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Uniform heating of materials into the warm dense matter regime with laser-driven
quasimonoenergetic ion beams
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In a recent experiment at the Trident laser facility, a laser-driven beam of quasimonoenergetic aluminum ions
was used to heat solid gold and diamond foils isochorically to 5.5 and 1.7 eV, respectively. Here theoretical
calculations are presented that suggest the gold and diamond were heated uniformly by these laser-driven ion
beams. According to calculations and SESAME equation-of-state tables, laser-driven aluminum ion beams
achievable at Trident, with a finite energy spread of AE/E~20%, are expected to heat the targets more uniformly
than a beam of 140-MeV aluminum ions with zero energy spread. The robustness of the expected heating
uniformity relative to the changes in the incident ion energy spectra is evaluated, and expected plasma temperatures
of various target materials achievable with the current experimental platform are presented.
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I. INTRODUCTION

Rapid heating of matter using a short (tens of femtoseconds
to picoseconds) laser pulse is an emerging research area
in plasma physics [1-18]. In these settings, the interaction
between intense light and matter is sufficiently strong and fast
for the atoms to be ionized instantaneously and the resulting
electrons or ions (or both) attain large kinetic energies very
quickly. By directly illuminating a small, reduced-mass solid
target with an intense laser beam, target temperatures on
the order of 100 eV have been demonstrated [16]. Using
even smaller targets (~10-nm-radius spheres) [19], an ion
temperature exceeding tens of keV has been achieved in the
laboratory [10], which is sufficiently high for deuterium ions
to produce nuclear fusion reactions efficiently [20-23].

While such high-temperature plasmas have been reliably
produced using this direct and intuitive approach for rapid
heating of a target, this approach is less desirable when heating
uniformity is crucial. In direct laser heating, most of the laser
pulse energy is absorbed by the electrons at the front surface
of the target (within 100 nm), and the rest of the target is
subsequently heated by the resulting hot electrons and the
return currents of cold electrons [24]. A recent study by Lévy
et al. [14] showed that uniform heating can be achieved for
a 0.5-um-thick silver target using a free electron x-ray laser
beam, but a uniform heating of a thicker target (>1 um) has
yet to be reported using this approach.

With the development of new laser-driven ion sources in
recent years [25-36], an alternative approach was explored.
When a beam of energetic (>1 MeV) ions is incident on
a cold target, the ions can transfer a significant amount
of their kinetic energy to the target. This heating occurs
sufficiently rapidly (~20 ps) [37] that the target does not
have time to expand hydrodynamically during heating, and is
thus called isochoric heating. In isochoric heating experiments
with laser-driven ions [4-8,37—41], the temperature of the
target may reach 1-100 eV while still maintaining near-solid
density, and the originally cold target becomes warm dense
matter (WDM) [42]. For example, Patel et al. demonstrated
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that a laser-driven proton beam can volumetrically heat a
10-um-thick Al target to 23 eV [4], and a subsequent
experiment delivering more laser energy showed a rear-surface
temperature as high as 83 eV [38].

Although WDM is commonly found in astrophysics (e.g.,
in planetary cores) as well as in high-energy density physics
experiments [17,43—47], the properties of WDM are not well
understood and are difficult to predict theoretically [8,48,49].
This is because neither the approximations made to de-
scribe condensed matter, nor those made to describe high-
temperature plasmas are strictly valid in this intermediate
regime. WDM samples that are uniformly heated would
be ideal for these studies because gradients complicate the
measurements and their interpretations. However, such WDM
samples have been unavailable to date. Typical laser-driven ion
beams possess an exponential energy spectrum, which leads to
nonuniform heating along their propagation direction because
of the presence of a large number of low-energy ions, which
heat preferentially the front surface of the target [6,7,30,39,41].

Recently [37], we proposed that this issue could be resolved
by the use of ion beams with a quasimonoenergetic energy
spectrum [29,50-54]. In this paper, we examine the details
of the expected heating calculations from laser-driven quasi-
monoenergetic aluminum ion beams. We study the expected
heating uniformity within the samples using a Monte Carlo
simulation code, SRIM [55,56], and using SESAME [57]
equation-of-state (EOS) tables. We also investigate how
sensitive the uniform heating conditions are to the energy
spectrum of the incident aluminum ions by using different ion
energy spectra in the simulation. Using stopping power calcu-
lations and available SESAME EOS tables for various target
materials, we have calculated expected plasma temperatures
that can be achieved with our experimental platform.

II. STOPPING POWER CALCULATIONS

The experiments in Ref. [37] were performed at the Trident
laser facility at Los Alamos National Laboratory (LANL),
which delivered 60-80-J, 650-fs, 1054-nm wavelength pulses
to irradiate 110-nm-thick aluminum foils. Figure 1 shows
the schematic of the target layout inside a vacuum target
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FIG. 1. (Color online) Schematic layout of the target (not to
scale). A laser-driven beam of quasimonoenergetic aluminum ions
is incident on the target at 45°. The diamond and gold foils are heated
isochorically by the energetic aluminum ions, and become WDM.
The ions that pass through the vacuum gap between the two foils are
recorded by a magnetic ion spectrometer. On some shots, a Thomson
parabola ion spectrometer replaced the magnetic ion spectrometer.

chamber. Using an f/3 off-axis parabola, the peak intensity
of the laser pulse on the thin aluminum foil (ion source, not
shown in Fig. 1) was about 2 x 10** W/cm?. The laser-driven
aluminum ion beam diverged with a 20° cone half angle [54],
and impinged upon gold and diamond foils located 2.37 mm
from the ion source inside the vacuum target chamber. A
5-pm-thick aluminum filter, inserted 0.37 mm behind the
source and 2.0 mm before the target, blocked any laser light
propagating through the 110-nm aluminum foil after it became
relativistically transparent [54], ensuring the target was indeed
heated isochorically with the laser-driven aluminum ion beam.
The filter also blocked low-energy protons (<0.5 MeV) and
aluminum ions (<10 MeV).We estimate the heating from
laser-generated protons [54] to be insignificant because the
stopping powers of gold and diamond for protons are much
smaller than those for aluminum ions. For example, the
stopping powers of gold and diamond for a 5-MeV proton are
less than 1% of those for a 140-MeV aluminum ion. For the
same reason, we expect the heating from protons originating
from the filter itself (after interacting with the transmitted laser
light at much lower intensity) to be insignificant.

Figure 1 shows a 10-um-thick gold foil (right-hand side)
and a 15-um-thick diamond foil (on the left side) with
a vacuum gap (~100 pum) between. The aluminum ions
(depicted as black arrows in the figure) are incident on the
target at 45°. At a source-to-target distance of 2.37 mm, the
ions incident on the target are nearly parallel to one another.
The aluminum ions that pass through the vacuum gap are
recorded by a magnetic ion spectrometer [58], which monitors
shot-to-shot fluctuations in the incident ion energy spectra and
fluence. A Thomson parabola ion spectrometer replaced the
magnetic ion spectrometer on some shots.

Figure 2 shows the calculated energy spectra of the
transmitted aluminum ions using the SRIM code. The black
bars indicate the input data to SRIM, which represent the
incident energy spectrum of 10000 aluminum ions on gold
or diamond. The average kinetic energy of the incident ions
is 140 (£33) MeV. This input energy spectrum is based on a
typical energy spectrum of the aluminum ions [54] measured
from a Thomson parabola ion spectrometer. The red bars
indicate the calculated energy spectrum of the aluminum
ions after penetrating through a 10-pum-thick gold foil at
45°. Likewise, the blue bars indicate the calculated energy
spectrum of the aluminum ions after penetrating through a
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FIG. 2. (Color online) Energy spectrum of the incident alu-
minum ions at 0° (black bars) measured from Ref. [54] along with the
calculated ion energy spectra after penetrating through a 10-pm gold
foil (red bars) or a 15-um diamond foil (blue bars). The measured ion
energy spectrum (indicated as black bars) was used as input data in
our SRIM calculations.

15-pum-thick diamond foil at 45°. The aluminum ions that
went through the vacuum gap did not lose their kinetic energy,
and were measured experimentally in Ref. [37], showing close
agreement with the input to SRIM (black bars). According
to these simulations, 82% of the incident aluminum ions
are expected to penetrate the 10-um-thick gold foil, while
86% of the incident aluminum ions are expected to exit the
15-pum-thick diamond foil. The average kinetic energy of
aluminum ions after traversing a 10-pum-thick gold foil is
expected to be 42 (£29) MeV, while the average kinetic energy
of the ions after traversing a 15-um-thick diamond foil is
expected to be 68 (£35) MeV. Indeed, a large fraction of their
original ion beam kinetic energy is expected to be transferred to
the gold and diamond foils according to our SRIM simulations.

Although the SRIM code uses cold stopping powers of gold
and diamond, we expect the uncertainties in these calculations
would be reasonably small. In a recent paper [47], Zylstra et al.
reported their experimental results showing that the stopping
power of warm dense Be at 32 eV for 14.7-MeV protons was
merely 3%—-8% higher than the cold stopping power predicted
from SRIM. Since the stopping power is known to increase very
gradually with the ionization level of the target [47] and the
calculated temperatures of our warm dense plasmas are only
5.5 eV for gold and 1.7 eV for diamond, we expect minor
increases of the ionization level and estimate the errors in our
SRIM calculations would be smaller than 10%.

In Fig. 3(a), the stopping power of gold according to SRIM
is plotted as a function of target depth. A flat curve in this
plot means a very uniform heating across the whole target
depth. Solid red circles indicate the average stopping power of
gold for the laser-driven aluminum ions, while hollow black
triangles show the stopping power of gold for a perfectly mo-
noenergetic 140-MeV aluminum ion. These SRIM simulations
suggest that the laser-driven quasimonoenergetic aluminum
ion beam with a finite energy spread as demonstrated on
Trident heats the 10-um-thick gold foil even more uniformly
than a perfectly monoenergetic aluminum ion beam. This is a
result of a fortuitous balance between heating power from ions
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FIG. 3. (Color online) (a) The average stopping power of gold
for laser-driven aluminum ions (solid red circles) is shown as a
function of target depth. The stopping power of gold for a perfectly
monoenergetic 140-MeV aluminum ion is also shown (hollow
black triangles) to emphasize the heating uniformity expected from
the laser-driven ion beam. (b) Similar calculations of the average
stopping power of diamond for laser-driven aluminum ions (solid blue
triangles) and for a 140-MeV aluminum ion (hollow black triangles)
are shown as functions of the target depth.

in the low-energy part of the spectra absorbed in the target (de-
creasing stopping power with target depth) and heating from
ions from the high-energy part (increasing stopping power
with target depth). Our quantitative analysis of the expected
heating uniformity indicates that gold foils thicker than 6 um
show better heating uniformity when heated by the laser-driven
aluminum ion beam (see Appendix A, Fig. 9, for more details).
A target depth of 14 um in Fig. 3(a) is equivalent to the travel
distance of ions within a 10-pum-thick gold foil at 45°.

Figure 3(b) shows the stopping power of diamond as a func-
tion of target depth. Solid blue triangles represent the average
stopping power of diamond for the laser-driven aluminum ions,
while hollow black triangles indicate the stopping power of di-
amond for a perfectly monoenergetic 140-MeV aluminum ion.
Again, the stopping power calculations suggest more uniform
heating of diamond foil with the laser-driven ion beam. This
is true for diamond foils thicker than 11 pm according to our
analysis (see Appendix A, Fig. 9, for more details). In Fig. 3(b),
a target depth of 21 um is equivalent to the travel distance of
ions within a 15-pm-thick diamond foil at 45°.

In Figs. 3(a) and 3(b), the area under the curve defined by
the data points in each plot represents the average energy lost
within the target by a single incident aluminum ion, which
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is equivalent to the energy deposited to the target atoms. In
the next section, we show how one can estimate the absorbed
energy per atom using the stopping power calculations.

III. HEATING PER ATOM AND EXPECTED
TEMPERATURE CALCULATIONS

Figure 4 shows an example scenario that illustrates how we
estimate the ion kinetic energy deposition into the foils. In this
example, we assume ten aluminum ions are incident on a target
that consists of ten million atoms. The average kinetic energy
of the incident ions is 140 MeV, and each ion loses an average
kinetic energy of 40 MeV while passing through the target.
Then, one can calculate the average absorbed energy per target
atom, or heating per atom, using the following relation [37]:

Nion < Edeposit)
N target

) (1)

Heating per atom =

where Njo, is the total number of incident aluminum ions
on the target, (Egeposit) 18 the average energy deposited by
one aluminum ion, and N is the total number of target
atoms irradiated by the ion beam. Using Eq. (1), the heating
is calculated to be 40 eV per atom in this example scenario.
Radiation losses are insignificant and are neglected in Eq. (1)
because the anticipated temperatures of the plasmas are of the
order of several eV [37], well below the temperature where
radiation losses are significant. Using Eq. (1) and the input
data to SRIM shown in Fig. 2, we expect an average heating
per atom of 38 eV for gold and 6.3 eV for diamond at a
source-to-target distance of 2.37 mm used in Ref. [37].

We use SESAME EOS tables to estimate the expected
plasma temperatures of gold and diamond from the heating
per atom calculations. Figure 5 shows the expected plasma
temperatures of gold and diamond as functions of heating per
atom. The solid red line indicates the expected temperature of
gold as a function of heating per atom using SESAME EOS
Table No. 2700, and the dashed red line shows the expected
temperature of gold when using EOS Table No. 2705 [59]. Ata
heating of 38 eV/atom, there is a difference of 0.5 eV (~10%)
in the temperatures predicted from two different EOS tables
for gold. The difference between the expected temperatures
when using different EOS tables was not as large for diamond.
The solid blue line indicates the temperature of diamond using
SESAME EOS Table No. 7834, while the dashed blue line
shows the expected temperature of diamond with SESAME
Table No. 7830 [46].

———=——110 million target atoms

in this volume

10 Al ions OUT
(K.E. =100 MeV)

10 Alions IN
(K.E. = 140 MeV)

FIG. 4. (Color online) An example scenario illustrates how we
calculate the heating per atom. Ten aluminum ions with an average
kinetic energy of 140 MeV are incident on a target. In this example,
the target consists of ten million atoms, and the aluminum ions exit
the target with an average kinetic energy loss of 40 MeV per ion.
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FIG. 5. (Color online) Expected plasma temperatures of gold and
diamond are shown as functions of the heating per atom. SESAME
EOS Tables No. 2700 (solid red line) and No. 2705 (dashed red line)
are used for gold, and SESAME EOS Tables No. 7830 (dashed blue
line) and No. 7834 (solid blue line) are used for diamond.
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Figure 6(a) shows the expected temperature of gold as
a function of target depth using SESAME EOS Tables No.
2700 (solid red circles with red error bars) and No. 2705
(hollow black circles with black error bars). Although both
EOS tables predict uniform heating within the 10-um-thick
gold foil (45° incidence angle has been taken into account
in this figure), the resulting temperatures differ by 0.5 eV in
Fig. 6(a). SESAME EOS Table No. 2705 was produced in 2011
as areplacement for SESAME Table No. 2700 [59], which was
created in 1978. SESAME Table No. 2705 gives predictions
of the room-temperature isotherm, principal Hugoniot, thermal
expansion, heat capacity, melt line, and vapor pressure for pure
gold that are substantially different from and superior to the
equivalent predictions using SESAME Table No. 2700 [59].

Figure 6(b) shows similar calculations for a 15-um-thick
diamond foil. Solid blue triangles indicate the expected
temperature of diamond using SESAME Table No. 7834, while
hollow red triangles with red error bars show the expected
temperature using SESAME Table No. 7830. SESAME EOS
Table No. 7834 was produced in 2006 as an improvement
to SESAME Table No. 7830, which was created in 1979.
SESAME Table No. 7834 matches the shock data and atomistic
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FIG. 6. (Color online) (a) Expected plasma temperature of a 10-pm-thick gold foil heated by the quasimonoenergetic aluminum ion beam
is shown as a function of the target depth. SESAME EOS Tables No. 2700 (hollow black circles) and No. 2705 (solid red circles) were used.
(b) Expected plasma temperature of a 15-um-thick diamond foil heated by the quasimonoenergetic aluminum ion beam is shown as a function
of the target depth. SESAME EOS Tables No. 7830 (hollow red triangles) and No. 7834 (solid blue triangles) were used. (c) Expected plasma
temperature of a gold foil heated by a monoenergetic 140-MeV aluminum ion beam is shown as a function of the target depth. SESAME EOS
Tables No. 2700 (hollow black squares) and No. 2705 (solid red squares) were used. (d) Expected plasma temperature of a diamond foil heated
by a monoenergetic 140-MeV aluminum ion beam is shown as a function of the target depth. SESAME EOS Tables No. 7830 (hollow red
squares) and No. 7834 (solid blue squares) were used. The error bars in (a,b) were calculated assuming a shot-to-shot variation of £30% in the

incident aluminum ion fluence.
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simulations used in Ref. [60]. In the current experimental
settings, both SESAME Tables No. 7830 and No. 7834 predict
nearly identical temperatures of diamond after heating.

The vertical error bars in Figs. 6(a) and 6(b) represent
the uncertainties in the expected temperatures of gold and
diamond, respectively, owing to the observed shot-to-shot
variation of about £30% in the incident number of aluminum
ions [37]. To account for the variation in the number of incident
aluminum ions, we have added £30% error bars in the heating
per atom calculations [37], which resulted in rather large error
bars of up to 1.0 eV in the expected temperatures of gold
in Fig. 6(a) and error bars up to £0.5 eV for diamond in
Fig. 6(b). Since we estimate the errors in SRIM calculations
to be smaller than 10% and heating from other sources such
as laser-generated protons, x rays, and hot electrons to be
insignificant, the error bars in Figs. 6(a) and 6(b) are mostly
determined by the shot-to-shot variation in the ion fluence.

Figures 6(c) and 6(d) show the expected plasma temper-
atures of gold and diamond foils, respectively, heated by a
perfectly monoenergetic 140-MeV aluminum ion beam. The
calculated temperatures are shown as functions of the target
depth. SESAME EOS Tables No. 2700 (hollow black squares)
and No. 2705 (solid red squares) were used for gold, and
SESAME EOS Tables No. 7830 (hollow red squares) and
No. 7834 (solid blue squares) were used for diamond. No
error bars were added to Figs. 6(c) and 6(d) for a clear
comparison with their counterparts heated by the laser-driven
aluminum ion beam. Although the average temperatures of
gold and diamond foils in Figs. 6(c) and 6(d) are comparable to
those in Figs. 6(a) and 6(b), respectively, the achieved heating
uniformity is slightly better when the foils are heated by the
laser-driven aluminum ion beam.

Based on calculations of electron-electron and electron-ion
collision frequencies within our target [17,18], we expect
that local thermal equilibrium is reached within several
picoseconds, so the plasma temperature in Fig. 6(a) or 6(b)
represents both electron and ion temperatures. On the other
hand, global thermal equilibrium is not expected to be reached
within 10-um-thick gold or 15-um-thick diamond foils even
after several hundred nanoseconds from heating based on our
calculations of the diffusion coefficients of gold at 5.5 eV
and diamond at 1.7 eV (see Appendix C for more details),
which explains why the initial heating uniformity evidenced
in Figs. 6(a) and 6(b) is important for the production of a
uniformly heated WDM sample.

In Figs. 7(a) and 7(b), we examine how sensitive the
uniform heating conditions are to the energy spectrum of the
incident aluminum ions by using different ion energy spectra
in our SRIM simulations (see Appendix B, Fig. 10, for expected
heating calculations using a laser-driven aluminum ion beam
with an average kinetic energy of 280 MeV). Figure 7(a) shows
the calculated heating uniformity in the gold foil for three
different input energy spectra of the aluminum ions. Solid red
circles show the expected heating uniformity within the gold
foil using the energy spectrum shown in Fig. 1 (black bars).
Hollow blue triangles show the expected temperature of gold
as a function of the target depth assuming each aluminum ion
had 10% more kinetic energy, while hollow black squares show
the expected temperature of gold assuming 10% less kinetic
energy for each ion.
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FIG. 7. (Color online) (a) Calculated heating uniformity in the
gold foil for three different input energy spectra of the aluminum ions.
Solid red circles show the expected heating uniformity within the gold
foil using the measured energy spectrum of the incident aluminum
ions in SRIM. Hollow blue triangles show the resulting temperatures
of gold vs target depth assuming each aluminum ion had 10% more
kinetic energy than the measured energy, while hollow black squares
show the temperatures assuming 10% less kinetic energy for each ion.
(b) Calculated temperatures of diamond are shown as functions of the
target depth using three different energy spectra. Solid blue triangles
indicate the temperatures obtained from the measured spectrum, while
hollow red circles indicate the results using the ions with 10% more
kinetic energy and hollow black squares indicate the results using the
ions with 10% less kinetic energy. SESAME Table No. 2705 is used
for gold and Table No. 7834 is used for diamond.

Figure 7(b) shows similar calculations of the expected
temperature of diamond as a function of target depth using
three different energy spectra. Solid blue triangles indicate
the expected temperature of diamond as a function of target
depth using the measured energy spectrum, while hollow red
circles indicate the results using the ions with 10% more kinetic
energy and hollow black squares indicate the results using the
ions with 10% less kinetic energy.

In Figs. 7(a) and 7(b), we have adjusted the total number
of incident aluminum ions so that the total kinetic energy
of the incident ion beam is conserved. For the case with
aluminum ions with 10% more kinetic energy, we assume
the total number of incident ions is 9% less than the measured
ion fluence. For the case with aluminum ions with 10% less
kinetic energy, we assume 11% more ions are incident on the
target. We have used SESAME EOS Table No. 2705 for gold
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FIG. 8. (Color online) (a) Heating per atom as a function of the
atomic number. The expected heating per atom calculations with the
quasimonoenergetic aluminum ion beams are shown for various target
materials to serve as a reference for future experiments. The heating
per atom increases with the atomic number. (b) Expected plasma
temperatures of various target materials are shown as a function of
the atomic number. The temperatures determined by the measured
expansion speeds in Ref. [37] are shown together with the calculated
plasma temperatures of various target materials using the heating
per atom calculations and their corresponding SESAME EOS tables.
Error bars of £15% are shown in the above figures.

and SESAME Table No. 7834 for diamond in converting the
SRIM predictions of deposited energy to material temperatures
in these simulations.

For applications involving materials other than gold and
diamond, we have calculated the expected heating per atom
for various target materials in Fig. 8(a). The same aluminum
ion beam heats the target material, and error bars of £15%
are shown in the figure. We use +15% errors instead of
+30% errors reported in Ref. [37] because we expect a better
control of the ion beam in future experiments. The heating
per atom increases almost monotonically with atomic number,
primarily because of the increase in the total number of
electrons in the target atom. We have also calculated expected
plasma temperatures of various target materials using heating
per atom calculations in Fig. 8(a) and their corresponding
SESAME EOS tables. Figure 8(b) shows the expected plasma
temperature as a function of the atomic number at a source-to-
target distance of 2.37 mm. The two experimental data points in
Ref. [37] are also shown in the figure. The plasma temperature
generally increases with the atomic number, and there are
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multiple local minima around the location of the noble gases
(Z =2,10, 18, 36, 54, 86). We speculate that this is owing to
the ionization potential peaks for the noble gases.

In Fig. 8 and throughout this paper, we have assumed the
targets remain at solid density throughout the heating. This
is a valid assumption because the volume changes during
heating are expected to be small. We estimate the volume
increase during heating to be at most 3% for gold and 2%
for diamond based on the measured average expansion speeds
in Ref. [37], and expect a similar amount of volume increase
during heating for other materials. The rise time of heating
was calculated to be about 20 ps at a source-to-target distance
of 2.37 mm in Ref. [37]. For a 10-um-thick gold foil, this
translates to a volume increase of 3% during heating using the
expansion speed of gold at 7.5 pm/ns, while a volume increase
of 2% is expected for a 15-um-thick diamond foil expanding
at 6.7 um/ns.

IV. CONCLUSIONS

We have presented a series of analyses that suggest uniform
heating of gold and diamond with a laser-driven quasimo-
noenergetic aluminum ion beam. Indeed, it appears that a
quasimonoenergetic ion beam with a small but finite energy
spread can heat ~10-pm-thick target foils more uniformly than
a perfectly monoenergetic ion beam of the same mean energy.
We have investigated the robustness of the heating uniformity
by applying several different perturbations to the ion energy
spectra used in our SRIM calculations. For future applications,
we have presented the expected temperatures achievable
by various target materials with the current experimental
platform.

Such uniformly heated WDM samples would be useful
for EOS, opacity, and conductivity [3,9] measurements.
They can also be used for stopping power measurements of
WDM [47]. Such targets would be also useful for validating our
understanding of the physics of giant planet interiors, which
are also in the WDM state [43].

ACKNOWLEDGMENTS

The authors would like to thank S. Crockett and K. G.
Honnell for their advice regarding the use of SESAME tables;
B. M. Hegelich and G. Dyer at the University of Texas at
Austin; and L. Yin, S. Palaniyappan, and D. C. Gautier from
LANL for valuable discussions. The authors also thank P. E.
Grabowski for useful discussions about the stopping powers
of warm dense gold and diamond. This work was performed
at LANL, operated by Los Alamos National Security, LLC,
for the U.S. DOE under Contract No. DE-AC52-06NA25396,
and was supported in part by the LANL LDRD program.

APPENDIX A: HEATING UNIFORMITY ACHIEVED WITH
THE LASER-DRIVEN ALUMINUM ION BEAM VS THAT
ACHIEVED WITH A MONOENERGETIC
ALUMINUM ION BEAM

In this section, we compare the heating uniformity expected
from the laser-driven aluminum ion beam with that expected
from a monoenergetic ion beam. For a quantitative analysis of
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FIG. 9. (Color online) (a) The average stopping power of gold for the laser-driven aluminum ion beam (solid red circles) is shown as a
function of the target depth. Hollow black triangles indicate the stopping power of gold for a monoenergetic 140-MeV aluminum ion beam. (b)
The average stopping power of diamond for the laser-driven ion beam is indicated as solid blue triangles, and the stopping power of diamond
for a monoenergetic140-MeV aluminum ion beam is shown as hollow black triangles. (c) Heating nonuniformity within a gold foil is shown
as a function of the foil thickness for the laser-driven ion beam case (solid red circles) and for the monoenergetic ion beam case (hollow black
triangles). (d) Heating nonuniformity within a diamond foil is shown as a function of the foil thickness for the laser-driven ion beam case (solid
blue triangles) and for the monoenergetic ion beam case (hollow black triangles).

the heating uniformity, we define the “heating nonuniformity”
as

Heating nonuniformity

__ Standard deviation of the stopping power

Average stopping power

x 100 (%). (AD)

For example, the average stopping power of a 14-um-thick
gold foil for the laser-driven aluminum ion beam can be written
as 7.41 (£0.27) MeV/um in Fig. 3(a) [or in Fig. 9(a)],
where £0.27 MeV/um is the standard deviation of the
stopping power within the 14-um-thick gold foil. Following
the definition of the heating nonuniformity in Eq. (A1), we find
that the heating nonuniformity of a 14-pum-thick gold foil is
0.27/7.41 x 100 = 3.6%. Here a heating nonuniformity of 0%
represents a perfectly uniform heating throughout the target
thickness.

On the other hand, the stopping power of a 14-pum-
thick gold foil for a monoenergetic 140-MeV aluminum
ion beam is 8.05 (£0.77) MeV/um in Fig. 3(a) [or in
Fig. 9(a)], where £0.77 MeV/um is the standard deviation
of the stopping power. Therefore, the heating nonuniformity
is 0.77/8.05 x 100 = 9.6% for the monoenergetic ion beam
case, and we claim that a 14-pum-thick gold foil is more

uniformly heated by the laser-driven aluminum ion beam
(3.6%) than by a monoenergetic 140-MeV aluminum ion
beam (9.6%).

This analysis is graphically illustrated in Fig. 9. Figure 9(a)
shows the average stopping power of gold for the laser-driven
aluminum ion beam (solid red circles) as well as the stopping
power of gold for a monoenergetic 140-MeV aluminum ion
beam (hollow black triangles). Likewise, Fig. 9(b) shows
the average stopping power of diamond for the laser-driven
aluminum ion beam (solid blue triangles) and that for a
monoenergetic aluminum ion beam (hollow black triangles).
Figures 9(c) and 9(d) show the calculated heating nonunifor-
mity achieved with these ion beams for gold and diamond,
respectively. In Fig. 9(c), the solid red circles (heating by the
laser-driven ion beam) are below the hollow black triangles
(heating by a monoenergetic ion beam) for foil thicknesses
greater than 6 yum, and this indicates that gold foils thicker than
6 um are heated more uniformly by the laser-driven ion beam.
Similarly, solid blue triangles are located below the hollow
black triangles for diamond foil thicknesses greater than 11
pm in Fig. 9(d), and this implies more uniform heating of
diamond foils by the laser-driven ion beam for foils thicker
than 11 um. As expected, a sharp increase in the heating
nonuniformity is observed for the monoenergetic ion beam
case after the Bragg peak in Figs. 9(c) and 9(d).
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FIG. 10. (Color online) Solid red circles indicate the expected
temperature of gold heated by a laser-driven aluminum ion beam with
an average kinetic energy of 140 MeV, while hollow blue triangles
show the expected temperature of gold heated by a more energetic
ion beam with an average kinetic energy of 280 MeV. The latter ion
beam was produced using an f/1.5 oft-axis parabola in Ref. [54].

APPENDIX B: MORE UNIFORM BUT LESS EFFECTIVE
HEATING FROM MORE ENERGETIC LASER-DRIVEN
ION BEAM

In Ref. [54], Palaniyappan et al. produced an aluminum
ion beam with about twice the average kinetic energy
((E) ~ 280MeV)using an f/1.5 off-axis parabola (four times
the laser intensity). Although this ion beam has not been used
for warm dense matter experiments yet, we will examine the
expected heating from this more energetic ion beam in this
section.

Figure 10 shows the expected temperature of a 40-um-thick
gold foil heated by the more energetic laser-driven ion beam
with (E) = 280MeV (hollow blue triangles) as well as the
expected temperature of the same gold foil heated by the
laser-driven ion beam used in Ref. [37] (solid red circles).
Although the heating uniformity is expected to be better
using the more energetic ion beam (hollow blue triangles),
the number of incident aluminum ions becomes about half in
this case, resulting in a lower temperature of gold after heating.
This is mainly owing to the nearly identical laser-energy—to—
ion-energy conversion efficiency (~5%) observed in Ref. [54]
for both ion beams (twice the energy, half the ion number
with f/1.5 focusing). SESAME Table No. 2705 was used to
calculate the expected temperatures in this plot.

APPENDIX C: TIME SCALE FOR THE GLOBAL
THERMAL EQUILIBRIUM

In this section, we aim to estimate the time required for
reaching a global thermal equilibrium within a 10-um-thick
gold foil and within a 15-pum-thick diamond foil. Let us

PHYSICAL REVIEW E 92, 063101 (2015)

assume no bulk hydrodynamic motion of the electron fluid.
The dominant terms of the electron hydrodynamic energy
equation [61] become

3 art,

EnekB_ =-V.q., (CDH

where n, is the electron number density, kg = 1.6 X
102 erg/eV, T, is the electron temperature, and the heat
flux is go = —«VkpT,. Assuming a weakly coupled plasma,
Spitzer-Harm theory is appropriate for the classical heat flux
provided the mean free path is small compared with the
temperature gradient scale length (which it is in our problem).
Spitzer-Harm theory has different coefficients for different Z
species, but we should be able to get rough estimates using the
values for hydrogenic plasma, for which

= 3'2M,

me

(C2)

taking 7, = (3.4 x 10°s)T.”/*/(n.A), where X is the Coulomb
logarithm, to denote the characteristic electron collision time.
To leading order, Kﬁ is seen to be insensitive to n,.

Together, this gives us a nonlinear diffusion equation for the
electron temperature 7,. To get rough estimates of magnitudes,
let us denote the temperature gradient scale length and
characteristic equilibration time as V — L~ ! and % — 7L
respectively, getting, dimensionally,

T~ 3L°n,/k|. (C3)
The electron thermal conductivity is

3.2(1.6 x 1072)(3.4 x 109T)"?

9.1 x 10728 1
5/2

1;
=2 x 10" cm™! s*‘)T,

Kﬁ’v

(cm_l s

(C4)

which means that

s, (C5)

L \?> Zox
r~5><10_4< ) p

10 um /) AT/

where Z is the ionization state, p is the mass density in units
of g/cm?, and A is the atomic mass number.

For a 10-pum-thick gold foil at 5.5 eV, Eq. (C5) gives a times
scale of 1.4 ususing L = 10 um, Z ~ 2.07, p = 19.3 g/cm3,
A =197, and a Coulomb logarithm of ~1. For a 15-um-
thick diamond foil at 1.7 eV, the time scale becomes 30 us
using L = 15 um, Z ~ 0.35, p = 3.515 g/cm3, A =12, and
a Coulomb logarithm of ~1. Although these time scales are
rough estimates, it is evident that global thermal equilibrium
is not reached within these foils on a nanosecond time scale
relevant to most warm dense matter experiments. Therefore,
the above calculations support our claim that the initial heating
uniformity evidenced in Figs. 6(a) and 6(b) is important for the
production of a uniformly heated warm dense matter sample.
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