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Transient ionization in plasmas produced by point-like irradiation
of solid Al targets
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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 calculations. ©2003
American Institute of Physics.@DOI: 10.1063/1.1624603#
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Plasma formation by intense laser irradiation of sol
provides a unique opportunity to investigate x-ray emiss
properties of dense plasmas in non-local thermodyna
equilibrium~NLTE!. The kinetic behavior of these plasmas
strongly dependent upon the specific properties of ion
electron populations and the modeling of x-ray emission
be carried out using numerical codes. These plasmas ar
subject of investigations in many fields of applied and fu
damental research, from laser-plasma sources to x-ray la
from inertial confinement fusion to laboratory astrophysi
On the other hand, x-ray emission from these plasmas ca
used for benchmarking of kinetic codes,1 provided plasma
hydrodynamic properties are known in detail.

More recently, dedicated experiments have been
formed for fundamental studies in atomic physics a
hydrodynamics.2,3 In these experiments, test plasmas are p
duced under controlled laser irradiation conditions to mi
mize uncertainties on the knowledge of plasma parame
Plasmas are typically produced using picosecond or nano
ond laser pulses focused on the surface of a solid targe4 or
using exploding foils.5,6 Test plasmas are usually characte
ized using standard laser-plasma diagnostic techniques7,8 and
modeled with hydrodynamic codes, such asMEDUSA,9,10 and
non-LTE atomic physics calculations.11

Regardless of the test plasma configuration used, re
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experiments2,3 consistently suggest that even in plasm
dominated by a planar expansion, two- or three-dimensio
hydrodynamic effects at the plasma boundaries may pla
significant role when attempting to model the x-ray emiss
properties. Furthermore, the role of hydrodynamics becom
critical in the transient regimes of plasma formation, wh
x-ray emission takes place from plasma regions charac
ized by rapid changes and strong spatial gradients of hy
dynamic quantities.12 In these circumstances the modeling
x-ray spectra requires fully time-dependent atomic-phys
and multi-dimensional hydrodynamics with radiative trans
calculations.

In this letter we focus our interest on early stage plas
formation by laser irradiation of solid targets, i.e., on t
plasma evolution at times comparable to the relaxation tim
of the ionization of the target starting from the cold materi
We show the results of an experiment in which ionization
an Al plasma was investigated through time-resolved x-
spectroscopy. Our measurements clearly show that du
this interaction stage, a condition is obtained in whi
changes in hydrodynamic parameters of the x-ray emitt
plasma occur on a timescale faster than the timescale of
ization.

A simple picture of the underlying physical scenario c
be obtained considering an ionic system for which the ti
constanttZ→Z11 for ionization from the charge stageZ to
the charge stageZ11 can be evaluated astZ→Z11

5NZ11 /udNZ11 /dtu with
1 © 2003 American Institute of Physics
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dNZ11

dt
5ne@~Sc

Z1SR
Z!NZ2~a3B

Z111aRR
Z11!NZ11#. ~1!

Herene is the plasma electron density,NZ is the population
of the charge stateZ, Sc

Z andSR
Z are the rates of collisiona

and photo-ionization from the charge stateZ, respectively,
while a3b

Z11 andaRR
Z11 are the rates of three-body and rad

tive recombination from the charge stateZ11.
From the equations above the value oftZ→Z11 has been

estimated13 for an optically thin Al plasma~neglectingSR) at
an electron density of 1021 cm23 ~close to the critical density
for 1 mm wavelength laser light! and for electron tempera
tures up to 1 keV, using analytical expressions14 for Sc , a3b ,
and aRR. According to these calculations, the timetAl(Li
→He), i.e., the time to reach the He-like stage, starting fr
the Li-like stage, is much less than 100 ps for temperatu
greater than 200 eV. In contrast,tAl(He→H) is of the order
of 100 ps at 400 eV and depends weakly upon the temp
ture. Since this value of the relaxation time is compara
with the rise-time of a nanosecond laser pulse, it is expec
to come into play during early stage plasma ionization.

A detailed quantitative description requires complex n
merical codes to predict the evolution of the plasma hyd
dynamics and atomic physics. This Letter deals with t
problem providing unambiguous spectroscopic evidence
transient ionization in nanosecond laser-produced plasm

The experiment was carried out at the Intense Lase
radiation Laboratory using a 3 ns, 1.053mm Nd:YLF single-
mode ~both longitudinal and transverse! laser.15 The laser
pulse was tight-focused on a polished, rotating cylindrical
target using an f/4 optics. The intensity distribution in t
focal spot was Gaussian with a 6mm FWHM ~full width at
half maximum! and a Rayleigh length of about 100mm, for
a nominal maximum intensity on target of 1015 W/cm2. The
use of a single-mode laser pulse ensured that a diffract
limited focal spot could be obtained whose intensity dis
bution ~spatial and temporal! was well-known, temporally
smooth, and reproducible from shot to shot. These circu
stances enabled us to generate a highly reproduc
plasma.16

We stress that in our point-like irradiation scheme, t
diameter of the laser focal spot is much smaller than
expected longitudinal density scale-length of the plasma
the peak of the laser pulse. Under such conditions, due to
predominantly spherical expansion geometry, a rapid coo
of the coronal region takes place giving rise to a highly
homogeneous longitudinal temperature profile through
the plasma. As discussed below, these circumstances
general17,18 important consequences on the x-ray emiss
properties of our plasmas.16,19,20

We carried out ps-resolution x-ray spectroscopy to inv
tigateK-shell emission from the He-like and H-like Al dur
ing the rise time of the laser pulse. X-ray spectra were
quired using a time-resolving crystal spectrometer moun
on the horizontal plane at 45° from the plasma expans
axis. The spectrometer was equipped with a flat thalli
hydrogen phthalate TlAP crystal (2d525.9 Å) mounted in
the first order Bragg configuration to spectrally resolve x-
emission from approximately 6 to 8 Å. The spectrum w
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then time-resolved using a Kentech x-ray streak-camera
ted with a CsI photocathode and a 1 mmslit. The output
phosphor screen of the streak-camera was imaged out us
CCD ~charge coupled device! camera coupled to a digita
image grabber.

We used an original experimental method19 that enabled
us to minimize the uncertainty in the relative intensity ca
bration of our time-resolved x-ray spectra. We cros
calibrated our time-resolving spectrometer against ano
x-ray spectrometer set to look simultaneously at the sa
plasma along an equivalent direction, i.e., symmetric w
respect to the plasma expansion axis. This reference s
trometer was equipped with an x-ray sensitive, cooled C
camera that allowed us to record intensity calibrated tim
integrated spectra.21 Spectra obtained with the streak-came
running in dc mode at different dc bias voltages were cro
calibrated against the CCD ones.

A typical, raw time-resolved x-ray spectrum ofK-shell
emission from the Al plasma, corrected for the geometri
streak-camera distortion, is shown in Fig 1. The tempo
resolution, estimated taking into account the streak-rate
the signal-to-noise ratio, was found to be about 20 ps. T
resonance series of He-like ions and the main resonance
of hydrogen-like ions including the corresponding satelli
are clearly visible.

The general approach in the interpretation of spectra
the one shown in Fig. 1 is to model x-ray emission at
lected He-like and H-like transition wavelengths for bo
steady-state~SS! and time-dependent~TD! conditions and
then to compare the calculated ratios with the correspond
experimental ones. From an experimental viewpoint the b
choice for the He-like emission is the He-b line while, con-
cerning H-like transitions, signal-to-noise considerations
us to use the Ly-a resonance line. As we will discuss below
great care has been taken to evaluate opacity effects tha
potentially important for these resonance lines.

We performed detailed hydrodynamic numerical simu
tions of our plasma using the two-dimensional~2-D! Eule-
rian hydro-codePOLLUX.22 The code includes laser absor
tion via inverse bremsstrahlung and thermal elect
transport via flux-limited Spitzer–Harm conductivity. Th
plasma is supposed to be fully ionized and a perfect

FIG. 1. Typical raw time-resolved x-ray spectrum of earlyK-shell emission
from Al plasma observed at 45° from the plasma expansion axis. The r
nance series of He-like ions and the main resonance line of hydrogenic
including the corresponding satellites are clearly visible.



th

l,

lo
si
ls
h
in
.

as
io

-
tly

d
io
ta
-

sm
ak
he
g

s
n

b
th

c
ic
a

ha
u

to a
nd
us-
the
ion
nd

in-
hes
oxi-
M
ses
e-
ng a

of
e
me
d at

e

ith

g
e
-

2-D
he

atio
-

4603Phys. Plasmas, Vol. 10, No. 12, December 2003 Transient ionization in plasmas . . .
equation of state is used for electrons. We calculated
x-ray emission history by post-processingPOLLUX results
with the code suiteFLY,23 a time-dependent single-cel
collisional-radiative model for evaluation ofK-shell emis-
sion from H-like through Be-like ions.

In general, simulations show that the instantaneous
gitudinal x-ray emission profile calculated at the two tran
tion wavelengths at different times during the laser pu
exhibits a very narrow peak, sitting on a long tail due to t
plume of the plasma. The location of the peak moves
wards by approximately 10mm during the entire laser pulse
Figure 2 shows the 2-D contour plot of the Ly-a emission
intensity calculated at 800 ps before the peak of the 3 ns l
pulse. This plot shows indeed that most of the x-ray emiss
originates from a 3-mm-wide ~FWHM! plasma slab close to
the target surface~at x550 mm), where a nearly planar ex
pansion takes place. A much similar result with a sligh
smaller longitudinal width is found for the He-b line.

According to these results we can therefore conclu
that, despite the overall plasma hydrodynamic behav
dominated by 2-D effects, the x-ray emission has a subs
tial one-dimensional~1-D! behavior. We can therefore re
strict our further analysis to the 1-D longitudinal~along the
target normal! profile.

Opacity effects were evaluated using the codeFLY that
takes into account reabsorption in an homogeneous pla
slab through the escape factors. The slab thickness was t
from the width~taken at a range of values with respect to t
maximum! of the longitudinal profile of the correspondin
ground state populations as retrieved by post-processingPOL-

LUX simulations usingFLY. By comparing line ratio calcu-
lated in this way with the experimental ratio at late time
when steady-state and time-dependent modeling give ide
cal results, we found agreement when the width of the sla
be used in the simulation was the smallest possible. In o
words, we can conclude that both the Ly-a and He-b lines
are optically thin in our conditions. This gives us confiden
that the Ly-a and He-b emission lines are reliable diagnost
lines for the evaluation of ionization dynamics in our plasm

An important consequence of the above results is t
despite the largely inhomogeneous profile of our plasma d

FIG. 2. Contour plot of the x-ray emission at the Ly-a wavelength taken 800
ps before the peak of the laser pulse. The emission was calculated usin
codeFLY to post-processPOLLUX hydro-code results. Contour levels rang
from 0.2 ~outer contour! to 0.8 ~a.u.! and the maximum value of the emis
sion is 1.
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ing the start up phase, x-ray emission can be attributed
layer of plasma with well-defined electron temperature a
density. Therefore, we can attempt modeling our spectra
ing the values of the electron density and temperature at
position of the slab, i.e., where the calculated x-ray emiss
is maximum. The history of our reference temperature a
density are given in Fig. 3.

According to these plots, the electron temperature
creases rapidly during the rise time of the pulse and reac
a plateau at approximately 400 eV. The plateau lasts appr
mately 2 ns, a duration significantly shorter than the FWH
of the laser pulse. In contrast, the electron density increa
up to 331021 cm23 at the peak of the laser pulse and d
creases rapidly as the laser intensity decreases, havi
value of approximately 431020 cm23 1.5 ns after the peak
of the laser pulse.

We can now calculate the expected Ly-a to He-b inten-
sity ratio processing the temperature and density history
Fig. 3 with the codeFLY in both TD and SS conditions. Th
results of these calculations are shown in Fig. 4 for a ti
interval of 1.5 ns before the peak of the laser pulse locate
5 ns.

According to this plot, TD calculations~diamonds! differ
from the SS ones~squares! during the rise of the laser puls
showing a Ly-a to He-b intensity ratio smaller than in the
case of the SS calculation. This result is fully consistent w

the

FIG. 3. History of electron temperature and density predicted by the
code POLLUX for the plasma slab where x-ray emission is maximum. T
peak of the laser pulse is located at 5 ns.

FIG. 4. Temporal evolution of the Ly-a to He-b intensity ratio~solid line! as
obtained from the time resolved spectrum of Fig. 1. The experimental r
~diamonds and interpolating curve! is compared to the intensity ratio calcu
lated assuming a steady-state~square! or a time-dependent~circle! model.
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the above-mentioned calculations obtained from Eq.~1!. The
difference between SS and TD calculated ratio decrea
with time and the two calculations give identical results la
than t54 ns, i.e., 1 ns before the peak of the pulse.

The history of the Ly-a to He-b intensity ratio as mea
sured from the time-resolved spectrum of Fig. 1 is a
shown in Fig. 4. The time-axis of the calculated ratio is tak
from the hydrodynamic simulations, while the temporal c
relation with the experimental ratio was set minimizing t
quadratic difference from the calculated ratio. This compa
son immediately shows that, during the rise of the la
pulse, our experimental Ly-a to He-b intensity ratio is con-
sistent only with the TD calculation, the SS calculations b
ing completely outside the vertical error bars.

On the other hand, later in time, when the two mod
give identical results, our measurements agree with the
culated ratio. This is a very important point as it provides
test of reliability of our modeling, regardless of the speci
issue of the identification of time-dependent effects.

It should be pointed out that the difference between
results of the two models would be hardly detected in tim
integrated spectroscopic measurements. In fact, the
x-ray emission occurring during this start-up phase is ne
gible compared with the total emission during the entire la
pulse. Consequently, calculations and measurements of t
integrated intensity ratios would show no difference betwe
the TD and the SS case.

On the other hand, the possibility of detecting this effe
during the plasma start-up phase relies upon a smooth sp
and temporal evolution of the laser pulse. This work sho
that such experimental conditions can be achieved usin
simple point-like irradiation of a solid target with a temp
rally smooth laser pulse and accurate time-resolving sp
troscopy.

In summary, a micrometer-sized test plasma has b
produced by point-like irradiation of a solid target with
nanosecond laser pulse. Time-resolved spectroscopy
K-shell Al emission has been carried out during the plas
start-up phase and modeled using a 2-D hydrodynamic c
and post-processing the data with a time-dependent N
atomic physics code. Calculations show a highly localiz
x-ray emission in a narrow planar slab near the critical d
sity layer. characterized by rapidly changing hydrodynam
conditions. According to our time-dependent calculatio
the ionization dynamics in this region during the plasm
start-up phase exhibits a substantial deviation from
steady-state solutions. After a few hundreds of picoseco
steady-state and time-dependent calculations give the s
result. The Ly-a to He-b intensity ratio measured in ou
es
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experiment during the plasma start-up phase enables u
discriminate between the two models being in a good ag
ment with the time-dependent calculations only.
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