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ABSTRACT

A practical experimental method is proposed to investigate thermal transport by characterizing the motion of plasma flows through a
x-ray spectroscopic technique using tracers. By simultaneously measuring multiple parameters, namely, the mass-ablation rate, the tem-
poral evolution of plasma flow velocities and trajectories and the temperature, it is possible to observe a variety of physical processes, such as
shock wave compression, heating by thermal waves, and plasma thermal expansion, and to determine their relative importance in different
phases during the irradiation of CH and Au targets. From a comparison with hydrodynamic simulations, we find significant differences in the
motion of the plasma flows between CH and Au, which can be attributed to different sensitivities to the thermal transport process. There are
also differences in the ablation and electron temperature histories of the two materials. These results confirm that velocities and trajectories
of plasma motion can provide useful evidence in the investigation of thermal conduction, and the approach presented here deserves more
attention in the context of inertial confinement fusion and high-energy-density physics.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0081960

I. INTRODUCTION

Detailed understanding of the laser-ablation process in plastic
(CH) and gold (Au) is of great importance for laser-driven iner-
tial confinement fusion (ICF)'* and high-energy-density (HED)
physics.” In particular, laser absorption and subsequent energy
transfer by electron conduction are the first steps in both direct-drive
and indirect-drive configurations, and set the initial conditions for
implosion and fusion ignition. CH and Au are among the most typi-
cal materials encountered in this context, with CH being a candidate
material for the ablator of the capsule used to directly transfer laser
energy to deuterium-tritium (DT) fuel in direct-drive ICF® and Au
usually being used to convert laser energy to thermal x-ray radiation
in indirect-drive ignition.”*'"" During the laser-ablation process,
the motion of the plasma flow is an important feature characteriz-
ing the hydrodynamic processes associated with energy deposition
and transfer,' ' such as shock compression and plasma expansion.
This process has been widely investigated through examination of

the characteristics of the local plasma state using optical Thomson
scattering'*"'” or the spectral shift of the reflected laser pulse.”’ As
a probe or reflected laser can only propagate in an under-critical-
density region, previous studies have been limited to the coronal
region, and the influence of the motion of the plasma flow on energy
transport in the dense electron-thermal-conduction region is still
unclear.

In fact, the laser-ablation process is enormously complicated
in the high-density region owing to the complexity of the mate-
rial properties encountered there, namely, the equation of state,
atomic emissivity, and opacity,”’ ** and to the many physical pro-
cesses involved, such as shock waves,'">**” heat waves, rarefaction
waves,”® self-generated magnetic fields*””’ and even ion-acoustic
turbulence.”’* As a result, it is very difficult to accurately describe
energy transport, especially electron thermal transport, in integrated
hydrodynamic simulations.

Generally, the heat flux is expressed by the classical
Spitzer-Hirm (SH) model g, = —ksuVT., but this fails as
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soon as Aei/(Te/|VTe|) >2 % 1073/\/Z+ 1, where A, is the
electron-ion mean free path, Z is the effective atomic number,
and T./|VT,| is the scale of the temperature gradient. Therefore, a
quantity q = min(qgy, fq) is widely used to limit the flux, where
fisa ﬂux l1m1t1ng multiplier of the maximum free-streaming heat
flux qfs f is essentially an empirical parameter and there
remains some controversy regarding the choice of its value for ICF
projects. It was once chosen as 0.15 to match the shock-timing and
capsule bang-time in earlier experiments on the National Ignition
Facility (NIF),ZI‘}(’ but this value led to a series of issues, such as an
over-predicted x-ray flux in the case of indirect drive and a neglect
of heating asymmetry in the case of direct drive. Since then, a large
number of experiments have been carried out to develop nonlocal
models.””?”*’ In addition, smaller values of f have been chosen
(e.g., in the range 0.03-0.06), and f has even been taken to be a
time-dependent function in some studies to take account of non-
local behavior arising from kinetic effects*’ or from self-generated
magnetic fields.”””**** This is still an topic of active debate. In fact,
the motion of the plasma flow plays a complementary role to the
nonlocality of heat transport’®”"">** through its influence on the
value of A.;. In our work, we pay close attention to the contribution
of the heat transport process to the motion of the plasma flow and
find that the flow is quite sensitive to this process.

Temperature evolution has provided much of the experimen-
tal data, and in some cases the only such data, for previous studies
of thermal conductivity in plasmas.'”*"** ® This has some-
what limited the accuracy with which numerical models can be
checked, and it has also imposed restrictions on the extent to
which these models can be applied to other experiments. There is
therefore a need for multiparameter measurements under the same

4 beams:S(lOJ/lns,SOOum

(a) !

= 0.5
=CH case e-[(l-10>/T]4 \
0 N
0 0.5 1 .
t(ns)
(b) 1-V(0.1)/Au(0.1)/Ti(0.1)/Au(30)

'r\ «~
XSC-Crystal

Spectrometer

2-V(0.1)/CH(2)/Ti(0.1)/CH(50)

Unit:um

RESEARCH ARTICLE scitation.org/journalimre

experimental condition to investigate the ablation process. In this
regard, x-ray spectroscopy of multilayer targets has been demon-
strated to provide reliable measurements of temperature, espec1ally
in the dense-plasma reglme, in both planar-geometry'"*>*>** and
hohlraum experiments.””>*"** Qur work here is also based on this
technique, but it also illustrates for the first time the great advantages
of multiparameter measurements. Not only temperature variations,
but also the velocities and trajectories in the plasma flow are revealed
through spectral shifts. Thus, another parameter, namely the motion
of the plasma flow, is taken into account in the laser-ablation pro-
cess, facilitating the further development of research into thermal
transport in plasmas.

In this paper, we investigate laser-ablation processes in high-
Z Au and low-Z CH both experimentally and through radiation
hydrodynamics simulations, and we propose a practical method to
study thermal transport through characterizing velocities or trajec-
tories in the motion of the plasma flow. Multiparameter measure-
ments are performed by tracer x-ray spectroscopy with a streak
camera, giving simultaneous results for the mass-ablation rate, the
evolution of velocities and trajectories in the plasma flows within
targets, and the temporal profile of temperature. By embedding two
tracers in two different regions, respectively on the surface of the
target and inside it, the different physical processes in different abla-
tion phases are experimentally distinguished in CH for the first time.
These are the initial shock wave compression, followed in turn by
electron thermal heating and rapid thermal expansion of the plasma.
Compared with the simulation results, we find there are large dis-
crepancies in the experimentally observed motion of the plasma flow
in both CH and Au, and we also find that this motion is quite sensi-
tive to the flux-limited thermal transport model. Our approach has a
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FIG. 1. (a) and (b) Schematic of four flat-top laser beams irradiating a sandwich-like target at angles of +50° and +75° to the normal to the target surface. Two targets were

used: V(0.1)Au(0.1)Ti(0.1)Au(30) and V(0.1)CH(2)Ti(0.1)CH(50). In

(a), the real profile of the CH shot is shown by the full red curve and the designed one by the dashed

green curve. As shown in (b), a crystal spectrometer for the region of 4.5-5.4 keV combined with an x-ray streak camera (XSC) was located in the direction of 15° normal to
the target surface. (c) and (d) Time-resolved self-emission spectra of the Au and CH targets from the spectrometer. The laser condition was the same for both targets, with
each beam having 800 J energy and a 500 um focal spot and forming a 1 ns temporal super-Gaussian profile. The dashed green vertical lines are the reference positions
of the emission lines from an ion at rest (4750 eV for Ti He-a, 5200 eV for V He-«, and 4977 eV for Ti Ly-«). There are obvious shifts of the He-like (or Ly) lines of the V and

Ti emission spectra in (d) compared with the spectra in (c).
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wide scope of application to investigations of the process of thermal
conduction and deserves further attention in the context of ICF and
HED physics.

Il. EXPERIMENTAL DETAILS

The experiments were performed on the Shen-Guang III proto-
type high-power laser facility at the Research Center of Laser Fusion
of the China Academy of Engineering Physics. Figures 1(a) and 1(b)
show the initial experimental setup of lasers, target, and diagnostics.
Four frequency-tripled Nd-glass laser beams, each of 800 J energy
and 1 ns duration, formed a “super-Gaussian” profile. They were
beam-smoothed by continuous-phase plates (CPP) to produce a 500
pum spatially homogeneous focal spot on the target surface. Two of
the lasers were incident at angles of +50° to the normal to the tar-
get surface, while the other two were incident at angles of +75°.
Together, they induced a maximum intensity of 7.5 x 10" W/cm?.
The composite laser profile overlapping with the designed shape
is shown in Fig. 1(a). Two types of sandwich target consisting of
V(0.1)/Au(0.1)/Ti(0.1)/Au(30) and V(0.1)/CH(2)/Ti(0.1)/CH(50),
respectively, were chosen, where the numbers indicate the layer
thicknesses in micrometers. The vanadium (V) and titanium (Ti)
acted as spectroscopic tracers, with V being placed on the sur-
face and Ti at a certain depth of the ablated sample foils behind
0.1 £0.05 ym Au or 2 + 0.1 ym CH. The substrates behind the Ti
were both thick (30 ym Au or 50 ym CH) to keep the rear of the foils
stable during the laser ablation [see Fig. 1(b)].

A flat crystal with 2d = 0.874 nm coupled with an x-ray streak
camera was used to disperse and record the x-ray spectra in a time-
resolved manner. The spectrometer covered a spectral range from
4.4 to 5.5 keV and viewed the target at about 15° to the target nor-
mal. The spectral and temporal resolution were respectively about
E/AE > 500 and 2 ps. To ensure comparability of the x-ray spectro-
scopic emissions from the different tracers, the areal densities of Au
and the CH layers between the V and Ti tracers were kept the same,
with the Au layer having a thickness of 0.1 ym and a solid density of
19.6 g/cm’ and the CH layer having a thickness of 2 ym and a solid
density of 1 g/cm®. An x-ray pinhole camera, with a spatial resolu-
tion of about 15 ym, was used to monitor the laser focal spot at about
45° to the target normal.

Ill. ANALYSIS OF RESULTS

In the following we will discuss the measured ablation velocity
and the motion of the plasma flow and its relation to the thermal
transport in the ablated materials by comparing the experimental
results with those of radiation hydrodynamic simulations.

A. Ablation velocity

Figures 1(c) and 1(d) respectively show the streak spectra from
the laser-ablated Au and CH samples. The He-« emission lines of V
and the He-a and Ly-« lines of Ti can clearly be seen in the spec-
tra. The temporal intensity profiles of each He-« line from the two
cases are separately plotted in Fig. 2. Compared with the V emissions
from the target surfaces, the Ti emissions from the dense regions
inside the targets show a delay time of At =180+ 20 ps in both
cases. According to the steady-state ablation mechanism expressed
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FIG. 2. Distribution of He-like spectral intensities for V and Ti in the case of (a)
CH and (b) Au. Materials with similar areal densities (Au with 19.6 g/om® x 0.1 yum
and CH with 1 g/cm® x 2.0 um) have similar delay times At = 180 = 20 ps (at
the half-width of the maximum intensity), corresponding to a mass-ablation rate of
1-1.25 x 10*kgm=2 ns~".

as 7 = poAd/At, the mass-ablation rate for planar targets is esti-
mated as (1-1.25) x 10* kg m™? ns™*, where pos Ad, and At are the
solid density of the ablator, the burn-through depth, and the burning
time, respectively. Since both the Au and CH layers between the two
tracer layers are optically thin, their mass-ablation rates are almost
the same. Thus, it is appropriate to compare the subsequent thermal
conduction process for the two materials in similar mass-ablation
regions (similar areal densities). Accordingly, the ablation velocity
was about (1-1.25) x 10* ym/ns for CH and (5-6.25) x 10> um/ns
for Au. Such a mass-ablation rate responds to an averaged laser
intensity of (3-6) x 10" W/cm?, which is smaller than the incident
value of 7.5 x 10'* W/cm®. Actually, the lower inferred intensity is
much closer to the internal energy of the plasmas absorbed from
the laser beams than to the incident one. Therefore, effects such as
those of transverse electron thermal conduction, laser scattering, and
radiation cooling of materials can influence the deposition of energy
from laser to plasma in the ablation region.

To further understand the energy loss from laser to plasma, let
us focus on the emissions of V in Fig. 2. The gradients of the V and Ti
emission intensities are initially almost the same, which is consistent
with the similar mass-ablation rates in the two cases, but their tem-
poral profiles become different from time ¢ = 0.2 ns onward. First,
the V line drops earlier and more rapidly in the CH case than in
the Au case, as can be seen by comparing the blue solid line to the
red dashed one in Fig. 2 (the dashed arrows mark the maxima). As
we know, the low-Z material CH expands more rapidly than the
high-Z Au during laser heating. Thus, the earlier and more rapid
decrease of emissions from the surface layer can be explained by
the more rapid expansion of the heated CH causing the V mate-
rial in the coronal region to expand out from the laser channels
more rapidly. This phenomenon is also related to two-dimensional
transverse effects, which also provide one interpretation of the lower
ablation intensity [(3-6) x 10" W/cm?]. After the coronal plasmas
have expanded out from the laser channels, the energy loss by ther-
mal radiation will overwhelm the energy transfer by electrons, and
subsequently these plasmas (V) will cool down rapidly. This is why,
even though the drive lasers last about 1 ns, the V emissions decrease
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so early. The ~x1.8 higher emission intensity of V in the case of
Au can be explained by stronger radiation cooling despite a weaker
plasma expansion compared with the case of CH. It further indi-
cates that the blue-integrated influence of the laser absorption in
regions with the same areal density of Ti is similar in the two cases.
Besides, the Ti lines also show a larger gradient in the period of
increase for CH from t = 0.4 ns onward. In addition to the difference
in temporal emission profiles, obvious spectral shifts of the V and Ti
emissions can be observed in the case of CH case on comparing the
self-emissions with the green dashed reference lines (4750 eV for Ti
He-a) in Figs. 1(c) and 1(d). Here, we attribute the spectral shifts to
Doppler effects caused by the motion of the plasma flow, and this
will be discussed in detail in Sec. III B.

In short, the similar mass-ablation rates make the heating pro-
cesses comparable in the optically thin regions of the two materials,
but all of the discrepancies described above indicate that different
dynamics are involved during the thermal transport process.

B. Motion of plasma flow

We now focus on the difference in Ti plasma emissions.
Figure 3 shows the emission lines of Ti at £ = 0.3, 0.5, and 1 ns.
It can clearly be seen that there is an obvious red shift of the He
line at t = 0.5 ns but a blue shift at ¢ = 1 ns when compared with
that at t = 0.3 ns. Here, the spectrum at ¢ = 0.3 ns is a reference
close to the unshifted state. In principle, there are three reasons for
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FIG. 3. Emission lines of Ti at 0.3, 0.5, and 1 ns in the case of CH. From a com-
parison of the results at t = 0.5 and 1 ns to that at t = 0.3 ns (almost the reference
line without the influence of ion motion), the variations of the He-line centers from
a red shift to a blue shift can clearly be seen.

spectral shifts: (1) ionic potential depression (IPD) caused by varia-
tions in plasma states, (2) variations in the positions of the spectral
images caused by motion of the light source, and (3) the Doppler
shift caused by plasma motion. IPD is generally described using the
Stewart and Pyatt model"””" and its main effect is to lower the energy
of emission lines when the plasma is very dense. Since the ion den-
sity of Ti can only remain dense during a very short period as the
shock wave arrives, the IPD effects is too small to be observed in the
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FIG. 4. Motion of the Ti plasma flow determined from (a)—(c) experiment and (d)—(f) hydrodynamic simulations for the case of CH. (a) Doppler shift 8, = E — Ey of Ti, where
Ey is the photon energy of the static He-« line. (b) Experimental speed v and (c) trajectory x calculated by considering the image shift due to motion of the light source and
the Doppler shift. (d) Electron density ne(x, t), with the pink dots indicating the critical layer and the black line indicating the center of the Ti layer. (e) and (f) Speed and
trajectory of Ti, respectively, from the simulation. The Ti layer is first compressed forward by the shock wave, causing a red shift of He emissions, but slows down and then
moves backward owing to the expansion of the hot plasma after the laser has propagated through it. The transition lasts about At ~ 0.25 ns in (c) and 0.22 ns in (f).
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cases we consider here. Anyway, because the trend of variation of
Ti density changes rapidly from an increasing to a decreasing one
owing to plasma expansion, even when the IPD effect is present, it
is responsible for only a small part of the red shift (and none of the
blue shift) here. Thus, the other two causes of spectral shifts, namely
those related to plasma motion, are dominant.

Figure 4(a) plots the experimental results for the Doppler shift
Oy from the Ti He-w line shown in Fig. 1(d). First, taking account
of the design of our crystal spectrometry, the shift in the image
spectrum induced by the motion of Ti ions can be expressed as

Ax" = Ax sin 0 sin a, (1)

where Ax represents the motion of the Ti plasma. There is a corre-
sponding shift of Srystat = f (A}), where f depends on the design of
the spectrometer and expresses the relation between the emission
energy and the distance moved Aj. The second part of the spec-
tral shift is caused by the Doppler effect, with the detected emission
frequency being given by

1+vcos 6/c
CTON 1y cos 0/c’ @

where wy is the initial frequency, v is the velocity of the emission
layer, and 6 is the angle between the direction of motion and the
direction of recording (6 = 12.5° here). The spectral shift caused
by the Doppler effect satisfies Gpoppler = @ — wo. Thus, from Egs. (1)
and (2) and the relation 8, = Scrystal + Opoppler> the speed of motion
and the trajectory of Ti can be obtained, as shown in Figs. 4(b) and
4(c). In fact, the shift due to the motion of the light source is much
smaller than the Doppler shift. For example, as shown in Fig. 4(c),
the motion of Ti reaches about 100 ym and §j, reaches about 8 eV
at t = 1 ns, but derystal is only about 2 eV based on Eq. (1), which is
three times smaller than 8poppler. Therefore, the Doppler effect is the
main cause of spectral shifts here.

To explain the plasma motion, one-dimensional (1D) radiative
hydrodynamic simulations have been carried out using the MultilD
code with a flux-limited Spitzer-Harm thermal transport model.”’
As discussed in Sec. IIT A, since 2D effects such as laser scattering,
transverse electron thermal conductivity, and plasma expansion in
the corona can hardly be considered in our 1D simulations, to allow
comparison of the 1D results with the experimental results, a laser
intensity of 4 x 10" W/cm? is chosen here based on the ablation
intensity. Other parameters are the same as those in the experiments,
and the V is initially located at x = 0.

Since the trajectory of Ti tracer from the simulation results
matches the experiments best when f is chosen as 0.08 (see Fig. 7),
we take f =0.08 as an example to analyze the ablation process in
detail. Figure 4(d) shows the temporal and spatial evolutions of
the electron number density for the case f = 0.08. The pink line
dots indicate the critical density layer in the ablated sample (nc
=8.9x10*! cm™ for A = 351 nm) and the black line indicates the
center trajectory of the Ti layer. Three typical physical processes
can be distinguished in a step-by-step manner. First, when the laser
light begins to heat the V layer, a shock wave is formed and prop-
agates forward. Subsequently, when the shock wave hits the inside
layer of Ti, it compresses the Ti tracer forward and accelerates it
to a maximum velocity of about 52 ym/ns, which is a little lower

RESEARCH ARTICLE scitation.org/journalimre

than the 68 ym/ns observed in Fig. 4(b). The passage of the shock
wave through the Ti layer heats this layer. A rarefaction wave is then
induced, causing the flow to slow down, and after which it expands
rapidly, together with the CH plasma, into the vacuum. Figures 4(e)
and 4(f) respectively present the simulated speed and trajectory of
the Ti layer. As can be seen from Fig. 4(e), there is a rapid accel-
eration at about f = 0.4 ns, caused by the shock wave, and this is
followed by a deceleration. From the trajectory in Fig. 4(f), it can
be seen there is initially forward motion for about At = 0.22 ns, after
which there is a backward spread. The acceleration period of 0.22 ns
is close to the 0.25 ns seen in Fig. 4(c). Thus, Fig. 4 verifies that there
is a rapid motion of the plasma flow in the case of CH, and it can
also be seen that the results from the experiments and simulations
agree well with regard to the different acceleration and deceleration
processes caused by the shock and expansion of the plasmas.

Furthermore, as shown in Fig. 1(c), the Doppler shift of the
spectrum is too weak to be observed in the case of Au under the
same laser conditions. Meanwhile, owing to limitations imposed by
the technique of target fabrication, the uncertainty in the Au thick-
ness (d = 0.1 £ 0.05 ym) between the V and Ti layers is much larger
than that in the case of CH (d =2 +0.1 ym). Taking the uncer-
tainty in the Au thickness into account, the evolution of the density
in the case of Au with d =0.1 ym and f = 0.08 is shown in Fig. 5,
together with the trajectory of the center of the Ti layer, for three
cases, namely, d =2 ym CH, d = 0.1 ym Au, and d = 0.15 ym Au.
Also consistent with the experimental result, the trajectories of Ti
(blue dashed and dotted lines) for the Au case show almost no accel-
eration as the shock wave passes through and there is much weaker
expansion compared with the case of CH (black solid line).

Thus, it can be seen that the velocity and trajectory distribu-
tions of the Ti plasma have been successfully determined in our
experiments, and their evolution matches that predicted by the
simulations.

—CH,2um - - Au,0.1pm

1.2 o
1
z
£0.8
g
i 0.6.
0.4

-100 -50
X(um)

FIG. 5. Electron density ne(x,t) for the case of Au from the simulation with
f = 0.08. The black solid line indicates the center of the Ti layer for the case of
a 2 ym CH layer between V and Ti, while the blue dashed and blue dotted lines
indicate the center of the Ti layer for the cases of 0.1 and 0.15 um Au layers,
respectively.
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C. Relation between the motion of the plasma flow
and thermal transport

Much previous work on heat transport has been based
on the flux-limited SH model q = min{qg,, fq,}, where q/(fq;)
= min{qg,/(fq,),1}. This approach is therefore appropriate when
q/qu > 1, but is invalid when q/qu < 1. Figure 6 shows the q/qu
distribution together with the trajectories of the critical density layer
(green dashed line) and the Ti layer (black dashed line) for f = 0.08.
Colors from white to red in this figure correspond to regions where
the condition g/fg 7> 1 holds. It can be clearly seen that these
regions are mainly concentrate near the two dashed lines (the n;
and Ti layers), providing further evidence that the trajectory of Ti is
sensitive to the heat transport process.

Simulations with different flux limiters f = 0.1, 0.08, 0.06, and
0.04 have also been carried out, and the speeds and trajectories of
the Tilayer are shown in Fig. 7. It can be seen that discrepancies in
the speed in Fig. 7(a) occur mainly in the deceleration phase from
t=0.4 to 0.8 ns. It is understandable that since the flux limiter f
acts close to the Ti layer, it will mainly tune the thermal pressure in
this region. The thermal pressure will prevent the expansion of Ti
layer in the period after the shock has passed through it but before
the rarefaction wave has formed. With decreasing f, the heat flux
becomes more localized in the Ti layer. Thus, there is a decelera-
tion in the speeds of the Ti plasmas when f is reduced. Consistent
with this, the maximum distance of penetration into the target (in
the +x direction) is greatest for f = 0.04 in Fig. 7. In addition, the
simulated results with f = 0.06 and 0.08 show the best agreement
with the experimental data. However, there are still some differences,
especially during the deceleration phase. Actually, since no matter
whether g/ fg ¢ or the motion of the plasma flow vary with time (see
Figs. 6 and 7), f will be time-dependent, and it can be seen that it
is difficult to choose a value of f that exactly reproduces the whole
process of evolution.

In brief, however, despite this difficulty in choose a single value
of the factor f to describe the whole evolution of the motion of
the plasma flow, our experimental and simulation results confirm

2
1.5
2
5 1
=
=0.6 0.5
0.4 0

FIG. 6. Evolution of the relative heat flux q/ fq from the simulation, where g is the
total heat flux calculated using the SH model and g is the free heat flux. It can be
seen that the regions where g/ fq; > 1 are mainly located in the critical density ne
layer (indicated by the green dashed line) and at the front of the heat wave near
the Ti trajectory (indicated by the black dashed line).
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FIG. 7. Profiles of (a) speed v and (b) trajectory x of the Ti layer from simula-
tions with f = 0.1, 0.08, 0.06, and 0.04 and from experiments. The green dashed
line shows a fit to the experimental results (blue dots). Divergences mainly occur
from t = 0.5 to 0.8 ns after the shock has passed through the Ti and a heat wave
arrives. The speed curves show that the best match with experiments is given by
the simulations with f = 0.06 and 0.08, although there are some differences in
detail.

that the plasma motion caused by shock compression and heat
wave propagation is sensitive to the thermal transport model that
is adopted. A characterization of the motion of the plasma flow
obtained from measurements of the spectral shifts of tracers can
then provide an efficient experimental method for checking thermal
transport models.

IV. DISCUSSION

All of the above results confirm that although the mass-ablation
rates for Auand CH are similar, the ablation processes are quite dif-
ferent. For the low-Z material CH, the motion of the plasma flow
must be taken into account throughout the ablation process because
of its effects on the relationship between the laser-induced shock
wave and the plasma expansion, which is not the case with the high-
Z material Au. The heating process is also heavily influenced by
the motion of the plasma flow in the case of CH, leading to a large
discrepancy between the results for CH and Au (Fig. 2).

A. Influence on temperature profiles

It is known that the motion of the plasma flow is sensitive to the
thermal transport model used, and the results for Au and CH differ,
even under the same laser conditions. As the evolution of the in situ
plasma temperature is widely used to characterize thermal transport,
let us now discuss the influence of plasma motion on temperature
variations.

To obtain T, the collisional-radiative model code Rateq was
used to calculate the theoretical spectrum of Ti emissions under dif-
ferent plasma conditions, with the population distribution of the
atomic levels being obtained by solving the rate equations for these
levels through the FAC code. The ratio of the Ly-« line and He-«
line and the ratios of the He-j, k, I lines and the He-« line are all
functions of electron temperature and density, and they are par-
ticularly sensitive to temperature variations in the region from 500
to 3000 eV but quite insensitive to electron densities lower than
10?2 cm™. Temperature profiles can then be obtained by compar-
ing the theoretical spectrum with the experimental results from
Figs. 1(c) and 1(d). This method has been widely used in other ICF
research.”” In our analysis, the residual errors in the isoelectronic
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FIG. 8. (a) Temperature profiles of the Ti layer in both cases of Au and CH. These
were calculated by comparing the ratios of the Ly-a and the He-« lines of Ti in
Figs. 1(c) and 1(d) with the theoretical results. It can be seen that the temperature
gradient in the case of CH is much greater than that in the case of Au. (b) T, of Ti
in the case of CH from simulations with f = 0.1, 0.08, 0.06 and from experiment.
It can be seen that the experimental result from t = 0.7 ns onward agrees better
with the simulated result for f = 0.1 than with the results for f = 0.08 and 0.06,
but there is no agreement at all between experiment and simulations at t < 0.2 ns.

emission line rates were controlled to +1%. The distributions of
T.(t) obtained in this way are shown in Fig. 8(a), where the error
bars represent the combined uncertainties of 15% from the temper-
ature variations due to density variations in both space and time
(~10%) together with the measurement errors (~10%).

As shown in Fig. 8(a), the temperature gradients before T,
reaches its maximum are quite different in the two cases. The vari-
ation of T. in the case of Au can be simply divided into two phases:
in the first phase, it increases rapidly, corresponding to heat wave
front heating; in the second phase, it continues to increase, but only
slowly, reaches a maximum of about 2000 eV (blue line). However,
T. in the case of CH exhibits a much larger gradient before reach-
ing its maximum (red line). Actually, as discussed in Sec. III B, the
CH plasma moves and expands more quickly, and so its local density
gradually becomes subcritical. As a result, the variation of T, in this
phase is influenced not only by electron thermal transport, but also
by laser heating. Thus, the larger gradient for CH can be attributed
to the rapid motion and rarefaction of the Ti plasma.

Since Ly-a emission during ¢ < 0.5 ns is very weak, it is difficult
to accurately determine T. in this period. However, if we focus on
the He-a lines in Fig. 2, their variation with time also reveals the dif-
ferent dynamic processes of heating, i.e., there is similar preheating
as the shock wave passes during the first phase but differences during
the thermal-wave heating in the second phase. Besides, the maxi-
mum T, characterized by the emission lines is also consistent with
the value estimated from the speed of plasma expansion. In princi-
ple, the motion of Ti after laser ablation has ended is dominated by

RESEARCH ARTICLE scitation.org/journalimre

adiabatic expansion, and the expansion speed is close to the acous-
tic speed, since ¢; ~ [(ZT. + T,')/mi]l/z, where Z, T,, Ti, and m; are
the charge number, electron and ion temperatures, and ion mass.
Therefore, the estimated temperature based on the speed of about
400 ym/ns in Fig. 4(b) is about 2000 eV.

T, profiles from simulations with f = 0.1, 0.08, and 0.06 are
compared with the experimental result in Fig. 8(b). In contrast to
the law in Fig. 8, the maximum value of T, for f = 0.1 matches the
experimental result much better than that for f = 0.08, but it can be
seen from the temporal profile that it is difficult to describe the whole
evolution with a constant value of f.

B. Plasma flow movements in Au

To further discuss the influence of the motion of the plasma
flow in Au, two experiments under different laser conditions were
performed, one using a 500 ym continuous-phase plate (CPP)-
smoothed focal spot and the other using 200 ym tightly focused laser
beams providing a threefold-higher laser intensity. The sandwich
targets were both Ti(0.1)/Au(0.1)/Ti(0.1)/Au(30). Figure 9 shows
the spectrum of Ti. The spectral shifts corresponding to the motion
of the Au flow can clearly be seen in Fig. 9(b). The forward accel-
eration of the plasma flow caused by the pressure of the shock wave
and the subsequent deceleration due to expansion cannot be ignored
in laser ablation of Au, but it is also necessary to take account of
the laser conditions (especially intensities). In the present study,
when the laser intensity reaches ~ 10" W/cm?, the motion of the
CH plasma flow becomes significant, but this is not yet the case for
the Au plasma. However, at intensities greater than 10> W/cm?,
the influence of the motion of the Au plasma flow can no longer
be ignored. Additionally, although the laser intensity is higher in
Fig. 9(b), the Ly-a emission is weaker, revealing a lower maximum
temperature. This is a further indication that the plasma motion
is sensitive to heat transport (T, variation). It is worth noting that
some instabilities, such as Rayleigh-Taylor instabilities induced at
the interfaces of the sandwich target and laser-plasma instabili-
ties such as stimulated Raman scattering (SRS) in the large coronal

1.5

0.5

Time(ns)

4.6 4.8 5 5.2
Energy(keV)

FIG. 9. Time-resolved spectrum for (a) 500 um CPP-smoothed focused lasers
and (b) with ~200 um tightly focused lasers irradiating sandwich-like targets of
Ti(0.1)Au(0.1)Ti(0.1)Au(30). There is an initial red shift followed by a blue one in
(b), but negligible shifts in (a).
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region cannot be ignored at laser intensities I > 10"> W/cm® when
we use the plasma motion to study thermal transport. Of course, the
dependence on depth within the target may also be a factor, since
this affects the ablation rate and temperature gradient.

V. CONCLUSION

We have proposed a practical experimental method to investi-
gate thermal transport by characterizing the motion of the plasma
flow. Through the use of tracer spectroscopic diagnostics of x-ray
self-emission, the temporal evolution of multiple parameters,
including the time-resolved velocity, trajectories of motion of
plasma flows, and temperature profiles in Au and CH during the
laser-ablation process, have been simultaneously obtained. Using
this novel approach, we have observed for the first time the forma-
tion and propagation of shock waves, heating by thermal conduc-
tion, and the plasma expansion in the dense regions of CH. Our
results show that for laser intensities of the order of 10" W/cm?,
the velocities of motion of plasma flows cannot be ignored, owing
to their significant effects on temperature profiles. Although, under
the same laser conditions, the effects on Au are not obvious, these
do become important when the laser intensity exceeds 10> W/cm?,
Although we have found that it is difficult to accurately describe the
whole temporal evolution of both the motion of the plasma flow
and the temperature using a constant value of f in the flux-limited
Spitzer-Hérm model, our simulations still reveal that determining
the motion of the plasma flow via the spectral shifts of tracers can
be an efficient way to check thermal transport models. More atten-
tion should be given to this approach in the context of ICF and HED
physics.
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