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1. INTRODUCTION

The physics of interaction of high intensity laser radiation with low density materials is of
major importance for many applications, in particular in inertial confinement fusion. In the
indirect drive scheme [1], the laser beams propagate through a gas filled hohlraum before
depositing their energy to the walls. In the direct drive scheme, various target designs are
considered [2] in order to avoid the initial laser pulse intensity fluctuations to be imprinted on
the target surface and further amplified. Smoothing of small scale inhomogeneities by
radiation driven ionization wave in foam was verified experimentally [3], however, radiation
can lead to an undesirable fuel preheat. It was suggested in Ref. [4] to use underdense foams
that could be ionized by the laser pulse itself. Supersonic ionization wave and an efficient
smoothing of the transmitted laser beams were demonstrated at LIL laser facility [5].

The physics of laser propagation through low density gas targets was investigated via an
analytical model and hydrodynamic simulations [6]. Direct numerical simulations of laser
interaction with foams are very complicated because of the foam structure of typically
micrometer pore size with solid elements tens of nanometres thick. The ionization front
velocity in numerical simulations using a homogeneous medium of the equivalent density and
composition is significantly higher compared to the measurements [7, 8]. It is explained by
the delay due to the time required for the opaque solid density elements to expand to the
density lower than the critical one [9]. In the present paper, we develop a model of a quasi-
stationary ionization wave continuously supported by the laser energy deposition that can be

applied for homogeneous and porous underdense materials.

2. IONIZATION FRONT IN A HOMOGENEOUS MATERIAL
Plasma heating and laser absorption in the plane geometry are described, as follows
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where we take into account ionization from the charge state [Z,,] only, and 7, is the atom

(ion) density, T. is the electron temperature, Z,, = n¢/n, is the mean ion charge, n. is the
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electron density, y; is the ionization potential to the j-times ionized ion, I is the laser intensity

and the coefficient x; of the collisional laser absorption is x,, = x, 7. .

In fully ionized plasma, analytical solution has been found in Ref. [6]
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where 1o(?)=I1.(0,?) is the incident laser intensity and zg¢) is the heat front position. Figure 1a)
shows the spatial profile of the plasma temperature and the laser intensity.
When plasma is not fully ionized, ionization front of width Az¢ is formed at the point z;¢

(Fig. 1b). The equations (1) have to be supplemented by the following ionization rate equation
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The system (1), (3) has been analyzed numerically in Ref. [6]. In our simplified treatment, we

approximate #x) ~ 0.2H(x-1) via Heaviside step function and ionization potential is yz =

xuZ". The ionization rate is expressed n,S, ~v, Z.>, where v, ~2x10°p,/ A ps™ is the

ionization frequency. Then the equation (3) takes the simple form (Z,, is the nuclear charge)
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The second term in Eq. (1), representing the ionization energy, is relatively small compared to
the first one. Consequently, the first part of (1) can be rewritten

%(Zaﬂ) ~v, 207" v, =&, ~1.6x10°1,A)p, | A ps, (5)

where 0= T./yy is the dimensionless temperature and 7,4 is the laser intensity in 10" W/cm?.
At low laser intensities, /o < Iy = 3 Vion/ &y, the heating rate is smaller than the ionization

rate. Then the ionization equilibrium is established in each moment and Z”, = # . When this
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FIG. 1: Spatial distribution of the laser intensity and the electron temperature in the thermal/ionization wave: a)
the case of fully ionized plasma; b) the case of non-ionized homogeneous medium. Here, Az; is the ionization

front width and z; is the point where the ionization is terminated and the ionization front joints the thermal wave.
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relation is substituted to the energy conservation, the temperature is increasing linearly with

time =22 =Ivhdt ~v,t, until Z, is reached. On the other hand, at high heating rates

W > 3 Vion , 10nization does not catch up with the temperature and plasma is overheated with

the mean ion charge Z,, less than in the equilibrium, and it is increasing as Z,y = (3 Vion t)l/ 3,

. . 4/15
For the constant laser intensity, the temperature evolves as 8 ~v;” (3v,,)  *°.

3. IONIZATION FRONT IN AN UNDERDENSE POROUS MATERIAL

Propagation of the ionization wave in an underdense porous material is slowed down in
comparison with the case of homogeneous medium of the same density by the process of
filling the pore by expanding solid elements. The front advances further only after the density
of expanding plasma drops below the critical value. The porous material has a structure,
which is a mixture of thin membranes and wires of a solid density p;. It is characterized by the
thickness of solid elements, o, which is of the order of tens of nanometres, and the distance
between them, &, which is approximately equal to the pore size. Depending on the fabrication
technology, the pore size in the foams made of light elements can vary from several microns
to tens or even hundred microns. We are considering here small pore foams with the size &
much smaller than the front thickness and the thickness of the foam layer.

The relation between the size of the structural elements and the pore size depends on their
topology, fabrication technology, and the average foam density p,. In general, the thickness
O~ & (pu/ps)* where a= 1 for foil-like structures corresponding to closed pores and a=1/2
for wire-dominated foams with open pores. The detailed analysis of the properties of porous
materials shows that the typical size of the structural elements can be characterized by a
fractal dimension a = 0.8 [10].

In our analysis of the homogenization process, we assume that the solid elements are
heated almost homogeneously. Knowing the time 7 needed for the density to decrease from
the initial level py to the critical density o, one can suppose that the front progresses by one

pore distance each time as the element explodes. Consequently, the characteristic velocity of

the laser penetration into a porous material can be estimated as V, = 0,/ 7,. The ionization

rate at the solid density is higher than the heating rate. Isothermal rarefaction wave propagates
to the centre of solid element, and then the maximum density decreases due to the foil
expansion. The foil becomes transparent, when the maximum density is equal to the critical

density ne at the timez, ~8,Z, n /n,c , where ¢ is the ion sound velocity. Using energy

ms crs
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conservation, the ion sound velocity ¢ is expressed via the laser intensity /, and the

propagation velocity of the ionization front is evaluated, as follows
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In the recent experiment [5], a polymer foam with a chemical composition C;5H,¢Os, the
average mass density p, = 6 mg/cm’, thickness of 500 - 900 pm and the pore size of the order
of 1-2 um was employed for the studies of the laser beam smoothing. The average laser
intensity was 4x10" W/em® (=351 nm) in a 3 ns square pulse. The ionization front propa-
gation velocity was supersonic and was decreasing with time from 600 to 400 km/s. For such
foam, the effective charge and mass numbers are Z;,, = 3.85 and A = 7.22. Then, Eq. (6) gives
the front velocity V, = 570 km/s for o = 0.8 in a good agreement with the experiment. On the

contrary, a strongly overestimated front velocity of 1580 km/s is obtained for o = 1.

4. CONCLUSIONS

A one-dimensional model of the propagation of the laser-supported ionization wave in under-
critical gases and foams is developed. The upstream material is supposed to be cold and non-
ionized. The ionization takes place in a narrow zone in the front and the downstream laser
intensity profile is defined by the balance between the incident laser flux and electron heating.
The ionization wave in foam targets is slowed down due to the fast ionization of solid
elements and their subsequent homogenization. The derived ionization front velocity

compares well with the recent experimental result at LIL laser [5].
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