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Lawrence Llvermore National Laboratory, Livermore, CR 94550, U.S.A. 
'university of California, Berkeley, U.S.A. 

Résumé - Cet article présente une analyse théorique du chauffage des solides par 
des impulsions laser ultra-courtes, de l'ordre de la femtoseconde. Les profils 
spatio-temporels de température sont déterminés et des techniques de diagnostic 
proposées. Il est possible d'obtenir des plasmas chauds avec de fortes densités, 
connues de manière précise. Ce qui rend possible la détermination des propriétés 
des matériaux dans un nouveau domaine intéressant de paramètres. 

Abstract - This paper gives a theoretical analysis of the heating of solids by ultra short-
pulse lasers in the femtosecond time domain. Time and space profiles of the temperature 
are calculated and diagnostic techniques are proposed. It is found that one can produce hot 
plasmas of accurately known high density, making possible the measurement of material 
properties in an interesting new parameter range. 

1 - INTRODUCTION 

The recent development of colliding-pulse mode-locked lasers opens up the possibility of per
forming high-power laser experiments in an ultra-fast time domain, with pulsewidths of order 
10-100 fsec / l / (1 femtosec = 1 0 - 1 5 sec). We will examine the application of such short pulse 
lasers to produce matter at high energy concentration combining solid state density (/9=1 to 
10 g/cm3) with a plasma temperature (kT«l-100 eV). The goal would be the development of 
experimental data that will stimulate improved fundamental understanding of hot dense matter. 

For the energy densities described, theory predicts a rich assortment of phenomena including 
electrical conduction under conditions of short mean free paths (~5 A, comparable to atomic 
sizes), a new mechanism for electron-ion heat exchange / 2 / , strong changes in the range-energy 
relations for energetic charged particles / 3 / , x-ray line-shifts caused by plasma polarization / 4 / , 
and continuum shape resonances produced by pressure ionization of atomic core levels / 5 / . There 
is a great need for experiments to confirm or correct these theoretical ideas; the practical problem 
is the difficulty of producing well-characterized plasmas at interesting conditions. 

Planar laser-interaction experiments using nsec / 6 / or even psec / 7 / pulses produce an 
expanding ablation plasma with a range of densities (.01 to 1 g/cm3) and temperatures (1 eV to 1 
keV). Theoretical calculations of the density-temperature profiles are subject to uncertainties 
in absorption, heat flow, radiation transfer and the nonequilibrium equation of state, all of which 
affect (and are affected by) the unknown density profile. Even with the most sophisticated space-
time resolving diagnostics, the observed x-ray emission is a result of a range of density-temperature 
conditions. 

Short-pulse lasers offer the possibility of a new and simpler class of experiments in which the 
target is heated too rapidly for hydrodynamic expansion. The plasma produced has an accurately 
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known density, equal to its initial (solid) density, over the entire duration of the laser pulse. 
The relevant characteristics of colliding-pulse mode-locked lasers with a typical pulse length 

At N 100 fsec=10-l3 sec are: 
i) High power with a small total energy; for example, with .O1  Joule focussed into a 100 

micron spot one has 
P=(.01 Joule)/(100 fsec) = 10" Watt 
I = P / ( A ( ~ O O ~ ) ~ )  = 3 .  1014 watt/cm2 

ii) Because of the small total energy, the size and complexity of the laser remains at the 
modest scale typical of pure-science undertakings. 

iii) The low energy lasers considered here have a high repetition rate, ca. 1 Hz, suitable for 
taking data in quantity with rotating disk or cylinder targets. 

iv) In principle, the laser pulse itself can be used for development of equally rapid diagnostics. 
Fast diagnostics are required to exploit the conditions produced by fsec lasers. In this paper 

we concentrate upon the measurement of reflectivity. Ng et al. /8/ used reflectivity measurements 
to determine the electrical resistivity of the plasma in the rarefaction wave on the back side of a 
laser shocked target. In this work we are dealing with reflection from the laser-target interaction 
region itself. Other possibilities include methods based on nonlinear mixing of copies of the main 
laser pulse with an output signal, gated detectors as well as the technique introduced by Mourou 
/9/ in which a copy of the laser pulse produces photoelectrons for electron diffraction. 

For a typical sound speed c = 10~'cm/sec, the surface release can affect only a smalI depth 

This is much less than the depth ~ 2 0 0  A of laser heating, so most of the heated material remains 
at its initial solid density throughout the laser pulse. 

Short-pulse lasers have been used to study melting /9/, lattice heating /lo/ and phase growth 
/11/ in the temperature range below 0.1 eV. In this work we consider the study of electrical and 
thermodynamic properties in the range 1-10 eV. 

In the following sections we briefly describe our understanding of the physics of laser-target 
interaction in the femtosecond time domain and the results of numerical calculations performed 
with the SPRINT code. The phenomena of interest include laser reflection and penetration into 
a skin depth ~ 2 0 0  A, heating by inverse bremsstrahlung or Joule heating with a temperature- 
dependent conductivity, heat flow and ionization of the target material. 

2 - OUTLINE OF A MATHEMATICAL MODEL 
In this work we study the interaction with a metal of a plane-polarized laser beam at normal 
incidence. The interaction process considered is skin-effect absorption and Joule heating. Other 
laser target coupling mechanisms are less significant under conditions of interest here. Laser 
plasma wave instabilities coupling mechanisms require a long scale length for selection of the 
waves which gain from the driving field. The scale length in our case is far too short for this 
process to occur. Likewise, the conditions are not satisfied for resonance absorption 1121, both 
because of the short scale length and the assumed normal incidence of the laser beam. 

The incident and reflected electronic and magnetic fields are: 

Here the indices i and r stand for incident and reflected, respectively, and the x-axis points into 
the target. 



From Maxwell equations the electric field of the transmitted wave Et is described by 

where o is the ac electric conductivity of the target. At the high power levels of interest in this 
work Joule heating by the penetrating electric field produces a temperature profile which causes 
the conductivity to be dependent on x. 

The boundary conditions of continuity of the (tangential) electric and magnetic fields deter- 
mine the absorption and reflection processes: 

where E t ( 0 )  and E r ( 0 )  are the boundary values of tJ1e transmitted and reflected electric fields 
and y is the logarithmic derivative of Et: 

We note from these expressions that the surface impedance, defined as 1131 

is given by 

The reflectivity is given by 

and the absorption coefficient is: 
A = 1 - R  

A qualitative picture of the field penetration and reflection is obtained by assuming x- 
independent conductivity, given by 

Here n, is the electron density, T is the collision time, in is the electron mass, e the electron 
charge. For constant a the field is given by 

The skin depth 6 is given by 
i 112 s =  q 1 + - )  

W p  W T  

where the plasma frequency wp is 
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The surface impedance in this case is 

In the limit WT >> 1, w/wp << 1 one ol>tains: 

independent of the laser frequency. 
This limit may be a reasonable approximation in the high conductivity range of our high density 
targets. 

The interaction process is modelled in the following way: 
For a given distribution of the electrical conductivity a ( x )  the wave equation, Eq. (I), is 

solved subject to the boundary conditions, Eq. (2), and to the condition E-+O as X+ oo. The 
numerical solution is carried out by the Numerov method 1141. The calculated electric field 
distribution is used to evaluate the Joule heatillg. The power deposition per unit volume by the 
beam is given by 

1 1 
P = -Re[o. 1 ~ 1 ~ 1  = -Re[a] .  1 ~ 1 ~  

2 2 

P. At gives the deposited energy density in each mesh cell in a time step At. The equation of state 
is used to calculate the new distribution of temperature, and hence the new values of the electrical 
and thermal conductivities. The new values of the temperatures and thermal conductivities are 
used to calculate the heat flow during the time step. This is carried out by solving the diffusion 
equation, using the usual, implicit, tridiagonal scheme 1151. 

3 - PHYSICAL PROCESSES AND DA4TA 

In the model calculation described above the key material properties are the equation of state, 
electrical conductivity and thermal conductivity. 

The equation of state used in the calculation is QEOS 1161. We mention here some relevant 
features. The electron contribution to the pressure and energy is calculated by the Thomas-Fermi 
statistical model, which is used because of its convenient scaling properties. The number of free 
electrons is also determined using this model. The well known problem of excessive pressure 
predicted by the Thomas-Fermi illode1 at solid densities and low temperatures is handled using 
Barnes' empirical correction which accounts for chemical bonding at solid state 1171. 

The ions contributions to pressure and energy are calculated using Cowan's 1181 analytic 
model which describes the ion therlnal nlotion over the entire range of solid, liquid and gas 
densities and temperatures. The lnoclel uses scaling parameters which involve the Debye and 
melting temperatures as function of clensity and achieves fairly good agreement with known 
values of these temperatures as \yell as other properties such as the Gruneisen parameter. An 
important point is that the equation of state, being derived from a free energy formulation, is 
fully thermodynamically self consistent. 

Treatment of non-equilibrium states with different electron and ion temperatures is possible 
with QEOS. 

The QEOS model was extensively tested in shock wave experiments, but to date no reliable 
experimental data exist for the range of temperature studied here (tens of eV) at solid density. 

The electrical and thermal conductivities are calculated using the conductivity model de- 
scribed in ref. 19. The model treats the coi~cluctivities in the solid, liquid and plasma states. 
The model introduces cut-off values for the electron mean free ~ a t h ,  the scrrming length and 



the Coulomb logarithm in the low temperature, high density region, and takes into account the 
known behavior of solids and liquids in that region. The results for the low temperature, high 
density region are very different from those of the Spitzer model 1201 which is only valid at high 
temperatures and low densities. The model allows for two different temperatures for the ions and 
the electrons in the plasma state. This concluctivity model was used to obtain the dc conductivity 
a,. The frequency dependent concluctivity whiclx is required here, was obtained from the relation 

where T is the collision time, given by 
4 m 0  

T = - 
w;4 

This approximation is strictly valid for a degenerate electron gas. It is used here, because the 
temperatures of interest in this work are not high compared with the Fermi temperature. 

An interesting point in the calculation of the electrical conductivity is the existence of a 
minimum conductivity. This occurs in the model due to the assumption that the electron mean 
free path cannot be less than the interatomic distance. In aluminum at  solid density this occurs 
at a temperature of about 3 eV. The possible importance of this minimum in the interaction 
process will be discussed later. 

Radiative heat transport and radiative energy losses were not considered in this work. These 
are not very important at the low temperatures (10 eV) of interest here. Also, inhibition of the 
electron heat flow due to gradient effect was not considered at these low temperatures. The results 
of the calculations indicate that in this temperature range heat conduction is not a decisive factor. 

In this work we assume that the electron distribution reaches equilibrium Maxwellian or 
Fermi-Dirac distribution. This is justified by the relatively short electron collision time (<1 fms 
at T=10 eV and ne = However, the ions remain at a much lower temperature than the 
electrons. In the results presented below we demonstrate and discuss the effect of the ion non- 
participation in the heat capacity. Ecluilibrium ionization is assumed in the calculations. At 
T=10 eV and n, = an ionization cross section of - 10IG cm2 is required for this assumption 
to be justified on a 1 fms time scale. This recluiren1ent is probably met by outer shell electrons. 

4 - RESULTS AND DISCUSSION 

We present results of a, calcula.tion for a. pa.rticular example. The peak incident power density 
was 1014 w/cm2. The full pulse length wa.s 100 13s. The pulse shape was. given by: 

and is sllown in Fig. 1. The total energy in the pulse was 4.4 ~ / c m ~ .  The laser wavelength 
was taken to be 0.25 p m .  The target was solid aluminum of thickness 600 A. In solving for the 
electric field penetration into the target, the conclition E=O was prescribed at the back surface of 
the target (x=600 A). The target \\-as thick enough for this to be effectively equivalent to E--+ 0 
at x+ co. 

As mentioned above, we study the effect of ion non-equilibrium on the specific heat. We have 
assumed this is the maill effect of the ion non-ecjuilibrium temperature: the direct effect of the 
lower ion temperature on the electrical ancl the~tllal concluctivities is non-significant. If the ion 
temperature remains << T,, the effect on the specific heat is demonstrated in Fig. 2 which shows 
the temperature vs. specific energy of aluminum at  solid density for ion equilibrium (T, = Ti) and 
non-equilibrium (Ti << T,) cases. As a result of the increased specific heat, in the non-equilibrium 
case the electron temperature will rise more rapidly and reach conditions of high absorption at 
an earlier time. This results in a higher overall absorption and larger depth of heat penetration 
into the target. 
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The time history of absorption and reflection coefficients in the cases of calculated ion equilib- 
rium and non-equilibrium are shown in Fig. 3. It is indeed seen that in the non-equilibrium case 
the reflectivity drops faster from its initial high value and a state of high absorption is reached 
earlier. 

The effect of ion non-equilibrium on the temperature profile is shown in Fig. 4. Although 
the peak temperatures at the target surface are not very different in the two cases, the target 
heats to much larger depth in the case of ion non-equilibrium. 

A point of interest is the feasibility of using reflectivity measurements in order to gain in- 
formation on the electrical conductivity of hot dense plasma. A possible example of a feature of 
the conductivity which can results in a qualitative effect is the conductivity minimum which is 
predicted by the model of ref. 19 to exist in the transition region between the high conductivity 
metallic regime and the high temperature plasma regime. It can be expected that in the beam 
intensity range which brings the target to conditions in which the effective temperature and den- 
sity which determine the reflectivity are in the range of the conductivity minimum, a minimum 
in the reflectivity as a function of beam intensity will be observed. 

5 - CONCLUSIONS 

It has been demonstrated in the calculations of this work that ultrashort (-100 fms) Iaser pulses 
with moderate powers available with present-day technology can be used to produce hot dense 
plasmas at temperatures of tens of electronvolts and solid densities. These conditions are hardly 
obtainable by any other laboratory tecl~niques. VCTe have shown that a relatively simple reflectivity 
measurement can yield interesting infornlation on the electrical conductivity of such plasmas. 
Other high speed diagnostics could be devised to study other thermodynamic and transport 
properties. 

Laser intensity vs time 
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Fig. 1: Time dependence of the laser intensity used in the model calculations 



Temperature vs energy 
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Fig. 2: Temperature of alumilltun as function of specific energy in the cases of ion-electron 
equilibrium (Ti = Te) and non-equilibrium (Ti << T,). 

Time (fsec) 

Fig. 3: Absorption and reflection coefficients of aluminum target as functions of time in the cases 
of ion-electron equilibrium (Ti = Te ) and non-ecluilibrium (Ti << T,). 
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Fig. 4: Temperature profiles in the target at the end of the laser pulse in the cases of ion-electron 
equilibrium (Ti = T,) and non-equilibrium (z << T,). 
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