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Abstract:

Comprehensive studies of the hydrodynamics and energy transport in

laser-produced plasmas are presented. Thin low-Z foil targets (10_5 = 10_3
g/cmz) were irradiated with 300 ps pulses from the Asterix I11
laser (A = 1.3 um).

iodine
Different diagnostics such as high-speed photography,

plasma calorimetry, Ulbricht sphere for laser light absorption measure-

ments, and X-ray and ion techniques were used. Results on the velocity and

energy of the accelerated foil, pressure, ablation rate and lateral energy

spread were obtained for a wide intensity range 1012 = 1016 W/cmz.

Pressures exceeding 10 Mbar and foil velocities of up to 108 cm/s were

observed. The experimental data are compared with 1-D hydrodynamic

calculations using different values of electron heat flux limitation. An

indication of intensity-dependent flux inhibition was found: f > 0.1 at
intensities below 1013 W/cm2

, but £ =0.015 ... 0.03 at intensities above
10™ w/em?.
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1. Introduction

Intense laser radiation incident on a solid target creates a hot and dense
plasma on the irradiated surface /1/. The high pressure exerted by the
plasma may accelerate a thin foil target to very high velocities. Figure 1
illustrates this process in a simplified way. A planar foil of total mass

m, is irradiated by a laser pulse. Some part of the foil, the mass m is

F - - -
heated and ablated by the laser and, after irradiation, moves with an

average velocity v_ towards the laser. As a consequence of the momentum
a -
balance m v_ = MV, the residual mass M then moves with the wvelocity V to
a
the other side. The efficiency of kinetic energy transfer on the

accelerated residual mass is given by
2
m MV 2
= = S
or PV\\///fl 4+ VYlu\éh///aL

m = M, (1)
L o
Thus, if the foil is not too thick compared with the ablated depth

IR

(m M), the residual mass is accelerated to extremely high velocities of

a -
the order of the ablation wvelocity v, For example, with lasers of

energies around 100 J and pulse durations around 1 ns, one can accelerate
; 7 oo
masses in the pg region to velocities exceeding 10" cm/s. Such velocities

are, to our knowledge, the highest obtained with macroparticles in a

laboratory.

The biggest motivation at present for the study of this acceleration
process is afforded by the concept of inertial confinement, which requires
efficient inward acceleration of a thin pellet shell /2/. Besides this im-
portant application, high-velocity macroparticles may in themselves be of
interest, e.g. for simulating hyper-velocity micrometeoroids /3/ or for
fuelling fusion reactors /4/. The generated pressures exceeding 10 Mbar

/5-7/ are also of interest for studies of the equation of state /8/.

It is evident from Eq. (1) that the detailed physics of laser-induced mass
ablation is very important for target acceleration. The essential pro-
cesses involved are laser light absorption and the energy transport from

the absorption region to the dense part of the target /9/.

Owing to the strong interest in laser fusion these processes are under in-
vestigation in many laboratories throughout the world /10-19/. The most
detailed study was conducted by the NRL group /10-13/. The aim of this
study was to demonstrate ablative acceleration of plane thin foil
targets with longer pulses (3 ns) and in a lower intensity range
(g 1014 W/cmz). Under these conditions the absorption and transport are
expected to be dominated by collisions without complications due to

collisionless anomalies.

This paper presents an extensive series of acceleration experiments with
shorter (300 ps) laser pulses that were conducted during the last few
years in our laboratory /20-24/. The Asterix III high-power iodine laser
(A= 1.3 pm) was used for irradiation. The aim is to clarify the laser-
plasma interaction, the energy transport and the hydrodynamics in a wide
intensity range from 1011 W/cm2 to 1016 W/cmz. Typical of this work is the
study of the transition from the collisional "normal" behaviour at low

intensities to the more complex situation at high intensities.

A variety of different and independent diagnostic techniques were used.
The principal techniques for studying the foil acceleration were high-
speed photography, which allows two-dimensional time-resolved observation
of the foil motion during and after irradiation, and plasma calorimetry,
by which the energy transferred to the target was measured. From these
measurements we derive the mass ablation rates and ablation pressures. To
cross-check these results, we also determined the mass ablation rate by
X-ray spectroscopy with layered targets and the shock pressure due to
shock propagation in transparent targets. In addition, we measured the
absorption and also the transmission of laser light through very thin

foils which become underdense during irradiation.

At high intensities fast ion and hot electron phenomena become important.
We measured the emitted X-ray continuum and ion velocity spectra in the
expanding plasma. The considerable fraction of energy coupled into hot
electrons may be deposited in the dense target material and thus con-
tribute to preheating it. Lateral transport along the target surface away
from the irradiated spot may also occur. To obtain information on such

transport phenomena, we used ion detectors positioned at the front and the




rear side of the foil and studied the bilateral expansion of laser-heated
foils. We also used X-ray spectroscopy for spatially resolved observation
of the Ku emission excited by hot electrons in different regions of the

target.

For interpretation of the experimental results the foil acceleration
process was simulated by a hydrodynamic code, which includes flux inhibi-
tion for the electron transport /9,25/. The comparison of the calculated

and measured results yields information on the electron energy transport.

The paper is organized as follows. Section 2 gives details of the
irradiation conditions and the experimental setup. Experimental results
for the absorption, electron temperatures, ion velocities, energy transfer
to the foil, the foil velocity, the mass ablation rate, the ablation
pressure and lateral transport effects are presented in Sec. 3. In Sec. 4
there follows an interpretation on the basis of hydrodynamic cal-

culations. The conclusions are given in Sec. 5.

2. Experimental Setup

The scheme of the experimental setup is shown in Fig. 2. The Asterix ITI
iodine laser (A = 1.3 pm) used for target irradiation consists of an
acousto-optically mode-locked oscillator followed by a single-pulse
selection system and four amplifiers to give a maximum output energy of
300 J in about 300 ps. The beam is linearly polarized. Details of the
laser system are described in /26/. A small fraction of the output beam is
reflected by a beam splitter for diagnostics of the pulse energy, temporal

pulse shape and spatial beam quality of the incident beam.

The temporal pulse shape was measured with a streak camera with a time
resolution of 20 ps and a dynamic range £ 10. In addition, a vacuum photo-
diode (rise time = 100 ps) coupled to a 1.5 GHz oscilloscope was used to
obtain the pulse shape in a larger dynamic range. A typical laser pulse is
shown in Fig. 3. The pulse shape may slightly change in different shots,
depending on the state of the laser. The average pulse width in these ex-
periments was 280 + 60 ps (FWHM). Irradiation of the target at earlier

times before the main pulse hits the target was monitored with a prepulse

detector (photomultiplier with S1 cathode), which indicated prepulses with
a power exceeding 100 W on target at a time resolution of 3 ns. The energy
of mode-lock pulses passing the closed pulse cutter did not exceed 1 pJ at
the laser output; contributions due to amplified spontaneous emission and
self-oscillations were less than 100 W. High speed photographs of the
target confirmed that these prepulse values are sufficiently low to avoid
target damage before the arrival of the main pulse. The beam was focused
with an aspherical f/2 lens. By changing either the laser energy or the
distance between the target and the lens the intensity was varied between

1016 W/sz. In the case of target positions out of focus we always

1011 to
placed the target between the focus and the lens. Spot sizes ranged from
60 pm (focus) to 1600 pm. The position of the focus was determined by
using a Hartmann plate method with an accuracy of + 40 pm; for details see

/27/.

Typical intensity distributions for two different target positions are
shown in Fig. 4. Curve b for the target 1 mm out of focus was recorded on
photographic infrared film in an equivalent plane when the beam was
focused by a focusing mirror of large focal length. The intensity
increases from the centre to the periphery by a factor 2 owing to
increased gain in the outer zones of the laser amplifiers. The observed
diffraction rings are caused by apertures in the laser setup. Because of
the hole in the actual f/2 focusing lens the intensity decreases near the
axis if the target is out of focus, as indicated by the dashed line b'.
The intensity distribution in focus (curve a) was derived from curve c,
which shows the direct measurement of the energy fraction transmitted
through pinholes of different radii positioned in the focal plane of the
aspherical f/2 lens. Half of the laser energy is contained in a 60 pm

diameter aperture.

Thin plastic films were used as targets (Zapon, C6H7011N3 (p=1.6 g/cmB)

for thicknesses < 1 pm and Makrofol, C1603H14 (p=1.2 g/em™) for thick-
nesses > 1 pm). The thickness ranged from 0.1 pm to 20 pm and was measured
interferometrically /28/. The foils were spanned over plane metallic
target holders with open holes 5 mm in diameter. In most cases the foils
covering the 5 mm hole entirely were large compared with the laser spot

size. For high-speed photography we also used 400 - 1000 pm wide foil

strips.




In Fig. 2 the various diagnostics used are shown: a calorimeter behind the
target which intercepts the accelerated foil material, a high speed pho-
tographic system using 10 ps dye laser pulses and an integrating sphere
(Ulbricht sphere) for laser light absorption measurements. In addition,
optical detectors for measuring the scattered and transmitted laser light,
ion Faraday cups, a Thomson parabola mass spectrometer, X-ray pinhole
cameras, a flat crystal Bragg spectrometer and a multi-channel absorbing
foil spectrometer for the X-ray continuum were used (not shown in Fig. 2).

Details of these diagnostics are described in the following sections.

3 Experimental Results
3.1. Reflection and transmission of laser light

For measurement of the overall reflection losses into the total solid
angle the target was placed in the centre of an Ulbricht sphere 30 cm in
diameter /29/. The incident laser light entered the sphere through a hole
7 cm in diameter. Its inner surface was coated with Kodak White Reflec-
tance Paint. The infrared A = 1.3 pm laser light was measured with time-
integrating germanium diodes. For calibration purposes the laser pulse was
fired into the sphere when the target was removed from the centre. The
incident light then hits the rear inner surface of the Ulbricht sphere. To
avoid errors caused by plasma production and damage to the White Re-
flectance Paint the intensity of the light at the wall of the sphere had
to be kept below 2 GW/cmz. In addition to the losses into the Ulbricht

sphere, the reflection into the focusing lens was measured as schemati-

cally shown in Fig. 2.

The reflection losses at the target, in general, depend on irradiation
conditions such as intensity, spot size, angle of incidence and polari-
zation. For the parameter used in this experiment the measured total

reflection losses are plotted in Fig. 5. The measurement was made with

a 2 pm thick foil target, which is thicker than the ablated layer

thickness and which, therefore, shows no transmission of laser light. The

12 2 B . _
reflectivity increases from 25 9% at 10 W/cm~ to about 60 % at inten

sities 2 1015 W/cmz. In the high intensity range the reflectivity shows a

tendency to decrease slightly.

To complete these data, we also show examples of the angular distribution
of the reflected laser radiation. The distributions shown in Fig. 6 for
different spot sizes and intensities are measured with Ge diodes sur-
rounding the target in the plane perpendicular to the electric field
vector of the incident light. The horizontal bars (0° - 14°) represent the
amount of energy reflected through the focusing lens, which only accepts
some fraction of the total reflection losses. With a spot 400 pm in
diameter and intensities of around 1014 W/cmz, we observe enhanced side-
scattering, often with an indication of a peak at angles of 60° to 70° to
the laser axis. As observed on burn paper surrounding the target, the
scattered radiation was not axisymmetric, side scattering peaks appearing
only in the plane perpendicular to the E-field of the incident laser
light.

A more detailed discussion of the interesting physics underlying these
observations would exceed the scope of this paper. We like to mention
only a few points. The reflectivity depends on different processes such as
classical absorption, resonance absorption at the critical layer and
stimulated Brillouin losses. Under our experimental conditions we could
clearly identify in a separate experiment that stimulated Brillouin losses
become important if the intensity is increased above ~ 1013 W/cm2 /30/.
The increase of reflectivity measured with increasing intensity is there-
fore, at least in part, caused by stimulated Brillouin losses. Also the
observed enhanced side-scattering may be due to stimulated Brillouin

side-scattering.

If the foil thickness is decreased below the ablated depth, the irradiated
foil becomes underdense as a result of expansion, so that laser light is
transmitted /25,31/. The total optical losses into 4 nm (reflection plus
transmission) were measured with the Ulbrichtsphere (see Fig. 7). They
increase as a result of transmission if the foil is thinner than about
3 x 10“5 g/cm2 (= 0.2 pm Zapon foil) at 2 x 1014 W/cmz. Consistent with
this type of measurement are directly measured values of the light trans-
mitted into the rear solid angle 2 m as plotted in Fig. 8. The foils

become transparent at a thickness below (2-3) x 10-5 g/cm2 (= 0.1-0.2 pm

Zapon foil) at 2 x 1014 W/cm2 and below (6-8) x 10-5 g/cm2 (= 0.4 pm
Zapon foil) at 3 x 1015 W/cmz. These thicknesses are well correlated with

the ablation depth given in Sec. 3.3.




3.2 X-ray and Ion Measurements
3.2.1 X-ray Continuum

The laser plasma generated on the irradiated foils was studied by X-ray

and ion diagnostics.

Figure 9 shows pinhole photographs at photon energies hv 2 1 keV taken at
different optical spot sizes from 60 pm (target in focus) to 1600 pm. It
is observed for the conditions of this experiment that the size of the
X-ray-emitting hot plasma is approximately equal to the optical spot size.
Within the spatial resolution (2 15 pm) the pinhole pictures look fairly
homogeneous; we did not observe a pronounced structure. The reduced
luminosity observed in the centre when the target is out of focus corre-
sponds to a reduced optical intensity caused by the focusing lens with a

centre hole.

For space and time-integrated measurement of the X-ray continuum, ab-
sorbing foil scintillator combinations with photomultipliers as detector
were used. The detectors view the target at an angle of about 45° to the
laser axis. Any direct fast electrons emitted from the plasma were kept
away from the detectors by magnetic fields. The calculated spectral
response of the different detector channels is shown in Fig. 10. The
low-frequency cutoff is caused by the metallic-foil entrance window, the
high energy cutoff by the finitely thick scintillator /32,33/, which does
not absorb high-energy photons. For the scintillator itself we assumed a
conversion efficiency of X-ray photon energy into visible light inde-
pendent of the photon energy hv /33/. This was also assumed for
hv < 1.5 keV, in which spectral range no measured data are reported, to
our knowledge. To remove this uncertainity in the low-energy region, X-ray
Si-diodes with 2 pm and 12.5 pm Be windows were also used instead of the
scintillators in some shots. The detectors were absolutely calibrated by
comparison with a calibrated calorimeter with an absorbing foil as en-

trance window for X-radiation and with the laser plasma itself as source.

Typical measured spectra are shown in Fig. 11. In Fig. 1la the energy per

steradian absorbed in the scintillators is plotted as a function of the

detector low-energy 1/e cutoff. The data points are mean values of a
larger series of 30 to 40 shots. Figure 11 shows a strong increase of
hard X-ray emission with increasing laser intensity, indicating an
enhanced production rate for hot electrons. The measured data points of
Fig. 1la are related to the emitted spectrum dzE/de(hV) by

AE  d'E
&= - [ To Ty Rtk d(hv)

with R(hv) the detector response shown in Fig. 10. A fit is obtained by

assuming a two-temperature spectrum consisting of a cold (T ) and a hot
C

(Th) component :

d2E T TR
— = c Q e [
70 40 L. € + W (2)

Spectra of this type consistent with the data of Fig. 1la are shown in
Fig. 11b. The corresponding values for TC and Th are given in Table 1. The
measured scaling of the hot electron temperature with intensity

0.4, . .
(Th o ¢jnc) is plotted in Fig. 12.

From the integrated hard X-ray energy (Ex-ray) the total energy contained

in hot electrons (Eeﬁ) was estimated /34/. For an isotropic hard-X-ray
emission Eq. (2) yields Ex—ray = 2n ahkTh. Assuming a thick target model
for the interaction of the hot electrons with the target material and

using the formulas worked out 1in /35/, we find for Eeﬂ the values given in
Table 1. Although this method has to be considered as a rough estimate, it

shows the trend that the energy transferred to hot electrons becomes, at

15 2
W/cm™), comparable with the absorbed laser energy

whereas, at lower intensities (< 10]4 W/cmz), it is only a small

high intensities (2 10
Eabs’
fraction of E

a

bs’

The spectra shown in Fig. 11 are characteristic of foils thicker than
1 pm. With very thin foils, the X-ray emission decreases as shown in
Fig. 13. The decrease in X-ray emission sets in at similar thicknesses for
which the foil becomes transparent for the laser light (Fig. 8). Such
behaviour is expected because thin foils are no longer heated by the laser

when they become underdense and consequently less radiation is emitted.
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3.2.2 Ion Velocity Spectra
3.2.2.1 Diagnostic Techniques

The velocity distribution of the ions in the expanding plasma was measured
with time-of-flight (TF) detectors and a Thomson parabola (TP). The
detectors were positioned around the foil target to measure the angular
distribution of the expanding plasma at the front and rear side, as shown
in Fig. l4a. It is already noted at this point that we found ion diag-
nostics suitable for studying features of the fast ion expansion at high
intensities. It was found, however, that they are less suited to deter-
mining quantities characterizing the foil acceleration process such as the
velocity of the accelerated foil or the total ablated mass, as has been
tried elsewhere /36/. This is because strong reéombination occurring
during plasma expansion /37/ renders interpretation more difficult, as

described in detail below.

The design of the TF detectors (Fig. 14b) was similar to that described in
/38/. Secondary electron contributions to the ion current were minimized
by a honeycomb-like collector structure which recaptures, in part, the
emitted secondary electrons and by a retarding electric field generated by
a cylindrical electrode. Plasma electrons were separated from the ions by
a fine entrance grid with a mesh size (50 pm) of the order of the plasma
Debye length. To keep the plasma density at the detector low (i.e. the
Debye length large) and to improve resolution of the velocity of the
fastest ions, a large distance (140 cm) between the detector and plasma

was used.

Typical TF signals are shown in Fig. l4c and d. Figure l4c illustrates the

: . . . . : ; : ; 14
increase in ion velocity if the intensity is increased from 2 x 10

to 5 x 1015 W/cmz. As another example, Fig. 14d compares the front and

rear signals of a 1.8 pm thick foil irradiated with 2 x 1014 W/cmz. A
back-front asymmetry is evident. The ion velocity taken at the peak of the
ion current is 1.5 x IO7 cm/s at the rear side, but 6 x 107 cm/s at the

front side.

A quantitative analysis of the TF signals requires a knowledge of the
charge state Z of the ions. For this purpose one of the detectors (C or E

in Fig. 14a) was replaced by a Thomson parabola spectrometer, which allows

~-11-

the different ion species in the expanding plasma to be separated. The ions
entered the parallel magnetic and electric fields (typically 1 kG and
1 kV/cm) through a 300 pm pinhole at a distance of 50 cm from the target.
The ion parabolas were recorded on cellulose nitrate film, which is
suitable for quantitative analysis by counting the holes or craters due to
individual ions under the microscope. To avoid charge exchange between
plasma ions and the ambient gas atoms the pressure in the target chamber

and in the Thomson parabola housing was kept below 10-'5 torr.

Typical Thomson parabolas are shown in Fig. l4e. The dominance of highly
ionized species is evident. Values for the velocity spectrum are shown in
Fig. 14f. At the highest velocities 2 7 x 108 cm/s we observe mainly pro-
tons /39/, which is expected if the protons (with AH/ZH = 1) are acceler-

ated by the same electric potential as the heavier species (with A/Z 2 2).

Fig. 14f also shows a comparison of the TP-data with the velocity spectrum
obtained from TF measurements. To calculate the velocity distribution from
the TF signal, an assumption on the average Z has to be made. Figure 14f
shows that Z =5 (solid line) seems to be appropriate for the velocity
range 108 cm/s £ v £5 x 108 cm/s and Z = 1 (dashed line) for the highest
velocities (v 2 5 x 1080m/s). The shape of the ion velocity distribution

in Fig. 14f is characteristic of isothermal expansion of a plasma con-

sisting of a cold and a hot component /40/.

If the charge state Z of the ions is known, quantities like the total mass
and the energy of the ablated plasma or the momentum and energy trans-
ferred to the foil can be determined from TF measurements. A major contri-
bution to these quantities stems from the slow ions (v < 108 cm/s), which
are expected to undergo strong electron recombination during expan-
sion. Experimental evidence of the occurrence of such recombination
is available: We find agreement between the energy obtained from TF
data and the totally absorbed energy (Sec. 3.1) only if an average
Z <5 is assumed for the cold component. Especially the relatively
cold accelerated foil material moving to the rear side seems to ar-
rive at the TF detectors to a large extent as neutral matter with
an average Z << 1. This results from a comparison of the TF data
with the calorimetrically measured energy of the accelerated foil

(see Sec. 3.3).
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Strong recombination effects are also theoretically predicted by an
average Z model similar to that presented in /37/, which we have applied
for the conditions of this experiment. In particular, recombination is
effective if the expansion starts from a dense and cool initial state of

the plasma, as is the case for the slow ions.

8222 /2 Fast-ion Studies

Owing to the recombination problem no further conclusions have been drawn
from slow ions. More reliable information can be derived from fast ions.
We have already presented these fast-ion studies at high laser intensities

in detail in /22/. Here we summarize only the most essential points.

Figure 15 shows ion velocity spectra measured by collectors A and B
(Fig. 14a) at the front and rear side of the target at different foil
thicknesses. Each point is obtained by averaging up to 10 laser shots
under identical conditions. The spectra are symmetric with thin foils.
With increasing foil thickness they become strongly asymmetric. The
transition occurs at the same foil thickness (0.3 - 1 pm) at which
transmission of the laser light sets in and the x-ray emission from the
target decreases (Fig. 8 and 13). This thickness range corresponds to the
ablated depth (Sec. 3.3). With increasing foil thickness the number of
fast ions at the rear side is more and more reduced and at 10 pm fast ions
were below the detection limit. Figure 15 also gives values for the hot
electron temperature as determined by an isothermal expansion model
applied to the high-velocity tail of the spectrum /40/. Th at the front
side shows no systematic variation, its mean value being 11 keV. At the
rear side a systematic increase of Th up to nearly 50 keV is observed with

increasing foil thickness.

The measurement in Fig. 15 was made in the direction of the target normal.
To obtain values for the total losses of fast ions, we also measured the
angular distribution. Typically, the ions are emitted in a very direc-
tional pattern around the laser axis. A characteristic value for the total
energy of fast ions at high irradiance (= 3 x 101S W/cmz) is 20 to 30 % of
the absorbed energy. This value is characteristic of foils thicker than

the ablated depth when the ions are preferentially emitted at the front

_13_

side. The fractional fast ion loss strongly decreases as the intensity. At

1014 W/cm2 it was near the detection limit (£ 1 %).

These data were analyzed to find out in what way the electron energy is
deposited in the target material. We first note that the fast ion energy
measured at the rear side cannot be attributed to electrons orbiting from
the front side around the target to the rear side /41/, because we used a
target of large area. It is therefore assumed that the hot electrons
penetrate the foil and create at the rear side a hot plasma which expands

and causes the observed fast ion emission at the rear side.

One may consider the following simple model. The hot electrons heated by
the laser at the front side are reflected at the outer plasma boundary and
then penetrate the foil. In this way only a small energy fraction (of the
order JEE;?E;, me’i = electron, ion mass) would be used for ion acceler-
ation /42,43/, whereas most of the energy would be deposited in the dense
target resulting in preheat. Foils thinner than the electron range should

explode symmetrically (exploding pusher-like behaviour).

This, however, was not observed experimentally. The transition from sym-
metric to asymmetric rear/front ion expansion already occurs at a foil
thickness below 1 pum, which is less than the expected electron range. (We
calculate for T, = 11 keV, according to the ion data, a range of = 3 pm,

h
and for T,_ = 25 - 30 keV, according to the hard x-ray continuum, a range

of = 15 ;; in the plastic foil; a more detailed analysis is given in
/22/.) It is thus concluded from the bilateral fast-ion blow-off that the
hot electron energy deposition is a more complex process not consistent
with the simple model based on an unhibited hot electron flux into the
target given above. This evidence was confirmed by X-ray spectroscopic
diagnostics applied in this experiment. The k& emission from the dense
cold target material below the spot was measured and analyzed /24/. The
hot electron energy consistent with the k& emission was only 3 % of the
absorbed energy.

If the hot electron energy is not deposited in the dense target, other
energy channels must exist. One is the production of fast ions. The
Mmeasured fractional fast ion energy loss being 20 % to 30 % is much higher
than \mee/mi = 2 % as expected for an unhibited electron flow into the

target. Another energy channel may be lateral energy flow: instead of









































































