
A study of picosecond laser–solid interactions up to 10 19 W cm22
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The interaction of a 1053 nm picosecond laser pulse with a solid target has been studied for focused
intensities of up to 1019W cm22. The maximum ion energy cutoffEmax ~which is related to the hot
electron temperature! is in the range 1.0–12.0 MeV and is shown to scale asEmax'I 1/3. The hot
electron temperatures were in the range 70–400 keV for intensities up to 531018 W cm22 with an
indication of a high absorption of laser energy. Measurements of x-ray/g-ray bremsstrahlung
emission suggest the existence of at least two electron temperatures. Collimation of the plasma flow
has been observed by optical probing techniques. ©1997 American Institute of Physics.
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I. INTRODUCTION

The development of the technique of chirped pulse a
plification ~CPA!1 has enabled high power lasers to produ
multiterrawatt femtosecond and picosecond laser pu
which can be focused on target at intensities that were
viously inaccessible in the laboratory. Many interesting n
physical phenomena have been predicted in this new reg
For instance, the laser pulse is predicted to bore a hole in
plasma due to the radiation pressure which reaches 3.0 G
at intensities of 131019 W cm22.2 Exceedingly large mag
netic fields are expected to develop during the interac
and affect both lateral energy transport during the interac
and the overall plasma expansion.3 Some interesting new ap
plications have been proposed for these ultrahigh inten
pulses—such as the development of a MW coherent
x-ray source from harmonics generated by the relativi
current associated with electrons driven back and fo
across the vacuum—solid interface4,5 and in the fast ignitor
scheme for inertial confinement fusion~ICF!.6

The processes of energy absorption in the presenc
very steep density gradients is a topic of lively debate at
present time. At high intensities, a number of collisionle
processes become important. These include reson
absorption,7 vacuum heating,8,9 skin-layer heating,10,11 and,
at normal incidence,v3B heating.2,12 In the absence of ul-
trafast diagnostics, time integrated measurements of the
sorption, energy transference to ions and electrons, and
characteristic temperatures can help to clarify the applica
ity of the different models.

In earlier experiments with CO2 ~l510.6mm! and Nd-
glass~l51.064mm! lasers, pulses ranged from tens of pic
seconds to nanoseconds duration, and values ofIl2 up to
331018W cm22 mm2 were obtained. Significant ponderom
tive steepening of the plasma density profile around the c
cal density surface was observed. The electron tempera

a!Permanent address: Central Laser Facility, Rutherford Appleton Lab
tory, Chilton, Didcot, Oxon OX11 0QX, United Kingdom.

b!Permanent address: H. H. Wills Physics Laboratory, University of Bris
Royal Fort, Tyndall Ave., Bristol BS8 1TL, United Kingdom.

c!Permanent address: Lawrence Livermore National Laboratory, Liverm
California 94550.

d!Electronic mail: p.norreys@rl.ac.uk
Phys. Plasmas 4 (2), February 1997 1070-664X/97/4(2)/447/

Downloaded¬30¬Jan¬2003¬to¬192.58.150.40.¬Redistribution¬subject
-
e
es
e-

e.
he
ar

n
n

ty
ft
c
h

of
e
s
ce

b-
eir
il-

-

i-
re

scaling with Il2 was examined experimentally at a larg
number of laboratories around the world, and a picture of
electron temperature being mainly determined by resona
absorption emerged~for a review see Gitomeret al.13 and all
references therein!.

For ~sub!-picosecond laser pulses that are incident o
solid targets, electron temperature measurements have
made at a number of laboratories.14–21A recent compilation
has shown that these scale asThot;~Il2!1/3–1/2 and are con-
sistent with particle in cell~PIC! calculations.22 At the high-
est available intensities at present~I51019 W cm22! and an
intensity contrast ratio of 1:1028, Malka and Miquel23 have
shown that the electron temperature is dominated by the p
deromotive potential for those electrons directed along
axis of the laser beam and temperatures of 1 MeV have b
measured.

In this paper, a series of experiments that were c
ducted on the CPA beam line of the Nd:glass la
VULCAN24 are reported for laser–plasma interactions w
solid targets for intensities between 131017 and 1019

W cm22. In this case, the intensity contrast ratio was 1:1026.
It is shown for the first time that the maximum ion ener
~which is directly related to the hot electron temperatu!
associated with the fast electron driven plasma expan
scales asEmax51.2~60.3!31022 I 0.31360.03keV ~where I is
in W cm22!. Measurements of the x-ray/g-ray bremsstrah-
lung emission are indicative of the existence of at least t
electron temperatures. The electron and ion measurem
are consistent with an extrapolation of the nanosecond h
intensity laser–plasma interactions made with CO2 lasers to
these higher values ofIl2. Collimation of the plasma flow
has been observed by schlieren, shadowgraphic, and i
ferometric techniques. The various absorption processes
assessed in the light of these measurements and simila
sults reported in the literature.

II. EXPERIMENTAL CONFIGURATION AND PLASMA
DIAGNOSTICS

A. The laser system and target chamber

The experiments were conducted using the CPA be
line of the VULCAN Nd:glass laser.24,25This laser delivered
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FIG. 1. Experimental setup of the VULCAN CPA target chamber.
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laser pulses on target of up to 30 J. An additively mod
locked Nd:LMA short pulse oscillator provided pulse lengt
ranging from 700 fs to 1.3 ps at a wavelength of 1054
and bandwidth of 2.6 nm. Similarly, an additively mod
locked Nd:YLF oscillator provided pulses of 2.5–4 ps a
wavelength of 1053 nm and bandwidth of 0.6 nm. The
pulses were stretched to 200 and 80 ps for the Nd:LMA a
Nd:YLF oscillators, respectively. They were then amplifi
in the laser chain and recompressed using large area dif
tion gratings. A 95% turning mirror located after the reco
pression gratings steered the beam onto anf /4.2 44 cm off
axis parabolic mirror which focused the radiation onto targ
as shown in Fig. 1. The turning mirror allowed 5% transm
sion of the laser energy for measurements of the laser s
trum, the pulse duration by a single shot autocorrelator
the focal spot quality by an equivalent plane monitor. T
contrast ratio was measured by a third order autocorrelato
be 1026 for both oscillators.

The p-polarized laser energy was focused onto targe
an angle of 30° to the target normal. Figure 1 shows a sc
matic outline of the target chamber and the positions in
horizontal plane of the principal plasma diagnostics t
were employed. Various target materials were irradiated,
will be detailed in the following sections that describe t
diagnostic equipment and techniques used in the exp
ments.

B. X-ray and ion imaging diagnostics

High-resolution imaging techniques are required in or
to accurately determine the focal spot size. Conventio
x-ray pinhole imaging has a resolution that is limited both
the size of the pinhole that can be manufactured and by
hys. Plasmas, Vol. 4, No. 2, February 1997
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fraction effects which are proportional to the x-ray wav
length being imaged~;5 mm at 2.5 keV!. Hence the proven
technique of maximum entropy penumbral imaging was u
to provide the required high-resolution~;2 mm! images of
both the energetic ions and x rays.26 The technique has pre
viously been employed to measure the shape of implos
cores of ICF targets in three dimensions from alpha part
emission. A charge coupled device~CCD! x-ray penumbral
imaging camera was formed using a gold aperture of 80mm
diameter located 12 mm from the target with a magnificat
of 10. Al filters of 5mm and 25mm were used to image low
and high energy shots, respectively. A similar aperture w
used in the ion penumbral imaging camera. In this case,
CR-39 detector had dimensions of 50 mm350 mm and the
magnification ranged from 3 to 10 in the different expe
ments. X-ray pinhole cameras with;10mm resolution were
used to provide comparative information about the gr
structure around the focal spot region.

C. Focal spot size determination

To ensure that the spot size was minimized and the
tensity on target was maximized, massive glass slab tar
that had been overcoated with 200 nm thick, 10mm wide Al
alignment cross wires were irradiated with 50 mJ shots fr
the VULCAN laser and the size of x-ray emission was me
sured by the x-ray penumbral imaging camera. The tar
was then moved in the vertical plane, and a full energy s
delivered to the clean target surface. Figure 2 shows
x-ray emission spot size in the horizontal and the verti
planes for the low energy shots. It can be seen that the
spot size was 9mm full width at half maximum~FWHM! in
Beg et al.
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both planes, with an average spot size of;12 mm. The dif-
ference in focusing between a full energy shot and the lo
energy 50 mJ shots was not affected by the totalB-integral
(B) in the laser chain which was calculated to be no m
thanB50.8 at 1 ps for 24.0 J on target.

A detailed characterization experiment of the focusa
ity of the VULCAN CPA beam has been performed using
long ~3 m! focal length off axis parabola, minimizing pinhol
closure of full energy shots.25 Energy through pinhole mea
surements established that the beam was;3.5 times diffrac-
tion limited, i.e., that 50% of the energy was contain
within a 16mm focal spot for the 0.44 m focal length off
axis parabola. It has been the experience of the presen
thors that the focusability of the VULCAN beam has vari
with different experiments, and that the focal spot qua
requires regular assessment during experimental campa
The fact that the focal spot quality can be better than in
characterization experiment has been independently corr
rated by spatial coherence measurements of the fourth
monic which have shown the effective source size to be
tween 10 and 12mm,27 which are similar to the results in
Fig. 2.

D. CR-39 plastic nuclear track detectors

The energetic ion emission was recorded by CR-39 p
tic nuclear track detectors.28 CR-39 records charged nucle
particles as tracks which are etched into the surface of
detector after exposure. A separate etch track is produce
each incident ion and the dimensions and depth of pene
tion of the track enables the energy and atomic number of
ions to be uniquely determined. CR-39 detectors are se
tive to ions with energies>100 keV/nucleon. The detector
were covered in an array of up to 12 Mylar filters whic
increased in thickness by 2.5mm and eight steps of Al of
thickness 25mm. Each step is sensitive to a different ener
interval, giving an energy resolution of 0.1 MeV in the ran
0.1–6.0 MeV. In addition, a aluminum wedge of thickne
0.2 mm at one end and 1.1 mm at the other was use
measure ions with energies up to 14.0 MeV. In all shots,
piece of CR-39 was placed in the normal incidence directi

FIG. 2. Vertical against horizontal spot size determination by x-ray pen
bral imaging.
Phys. Plasmas, Vol. 4, No. 2, February 1997
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either on the chamber wall at a distance of 55 cm or at
end of an extension tube 2.5 m from the chamber center

E. X-ray and g-ray bremsstrahlung detectors

The detection of the x-ray bremsstrahlung radiation fro
the target was undertaken using an array of filtered pin
odes together with a pair of photomultiplier/scintillator d
tectors. To eliminate bremsstrahlung radiation emana
from energetic electrons and ions impinging on the wall
the chamber, collimating apertures were placed 20 cm fr
the target position inside the vacuum chamber. These c
sisted of 1.0 cm holes drilled through 20 cm of lead at
angle of 4° from the axis. Two photomultipliers~XP 2008!
detectors, located 3.0 m from the target, were encased i
cm thick lead blocks with four 1.0 cm holes~also at 4° from
the axis! which were aligned with the collimating aperture
in the vacuum vessel. The photomultiplier detectors w
filtered with 2–5 mm of lead. To eliminate fluorescence fro
g-ray traversing the lead filters, 1.0 cm thick Al blocks we
placed behind the filters. The scintillators consisted
NaI~Tl! crystals of diameter and length 2.54 and 5 cm,
spectively. The detectors were calibrated with a 1.25 M
60Co and a 665 keV137Cs source.

An array of eight Quantrad pin diodes with a 100 mm2

active area biased at2300 V were also used. These we
placed at 40 cm from the target. The active layer varied
thickness from 125 to 500mm to increase the sensitivity o
the detectors to the higher energy x-ray windows. The
sponse time of the diodes was limited by the capacitance
the mobility of the charge carriers to the ns time scale so
the signals could be observed on an oscilloscope. The c
bration of each detector was obtained from the manufac
er’s data sheets. These were checked by comparison to
work of Corallo, Creek, and Murray.29 The filters were cho-
sen to define the energy windows, as detailed in Table I

F. CCD detector for dispersionless x-ray Ka

spectroscopy

The characteristic temperature of the energetic electr
that were generated in the interaction can be characterize
measuring theKa x-ray emission that the energetic electro
induce when they pass through multilayer targets.30–35Mea-
surement of the relativeKa x-ray fluorescent emission from
two or more layers can yield an estimate of the number
energy of the electrons, taking into account~a! electron en-

-

TABLE I. X-ray filters for pin diodes detectors.

Filter pair Peak energy~keV! Energy window~keV!

10 mm Cu120 mm Al
and 40mm Ti120 mm Al

8 6–9

250mm Al and 2 mm Al 14 9–20
2 mm Al
and 250mm Cu11 mm Al

22 18–34

250mm Cu11 mm Al
and 1 mm Cu1 1 mm Al

42 28–60

250mm Ta1100mm Al
and 1 mm Ta1100mm Al

67 55–250
449Beg et al.
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ergy loss in the materials,~b! K shell ionization cross sec
tions,~c! the number ofKa photons produced by an electro
of a particular energy,~d! the x-ray mass absorption coeffi
cients of the materials in the target.

Figure 3 shows a schematic layout of the technique. T
targets consisted of: 25mm Pd on 72mm Sn; 47mm Pd on
72 mm Sn; 25mm Mo on 25mm Sn; and 12mm Mo on 25
mm Sn. The laser irradiated the Pd or Mo side of the meta
sandwich targets. These mediumZ materials were chosen s
that the number and energy of the photons detected f
each layer lay within the dynamic range of the instrume
and theK shell binding energies were high enough to mi
mizeKa fluorescence induced from the plasma x-ray em
sion but were not above the usable range of the detector.
metallic layers were mounted on 5 mm diameter washer
prevent energetic electrons being guided around the bac
the target by the self-generated magnetic field.

A 16-bit x-ray CCD ~Reticon RA1024J with 106 13.5
mm313.5 mm pixels with a 4.5mm thick depletion layer!
was used for obtaining the x-ray spectra. The CCD was u
in a single hit mode, i.e., where the collection efficiency
the CCD is chosen such that the probability that two phot
interacting with one pixel is small. In this mode the valueVp

read out from each pixel is directly proportional to the e
ergy of the x-ray photonEp . After the CCD is exposed, a
image, composed of multiple single hits, is captured a
stored on a computer. A histogram is then constructed of
number of hits againstVp and, to a first approximation, thi
histogram gives the x-ray spectrum. In this experiment,
‘‘isolated event’’ histogram, i.e., a histogram consisting
only those pixels which contain more than 98% of the ene
in a square containing 9 pixels, was used to construct
x-ray spectrum, as this greatly increased the signal to n
ratio compared with plain and ‘‘summed event’’~the spread
charge in the surrounding eight pixels of a centered even
added to the parent pixel! histograms.

FIG. 3. Arrangement ofKa instrumentation.
450 Phys. Plasmas, Vol. 4, No. 2, February 1997
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The response function of the detector is the probabi
that a photon interacts with a pixel and this can be obtai
from the mass absorption coefficients of silicon with t
thickness of the dead and the depletion layers in the C
chip together with the transmission of the 125mm thick In
filter. The detector was calibrated using a 4.1 mCi109Cd
source for a 180 s exposure. This source decays to109Ag by
electron capture and the silver emitsK shell radiation in the
ratio 83.4% at 22 keV and 16.4% at 25 keV. The detec
energy response function was found to be linear w
Ep50.0818~vp23.01! keV for photon energies between 17
keV,Ep,28.5 keV.

The resolution of the spectrometer is given theoretica
by36

dE52.3553E0SN21
0.11E

E0
D 1/2, ~1!

wheredE is the energy resolution at full width at half max
mum ~FWHM! in eV, E053.7 eV is the average energy re
quired to produce an electron hole pair, andN is the root-
mean-square readout noise of the CCD obtained by acqu
a ‘‘dark’’ image ~an image taken without x rays and the
processed in the same way as the data shots!. From a dark
image withN552, the resolution was found to be 0.5 keV
25 keV, compared to a minimum without dark noise of 0
keV. This agrees with the observed linewidths of;0.5 keV
at 20–25 keV which are much greater than the actual li
widths ~;0.5 eV!. Such a resolution means that the lin
from most ionization stages are indistinguishable.

Figure 4 shows an example of theKa x-ray spectrum
obtained when 8 J of energy in 2.5 ps was incident onto
metallic ‘‘sandwich’’ target consisting of 25mm of Pd on 75
mm of Sn. To obtain an estimate of the number and energ
the electrons byKa spectroscopy,K shell ionization cross
sections37 given by

sk57.92310214
ln~Uk!

Ek
2Uk

cm2 ~2!

~Uk is the ratio of the electron energyE to theK shell bind-
ing energyEk! which used Spencer’s fast electron ener
deposition model for electron traversing cold material, x-r
mass absorption coefficients38 and Krause’s data on the num
ber ofKa photons produced for a given electron energy w
employed.39 The targets were modeled as a series of t
planar targets. An electron at energyE0 is propagated
through the targets and the totalKa emission is calculated
for the detector placed at an angle 35° to the target norm

G. Schlieren, shadowgraphy, and interferometry
layouts

The development of many MG magnetic fields are e
pected to develop during the interaction due to the very la
density and temperature gradients~]B/]t'“n3“T! that are
generated.2,40,41 The magnetic field has been calculated
affect the overall plasma expansion profile.42 Consequently,
measurements of the plasma density profile after the inte
tion is of interest.
Beg et al.
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FIG. 4. Example ofKa x-ray emission obtained when an 8 J/2.5 ps pulse was incident onto a 25mm Pd/75mm Sn sandwich target.
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Figure 1 shows the chamber layout for the optical dia
nostics. A 1 ps, 10 mJ pulse was frequency doubled a
timed to arrive at the chamber center at the same time as
main heating pulse. The optical probe beam was incid
parallel to the target surface, i.e., at 90° to the target norm
Three channels were used for the optical probe be
schlieren, shadowgraphy, and interferometry. All imag
were captured on CCD detectors. The schlieren and s
owgraphy optical elements are shown schematically in F
5. A circular stop size of 0.27 mm diameter was employed
the schlieren photography.

Traditionally interferometry, involving a devided bea
path, requires an extremely stable environment, high qua
optical components and ultraprecise alignment to give u
able output with;1 ps pulse duration. To overcome th
problem, a self-referencing cyclic shear interferometer w
employed.43 Fringes are produced by the interference
beams which propagate clockwise and anticlockwise aro
Plasmas, Vol. 4, No. 2, February 1997
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the path ABC in Fig. 6. The beam that follows the path AC
is expanded by the telescope, while the ABC beam is c
densed. Interference takes place between the whole sp
extent of the ABC beam and a small fraction of the AC
beam. The interfering portion of the ACB beam can be co
sidered as a reference beam, which has an effective p
front having phase gradientsM2 whereM is the magnifica-
tion of the telescope. IfM is sufficiently large, then the ref
erence beam can be considered to be a plane wave in c
parison with the ABC beam.

For optimum fringe contrast, the two beams need to
of equal intensity and this is achieved by choosing a suita
reflectivity for the beam splitter. The telescope introduces
intensity ratio ofM2 between the two interfering beams. F
M54, the optimum reflectivity of the beam splitter is 6.25%
In practice, an uncoated wedged flat at 45° incidence
been found to give satisfactory performance and was use
this experiment.
FIG. 5. Optical arrangement for shadowgraphy, schlieren, and interferometry.
451Beg et al.
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III. RESULTS

A. Ion velocity and electron temperature
measurements

The targets in this series of experiments ranged from
overcoated glass slabs to Cu and CH disk targets~which
were 270 or 550mm in diameter, and 13 or 36mm in thick-
ness!. In all cases, the energetic ion emission associated
the fast electron driven plasma expansion that were meas
in the CR-39 plastic nuclear track detectors were predo
nantly from protons. These originate from a thin CH co
tamination of the target surface. No differences in the
emission was observed between the different targets ma
als which were irradiated. The ion spectra in most of
shots show an exponential decreasing profile with increa
ion energy, followed by a sharp cutoff.44 This cutoff and
surface contamination was first observed by Pearlman
Morse45 who attributed the cutoff to charge separation. T
limits the ion velocities by forming a non-neutral electr
static sheath which truncates the exponential density pro
Figure 7 shows the maximum ion energy recorded in
CR-39 detectors plotted against incident irradiance. A le
square fit to the data gives.

Emax51.26~0.3!31022@ I /~W cm22!#0.31360.03 keV.
~3!

In an isothermal rarefaction model, first proposed by T
McCall, and Williams,46 the self-similar solution for a single
ion species planar expansion has the formn5n0e

2v/c

~wheren is the density for those ions traveling at velocityv,
n0 is the density at the emitting surface andc is the ion
sound speed!. The effect of introducing charge separation
to introduce a maximum ion velocityVmax when the plasma
scale length equals the Debye lengthlD : ct5lD . Substitut-
ing the last expression into the first and solving forVmax
gives:Vmax5c ln(n0/n)52c ln~vpit! ~wheren is the density
at which thect5lD equality is satisfied andvpi is the ion
plasma frequency!. Provided that the logarithmic expressio
is slowly varying, then the hot electron temperature is p
portional toVmax

2 and thereforeEmax.
Tan and colleagues showed that the measured maxim

ion velocity is proportional to the laser intensity o
target and to the hot electron temperature, at least for lon

FIG. 6. Optical layout of the interferometer.
452 Phys. Plasmas, Vol. 4, No. 2, February 1997
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pulse duration interactions in the range 1014–331018

W cm22 mm2. Indeed,the maximum ion energies measur
under our conditions follow exactly the same scaling w
intensity as those shown by Tan and colleagues. A similar
relationship betweenThot andEmax has been confirmed in th
much more detailed theoretical model of Kishimoto, Mim
and colleagues.47

To determine the electron temperature byKa x-ray spec-
troscopy, calculations of the ratio of the number of theKa

photons from the first and second flourescent layers a
function of the electron temperature and detector respo
~as outlined in Sec. II F! are required. Figure 8 shows such
plot for electrons which have a Maxwellian distribution t
gether with the experimentally determined ratios for the d
ferent sandwich target materials irradiated. The experime
points lie within the range 70–200 keV. Electron tempe
tures deduced from different electron velocity distributio
are left to the discussion in Sec. IV.

Both the x-ray and ion penumbral imaging cameras h
to be removed for theseKa target shots because their larg
diameter obstructed the instruments. The intensity on ta
was estimated by comparing measurements of the maxim
ion energies for this data series with that established in F
7. Figure 9 shows a plot of the electron temperature aga
incident laser energy. Taking the nominal spot size ass
ated with33.5 diffraction limited operation of the VULCAN
laser, the intensities on target were in the range 1.131018

–7.031018 W cm22. However, the maximum ion energie
for all the metallic layer targets were, on average, lower th
those presented in Fig. 7, which suggests that the intens
for these targets were in the range 131017 W cm22 to
631017 W cm22.

There is an indication from Fig. 8 that the target mate
als irradiated may influence the deduced electron temp
ture, i.e., the desired temperatures are obtained by matc
the electron penetration to the target layer thickness. H

FIG. 7. Maximum ion energies recorded in CR-39 detectors plotted aga
incident intensity.
Beg et al.
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ever when these temperatures are plotted against lase
ergy, as in Fig. 9, this trend does not appear to be signific

Figure 10 shows a plot of the comparative x-ray brem
strahlung emission measured in each of the pin-diodes
photomultipliers. The data were integrated over a numbe
shots~the intensity on target was 5.0~63.0!31018 W cm22

for plastic CD targets!. It is interesting to note that it is no
possible to assign a single temperature to the x-ray emis
spectrum. Instead, the data suggests the presence of at
two electron temperatures. For instance, fitting a tempera
through the first three lowest energy points in Fig. 10 in
cates an electron temperatures in the range 1.0–3.0
Similarly, a fit through the last three highest energy points
indicative of an electron temperature of 390 keV. Howev
some care is required in interpreting these electron temp
tures due, in part, to the scatter in the measurements
more importantly, to the limited spectral range of the det
tors.

Figure 11 shows the number of 4 MeV photons plott
against incident intensity for a lowZ ~CH! materials. It is
interesting to note that the number of 4 MeV photons
creases by two orders of magnitude with a just factor of;2
increase in intensity. This is probably due to the contribut

FIG. 8. Ratio ofKa photons from the first to second layer against elect
temperature for various metallic layer targets: Solid circles~measured! and
solid line~calculated! ratios for 47mm Pd/72mm Sn; open triangle and long
chain for 25mm Mo/25 mm Sn; solid squares and dotted line for 25mm
Pd/72mm Sn; open squares and small chain 12mm Mo/25mm Sn.

FIG. 9. Electron temperature~keV! against incident laser energy~Joules!.
Phys. Plasmas, Vol. 4, No. 2, February 1997
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to the bremsstrahlung emission from the high energy e
trons at the tail end of the velocity distribution. This tail i
of course, very sensitive to both the electron temperature
to the exact form of the electron velocity distribution. Give
this, it is interesting to note that the observed dramatic
crease in the number of 4 MeV photons generated can
reproduced in calculations of the bremsstrahlung emiss
assuming a Maxwellian distribution, an electron temperat
scaling ofThot;~Il2!1/3, with an assumed hot electron tem
perature of 250 keV at 131018 W cm22.

At first there appears to be a discrepancy betweenKa

and the bremsstrahlung measurements, but the authors
lieve that this has been caused by the overestimate of
intensity on target for theKa shots. Taking this into accoun
the hot electron temperatures derived from theKa measure-
ments, theg-ray bremsstrahlung scaling with intensity an
the integrated spectrum are all consistent with each other
with a temperature scaling ofThot5100I 1/3 keV ~I is in 1017

W cm2!. This scaling is very similar to that measured wi
the HELIOS CO2 laser at Los Alamos National Laborator
~see Fig. 5 of Gitomeret al.!.13

FIG. 10. X-ray spectrum indicating the existance of at least two elect
temperatures for CD targets at average intensity 531018 W cm22.

FIG. 11. Number of 4 MeV photons measured against incident intensity
CH targets.
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The only discrepancy that arises is with the electron te
perature that is derived from Tanet al.expansion model and
these x-ray measurements.46 They showed that the hot elec
tron temperature scaled asThot530 I 1/3 keV ~I is again in
units of 1017 W cm2!, i.e., lower by a factor of 3. However
as Tanet al. themselves point out, there is a large dispar
~up to a factor of 5! between the temperatures derived fro
the expansion model and free electrons escaping from
diated targets. This may be due to the limited applicability
a single ion species plasma expansion description. While
clear that the existence of two hot electron temperatures
not be ruled out from the integrated bremsstrahlung spect
in Fig. 10 due to the limited spectral range, it is not clear t
the difference between the x-ray and maximum ion ene
methods of obtaining the electron temperature is physic
significant.

The scaling of the hot electron temperature with inte
sity is, however, markedly different from those reported
Schnürer et al.who infer a hot electron temperature scali
of Thot5I 1.0–1.5under similar conditions, albeit over a mo
limited intensity range.16 The limited spectral resolution o
the ionization chamber detector~their detector integrated a
x-rays.50 keV! and the shielding that were employed~it is
not clear that sufficient collimation was placed in the cha
ber to discriminate against energetic plasma imping
against the walls of the chamber! makes the interpretation o
their bremsstrahlung signal much more difficult.

Nevertheless, these new measurements are consi
with an extrapolation to higher values ofIl2 of the data
taken with longer pulses. The measurements described in
section strongly suggest that the dominant absorption pro
is resonance absorption.

B. Optical probing

A number of interesting observations were made whe
frequency doubled optical probe beam was used to mea
the expansion profile of the plasma after the interact
pulse. Firstly, a significant amount of plasma light emiss
masked the probe signal in interferometric measureme
The main source of second harmonic emission is that ge
ated by the relativistic current associated with electrons
ing dragged back and forth across the steepened density
file and that the harmonics are generated when the elec
bunch up as the re-enter the overcritical plasma, i.e., they
localized near to the critical density surface.4,5 To avoid this
problem, the target was very slightly tilted to mask the se
generated second harmonic emission.

Figure 12 shows a representative~a! shadowgraphic and
~b! schlieren image of the plasma profile 1.3 ns after
interaction pulse. For the schlieren, the minimum detecta
density is;1.331018 cm23 for the stop size and focal lengt
of the lens. The dark region across sectionAA8 expands in
the axial direction and across sectionBB8 along the target
surface. For lowZ targets we deduce at early times~0–14
ps! an expansion velocity of 2.33108 cm s21 ~29 keV/
nucleon!, at 260 ps a velocity of 4.53107 cm s21 and at later
times~1.3 ns! a velocity of 2.43107 cm s21 ~1 keV/nucleon!.
Extrapolating tot50 shows that the initial radius is about 7
mm when the axial position is zero. This may have be
454 Phys. Plasmas, Vol. 4, No. 2, February 1997
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caused either by the return current of the plasma or by
laser beam waste producing a plasma outside the foca
gion. It is also very interesting to note in both photograp
that light appears atr50 at the tip of the plasma surrounde
by a dark region. This implies a high density gradient par
lel to the target surface and the density appears to incre
towards the edge of the plasma.

Figure 13 shows an interferogram taken at 400 ps a
the main pulse on a 180mm thick CD polystyrene targe
when 19.3 J was incident on target in a pulse length of
ps. The density profile generated through sectionsZ1 andZ2
at 83 and 100mm from the target surface respectively a
shown in Fig. 14 by Abel inversion of the fringe shift. The
profiles clearly show a dip in the density in a cone defined
the laser spot size on the target. A divergence half angle
;16° can be deduced from the displacement of the den
peaks in the two different positions.

It is interesting to note that a similar density profile w
observedduring the interaction pulse was observed by A
twoodet al.48 for a I5331014 W cm22/30 ps/1.06mm laser
pulse. The divergence angle derived from Fig. 14 are con
tent with the results of the collimation of the plasma flo
that were reported in earlier work.42,44 This collimation was

FIG. 12. Simultaneous~a! shadowgraphic~b! schlieren images of a CH
target~diameter 550mm and thickness 36mm! irradiated at 231018W cm22

taken at a delay of at 1.3 ns with respect to the heating pulse.
Beg et al.
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attributed to the possible generation of a multi-MG magne
field that pinched the plasma flow onto the target normal@see
Fig. 7~a! in Ref. 42#.

IV. DISCUSSION

In this section, the limitations that must be considered
the Ka measurements are presented, an assessment is
of the measurements in the context of other published d
and absorption processes and finally the cause of the
temperature phenomena is briefly discussed.

The greatest uncertainty in the determination of the f
electron temperature from measurement of theKa x-ray
spectra is that the electrons are traversing and depos
their energy through cold metallic materials. If Spitzer rath
than metallic conductivity is assumed, then resistive inh
tion in significantly increased and much larger electron te
peratures~;600 keV! are required to penetrate through
the second Sn layer. Similarly, if the electrons are assum
to be monoenergetic rather than Maxwellian, then the ene

FIG. 13. Interferometric image taken at 400 ps after the peak of the hea
pulse.

FIG. 14. Density profile deduced from Fig. 14 using Abel inversion.
Phys. Plasmas, Vol. 4, No. 2, February 1997
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of the electrons needs to be increased by a factor of 3
account for the observedK alpha yield when traversing cold
metallic layers. In the latter case, these higher electron e
gies lead to unphysical energy absorption fractions and
be discounted on this basis. Other possible sources of e
are ~a! the assumption that the electrons are effectively
planar source~b! the amount of backscattered electrons h
been neglected in the calculations~c! electrons slow down
continuously in the material. Furthermore, it is assumed t
Ka fluorescence from the x-ray target plasma is negligib
which not unreasonable because the 3 keV measured ele
temperature in the target plasma in Fig. 10 must be con
ered as a upper limit, as discussed in Sec. III A.

In the light of the assumptions used in theKa measure-
ment technique, errors can arise in assigning the numbe
electrons that generate the observedKa emission. Initial cal-
culations suggest that 40% of the laser energy is transfe
to the energetic electrons that penetrate the target mate
but this figure must be treated with some caution. For
stance, Luther-Davies, Perry, and Nugent have reported m
surements for 1064 nm, 20 ps, 331017W cm22 irradiation of
Ka targets. Using the same data, they arrive at electron f
tions that differ by a factor a 5 depending upon the assum
tions used in the different electron transport models.35 Given
these constraints, confirmation of the high transference
laser energy into hot electrons deposited in the target m
await a future experimental campaign.

To place all of these measurements in the context
general absorption processes, it is instructive take Gibbo
model based upon mobile ion boosted frame of refere
particle-in-cell~PIC! calculations.9 For oblique angles of in-
cidence, ions are initially stationary and electrons are pu
out into the vacuum by a component of the electric fie
normal to the target. A time averagedv`B force acting
away from the target surface is generated, producing a
electric field that inhibits further electron exits from th
plasma. At the same time the ponderomotive force pushe
the overdense plasma, generating a shock propagating
the plasma. The same dc electric field that keeps the e
trons in the target ensures that ions are rapidly pulled out
the ion expansion proceeds, the dc electric field is carr
outwards into the shelf and the barrier that prevents effic
vacuum absorption is removed. The result is that a la
proportion of the laser energy is absorbed via the vacuum
resonance absorption processes, depending on both the
density scale length and the time required to form the
density shelf. Thus, a pulse with a temporal profile that
comparable to the ion shelf density formation time will res
in a smaller absorption fraction than one that has a m
longer duration. This may go some way to explain the d
ferences in hot electron fractions reported between differ
laboratories operating at similar intensities but with differi
pulse durations.16,49 For normal incidence ands-polarized
irradiation, the ion shelf forms much more slowly, if at a
This situation is similar to the fixed ion PIC simulation
which result in much smaller absorption fractions9 and may
go some way to explain 10% absorption results reported
Priceet al.11

In reality, the heating pulse has both an intensity pe

ng
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estal associated with the residual dispersion and ampl
spontaneous emission~ASE! in the laser chain. It also has
time-dependent pulse shape which must also be conside
All of these effects influence the initial and final dens
scale length. They provide an explanation for both the m
sured maximum ion energy and the bremsstrahlung sca
with intensity that is so indicative of resonance absorpti
Higher contrast ratio pulses have provided the signature
vacuum heating23 which Brunel first described as ‘‘not s
resonant-resonance absorption.’’8 Rippling of the critical
density surface is also known to enhance resonance ab
tion. The effects of hole boring and magnetic field formati
on the absorption processes will be the subject of furt
investigation, preferably at higher intensities when these
fects will be much more pronounced.

In Gibbon’s model, the ponderomotive pressure pus
onto the overdense plasma, causing a shock wave to tr
into the target. This shock will cause the plasma tempera
and pressure in the overdense region to rise and this e
may provide an explanation for the observed multiple te
perature phenomena. Another possible explanation for
effect may be that while;50% of the laser energy is con
tained within the focal spot, the rest is contained in the wa
of the laser beam~which is ;140 mm diameter from Sec
III B !. This area has a much lower intensity than the m
focal region, but the heating produced may still be suffici
to register on the spatially integrated x-ray detectors.21

V. SUMMARY AND CONCLUSIONS

We have reported some of the first measurements o
cosecond laser interaction with solid targets for intensities
to 1019 W cm22. We have shown that the maximum ion e
ergy scales asEmax51.2~60.3!31022 @I /~W cm22!#0.31360.03

keV. Measurements ofK-alpha x-ray spectra and x-ray/g-ray
bremsstrahlung confirm theThot;~Il2!1/3 scaling. These
measurements are consistent with a resonance absor
process when the laser intensity contrast ratio is 1:1026.
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