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Abstract

The electron-beam-pumped KrF laser installation GARPUN with a 100-J output energy and long 100-ns pulse duration
has been used to investigate laser—target interactions in a broad range of laser intensities {@66mat) and large

(~1 cm) irradiated spots. For higher intensitiégp to 5Xx 102 W/cm?), a conical shock wave was generated in
condensed matter by megabar pressure at the ablation front. It propagated with a supersonic velocity in a quasisteady
manner together with a conical shock wave inside a target. Evaporated target material moving with a vetebily of
km/s formed an extended plasma corona-& mm length with an electron temperature-0£00 eV. Emission spectra

of plasma have been investigated in the extreme UV range 120—250 A. For lower inteii€itiel0® W/cm?), planar

shock waves in normal density air were produced with initial velocities up to Aknmthe forward direction and 7 kfs

in the opposite direction toward incident radiation. In rarefied air, the forward shock wave kept velocities constant
whereas the backward ones were accelerated up to 36.kanar compression waves in transparent condensed matter
were also demonstrated propagating with sonic velocity.

Keywords: High-power KrF laser—target interaction; Planar and conical shock waves in condensed matter; Planar
hypersonic shock waves in gases

1. INTRODUCTION In contrast to them, in our experiments at the GARPUN
KrF installation(Basowet al., 1993 plasma and shock waves

A number of powerful KrF lasers with electron-beam pump-(SW) were generated by laser pulses of 100-J energy and a
ing and output energies up to several kilojoules have beetong duration of 100 ns. When being focused sharply by a
developed, and target shooting experiments were performed = 400 mm spherical mirror into a focal spot of 1@n
through the last two decades at AURORMarris et al,  diameter, peak intensity as high ag 20> W/cm? has been
1993; Sullivaret al., 1993, NIKE (Obenschaietal,, 1996; reached. The salient features of such a long-pulse laser—
Pawleyet al.,, 1997; Mostovictet al., 2000; Weaveet al.,  target interaction were high penetration rate of radiation
2001; Aglitskiy et al.,, 2002, SPRITE(Shawet al., 1993; throughout the matter and conical SW format{@vorykin
Divall et al., 1996, and ASHURA(Owadancet al., 1993, & Lebo, 1999; Zvorykinet al., 2000. In another perfor-
1996; Kadoncet al., 2000. These experiments, aimed at mance with a prism raster focusing a uniform large-spot
clarifying the status of KrF drivers for inertial confinement target, irradiation by moderate intensities in the range of
fusion(ICF), were carried out in an intensity range off30  108-10° W/cm? has been investigated to verify a concept of
10 W/cm? and a pulse duration of a few nanosecondsa laser-driven shock tubd&ST) proposed by Zvorykin and
Plasma parameters, X-ray emission, equation of state dfebo (2000. This novel laboratory technique to generate
compressed matter, acceleration of planar foils, and hydroaypersonic SW in gases and compression waves in liquids
dynamic instabilities growth have been studied. might be applied for studies of hydrodynamic instabilities at
contact interfaces between different liquids and gases, hy-
personic gas flow around the bodies, effects of strong SW
Address correspondence and reprint requests to: Vladimir D Zvorykinrefracuon' and cumulation in a time scale .Of Se.veral mICI’.O-

' : 'seconds and a space scale of 10 mm. This article describes

Russian Academy of Sciences, P.N. Lebedev Physical Institute, Leninsky ™ ‘ . ) .
prospect 53, 119991 Moscow, Russia. E-mail: zvorykin@sci.lebedev.ru briefly the main results of both investigations.
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2. HIGH-INTENSITY LONG-PULSE expressed in Vitm?, they exceed by an order of magnitude
LASER-TARGET INTERACTION mass ablation rates for short pulses. There might be several
xplanations for the discrepancy. First, long-pulse laser ra-
iation could be self-focused in the extended plasma corona
(Fig. 3). To achieve the measured valuesiathe intensities
of ~10% W/cm? are necessary. High temperature and cor-
responding highly ionized ions should be detected in the
d plasma corona in that case.

Extended craters of about 1 mm depth were produced in a@
solid targets under investigatidhi, C, CF,, Plexiglas, Mg,

Ca, Ti, Fe, Zn, Ge, Ta, W, Blluring laser action. Cone-
shaped SW was evidently seen in Plexiglgsy. 1) being
generated by megabar-range presguieorykin & Lebo,

1999; Zvorykinet al., 2000 at an ablation front propagate As has been measured by a streak camera in a visible

inside the matter. It was quite similar to the well-known . .

. . ) spectral range, the plasma stream went away from the irradi-

Mach cone in a gas created by a body moving with a super- T e .

: . . . “ated surface toward the incident laser radiation with a ve-
sonic velocity. Using the relation for the Mach angle:

) . locity of ~50 km/s. A time-integrated pin-hole plasma
Sinay = ¢/Vg,, Whereay, = 30—40 is a half angle at the . . . ) ) )
cone vertex ancc = 2.7 km/s is the sound velocity in image obtained in a soft X-ray region< 12 A by trans

. . . : mitting radiation through beryllium foil is shown in the left
Plexiglas, one could estimate an ablation front velogity= .
: o ; ; of Figure 3. Electron temperatures of the plasma corona
4-5 knys. For lower laser intensities a semispherical SW,_ . . .
. . .. being measured with an errar10 eV for various target
was observed, thus revealing that ablation front velocity . o . ) .
materials by X-ray absorption in beryllium foils of different

became subsonic. Side-lobe perturbations on the crater UL nesses are listed in Table 1. These valuek ef 100—
face evidenced strong tangential moving between com: :

SU . . ..~ 135 eV are typical for the intensity range ofL0'2 W/cm?.
pressed layers, giving rise to Kelvin—Helmholtz instabilities. . . 7
. . .~ We have also investigated emission spectra of plasma for
By using streak camera records for thin Al and graphit

e, O
targets, SW transit time and burn-through titgerere mea- different target materials in the extreme UV range 120—

. i . . 250 A by means of a compact spectrograph based on
sured for different laser intensitigsnd target thicknesses MoSi,-Si sliced multilayer gratingLevashovet al., 1994,

The former was detecte_d a_s arelatively weak Iummes_cenc?hey are shown in the right of Figure 3 and their identifica-
appearing at the backside; the latter was accompanied t{}/

R . : ons are presented in Figure 4. The highest ionization po-
material ejection and penetration of laser light to a screen —_ : ) .
) . . . ~Tfential for CVI ions observed in the spectra was 490 eV. No
placed behind. These experiments and also two-dimensional, ... . . . o .
additional spectral lines belonging to highly ionized ions

numerical simulations have proven that a conical SW ProOPy e observed if compared with the emission spectra of

agated in a self-regulated manner together with the ablatlonlasma heated by a Nd:YAG laser with approximately the

front. Laser pulses of 100 ns penetrated thrgugh target thlclgame intensityLevashovet al., 1994. Thus we confirmed
nesses as large as 3a8th. An average velocity of the abla-

tion frontV,, = d/t, during the first 50 ns was about 5 kis1 that, notwithstanding a large plasma extension-&6f mm,

The maximum value corresponding to the 20-50 ns intervaﬁhere was no self-focusing of laser radiation.

. . : Indeed, as has been demonstrated eafiorykin &
was~8 km/s. Effective mass ablation rates determined a . L
o . X o . ebo, 1999, fast penetration of laser radiation throughout
m= dpy/t, were derived, whergy, is an initial density of the

) A . .the matter in our experimental conditions of the essentially
target material. They are presented in Figure 2 in compari; ; . :

i i ; two-dimensional character of the hydrodynamic flow when
son with previous mass ablation measurements for nanosec-

ond pulses and different laser wavelengths. Being describet conical shock wave propagated along a distance exceeding

_ 5 1370.50 . e diameter of the irradiated spot could be explained by
by the formularn = 2.56 X 10°(q/107)™*", whereq is radial squeezing out of the matter. It contributed, mainly, to
hole burning of a target in contrast to one-dimensional con-
ditions for nanosecond laser pulses, where a burn-through
) process was determined by a mass flow of target material
Shock Wave through an ablation front.
Crater

3. MODERATE-INTENSITY LASER-TARGET
Laser Beam INTERACTION

In the proposed design of the miniature LST, hypersonic SW
would be excited in a contained gas due to acceleration of
thin foils along a channel of-1 X 1-cn? cross section by
means of a high-power KrF laser. When radiation is ab-
sorbed by a thin opaque foil adjacent to a rear surface of an
—> input window, pressure arising in such a plasma-confinement
Fig. 1. Micropicture of a conical SW and crater produced in Plexiglas geometry may reacty10 kbar at relatlvely low laser inten-

obtained in a projection scheme with the polarized light of a copper-vapoSIti€Sd = 10° W/cm? (Zvorykin & Lebo, 2000. It would
laser. accelerate the remaining part of the foil and push a strong
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Fig. 2. Dependence of mass ablation rate on laser intensity compared for different experiments: 1: present work; 2,3,4: obtained by Ng
et al (1984); 5,6: obtained by Dahmani and Kerd[iz991); 7,8,9: obtained by Kegt al. (1983.

SW in a gas, lateral expansion being restricted by sidewallsombined a multielement prism ras{&ig. 5) and alens. By
of the tube. In another performance, LST could be filled bysplitting an incident laser beam with a cross section ok10
immiscible liquids or liquid and a gas to investigate devel-10 cm into 25 individual 2 2 cm beamlets and overlapping
opment of hydrodynamic instabilities at contact interfaceshem at a focal plane, this system provided nonuniformity
between different matters under pulsed acceleration durinfgss than a few percent across the square spot. The spot size
a pass of a compression wave. There are many organic liggould be changed from 28 20 to several millimeters by
uids that strongly absorb UV radiation and, therefore, theymoving the lens. Corresponding laser intensities were var-
are suitable to generate compression waves due to lasid in the range = 108-10° GW/cm?.
energy release just behind the window. Figure 6 demonstrates slit-scanning images of laser—
Initial experiments have been performed with varioustargetinteractions obtained by a high-speed optomechanical
solids and CH films of 1 to 1Qum thickness. To prevent camera in combination with the Schlieren method using a
initial perturbations, we have used a focusing system thaguasisteady capillary-discharge light source. The targets were

Table 1. Electron temperature of plasmas measured by X-ray absorption in beryllium foils

Target material

Al c CF4 Ti

Laser intensity, 1& W/cm?
Electron temperature, eV

1.4
<100

1.6
100

2.1
120

2.3
130

2.7
135

2.4 2.2
<100 130

15
<100
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Pinhole image of EUY spectra of plasmas
plasma for A< 12 A CF,
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Fig. 3. Pin-hole image of aluminum plasma in the soft X-ray rafigé)
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setinside a chamber with variable air pressure 0.0002-1
bar. During laser pulse action, the plasma front coincided
with the SW front and they expanded together from the
target surface toward the incident radiation with a velocity
independent of the target material. This looks like a laser-
supported detonation wayeSDW), whose velocity is ex-
pressed by Raizer€ 965 formula:

6 1/3
V= [2(%—1)“—] ,
Po

wherey = 1.2 is a specific heat ratio for air plasma, =
1.29% 10 2 g/cmdis normal air density, andlis absorption

of radiation. Dependences of SW and plasma front veloci-
ties on laser intensity and air pressure are shown in Figures 7
and 8 for an iron target. Solid lines in Figure 7 correspond to
calculated velocities of LSDW with different absorptién

Itis seen that only a small part of the incident radiatdon

0.1 (line 2) was absorbed and it is unlikely the detonation
mechanism could support the SW velocity. Most of the laser
radiation penetrated through the SW and caused target evap-

and spatially resolved images of plasmas from different materials in thdration. Expanding vapors maintained SW velocity in the

extreme UV rangéright).

LiTir

surrounding air. Being calculated in numerical simulations
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Fig. 4. Emission spectra of plasmas in the extreme UV range from different target materials.
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Fig. 5. Principle of prism rastefleft) and laser radiation patterns before the focal plane and at the focal (pigine.

(dashed lineswith allowance for vapor ionizatiofline 3),

they were in agreement with measurements. Close values mm 4 ;}';”D‘_Z‘E;‘;m 4 ;{. L{:}%ﬁ?
the SW velocity were calculated also for an aluminum target
that coincided with experiments. At low air pressupgs< Laser Beam
0.1 bar(Fig. 8), the SW velocity did not depend on air Slit
pressure at all increasing up to 30 km a |\
Temporal evolution of the SW generated in the normal it
density air in front of the target after termination of a laser Smt

pulse is shown in Figure 9. Similart diagrams were ob-
tained also for a rarefied air. The SW damping law inde-
pendently on laser intensity and air pressure could be  Laser Beam

approximated by a power law~ t" with power indexes Slit q=0.47 GW/em’
n, = 0.85-0.95 at the initial stage amg = 0.5-0.6 later, i i p, = 1 bar
when the distance of the SW front from a target became i :

comparable with the size of the irradiated spot. These ar : 0

different fromn, = 0.67 andh, = 0.4 observed for a SW in b 5

similar experiments by Danilychev and Zvorykit984) Glass 10

with a powerful pulsed C@laser. The latter indexes corre- 15

sponded well to the model of a strong mass-free explosior -

(Sedov, 1959because of high absorption of IR laser radia-
tion in the shocked air. Present results confirm that a SW
generated by a UV laser in the ambient gas was due to targt
evaporation. Laser Beam

Figure 6b demonstrates interaction of a laser pulse with ¢ .
glass. KrF laser radiation was fully absorbed by this mate-
rial and caused its evaporation, whereas it was transparel
for a visible probe light. Acompression wave was generatec*
at the surface by ablation pressure and propagated inside t
sample with a sound velocity. Thin CH targets of 3«
thickness have been accelerated up to velocitidskm/s
(Fig. 60. Acting as a pusher they produced planar shock
waves in a gas behind the irradiated foil target. Increasing e ————
of the air densities did not essentially influence the initial
velocities of the backside of the SW but increased theilkig. 6. siit-scanning images of laser interaction with satiy transparent
decay. (b), and foil targetgc).

q=0.5 GW/cm’

p, = 1 bar
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Fig. 7. Velocities of the plasma front and SW depending on laser intensity ) ) o ) ) N
for atmospheric air. Solid lines: calculations for LSDW with 1 (1) and Fig. 9. x-t d|agr2ams for SW in atmospheric air at various laser intensities
8 = 0.1(2); dashed lines: numerical simulations with allowance for the 0-2-0.8 GWcm®.

ionization proces$3) and fixed ion charg& = 3 (4).

were generated and produced in essentially two-dimensional
4. CONCLUSIONS geometry a cone—sh_aped SW. It propagated in a_self—regulated
manner together with the ablation front, resulting in a very
Plasma flows and shock waves generated by 100-J, 100-iisgh penetration rate of laser radiation due to radial squeez-
laser pulses have been investigated at the GARPUN Kring out of the solid matter. In the moderate-intensity
installation in a broad intensity range for sm@H150 xm) (108-10° W/cm?) region, experiments have been performed
and largg~1 cm) irradiated spots. In the high-intensityp  to verify the LST concept. Planar shock waves with veloc-
to 5 x 102 W/cm?) region, megabar ablation pressuresities up to 7 kmy's toward the laser beam have been observed
in normal density air and up to 30 kfs in rarefied air.
Acceleration of thin foils has been demonstrated up to a
Laser Intensity 0.3-0.6 GW/cm*2; Fe Target velocity of 4 kim/s and they produced SW in the forward

100.0 direction.
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