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The rapid heating of a thin titanium foil by a high intensity, subpicosecond laser is studied by using a 2D
narrow-band x-ray imaging and x-ray spectroscopy. A novel monochromatic imaging diagnostic tuned to
4.51 keV Ti Ka was used to successfully visualize a significantly ionized area ((Z) > 17 & 1) of the solid
density plasma to be within a ~35 um diameter spot in the transverse direction and 2 xm in depth. The
measurements and a 2D collisional particle-in-cell simulation reveal that, in the fast isochoric heating of
solid foil by an intense laser light, such a high ionization state in solid titanium is achieved by thermal
diffusion from the hot preplasma in a few picoseconds after the pulse ends. The shift of Ka and formation
of a missing Ka cannot be explained with the present atomic physics model. The measured Ka image is
reproduced only when a phenomenological model for the K« shift with a threshold ionization of (Z) = 17
is included. This work reveals how the ionization state and electron temperature of the isochorically heated

nonequilibrium plasma are independently increased.
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With high-intensity, short-pulse lasers, matter can be
heated to extremely high temperatures and pressure states
within the timescale of a few picoseconds, while the density
is maintained near solid. This rapid heating, known as
isochoric heating [1-3], has a potential to efficiently create
hot solid density plasmas that can be a vital test bed for
studies of the equation of state [4,5], thermal conductivity
[6], opacity [7-9] and stopping power of high-energy ions
including a particles [10], and to serve as compact radiation
or neutron sources [11,12] or an ignitor of a dense fusion
fuel for fast ignition (FI) laser fusion [13].

In a laser-solid interaction at a peak intensity of
>10'" W/cm?, energetic (fast) electrons predominantly
accelerated by a ponderomotive potential play a central
role in transferring the laser energy to the target. Three
major heating mechanisms associated with fast electrons
are identified: resistive heating, drag heating, and diffusion
[14,15]. Propagation of forward-going fast electrons in
dense plasmas draws an equal current of cold electrons in
the opposite direction. This cold return current resistively
heats the background plasma via collisional dissipation.
The propagating fast electrons also lose energy via direct
collisions with the background electrons (drag heating). In
a small foil (<1 mm?), fast electrons recirculate due to
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sheath potentials developed on the foil surfaces, supplying
its own return current. Thus, the resistive heating becomes
no longer efficient when the recirculation starts. Heating by
diffusion occurs via thermal conduction due to a temper-
ature gradient between a hot plasma and a cold region.
Despite extensive research on isochoric heating of thin
solid targets over the last two decades, there is no
consensus on the dominant heating mechanism among
resistive heating [16-20], drag heating [21-28], diffusion
[1,3,29], and both drag and resistive heating [30—34]. The
current puzzle is that estimated bulk electron temperatures
(T,) span a wide range from tens of eV to 5 keV
[35] at similar laser and target conditions. In the most
experiments, 7', is inferred from analyses of x-ray emission
spectra with collisional-radiative atomic physics codes
including fast electrons as a nonthermal component of
the temperature distribution (7%,). However, the x-ray
diagnostic is interfered with by hot preplasma and has
not been benchmarked against other diagnostic techniques.
Isochoric heating of high density plasma has been
performed for FI where a dense fuel core is ignited by
drag heating with MeV electrons. In current integrated
FI experiments [36-38], enhancement of fusion neutron
yields is observed with the injection of an ignitor laser;
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FIG. 1. (a) A Leopard laser experimental setup. (b) Measured
focal spot. (c) Encircled beam energy.

however, the heating mechanism is not well understood.
Understanding of the heating mechanisms in solids or
dense plasmas requires spatially and temporally resolved
diagnostics as well as benchmarked modeling in atomic
physics and a particle-in-cell (PIC) code for nonequilibrium
plasmas.

This Letter reports an investigation of an isochorically
heated thin titanium foil using spatially and spectrally
resolved x-ray measurements and a 2D collisional PIC code
PICLS [39]. A novel monochromatic crystal imager was
developed to provide an ionization map of the foil for the
first time. Together with the PIC simulation incorporating a
dynamic ionization model, the results reveal that the
ionization state (Z) and T, of the foil are independently
increased by different mechanisms associated with MeV
electrons, followed by significant thermal diffusion.

A series of experiments was conducted using a 50 TW
laser Leopard [40] at the Nevada Terawatt Facility. It
delivered the energy of 1-16 J in a pulse with a 350 fs
full width at half maximum (FWHM) at the wavelength of
A = 1057 nm. Figure 1 shows a layout of the experiment.
The beam was tightly focused with a f/1.5 off-axis
parabolic mirror on a 2 or 10 ym thick titanium foil
mounted on a glass stalk. The measured spot image in
Fig. 1(b) was analyzed to estimate a ~8 ym diameter spot
containing 30% of the laser energy. The pedestal prior to
the main pulse was measured with fast photodiodes to be of
the order of 10% and ~1 ns long. This is reasonable because
the same system was used to consistently produce a proton
beam with the maximum energy of ~10 MeV by irradiat-
ing 2 pm titanium foils for proton deflectometry [41]. On a
single target shot, escaped fast electrons, x-ray spectrum,
and a monochromatic x-ray image were simultaneously
recorded in the target rear with a magnet-based electron
spectrometer [42], a Bragg crystal spectrometer and a
spherical crystal imager, respectively. The crystal imager
configured to image 4.51 keV cold Ti Ka had a magni-
fication of 10 and a spatial resolution of 12 + 1 ym. The
spectral bandwidth of the imager is calculated to be 5 eV
based on the imager configuration [43].

TABLE I. A summary of laser energies and target types.
Shot Laser Energy Thickness Foil surface area
A) 3.817 2 um 500 x 500 pm?
(B) 16.0J 2 pym 800 x 500 pm?
©) 16.0J 2 ym 125 x 80 ym?
(D) 16.0J 10 ym 300 x 200 pm?

Target heating was studied by varying foil types and laser
energies as summarized in Table 1. Data were taken at least
3 times for each shot and target condition. Figure 2 shows
measured electron spectra, x-ray spectra, 2D monochro-
matic Ka images for shots (A)—(D), and calculated x-ray
spectra with PrismSPECT [44]. The electron measurement
in Fig. 2(a) is important to characterize fast electron
spectrum with a slope temperature (7},) without using
scaling laws [45—47]. The slope is correlated to the electron
spectrum generated at the laser interaction point [48].
Additionally, changes in the slope indicate shot-to-shot
variations due to target mispositioning and surface con-
ditions. The measured slope was fit with an exponential
function to be T}, = 0.19 4+ 0.06 and 1.30 4= 0.40 MeV at
3.8 and 16 J, respectively. The higher laser energy increases
not only T}, but also the number of fast electrons
substantially in the MeV range. Similar slopes observed
with ~16 J for (B)—(D) and all other shots taken throughout
the campaigns ensure that fast electron generation is
comparable regardless of the surface areas and the foil
thicknesses. The experimental Ty, is used to validate input
parameters for a PIC simulation presented later, similarly
in Ref. [49].

Figure 2(b) shows background-subtracted x-ray spectra
normalized by the laser energy. Distinct spectral peaks of
cold Ka at 4.51 keV and Hea lines at ~4.75 keV were
observed for all shots, while a series of so-called shifted Ka
[50] between cold Ka and Hea lines, originated in Ka
transitions from ionized titanium ions (Ti!2* ~ Ti'®t), was
recorded for shots (B) and (C). The observation of the
shifted Ka is a clear indication of solid density, ionized
plasma [51]. Calculations of ionization-dependent shifted
Ka are performed in the range of 7', between 100 and
400 eV with fast electrons having a non-Maxwellian
temperature of 1.5 MeV and the number density fraction
of 5%. The results are insensitive to the choice of the fast
electron parameters ranging from 1% to 5% density
fraction and from 0.2 to 2.0 MeV. Blueshifts of the Ka
line peak from 4.51 keV are seen at (Z) =7-9. At
above (Z) ~ 12, where all M-shell electrons are removed,
the spectrum shows multiple peaks of shifted Ka.
Qualitatively, (Z) of ~16 is required to reproduce the
measured spectrum. In this calculation, the ionization of
the plasma is driven not only by thermal electrons, but also
by fast electrons via electron impact ionization [44].
Therefore, the emission spectra cannot be an accurate
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(a) Measured escaped electron spectra, (b) x-ray spectra, (¢) atomic physics modeling of cold and shifted Ka emissions with

PrismSPECT, (d)-(g) 4.51 keV monochromatic x-ray images for shots (A)—(D). (h) Lineouts of the Ka images for shots (A)—(C).

representation of T,. Further discussions on the origin of
the measured lines and the calculated x-ray spectra for
various T, and (Z) are presented in the Supplemental
Material [52-54].

The spectral shift of cold Ka due to ionization changes
affects imaging data recorded with a narrow-band spheri-
cally bent crystal. Such crystals have been applied for
forming quasi-monochromatic images of cold Ka emis-
sions [57-61]. Here, by taking advantage of the bandwidth
narrowness, the crystal imager was used to identify the area
of a strongly ionized plasma by measuring a reduction of
cold Ka due to ionization increase. An atomic physics
calculation shows that the signal on the imager increases up
to (Z) = 12 when line shift and spectral shape are taken
into account. This numerical investigation is presented in
the Supplemental Material [52,55].

Figures 2(d)-2(g) show 4.51 keV monochromatic x-ray
images [62]. The yield of Ka emissions is proportional to
the number of fast electrons colliding with K-shell elec-
trons of the background ions, while the spatial extent of the
emission depends on the fast electron energy. At the low
energy shot (A), Fig. 2(d) shows an emission spot with a
47 yum FWHM in diameter and faint signals from the foil
surface indicated by dotted lines. When the laser energy is
increased from 4 to 16 J, the number of MeV electrons is
significantly increased and a monochromatic image for shot
(B) in Fig. 2(e) clearly shows three distinct features: Ka
spot near the laser interaction, Ka emission from the entire
foil, and a dip inside the Ka spot here called “missing” Ko
signal. MeV electrons, whose the continuous slowing down

approximation [63] ranges are of the order of a few
millimeters, recirculate around the foil multiple times
and induce relatively uniform emission from the entire
foil except the edges and the Ka spot. The formation of the
Ko spot and the missing Ka, which are created by
diffusion, will be discussed later.

To examine the role of the MeV electrons in target
heating, a foil with a smaller surface area (125 x 80 ym?)
as displayed in Fig. 2(f) was used to increase the interaction
of the fast electrons with the foil. Because of the enhanced
recirculation in the limited surface area, the surface
emission was increased compared to the large foil and
overwhelmed a Ka spot, creating a uniform surface
emission except the area of the missing Ka. However,
the size and depth of the missing Ka are comparable
between the large and small foils as compared in Fig. 2(h).
Since strong ionization could widen the missing Ka, the
result suggests that further thermal ionization driven by an
increase of T, due to drag heating does not occur even in
the small foil, contradicting with past results reporting that
a high temperature plasma is created by reducing a target
volume [22,25,28,30,34,62]. We discuss potential misinter-
pretation of the measurements and provide an alternative
explanation for Ka spectral analysis in the Supplemental
Material [52].

The depth of heating into the foil was investigated by
changing the thickness of foils from 2 to 10 ym. The x-ray
image for the 10 ym foil shows a Ka spot and higher
surface emission, but no missing Ka. This image further
supports that creation of the missing K« is not due to drag
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heating with the MeV electrons that can penetrate into a
1 mm thick Cu foil. Therefore, the comparison of the
images for these foils implies that the depth of the strongly
ionized region is less than 10 ym, and Ka emission
produced in the deeper layer (2—-10 um depth) may over-
come the dip.

Formation of the missing Ka is considered as a conse-
quence of spectral line shift due to strong ionization.
Alternative interpretations could be due to (i) prepulse
drilling a hole in the foil, (ii) the main pulse pushing ions
away, or (iii) line shifts caused by high plasma density,
strong electric or magnetic fields. A laser drilling creates a
hole with depth-to-diameter ratio >1 [64]. The interpreta-
tion for the case (i) is discarded because the diameter of the
missing Ka is ~35 um, but the dip is observed only in the
2 um thick foil. For the case (ii), the main pulse must push
more than 50% of the ions in the center away to observe the
dip. However, a PIC simulation suggests that a density
decrease at the center of the foil is ~1% at 2 ps. The
interpretation for the case (iii) is unlikely because the Ko
line whose outer shells are filled is insusceptible to
modifications of the ionic potential. The shifts of spectral
lines due to a high density has been observed in low-Z,
1s-2p Lyman transition [3,65,66].

To understand the dynamics of solid target heating
including formation of the K« spot and missing Ka with
fast electrons, two-dimensional collisional PIC simulations
are performed using the PICLS code. The simulation shown
in Fig. 3 is run up to 2.0 ps in a 135 x 200 ym? system box
with absorbing boundaries, where fast electrons escape so
the simulation corresponds to the large target. A 2-um thick
titanium layer is placed between X = 22 and 24 ym. The
laser pulse peaks at 0.3 ps with a 350 fs FWHM and ends at
~0.6 ps. Detail of the code and setup is described in the
Supplemental Material [52,56].

Figure 3(a)-3(f) show average ionization contours and
line profiles of (Z) and T, averaged over the foil. The
preplasma is ionized to high charge states (> ~ 17) as the
laser propagates up to the critical density at X = ~13 um.
The fast electrons mainly accelerated at the critical density
propagate through the overdense preplasma (X =13-22um)
and the solid foil. After reaching the target rear, the
electrons recirculate and transversely propagate around
the foil, ionizing the central region of the foil uniformly
up to (Z) ~ 12 as shown in Figs. 3(a) and 3(e) at 0.5 ps. The
electron temperature, on the other hand, is increased only
near the center of the foil in Fig. 3(f). This is caused by
resistive heating during the fast electron transport to the
target rear and it is no longer effective once the electrons
reach the rear surface because they supply their own return
current. As a result, electron recirculation creates non-
equilibrium plasma where the spatial profiles of (Z) and T,
are deviated.

Significant target heating above (Z)~12 and T, >70eV
occurs predominantly by diffusion after the laser pulse
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FIG. 3. (a)—(d) Ionization contours at 0.5, 1.0, 1.5, and 2.0 ps.
Temporal evolutions of (¢) (Z) and (f) T, profiles. (g) Phase space
of fast electrons and ions at 1.5 ps. (h) Comparisons of the
measured Ka profile to calculations with and without the effect of
the Ko shift.

ends. Figure 3(g) shows the phase space of electrons and
ions along ¥ = 50 um at 1.5 ps. The resistive heating heats
the solid as well as the overdense preplasma, creating a T,
gradient at the interface and driving diffusive heating into
the solid at ~1 ps. The evidence of the diffusion is seen in
the gradient of the electron energies at X = ~22 ym in
Fig. 3(g). The solid foil is continuously heated by the
diffusion, but the increase of T, in the solid foil becomes
slower as the T, gradient between the preplasma and the
solid foil becomes smaller. More discussion including the
phase maps at different times and 7', profiles along the X
direction is presented in the Supplemental Material [52].

Fast ions, accelerated by the sweeping potential toward
the solid foil [67], also deposit their energy in the foil.
However, the contribution of the ions to the target temper-
ature is concluded to be minimal because (i) the ions do not
reach the foil at 1.0 ps when the heating begins and (ii) the
spread of the fast ion beam penetrating through the foil is
smaller than the ionized area by the electrons.

Figure 3(h) compares a lineout of the measured Ka
image for shot (B) in Fig. 2(e) with integrated ionization
profiles. The width of the Ka spot is in good agreement
with the time-integrated profile without the effect of the Ka
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shift. A slight deviation in X > ~70 um is most likely due
to the target positioning inaccuracy. To incorporate the
ionization-dependent Ka shift for the imaging data, a
phenomenological signal reduction model based on a step
function is used. By postprocessing the PIC-calculated
ionization profiles with this model, the time-integrated
profile is in excellent agreement with the measurement in
Fig. 3(h) when the model uses a threshold ionization
parameter of (Z) =17+ 1 and the integration time up
to 1.5 ps. The spatial extent above (Z) = 17 in the PIC
simulation is 33.6 pym at 1.5 ps, which is consistent with the
opening of the measured missing Ka. A model for shifted
Ka using PrismSPECT overestimates the decay above
(Z) = 12 and does not reproduce the measured Ka spot.
Note that the model used to reproduce the missing Ka is not
a physics-based modeling so that development and bench-
marking of an atomic-physics-based Ka shift model are
necessary. The Supplemental Material presents details of
these models and how the threshold (Z) and integration
times are determined [52].

The present results provide new insights into under-
standing isochoric heating of thin solid foils with subpico-
second lasers, which could clarify past contradicting
results. Most importantly, a short-pulse laser-irradiated foil
must be considered to be in the nonequilibrium state where
(Z) and T, are increased independently. The monochro-
matic images reflect spatial distribution of time-integrated
ionization states driven by both fast electrons and diffusive
thermal electrons as shown by the PIC simulation. The fast
electron recirculation increases the ionization that is
observed in the increased Ka yields in the small foil.
However, it does not increase 7', to the temperature, which
ionizes further and expands the size of the missing Ka. The
high charge state is explained by the diffusive thermal
electrons arriving to the target after the pulse ends. This
result suggests that the use of Ka yields or Ka spectra as a
T, diagnostic could be a misinterpretation of data because
(i) Ka emission correlates to (Z), not T,, and (i) Ka
photons can be produced by both nonthermal and a high-
energy tail of thermal electrons. Because of the above
reasons, care must be taken when Ko yields are used to
estimate coupling efficiency from laser to a compressed
core [68,09] for FI at moderately high densities where drag
heating is ineffective (n, < ~10% [1/cm?)).

In conclusion, the experimental evidence of isochoric
heating of a thin titanium foil with an intense subpico-
second laser is presented. A novel narrow-band crystal
imager was successfully applied for the first time for
visualizing the ionization map of the solid foil, providing
unprecedented constraints on isochoric heating. This work
reveals that resistive heating and diffusion are the dominant
heating mechanisms, whereas drag heating does not con-
tribute to heating of the solid foil. The crystal imaging of
missing Ka could be applied for high ionization state
measurements. The findings of the isochoric heating

mechanisms and the nonequilibrium state of the plasma
in the present work could open up new opportunities and
directions in high energy density physics and fusion energy
research with short-pulse lasers.
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