60 laser to radially compress the CH toward the axis. The analysis of the time-resolved
spectra showed that the compression can be described by four distinct phases, each presenting different plasma conditions. First the ablation
of the cylinder is dominant; second, the foam is heated and induces a significant jump in emission intensities; third, the temperature and den-
sity of the foam reaches a maximum; and finally, the plasma expands. Ranges for the plasma temperature were inferred with the atomic phys-
ics code SCRAM (Spectroscopic Collisional-Radiative Atomic Model) and the experimental data have been compared to hydrodynamic
simulations performed with the 2D code FLASH, which showed a similar implosion dynamic over time.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5125271

INTRODUCTION

Compressed plasmas are common in astrophysical environ-
ments' * and High Energy Density Physics (HEDP) systems."
Understanding the behavior of matter undergoing compression can be
complicated by hydrodynamic instabilities,” radiation transport,” and/
or magnetic compression.” Such plasmas are mainly relevant for stellar
core studies”'’ and fusion schemes such as inertial confinement fusion
(ICF)'"'* and pulsed-power-driven cylindrical implosions.”* One of
the advanced ICF concepts is called fast ignition (FI). In this concept,
ion,"” proton,'® or electron beams'” are used to ignite a pre-compressed
fuel. Isochoric beam heating of a pre-compressed target could create
extreme high-energy-density states like those required to trigger ignition

for high-gain ICF. A high-intensity short-pulse laser (>10°° W/cm®
and ~10 ps) can be an efficient source of the required relativistic elec-
tron beams or energetic ions.'”'” Relativistic electron transport through
warm dense matter and hot dense plasmas underlies many other appli-
cations, such as a secondary source of particles or photons™*”' or heat-
ing of dense matter for validating atomic physics models.”

While intense electron beam transport has been explored
in imploding targets at large laser facilities in the context of FI,** *°
physical and technical barriers exist that limit the energy and number
of relativistic electrons that can reach and effectively heat the core
plasma. In the literature, one can find several experimental platforms
to study relativistic electron transport such as Jarrott et al.’®
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Perez et al.,”’ or Norreys et al.” to investigate these issues. Many of
them agree that in order to understand the electron transport data, a
full experimental characterization of the implosion of the target is
necessary.

These needs led us to develop a platform to create and character-
ize a compressed volume and study the energy deposition of relativistic
electrons in it with cylindrical geometry aligned to the intense laser
axis. This simple platform provides a basic physics understanding of
compressed matter and relativistic beam-plasma interaction””"’ for
fundamental interest and for FI. The platform is also compatible with
an axial magnetic field, which may benefit FI and is an essential aspect
of the Magnetized Liner Inertial Fusion (MagLIF) concept.‘ >3

We present in this paper a detailed temporally resolved charac-
terization of the compression of a cylindrically imploded target
designed specifically to be compatible with studies of relativistic elec-
tron transport. We show time resolved x-ray emission spectra illustrat-
ing the evolution of the imploding target and atomic physics
calculations that allow the inference of the plasma temperature at a
given time. Finally, we compare the experimental data to hydrody-
namics simulations describing the plasma conditions over time.

EXPERIMENTAL SETUP

The experiment was performed at the OMEGA-60 laser facility
(Rochester, NY) and consisted of 36 beams (1.5 ns square pulse with
rise times of ~0.1 ns and ~450] per beam) irradiating a cylindrical
target with a total intensity of ~5 x 10'* W/cm® The target was com-
posed of a CH foam (0.1 g/cc) doped with 1% of Cl (by atom) within a
tube of solid CH. CH foils of 10 um thickness were placed on each end
of the cylinder in order to hold the foam in place during the compres-
sion. The cylinder was 600 ym in outer diameter and 560 um in inner
diameter. In order to protect the ends of the cylinder, each side was
equipped with a shield cone made of solid CH with a density of 1g/
cm?, Figure 1 shows all the target details and a time-integrated x-ray

CH tube (20 pm thick) surrounding
the foam with traces or Ar and Fe

Total laser intensity
~ 5.‘cmz

CH foam (0.1g/cm?]
|

a)

CH foil (10 pm) with
traces of Cl and Ar

CH foil (10 pm) with
traces of Cl and Ar

—_——
-

450 J ! 1.5ns

b)

FIG. 1. (a) Experimental setup. (b) Example of the time-integrated x-ray pinhole
image of the cylinder emission with 3D rendering overlaid of the target.
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image with 3D rendering overlaid illustrating the size and the position
of the cones in relation to the foam cylinder.

Each part of the target was tested under vacuum by x-ray fluores-
cence (XRF) in order to identify impurities. As noted in Fig. 1(a), Cl
was detected not only in the foam but also in the cones. Traces of Fe
were detected in the cones and the tube, and possible Ar contamina-
tion in all the parts of the target leads to a difficult energy calibration
of the data. In future experiments, this contamination issue can be
avoided by using a different Z material as a dopant in order to detect
lines away from Ar and Fe K-shell spectral ranges. The dopant would
also need to have relevant and analyzable spectra at the expected foam
temperatures (~300-600 eV).

The main diagnostic was a Streaked X-ray Spectrometer (SXS).** 1t
consists of a flat RbAP crystal coupled to a streak camera equipped with
a film as the detector. This setup provided time-resolved data over a
detection window of 4 ns with a resolution of 2 ps per pixel. The spectral
range was centered on Cl lines, from 2500eV to 3500 V. This spec-
trometer was placed towards the cylinder along its axis as illustrated by
the red doted arrow in Fig. 1(a). Considering the distance of the spec-
trometer from the target, even if the detection axis is towards the foam,
the emission coming from any other part of the target can be detected.
The entire setup provided spectra with a resolution E/AE ~ 300.

In addition, four x-ray pinhole cameras with a spectral range
from 2keV to 5keV observed the target emission at different angles in
order to monitor the reproducibility of the shots. These diagnostics
provided time integrated images with a magnification of 3.95, giving a
resolution of 10 m per pixel as illustrated by the example in Fig. 1(b).

X-RAY EMISSION SPECTRA

All the SXS data were corrected according to the film response,
the filters used, and a calculated reflectivity of the crystal. The SXS
spectra are displayed in Figs. 2 and 4-7 with equally scaled arbitrary
units. Furthermore, the data are spectrally calibrated in energy with an
error of £30¢eV. The error of the spectral calibration is mainly due to
the fact that the emission detected comes from different spatial
positions.

First phase: Emission from the cold target
and from the ablated plasma

2600 2800 3000 3200 3400
Energy (eV)

FIG. 2. X-ray emission spectra of the cylinder from 0.2 ns to 1.2 ns; each spectrum
represents a different time. The line at ~2.9keV is artificial (created by a fiducial)
and represents only a reference point for the spectral calibration.
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The spectra presented correspond to the emission of the cylinder
from t=0ns, defined as 2% of the peak laser, to t = 2 ns. Considering
the jitter of the streak camera and the error defining the time zero for
the images, the data are time-calibrated at +120 ps.

We detected emission coming from the cylinder over 2 ns, which
consists of several emission lines from Cl, Ar, and Fe and a continuum
emission smoothly increasing until 1.7 ns and then decaying. All the
lines visible on the spectra are summarized in Table I.

As mentioned above, the target contains multiple elements in all
its parts (cone, foam, and tube), all of which are detected by SXS.
Because these parts have very different plasma conditions, a detailed,
quantitative analysis of the emission lines was not possible. However,
we were still able to extract information about the target conditions
based on the evolution of the lines and bright continuum emission.
From the emission, we distinguish four phases characterizing the heat-
ing and compression of the target.

First, during about a nanosecond, the laser-target interaction
dominates, and we detect mainly narrow K, lines that we take to be
due to hot-electron-generated fluorescence throughout the target and
not from photoexcitation, with the temperature of the coronal plasma
region (~1.8keV) being too low to induce Cl K, emission (2.6 keV).
Figure 2 shows the cylinder emission spectra from 0.2ns to 1.2ns
where we can see Cl, Ar, and Fe 2nd order K, lines, as well as Cl Kg
and Ar He, lines. At early times, only the external part of the cylinder
is heated, while the center of the foam remains cold and at low density.

The Ar He, line most likely arises from the coronal plasma region
where temperature is about 1.8keV and constitutes the only part hot
enough to create He-like Ar ions. Considering that the signal of the Ar
He, line is only visible until about 1 ns, one can assume that past this
time, the emission coming from the center of the foam dominates over
that coming from the ablated plasma. During the same period, hot
electrons are generated likely due to two-plasmon-decay and/or stimu-
lated Raman scattering instabilities’” ** and induce K, lines that are
emitted from the cold part of the foam and from the cones located on
each end of the cylinder. We stress that the quantity of hot electrons or
their production was not the purpose of this study, so no further inves-
tigation has been done during this experiment. We can see a significant
blue shift of the three K, lines in Fig. 2, indicating an increase in the
temperature of the foam and the cones. The continuum rises slowly
during this period, but past 1 ns, the Ar He, signal is overtaken by the
continuum and cannot be further resolved. This observation is

TABLE I. Atomic transition details of all the lines visible in Figs. 2-5.

Theoretical
Label Transition Emitting ions energy (keV)
ClK, 1s-2p ctctt 2.62
Cl He, 1s-2p cl'st 2.78
ClKy 1s-3p cr et 2.81
Ar K, 1s-2p Ar'T-ArST 2.96
Ar satellites 1s-2p Ar’T-ArPt 3.0-3.1
Ar He, 1s-2p Artet 3.13
Fe K,, 2nd order 1s-2p Fe'"-Fe®" 3.2
Cl Heg 1s-3p CIL5+ 3.27

ARTICLE scitation.org/journal/php

consistent with emission from the heated and compressing foam
becoming brighter than emission from the expanding ablating plasma.

We use the collisional-radiative code, SCRAM (Spectroscopic
Collisional-Radiative Atomic Model),j" to model spectra. SCRAM
uses detailed atomic structure data from FAC (Flexible Atomic
Code)”” and geometry-dependent escape factors to account for optical
depth effects. Fitting the observed K, line ratios of an early time spec-
trum gives the rough proportions of each element present in the target
and refines the energy calibration of the spectrometer. Figure 3 shows
a recorded spectrum compared to the experimental spectrum obtained
at 0.4 ns. The yellow spectrum indicates proportions of 9000:6:3:1 for
C, Cl, Ar, and Fe, respectively. Here, we neglect the line transport and
spatial gradients and assume that all the observed fluorescence lines
are driven by the same population of 20 keV hot electrons in cold
target material and ambient density.

These proportions are consistent with the XRF characterization
of the target, which indicated mainly Cl with traces of Fe and Ar. As
both the foam and enclosing cylinder were composed of CH, carbon
represents the most abundant element (the contribution of H is insig-
nificant on the spectral range detected here).

In the second phase of the compression, Ar satellite lines begin to
emerge from the continuum after 1.3ns, as shown in Fig. 4, which
indicates an increase in temperature. In addition, the Cl Ky line gets
significantly wider showing an increase in density, presumably as the
shock wave approaches the center of the cylinder. When the shock
finally reaches the center, it induces a significant increase in the con-
tinuum emission, illustrated in Fig. 4. This jump in intensity is
observed between 1.5 ns and 1.55 ns, with the overall intensity increas-
ing by a factor 1.7 over 50 ps. At this time, the foam is dense and has
reached its maximum temperature. In addition, we observe a strong
fluorescence emission from Ar satellites, likely coming from ions Ar’*
to Ar'®*, suggesting that the cones and/or the CH foil located at the
end of the cylinder are getting warmer. These lines do not seem to
come from the foam because they correspond to lower ionization
states than one would expect considering the foam temperature (see
hydrodynamics simulation later in the paper).

Early time spectra characterized by Ka emission lines

2.5E+09
0.4 ns
2.06409 | axe
SCRAM
3 simulation
L 156409
>
k=
2 Ar Koo
8 10409
£ Fe K (11)
R i \\M\M/\J\\L
0.0E+00

2500 2600 2700 2800 2900 3000 3100 3200 3300

Photon energy (eV)

FIG. 3. Early time experimental spectrum (blue curve) compared to a simulated
fluorescence spectrum (yellow curve). This comparison roughly sets the proportions
of the elements in the target, which were mostly identified by XRF characterization
and helps to fix the energy calibration of the spectrometer. The experimental spec-
trum has been normalized to the intensity values of the simulation for ease of
viewing.
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Second phase: The shock reaches the center of the foam

aIx, — o.6ns
3500 s
—— 1.55ns
3000
=)
- 2500 Ar satellite
T Jines
22000
(%]
o
2 1500
£
1000
500

2600 2800 3000 3200 3400

Energy (eV)

FIG. 4. X-ray emission spectra of the cylinder from 0.6 ns to 1.55 ns; each spectrum
represents a different time. The spectra at 1.55 ns define the beginning of the stag-
nation period.

In the third phase, illustrated in Fig. 5, we observe a stagnation of
the continuum intensity. All the spectra obtained between 1.55ns and
1.7 ns present the same characteristics and the same continuum inten-
sity level. This suggests that the cylinder remains hot and dense for
about 150 ps. During this time, the electron temperature can be esti-
mated using the slope of the spectra. We cannot use line ratios or
shapes to infer the plasma conditions here due to extreme gradients
and high line optical depths. Figure 6 shows two blue dashed curves
illustrating the two limits that define reasonable fits of the continuum
emission to exp(—hv/T,), giving a range for the foam temperature
between 350 eV and 500 eV. This calculation represents only a rough
estimation of the foam temperature, but considering that the center of
the foam is the densest part of the target at this time, it is fair to assume
that the continuum emission we observed is dominantly coming from

Third phase: Most intense continuum emission during 150 ps

CI-K, —— 1.55ns
3500 1.6ns
—— 1.65ns

— 1.7ns

3000

u
N
%
=}
S

Intensity (a.u)
= N
w o
o o
o o

1000

500

2600 2800 3000

Energy (eV)

FIG. 5. X-ray emission spectra of the cylinder from 1.55 ns to 1.7 ns; each spectrum
represents a different time. The spectra at 1.7 ns define the end of the stagnation
period and the maximum compression time.
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Stagnation: 400 eV foam (1% Cl)

+300 eV CH foil
warm Cl Kou e
.6ns
——total
—_ Cl Hea (abs) == =T=500eV
2K =
© & T=350 eV
— -~
~
2 A
2 Wis'S
()
~
E- \\
>'S
-~
~
~
~
~
~

4 4 + + + 4 4 4 4
2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 3500

Photon energy (eV)

FIG. 6. Comparison between one experimental spectrum obtained during stagna-
tion (gray line) and one recorded spectrum (red line) using Te =400eV for the
compressed foam and taking into account the opacity of the target including the
solid CH foil on the detection axis with its Cl impurities (see Fig. 1). The two contin-
uum fits (dashed lines) represent the range of temperatures inferred from the con-
tinuum emission.

there. Furthermore, using the element ratio found in Fig. 3 and T,
= 400eV, SCRAM (red curve on Fig. 6) can roughly reproduce the
spectrum obtained at 1.6 ns (gray curve on Fig. 6). Here, carbon emis-
sion provides the dominant contribution to the continuum. Viewing
along the axis of the cylindrical stagnation column, the almost com-
plete self-absorption of the Cl He, line indicates peak optical depths
on the order of 1000, which are consistent with a density of 2-5 g/cm”.
Additional absorption of the Cl Heu line arises from the CH foil at the
end of the cylinder, which we model as a plasma at 9g/cm® and
300 eV (consistent with the radial compression of the endcaps to a
convergence of ~3). The intensity of optically thin Li-like emission at
2700 eV is overestimated by this simple picture. Some warm Cl fluo-
rescence emission is observed at 2650 eV, which we assume to arise
from cooler (~50 eV) plastic regions.

While the maximum temperature is reached at stagnation, the
density keeps increasing until the maximum compression is reached at
1.7 ns. This time corresponds to the end of the stagnation (the very
last spectrum with a high intensity in Fig. 5). After maximum com-
pression, the plasma starts to expand and the emission intensity starts
to decrease. The spectroscopic data do not allow quantitative estimates
of the density evolution, but the onset of a rapid decay in the contin-
uum intensity can be compared with the time of maximum compres-
sion in the hydrodynamics simulation.

Indeed, right after 1.7 ns, we can observe a significant drop in
intensity as illustrated in Fig. 7 with the spectra from 1.8 ns to 2 ns.
This is the last phase, defined by the expansion of the plasma. The
implosion has finished, and the density and temperature decrease
along with the spectra intensity. We do not detect lines anymore
besides warm Cl K, emission, which is still generated by the only
remaining “cold” part of the target, the cone. The continuum intensity
decreases until it becomes undetectable around 2.2 ns.

The emission spectra of the cylindrical foam viewed along its axis
have thus provided a detailed (if not rigorously quantitative) picture of
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Final phase: Expansion of the plasma after the implosion

3000 oK — 17ns
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Energy (eV)

FIG. 7. X-ray emission spectra of the cylinder from 1.7 ns to 2.0 ns; each spectrum
represents a different time.

the implosion dynamics, giving indications of distinct phases in the
plasma evolution. This experimental analysis is compared to hydrody-
namics simulations in the “Comparison with radiation-hydrodynamic
simulation section.”

1.35ns
P (g/CC)22

-300 0 300
um

1.55 ns
P (g/CC)22
2
0.15
-0.01
-0

-300 0 300
um

2

0.15
—-0.01
-0
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COMPARISON WITH RADIATION-HYDRODYNAMIC
SIMULATION

The emission spectroscopy data can be further interpreted
alongside hydrodynamic simulations made with the radiation-
magnetohydrodynamic code FLASH.” The code is used with
PROPACEOS EOS and opacity tables to simulate the cylinder com-
pression in 2D cylindrical coordinates and used a 3D laser ray-tracing,
The simulations provided by FLASH show the overall same trend as
the experimental spectroscopic data.

Figure 8 presents temperature and density calculations at 1.35 ns
and 1.55 ns, which correspond to times before the maximum compres-
sion. As the spectroscopic data were showing, 1.35ns is when the
plasma ahead of the shock front is heated by radiation diffusion all the
way to the center of the foam. The shock has not arrived yet as we can
see with the density still close to its initial condition. Slightly later, at
1.55 ns, the shock reaches the center of the foam and the peak of tem-
perature, which induced an increase in intensity on the experimental
spectra. This time defines the beginning of the stagnation in the
FLASH simulations like it was in the spectroscopic data. However, we
can note that in Fig. 8, we observe a temperature of about 1.2keV,
which was not detected in the spectra. One possible explanation is that
this high temperature is not dominating, being reached for only 50 ps
and in the very center of the axis. Indeed, the main detectable differ-
ence expected in the spectra with such temperature would be lines
from higher jonization states. In our case, it would be detecting CI Ly,,

300
200

100
o § Te(ev)
1200
200 - 600
300
o
0
FIG. 8. FLASH simulations of temperature
(bottom half of each picture) and density

(top half of each picture) of the cylinder at
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FIG. 9. FLASH simulations of temperature
(bottom half of each picture) and density
(top half of each picture) of the cylinder at
1.65ns and 1.7ns, the maximum com-

pression time.

FIG. 10. FLASH simulations of tempera-
ture (bottom half of each picture) and den-
sity (top half of each picture) of the
cylinder after the maximum compression,

at1.8ns and 2.2ns.
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TABLE II. Summary of the experimental results (two shots total) compared to the
FLASH simulation results. Shot 1 corresponds to the results presented in this paper.

FLASH
Event Shot 1 Shot 2 results
Jump in intensity 155+ 0.13ns  14*0.13ns 1.55ns
Stagnation duration 150 ps = 30ps 150 ps = 30ps 150 ps
Maximum compression 1.7 =0.13ns  1.55*0.13ns 1.7 ns

which, considering the small and short plasma at very high tempera-
ture, is likely not emitting enough to overcome the continuum emis-
sion. It is also possible that the simulation overestimates the
temperature reached in this region of the target.

Figure 9 shows temperature and density at two later times, one
during the stagnation (1.65ns) and one at the end of it (1.7 ns). The
temperature given by the calculation at 1.65 ns is about 500 eV, which
is consistent with the experimental estimation (see Fig. 6) and is fairly
homogeneous along the axis of the cylinder. Finally, the maximum
compression is found at 1.7 ns with a density of 9.4 g/cm” in the center
of the foam. For the experimental spectra, stagnation lasts 150 ps and
ends at 1.7 ns.

Figure 10 shows the simulation results for two times after the
implosion, 1.8 ns and 2.2 ns. We can clearly see the expansion of the
plasma starting at 1.8ns and the temperature decreasing to finally
being too cold to emit around 2.2 ns. These calculations are also con-
sistent with the last phase of the experimental data.

Finally, another shot was taken in similar conditions (same target
and same laser parameters) and presented the same spectra evolution
over time as the shot data presented to this point. The same four
phases could be defined but with slightly different absolute times.

Table II summarizes the results presented in this paper and the
ones obtained for the second shot. Considering the errors, shot 2
shows similar results to shot 1 and to FLASH calculations. In all cases,
we observe the same stagnation duration and the same evolution of
the spectra. However, in view of the large time uncertainty due to trig-
ger jitter in the diagnostic, collection of more data would be beneficial.

CONCLUSION

X-ray emission from a laser-imploded cylindrical foam-in-shell
target was spectrally and temporally resolved, allowing inference of its
evolving conditions during critical times of the implosion. The data
can inform future relativistic electron transport or energetic ion studies
in the same imploded target or the technique could be applied to simi-
lar platforms. The experimental data obtained has been compared to
rad-hydrodynamic simulations made with the code FLASH, and both
show the same evolution of the compression. Four distinct phases have
been defined: the ablation of the cylinder tube and the creation of a
shock; the slow increase in the continuum emission created by the heat
wave propagating in front of the shock; the 150 ps stagnation defined
by the shock reaching the center of the cylinder and by the maximum
compression; and the expansion of the plasma, which occurs after the
implosion of the cylinder. In addition, we estimated the temperature
inside the foam during the stagnation using the atomic physics code
SCRAM that was consistent with the FLASH simulations.

We have shown that spectroscopy can be a powerful tool to
obtain insight into complex plasma conditions. In future experiments,

ARTICLE scitation.org/journal/php

targets with more controlled impurities (e.g., transition-metal dopants
whose emission lines would remain thin and could be measured in
second order) could better constrain the absolute timeline of the
implosion and plasma conditions.
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