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Time-resolved x-ray spectroscopy has been used to investigate ionization dynamics of a
micrometer-sized nanosecond laser-plasma during the plasma start-up phase. Experimental results
are modeled using two-dimensional hydrodynamic simulations and time-dependent
collisional-radiative calculations. The study clearly shows that, due to the rapid expansion cooling,
x-ray emission originates predominantly from a well-localized plasma region characterized by
rapidly evolving hydrodynamic conditions. In this region, ionization dynamics is found to depart
substantially from the steady-state regime. The measurements provide clear evidence of this
transient ionization regime showing good agreement with the time-dependent calculati@i)30
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Plasma formation by intense laser irradiation of solidsexperimenté® consistently suggest that even in plasmas
provides a unique opportunity to investigate x-ray emissiordominated by a planar expansion, two- or three-dimensional
properties of dense plasmas in non-local thermodynamibydrodynamic effects at the plasma boundaries may play a
equilibrium (NLTE). The kinetic behavior of these plasmas is significant role when attempting to model the x-ray emission
strongly dependent upon the specific properties of ion angroperties. Furthermore, the role of hydrodynamics becomes
electron populations and the modeling of x-ray emission carritical in the transient regimes of plasma formation, when
be carried out using numerical codes. These plasmas are theray emission takes place from plasma regions character-
subject of investigations in many fields of applied and fun-ized by rapid changes and strong spatial gradients of hydro-
damental research, from laser-plasma sources to x-ray lasegynamic quantitied? In these circumstances the modeling of
from inertial confinement fusion to laboratory astrophysicsx-ray spectra requires fully time-dependent atomic-physics
On the other hand, x-ray emission from these plasmas can k@nd multi-dimensional hydrodynamics with radiative transfer
used for benchmarking of kinetic codegrovided plasma calculations.
hydrodynamic properties are known in detail. In this letter we focus our interest on early stage plasma

More recently, dedicated experiments have been performation by laser irradiation of solid targets, i.e., on the
formed for fundamental studies in atomic physics andplasma evolution at times comparable to the relaxation times
hydrodynamicg:®In these experiments, test plasmas are proof the ionization of the target starting from the cold material.
duced under controlled laser irradiation conditions to mini-We show the results of an experiment in which ionization of
mize uncertainties on the knowledge of plasma parameteran Al plasma was investigated through time-resolved x-ray
Plasmas are typically produced using picosecond or nanosespectroscopy. Our measurements clearly show that during
ond laser pulses focused on the surface of a solid thoget this interaction stage, a condition is obtained in which
using exploding foils:® Test plasmas are usually character-changes in hydrodynamic parameters of the x-ray emitting
ized using standard laser-plasma diagnostic technieesl  plasma occur on a timescale faster than the timescale of ion-
modeled with hydrodynamic codes, suchhausa,®®and  ization.
non-LTE atomic physics calculation’. A simple picture of the underlying physical scenario can

Regardless of the test plasma configuration used, recebe obtained considering an ionic system for which the time
constantr,_ 1 for ionization from the charge stage to

dAlso at: Dipartimento di Fisica, Universiigi Pisa and INFM, Pisa, Italy. the charge stageZ+_l can be evaluated asz_.z+1
PAlso at: Dipartimento di Fisica, Universiti Bologna, Bologna, Italy. =Nz, 1/|dNz, ,/dt| with
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for 1 um wavelength laser lightand for electron tempera-

turesupto 1 keV,_ using analytical eXpr_eSS']dﬁer S?’ asp, FIG. 1. Typical raw time-resolved x-ray spectrum of eathshell emission
and agg. According to these calculations, the timg(Li from Al plasma observed at 45° from the plasma expansion axis. The reso-
—He), i.e., the time to reach the He-like stage, starting frormance series of He-like ions and the main resonance line of hydrogenic ions

the Li-like stage, is much less than 100 ps for temperature@ducji”g the corresponding satellites are clearly visible.
greater than 200 eV. In contrasty (He—H) is of the order
of 100 ps at 400 eV and depends weakly upon the temperdhen time-resolved using a Kentech x-ray streak-camera fit-
ture. Since this value of the relaxation time is comparabldged with a Csl photocathode @ra 1 mmslit. The output
with the rise-time of a nanosecond laser pulse, it is expecteghosphor screen of the streak-camera was imaged out using a
to come into play during early stage plasma ionization. CCD (charge coupled devigecamera coupled to a digital
A detailed quantitative description requires complex nu-image grabber.
merical codes to predict the evolution of the plasma hydro- ~ We used an original experimental methbthat enabled
dynamics and atomic physics. This Letter deals with thisus to minimize the uncertainty in the relative intensity cali-
problem providing unambiguous spectroscopic evidence obration of our time-resolved x-ray spectra. We cross-
transient ionization in nanosecond laser-produced plasmascalibrated our time-resolving spectrometer against another
The experiment was carried out at the Intense Laser Irx-ray spectrometer set to look simultaneously at the same
radiation Laboratory usta 3 ns, 1.053im Nd:YLF single-  plasma along an equivalent direction, i.e., symmetric with
mode (both longitudinal and transverséaser-® The laser respect to the plasma expansion axis. This reference spec-
pulse was tight-focused on a polished, rotating cylindrical Altrometer was equipped with an x-ray sensitive, cooled CCD
target using an f/4 optics. The intensity distribution in thecamera that allowed us to record intensity calibrated time-
focal spot was Gaussian with az8n FWHM (full width at  integrated spectrd. Spectra obtained with the streak-camera
half maximum) and a Rayleigh length of about 1Qfn, for  running in dc mode at different dc bias voltages were cross-
a nominal maximum intensity on target of ®0V/cn?. The calibrated against the CCD ones.
use of a single-mode laser pulse ensured that a diffraction- A typical, raw time-resolved x-ray spectrum Kfshell
limited focal spot could be obtained whose intensity distri-emission from the Al plasma, corrected for the geometrical
bution (spatial and temporplwas well-known, temporally streak-camera distortion, is shown in Fig 1. The temporal
smooth, and reproducible from shot to shot. These circumresolution, estimated taking into account the streak-rate and
stances enabled us to generate a highly reproducibléhe signal-to-noise ratio, was found to be about 20 ps. The
plasmat® resonance series of He-like ions and the main resonance line
We stress that in our point-like irradiation scheme, theof hydrogen-like ions including the corresponding satellites
diameter of the laser focal spot is much smaller than there clearly visible.
expected longitudinal density scale-length of the plasma at The general approach in the interpretation of spectra like
the peak of the laser pulse. Under such conditions, due to the one shown in Fig. 1 is to model x-ray emission at se-
predominantly spherical expansion geometry, a rapid coolingected He-like and H-like transition wavelengths for both
of the coronal region takes place giving rise to a highly in-steady-statdSS and time-dependenfTD) conditions and
homogeneous longitudinal temperature profile throughouthen to compare the calculated ratios with the corresponding
the plasma. As discussed below, these circumstances haegperimental ones. From an experimental viewpoint the best
general’'® important consequences on the x-ray emissiorchoice for the He-like emission is the Hline while, con-
properties of our plasma§:1°2° cerning H-like transitions, signal-to-noise considerations led
We carried out ps-resolution x-ray spectroscopy to invesus to use the Lyx resonance line. As we will discuss below,
tigate K-shell emission from the He-like and H-like Al dur- great care has been taken to evaluate opacity effects that are
ing the rise time of the laser pulse. X-ray spectra were acpotentially important for these resonance lines.
quired using a time-resolving crystal spectrometer mounted We performed detailed hydrodynamic numerical simula-
on the horizontal plane at 45° from the plasma expansiorions of our plasma using the two-dimensiori2iD) Eule-
axis. The spectrometer was equipped with a flat thalliunrian hydro-coderoLLux.?? The code includes laser absorp-
hydrogen phthalate TIAP crystal §2=25.9 A) mounted in tion via inverse bremsstrahlung and thermal electron
the first order Bragg configuration to spectrally resolve x-raytransport via flux-limited Spitzer—Harm conductivity. The
emission from approximately 6 to 8 A. The spectrum wasplasma is supposed to be fully ionized and a perfect gas
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FIG. 3. History of electron temperature and density predicted by the 2-D
FIG. 2. Contour plot of the x-ray emission at the bywavelength taken 800  codepoLLux for the plasma slab where x-ray emission is maximum. The
ps before the peak of the laser pulse. The emission was calculated using theak of the laser pulse is located at 5 ns.
codeFLy to post-processoLLux hydro-code results. Contour levels range
from 0.2 (outer contourto 0.8 (a.u) and the maximum value of the emis- ing the start up phase, X-ray emission can be attributed to a

sion is 1. layer of plasma with well-defined electron temperature and
gensity. Therefore, we can attempt modeling our spectra us-
ing the values of the electron density and temperature at the
position of the slab, i.e., where the calculated x-ray emission
is maximum. The history of our reference temperature and

equation of state is used for electrons. We calculated th
x-ray emission history by post-processir@LLUX results
with the code suiterLy,”® a time-dependent single-cell,
collisional-radiative model for evaluation df-shell emis- . . I
sion from H-like through Be-like ions. density are given in Fig. 3.

In general, simulations show that the instantaneous lon- Accordmg to th_ese pIoFs, the electron temperature in-
gitudinal x-ray emission profile calculated at the two transi-¢'€asSes rapidly during the rise time of the pulse and reaches

tion wavelengths at different times during the laser puIsea plateau at approximately 400 eV. The plateau lasts approxi-

exhibits a very narrow peak, sitting on a long tail due to themately 2 ns, a duration significantly shorter than the FWHM

plume of the plasma. The location of the peak moves in_of the laser pulse. In contrast, the electron density increases

1 -3
wards by approximately 1@m during the entire laser pulse. up to 3x 102, cm™ at the peak of thg laser pulse and F’e'
Figure 2 shows the 2-D contour plot of the kyemission creases rapidly as the laser intensity decreases, having a

i 0 3
intensity calculated at 800 ps before the peak of the 3 ns Iasé{ralue of approximately % 10° cm™* 1.5 ns after the peak

pulse. This plot shows indeed that most of the x-ray emissim‘?f the laser pulse.

originates from a 3xm-wide (FWHM) plasma slab close to . We can now calculate the expected byto He inten-
the target surfacéat x="50 xm), where a nearly planar ex- sity ratio processing the temperature and density history of

pansion takes place. A much similar result with a inghtIyF'g' 3 with the coderLy n both TD and S.S colndmons. Th-e
smaller longitudinal width is found for the Hedine. results of these calculations are shown in Fig. 4 for a time

According to these results we can therefore concludémerval of 1.5 ns before the peak of the laser pulse located at

that, despite the overall plasma hydrodynamic behavior,
dominated by 2-D effects, the x-ray emission has a substar}-
tial one-dimensional1-D) behavior. We can therefore re- ro
strict our further analysis to the 1-D longitudin@long the
target normal profile.

According to this plot, TD calculationgiamonds differ
m the SS onesgsquaresduring the rise of the laser pulse
showing a Lye to He-B intensity ratio smaller than in the
case of the SS calculation. This result is fully consistent with

Opacity effects were evaluated using the cede that - —— -

. L Experiment
takes into account reabsorption in an homogeneous plasma o 1L )l
slab through the escape factors. The slab thickness was taken & ss sao,
from the width(taken at a range of values with respect to the 2
maximumm of the longitudinal profile of the corresponding 2 L R yarsaerny
ground state populations as retrieved by post-processing g : Soaf © Tomedel
LUX simulations usingrLY. By comparing line ratio calcu- < 01t 2 §

. . . - . . [ " £03
lated in this way with the experimental ratio at late times, T ° =
when steady-state and time-dependent modeling give identi- \g TD 02
cal results, we found agreement when the width of the slab to | 0/ P s
be used in the simulation was the smallest possible. In other 0.01 . o Timelns)
words, we can conclude that both the &yand Heg lines 735 4 4.5 5 5.5
are optically thin in our conditions. This gives us confidence Time (ns)

that the Ly« and HeB emission lines are reliable diagnostic _ _ S
lines for the evaluation of ionization dynamics in our plasma FIG. 4. Temporal evolution of the Ly-to He-8 intensity ratio(solid line) as
‘obtained from the time resolved spectrum of Fig. 1. The experimental ratio

An important consequence of the "?‘bove results is thafgiamonds and interpolating cufvis compared to the intensity ratio calcu-
despite the largely inhomogeneous profile of our plasma durtated assuming a steady-stésguarg or a time-dependeritircle) model.
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the above-mentioned calculations obtained from@&y.The  experiment during the plasma start-up phase enables us to
difference between SS and TD calculated ratio decreasafiscriminate between the two models being in a good agree-
with time and the two calculations give identical results laterment with the time-dependent calculations only.
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