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Interaction of femtosecond laser pulses with ultrathin foils
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An approach for using intense femtosecond lasers to produce an equivalent idealized slab plasma of uniform
electron density and temperature is described and demonstrated through numerical simulations. With a fem-
tosecond laser as a probe, such a plasma allows the direct measurement of ac conductivity in the strongly
coupled regime. It also serves as an initial value problem for the study of hot expanded states of matter.
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Intense femtosecond~fs! lasers offer the possibility o
producing high energy-density matter by coupling ene
rapidly into a solid before significant hydrodynamic expa
sion occurs. This has led to a broad range of investigati
including studies of transport properties@1–7# and x-ray
spectroscopy of hot dense plasmas@8–13#, high pressure
shock waves@14#, and liquid carbon@15#. As the coupling of
fs laser radiation to a solid is governed largely by skin-de
deposition, the resulting plasma generally exhibits tempe
ture and electron density gradients, even in the absenc
expansion due to the short heating pulse or radiation pres
confinement@11#. The interpretation of laser-target couplin
and other measurements requires detailed treatments o
nonuniform plasma@3,7#. Accordingly, physical parameter
such as electrical conductivity cannot be measured to
rectly correspond to a single plasma state. There is g
interest in finding an approach to using intense fs laser
produce dense uniform plasmas. In this Rapid Commun
tion, we present results of our calculations that show how
idealized uniform slab plasma can be produced and stu
using ultrathin foils and ultrafast pump and probe lasers.

Our calculations are based on a one-dimensio
Lagrangean hydrodynamic code, laser-target code~LTC!,
which incorporates an electromagnetic wave solver~EMS! to
treat laser-matter interactions. The target and resul
plasma are described as dielectric media. Details of the c
have been described elsewhere@16#. An idealized 20-fs@full
width at half maximum~FWHM!#, 400-nm pump pulse is
normally incident on a 100-Å thick aluminum foil. The las
pulse shape is assumed to be similar to that of a 400-
120-fs laser reported in a recent experiment@4#. The pulse is
truncated at intensities below 1026 of peak. The 20-fs pulse
length is chosen to minimize plasma expansion. The 400
wavelength corresponds to the second harmonic o
titanium-sapphire laser. This eliminates the concern
prepulse for the irradiances of 1013– 1016 W/cm2 used here.
Normal incidence enhances coupling of the laser to the de
plasma region. The foil thickness corresponds to the s
lengths of skin-depth deposition and electron thermal c
duction. Aluminum is used because of the available exp
mental and theoretical data on its physical properties.
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resulting plasma is studied using a 260-nm, 20-fs~FWHM!
probe with a pulse shape similar to that of the pump. T
probe is incident normally on the front or rear side of t
target. The shorter wavelength enhances its penetra
through the expanded portion of the target front surface.

The results presented assume equal electron and ion
peratures due to a lack of nonequilibrium models that s
consistently treat the equation of state and transport pro
ties over a wide parameter space. The effects
nonequilibrium will be addressed later. In our standard c
culations, the quotidian equation of state~QEOS! @17# and
the Lee-More~LM ! dense plasma conductivity model@18#,
together with the Drude model, are used.

The rationale for considering the laser-heated ultrat
foil as a slab plasma can be found first by examining
electron density and temperature profiles at the end of
pump pulse~Fig. 1!. At the lowest irradiance, the plasm
density is most slablike and the temperature is reason
uniform. At higher irradiances, plasma expansion becom
more noticeable but improved thermal conduction rend
the plasma temperature more uniform. A further indicati
of the slab behavior is the relatively constant reflectivity a
transmission of the probe pulse. For example, at a pu
irradiance of 1015 W/cm2, the reflectivity and transmission
of the probe change from 49.5% and 12.9%, respectively
54.0% and 11.8% when the pump-probe delay is varied fr
60 to 120 fs.

The method used to quantify the idealized slab plas
behavior of the femtosecond-laser heated ultrathin foil is
follows. First, we perform a full hydrodynamic simulation o
the interaction of the pump laser with the target to yield t
reflectivity R and transmissionT of the pump pulse. The
hydrodynamic calculation is carried through to the ent
probe pulse. The peak-to-peak delay of the probe pulse i
fs, which corresponds to the time when 99.999% of
pump pulse energy is incident on the target. A comparison
the reflectivities$RF ,RR%and transmission$TF ,TR% of front-
and rear-side probes provides an assessment of the
symmetry of the plasma. Next, we use the calculatedR andT
to determine energy deposition by the pump laser in the f
Assuming that the heated foil behaves as a uniform sla
R1248 © 1998 The American Physical Society
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FIG. 1. Electron density~solid line! and temperature~dotted line! profiles at the end of the pump laser pulse at irradiances of~a!
1013 W/cm2, ~b! 1014 W/cm2, ~c! 1015 W/cm2, and~d! 1016 W/cm2. The pump laser is incident from the right.
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solid density, we can determine the plasma density and t
perature using the QEOS. The reflectivityRS and transmis-
sion TS for the probe pulse can then be calculated using
electromagnetic wave solver. For a more stringent test,
have treated the slab plasma as stationary during the p
pulse. The agreement ofRS and TS with $RF ,RR% and
$TF ,TR% is a measure of the validity of the slab model
shown in Fig. 2 for the entire range of irradiances cons
ered.

We now describe how a hypothetical experiment us
similar pump and probe lasers and ultrathin foils may
performed and interpreted. First, the reflectivity and tra
mission of a probe pulse are measured for time delays
tending over several probe pulse lengths. The relatively c
stant values will indicate the suitability of the ideal plasm
slab approximation as explained above. Additional supp

FIG. 2. Reflectivity and transmission calculated from full hydr
dynamic simulations$RF , TF%and $RR , TR%for front- or rear-side
probes and$RS , TS% with the slab approximation.
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can be obtained from symmetry considerations by compa
the reflectivity and transmission of the front- and rear-s
probes at the end of the pump pulse. The method for furt
data reduction is illustrated in Fig. 3. We begin by using t
measured reflectivityRF* ~or RR* ! and transmissionTF* ~or
TR* ) of a front-side~or rear-side! probe pulse in the electro
magnetic wave solver routine to solve for the dielectric fun
tion of the slab plasma, which also yields the ac conduc
ity, sSv . To determine the condition of the idealized sla
plasma, we will use the measured values of reflectivityR*
and transmissionT* of the pump laser pulse. These yield th
energy deposited in the foil and using the QEOS, we c
calculate the electron density and temperature of the
plasma, which is assumed to remain at normal solid dens
This procedure thus leads to a direct measurement of th
conductivity at a specific electron density and temperature
the conductivity model for the plasma of interest is known
can then be used to calculate an ac conductivitysv for com-
parison withsSv .

To simulate this procedure, we will adopt results of o
full hydrodynamic calculations presented above. That
$R* ,T* % are replaced with$R,T% while $RF* , TF* % ~or
$RR* ,TR* %! are replaced with (RF ,TF% ~or $RR ,TR%). A com-
parison of the correspondingsv and sSv is presented in
Figs. 4~a! and 4~b!. Figure 4~c! shows the correspondin
electron densities. The close agreement is not a test of
validity of our plasma conductivity model since the hyp
thetical experimental data used are obtained from sim
tions based on the same transport model. Rather, suc
agreement demonstrates the validity of the idealized s
plasma approximation and illustrates the feasibility of o
taining experimental ac conductivity data for very den
plasmas.

In an experiment, the accuracy in determiningne andTe
of the idealized slab plasma will depend on that of t
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FIG. 3. Method for data reduction in a pump-probe measurement. EMS, electromagnetic wave solver; ISP, idealized slab plasm
quotidian equation of state; LM, Lee-More conductivity.
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$R* ,T* % values for the pump pulse. Uncertainties in t
measured$RF* ,TF* % or $RR* ,TR* %values for the probe will
lead to uncertainties in the derived values ofsSv . To test
such sensitivities, we evaluate the maximum errors, ass
ing that all reflectivity and transmission measurements
be made with610% or65% relative accuracies. The corre
sponding error bars are illustrated in Figs. 4~a! and 4~b!.

As stated earlier, our calculations assume equilibri
conditions. Limited by available theoretical models, we c
only assess nonequilibrium effects in an isolated and n

FIG. 4. Comparison of the~a! real and~b! imaginary part of the
ac conductivity derived with the idealized slab plasma approxim
tion ~solid circles! to the corresponding values~open squares! ob-
tained from the Lee-More conductivity model. Uncertainties in t
conductivities correspond to610% or 65% relative accuracies in
reflectivity and transmission; the larger error bars are associ
with the poorer accuracies. The corresponding electron densit
the idealized plasma slab is given in~c!.
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self-consistent manner. For fs laser heating, electrons
energy directly from the laser field and the ions lag in te
perature. Calculations have been made using a t
temperature prescription of the QEOS while electron-
equilibration is treated in a relaxation model with a fre
coupling parameter@19#. Even for an electron-ion equilibra
tion rate three orders of magnitude below the Brysk va
@20#, the results show minor differences from that obtain
for the equilibrium plasma. We also test our calculatio
using a two-temperature plasma conductivity model of Pe
and Dharma-wardana@21#, which assumes an ion temper
ture fixed to the lattice melting point. This shows little effec
Furthermore, calculations have been made using ioniza
determined from a collisional-radiative-equilibrium or
time-dependent collisional-radiative model. The effect
nonequilibrium ionization is minimal. This might be attrib
uted to the large collision frequencies characteristic of
dense and relatively cold plasma of interest.

As a sensitivity test, calculations have also been made
20-fs pump and probe pulses with a broader wing struct
similar to that of an experimental 120-fs, 1-v pulse@4#. The
results show that the idealized slab plasma approxima
remains valid and the ac conductivity can be measured
better than 35%. If the durations of the 2-v pump and probe
laser pulses were increased to 30 fs, the accuracy of th
conductivity measurement would deteriorate to about 60%
the highest pump irradiance of 1016 W/cm2. On the other
hand, if an aluminum foil of 200 Å were used with the 20-f
2v pump and probe pulses, the ac conductivity can be de

-
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FIG. 5. Reflectivity(R) and transmission(T) of a time-delayed
probe for results obtained from full hydrodynamic simulations u
ing the QEOS and the Lee-More conductivity model~open and
solid circles! or idealized slab plasma approximation~open and
solid squares!, and for results of full hydrodynamic simulation
using the Sesame equation of state and Rinker’s conductivity~open
and solid triangles!.
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mined to within 25% accuracy.
In addition to allowing the measurement of ac conduct

ity in the strongly coupled regime, the idealized slab plas
can also serve as an initial value problem for studying
expanded states. Once the slab plasma is produced at th
of the pump pulse, it undergoes free expansion from a w
defined initial state. The significance of an initial value pro
lem approach is that the initial plasma conditions can
determined from the absorbed energy and an equatio
state, avoiding the need to accurately calculate the inte
tion of the pump pulse with the target. By extending the tim
delay of the probe pulse, the reflectivity and transmission
the probe can be used to test models describing hot expa
states. As an example, we present results of a calculation
a 100-Å aluminum foil heated with a 20-fs~FWHM!, 400-
nm, pump pulse incident normally at 1015 W/cm2. As the
slab expands, the reflectivity and transmission of a 20
~FWHM!, 260-nm probe laser incident normally on the ta
get rear side can be calculated with our LTC-EMS code
ing an initial condition either~a! the plasma density an
temperature profiles derived from full hydrodynamic simu
tion of the heating of the foil by the pump pulse or~b! the
idealized slab plasma density and temperature derived f
the absorbed pump laser energy and equation of state
shown in Fig. 5, such calculations incorporating the QE
.
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and LM’s conductivities are essentially identical, supporti
the treatment of the expanding plasma as an initial va
problem. Results of full hydrodynamic simulation using t
Sesame data for equation of state@22# and Rinker’s conduc-
tivities @23# are also presented in Fig. 5. The difference b
tween these and the results using the QEOS and the
More conductivity model is striking and readily measurab
This offers an opportunity to test our theoretical understa
ing of hot expanded states. At the present time, we can
decouple conductivity from the equation of state because
Lee-More conductivity model utilizes the ionization from th
QEOS, whereas Rinker’s conductivity uses the Sesame
ization.

In conclusion, we have illustrated an approach of us
intense fs lasers and ultrathin foils to produce idealized s
plasmas of uniform electron density and temperature, allo
ing direct measurements of the ac conductivity of stron
coupled plasmas. The ac conductivity can be analyzed
provide information about the electron mean-free path in
low temperature regime and the ionization state in the h
temperature regime. In addition, fs-laser heated ultrat
foils can be used to produce a well-defined plasma in
initial value problem description for probing hot expand
states of matter.
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