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The experimental work presented in this paper focuses on the consequences of both nonlocal heat transport
and rapid time variation in atomic physics as a function of the initial gradient scale length of a plasma. We look
at the time history oK-shell emission when an intense 0.a8% high-contrast pulse heats aluminum plasmas
having a chosen gradient scale length. We compare our experimental results to hydrodynamics and atomic
physics calculations and we study three different plasma regimes. When the laser pulse interacts with an
ultrashort density gradient scale length, the plasma is at local thermodynamic equilibrium and the calculations
are in very good agreement with the experimental results. These calculations also agree with the observed
spectra in the case of a long gradient scale lengitnstationary Maxwellian regimeHowever, in the
intermediate regime, the observed time history of the Li-like satellite lines is strongly affected by transient
atomic physics and nonlocal thermal transport. In this particular regime, the calculated spectra are strongly
dependent on the thermal transport model used in the simulations. Simulations in the intermediate regime can
therefore be benchmarked and tested against our experimental spgt63-651X97)03207-9

PACS numbd(s): 52.25.Nr, 52.50.Jm, 52.65y, 52.70.La

I. INTRODUCTION work presented in this paper focuses on the consequences of
both nonlocal heat transport and rapid time variation in
The recent advent of compact high-intensity subpicosecatomic physics as a function of the initial gradient scale
ond lasers gives access to new regimes of laser-matter intdength of the plasma. More specifically, we look at the time
action[1-3]. In particular, the interaction of ultrashort laser history of K-shell emission produced by aluminum ions near
pulses with solid target is a technique used by several grougk.6 keV. Because the atomic structure of aluminum is quite
to create high-energy-density matter and to generate brightell known, this material is very convenient for experiments
x-ray source$4—10]. These plasmas produced and heated bynd results can be easily used to benchmark numerical cal-
ultrashort laser pulses are characterized by highly transiertulations.
and nonequilibrium states resulting from the very short tem- Here we present and discuss time-resolved spectra ob-
poral and spatial scales involvgd,11,13. Furthermore, the tained(with a 1.5-ps temporal resolutibnvhen an intense
characteristic gradient scale length of these short plasmas cé&b3-um-high contrast pulse heats a controlled gradient scale
be smaller than the electron mean free path and thus nonlockngth plasma. In these experiments, we isolate and analyze
treatment of heat transport is necesgdr§l. three different plasma regimes: the local thermal equilibrium
Much progress has been made in the understanding ¢LTE) regime, the transient nonlocal regime, and the tran-
atomic physics and x-ray generation in solid density plasmasient Maxwellian regime. Results obtained in those three re-
produced by subpicosecond pulses. However, only a few exgimes are presented and compared. Picosecond time-
perimental works address the issue of nonlocal transport iresolved spectra that we have previously presented were
such plasmas. In a previous wdrk4], we used the polariza- obtained at low intensity (26 W/cn?) for plasmas pro-
tion of x-ray line emission to evaluate the second-order anduced by a 1um, 500-fs pulsgwith a pedestal[4,15] and
isotropy of the electron velocity distribution related to non- by a high-contrastpedestal-free0.53.wm 400-fs puls¢ 16].
local electron heat flow. These experiments were realizetore recently, we measured time-resolved kgM/| and
with a short pulse superimposed to a long and low-intensitysub-keV [18] spectra for the case of a very-high-contrast
pedestal. This pedestal could not be controlled independently.53.um pulse interacting with solid targets at*¥®/cn?.
of the main short pulse. Nonlocal heat transport was obThe time history of electron density was inferred on the pi-
served, but could not be studied as a function of the preeosecond time scale. A few other groups working with sub-
formed plasma gradient scale length. Furthermore, thesgicosecond lasers also reported time-resolved spectra in the
measurements were integrated in time. Recently, calculatiorieV [19,20 and soft-x-ray(sub-keV} range[21].
[13] indicated that non-Maxwellian and nonstationary effects In this work, the experimental conditions are chosen to
strongly modify line intensity ratios and in particular the avoid complex laser-plasma interaction processes such as
Li-like spectrum was greatly changed. The experimentaprofile steepening, resonance absorption, and parametric in-
stabilities. The measured fraction of laser energy in hot elec-
trons is negligible here, even for large gradient scale lengths,
*Present address: Center for Ultrafast Optical Science, Universitin contrast to what is measured at larger inteng2g].
of Michigan, Ann Arbor, Ml 48109-2099. In Sec. Il. we describe the modeling of plasma evolution
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and of the interaction of a short pulse with a preformed 10'| a)
plasma. The experimental techniques and sample of raw data
are shown in Sec. lll. Results, theoretical fits, and a discus- 10°;
sion are presented in Sec. IXTE plasma and in Sec. V f »
(transient nonlocal and transient Maxwellian plasm&on- 10
clusions and suggestions for future work are presented in 1o
Sec. VI. ‘ !
10 T
IIl. INTERACTION OF A SHORT PULSE WITH e)
A PREFORMED PLASMA 102!
The experiments presented here were realized with two 3
|_ﬂl

collinear 500-fs pulses, normally incident on a target at mod- 10l

est intensity (18 W/cn?) and separated by a variable time 4

delay. The delay between the two pulses allowed us to adjust 2

the gradient scale length_] seen by the second pulse. In 10° 11 5 00

these conditions, even whénis large, nonlinear processes time (ps)

(resonance absorption and parametric instabijitea® not

important and the hot-electron population is negligible. FIG. 1. Time history of the plasma parameters calculated at a

These interaction conditions are modeled with a one-fluidgritical density ,=4x 10** cm™3). A Gaussian pulsé\=0.5 um
two-temperature Eulerian code that solves the equations @ihd 450 fs FWHM is normally incident at 18 W/cn? on a steep
hydrodynamics in planar geometfg23]. It includes a wave density gradient scale length {A =10 %). The arrows indicate the
equation solvef1,3] to model self-consistently the laser en- time of maximum laser intensity.
ergy deposition as well as the ponderomotive force. The
model also integrates a non-steady-state atomic physics Figure 1 shows the time history of some plasma param-
package based on the quasi-steady-state approximatigiers/gradient scale length in Fig(d) and electron tempera-
[24,25 to model ionization and recombination. We simulta- ture in Fig. 1b)] at a critical density fe=4x 10°* cm~3)
neously solve the equations of continuity for the mass denpredicted by the hydrodynamics calculations for a plasma
sity, the momentum equation of the fluid, the equations foroduced by a 0.53m, 450-fs FWHM pulse focused at
the ionic and electronic energy, and thet 1 rate equations 10 W/cn? on a solid aluminum target. After the laser pulse
governing the evolution of ground-state ionic fraction. Thehas interacted with the target, the plasma undergoes an adia-
population of the excited levels of a given ionic species ighatic expansion and a cold plasma with large gradient scale
assumed to instantaneously follow the populations of the twdength can be achieved after a few tens of picoseconds. Fig-
adjacent ground states. Laser energy deposition is detewe 2 presents the time history of the plasma parameters cal-
mined by solving the Helmoltz equatidr,3] along with ~ culated at the critical density for an irradiation at
hydrodynamics. The electron-ion collision frequency is cal-10"® W/cn? (0.53um, 450-fs FWHM pulsg of an alumi-
culated using Spitzer§26] formula and then corrected to num plasma formed 40 ps earlier by an identical pulse. More
take the laser field into accoufBchlessinger-Wright correc- precisely, we look at the variation of the local gradient scale
tion) [27] and kinetic effect§Langdon correction[28]. We  length (L), electron and ion temperatur¢$, and T;, re-
used the formulation proposed recently by Vakal.[29] to ~ spectively, and ionization £*). Just before the arrival of
couple those two corrections. The electron thermal conducthe second pulse the plasma parameters Axe=5 (where\
tion is treated either with a flux-limited conduction model is the laser wavelengthT.—T;~30 eV, andZ* =5. Then
[30] or with the nonlocal Epperlein-Short modé&ll]. In the  the electron temperature increases very quickly and an ion-
flux-limited model, the Fourier's heat flux formulation is ar-

tificially limited to a maximum value corresponding to a 12 . ‘ 1200
fraction (f) of the free streaming heat fli80,32. The value At=40ps N\ 2

of the flux limiter (f) is usually chosen to recover thermal 101 ) 11000
penetration observed experimentally. In both the flux-limited S st e A } 800 g
and Epperlein-Short models, we corrected the Spitzer-Harm =@ ] a
electron thermal conductivity in order to recover the solid &6 600 A
heat conductivity in the low-temperature high-density limit N, D eer 400 %
[33]. '~. |

The x-ray spectrum emitted in a given spectral range is 2 N i 200

predicted by running our multicell time-dependent atomic
model (TRANSPEC[34]) from the density, temperature, and
velocity profiles calculated at regular time intervals in the
hydrodynamics simulation.TRANSPEC includes radiative FIG. 2. Time history of plasma parameters calculated at a criti-
transfer between cells. The laser pulses are modeled as spad density f,=4x 10 cm™3). A 0.5-um, 450-fs FWHM laser
tially uniform over the focal spot, with a Gaussian temporalpulse is normally incident at #®Wi/cn? on an aluminum plasma
profile [450 fs at full width at half maximuntFWHM)] that  preformed 40 ps earlier by an identical pulse. Thermal transport is
represent a good fit to autocorrelation traces. treated in the flux-limited mode with=0.15.

40.1 T a0 50 60
time (ps)
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18282p ——— up to 1 J was provided by a Nd:glass system based on the
chirped-pulse amplification techniqu&9] and including a
fiber-optics pulse cleandd0]. The infrared pulse was fre-
quency doubled using a potassium dihydrogen phosphate
type-l crystal with a conversion efficiency of 50%. Near-
solid-density plasmas were generated by focusing a single
! high-contrast (18:1) green pulse at an intensity of
¥ 1s2p 10'® W/cn? at normal incidence on solid targets using a
1s°2s sphericalf/6 fused silica lens. The interaction with a plasma
having longer gradient scale length was achieved using two
pulses with an adjustable time delay between tH8m200
p9. This was realized using a Michelson interferometer to

ization front proceeds through the conduction zone producgenerate two collinear 0.58m pulses that were focused
ing a steepening of the electron density profile. At the peal¥‘”th anf/6 spherlca! f_useq S|I|c§\ lens on a thick solid target
of the second pulse, we havé\=2.7 andT,=950 eV. At  (50-um focal spot giving intensity of 16° W/cn? for each
that time, 7% of the laser energy is absorbed by the p|asm@ulse. Here we essentially used low intensities to avoid non-
Similar behavior, with some slight variations, is observed afin€ar processes and thus to benchmark the computer simu-
other delays. lations. The interaction of a 0.53m pulse at higher inten-
Here we study in particular the Li-like spectrum Sity with a preformed plasma has been studiéd] in a
[1s2121'(1,1"=0,1)-1s22I (1 =0,1)]. Some of the chief lines d!ffgrent expgrlment by .focusmg the unconvertegur-ra-
are schematically represented in Fig. 3 using Gabriel’s notadiation at 16 wicn? using anf/6 lens to generate a 100-
tion [35]. The upper level of the,j transition (s2p?) is ,urr!-dlam plasma having a qontrolled gradient scale .Ien-gth,
mainly populated by dielectronic recombination from a He-While the green pulsé polarized was focused at 45° inci-
like ion [36], the rate of which is represented by For the ~ dence angle onto a 10m spot (5< 1017_W/cm2) by means
a—d transition, the upper level mainly depends on the colli-Of an off-axis parabolaf(3). This regime exhibits strong
sional excitation rateX) from the first excited statés?2p nonlinear processes and a large fr.actlon of laser energy in hot
and from collisional mixing(8) between both upper levels. €lectrons and large ponderomotive effects have been ob-

When the density becomes close to the solid density, thi§erved. _ _
collisional mixing imposes a Boltzmann equilibrium among Time-resolved spectra were obtained with a streak camera

all upper levels of Li-like satellite lineg37]. In these condi- coupled to a Von-Hamos crystal spectrom¢#]. The tem-
tions, collisional broadening is important due to electron im-Poral resolution of the whole detection system was 1.5 ps
pacts and th@—d to k,j intensity ratio is close to its LTE and its spectral resolution was 5 mA at 8 A. This allowed us
value of 1[34]. These features have also been observed it study temporal behavior of Li-like emissi¢h7]. Figure 4

our previous experiments with 0.5an irradiation [38]. shows time-resolved spectra obtained when the laser pulse
When the laser pulse interacts with a longer density gradierfpteracts with a plasma generated by an identical pulse 40
scale length, emission is produced at lower density. Linénd 100 ps earlier. We can see that in both cases Be-like
broadening is weaker and collisional mixir@) between €mission is produced first and that x-ray line duration in-
both upper levels becomes less important. In this regime, thel€ases with the ionization state. Since ionization states pro-
a—d tok,j intensity ratio depends on the ratio of the Li- and duced at low or intermediate temperature will exist only dur-
He-like populations and can therefore be used to probe norl9 the rise time of the laser pulse, the Be-like emission is
stationary effects on atomic physifkl,12 occurring when expected to be observed before Li- and Hg—llke emissions.
the plasma is heated on a time scale that is short compared to FOr @ delay of 20 ps between the creation of the plasma
the ionization and excitation characteristic times. Moreover@nd the arrival of the second pulse, the Be-like and Li-like
when nonlocal transport causes the electron velocity distri€MiSsion peaks are observed, respectively, 2.5 and 1.5 ps
bution to deviate from a Maxwellian distribution, this ratio before the maximum of He-like emissidfig. 9). It is im-

can be strongly enhanced due to an increase of the collisiongPrtant to note that temporal resolution is 1.5 ps and that the
excitation ratenotedX in Fig. 3) from the first excited state 9iven values for the delay between Be-, Li-, and He-like
1s22p [13]. In the case of very long gradient scale lengths,€Mission withAt=20 ps are averaged from a statistic anqu—
nonlocal effects become negligible and nonstationary effect§iS of about ten measurements. In the following, we mainly
dominate the Li-like spectrum. Therefore, by controlling theCompare time-resolved Li-like spectra to computer simula-
delay between the two pulses and by monitoring the Li-liketions for different time delay between both laser pulses.
emission, we should be able to observe the transition from a

ar

FIG. 3. Simplified schematic of energy levels corresponding to
Li-like satellites of the aluminum Hgline.

LTE plasma regime(for L/N<1) to a thermal nonlocal IV. NEAR-SOLID-DENSITY PLASMAS
plasma regiméintermediatel values and then to a thermal
nonstationary Maxwellian plasma regime/§>1). At very high electron density, the high collisional rates

almost establishes Boltzmann equilibrium between the upper
levels of Li-like satellite lines, the energy difference between
the doubly excited levels being small compared to the elec-
These experiments were carried out with the Table Togron temperature. In a previous pafdds], we analyzed a
Terawatt laser system at the Institut National de la Recherchieigher-intensity regime in which the radiation pressure bal-
Scientifique. A 550-fs, 1.058m laser pulse with an energy ances the thermal pressure, maintaining a very steep density

IIl. EXPERIMENT
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time
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:  a) At=40 ps ¢ I b) At= 100 ps

s =

FIG. 4. Time-resolved experimental spectrum produced by the interaction df-4\6n? laser pulse focused at normal incidence on a
plasma produced earlier by an identical pulse. The time delay between both laser p@geips andb) 100 ps.

gradient during the energy deposition and thus forcing theéemporal resolution into account. Despite this difference, it is
emission to be produced in a region where density is close tgratifying to note the very good agreement between the mea-
solid density. In this work, a near-solid-density regime wassured He time-integrated line profilésensitive to both the
achieved during the interaction of the high-contrast pulseslectron density and the ion temperature through the ion mi-
focused at 18 Wicn? on the solid aluminum target. The crofield) and the calculated integrated profilig. 8).
time-integrated spectrum recorded near the resonant He-like The time-integrated Li-like spectra obtained in the same
line appears in Fig. 6. The solid line is the calculated time-experimental conditions exhibits a significant line broaden-
integrated spectrunnumerical integration of the computed ing mainly caused by electron impacts. The ratioasfd
time-dependent spectrupwhich has been normalized to the lines (upper levels, mostly core excitedn k,j lines (upper
peak of the measured Heline for comparison. The levels populated by dielectronic captuis close to the LTE
1s2Inl’ satellites withn>2 located on the red side of the value. Figure 9 shows that the spectrum fits well with a LTE
He, line are not included in these calculations. We note thatalculation at an electron temperature of 250 eV and an elec-
the data and the calculated spectrum are in satisfactoryon density of about 73 cm™2 (the aluminum Li-like solid
agreement. In Fig. 7 the measured time history of the Heelectron density is & 10?3 cm™3).

line is compared to calculations. The result obtained from the Thus these comparisons at*¥@/cn? indicate that the
codes shows a duration that is shorter than the measurealculations can be used with some good level of confidence
ments, even when the calculation is convoluted with theas a guideline for the interpretation of the results as a func-
measured camera line spread function to take the limitedion of the gradient scale length. For this LTE regime the

1.0 . . ; . T 12 T |
T 16 2
At=20 ps i 1=10 W/cm
0.8 e
i —He-like
i | ---Li-like
0.6 i wy | Be-like
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FIG. 5. Time history of line emission corresponding to various FIG. 6. Time-integrated spectrum of aluminum recorded near
ionization states. The delay between both laser pulses is 20 ps. Tliee He, line. The dotted line is the experimental result and the full
Be-like emission is assumed to be generated during the peak intefine represents the spectrum calculated with the hydrodynamics
sity of the second laser pulse and the emission intensities have beende coupled taraNSPEC The error bar on wavelength calibration
normalized for clarity. is 2 mA.
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FIG. 7. Time history of the Hgline. The dots represent the FIG. 9. Time-integrated profile of aluminum Li-like satellite
experimental result and the dotted line is the time history calculatedines. The experimental profil&ots is compared to the profiles
with the hydrodynamics code coupled tBaNsPEC This calcula-  calculated withtRANSPECIN the LTE mode for an electron tempera-
tion was convoluted with a 1.5-ps FWHM Gaussian to take theture of 250 eV and different electron densities. The best fit is ob-
instrumental resolution into accouffull line). The error bar on tained with a density of Z8 cm 3. The experimental error bar on
time calibration is 1.5 ps, which corresponds to the resolution of thavavelength calibration is 2 mA.
camera.

Fig. 10 represent the data obtained from time integrated Li-
calculations indicate that the He-like and Li-like emissionslike spectra. The time-integrated value for the one pulse ir-

are mainly produced at, respectively,=5x10?> cm3, T,
=280 eV, andT;=75 eV andn,=10°cm 3, T,=250eV,
andT;=75eV.

radiation(2w along is close to 1, which corresponds to the
LTE value. The dotted and solid lines are the result of a
time-dependent calculation with a flux limiter of, respec-

tively, f=0.15 andf =0.07 for thermal conduction. Calcula-
tions with the Epperlein-Short delocalization model give re-
sults similar to the one obtained wifl+0.15. For very short
When the clean short laser pulse interacts with an exand very long delays corresponding, respectively, to short
tremely short density gradient scale length, the Li-like emis{L/A<10"') and long (/\>3) gradient scale lengths, the
sion is mostly produced at large density and thed to  result is independent of the flux limitdr and we observe
k,j line intensity ratio has a value close to the LTE value, aggood agreement between calculations and experiments.
previously discussed. However, when the pulse interactSmall values of the flux limiter f(=0.07) are necessary to
with a longer gradient scale length plasma, emission is prorecover the behavior of tha—d to k,j ratio observed for
duced at lower electron densitless than 1¢# cm 3). The  L/\A~1. This figure emphasizes two key features of this in-
a—d to k,j intensity ratio can be enhanced due to transientermediate regime. First, the delocalization mdgeiich im-
and non-Maxwellian effects that increase, respectively, thelicitly assumes a stationary heat fjuiails to represent the
population of Li-like ions compared to the He-like popula- experiment. Second, the quantitative understanding of this
tion and the collisional excitation rate from the first excitedregime crucially depends on the way thermal transport is
state ¥%2p (represented by in Fig. 3. Such an enhance- treated. Although the agreement obtained by severely limit-
ment is observe¢Fig. 10 for the cases of intermediate delay ing the thermal flux is interesting, this adjustablparameter
(around 10 psbetween both laser pulses. The open dots in

V. NONEQUILIBRIUM PLASMAS

1.6 T T T
1.0 T T T T
—~ f Hey .
2o0.8l -
g O Experiment
. Calculation T
2 0.6} -
S
Zo.af ]
2
1] 0.8 single f=0.07 ]
€ 0.2 \ pulse
2 jeojeeet: . L 1 i
0. oSBT T e 0.6 1 10 100
-60-40-20 0 20 40 60 At (ps)

AL (mA)
FIG. 10. Ratio of time-integrated Li-like satellites-d to k,j as
FIG. 8. Time-integrated profile of the aluminum jHéne. The  a function of the delay4t) between both laser pulses. The experi-
experimental profile(doty is compared to the profile calculated mental values are represented by the open dots. The hydrodynamics
with the hydrodynamics code coupled teansPEC The error bar  calculation was done using a flux limiter 6&0.07 (full line) and
on wavelength calibration is 2 mA. f=0.15(dotted ling.



56 PICOSECOND TIME-RESOLVED SPECTROSCOPY @F .. 997

Li-like satellites Laser a) Calculation
At= 10 ps : 1.0 with f=0.07 -

Intensity (arb. units)
o
Intensity (arb. units)
(=]
(=]

0. 0.4
0. 0.2
. . e
17 1.2 . J T .b.CI.It.I
. Laser alculation
time (ps) 1.0[ ) with f=0.15

FIG. 11. Time history of Li-likea—d and k,j satellite lines
obtained during the interaction of afow/cn? laser pulse with an
aluminum plasma created 10 ps earlier by a similar pulse.

Intensity (arb. units)
(=]
N

. . . .. . . 0.4
is a trick and in this intermediate regime the nonlocal char-
acter of the heat transport cannot be negle¢1&ll In these 0.2
experimental conditions, a kinetic simulatipf4] was per-
H 0.0 ) 1 1 1 I 1 .
formed using thepPi code[45] and TRANSPEC[ 34]. As usual, o e T e e e T T

the Eulerian hydrodynamics code was used to simulate the
first 10 ps of the plasma expansion. Then the plasma param-
eters were taken as initial conditions fierl and the results FIG. 12. Calculated time history of Li-like—d andk,] satellite

were post-processed WithRANSPEC The resulting Li-like  jines obtained during the interaction of a'&W/cn® laser pulse
spectrum presents a ratio @f-d to k,j =1.45, which is very  with an aluminum plasma created 10 ps earlier by a similar pulse.
close to the value observed experimentally for=10ps  The value of the flux limiter ia) f=0.07 and(b) f=0.15.

(Fig. 10. For very long gradient scale lengttvhich corre- . . .

spgnds to long d)(/alaysgognlocal effects aregnegligible since underestimates the maximum valUéig. 14 because non-
the experimentaa—d to k,j time-integrated ratio is recov- ll:/_laxv_velhgn ?ﬁQCtS are I”Ot taken into account. Indeed, the
ered using the nonstationary model only. In the following, inetic simulation(FPI plus TRANSPEQ gives a maximum

we discuss time-resolved spectra obtained for a 10-ps delz{ftio of about 6, which corresponds to the experimental
(identified as the transient nonlocal reginamd for a 100-ps alue. The hydrodynamics code indicates that the emission is

delav (identified h ient M i . produced near a critical density and the Fokker-Planck cal-
elay (identified as the transient Maxwellian regime culations show that in this region, the electron distribution is

not very far from a Maxwellian distributiofd4]. However,
A. Transient nonlocal regime in this particular regime, a kinetic treatment of thermal trans-
port is still necessary to calibrate the flux limiter of a fluid

Figure 11 presents the time historya#d andk, j Li-like  ¢ode in order to recover Li-like line ratio observed experi-
satellite lines obtained with two collinear pulses separated byhentally.

10 ps. As observed with the time-integrated res(iig. 10,
the flux limiter (f) has a strong influence on the calculated
time history of satellite lines shown in Fig. 12. Tle-d . i . ,
lines are enhanced andj emission is slightly delayed with  Figure 15 presents the time history of thed andk,
smallerf [Fig. 12@)]. In these calculations the laser peaks atLl-hke lines obtained with the two collinear pulses separated

11 ps and dielectronic recombination emission is delayed b?g nl c?r?IoF():ZI 't:r(;rng Igrrtg g@ ’Wrégi'gﬁé(véi"ﬂ ggzgstrzzlalitfltijke
1 ps. It is interesting at this point to compare experimental P

and calculated time-resolved Li-like spectra. Figure 13 pre_satellltes[13]. However, we can see that the collisional core-

sents this comparison at the time 11.5(pkightly after the exciteda—d lines are still produced before thej lines. The

. . . observed time history of tha—d to k,j line intensity ratio
a—d line maximum and at a later tim¢t=13.5 ps). At the : o : _— )
earlier time, the higher flux limiterf(=0.15) result fails to (Fig. 16 is in good agreement with a time-dependent calcu

represent the intensity of both—d and a—r line arouns lation (independently of the flux limiter This result also
[Fp 13a)]. Th | Iyt. 'th‘_—O 07 q- tgth P reveals transient effecthere observed as an ionization de-

g. 14&)]. The caiculation with =1.U/ represents ne ex- lay) that enhance the inner-shell excited satelli@sq) due
perimental spectrum relatively well, but some difference

; ) o ) ; Yo a delayed appearance of He-like ions limiting dielectronic
still persist for thek,j lines [Fig. 13b)]. At a later time, capture on the upper levels of thej transitions. In these

which corresponds fo the expanding and recombinin onditions, the actual calculations reproduce the, Hme
plasma, the calculated spectral shape does not depend on gtory in a satisfactory wagFig. 17

flux limiter (f) and represent fairly well the observed spec-
trum [Fig. 13c)]. Both the nonlocal and nonstationary ef-
fects are present in this regime and produce the observed
behavior. The calculation adequately reproduces the general We previously noted the very good agreement between
behavior of the time evolution ad—d to k,j but it slightly  the measured Hgtime-integrated line profile and the calcu-

time (ps)

B. Transient Maxwellian regime

C. He, line shape
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FIG. 15. Time history of Li-likea—d andk,j satellite lines
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obtained during the interaction of a*fow/cn? laser pulse with an
aluminum plasma created 100 ps earlier by a similar pulse.
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FIG. 16. Measured time history of Li-like—d to k,j ratio

FIG. 13. Instantaneous Li-like spectra observed at different
times. Att=11.5 ps, the spectrum is compared to calculations ob-

tained with a flux limiter of(a) f=0.15 andb) f=0.07. At alater
time, (c) t=13.5, the calculation is independent of the flux limiter.

FIG. 14. Measured time history of Li-like—d to k,j ratio
(dotg and comparison with calculatiofiine) obtained with a flux

a-d to k,]j

calculation
- 1=0.07
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(dotg and comparison with calculatiotine). The delay between
both laser pulses is 100 ps.
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FIG. 17. Time history of the Hgline obtained with a 100-ps
delay between both laser pulses. The dots represent the experimen-
tal result and the dotted line is the time history calculated with the
hydrodynamics code coupled tmrANSPEC This calculation was
convolved with a 1.5-ps FWHM Gaussian to take account of the
limiter of f=0.07. Thedelay between both laser pulses is 10 ps. instrumental resolutioffull line).
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30 , , ‘ K is too weak to be time and/or space resolved. Further study is
‘ required to clarify the Hgline profile behavior in the pres-
250 % —@-Experment ] ence of strong non-Maxwellian effects.
—_— FLLN =——Calculation
E 20l + ] VI. CONCLUSION
5 . We used time-resolved spectroscopy to quantitatively un-
I 15[ b derstand the ionization and the plasma dynamics on the pi-
3 cosecond time scale. High-resolution spectroscopy of Li-like
100 ] emission is used in the present work and gives us the possi-
bility to study various regimes of ultrashort laser-matter in-
5 l . ‘ ‘ . teraction. Three different plasma regimes—the local thermal
0 20 40 60 equilibrium regime, the transient nonlocal regime, and the
At (ps) transient Maxwellian regime—have been isolated and ana-

lyzed. Results obtained in those three regimes are compared
FIG. 18. Full width at half maximum of the time-integrated t0 hydrodynamics calculations. Very good agreement is ob-

aluminum He line obtain when the laser pulse interacts with a tained when the laser pulse interacts either with an ultrashort
plasma created at certained timet} earlier. Experimental data are density gradient scale lengthTE regime or with a long
represented by the dots and the full line indicates the results of thgradient scale lengtinonstationary Maxwellian regimeFor
simulation. the case of an interaction with an intermediate density gra-

dient scale length, calculation results strongly depend on the
lated integrated profiléFig. 8 for the case of one pulse way thermal transport is treated and thus the time history of
irradiation. As an ultimate benchmark test, we measured thehe Li-like satellite lines is strongly affected by transient and
He, time-integrated line profile as a function of the delay nonlocal effects. These experiments allow us to benchmark
between both laser pulses. As shown in Fig. 18, an unexealculations in the nonlocal regime.
pected behavior is observed in these experiments. The He
width increases for small delays and presents a maximum for
a delay of 5 ps. Calculations performed with 0.07 (best
agreement in the analysis of the Li-like satellite emissas This work was supported in part by the Natural Sciences
well as kinetic calculationgrealized for a delay of 10 pslo  and Engineering Research Council of Canada, by the Fonds
not reproduce the large width observed at small delays. Ipour la Formation des Chercheurs et I'AidéaaRecherche,
was recently proposef#46] that Li-like satellite emission, and by the Ministee de I'Education du Queec. The authors
which is not included in our Heline profile calculation, would like to thank J. P. Matte and StHer for the FPI
could affect the shape of the Eiéine (mainly on its long-  kinetic simulations, J. C. Gauthier and R. Marjoribanks for
wavelength sidg the effect being stronger for higher elec- reviewing this work, and also Z. Jiang, J. F. Pelletier, H.
tron density. Our results seem to suggest that these satellit€&pin, and M. Chaker for many fruitful discussions. The
are enhanced in the nonlocal regime, thus strongly modifyingechnical support from F. Poitras and C. Sirois is also ac-
the 1s4p-1s? line profile. In the present experiment, this line knowledged.
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