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Efficiency of the laser radiation energy transport into the shock wave generated in layered planar
targets (consisting of massive Cu over coated by thin CH layer) was investigated. The targets were
irradiated using two laser pulses. The 1w pulse with the energy of ~50J produced a pre-plasma,
imitating the corona of the pre-compressed inertial confinement fusion target. The second main
pulse used the 1w or 3w laser harmonics with the energy of ~200J. The influence of the pre-
plasma on parameters of the shock wave was determined from the crater volume measurements
and from the electron density distribution measured by 3-frame interferometry. The experimental
results show that the energy transport by fast electrons provides a definite contribution to the
dynamics of the ablative process, to the shock wave generation, and to the ablation pressure in
dependence on the target irradiation conditions. The strong influence of the pre-plasma on the
investigated process was observed in the 1w case. Theoretical analysis supports the explanation of

experimental results. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862784]

I. INTRODUCTION

One of the main research aims related to the shock igni-
tion concept (SI)' is the investigation of the ablation pres-
sure mechanism due to the laser spike at the intensity of
1-50 PW/cm? and duration of several-hundred-ps, assuming
that the main part of the absorbed laser energy is converted
to fast electrons under the presence of the pre-plasma. The
energy transfer by fast electrons into the plasma with super-
critical density can provide an ablation pressure of several
hundreds of Mbar, which is necessary for generating the
igniting shock.*® Recent experiments with OMEGA laser’*®
seem to suggest an increasing efficiency of the energy trans-
fer to both planar and spherical targets, resulting from the
contribution of fast electrons generated due to stimulated
Raman scattering and two-plasmon decay in an extended
pre-plasma.

This work extends our previous research’™'! on the role
of fast electrons in the laser energy conversion to shock
waves performed with the PALS iodine laser, delivering a
300 ps duration pulse at intensities of 1-50 PW/cm® using
the first (1w, 1314nm) and third (3w, 438 nm) harmonics
radiation. In those experiments, massive targets of Al and Cu
have been irradiated at various focal spot radii of the laser
beam, Ry, to identify the mechanisms of laser absorption and
to determine their influence on the absorbed energy transfer
to the target. The mass of the ablated solid material as well
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as the fraction of the laser energy deposited in the plasma
have been determined by using the 3-frame interferometer
and by measuring the volume of the crater created on the
solid surface. Each of the interferometric channels is
equipped with own independent interferometer system of the
wave type.'? Interferometer is irradiated by a part of the 1
main beam subsequently converted to the second harmonic.
Interferograms provided by these interferometers are
obtained by separation, inversion, and folding of the front
face of the probing wave.

The experiments have shown a strong influence of the
wavelength and the intensity of the laser beam on the effi-
ciency of the laser energy transfer to the massive target, in-
dependent from its material. 2D numerical simulations,
including fast electrons transport'®'? as well as theoretical
analysis based on an analytical model,'" fully confirmed the
experimental results and demonstrated conclusively that in
the case of 1w, intensities of 10-50 PW/cm? and without
pre-plasma on the target surface, the dominant ablation
mechanism is heating by fast electrons generated at the reso-
nant absorption. For the maximum laser energy of 580J and
intensity of 50 PW/cmZ, the ablative pressure reaches about
180 Mbar in spite of two-dimensional expansion of the target
corona.”'® However, for 3w, the ablation pressure originates
from the thermal electron conductivity heating, and its value
of about 50 Mbar is several times lower in comparison with
the 1o case.”'”

© 2014 AIP Publishing LLC
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FIG. 1. Scheme of the layered target and its irradiation by laser beams.
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The results of the next step experiment directed to the
study of the pre-plasma effect on the ablation and the energy
conversion efficiency to the shock wave are reported below.

Il. EXPERIMENTAL CONDITIONS AND RESULTS

As shown in Fig. 1, this investigation used planar lay-
ered targets consisting of massive Cu and a 25-um-thick
layer of light plastic (CH) material. Accordingly to the SI
concept, targets were irradiated using two laser pulses. The
first 1o beam with energy of ~507J produced a pre-plasma
imitating the corona of the pre-compressed inertial confine-
ment fusion (ICF) target that is a spherical target destined for
creation an inertially confined thermonuclear plasma under
an action of pulsed energy driver. The spike-driven shock
wave was generated by the main pulse with energy of
~20017 (either at 1w or 3w). The influence of the pre-plasma
on the shock wave parameters was determined from meas-
urements of the crater volume and the electron density distri-
butions measured by 3-frame interferometry.

Interferograms were registered 2ns after the second
laser pulse maximum. This registration time seems to be op-
timum, since the processes of the absorption of the laser radi-
ation in the plasma plume terminated already. The delay
between the main and the auxiliary laser beams was kept
fixed to At=1.2ns. Interferograms were registered for dif-
ferent focal spot radii Ry in the range of 40-160 um. Typical
interferograms obtained at lw or 3w, with and without
pre-plasma, are shown in Figs. 2 and 3.

In the case of the pre-plasma absence, Fig. 2, the raw
interferograms display very high axial symmetry, both for
lw and 3w. In contrast, this symmetry is partially disturbed
by the 1w beam which produces the pre-plasma (see Fig. 3).
The phase distribution results (calculated on the basis of the
shifts of interference fringes) indicate that in the case of 1w
the axial asymmetry does not exceed 15% and slightly more
only for 3w. To solve the Abel equation, average values of
the phase corresponding to the top and the bottom halves of
the interferogram were taken into account. The FFT (Fast
Fourier Transform)'* was applied for the electron density
determinations. Because the inaccuracy of determination of
the shifts of the fringes (the method of the maximum
fringe'®) is relatively high (several percent only), the accu-
racy of the electron density determination results from the
degree of the axial symmetry of the investigated plasma.
That is why outside of the opacity zone, in the case of no
pre-plasma, the density error is small—at the level of 10%.
For the pre-plasma case, it is somewhat larger but still does
not exceed 30%.

Phys. Plasmas 21, 012708 (2014)
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FIG. 2. Raw interferograms and their reconstructions for the case without
pre-plasma and: (a) 1w and (b) 3w radiation.
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An example of plasma density profile obtained from the
interferograms is shown in Fig. 4.

The density profile on axis follows an exponential decay
to a good approximation ne(z) =noge“*. The parameters of
this function determine the maximum electron density gradi-
ent in the opacity zone: [dn./dz], — o =n¢/L, where L is the
scalelength of the density gradient and n is the maximum
electron density.

From the 2D density profile, one can calculate N, the
total electron number in the plasma plume, assuming cylin-
drical symmetry. (A condition which is already applied in
order to use Abel inversion for the determination of density
from the interferogram.)

Another quantity, which was measured in the experi-
ment, is the crater volume V.. In order to obtain information
about the shape and dimensions of the craters, we used their
replicas made of cellulose acetate (see Fig. 5).
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FIG. 3. Raw interferograms and their reconstructions for the case with pre-
plasma and: (a) 1w and (b) 3w.
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To reconstruct quantitatively the crater shape, micropho-
tography was employed. The crater shape in a chosen cross-
section was digitized to provide data for subsequent calcula-
tions. As some craters are not quite symmetrical and their
shapes are irregular, photographs of their replica were made

a) l: Opacity |2 ns'[ n [cm"] b) /Opacity zone |
1\ 7one i 1x10%° ng= 9.4x10" cm”}
11 [ 7.3x10" A0 e s L
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FIG. 4. Determination of the maximum electron density gradients: (a) exper-
imentally obtained density distribution and (b) density profile on axis.
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FIG. 5. Crater volume determination.

in two mutually perpendicular directions. Therefore, the vol-
umes of the craters were determined by splitting them into
quarters prior to calculations, as shown in Fig. 5. Each quar-
ter of the crater volume was then evaluated independently.
Finally, summation of these intermediate results provided
the total crater volume.

Fig. 6 presents a comparison of the crater volumes V.,
and the N./V,, ratios obtained for the two wavelengths (1
and 3w) without and with the pre-plasma (Ne is the total
electron number in the plasma plume). The importance of
N./V, parameter is described in Ref. 9.

Since the laser energy is constant (E =20017), by varying
the focal spot radius, we also vary the laser intensity on tar-
get. Typically, when we vary the focal spot radius between
40 and 160 um, the laser intensity changes between 1.6 X
1016W/cm2 and 1.0 x 10" W/cm?. As shown in Fig. 6(a),
without pre-plasma, the dependences of V.. and N./V.. on
Ry are similar to both Al and Cu targets presented in Refs. 9
and 10. In the 3w case with the predominant inverse brems-
strahlung absorption,'" the efficiency of the crater creation

a) 1x10" Wiem?y  b) 1x10"® [Wicm?]
L1159 039 017 009 59 039 017 009
200107 g 2.0x10 ™ —— 1

: ! i -+
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= : : : o> 00
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FIG. 6. Dependence of the crater volume and the N./V, ratio on the focal
spot radius of the main laser beam in the case of (a) without and (b) with the

pre-plasma. The data correspond to target presented in Fig. 1, laser energy
E=2001J, and delay At= 1.2 ns in all shots.
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reduces with decreasing Ry due to the lateral expansion
effect. In contrast, for 1w, the efficiency of the crater crea-
tion increases with the decreasing Ry, which according to
numerical simulations directly corresponds to the energy
transfer to the target by fast electrons generated due to reso-
nant absorption.

The strong influence of the pre-plasma on the crater crea-
tion process in the case of lw is clearly seen in Fig. 6(b). The
crater volume decreases by more than one order of magnitude
and simultaneously, N./V,, increases by the same rate. It can
be assumed that in the presence of pre-plasma the fast electron
energy transfer effect becomes insignificant in 1 case. In the
case of 3w, the pre-plasma influences the crater formation pro-
cess only weakly, and both V.. and N./V,, values remain at
the same level as in the case without pre-plasma. Under these
conditions, the fast electron effect remains insignificant, in
analogy to the case without pre-plasma.

The electron density distributions obtained for 1w and
3w in the cases with and without pre-plasma at different
focal spot radii (Rp) are presented in Fig. 7. These data
clearly demonstrate an effect of the pre-plasma on the main
laser beam interaction with the target. Without the
pre-plasma and in the 1w case, Fig. 7(a), the plasma is more
expanded in the radial direction and has a characteristic min-
imum on the z-axis.

This is clearly visible from the density distributions for
Ry =40 um. In contrast with lw, for the case of 3w, the
plasma expansion is directed along the z-axis. Both the axial
range and the axial density grow up with the increasing Ry .
The presence of the pre-plasma, Fig. 7(b), results in limited
radial expansion of the central plasma produced by the main
beams (1w and 3w). In the case of 3w, the radial limitation
of the central plasma expansion part is larger, i.e., the expan-
sion character is more axial.

The dependencies of the maximum density gradient, the
maximum electron density, and the scalelength on Ry for the
above-mentioned conditions of the target irradiation are
shown in Fig. 8.

Without pre-plasma and using 1w, Fig. 8(a), the density
gradient increases strongly with the decreasing Ry even for
the radii smaller than 80 um. Conversely, in the case of 3w,
the density gradient decreases with the decreasing focal spot
radius. For Ry <80 um, the density gradient scalelength of
the ablative plasma created by means of the 1w beam is
about 200 um, which is almost twice smaller in comparison
with the plasma generated by 3.

Without pre-plasma, both the crater volume and the den-
sity gradient decrease with the decreasing beam radius at 3w,
and, conversely, increase (particularly strongly at the small
radii of 40 and 80 um) at lw. As previously shown,”'” the
energy transfer by fast electrons is responsible for the growth
of the crater volume with the decreasing beam radius (i.e.,
increasing laser intensity) in the 1w case. Below, we demon-
strate that the same effect gives rise to the observed depend-
ence of the density gradient. The presence of the pre-plasma
obviously leads to the minimum growth of these characteris-
tics with the decreasing beam radius. This means that under
the presence of the pre-plasma, the effect of the energy trans-
fer by fast electrons is insignificant.

Phys. Plasmas 21, 012708 (2014)
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FIG. 7. Electron densities observed for the 1w and 3w radiation without (a)
and with (b) the pre-plasma at different R .

lll. DISCUSSION OF THE EXPERIMENTAL RESULTS

The essence of the energy transfer by fast electrons
without pre-plasma can be explained by means of simple
relations. The crater volume is determined by the fraction
of the laser-produced plasma (plasma plume) energy E,
which is transmitted to the energy E, of the shock wave
propagating in the solid part of the target and creating the
crater, V.. =K,0,E;/0ep, where K,=E,/E, is the coupling
efficiency, o, =E|/E, is the ablation loading efficiency, ¢ is
the specific energy required to vaporize a unit mass of the
material, the parameter o' is the fraction of thermal
energy corresponding to shock adiabate of the material,
and p is density of solid material. In the approximation of
the planar expansion, the energies E, and E; are deter-
mined by the values P,w, and Pw,, respectively. Here, the
pressure behind the shock wave P; is close to the ablation
pressure P, (the pressure at the ablation front, i.e., at the
border between the plasma plume and the target), and the
velocities behind the ablation and shock wave fronts are w,
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FIG. 8. Maximum density gradient for 1w and 3w without (a) and with (b)
the pre-plasma.

x (Pa/pa)” 2 and Wy X (Ps/p)l/ 2, respectively (p, is the abla-
tion density, i.e., the density at the ablation front). This is in
agreement with the well-known result o, o (palp)'?, see
Ref. 16. The ablation density is uniquely expressed through
the areal mass of the evaporated part of the target g,
Pq o< (L, where LI,:(Iﬂ:j/,u)l/2 is the size of the plasma
plume, /=K,[;, and 7 is the duration of the laser pulse.
Therefore, p, o< (?/I'?7"?. The analytical model of axially
symmetric lateral plasma expansion due to the pulse ablation
of the plane target by laser beam with a given radius Ry
was developed in Ref. 11 on the basis of self-similar solu-
tion,'” describing the isothermal expansion of a portion of
the material with a given mass. The model consists in a
combination of self-similar solutions for the plane and
spherical geometries in one solution, being a function of the
parameter L/R;. The expressions obtained for p, and g, are

_ 3 w2 2 (1
Pa = (2n) P10 )
21/2,3/4 w2
O'p = 3/27 (2)

()" + 1)1 2 (2 — 1)

where the factor of the lateral expansion is defined by

23/4
v |1+
(12

and 7 is the adiabatic index.

The areal evaporated mass p is determined either by the
depth of the matter heating by thermal conductivity wave
during the period of laser pulse action

Phys. Plasmas 21, 012708 (2014)

[~ K1/3]2/3‘52/3C‘;7/6 3)

or by the range of fast electrons'®!'!

E}-A-m \2/3
He = m7 Eorev) = S(IL(pw)iH) NG
Here, k(erg x cm ™' x5! x keV %) =8.4x 10"/

(Z+3.3) is electron conductivity coefficient (at the value of
Coulomb logarithm A =5, which was chosen as a scale for
the ranges of plasma temperature and density of 0.5-2keV
and 0.05-0.2 g/cm3, respectively), Cy=Zkg/Am,(y — 1) is
the specific heat, Z and A are the charge and atomic number
of the plasma ions, kp is the Boltzmann constant, m,, is the
proton mass, E, is the energy of fast electrons, e is the elec-
tron charge, and /, is the laser radiation wave length meas-
ured in pum.

In the case of two-layer target, the scenario of crater cre-
ation in Cu-bulk is the following. Ablation pressure of the
laser-produced plastic plasma excites and supports the shock
wave in a solid plastic, during the period of the laser pulse.
This shock wave propagates first in the relatively thin plastic
layer and then in the Cu-bulk, where it produces a crater
with the depth of several hundred um (significantly larger
than plastic layer thickness) during the period of several tens
of ns (significantly longer than laser pulse). The main energy
loses of the shock wave in thin plastic layer occur due to its
reflection from the boundary between the plastic layer and
the Cu-bulk. Under the approximation of strong wave, and
assuming the density of plastic p; significantly smaller than
the density of copper, p, the ratio of the energy of shock
passing into Cu-bulk related to the energy of incident wave
is well known to be a,~[(y;+ 1)/(y2+1)"(pilp2)]">,
where y; and y, are the adiabatic exponents of plastic and
copper, respectively. So, the expression for the crater volume
created in the Cu-bulk of the two-layer target is

V. — K,0,0.E; 5)
Ccr agpz )

where g, ~ //3 under the neglecting its the weak dependence
on y; and 7, and ae~ 2.3 x 10° J/g for copper.

Consequently, the dependence of the crater volume on
the beam radius is determined by the ablation loading effi-
ciency for the laser-produced plasma of the plastic ablator.
Under conditions of the considered experiments, the expres-
sions (3) and (4) show the following relationship between the
ablated masses of plastic . and p,. In the 3w case, u. > p, for
all radii; in the lw case, p.> p, for the radii R; =160 and
120 um but p. < p, for the radii R, =80 and 40 um. The
energy transfer by fast electrons provides a stronger growth of
the areal mass, and consequently a stronger growth of the
ablation density of the flat layer with the increasing laser in-
tensity than the thermal conductivity wave: pu, o< I°’?, while
Paiey < I'. At a given laser intensity, this means that ) o
Rz?, while p,e) o< Rz'. At the beam radii of Ry = 160 and
120 um, for both harmonics, the ablation process is induced
by the thermal conductivity wave and the lateral expansion
effect is negligible, i.e., Lp < R;. Therefore, p =~ p,) and V.,
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o 6, o< R.""?. Consequently, for large beam radii at both
harmonics, the crater volume depends weakly on the radius.
For small beam radii of R; =80 and 40 um, the lateral expan-
sion effect is strong, L,>>R,, and therefore, p/p, (R;/L)?
o RZ wI. From this, we get pr/pae) o< R and pie)pase)
o~ REB. As a result, for the 3w case when the ablation is due
to the thermal conductivity wave we have V., o« 6, R;".
For the 1o when the ablation is provided by the fast electron
heating we have V., o< 6(,) x R 20

Let us evaluate, as an example, the crater characteristics
in the case of large radii. The estimations based on (2) and
(3) give for ablation loading efficiency the values of
o,~2.4 % 1072 and 0, 6.5 x 10_2, respectively, for lw
and 3w cases. Substitution of these values as well as the val-
ues of 6,=0.33, 0 =2.3 x 10°J/g, p=8.9 g/cm’, E, =200]
into expression (5) gives the best agreement with experimen-
tal results at coupling efficiencies of K,=0.2 and K,,=0.6
in the low and 3w cases, which correspond to calculated
values of the crater volume V., ~2x10cm > and
V.~ 1.5x10"*cm?, respectively. Under laser interaction
with low-Z material, such as plastic, the energy losses due to
thermal radiation are small and coupling efficiency is close
to the absorption coefficient. The absorption coefficient of
0.2 in the 1w case and 0.6 in the 3w case is in a good agree-
ment with numerical simulations of PALS laser interaction
with low-Z material using the 2D ATLANT-HE code.”'°
For example, the volume V. ~1.5x 10*cm ™ of
semi-spherical crater corresponds to the crater radius equal,
approximately, to 300 um. In this case, the evaluation of the
average shock wave velocity for 3w irradiation gives the
value of 3 x 10° cm/s and the period of the crater creation is
about 100 ns. Note that the crater scaling relations in the 3w
case give results close to observed ones in the all radii range.
The crater scaling relations in the 1w case give results close
to observed ones at the large radii of 120 and 160 um only.
For small radii, the scaling relations give values of the crater
volume smaller than observed ones. The reason for this con-
sists in the fact that a fraction of fast electrons of high energy
tail produces the crater by the direct heating of solid that is
more efficient than the crater production by the shock wave.

Thus, in the 1w case, the effect of the energy transfer in
the dense plasma by fast electrons whose energy increases
with the decreasing radius of the laser beam (with the
increasing intensity) is stronger than the effect of the lateral
expansion, whereby the efficiency of the energy transmission
to the shock wave and also the crater volume increase with
the decreasing beam radius. In the 3w case, the effect of the
thermal conductivity heating is weaker than the effect of the
lateral expansion. Consequently, the efficiency of the energy
transmission to the shock wave and the crater volume
decrease with the decreasing radius of the beam.

The dependencies of the density gradient on the beam
radius at different harmonics are also determined by the
peculiarities of the ablation density formation at different
mechanisms of the energy transfer by fast electrons and the
thermal conductivity wave. Bearing in mind that after the
laser pulse termination the plasma plume expands adiabati-
cally, the density gradient at the time of the interferometry
measurement #; can be defined as

Phys. Plasmas 21, 012708 (2014)

G=Urctrly
_dZ AI’}’lle'L,'7

(6)
where the density p is given by (1), L;~t,L,/t is the size of
the plasma plume in the time #;, Z, is the charge of the ions
taking into account the quenching effect, and C is a constant.
At large radii, G « Kp” 3RL_ 2/ for both harmonics. At small
radii, G  R3 for thermal conductivity (the 3w case) and G
o KP_IRL_ % for the energy transfer by fast electrons (1w
case). Theoretical dependencies of the density gradient cal-
culated by the formulas (6), (3), and (4) for time #; =3.45ns
(t;=141) are compared to the experimental values in the
case without pre-plasma in Fig. 9.

The value Z,/A = 0.4 was used on the basis of the quench-
ing effect estimates for time #; = 3.45 ns, the values of the cou-
pling efficiency K,, were 0.2 and 0.6 for 1w and 3w cases, i.e.,
the same as in above mentioned estimates. The best fit to the
experimental data is provided by the constant C = 1.8.

A few comments should be added concerning the rele-
vance of our results for the shock ignition approach to ICF.
Of course, the described experiments are quite far from
«realistic» ICF conditions. Nevertheless, we notice that simula-
tions'® predict that for Laser Megajoule conditions, the distance
between the ablation front (indentified by the foot of the
electron temperature profile), the critical density n. occurs
around L;~ 150 um and the distance between n. and n.4 is
L,~350 um. These values are indeed comparable to results
shown at the bottom of Fig. 8(b), although the pre-plasma is
much colder due to the limited energy available for its creation.

Again, in connection to the relevance of these results to
ICF, we should comment on impact of parametric instabil-
ities in our experimental conditions. Indeed, such instabil-
ities (stimulated Raman scattering (SRS), stimulated
Brillouin scattering (SBS), and TPD) can, in principle, relate
to a considerable amount of energy and therefore strongly
affect the laser-target coupling conditions. In principle, the
laser pulse duration of 300 ps used in PALS experiments is
compatible with the well-developed parametric instabilities.
Therefore, in order to provide a realistic estimate of the laser
energy deposited on the target, accurate backscattering meas-
urements are highly desired (see Refs. 19 and 20). On the
other hand, we have measured SRS and TPD spectra as well
as the total energy reflected within the lens cone due to SBS
and SRS. In the same time, the energy reflected outside the
lens cone has been estimated by using a few mini-
calorimeters placed inside the interaction chamber. The
overall conclusion of the measurement is that in our

a) 8x10”" b) 8x10”'

E 610" { 1o % 6x10%" 1o

5 !
= 21 —+ — 21
= 4x10 ><:‘_‘r = 4x10
L) °

3 21 » 21
§ 210 3w § 210 3m

0 0
40 80 120 160 40 80 120 160

R, [um] R, [um]

FIG. 9. Comparison of the maximum electron density gradients for both har-
monics in the case without pre-plasma: (a) experimental and (b) theoretical data.
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experimental situation, the fraction of incident laser light
reflected due to parametric instabilities is always less than
10%.

Therefore, we can conclude that in our case the laser
coupling efficiency on target is not deteriorated due to para-
metric instabilities.

IV. CONCLUSIONS

Two-beam experiments directed to imitate the spike-
laser interaction with the pre-produced plasma have shown
the significantly decreasing efficiency of the lw radiation
energy transmission to the solid part of the target in compari-
son with the case without pre-plasma. Experiments with the
single 1w beam demonstrated an enhanced efficiency of
energy transfer to shock wave associated with the fast elec-
trons energy transfer to the dense plasma region.

The presence of the pre-plasma creates poor conditions
for resonant absorption and, therefore, for the laser energy
conversion to fast electrons. This results in suppression of
the fast electrons contribution to the ablation process. The
significantly smaller effectiveness of the energy transfer to
dense plasma regions under the pre-plasma created by the
high-intensity 1w pulse is clearly seen from both the craters
volumes and the density gradient data. On the other hand,
two-beam experiments have not provided data indicating
alteration of the fast electrons generation due to resonant
absorption by any other mechanism connected with paramet-
ric plasma instabilities in the pre-plasma.
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