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We demonstrate the application of an ultrashort x-ray source as an external probe to measure plasma
dynamics. The plasma is generated by a 100-fs Ti:sapphire laser focused onto thin metallic films.
Time-resolved spectroscopy of the gold x-ray probe transmission through a perturbed 1000 Å
aluminum film reveals redshifts of theL-shell photoabsorption edge. We show that the dynamic
behavior of this shift is consistent with the relaxation of the aluminum following the compression
generated by a shock wave traveling through the film. An analytic plasma model, with comparison
to a numerical hydrodynamics model, indicates compression up to 1.4 times solid density. ©1997
American Institute of Physics.@S0003-6951~97!00403-8#
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A new class of x-ray sources has recently been in
duced with the aid of high-intensity subpicosecond la
pulses, generated using the chirped pulse amplifica
technique.1,2 Virtually no hydrodynamic expansion occu
during a subpicosecond laser interaction with a solid den
target: what remains is a solid density plasma with up to k
electron temperatures.2–4 These conditions allow x-ray emis
sion from high-lying ionization states that are short live
due to the extremely large collision rates. Such x-ray sour
are useful as diagnostic probes because of their high bri
ness, made possible by their short time duration and h
densities.2,5 Interest in these sources is wide spread owing
their potential applications, which include microlithograph
time-resolved microscopy, diffraction, and spectrosco
studies of transient physical and chemical phenomena.6,7

Development and characterization of such x-ray sour
have been ongoing. X-ray pulse duration measurement
the 1000 eV spectral region have been accomplished u
various target materials as well as various measurem
techniques.2,5,8The importance of laser intensity and contra
has been demonstrated for the generation of the sho
pulses as well as the broadest bandwidth x-ray source4,5

Important applications of these sources, so far, have con
trated on the atomic physics of the plasmas from which th
rays originate.2,3

We present in this work what we believe to be the fi
use of such a source as a time-resolving probe in an ap
cation relevant to atomic, plasma, and high-energy-den
matter physics. Using the x-ray source as a backlight,
adopt a pump–probe geometry to investigate the dyna
changes in electronic structure of a thin metallic film as it
perturbed by an ultrashort-laser pulse. Because the lase
posits its energy in a skin depth of about 100 Å before
pansion occurs, very large amplitude shock waves can
generated without material preheat commonly found in lo
pulse interactions.9 Under these novel conditions, prediction
indicate the generation of up to gigabar pressure sh
waves lasting picoseconds in duration.10,11 This raises the
possibility of studying-high-energy density matter, releva
to inertial confinement fusion as well as astrophysical sta
of matter in small-scale laboratory experiments. In the p
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time-resolved measurements ofK-edge shifts in plasmas
driven by nanosecond pulses have been used to infer co
tions in highly compressed materials.12,13 In this study, we
use 100-fs laser pulses to impulsively drive shocks into
sample, measuringL-edge shifts, which are more accessib
to soft x-ray sources. The 10-Hz repetition rate allows sta
tical averaging as well as clean signal-to-noise data. To g
an understanding of the experimental results, we use an
lytic plasma model to describe the relationship betwe
L-edge position and the associated plasma parameters.
erence to hydrodynamics simulation corroborates our un
standing of the shock and relaxation dynamics.

The pump–probe measurements were made usin
100-fs 10-Hz Ti:sapphire laser system operating at a wa
length of 790 nm. The 50 mJ laser pulses were sent t
beam splitter where 90% of the energy was reflected onto
f/5 off-axis parabola, used to focus the light to an intensity
231017 W/cm2 onto a solid gold target. The broadban
ultrashort-pulse x-ray point source generated from this in
action was refocused to a sample at the opposite end o
experimental chamber using a section of a grazing incide
ellipsoidal optic; a central beam block eliminated any pert
bations to the sample that might arise from hot electrons
hard x rays. The characteristics of the x-ray probe are sho
in Fig. 1. Broadband emission has previously been meas
from 20 to 200 Å,4,5 however, here we focus on the emissio
in the range of 100–200 Å. The decrease in spectral inten
in Fig. 1 is due to the spectral response of the spectrom
grating and detectors. The pulse duration was limited to
ps due to intensity contrast limitations of the 790-nm la
light. While the pulse duration was measured with a jitte
free streak camera,14 the time-integrated spectrum in Fig.
was obtained with the microchannel plate~MCP! used for
the pump–probe measurements. A calibrated x-ray dio
with filters transmitting photon energies at 100650 Å, mea-
sured integrated soft x-ray energies of 10–20mJ at the
source. Only a few tenths of a percent of this energy w
collected by the ellipsoid, giving a total x-ray energy of a
proximately 50 nJ at the sample plane. The remaining 5
of laser light was sent into an optical delay line and th
focused with anf /10 lens onto the thin metallic sample to a
intensity of 131014 W/cm2. The sample plane was coinc
dent with the slit of a variable spaced-grating grazing in
/97/70(3)/312/3/$10.00 © 1997 American Institute of Physics
ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/aplo/aplcr.jsp



FIG. 1. Soft x-ray source generated by a 100-fs laser interaction with a solid gold target.~a! Temporally and spectrally resolved images of the source.~b!
Temporal lineout near 170 Å.~c! The spectrum was measured separately with a microchannel plate.
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dence imaging soft x-ray spectrometer. The MCP couple
the end of the soft x-ray spectrometer enabled us to rec
spectrally and spatially resolved x-ray absorption through
perturbed material at various delay times with respect to
laser pump. The sample consisted of 1000 Å of alumin
deposited onto 2000 Å of parylene-n (C–Hn) as a rear-side
supporting structure. Comparison of absorption spe
through cold aluminum to that of the perturbed aluminu
was possible for each data point because the laser focu
125mm was smaller than the 300–400mm x-ray probe fo-
cus.

The absorption feature used for analysis of the alumin
sample was theLII ,III photoabsorption edge at 72.78 e
~170.04 Å!.15 The position of the edge gives a direct meas
of the ionization potential and, thus, the electronic struct
of the probed sample. The energy of the edge will chang
a function of material density, temperature, and ionizat
state.12,13The measured shift in theL II,III edge is recorded a
a function of probe delay in Fig. 2 for a pump–laser intens
of 131014 W/cm2.The early times~t,0! correspond to
probing the unperturbed sample with the soft x-ray sou
before the laser arrives. We then see a maximum redshi
1.660.4 Å, which decreases at later times as the sam
decompresses. The decompression occurs within app
mately 50 ps, consistent with sound speed time sc
through a cold 1000 Å aluminum sample. Error bars indic
the time resolution of the 20-ps x-ray probe on the time a
and the averaging of several data points on the shift a
Each data point consisted of 10–20 laser shots.

Hydrodynamic calculations of the 100-fs laser genera
shock waves indicate that the shock will be generated
picoseconds and will traverse the 1000 Å material on a t
scale of the order 5–10 ps.10,16,17This implies that our time
resolution is ideal for measuring the dynamics of the rel
ation of the material after the shock, but not yet sufficient
resolve the dynamics of the shock wave itself.
Appl. Phys. Lett., Vol. 70, No. 3, 20 January 1997
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Analysis of the edge shift must address three phys
processes in a purely plasma state model. These include
ization blueshifts, redshifts from continuum lowering,
well as edge shifts due to changes in the chemical poten
~and, thus, the Fermi energy!. Ionization blueshifts,DEion ,
are calculated using Hartree–Fock theory while the Stewa
Pyatt formalism is used to calculate redshifting due to c
tinuum lowering,DEcl .

18 The effects of electron degenerac
on the chemical potential,DEdeg,are determined by an ex
pansion around the Fermi energy.19 These three contribution
sum together to give a total shift,DEtot5DEion1DEcl

1DEdeg.
12 Of course, in our geometry an absorption me

surement integrates the contributions from each region of
sample, which can be roughly divided into a hig
temperature low-density blow-off region, a high-density lo
temperature compressed region, and the undisturbed
material. High-temperature regions contribute ionizati

FIG. 2. Redshift of the aluminumI II,III edge as a function of x-ray probe
delay time.
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ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/aplo/aplcr.jsp



o
ex
lti
-

li
th
dg
pa
r
ve
t
n
en
i

g

th

d
at

s
om
d
en
n

the
to
ich
he
ulse
n-
ical

Y
d
.
s-

nts.
rat-

in,
hys.

sy-

nce

Y.

tion

V.
f-
n-

,

-

tt.

.

K.

im
c

blueshifts that are masked by redshifts. We, therefore, pr
the higher-density regions at any given time. In fact, we
pect the measured shift to be a weighted average, resu
from contributions from different positions in the high
density region.

Using the above plasma model, with Saha-based sca
for ionization as a function of temperature, we can plot
locus of points representing the maximum observed e
shift as a function of temperature and ion density. This
rameter space is indicted in Fig. 3. The experimental erro
the shift measurement is included in the width of the cur
This plot demonstrates the need for a measurement of
temperature to accurately determine the density, and he
the compression in our sample. Without such a complim
tary measurement, detailed hydrodynamic information
necessary to isolate a single set of parameters describin
plasma. With the use of the detailed 1.5-D hydrocodeCHI-

VAS, we find a temperature and maximum compression
fall within our experimental boundaries.17 The numerical re-
sults show consistency with our analytic approach and in
cate a maximum compression of 1.4 times solid density
temperature of 3.9 eV. Analysis is ongoing.

We have successfully demonstrated the utility of the
ultrashort-pulse x-ray sources in an application that enc
passes atomic physics, plasma physics, and high-energy
sity matter physics. Our preliminary analysis is consist
with an analytic model as well as with numerical simulatio

FIG. 3. Temperature and density parameter space spanned by the max
observed edge shift~solid line! and the result of a 1.5-D hydrodynami
simulation~square box!. Solid density for aluminum is 631022 cm23.
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Further analysis should consider solid-state effects due to
low temperatures and high densities. Also, it is possible
reduce the time duration of the source to below 5 ps, wh
would allow us to resolve clearly the propagation of t
shock wave in the sample. We expect that these short-p
x-ray probes will have a significant contribution to the u
derstanding of ultrafast dynamics of this and other phys
and chemical processes.
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