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This paper presents the results of a comparative experimental study of low-temperature Zn and Cu line
plasmas created on slab targets by 400-ps laser pulse producing irradiancedtdhté 10** W cm 2 The
aim was to examine the nanosecond-scale postpulse evolution of plasmas created in conditions equivalent to
those produced by prepulses in collisional x-ray lasers, of elements that have neighboring atomic numbers but
very different material properties. The plasmas were interferometrically probed at 4 and 10 ns next to the
driving pulse, using geometry that made it possible to obtain an authentic two-dimen&&natlectron
density pattern in the plane perpendicular to the plasma axis. VIS-IR spectroscopy and imaging were used to
provide an indication of the electron temperature and volume of the plasma layer near the target. We observe
that over the whole range of the applied irradiances the characteristics and/or the expansion history of the Zn
and Cu plasmas are very different. For irradiance exceeding a threshold specific to each element the density
patterns exhibit an unexpected structure characterized by symmetrical flanks strongly localized in space,
suggesting plasma is generated in addition to that produced within the laser pulse duration. The results imply
that during the postpulse time the energy coupling between the plasma and the target is substantial for the
plasma flow that exhibits a complex 2D character. A comparison of the data and results of a 1.5D hydrody-
namic simulation for 18 W cm™2 is made, indicating reasons for problems of such models in the treatment of
the plasmas in question, and thus in the treatment of small-prepulse action in some x-ray laser systems.
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[. INTRODUCTION like [17,18 and Ni-like [19—21] isoelectronic systems.
Given the prospect of the prepulse or multipulse pumping
The performance of soft-x-ray lasers using collisionalto ultimately approach the full design potential of the colli-
pumping has been dramatically improved over the past a fewional soft x-ray systems, some lasers were studied in detail,
years[1,2]. The progress in development of these devicesdoth theoretically and experimentallee, e.g.[22-30).
has been especially fostered by using sequential pumping ifhe study reveals that for systems using a typical double-
which a succession of two or several pulses of different infpulse configuration or prepulses comparable to or in excess
tensity are employed to create plasma with appropriate corsf ~ 10 W cm™2 (typically up to~10% of the main pulse
ditions for driving population inversion and for propagation there is generally good agreement between the simulations
of the x-ray beam. The concept of multipulse pumping hasand the experiments. However, for systems involving
been experimentally implemented in several modificationsprepulses producing less than30Vcm 2 and/or large
such as the use of a weak single or multiple prepulse appliedelays—typically several ns—between the individual fea-
several ns ahead of the main pulse of subnanosecond duranes in the sequence, the current hydrodynamic and atomic
tion [3—6]. Another possibility involves the application of a kinetics models employing 1.5D geometry are incapable of
sequence of two or three typically 100-ps pulses of compaexplaining the sensitivity to weak prepulses, even when in-
rable intensity and separated by several hundrefi7i@, a  cluding a treatment of target solid-state properties. Neverthe-
third combines a nanosecond background with a highless, using prepulses at a level of*d®V cm 2 or weaker
intensity picosecond puld®,10]. While the latter approach was revealed to be very efficient in a number of mediim-
is still in an early state of development, the first two arrangedasers such as Cr, Zn, and G£-6,14,18, and is also rel-
ments have demonstrated saturated and nearly monochrevant to combined ns-ps driving1,32 as well as to optical-
matic output at 18.2, 19.6, 21.2, and 25.5 nm in Ne-likefield-ionization systemg33]. On the whole, understanding of
selenium, germanium, zinc, and iron, respectivillg—15  the evolution of plasmas created by an irradiance below
and at 14 nm in Ni-like silvef16]. By applying these tech- ~10'2W cm 2 is presently rather insufficient, especially in
nigues amplification has been further demonstrated over gegard to the period after the termination of the laser pulse.
wide range of low- and mediur-elements using both Ne- A recent systematic study of the prepulse effect on ampli-
fication in Ne-like Zn g=30), Cu ¢£=29), and Ni ¢
=28) plasmas created from a slab target at a fixed intensity
*Present address: Department of Physics, University of Kocaelipf the main puls¢34] revealed significantly different behav-
Izmit 41100, Turkey. ior with respect to the prepulse intensity and delay. By em-
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TABLE I. Solid-state properties of coppeZ €29) and zinc Z=30) (compiled from Refs[35-37).

Cu Zn
Electron conductivity (1) 5.92x 10 1.67x 10
Skin depth(1.315um lasej (nm) 21 4.1
Solid density(at 25 °Q (gem 3 8.96 7.14
Specific heat capacity (JgK™ 3.85x10°! 3.88x10°?!
Thermal conductivity of solidat 25 °Q (Wem 1K™ 4.01 1.16
Melting point (°C) 1085 420
Latent fusion heat (kJ moh) 13.1 7.41
Thermal conductivity of liquid (WemtK™Y 1.60 0.59

(near the melting point

Boiling point (°C) 2563 907
Latent vaporization heat (kJ md)) 304.6 115.3
1%t ionization potential (eV) 7.73 9.40
2" jonization potential eV) 20.30 17.99
3" jonization potential eV) 36.87 39.75

ploying prepulses of an intensity ranging from10® to  more significant transfer of energy from the plasma into the
~10"2Wcm 2, applied 2 or 4.5 ns ahead of the main solid target compared to Zn.

pulse, Zn and Ni exhibited much larger enhancement The organization of this paper is as follows. In Sec. Il we
than Cu of amplification at the transition of concern present details of the experimental setup and briefly describe
(2p1/23P1/2) 3—0— (2P1/23S1/5) -1, though all three elements principles used in the data analysis. In Sec. Il the obtained
benefited from the longer prepulse delay. Moreover, the amt€Sults are shown. Implications on the physics of the inves-
plification in Zn was found to be maximized for a prepulse“gated plasmas are outlined in Sec. IV. Also, the electron

producing~2x 10 W cm2, in strong contrast to Cu and dglqsity p_rgfiles obtai_ned for Zn at the irradiance
Ni, exhibiting increasing output with the prepulse level, 10~ W cm *, where solid-state effects are presumed to be

While plasma hydrodynamics and atomic kinetics relevant td(?fstlf?gIzﬁar;:]éricjcl:ajlﬁot(?;iI!Iasﬁgiﬁuies,tz:%;%mlpg??] tgrgiztélés

the main pulse are assumed to be similar for sucrb . g using ' y '
. . . . . .. Conclusions are presented in Sec. V.

Z-neighbouring lasers, the stark differences in their sensitiv-

ity to a prepulse throughout thehole examined range of

intensities(i.e., up to 16> W cm2) must occur due to dif- Il. EXPERIMENTAL ARRANGEMENT
ferent 'features of the prepulse plasmas into which the main The target configuration and the arrangement of the em-
pulse is subsequently coupled. ployed diagnostics are illustrated in Fig. 1. The investigated

The goal of the current work was to provide a detailedjing plasmas were generated by irradiating Zn and Cu slab
experimental chgract_erlzatlon of_Ilne plasmas generated fro’ﬂargets 1 mm wide by near Gaussia®00-ps full width at
slab targets by irradiances equivalent to those produced bygf maximum (FWHM) pulses of the iodine laser system
low-intensity prepulses in some collisional x-ray lasers, WithPERUN at the Institute of Physics, at the fundamental wave-
the prospect of offering a testing ground for numerical simu{ength 1.315um. To produce nearly perfect irradiation uni-
lations used to model such systems. The experiment wa®rmity in the longitudinal direction, the 75-mm-in-diameter
carried out as a comparative study of ZA=30) and Cu laser beam was focused solely in the vertical direction down
(Z2=29) plasmas created by irradiance ranging from 4to a 100( 10)-um-wide line, and just a small central frac-
x10° to 10" W em 2, and of their expansion over 10 ns tion of the focus length was used to drive the plasma. Net
following the laser pulse. Hence for both targets the follow-target irradiances equal tox410°, 10%°, 2x10'% 5x10',
ing parameters were examing®): electron density outline in and 16* W cm 2 were produced by using variously reflec-
the plane perpendicular to the plasma axis, 4 and 10 ns sulbve mirrors or semi-transparent plates as the relay device
sequent to the laser puls@,) VIS-IR time-integrated spec- directing the beam towards the chamber—the beam, and
trum emitted by the plasma, an@ii) spatially resolved hence the focus, profile was thus identical for all the irradi-
plasma emission profile in the VIS-IR spectral region. ances applied. The energy of the beam entering the chamber

Selected properties of Cu and Zn relevant to plasma gerwas carefully measured, and the given values of net irradi-
eration by low and moderate irradiance are shown in Table lance are estimated to be precise withi20%.

It is seen that through solid, liquid, and gaseous states their Interferometric probing was used to determine the elec-
thermal characteristics strongly differ—most notably, bothtron density pattern in the plane perpendicular to the plasma
latent heats of phase transitions and the melting and boilingxis, in instants 4 and 10 ns following the peak of the driving
points of Cu are 2—3 times higher than in Zn, which impliespulse. For this purpose a fraction of the 1.31% beam was
that for Cu much larger energy is needed to bring a unity ofextracted from the laser output and frequency tripled in
the solid onto the ionization threshold. In addition, the moreDKDP crystals to provide 438-nm emission, which was sent,
than 3 times larger thermal conductivity of Cu suggests aia a delay line, to illuminate the plasma down its affisr
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FIG. 1. Experimental setup. The investigated 1-mm-long line plasma is created by theuh3flrdamental beam of an iodine laser,
and is probed by the third harmonics beam at 438.3 nm. High irradiation uniformity is ensured by using only a small fraction of the
line-focused (10QumXx75 mm) 1.315um beam—most of the laser energy is deliberately dumped.

details se¢38]). An additional spatial filter was employed in where\ is the wavelength of the probe beahthe plasma
the optical path of this probe beam so as to improve itdength, andn.<n.. is assumed. Using this relationship and
optical quality and to reduce its diameter downt& mm, a  characterizing the fringe pattern in terms of normalized shift
value sgfficient.to largely overfill the plasma. Care was takenp(x,y) = ¢(x,y)/27 (so that shift of a fringe by one period
to precisely ghgn the target surface parallel to the prObQ:orresponds tap=1), it is

beam. The interferometric patterns were produced by a

Nomarski-type setup. A Fresnel biprism was used to recom- Ik —

bine the phase-delayed part of the probe beam that had ne(X,Y)=|—C d(X,Y). 2
passed through the plasma, and the part that had passed in

free space far away from the target. A microscope objective

and a lens ensured imaging of the plasma output plane on thEhe majority of interferograms obtained in this work was
detector, with a magnification-16.5. The interferograms analyzed with the help of this relationship, i.e., the fringe
were recorded by a 16-bit 3%3242 pixel charge-coupled patterns were first transformed into a “map” of shifts of
device(CCD) camera, cooled down te 15 °C. individual fringes, which was then converted into the contour

The 438-nm probe beam can potentially access electrolines of electron density. Other interferograms, especially
densities up to the critical value.,=5.7x 107 cm3, how-  those corresponding to an only marginally perturbed fringe
ever, refraction in the steep-gradient plasma near the targegttern, were analyzed by using a fast Fourier transform
substantially reduces this value. Based on a simple computéechnique. Its basic idg&9] is based on unfolding the func-
modeling, the choice of the target length of 1 mm stemmedion ¢(x,y) by bandpassing the frequency spectrum of the
from the requirement to keep the refraction effects acceptinterferogram, while the result is subsequently phase de-
able in the plasma corona while still allowing the productiontected in the space domain. More specifically, the carrier
of plasmas with a sufficient aspect ratio, so that boundarfrequencyw corresponding to unperturbed fringes is rejected
effects do not impair the precision of the experiment. from the spectrum of the pattern function fos+ ¢(x,y)},

The adopted geometry allows one to obtain #wthentic and the density is inferred from the filtered function
electron density profile in the plane perpendicular to thecog¢(xy)} by using the relationship from Eql). The
plasma axis. Assuming the refraction of the probe beam to bgethod is analogous to demodulation and phase detection
negligible, the electron density along a sampling ray is conused in FM systems in communication technique; its imple-
stant and hence there is no need to analyze the data by usingentation, however, requires an appropriate treatment for
a recurrence scheme such as Abel inversion, imposing arbi4> 7, which is discussed in Ref39].
trary assumptions on the density symmetry. The electron The array of employed diagnostics further included a
densityn, in a point (x,y) may be thus inferred from the spectrometer and an imaging system, both working in the
difference ¢ between the optical path length along a rayvisible or near-infrared region. The plasma line emission was
propagated in free space and the path length along the regpectrally analyzed using a Czerny-Turner setup, providing a

passing through this point space- and time-integrated spectrum from approximately 350
1o to 900 nm. The emission was imaged with a magnification of
Sxy)= 27 I[l— ( 1- ne(X,Y)) }2 7 Ne(X,Y) | ~0.5 by a lens doublet onto the entrance slit of a spectrom-

' ce TN N ] eter incorporating a blazed lithographic grating with period

(1) of 280 nm, and two spherical mirrors. The spectra were re-
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target surface

FIG. 2. Typical interferometric patterns obtainedtis 4 ns andt=10 ns for plasmas generated g 10'° (b) 5x 10, and (c)
10" W cm™2. The vertical bar labels the width=100 »m) and the position of the laser impact for each shot. The left end of the records
corresponds to the target surface, with an accuracy ®fum. Access to higher electron densities near the target is hampered by refraction
of the probe beam.

corded by a 512-pixel linear CCD of calibrated spectral reawhere A;,\1,91,E1, and A,,N,,0,,E5, are, respectively,
sponse. The setup provides resolving powek\ of =500 the spontaneous emission probabilities, the wavelengths, the
and enables one to distinguish spectral features separated statistical weights, and the energies of the upper levels for
~1nm. each transition.

The electron temperature was inferred from the spectra by The optical imaging was carried out with the help of a
using local thermodynamic equilibriuth TE) approach. The telescope providing a magnification ef3, coupled with a
criterion for LTE is that the population kinetics of a given set high-resolution 19% 165-pixel CCD camera. As outlined in
of levels separated bYE must be dominated by collisional Fig. 1, it viewed the plasma under an angle of 60° with
processesi.e., the contribution of radiative processes is neg-respect to the target normal. The recorded signal corresponds
ligible), which occurs[40] for the electron density, (in  to the range~300-1100 nm given by the throughput of the
cm 3d), used optics and by the CCD spectral sensitivity. The system

is used to provide the lateral profile of the VIS-IR emission,

besides verifying the plasma uniformity down its axis. Ad-
ne=1.8x 10MTY2AE?, (3)  vantage was taken of the insensitivity of the CCD to radia-

tion of a wavelength beyone 1.2 um, hence no cutoff fil-

tering was necessary to eliminate the scattered 1/8h5-
where the electron temperatufg and AE are expressed in |aser light.

eV. Regarding the results of the interferometric probing evi-
denced for the investigated plasmas electron densities supe-
rior to ~10" cm™3, spectral lines of wavelengti . RESULTS
=70Tc" are appropriate for this diagnostics. The electron otk 7n and Cu plasmas were investigated in two identi-
temperature is then determined from the relationship for thga) series of shots involving for each of the available irradi-
intensity ratiol ,/1; of two lines belonging to the same ion- gnces(4x 10°, 101% 2% 10°, 5x 101 and 16' W cm™?)
Ization state: probing in times=4 and 10 ns after the peak of the driving
pulse. For each combination of these experimental param-
eters at least two shots were carried out so as to establish the
|_2: ﬁ ﬂ 92 F{- Eau™ El“) (4) reproducibility of the data and to verify that these are not
l1 A1l 0 kTe /' subject to microscopic variations of the quality of the target



56 INVESTIGATION OF Zn AND Cu PREPULSE PLASMA . .. 4233

Zinc Copper

4ns 10 ns 4ns 10 ns

[\
o | |
I
C)
B
d) Iﬂ
-5

T T T 1 T T T 1 T T T 1 T T T 1
o] 100 200 300 um 0 100 200 300 um 0 100 200 300 um 0 100 200 300 um

Ttarget surface

Nl T 10" cm®

0123 4586 7 8 91011121314 1516 17

FIG. 3. Electron density distribution of plasmas createday x 10°, (b) 10, (c) 2x 10, (d) 5x 10'°, and(e) 10'* W cm™?, obtained
by unfolding the corresponding interferograms including those from Fig. 2. The vertical bar indicates the=ni@m) and the position
of the laser impact for each shot, and the left end of the images corresponds to the position of the target surface. The dotted lines indicate
the limit of the fringe pattern providing relevant density détae text

surface, especially for the lowest irradiances. cellent shot-to-shot reproducibility for=10 ns, and only
minor fluctuations fort=4 ns. The second apparent feature
A. Profiles of the electron density is the difference between Zn and Cu throughout the investi-

A sample of the raw interferometric data is shown in Fig.92t€d range of irradiances. Th'? IS obveus both from the
2. They clearly illustrate the characteristic features of thenterferograms corresponding to oV cm2, which reveal
plasma density pattern throughout the investigated irradianc@gnificantly denser and more spread-out plasma in the case
interval. It may first be seen that while for low irradiances of Zn, and also for & 10'° and 16* W cm™? where Cu pro-
the plasma is rather localized near the target surface anddes plasma that in the lateral direction are appreciably
laterally limited to the 10Qwzm width of the laser focus, for larger than in the case of Zn.
irradiances equal to, or in excess ofx30'° W cm™? the A full account of the obtained results is displayed in Fig.
interferograms show evidence of plasmas of a “nozzlelike” 3 (the density profiles corresponding tx40° W cm™2 and
profile. It should be mentioned that the patterns exhibit ext=10 ns are not available as the interferograms are corrupted
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FIG. 4. Electron density profiles of Zsolid line) and Cu(dashed lingplasmas created by and 13* W cm™2, corresponding to the
center of the laser focus. The=4 ns profiles reveal that plasmas of comparable but slightly higher local density are generated in the case
of Zn, while thet=10 ns profiles indicate strongly different decay rates of Zn and Cu plasmas.

due to refraction of the probe beamThe high-density ness of this “dark region” fluctuates between 80 and 150
plasma adjacent to the target surface, inaccessible due jam on a shot-to-shot basis; however, it is always present in
refraction and/or blur of the interference fringes, is repre-the shots carried out at610° and 16* W cm™2, in contrast
sented for clarity by a gray level corresponding to that in-to thet=4 ns data obtained at lower irradiances.

ferred from the |a.St discemib|e fl’inge, and iS del|m|ted by the The t=10ns density Snapshots a”OW one to Obtain a
dotted line. From the results correspondingtte4 ns it is  fyller understanding of some processes involved in the
seen Othat as the irradiance is lower than or equal to Zasma expansion, as well as reasons for the differences be-
X 10" W cm 2, both Zn and Cu plasmas exhibit a pattern yyeen zn and Cu. The first outstanding feature is the strongly

pertinent to an expanded layer, with a lateral size approXigterent ways in which the Zn and Cu plasmas created by
mately equal to the focus width. This indicates that thelolo and 2x 10 W cm™2 evolve from a localized plasma

plasma expansion up to 4 ns is near to planar and its chay: T : -
acter is governed by the energy distribution imposed by therayer existing in early times. The Cu plasmas decay princi

laser, inasmuch as the peak electron density in the later aIIy.by expand!ng away from the tafget _surface ar_ld the
direction corresponds to the axis of the focus. The densit ensity patterns imply a presumably adiabatic flow regime of

patterns of the Zn and Cu plasmas are similar in shapé"‘ plasma layer created beforehand, and assisted by cooling

though significantly higher electron densities are generate'fough contact with the target. In contrast, the qualitative
using Zn targets. change of the profiles of the Zn plasmas from 4 to 10 ns,

As the irradiance exceeds5L0Y W cm 2, the character namely, the formation of the two spatially localized high-
of thet=4 ns profiles dramatically changes. A “nozzlelike” dens!ty flanks, evidently cannot arise as a result of the ex-
structure with a density dip in the center appears, exhibiting?@nsion of an already existing plasma. This suggests that
symmetrical and strongly localized density flanks. The anglédditional plasma is generated during this period while its
of these flanks with respect to the target normal of aboubulk is expelled obliquely with respect to the target surface
20-25 degrees is essentially independent both of the targand supplies the density flanks.
and of the irradiance. In contrast, there is a difference be- While for 5x 10'° and 16* W cm™2 both the Zn and Cu
tween the Zn and Cu plasmas in lateral width, the latteplasmas exhibit the nozzlelike profile as early ag=4 ns,
exhibiting, for a given distance from the surface, a larger Figs. 3d) and 3e) corresponding ta=10 ns reveal the en-
span between the flanks. By extrapolating the direction of theuing evolution of these plasmas to be different. The profiles
flanks towards the surface, one finds that in the case of Zahow that while for Zn the flank structure is enhanced be-
they outline a 100-12@m-wide region, while for Cu they tweent=4 and 10 ns, suggesting ongoing plasma generation
correspond to an area of 120—16fh. Besides the principal near the target, the Cu plasma rather decays in density and
flank structure the data also reveal small filamentary streanthie flanks “wash out” in space.
emanating from the surface far off the impact region— Figure 4 shows the electron density distribution along a
however, these features rather absorb the probe radiatiglice corresponding to the center of the laser impact for irra-
while exhibiting only a low electron density. diances 1& and 16 W cm™2. First, thet=4 ns profiles re-

Another characteristic of the=4 ns data corresponding veal that throughout the investigated interval of irradiances
to high irradiances is, for both Zn and Cu, a thick surfacethe Zn target provides plasma of a higher local density and of
layer refracting and/or absorbing the probe 438-nm radiatiom larger density gradient. Secondly, the10 ns data reveal
and extending over a large distance away from the lasethat the density of the Cu plasmas decreases in time at a
driven area—on the interferometric records it appears nearlfigher rate, which is especially evident by comparing the
uniform over the~400-um viewed height. The exact thick- =4 and 10 ns profiles corresponding to'1W cm™2 and
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FIG. 5. The VIS-IR spectra produced by Zn and Cu plasmas driveaby0'°, (b) 5x 10 and(c) 10 W cm 2. The spectral
resolution is~1 nm. The saturated peak near 438.3 nm corresponds touliet&ferometric probe; the second harmonic at 657.5 nm of
laser emission may equally be seen(lijm and(c).

points at significant differences in the coupling to the solid+--- , where the indices 1,2. . correspond to the individual
surface of plasma energy. indistinguishable lines in the spectral peak used for the
analysis.
The spectra obtained at 0w cm™2, Fig. 5a), exhibit
only several weak lines, apart from the probe beam that satu-
A typical set of VIS-IR spectra of Zn and Cu plasmas rates the detgctor_negr 438.3 nm. Peak:_s cor-rc-asponding 0
driven by 16° 5x10', and 18 W cm2 is displayed in neutral and smgly ionized states may bg !dentlfled for both
Fig. 5, where the wavelength-dependent throughput of th&n and Cu, while the Zn spectrum exhibits also a feature
imaging optics and the spectral quantum efficiency of the€longing to doubly ionized statZn ). This suggests a
CCD were used to correct the raw data. The spectral lines afeSsibly higher temperature of the Zn plasma, however, the
identified according to Ref§41,42, which also supply the character of the spectra does not make possible a temperature
atomic data necessary for evaluatifig Regarding the reso- analysis.
lution of ~1 nm, some peaks in the recorded spectra in fact An abundance of spectral lines belonging to neutral and
consist of an array of unresolved lines. In E4) the spon-  singly ionized states appears as the irradiance reaches 5
taneous emission facta;A; belonging to a particular line X 10 W cm™2, as seen from Figs.(B) and 5c). The stron-
(i=1,2) is then replaced by sum term;A;+0i,Ai, gest features in the Zn spectra are1Z3d%4s8s—4s4p

B. VIS-IR spectroscopic measurements
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Zn ® Cu trated in Sec. IV. As a consequence, the temperatures in-
ferred from these spectra are to be considered as representa-
tive for the period of decaying cool plasma—hot gas.

%% Figure 6 displays the inferred electron temperature as a

T. (eV)

é function of irradiance. The points in the graph represent the
%% average of a set of values obtained with the help of various
§ combinations of pairs of lines belonging to a given ionization
—— 71— state(spectral peaks corresponding to a blend of lines stem-
10" 5 10" ming from different ionization states were excluded from the
Inadiance (Wem?) analysig. It turns out that thel, magnitudes are similar for

both Zn and Cu—albeit the Zn plasmas yield somewhat

FIG. 6. The time- and space-integrated electron temperature (ﬁigher values, amounting te-6 eV at 181 Wem 2 We

Zn and Cu plasmas as a function of the net laser irradiance. Th@mphasize again that these values do not represent the peak
values are relevant to the coronal plasma in late postpulse time[%mperature attained within the laser pulse
(see text ’

<}
I Ty A |

1 9 C. Spatially resolved plasma emission profiles
near 396.5 nm, Zn 3d'°8d— 3d°%4s4p near 444.5 nm, and

3d%7d—3d%s4p near 450 nm, Zm 3d'%s5s An example of data obtained by the VIS-IR imaging is
—3d'%s4p near 468 nm, and zZm (3d9)4f—4d near shown in Fig. 7. The displayed CCD records correspond to
491.2 nm. In addition, a spectral line near 568 nm, emergingn and Cu plasmas driven by 0and 16* W cm 2% the
strongly at 16' W cm 2, may be identified as stemming parasite speckles appearing near the right end of the target
from a transition in the doubly ionized state @n and for 13° W cm™2 saturating the CCD stem from diffuse
(3d°)5p—5s. The Cu spectra are dominated by peaks bereflection of the 438-nm probe beam.
longing to blends Cu (3d%)4d—4p, Cun (3d%)6d—5p, The data reveal that the lateral emission profiles strongly
and (°)4d—4p near 394.5 nm, Cu3d°4s5s—3d°4p  depend on the irradiance. While for 20V cm™2 the profiles
and Cun (3d°%)7s—5p near 452 nm, and by “pure” lines correspond in width to the 10@m imprint of the laser beam,
Cul 3d'%p—3d%s? at 570 nm and Cu for high irradiances there is an additional “ramp” signal
3d°5d—3d®4s4p near 626 nm. No feature attributable to spread over several hundredn sideways to the laser im-
the doubly ionized state appears in the Cu spectra, providingact. Due to the observation parallax of 60° with respect to
an indication of a lower temperature. the target normal it is obvious that this emission cannot stem
The dominance of lines belonging to neutral and singlyfrom the underdense blowoff plasma sampled by the inter-
ionized states in both the Zn and the Cu cases appears striferometric probing(in such a case the signal would greatly
ing; however, due to the time integration the spectra ar@xtend beyond the outline of the right target edagad that it
strongly weighted towards the late postpulse period, as illusis emitted by a layer located near the surface.

Zinc Copper

0 Counts 500 o Counts 100

\/.

4000 3500

1 mm 1mm

1 mm 1mm

FIG. 7. Images of Zn and Cu plasma self-emission in the spectral region approximately 300—-1{ib@ parasite speckle patterns are
due to the 438-nm interferometric beam coming from the jighte profiles plotted next to each record display the lateral distribution of the
recorded emissiofthe 438 nm signal is eliminated
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FIG. 8. Variation of the lateral size of the VIS-IR emission profiles with irradiance: the squares represent the full width at half maximum
(FWHM) dimension, while the triangles indicate the width at 25% of the emission peak. The “ramp” emission sets on at lower irradiances
for Zn (~5%x10°° W cm™?) than for Cu (10" W cm™?), suggesting differences in lateral heat transport from the impact region to the
target material and thereby in the crater formation.

The dependence of lateral features of the Zn and Cu emisurate treatment of the interaction of the laser with a solid-
sion profiles on irradiance is displayed in Fig. 8—the inten-density target requires numerical modeling, qualitative con-
sity distribution is characterized by the FWHM dimension, clusions can be reached using a simple analytical approach
and by the width measured at 25% of the peak. These pa43]. This is based on the solution of the parabolic heat-flow
rameters are chosen as relevant respectively to the plasneguation for a semi-infinite solid of surface reflectivigy
directly heated by the laser and to the plasma producing thieradiated by laser light, which is approximated to be depos-
ramp signal. While the data display larger scatter than thosged uniformly over the skin depttcf. Table ). Considering
obtained from the other two diagnostics, they clearly showa flat-top laser pulse of peak intensity, linearly rising over
that the emission profile characteristics are a stronger funaime 7, , the time necessary to heat the surface to a tempera-
tion of irradiance for Zn than for Cu. Both the FWHM of the ture T5 may be evaluated by
central peak and the width of the ramp strongly rise at 5
X 10'°W cm™2 in the Zn plasmas, whereas Cu exhibits a
more gradual increase of both signals, with a ramp extending

23
IE(3/2)3/2771/3(KCp)1/3<L) T23, (58
to several hundregim just at 16' W cm™2,

(1-R)I,

assuming thal g is reached within the pulse rise tinGiee., if

IV. DISCUSSION t<r,), and by
The most informative experimental data are those sup- KC 1 (1-R)l 2
plied by the density probing. These provide two important Tr—pz NSl 1/2> (5b)
pieces of evidence about the plasma evolution in the post- (1-R)%I5 3\/— VKCp

pulse time. The first is that within th@holerange of irradi-
ances examined, the Zn and Cu plasmas evolve differentlyf Ts is attained at the peak of the pul§ee., if t>7,); in
producing different density profiles. The second is that wherboth formulask denotes the thermal conductivitg, the heat
the laser pulse produces an irradiance exceeding a certadapacity, ang the mass density. It is important to note that
value specific to each element, the plasma develops into \&hile using a model based on simple heating of a solid and
pattern exhibiting symmetrical density flanks, which cannotneglecting phase changes, E¢S) may be adequately ap-
be accounted for in the framework of a monodimensionaplied to assess the time necessary to bring the surface up to
flow model and by neglecting the material properties of thevaporization temperature. This is due to the fact that the
target. Both these observations conclusively show that mateenergy spent in melting is of the order of ps and hence neg-
rial properties of the target are a substantial factor determinligible compared to that consumed over the whole heating
ing the postpulse plasma evolution, the nature of which igperiod. This may be shown using a simplified mod&4] in
two dimensional in essence. which the time necessary to melt the skin depik assessed

In examining reasons for the differences between the inas~ 7, H((1—R)Iothead 1, H being the latent heat of the
vestigated plasmas, two issues have to be considered: tiphase transition ante,the time necessary to heat the sur-
underlying effect may predominantly arise from different face to the temperature at which this change occurs.
plasmas being created by the laser pulse, or alternatively as a Let us use Eqs(5) to assess the time necessary to raise
result of different expansion histories of plasmas of initially the surface temperature to the vaporization point, as a mea-
similar parameters. sure of the onset of plasma production for each tafgébtle

By using targets of different thermal properties, the gen-the ionization will likely proceed extremely quickly, having
eration of plasmas of different parameters may occur at weal character of a breakdow#5], its exact rate is rather dif-
irradiances, typically well below 2 W cm 2. While an ac- ficult to estimatg AssumingR=0.5 as a reasonable estimate
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for both targets, for a flat-top pulse ef=100 ps producing Within the experimental error, although it should be noted
lo=4X10° W cm™2, vapor will be generated on the surface that the data indicate the Zn plasma to exhibit a steeper pro-
of a Zn target after~35 ps, while for Cu this will take file (preventing probe beam penetration beyend00 xm)
~140 ps. Due to reduced thermal conductivity of both znimplying possibly higher densities close to the target. On the
and Cu liquid(cf. Table ) these numbers present a lower other hand, fot= 10 ns the predicted profiles do not account
limit for the onset of generation of metal vapor—the ratio of for the apparently different evolution of the Zn and Cu plas-
the liquid conductivities is, however, comparable to that formas, underestimating the local density value in Zn while
the solid state, reinforcing the earlier development of theoverestimating it in Cu.

vapor in Zn. Figure 10 illustrates calculated profiles of the electron

The results obtained with the help of Eq§) are dis- temperature in a Zn plasma driven at"i/ cm™2, at 1-ns
played in Table II. It is apparent that below®@ cm 2the  intervals after the pulse peak—the Cu profiles are nearly
time needed to heat the target before the plasma is producédentical and are not shown, for the sake of clarity. The ex-
is non-negligible with respect to the pulse duration. The dif-panding corona is calculated to cool down to 10 eV in about
ferent material properties of Zn and Cu will in turn lead to a5 ns while further slowly falling over a tens-of-ns time scale,
larger amount of plasma produced from Zn targets. This inand the VIS-IR spectral measurement are hence strongly
deed corroborates the experimental results, as seen from théighted towards late postpulse times.
t=4ns data shown in Figs(& and 3b). From the comparison of the calculated and the actual den-

When the irradiance far exceeds'4® cm™2, the time  Sity profiles it is clearly apparent that the target properties
required to bring the surface to a vaporization point andesume a role after the pulse is terminated, leading to plasma
hence to the onset of p|asma generation progressive|y b@.VO'Ution increasingly element dependent with time elapsed
comes negligible with respect to the total pulse durationsince the laser pulse, and causing the 1.5D purely hydrody-
Material properties of the target are thus becomingnamic treatment to progreSSively cease to be adequate for
insignificant—material is ablated and heated in the regime ofnodeling the interaction. As a consequence, a realistic de-
high-temperature plasma, where the energy balance is cofcription should handle the problem in a fully 2D approach
trolled solely by the absorbed laser intensity near the criticaithin which it has to deal in detail with heat dissipation
surface, the diffusive electron heat conductivity, and the co-
rona expansion velocity, which are similar for elements of 107
neighboringZ. As a consequence, during the laser pulse ac
tion the interaction may be appropriately treated by a hydro-
dynamic model and material properties of the target may be 107
disregarded. In other words, differences between the Zn an
Cu plasmas may for these irradiances stem only from differ-
ent postpulse evolution.

For the irradiance 0 W cm ™2, we present a comparison
of the measured electron density profilesrresponding to
the center of the focal spobf Zn and Cu plasmas, and the 10
profiles calculated by a 1.5D Lagrangian cOHEYBRID
[46,47]. This fully treats plasma hydrodynamics in the direc-
tion perpendicular to the target, while laterally its flow is
assumed to be a self-similar isothermal expansion; the er
ergy transport is modeled using flux limitedf=0.1)
Spitzer-Ham approach, and free electrons are assumed t 20
behave as a nondegenerate perfect gas. The ionization kine
ics is modeled through a modified Griem’s mo{iéT]. i) 10 ns

From Fig. 9 it is seen that far=4 ns the agreement be- Ny
tween the calculated and the measured profiles is, over th
region accessed experimentally, fairly good. The virtual
identity of the calculated Zn and Cu profiles coincides with
the observation that these profiles are similar to each othe

4 ns

simulation
experiment

2

Electron density (cm®)
)

10 f T T T T T f
0 50 100 150 200 250 300 350 400 450 500

Distance from the target surface (um)

—————— simulation
experiment

Electron density (cm®)

TABLE Il. Time necessary to heat a solid target to vaporization
temperature by a flat top laser pulse with a risetime of 100 ps,
measured from the pulse ongatcording to Egs(5)].

10 T 1 1 1 1 T T
Cu Zn 0 50 100 150 200 250 300 350 400 450 500

. . _ i L. Distance from the target surface (um)
Peak irradiance (W cnf) Time to vaporizationps

4x10° 36 138 FIG. 9. The electron density profiles of Zn and Cu plasmas
10%° 19 65 created by 18 W cm™2, in times 4 and 10 ns following the peak of
5x 10 7 23 the laser pulse. Dashed line:#yBRID code predictions, solid line:
101 4 14 experimental profilegalong a slice corresponding to the center of
the laser focus
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FIG. 10. Electron temperature profiles calculated by the
EHYBRID code for a Zn plasma driven by ¥OW cm 2, in times
0-10 ns relatively to the peak of the laser pulse, with increments of C]
1 ns.

from the plasma into the target and with low temperature
ablation processes involved in the postpulse plasma gener:
tion.

The experimental data allow us to identify the principal . ) _
effects responsible for the plasma behavior observed at the FIG. 11. Schematic of effects involved in the postpulse plasma
higher irradiances. As already noted, the density profile eXt_avolution: the bulk plasma created by the laser acts as a heat sink
hibiting the flank structure cannot be formed by free expanSaPable of inducing further plasma generation in the postpulse pe-
sion of a plasma layer previously created by the laser pulséIOd' (@ In case of a small amount of cool plasma and/or a material
but mav be recoanized as arising from a plasma additionalldf high thermal conductivity the heat flow is matched by dissipation
genera)t/ed in theEJ postpulse timLEJ and ejee:ted under a giv th the target and no postpulse plasma is generatedc) For an

le. The kinefi derlving thi hani GHadiance significantly in excess of 0N cm~2 and/or for a ma-
angle. The kinetics underlying this mechanism are presum rial of low thermal conductivity, the heat influx supplied main-

to be analogous to those involved in melt ejection arising in,ins the conversion of the target surface to plasma subsequent to
laser welding or hole drillinge.g.,[45]). To our knowledge, e puise; a fraction of this plasma is first ejected sideways but is

this work is the first to show such a phenomenon to occur inater steered by the crater to an angle, supplying the high-density
postpulse evolution of laser plasmas, although we note that j{anks.

has been anticipated theoretically for the hot metal vapor
regime at postpulse time scales of 100-ns ofdd]. The required to generate plasma, which will result in a smaller
principle is illustrated in Fig. 11. The plasma created by the(or nonexistent quantity of additional plasma and/or a
laser pulse expands while producing heat flow and recoihigher cooling rate of the bulk plasma. The Cu plasmas at
pressure to the target. Depending on the rate at which th&0'® and 2x<10'°W cm™2 thus merely decay in density,
heat flow is dissipated by thermal conduction into the targetvhile in the case of Zn the heat flow is sufficient to generate
material, the surface can be sustained to produce plasma welle density flanks. For higher irradiances the energy influx
beyond the laser pulse. Due to the pressure exerted by tHeom bulk plasma is large enough to generate additional
bulk plasma perpendicularly to the target and having a maxiplasma for both targets at early times, initially producing the
mum in the center, this plasma will tend to run away in thespread-out surface layéapparent in both the interferometric
lateral direction, and its flow will be liable to be controlled and the imagery datavhile quickly forming a crater struc-
by the shape of the adjacent target surface. Thus, initially theure and supplying the flanks. The higher thermal conductiv-
flow will occur in the direction tangential to the target, while ity of Cu is likely to give rise a larger plasma, which would
the gradually developing crater will progressively steer it toexplain the larger span between the density flanks compared
an angle with respect to the surface. to Zn, as seen in Figs(® and 3e). On the other hand, the
This scenario, which appears to be the only plausible onéigher heat dissipation rate of Cu will cause termination of
consistent with the experimental data, allows us to qualitathe plasma generation earlier than in Zn, as implied when
tively understand the differences between Zn and Cu. Heat isomparing thee=4 andt=10 ns profiles in Figs. @) and
dissipated more rapidly into the Cu target and more energy iS(e).
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It should be noted that at higher intensities the data exthe heat flow into the target is the dominant factor in deter-
hibit several surprising features, such as the filamentarynining the energy balance of the laser-target interaction, for
streams int=4 ns, shot-to-shot fluctuations of width of the irradiances higher than W cm™2 it is only in the late
dark region adjacent to the target and of the “ramp” signalphases of the expansion that the target properties are substan-
of VIS-IR profiles, and a strongly pronounced flank structuretially involved in the plasma evolution.
for Cu int=4ns at 16 W cm 2 compared to the corre- We have compared the experimental density profiles for
sponding Zn profile. Along with the basic observationsZn and Cu plasmas created at an irradiance éf Wdcm 2,
made, they underline the complexity of the phenomena ina regime in which the classical hydrodynamic approach
volved, which are poorly understood at present. These inshould be appropriate during the pulse action, with 1.5D hy-
clude most notably laser absorption in, and plasma generarodynamic calculations that neglect the material properties
tion from, a system liquid-vapor at a temperature beyond thef the target. The predictions of theory and experimental
critical point, ablation at low temperatures of the order ofobservations diverge significantly at late plasma times. In
eV, heat transport issues such as electron and thermal coparticular, the profiles calculated do not match the substan-
ductivity in dense weakly ionized plasmas adjacent to solidially higher decay rate of Cu plasmas observed, which both
and/or liquid state, effects of hydrodynamic flow pertinent toascertains the importance of target properties in the post-
two-dimensional geometry, and so on. While some of thesgulse plasma evolution and points to the fundamentally 2D
issues have recently been addressed or are currently beigbaracter of this evolution.
investigated 23,48—53, further experimental as well as the-  The results indicate that the plasmas created by prepulses
oretical effort is necessary to understand their role as an irare more complex than is generally assumed and explain the

tegral part of the interaction regime studied. inadequacy of purely hydrodynamic 1.5D modeling to de-
scribe the action of a low-level prepulse. It is apparent that a
V. CONCLUSIONS deeper understanding of the postpulse dynamics of low-

. o ] temperature laser plasmas is required, suggesting that the use
We have reported an investigation of Zn and Cu line plasyf, e g., soft x-ray interferometry to probe the dense plasma
mas created from slab targets irradiated by low-level laseg; the target surface would be productive. Furthermore, the
pulses of intensity % 10° to 10"* W cm 2, typical of the  development of 2D numerical models that treat the energy

plasma created in the prepulse driving phase of sequentiallfansport in some detail are essential for the accurate model-
pumped collisional x-ray lasers. We examined these plasmagg of these systems.

by interferometric sampling and time-integrated VIS-IR
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