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Isochoric Heating of Solid Aluminum by Ultrashort Laser Pulses
Focused on a Tamped Target
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We have studied theK-shell emission of an Al plasma which was generated by focusing a high
contrast 150 fs laser pulse at a wavelength of 395 nm and intensity of5 3 1017 Wycm2 on a flat Al
target tamped by a thin surface layer of MgO. The measured resonance lines (Lya , Hea , and Heb) and
their Li-like and He-like satellites are extremely broadened and show a red polarization shift. Analysis
of the Lya and Heb satellites yields an electron temperature ofø300 eV and an electron density of
s5 10d 3 1023 cm23. [S0031-9007(99)09405-3]

PACS numbers: 52.50.Jm, 52.25.Nr, 52.70.Kz
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One fascinating aspect of the interaction of intens
ultrashort-duration laser pulses with matter is the pos
bility to generate plasmas at solid state density at hi
temperatures in the range 0.1 to 1 keV. Under these c
ditions the ion coupling parameterG [1] exceeds one and
the plasma is thus in a strongly coupled state [2]. Su
plasmas are of particular interest in inertial confineme
fusion (ICF) and astrophysics. For example, it is po
sible to study the x-ray opacity of matter under cond
tions found in stellar interiors [3]. The importance fo
ICF originates from the fact that fs-laser generated pla
mas approach temperatures and densities similar to
values currently attained in indirect drive experiments [
and may therefore be of interest to investigate x-ray spe
troscopy diagnostics needed for ICF plasmas [5]. In co
trast to ICF plasmas, which require huge laser facilitie
fs-laser plasmas can be generated by small tabletop
lasers with a high repetition rate.

Here we report an experiment in which we focused
frequency doubled 150-fs Ti-Sapphire laser on tamp
targets, which consisted of solid Al covered by a th
surface layer of MgO. We measured the AlK-shell
emission by means of time-integrated high resolutio
crystal spectroscopy. The resonance and satellite lin
were considerably broader than previously reported [6–
For the detailed spectral analysis, we used simultaneou
the He-like satellites of the Lya line and the Heb line
which is strongly merged with its Li-like satellites. To
our knowledge these features have not been conside
in previous studies of the x-ray emission from fs-las
plasmas. Our analysis indicates that we achieved a hig
density compared to previous experiments where t
electron density did not exceed a few times1023 cm23.
We attribute this result to the fact that we avoided ear
expansion by using a high contrast fs-laser pulse a
tamped targets. Also the short wavelength of 395 n
may be helpful because it leads to absorption of t
laser at a high critical density (nc  7.2 3 1021 cm23).
Altogether, it was thus possible to produce ultrafa
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heating of solid Al before any significant expansion too
place (i.e., isochoric heating).

The ATLAS Ti-Sapphire laser at the MPQ-Garching
was used to produce pulses with 150 fs (FWHM), an
200 mJ atl  790 nm. To achieve a high contrast ratio
we frequency doubled the pulses and obtained 65–75
at l  395 nm. The prepulse to main pulse contras
ratio has been measured atl  790 nm with an optical
diode in the ns range and with a single shot second ord
autocorrelator in the ps range. From these measureme
we expect after frequency doubling a contrast of10210 in
the window 30 to 2 ns and of#1026 at 1 ps before the
peak of the pulse. By focusing with an off-axis parabol
(f number 2.7), we achieved a peak intensity of5 3

1017 Wycm2. A fraction of 75% of the laser energy is
contained within a spot diameter of20 mm with an average
intensity of 1017 Wycm2. This spot size corresponds to
the region where the AlK-shell emission takes place,
as measured by a penumbral technique [10]. Besid
single laser pulses, we used double pulses consisting of t
pulses of equal energy delayed by 25 ps to demonstrate
effect of a preformed plasma caused by a prepulse.

As targets, we used 9 mm thick diamond turned alu
minum disks having a smoothly finished surface. I
order to eliminate the rapid expansion of the Al front lay
ers during the interaction with the laser pulse, we als
used thin MgO layers acting as a tamper. The MgO la
ers were evaporated at a defined thickness on top of
aluminum disks. To make sure that the laser irradiates
undamaged target surface the target disks were moun
on a rotating target holder. All measurements were do
under an angle of incidence of30± with p-polarized light.

The K-shell emission of aluminum in the wavelength
range 1.5–2.0 keV was measured with a von Hám
crystal spectrometer [11] equipped with a cylindrically
bent pentaerythritol crystal with a lattice constant of2d 
8.742 Å. The direction of observation was along the
normal to the target surface. The spectra were record
on Kodak direct exposure film (DEF) [12]. We achieved
© 1999 The American Physical Society 4843



VOLUME 82, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 14 JUNE 1999

ve
to
um
c
rgy

es

se
re
tra

ses
al
Å.

ty
ly
e

ch

f

by

he
to

d
y

in

and
he

ter

ase
le
ift
a resolving powerEyDE better than 1500. With this
setup it was possible to get a spectrum with 10–100 sho
depending on the intensity of the line under consideratio

Measured spectra are shown in Fig. 1 for three differe
cases. In Fig. 1a we utilized double pulses to generate
low density plasma for comparison with the high densit
spectra in Figs. 1b and 1c. These spectra were measu
with high contrast single laser pulses using either pla
aluminum disks (Fig. 1b) or aluminum disks tamped by
300 Å thin layer of magnesium oxide evaporated on to
of the aluminum (Fig. 1c).

Let us now compare the different spectra of Fig. 1
The typical low density Al spectrum of Fig. 1a show
a strong Hea line with the satellites of the different
ions Al51···101 limited by the coldKa line, furthermore,
the Heb line with Li-like satellites and the Lya line.
With a single pulse (Figs. 1b and 1c) all lines ar
much broader and the ratio of satellite to resonance li
intensity is enhanced. The resonance lines (Hea,b and
Lya) in the untamped Al target (Fig. 1b) have asymmetr
profiles with a steeper wing on the high energy sid
We attribute this to the fact that the plasma expan
during the emission of the lines, which results in a lowe
density. Therefore the line profiles in Fig. 1b are cause
by a superposition of the emission from a high an

FIG. 1. Comparison between (a) measured low dens
plasma generated by double pulses, (b) mixture from lo
density and high density (see text), and (c) high density usi
an aluminum target tamped by a 300 Å thick MgO surfac
layer. The spectra are plotted in the same arbitrary units a
therefore mutually comparable.
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a low density plasma. This complicates a quantitati
interpretation of the measured spectrum. In order
reduce spatial and temporal gradients, we used alumin
targets tamped by a 300 Å thick MgO layer. In Fig. 1
the effect of the tamper is demonstrated. The high ene
wings of the Hea and Lya and, in particular, of the Heb

are now flattened resulting in more symmetric line shap
and linewidths larger than those in Fig. 1b.

A surprising consequence of the tamper is the increa
in Lya emission which may indicate a higher temperatu
in the tamped Al plasma. We have also recorded spec
with thicker MgO tamper layers. The Al emission
decreases and finally vanished at tamper thicknes
between 1000 and 1500 Å. This indicates that the typic
heated layer thickness is not larger than about 1500
We will use this result below when we discuss opaci
effects. It is noted that the MgO layers are considerab
thicker than the skin depth, which is in the rang
50–100 Å. Thus no laser light is expected to rea
the Al.

An important finding is that we observe a redshift o
the resonance lines (Hea,b and Lya) in the high density
spectra in Figs. 1b and 1c. This is demonstrated
Fig. 2, which compares the Lya with its He-like satellites
at low (double pulse) and high (single pulse) density. T
Lya line at low density shows the fine structure due
the splitting of the upper level (2P1y2,3y2). In contrast,
at high density the Lya is considerably broadened an
clearly shifted. From Fig. 2 we find a center of gravit
shift of 3.7 6 0.7 eV. The shift can be determined with
good accuracy because we simultaneously recorded
each spectrum the coldKa line together with the other
lines. Since the coldKa line is neither shifted nor Stark
broadened, it represents a good wavelength reference
allows us to accurately gauge the wavelength scale. T
width of the Ka line is 1.4 eV (FWHM) (only slightly
larger than the spectral resolution). Eventual small cen

FIG. 2. Relative line shift of Lya between low density
(double pulse, corresponding to Fig. 1a) and high density c
(single pulse, corresponding to Fig. 1c). For clarity, the sing
pulse spectrum is shifted upward. The center of gravity sh
of the Lya lines is3.7 6 0.7 eV.
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of gravity shifts of theKa due to contributions from
Al 11···41 do not influence the result of Fig. 2 making th
plausible assumption that the position of theKa is the
same for double and single pulses.

In addition to the time-integrated spectra, we als
measured the duration of the overall AlK-shell emission
by an ultrafast x-ray streak camera filtered by a thin fo
with transmission above 1 keV. With a solid Al targe
irradiated by a single laser pulse (Fig. 1b) we find
duration of 2.5 ps (FWHM) [13]. Thus, most of the A
K-shell emission occurs after the laser irradiation.

The Heb and associated Li-like satellites, and the He
like satellites of the Lya line were analyzed using detailed
line broadening, atomic kinetics, and radiation transpo
calculations. Stark-broadened line profiles were calc
lated using a multielectron radiator line profile code th
takes into account the effects due to the microfields of t
plasma ions and electrons [14,15]. Doppler broadeni
and the natural width of the lines are included, althoug
at the high plasma densities considered here they mak
small contribution. No line shifts were included in thes
line shape calculations. However, synthetic spectra we
shifted in order to obtain the best overlapping with the e
perimental data.

To calculate the synthetic spectra, we solve se
consistently a set of steady-state collisional-radiati
atomic kinetic rate equations and the radiation transp
equation assuming a uniform slab geometry. The assum
tion of steady state may be justified by the high collision
rates of solid-density plasmas which bring the atom
kinetics close to a steady state during the (measure
emission duration of 2.5 ps. The physical thickness of t
slab is 1400 Å, consistent with experimental argumen
given above. Line overlapping between resonance a
satellite transitions is important and dependent on t
plasma conditions through the density sensitivity of th
Stark-broadened line profiles. Radiation dependent ra
are computed using Stark-broadened line shapes. Hen
the theoretical spectra has built-in temperature and den
sensitivity through the level population distribution an
the Stark-broadened line shapes.

For comparison with the experimental data, synthe
spectra were constructed using the radiation intens
distribution emerging along the normal to the plasma sla
Continuum background subtraction and instrumen
broadening effects were also considered. Figure 3 sho
the comparison between the experimental Heb and Li-like
satellites’ composite spectral feature and theoretic
spectra calculated for electron densities and tempe
tures ne  8 3 1023 cm23, Te  220 eV and ne 
1 3 1024 cm23, Te  250 eV. Since the experimental
spectra are time and space integrated these densities
temperatures have to be interpreted as effective or aver
during the time of peak emission. The synthetic spec
include the Heb line in He-like Al as well as satellite
transitions in Li-like Al with spectator electrons inn  2,
n  3, andn  4.
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FIG. 3. Comparison of the Heb line and its satellites as
measured with an aluminum target tamped by 300 Å MgO wit
calculations performed at different pairs of electron densi
and electron temperature as labeled in the figure. For o
calculation (ne  1024 cm23 and Te  250 eV, thick solid
line) also the individual overlapping contributions are shown
labeled as “a,” “b,” “c,” and “d” for the transitions1s2l3l0-
1s22l, 1s3l3l0-1s23l, 1s3l4l0-1s24l0, and1s3l-1s2, respectively.

For one calculated case (ne  1024 cm23 and Te 
250 eV, thick solid curve), Fig. 3 shows the contributions
of the individual line transitions labeled as “a,” “b,” “c,”
“d.” At such high densities collisional excitation of the
upper levels of satellite transitions is very effective an
their intensities become comparable and even larger th
that of the resonance line [16]. In turn, Stark broaden
ing also increases for line transitions involving orbital
with high-n spectator electrons thus resulting in significan
overlapping and blending. Hence, strong relative inte
sities and large line-broadening effects compete in dete
mining the final shape of this composite spectral featur
For current conditions, the optical depth of this spectr
feature is less than 0.25, and the difference between op
cally thick and thin calculations of the spectra is modes
Experiment-theory comparisons at lower densities unde
estimate the overall broadening and do not “fill” the gap i
between Heb andn  2 satellite lines, while calculations
at larger densities overestimate the broadening.

While the Hea and Lya lines turn out to be optically
thick and more subject to time- and space-integratio
problems, the2l2l-1s2l He-like satellites of the Lya line
present another interesting opportunity for spectroscop
analysis. Figure 4 shows theory-experiment compariso
for three combinations ofne and Te, with ne in the
range5 3 1023 to 1 3 1024 cm23 and Te in the range
280 to 310 eV. We emphasize that, while the optica
depth of the Lya can be larger than one, the optica
depth of the2l2l-1s2l satellites remains less than 0.2
this includes the effect of overlapping with the low-energ
4845
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FIG. 4. Comparison of the He-like satellites of the Lya as
measured with an aluminum target tamped by 300 Å MgO wi
calculations performed at different pairs of electron density a
electron temperature as labeled in the figure.

wings of 2l3l-1s3l He-like satellite and2p 2 1s Lya

transitions. Thus, opacity effects are small. Whilene 
1 3 1024 cm23 overestimates the broadening and th
slope of the high-energy wing, this spectral feature
indicative of plasma electron densities in the range5 3

1023 to 7 3 1023 cm23 thus showing good consistency
with the high densities inferred from the analysis of th
Li-like satellites and Heb spectral feature.

Thus, from the broadening of the Lya and Heb
satellites we can infer an electron density close to t
electron density of fully ionized solid aluminum which is
8 3 1023 cm23. A high density is also indicated by the
large shift of the Lya line shown in Fig. 2. Calculation
of the plasma polarization shift based on quantum
mechanical impact theory [17] yields for8 3 1023 cm23

and 300 eV a redshift of 3.5 eV which compares we
with the measured value of3.7 6 0.7 eV, and with the
shift used to fit the Lya satellites of 4 eV (see Fig. 4).
All these lines involve n  2 to n  1 transitions.
Furthermore, the shift of 20 eV deduced from the analys
of the Heb and Li-like satellites (3-1 transitions, see
Fig. 3) also compares well with a theoretical estimate
19 eV expected for the Heb line [18]. Hence, plasma
conditions inferred from the spectroscopic analysis a
consistent for the observed values of plasma polarizat
shifts. We note that these line shifts represent cent
of-gravity shifts for the composite spectral feature.
complete analysis of the polarization shift of high densi
spectra is certainly an important issue for future lin
profile calculations. Note, for example, that the differe
transitions contributing to the overall satellite structur
4846
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may be shifted by different amounts. Work is in progres
to address these issues as well as details of the ti
history of the line spectra, and will be reported in a mor
extensive publication.

The high density at temperatures of a few 100 e
found in this experiment are also consistent with hydr
calculations as will be discussed in detail elsewhe
(compare also Ref. [19]). According to these calculation
the main mechanism for heating the dense target is t
transport of the laser energy, absorbed in a thin fro
layer of the expanding tamper, into the solid Al by
electron heat conduction. Also, at later times a shoc
wave develops competing with the electron heat wav
The compression caused by the shock wave could cre
densities exceeding solid density.

In conclusion, we have demonstrated isochoric heatin
of solid aluminum at temperatures around 300 eV. Th
corresponds to a pressure or energy density ofø0.4 Gbar
in the heated dense aluminum. The ion couplin
parameter has a value ofG ø 4. Essential for achieving
such a high density visible in the time-integratedK-shell
spectra is that we avoided any early expansion of th
Al target by using both a high contrast laser pulse an
a tamped target. The dense plasma thus created i
convenient and reliable x-ray source constituting a te
bed for spectroscopic studies under extreme conditions
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