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Time-resolved plasma spectroscopy of thin foils heated by a relativistic-intensity short-pulse lase
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Time-resolvedK-shell x-ray spectra are recorded from sub-100 nm aluminum foils irradiated by 150-fs laser
pulses at relativistic intensities ofIl25231018 W mm2/cm2. The thermal penetration depth is greater than the
foil thickness in these targets so that uniform heating takes place at constant density before hydrodynamic
motion occurs. The high-contrast, high-intensity laser pulse, broad spectral band, and short time resolution
utilized in this experiment permit a simplified interpretation of the dynamical evolution of the radiating matter.
The observed spectrum displays two distinct phases. At early time,<500 fs after detecting target emission, a
broad quasicontinuous spectral feature with strong satellite emission from multiply excited levels is seen. At a
later time, the He-like resonance line emission is dominant. The time-integrated data is in accord with previous
studies with time resolution greater than 1 ps. The early time satellite emission is shown to be a signature of
an initial large area, high density, low-temperature plasma created in the foil by fast electrons accelerated by
the intense radiation field in the laser spot. We conclude that, because of this early time phenomenon and
contrary to previous predictions, a short, high-intensity laser pulse incident on a thin foil does not create a
uniform hot and dense plasma. The heating mechanism has been studied as a function of foil thickness, laser
pulse length, and intensity. In addition, the spectra are found to be in broad agreement with a hydrodynamic
expansion code postprocessed by a collisional-radiative model based on superconfiguration average rates and
on the unresolved transition array formalism.

DOI: 10.1103/PhysRevE.66.066412 PACS number~s!: 52.50.Jm, 52.70.La
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I. INTRODUCTION

In recent years, the technology of ultrashort laser pu
generation has progressed to the point that 100-fs op
pulses, amplified to energies of a few hundred millijoul
corresponding to focused intensities exceeding 1018 W/cm2,
are routinely produced. Such intensities can be used to
solid materials to elevated temperatures with minimal hyd
dynamic expansion, producing an extremely high ene
density state of matter for a short period of time@1#. Because
of the extreme conditions reached, studies of this type ar
fundamental interest to laboratory astrophysical investi
tions in addition to the obvious significance these plasm
have for research on bright x-ray sources. The experim
presented here employs improved instrumentation that
mits a measurement of the time evolution of the plasma h
ing that extends and sometimes contradicts previous idea
the mechanisms involved. The principal experimental
hancements lie in the use of shorter time resolution~500 fs!,
larger crystal x-ray spectrometer energy range~400 eV!, bet-
ter control and management of the laser pulse ene
contrast, and higher, relativistic, laser intens
(>1019 W/cm2). The higher intensity used in this exper
ment is required to obtain sufficient radiated energy to per
detection over the wider energy range used here. Taken
gether these permit a much better picture of the evolution
the laser plasma interaction.

Many groups have recorded x-ray spectra emitted fr
solid targets heated with an ultrashort laser pulse@2–9#.
1063-651X/2002/66~6!/066412~10!/$20.00 66 0664
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Typically, these experiments have been performed with
laser light focused on a thick solid target. With a pulse sho
ing a high intensity contrast between the pedestal and
peak, inverse bremsstrahlung heats the first tens
nanometers—several skin depths—of the overdense inte
tion region, while high energy electrons, produced by re
nance absorption, heat the solid matter deep inside the ta
These effects are amplified by the use ofP polarization,
which favors resonance absorption and increases the
electron population. The suprathermal electrons deposit t
energy far from the laser focal spot@10,11#, so that large
scale length longitudinal and radial spatial gradients are p
duced in these thick targets. Because of the temperature
density gradients, the resulting x-ray emission from t
plasma with extreme temporal dynamics is very difficult
interpret. Finally, although some of these previous exp
ments have used fast x-ray streak cameras to time reso
(;1 ps) the x-ray emission@12–14#, most experiments have
been performed with time-integrated x-ray diagnostics.

In this paper we extend and refine these previous stu
through a detailed spectroscopic analysis of the subpico
ond dynamics of theK-shell emission from ultrathin alumi
num foils heated with a high-intensity, high contra
ultrashort-pulse laser. The small thickness of the fo
(,100 nm) was chosen to minimize the uncertainty in o
dimension in the heating and cooling rates due to heat c
duction @13,15#. Indeed, with foil thickness much smalle
than the thermal penetration depth@15#, the entire target
should be heated uniformly at constant density if elect
©2002 The American Physical Society12-1
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conduction can propagate the laser heating over the
thickness before significant hydrodynamic motion occu
The spectral region that includes the He-like transitio
1s2-1s2p, Hea , 1s2-1s3p Heb , and 1s2-1s4p, Heg and
the associated satellite line transitions was recorded usi
time-resolved crystal spectrograph. The experimental sp
trum recorded in the first 500 fs after detecting target em
sion is dramatically different from that recorded in previo
experiments. In this initial time, unexpectedly strong em
sion of a broad satellite spectrum is observed. In the next
fs, He-like resonance line emission begins to increase r
tive to the satellite emission, and the spectrum integra
over several picoseconds is dominated by line emission,
coming the same as that observed in the previous stu
cited above.

We interpret the spectral data with a simple atomic ph
ics model that compares the number and volume of the
that emit resonance lines to the number and volume of th
emitting the associated satellites. This model leads to
conclusion that the heating, although uniform in the longi
dinal direction, is not uniform over the transverse area of
foil. In fact, there appears to be a heating mechanism
results in two different spatial plasmas. Initially, during t
laser pulse, fast electrons, produced by intense laser
acceleration in the laser spot and an associated return cur
heat an extended volume of the foil. After the pulse, the
electrons rapidly thermalize~100 fs time scale! and the
plasma in the extended volume relaxes to a uniform l
temperature plasma of several hundred eV. The assoc
production of ions with multiply excited levels in this ex
tended volume results in the observed satellite emission.
laser spot attains a temperature of several keV during
laser pulse, and emits primarily He-like resonance lines. F
lowing the first 500 fs after detecting target emission, cool
by expansion becomes important, the satellite emiss
weakens, and the emission of resonance lines from the
laser spot dominates. The duration of the spectral line em
sion was found to be on the order of 2 ps, the same as
observed in earlier studies, but with the difference that
resonance lines appear later in the foil heating phase
was supposed previously. To obtain more detailed dyna
information, the spectra recorded in this experiment w
also compared to simple hydrodynamic simulations invo
ing level populations, line intensities, and spectral sha
calculated by a collisional-radiative model@16# using the su-
perconfiguration approximation@17#. The plasma parameter
were varied until the linewidths, peaks, and shapes matc
the data for all times, producing a reasonable estimate of
temporal evolution of the plasma conditions.

Previous studies, based on spectral diagnostics with p
second or greater time resolution, yield a spectrum equ
lent to the time-integrated result of this experiment a
therefore, do not contain information on the dynamical e
lution of the plasma. For this reason, some of the previ
investigations have led to erroneous conclusions abou
two-temperature distribution in the laser spot. Especially s
nificant is our conclusion that a high intensity, short las
pulse incident on a thin foil cannot create a uniform hot a
dense plasma. This is because, at high intensity~even with a
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high contrast laser pulse!, most of the energy in the laser sp
is converted into fast electrons that heat the target bulk
erally beyond the laser spot. The early time satellite emiss
we observe is the signature of a high density low tempera
plasma. This spectrum is overwhelmed at a later time by
line emission that was seen in previous experiments. For
targets, therefore, the initial laser created plasma has a
low temperature in a large area surrounding the hot la
spot, emitting a satellite spectrum that at a later time is do
nated by the line emission from the smaller hotter laser-s
plasma.

The paper is organized as follows: In Sec. II we descr
the instrumentation and experimental setup, in Sec. III
present the spectral data, which is analyzed in Sec. IV; an
Sec. V we present a summary and conclusions.

II. EXPERIMENT

The experiments were performed at the Lawrence Liv
more National Laboratory ultra short-pulse laser facility. T
laser has been described in detail elsewhere@18#, so only a
brief description will be given here. The laser utilizes chirp
pulse amplification to generate high energy, 150-fs-durat
pulses. The pulses from an 82-MHz Ti:sapphire oscillator
temporally stretched and amplified in three stages: a reg
erative amplifier, followed by a five-pass power amplifie
and finally a large aperture two-pass power amplifier. T
pulses are compressed in a vacuum compressor, frequ
doubled with a 1.5-mm-thick potassium dihydrogen pho
phate~KD*P! crystal, and focused on a target with anf /3.5
off-axis parabola. The energy on the target is measured t
from 150 to 200 mJ at 400 nm wavelength and can be
cused to a full-width at half-maximum~FWHM! spot size of
2 mm. Equivalent plane images indicate that 53% of t
laser energy was located in the 1/e2 central spot.

A significant effort was made in the experiment to su
press any prepulse or pedestal and to insure high cont
high-intensity pulses. The laser output pulse duration w
monitored on a shot-to-shot basis, by imaging the zero-or
reflection from the compressor grating into a spectrome
To minimize the probability of a pulse with tempora
‘‘wings’’ being used in the experiment, pulses deviating mo
than 10% from the initial 100-fs Gaussian pulse were sh
tered and prevented from further amplification. The phase
the pulse also was monitored on a shot-to-shot basis wi
frequency resolved optical gate system@19#, so that data
from poorly compressed pulses could be rejected. The le
of amplified spontaneous emission~ASE! is also of critical
concern in laser ultrathin foil interaction, since focused AS
can cause target expansion before the ultrashort pulse he
occurs. To suppress ASE, the laser pulse was freque
doubled with a 1.5-mm-thick KD*P crystal. Distortions i
the time and space profiles of the pulse introduced by
frequency doubling were controlled by measuring the sp
trum and energy of the frequency-doubled laser light, a
adjusting the energy until an undistorted frequency spect
was produced. A high-dynamic range, third-order, scann
autocorrelation measurement was performed on the 800
pulse, with results indicating that the fundamental frequen
2-2
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pulse had an intensity contrast ofI background/I peak'1025 at
1.5 ps before the peak of the laser pulse. This level of c
trast is further enhanced~approximately squared! by fre-
quency doubling. A low-dynamic range (1024), single shot
autocorrelation was performed on every shot and used
monitor the pulse width, while a calorimeter was used
measure the energy on target. To check for any ASE eff
the unseeded pulse was focused on the 25-nm foil target
no damage was observed, suggesting that no measurab
fect exists. The contrast between the pulse and prepulses
to leakage of the regenerative amplifier, was also meas
and found to be below 1012. As an additional check of the
temporal contrast, an energy monitor was placed behind
targets during the shots and no transmitted energy was
tected through the foils. Because of all the precautions ta
in this experiment to insure the suppression of pulse pe
tals, we believe that the plasma density scale length is
defined by the expansion of the plasma due to the heatin
the 100-fs laser pulse.

To minimize resonance absorption and hence reduce
production of fast electrons, the experiments were condu
with S-polarized light. A 22.5° angle of incidence~relative to
target normal! was chosen in order to collect specular lig
for alignment and to protect the laser chain. A peak la
intensity of 1019 W/cm2 (Il2'231018 W mm2/cm2) was
used. The pulse duration could be varied from 150 fs to 1
by increasing the distance between the two gratings of
compressor. The increased pulse duration reduced the m
mum focused laser intensity to about 1018 W/cm2. In addi-
tion, the focal spot size could be increased by insertin
variable diameter aperture in the beam path, resulting in
increase in thef number of the off-axis parabola. The in
creased spot size faciltes the study of targets irradiated
laser pulses at irradiances between 1017 W/cm2 and
1019 W/cm2.

The emitted x-rays were collected with a 500 fs tim
resolution streak camera interfaced to a dual-crystal V
Hamòs @20# x-ray spectrograph, schematically illustrated
Fig. 1. The streak camera was small enough to fit inside
vacuum chamber, allowing the entrance slit to lie along
focusing axis of the crystals. The dual-crystal design allow
simultaneous collection of time-resolved data from multip
He-like spectral lines. Two RbAP crystals were bent to
and 3.0 cm radii to collect time-resolved data from the Ha
transition and the Heb and Heg transitions, respectively. Th
spectral data were focused onto the 25.4-mm long, 150-mm
wide entrance slit of the streak camera. Because of the
streak camera sweep speed~2.6 ps/mm!, the transit time dif-
ference for x-rays reflecting off the two crystals produce
spatial gap between the streaked data from the respe
crystals. The transit time difference of the x-rays at differe
wavelengths, reflected off a single crystal, was used to c
brate and check the linearity of the sweep for each shot.
streaked data were intensified and collected with an im
intensifier mated to a 102431024 charge-coupled devic
~CCD! camera. The x-rays emitted with energies between
keV and 1 MeV were characterized using a scintillator~di-
ode! array. Eight filtered NaI scintillators coupled to phot
multipliers were used for detection above 30 keV, and th
06641
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filtered x-ray diodes were used for detection below that
ergy. The thicknesses of the scintillators and of the filt
~Al1Pb! were chosen to ensure that the x-ray spectra co
be reconstructed from their output. The spectra were foun
resemble a Maxwellian that could be fitted with a sing
temperature with good reproducibility. The temperatu
were found to be between 120 and 200 keV, depending
the laser energy. Finally, no spatial information was availa
from the streak camera record as the spatial resolution of
streak camera is larger than the focal spot.

To examine the effect of target size, three free-stand
aluminum target thicknesses—25 nm, 50 nm, and 75 nm
were used. Each foil was suspended over an array of
mm-diameter holes in a ceramic substrate. The 1.7 mm
ameter foil area was destroyed and replaced after each
In Fig. 1 the data for the case of a 150-fs, 231019-W/cm2

laser pulse incident on a 50-nm-thick Al foil target is di
played as a function of the streak camera sweep time.
transit time difference for x-rays reflecting off the two cry
tals is responsible for the spatial gap between the strea
data in the two frequency ranges. Both traces are incli
because of the time delay due to the path difference betw
low and high energy photons.

III. SPECTRAL DATA

The intensity data of Fig. 1 are presented again in Fig
in a plot of x-ray wavelength vs target arrival time. Th
spectra are corrected for streak camera CsI photocathod
sponse, image intensifier gain, different solid angles of
crystal x-ray reflection, and time difference related to t
different path lengths. All the traces analyzed in the follo
ing have these corrections applied to the raw data. The p
tions of the He-like resonance lines and their associated

FIG. 1. ~Color! Experimental setup of the laser focusing a
dual-crystal x-ray collection. Typical data obtained for a
31019 W/cm2, 150-fs pulse incident on a 50-nm Al foil. The uppe
trace shows the Hea line transition and Li-like dielectronic satel
lites. The lower trace shows the Heb and Heg line transitions.
2-3
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FIG. 2. ~Color! Time-resolved data for the same conditions as Fig. 1. The time axis is that of the x-ray arrival time at the target. Th
spectrum from Heg ~6.314 Å! to Hea ~7.757 Å! is displayed in one data record.
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Be-, and B-like satellites have been identified in the figur
Several traces of the time-resolved data of Fig. 2 over

spectral range from Heb to Heg are presented in Fig. 3. Th
spectrum is displayed both at early time and at the time
peak emission with the same intensity scale. The backgro
due to noise is indicated to demonstrate that the early t
spectrum is in fact Al emission and the time-integrated d
is presented for a final comparison. The initial spectrum
recorded over the first 500 fs, starting at the time when em
sion exceeded the background and the peak emission da
taken 3 ps later. It is to be emphasized that the featu
observed in the initial spectrum are reproducible and are w
above the background noise level. It is important to note t
the integrated intensity of the initial emission in the spec
region between 6.35 and 6.55 Å is comparable to the in
grated intensity of the initial resonance lines ('0.2 of Heb).
This strong emission between the two He lines has b
found, see Sec. IV below, to originate from doubly excit

FIG. 3. Spectral traces of Fig. 2 data in the region from Heg to
Heb ~see text!.
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1s2l4l 8 levels@13,21#. At the initiation of the emission, Heb

and Heg appear as broad features and only later emerge
the narrow lines seen in the peak emission and time in
grated data.

In Fig. 4 we again omit the Hea spectra to simplify the
display of the data and present the reduced Heb and Heg
spectra for the 25 nm, 50 nm, and 75 nm foils irradiated
231019 W/cm2. Results for two heating pulse durations
150 fs and 1 ps are shown. In addition to the correctio
described above, the spectra from the three target thickne
have been adjusted to account for the different numbe
emitters. This emitter-number scaling is convenient as it
sults in the same order of magnitude for the x-ray intensi
of all six spectra. Note that as in Fig. 3, the resonance li
Heb and Heg barely emerge from an intense continuum du
ing the rising edge of the laser pulse, become very broa
the peak of the laser pulse, and narrow at much later tim
Previous experimental emission spectra of similar near-s
density, sub-100-nm foils, with picosecond time resoluti
can be found, for example, in Refs.@14,22#, and are in agree-
ment with the time-integrated spectrum of Fig. 3. An impo
tant observation from the present experiment is that the t
duration of the Heb and Heg lines is shorter as the foil thick
ness increases, for both laser pulse widths. Note also tha
strong satellite emission between these two lines that or
nates from doubly excited 1s2l4l 8 levels @21# decreases
with foil thickness. When increasing the laser pulse wid
from 150 fs to 1 ps, the emission duration of the Heb and
Heg resonance lines also increases. Furthermore, the in
sity of the satellite emission relative to the Heb and Heg
resonance line intensities seems to be independent of
laser irradiance, even when the laser intensity is decrease
two orders of magnitude.

The Hea line, near 7.757 Å, also exhibits strong satelli
emission. Several groups of Li-like satellites appear on
long wavelength~red! side of Hea . Similar to the satellites
observed between Heb and Heg , the red satellite emission
increases in intensity as the foil thickness is increased
2-4
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FIG. 4. ~Color! Time-resolved data for the spectral range covering the region from Heg ~6.314 Å! to Heb ~6.635 Å! line transitions. The
upper~lower! series corresponds to a laser pulse duration of 1 ps~150 fs!. Left, 25 nm; center, 50 nm; right, 75 nm. The time origin coincid
with the peak of the laser pulse.
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addition, an extended wing appears on the short wavele
~blue! side of the resonance line. This blue wing is strong
apparent at the peak of the laser pulse, but changes in
blue satellite line at later times. Recently, this blue satel
line has been attributed@23,24# to dielectronic satellite tran
sitions originating from collisionally redistributed 1s2l3l 8
Li-like levels. We note that the blue wing emission durati
is fairly short ('4 ps) and that a similar wing appears on t
blue side of the Heb line around 6.59 Å.

IV. DATA ANALYSIS AND RESULTS

We use the observed relative intensity of the resona
lines to the associated satellites, e.g., see Fig. 3, to obta
physical picture of the initial phase of the laser heating.
first analyze the spectral data with a simple atomic phys
model based on a calculation of the number and volume
the emitting ions. The fact that at early time the plasma
not yet undergone significant hydrodynamic expansion
that the ions remain at solid density provides a starting p
for the analysis. By estimating the relative intensity of t
satellite to line emission, we can obtain the relative num
of ions emitting satellites to the number emitting resona
lines, and, employing the experimental intensity ratio, fi
the volume of emitting material. This calculation provid
the foundation for the interpretation that the initial ener
deposition creates a large volume, low temperature pla
surrounding the hot laser-spot plasma.

To calculate the intensity distribution between t
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resonance lines and the associated satellites, we conside
ratio of the Heb line to the satellites that are well separat
from it. This means that we include the transitio
(1s)(2s2p)(4s4p4d4 f )→(1s)2 (2s2p) –we use the super
configuration notation, see below—but not the transitio
(1s)(3s3p3d)(4s4p4d4 f )→(1s)2 (3s3p3d), which are
very close to the resonance line. The satellite to Heb reso-
nance line intensity ratio observed in the first 500 fs c
be measured to be 0.2 in Fig. 3~see thin solid line!. The
states that give rise to the satellites from t
(1s)(2s2p)(4s4p4d4 f )→(1s)2 (2s2p) configuration can-
not exist in a high temperature~i.e., T must be less than
'200 eV) plasma. On the other hand, the Heb transition can
not exist in a low temperature~i.e., T must be greater than
'500 eV) plasma. Thus we have only one possible expla
tion and that is the two emission signals arise from differ
temperature regions. The situation at a later time, on
picosecond time scale, is well described by a single temp
ture and line radiation is observed to dominate, implying t
a uniform density plasma is attained only after hydrod
namic expansion.

To find the volume ratioV between the two initial plas-
mas, i.e., the hot laser spot and the surrounding low temp
ture volume heated by hot electrons, we calculate the in
sity ratio between resonance and satellite emission, assum
solid density. We choose 150 eV as the temperature of
low temperature plasma, as this maximizes the numbe
ions that emit He satellites when we determine the ion po
lations using the collisional-radiative model described belo
2-5
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The temperature of the hot laser spot is taken to be 1.7 k
the temperature that best fits a simple simulation of the re
nance line time history using a hydrodynamic foil expans
coupled with a time-dependent atomic population kinet
model physics analysis. This simulation will be described
detail later in this section. We note that using 1.5 or 2.0 k
does not effect the time history of the resonance line, in
manner that would modify the physical picture of the heat
mechanism. With these values, we equate the calcul
emission ratio to the observed ratio:

@VIs~150!1I s~1700!#/@VIr~150!1I r~1700!#50.2, ~1!

where I s(T) and I r(T) are the intensity of the satellite an
resonance line emissions at temperatureT, respectively and
0.2 is the observed intensity ratio. At 1.7 keV the local th
modynamic equilibrium~LTE! number density of the (1s)
3(3s3p) ions emitting Heb is 0.1431020 cm23 and the
number density of the satellite emitters (1s)(2s2p)
3(4s4p4d4 f ) is 0.8131017 cm23. The radiative decay rate
value for Heb is 4.8431011 s21 and for then54 satellites is
1.631011 s21, where the statistical weight 512 has been
cluded. We note that for these assumed conditions the s
lite to line intensity ratioI s(1700)/I r(1700)51.931023, so
that as expected, the high temperature plasma has little
ellite emission. In LTE, at 150 eV, the number density of t
upper manifold of Heb is 0.3931018 cm23, and the number
density of the manifold of n54 satellites is 0.55
31018 cm23. Thus, we haveI s(150)/I r(150)50.46 and sig-
nificant satellite emission is found for this plasma. Substit
ing into Eq. ~1!, we find thatV, the ratio of volume of the
two plasmas, is 27, and since the depth of the two plasma
the same, the plasmas occupy areas with radii having a
of 5. This straightforward calculation shows that the init
(,500 fs) emitted spectrum is consistent with a two-plas
model. A plasma with an area large compared to the la
spot is heated to a low temperature~150 eV!, while the
smaller laser spot has a higher temperature~1.7 keV!.

Initially, the electrons in the laser spot are accelerated
the strong laser radiation field to a high energy, the la
quiver energy is'150 keV for the maximum laser irradi
ance used. These high energy electrons experience few
lisions when they are in the field of the laser. Indeed, th
mean free path is large compared to the foil thickness, so
they spread over a surface much larger than the initial fo
spot and lose their energy in a few hundred femtosecond
multiply excited ions and thermal electrons, creating a la
area, low temperature plasma. This is the primary mec
nism for the initial transverse spatial heat transfer. The fl
of these hot electrons produces a charge separation bec
of the larger mass of the ions, resulting in a large elec
static field. This potential energy is damped by the accele
tion of ions out of the solid target, which also can be sho
to take place on a time scale of several hundred femto
onds@25–27#. The inward flow of hot electrons returning t
the target after being expelled is compensated by a coun
streaming flow of cold electrons from the target which ne
tralizes the hot electron flow. This is a mechanism that a
over a large area of the foil, and is an additional factor in
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nonuniform radial distribution of electron temperature. T
hot laser spot, which has a temperature of a few keV, em
primarily resonance radiation. At a later time, hydrodynam
cooling means that the emission from the laser spot w
dominate.

To perform a more detailed analysis of the initial heati
phase, we first note that scaling laws for the characteri
plasma parameter lengths have been obtained from a
consistent analytical model of the anomalous and nor
skin effects in plasmas with a step density profile@28#. Re-
sults show that for pulse durations'100 fs, the skin depth is
larger than the displacement of the critical density surface
to an intensity of 1017 W mm2/cm2. Above this irradiance,
the laser pulse interacts with an expanding plasma of fi
electron density gradient scalelength. The one-dimensio
~1D! particle-in-cell~PIC! simulations performed by Lawso
and his collaborators@29# for generic conditions of 100 nm
foils irradiated by 100 fs pulses at relativistic intensities a
of interest in confirming the heating model presented abo
These calculations show@30,31# that, for the laser irradiance
used in our experiment, a large fraction of the absorbed la
energy~about 10%! does indeed produce the electrons at
laser quiver energy that are responsible for heating a br
area of the foil and for creating the conditions that fav
satellite line emission. This is also confirmed experimenta
by the data from the hard x-ray scintillator~diode! array that
show that a large fraction of the absorbed laser energ
transferred to electrons at the laser field quiver energy. Si
lations performed for slightly thicker foils (.100 nm) using
a 2D PIC code also show that the high energy electro
spread over a surface larger than the initial focal spot@22#
with a return current compensated by a cold electron cur
counterpart that neutralizes the hot electron flow.

In the initial phase, most of the fast electron energy
transferred to the ions and electrons in the large area,
temperature plasma. However, the average electron en
remains on the order of tens of keV@25# and the electron
density is still quite high. To estimate the thermalization tim
for the hot electrons created in the laser spot after the
electrons have been created, it is important to have an a
rate description of their energy budget. We thus investig
the processes by which the electrons with energies above
keV are degraded to a few hundred eV, where multiply e
cited ions become the most important species and sate
lines dominate the emission. The hot electrons therma
with the cold electron backgound on the time scale given
the equilibration time for two-temperature electron distrib
tions @32#:

tee'~1.73105/nelee!~Thot1Te!
3/2, ~2!

where lee is the Coulomb logarithm. For ne51023 cm23,
assuming a bulk temperature of 500 eV, and with a hot e
tron temperature of 10 keV, Eq.~2! yields a relaxation time
of '250 fs. Thus, after a few hundred femtoseconds
electron distribution function becomes Maxwellian. The 1
PIC calculations incorporating collisions@25# confirm this re-
laxation time and show also that the characteristic temp
ture decreases very rapidly. In fact, the data displayed in
2-6
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4 show shorter resonance line emission durations for thic
foils. The thicker the foil, the smaller is the amount of h
drodynamically expanded matter relative to the bulk.

To obtain detailed information on laser plasma emissi
an investigation using hydrodynamic simulations postp
cessed by a collisional-radiative model@33# is usually per-
formed. This analysis is not possible for the present sh
pulse high-intensity experimental conditions because
fluid description of hydrodynamics codes fails for this ca
As shown byPIC simulations, the ponderomotive pressure
the laser light in this experiment is much higher than
thermal pressure. However, because we expect quite uni
temperature and density conditions in the direction perp
dicular to the target surface even for times larger than 50
after laser peak, we can follow the expansion of the foil w
a 1D hydrocode,FILM @34#. Because we cannot couple th
laser radiation field to the electrons in the foil, an initi
condition —the value of the temperature of the laser spo
the longitudinal direction— is introduced. This arbitrary in
tial foil temperature is a variable parameter, determined
these simulations to obtain the best agreement with exp
ment. The time resolved spectra are calculated us
TRANSPEC@16# as a postprocessor.TRANSPECis a 1D planar,
radiation dependent, collisional-radiative spectroscopy co
The basic version models time-dependentK-shell emission
and can act as a postprocessor for any plasma hydrodyn
ics simulation. The radiation is coupled self-consistently w
the populations in an iterative procedure. The populations
obtained by linearization and line transfer is compu
within the core saturation approximation. In simulations
the time-dependent populations of Al plasma ions, only l
transfer of the resonance lines Hea , Heb , and Ha , Hb has
been taken into account, since all other lines are optic
thin. For the treatment of bi-Maxwellian electron distrib
tions, the model can also handle two different electronic te
peratures, at one ion temperature. A fast and accurate in
routine that calculates H-like and He-like Stark profiles h
been added for the simulations performed here.

Because satellite lines contribute a large intensity to
emission, a great number of levels were required to mo
the spectrum, resulting in an extremely large population m
trix in the collisional-radiative model. To reduce the size
this matrix, superconfiguration accounting was performed
all the ions from Al I to Al XI. This drastically reduces th
total number of detailed levels and the number of configu
tions incorporated in the collisional-radiative populati
model. We included superconfigurations with quantum nu
bers up ton55 and superconfigurations with a vacancy
the 1s shell in the accounting for the ions treated in o
simulations. As an example, we show in Table I a list of the
superconfigurations used in the model for the Li-like io
Next, theAVERROES@17# code was used to calculate the co
lisional and radiative rates as well as the mean energies
variances of all the possible electron radiative transitio
Finally, these quantities were stored andTRANSPECwas used
to calculate the time-dependent populations, the emissi
and the opacity of the plasma.

It is well known that the creation of suprathermal ele
trons during the laser pulse can lead to a distortion of
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nominal ionization balance by the inner-shell ionization p
cess. It has been shown@11,35# that this affects mainly the
H-like fraction as compared to the lower charge states. Ho
ever, for the very high density plasma created here, wh
the hot electrons lose their energy primarily by ion accele
tion due to laser-induced electron-ion charge separation,
ionization balance rapidly settles to a steady state. To ve
that the steady state ionization balance is attained, we
formed collisional-radiative calculations incorporating inne
shell ionization, with the result that the ionization due to
burst of fast electrons does not change the average ch
state. We performed further simulations with a 500 fs bu
of 10–100 keV electrons, where the hot electron energy c
tent was assumed to be 8% of the laser energy. These a
tional electron bursts did not change the spectral shape o
Heb and Heg transitions nor the features in the spectral
gion between them.

The accuracy ofTRANSPECwas checked for several den
sity and temperature combinations withHULLAC @36#, a de-
tailed atomic physics code. To verify that the superconfig
ration accounting provides a representation of more deta
calculations of emission, aHULLAC calculation was per-
formed with 3553 levels. The 3553-levelHULLAC model is
compared to the 140-superconfiguration-level combinati
employed inTRANSPEC ~AVERROES! in Fig. 5 for a steady
case. There is good qualitative agreement between the
codes, and we can evaluate the accuracy of theTRANSPEC

~AVERROES! approximation compared to the more detail
HULLAC model.

In Fig. 6 we display the experimental andFILM simulation
histories of the Heb and Heg lines obtained from a 50 nm an
75 nm foil heated to 1700 eV and 1200 eV, respectively. T
data is convolved with a 2-ps FWHM Gaussian to take in
account the finite time resolution of the spectrometer coup
to the streak camera. The main features of the time-reso
spectra are reproduced quite accurately. We note that
determination is sensitive to the maximum foil temperatu

TABLE I. Partial list of superconfigurations used for the Li-lik
stage of aluminum.

Name Energy~eV! Degeneracy

(1s)2 (2s2p) 0 8
(1s)2 (3s3p3d) 240 18
(1s)2 (4s4p4d4 f ) 322 32
(1s)2 (5s5p5d5 f 5g) 359 50
(1s)(2s2p)2 1568 56
(1s)(2s2p)(3s3p3d) 1825 288
(1s)(2s2p)(4s4p4d4 f ) 1908 512
(1s)(2s2p)(5s5p5d5 f 5g) 1946 800
(1s)(3s3p3d)2 2097 306
(1s)(3s3p3d)(4s4p4d4 f ) 2186 1152
(1s)(3s3p3d)(5s5p5d5 f 5g) 2225 1800
(1s)(4s4p4d4 f )2 2279 992
(1s)(4s4p4d4 f )(5s5p5d5 f 5g) 2320 3200
(1s)(5s5p5d5 f 5g)2 2362 2450
2-7
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FIG. 5. ~Color! Theoretical spectra of the Hea –Hed wavelength regions and two-electron satellites. The electron temperature is 20
and the electron density is 1023 cm23. Vertical bars denote individual transitions calculated byHULLAC ~black, H-like lines; red, He-like
lines; green, Li-like lines, blue, Be-like lines; pink, B-like lines!. The solid black line is theTRANSPECresult.
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For example, if the temperature is lowered to 500 eV
raised to 5 keV, no agreement could be obtained@see Figs.
6~a! and 6~b!#.

Since we assert that the satellite lines from ions l
charged than Al XI play a significant role in the early tim
spectra observed for the range of densities and tempera
in the present experiment, we have calculated the spe
originating from the high-lying (n>3) doubly excited levels
in order to illustrate their importance. In Fig. 7 we compa
TRANSPECspectra calculated with and without the satellit
from ionization stages lower than Li-like~Li-like and He-
like satellites are treated as individual lines inTRANSPEC!.
Without the high-n satellite transitions, several important l
features that clearly are observed to fill the spectral reg
between the Heg and Heb resonance line transitions are mis
ing in the spectrum. The missing features are identified as
Be-like satellites around 8 Å, the satellites of Heb around 6.8
Å, and then54 satellites around 6.5 Å.

We show in Fig. 8 a comparison of the simulation to th
traces of the spectral region between the Heb and Heg reso-
nance lines as a function of time. The simulations have b
scaled to match the experiment. We can see that the det
features of then54 satellites are not well reproduced for
06641
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number of reasons. First, the averaging process inheren
the superconfiguration approach does not permit the deta
reproduction of small-scale spectral features. Second,
calculation of the reabsorption was performed using the
tistical width for the superconfiguration instead of the ind
vidual Stark-broadened linewidths. Third, and finally, w
have assumed a 1D expansion with a homogeneous de
over the entire focal spot.

V. SUMMARY AND CONCLUSIONS

We have performed a spectroscopic analysis of
K-shell emission from relativistic aluminum plasmas crea
from ultrathin foils heated with a high-intensity, high con
trast, ultrashort-pulse laser. The small foil thickness in t
experiment minimized thermal gradients in the longitudin
direction and allowed a simple physical interpretation of t
spectral data. We found that when such a foil is heated w
a short laser pulse, the laser accelerates fast electrons
through space charge separation, rapidly transfer their en
to ions with multiply excited levels and core vacancies th
emit a broad satellite spectrum. The associated return
rents contain colder electrons, and accordingly a large are
2-8
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TIME-RESOLVED PLASMA SPECTROSCOPY OF THIN . . . PHYSICAL REVIEW E66, 066412 ~2002!
the foil ~compared to the laser spot! rapidly attains a uniform
and quite low temperature'100 eV. The near solid densit
plasma in the laser spot is found to have an initial tempe
ture ' 1 keV. This sequence of events is reflected in
initial time-resolved spectrum recorded in the first 500
after initial target emission, which displays intense satelli
along with the He-like resonance lines. This spectrum
been successfully interpreted using a simple hydrodyna

FIG. 6. Time-resolved spectra of Heg @~a! and~c!# and Heb @~b!
and ~d!# for a 50-nm@~a! and ~b!# and a 75-nm@~c! and ~d!# foil.
Laser pulse duration is 150 fs and laser intensity is
31019 W/cm2. The dots are the experimental data. The tempo
position of the laser pulse is indicated but the time origin is diff
ent from that in Figs. 2 and 4. Solid lines give the simulation fo
temperature of 1700 eV@~a! and~b!# and 1200 eV@~c! and~d!#. For
the 50-nm case@~a! and~b!#, simulations results for 500 eV~dotted
line! and 5000 eV~dashed line! are also shown. Simulation an
experimental results are scaled to the maximum of the experime
intensity.

FIG. 7. TRANSPEC spectra at 250 eV electron temperature a
331022 cm23 ion density including ~solid line! or excluding
~dashed line! satellites originating from the high-lying (n>3) dou-
bly excited levels of ions less charged than Li-like aluminum.
06641
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expansion model for the laser-spot heating in tandem w
TRANSPEC ~AVERROES! to determine by best fit to the ob
served spectrum, an initial temperature of 1.7 keV for the
nm-foil. An assumed initial temperature in the laser spot
1.2 keV was required for the 75-nm foil. With these valu
for the laser-spot temperature, a second plasma temper
is required to account for the intense satellite emission T
second plasma was shown to have an area 25 times the
spot area and a temperature of 150 eV. These plasmas
sequently cool primarily by hydrodynamic expansion and
resonance line radiation from the hot laser spot dominate
later time, so that in the time-integrated spectrum the sate
contribution is barely discernable.

The atomic physics of very high intensity (Il2>2
31018 W mm2/cm2) laser solid interaction is far from bein
fully understood. Nevertheless, the importance of sate
transitions from doubly excited levels in low-charged io
has been evidenced here. Our work has important impl
tions for the study of the influence of non-Maxwellian di
tribution functions on the population dynamics of mul
charged ions. We also have shown the usefulness of
nonlocal thermal equilibrium superconfiguration approa
which accounts for the overwhelming multiplicity of the e
cited levels of multicharged ions, in the collisional-radiati
modeling of hot, dense, and highly transient plasmas. T
recorded spectra were compared to simulations involv
simple hydrodynamics, level populations, line intensitie
and spectral shapes calculated by a collisional-radia

l
-

tal

FIG. 8. ~Color! Time-resolved spectra of Heg and Heb lines for
a 50-nm foil at 231019 W/cm2 laser irradiance. Experiment~heavy
line! and theory~thin line!. For each time, curves are displace
vertically by one unit.
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model using the superconfiguration approximation. The
sult of this comparison confirms that there is a problem
sociated with spectral diagnostics that are based solely
time-integrated spectra. It also reinforces the conclusion
because of the important role of doubly excited states in
formation of the dominant spectral features at early time w
near-solid plasma densities, the complex interplay of
thermal and nonthermal electron distributions in the popu
tion of singly and multiply excited states must be und
stood. In addition, some drawbacks in the study of high
tensity laser-irradiated thin foils, such as rad
inhomogeneities, are identified. The spatial resolution of
streak camera in this experiment is larger than the laser f
spot, since it is defined by the 100mm entrance slit. Since
the x-ray instrumentation did not provide spatially resolv
data, the conclusion that a large area, cool plasma is cre
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initially was found by deduction from a heating model. Sp
tially resolved data could be acquired using a dot target. T
possibility of producing a high density, hot plasma by a ve
short pulse, high-intensity laser requires further study.
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