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Spectra in the 7.10 to 8.60 A range from highly charged copper ions are observed from three different
laser-produced plasm#sPPg. The LPPs are formed by a 15-ns Nd:glass laser pijge I: E,ys=1-8 J,
A=1.064um), a 1-ps Nd:glass laser pultgpe II: Epyse=1 J,A=1.055um), and a 60-fs Ti:sapphire laser
pulse (type Il Epyse=800 mJ,A=790 nm). The spectra of high-(n<14) transitions in highly charged
copper ions, CH" to Cl/#*", are recorded with a high energy resolution' £\ =3000-8000) spectrometer
using a spherically bent mica or quartz crystal. Collisional-radiative models are computed for the emission
from each plasma. The sensitivity of the model spectra to opacity effects and to populations of superthermal
electrons is studied. For the type | LPPs, opacity effects, treated with escape factors, are necessary to get the
correct relative intensities of high{n=5, 6) Ne-like Ci®" emission features. In the case of the type Il LPPs,
the contrast between the laser prepulse and the main pulse has been varied fromyjdiy,=7X 104, to
high, I nain/ | pp=3.8X 10’. For plasmas from low contrast shots, we find good agreement between the observed
spectra and optically thin simulations with bulk electron temperafliggs= 0.4 keV and a small population of
superthermal electronsT{,=5.0 keV) that isf,,=10 ° of the bulk electron population. For high-contrast
type Il LPPs, we find higher densities and a combinatiotigf~ 10" ° and escape factors best describes the
data. For the type Ill 60-fs LPPs, a population of superthermal electBps<(5 keV) that is~5x 10 ° of
the bulk electron populationiT,,~0.2 keV) is required to reproduce the observed spectra. The effect of both
escape factors and hot electrons in the CR models is to increase the ionization balance and dramatically
increase the number of strong lines for each ion considered. We have studied both opacity effects and hot-
electron influence on high-transitions of highly charged Ne-, F-, and O-like ions.
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[. INTRODUCTION [12,13. Hot electrons created during the interaction of sub-
picosecond, high-intensity lasers with both solid targets and
The development of methods to create and diagnose hotjusters of atoms in gas jets have significant effects on the
dense plasmas is of great interest for many applications inx-ray radiative properties of the produced plasmas. These
cluding inertial confinement fusioi] and the interaction of effects have been studied extensively in recent years. Previ-
matter with short laser pulsg¢&—4]. Plasmas with thermal ous spectroscopic work has noted the effect of beams of hot
electron distributions with temperatures of hundreds of e\electrons on th&-shell spectra of light ions in pulsed power
are produced over scales of tens of nanometers by the inteexperiments[14,15 and laser produced plasmdkPPs9
action of short duratioiitens to hundreds of fdaser pulses [16-18. A two-temperature plasma model with a low-
with solid density matte[5,6]. Populations of hot electrons temperature Maxwellian electron distribution functi@DF)
are known to be producdd,8] by several nonlinear absorp- and a small hot electron fraction (18-10 %) at a much
tion mechanisms such as resonant absorpifjn vacuum higher energy has been successful in descrilghell
heating [10], and forward scattering instabilities in the emission spectra from solid Mg and Al laser targéi4,16.
strongly driven regimg11]. The presence of a preformed A two-temperature model with small fractions of hot elec-
plasma can strongly enhance the production of hot electrortsons (10 '—10 °) has been successful in describighell
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emission spectra from laser-irradiated Ar gas j8%519-21 Il. EXPERIMENT DESCRIPTION
and plasma focus devicgss]. These studies have demon- Three laser installations have been used for measurements
strated that hot electrons drive the ionization balance to

higher charge statg45] and augment the intensity of inner- cr_::exr;::éi?f;fgf:O”:a();Iovsgsercngergasu:&etzft.rs;t\c/)ére);ggn_
shell satellite line$16]. Very recently, the effect of hot elec- yp g

trons on the spectral shape of-2 L-shell transitions in Enl\;ﬁgsgtgnc&;izr:g(lltiﬁ) xhv?/:/gl?r?r?s c\/)\]/caj IF\)Irdo'draCsesdI;ssér
near-neonlike krypton ions following the irradiation of clus- 9 P 9 9 '

ters of krypton atoms with a high-intensity, subpicosecon 055 um, in & vacuum chamber, which has a pressure of

_2 .
laser has been quantifig@2]. In the present paper, we look 0 “ mbar. The laser source was a Quantel Nd:glass laser

. . o ; . delivering pulses with a maximum energy of 20 J and a
in detail at the k'|net|cs of h!gher (n=5) Rydberg lines of temporal duration of 12—15 ns. It consisted of a chain of two
Ne-, F-, and O-like copper ions.

The interaction of low to moderate intensity laseis ( Nd:\:Af_G (YAﬁ’ yttrlunj.alummum gar_thand two Nd:gla;s
10 t0 10" Wicn) with solid targets is well understood amplifiers. The repetition rate was limited to 1 shot/min to
[9]. The present work does not address issues with laseminimize the thermal lens effect. A 20 cm focal-length dou-

enerav deposition brocesses or target-heat conduction rB_Iet lens focused the laser beam on the target at a 45° angle
gy dep P arg _ P8t incidence. The estimated beam diameter at the focal point
cesses. Rather, this work uses high-resolution spectrosco

. i SCORYas 300um. In our experiments the laser energy was varied
of L—_she_ll x-ray spectra _to |IIL_Jstrate the sensitivity of_ diag- petween 1-8 J. The resulting intensity on target for type |
nostic s.|mulat|.ons to various issues such.a.s plasma ion Se'&xperiments is 16—102 W/ene.

absgrpuon of line radiation and the sensitivity to populauons The second set of experimeritgpe 1) were carried out

of high-energy electrons beyond the bulk, Maxwellian elec-on the “Neodym” laser facility[24] at the Central Research
tron distribution. The spectrum of hightransitions in Ne-, |nstitute of Machine Building near Moscow. The laser energy
Na-, F-, and O-like ions has a complicated structure; we havgas up to 1.0 J, and the pulse duration in these experiments
done a separate work to identify and classify these transitionas kept to 1 ps. The fundamental wavelength of the
[23]. In the present work, we investigate in detail the influ- Nd:glass laser was used. The laser pulses were focused into a
ence of optical thickness and hot electrons on the kineticgocal spot with diameter within the range of 100 to 90,
model for spectral intensities. Using multiple laser facilities,yielding a peak intensity within the range from f0o

we vary laser-flux density by changing the energy and spotQ'” W/cn?. In such a setup there are two types of prepulses
size of the laser focus. This allows us to obtain differentbefore the main pulse. The first prepulse arises from ampli-
plasma conditions and helps not only to discriminate befied spontaneous emission in the regenerative amplifier. This
tween the lines of different charge states, but in some casepyepulse occurs for about 8 ns before the main pulse and has
to illuminate different population channels and to see more~0.3 mJ of energy, such that the intensity contrigt;./1 o,
clearly which spectral lines start to appear with increasingthe peak intensity to prepulse intensity ratie about 1.3

flux density and decreasing laser-pulse duration. Specifically< 10’. In our experiments we did not change this prepulse.
we look at copper emission spectra from plasmasThe second prepulse arises from the many pass regime of

formed by lasers with |~10"-10" W/cn?, with |  amplification in the regenerative amplifier and the finite
~10"-10" W/cn?, and with I ~10* W/cn? (which we transmission of Pockel cells. This prepulse occurs for about
designate type I, Il, and lll, respectively—they are describedl3 ns before the main pulse and had duration of pulse equal

in detail in Secs. Il and ¥ We demonstrate that for the type to 1 ps. In the type Il experiments we changed the intensity
| LPPs, the escape factor description of opacity effects i®f this prepulse: “low contrast”—the intensity contrast is
required for higha members of the Ne-like Rydberg series. about 7<10* and “high contrast’—the intensity contrast is
For the type Il and type Ill LPPs, we find that populations of about 3.8< 10’.
multi-keV  electrons that are small fractions f ( In the upper panel of Fig. 1, two picosecond (
=10"9-10"% of the bulk electron population T, =210 Wicn?) LPP spectra produced with higiddle) and
=0.2-0.3 keV) are necessary to reproduce the observddw (bottom ratios of the main pulse to the prepulse peak
data. There is some evidence that the type Il spectra alsotensities are shown. Thep2nd and Z-np Ne-like transi-
exhibit opacity effects. tions are indicated with the standard notation. There is little
This paper is structured as follows. In Sec. Il the laserobvious difference between the two type Il spectra. Shown
systems creating the three types of plasmas studied and tfier comparison is a high-intensityl € 10" W/cn¥) spec-
targets used are presented. In Sec. lll our atomic kinetickum from the type | experiments, there are fewer lines from
model is presented, along with a description of the atomidiigher charge states (€4 and C#'*) in the type | spec-
data that are input. In Sec. IV the analysis of the modetrum. Shown in the lower panel of Fig. 1 is a comparison
sensitivity to changes in electron temperature and density, tbetween two LPP spectra from the type Il experiments in
optical depths, and to the presence of hot electrons is studiedhich the focusing lens has been moved from best focus
In Sec. V, opacity effects on type | plasmas, the diagnosis ofmiddle) to a 1 mmdisplacementbottom). This results in a
very highn spectra in type Il LPPs, and an analysis of hotlower plasma temperature in the bottom trace, as is demon-
electrons in a type Ill LPP spectrum are presented. In Sectrated by the diminished F-like €U ion features. Also
VI, a discussion of this work and other recent, related workshown is a low-intensity spectrum from the type | experi-
is presented. A summary of our results is given in Sec. VIl.ments. The same reduction in signal from lines of the ions
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more highly charged than the Ne-like ¥t1 is seen compar- ns. The total energy in the laser pulse is about 800 mJ. The
ing the type | traces in the upper and lower panels of Fig. 180-mm-diameter laser beam was focused withf @135 off-

The third set of experimentéype Ill) was performed axis parabolic mirror onto copper targets, which were placed
with the Saclay(France 10-TW laser(UHI10), which was at a 22.5° angle from the direction of the incident laser
designed to generate 60-fs pulses at a 10-Hz repetition rateeam. The focal spot diameter measured in vacuum was
[25]. It employs the standard chirped pulse amplificationabout 30um, giving a laser intensity on the target in the
(CPA) [26,27 technique. Ti:sapphire rods are used as thel0™® W/cn? range.
lasing medium and the operating wavelength of the system is In a recent work, we have identified in detail the copper
790 nm. In order to produce such high-power ultrashorton line features in the 7.50 to 8.70 A rang@3]. In that
pulses with a good contrast, first, the low-energy ultrashorpaper, we describe the accuracy of our wavelength calibra-
pulse is stretched up to 300 ps by an aberration free Offneifons and the energy resolution for the same spectrometer
stretcher. The pulse energy is about 1.8 J after four stages setup[28—3( used here in the Nd:glass experiments. Based
amplification. Then the compression is performed in aon systematic variation of laser pulse energy, we identified
vacuum chamber directly connected to the experimentaihe highn Rydberg lines of the Ne-like spectrum as well as
chamber. The contrast, measured with a high dynamic crodsgh-n Na-like satellite transitions and lines from the more
correlator, is about I at 1 ps, and about 10 at several highly charged F- and O-like ions. The calculated dominant
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15ns pulse

FIG. 2. Nd:glass LPP spectra:
type | (lens shifted 5 mm from
best focug and type 1I(1-ps laser
pulse, and a type Il Ti:sapphire
(60-fs laser pulseLPP spectrum.
Evidence of hot electrons is vis-
ible in the ps and fs LPPs.

1ps pulse

measured signal (arb. units)

60fs pulse

L s
7.800 7.900 8.000 8.100 8.200 8.300 8.400 8.500

wavelength (A)

jj-basis state for the upper level of each observed transitionecessary to reproduce the observed relative strengths of line
is given in our paper; the labels given in Tables II-V of Ref.features in the long pulse spectra from solid targets, and that
[23] are used to identify spectral features in the figures tha& population of multi-keV hot electrons is necessary to re-
follow. Figure 2 contrasts data taken in the type |, I, and Il produce the distribution of charge states seen in the short-
experiments for laser intensities ef7x10'°, 10'®, and pulse spectra.
10'® W/cn?, respectively. In the case of the 1-ps experiment, Line intensities from the data in the present work have
the contrast between the main pulse and the prepulse was reen compared with synthetic spectra calculated using
the high regime £107). Enhancement of F-like Gl ion  atomic data from the HULLAC packad®1-33. Figure 3
features in the type Il and Il spectra is evidence of hotshows the synthetic collisional-radiativ€R) spectra for
electron populations, this will be discussed in Sec. V. Mg- to O-like CU’" to Ci*** in the 7.1 to 8.6 A range. The

In the type | and Il experiments, a stepped target wasnergy levels and radiative transition rates, along with auto-
used; one part of the target contained cooper, while the sedonization rateq§34], are calculated by RELAC31,32. All
ond part contained NaF, Mg, or Al, which produced spectralevels with principal quantum number<9 have been al-
lines used for reference wavelengths. The height of the stedewed to interact in the calculation of the structure and rates
was 300-800um. Between laser shots, the target wasfor each ion. Electron impact excitation collision cross sec-
moved in the plane perpendicular to the laser beam to obtaitions between all levels of each ion are computed semirela-
spectra of the material investigated and reference materiatévistically in the distorted wave approximation using
on the same spectrograph film. The target step served ®ELAC’s multiconfiguration wave functions by the tech-
physically separate the two spectral images on the film. Thaique of Bar-Shalom, Klapisch, and Or¢g3]. Collisional
type 11l (60 fs) experiments did not have the calibration lines excitation rate coefficients are found by averaging the colli-
on the same film as the Cu spectra, thus there is a largeional cross sections over a Maxwellian electron velocity
uncertainty in the position of the observed lines in the copper
data from the Saclay experiments. Each target was used for
1-10 shots in Nd:glass laser experiments, and 200 shots in

Ti:sapphire laser experiments. e |
sliki
!

Ill. KINETICS CALCULATIONS — s IM_LJALiLJ_IU_J._.L_ _J.w_ _.HL._.

In what follows, we simulate the observed line intensities
for highn Rydberg lines in near-neonlike iond/g-like
Cut™ to O-like C#*) using a steady-state collisional- =
radiative model. The ion kinetics that give rise to the ob- '
served emission account for the effects of hot electron popu-
lations on collisional excitation and ionization rate
coefficients, and opacity effects on the strength of individual
lines. A recent wor22] on theL-shell spectra of Kr ions FIG. 3. (Colon Collisional-radiative spectra for Mg-, Na-, Ne-,
illuminated by long(ns scalg¢and shor{60 fs) duration laser  F-, and O-like (bottom to top Cu ions. The calculation has,
pulses reaches a similar conclusion to what we find in the=250 eV, N,.=10? cm™3, and escape factors calculated for an
present work. That is, the opacity effects in the model areassumed plasma diametes=50 um.
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distribution at either the bulk T, or T.) or hot (The) For the present work, we have computed synthetic spectra
electron temperature. Direct ionization rate coefficientsvith fro=10"7, 5x10°7, 1075 2x10°%, 3x10°° 5
[35,36) and photoionization cross sectiof37], have been X10°°, 10°°, 2x 10 °, and 5<10 °. Above 10 °, the re-
computed from all fine-structure energy levels. The rates osponse of the F- and O-like ions in the simulation is sensitive
the inverse three-body and radiative recombination processég the value off .

have been found by detailed balance of the forward rate at We have included the effects of plasma self-absorption in
the bulk temperature. The rate coefficient for radiationles®ur steady-state level population calculations with escape
capture(leading to dielectronic recombinatipimto the lev-  factors[38,39 on the radiative decay rates

els of the Mg-, Na-, and Ne-like ions has been found by "

detailed balance of the corresponding autoionization rate. A= €A, (7)

All level energies and rate coefficients have been entered - ) - )
into the CR rate matrix for the Cu ions of the present Work,whereAe is the effective transition rate in the presence of

and the resulting steady state level populations are theRNoton trapping and is the escape factor that depends on
found according to the atomic mass, the ion temperature, and the plasma radius.

For this work, we assume an isothermal, spherical plasma
dn with a diameter ranging from 30 to 150m and an ion
WZOZE niRij—n > Ry, (1) temperatur€T;,,= 5T, or T, for computing thermal broad-

7 'l ening contributions to each transition’s line width. We find
wheren; is the population in levej, andR; ; is the rate at that the ch0|c|fe of ion t(.amp'eraturﬁ has ﬁ"”?OSt no effect Or? the
which population leaves levéland goes to levdl, possibly computed € -gbsorphon In each synt 'etlc.spectrum. P oton
belonging to a neighboring ion. The resulting intensity for antapping r_ed|str|butes the_ level populatl(_)n n the considered
observed line is given by ions, particularly e_n_hancmg the population in the upper lev-

els of strong transitions. The altered level populations mean

2) that the absorption is different; the calculation is iterated un-
til a self-consistent solution for the escape factors is reached.
whereA, ; is the radiative transition rate. T_he enhan_ced level popula_tior_lg are redistributed by qoll_i-
We assume a bi-Maxwellian distribution to account for Sions, and in some cases, significantly enhance the emission
the effects of hot electrons on collisional excitation and ion-iN Previously weak linegdiscussed below
ization. That is, we assume a bulk Maxwellian electron dis-
tribution represented by temperatulg,,, and a second, IV. MODEL SENSITIVITIES
much smaller Maxwellian electron distribution represented
by Thot- The Maxwell-Boltzmann probability of finding an
electron in the energy randeto E+dE is given by Figure 4 showsT, dependence in the CR spectra for
highly charged copper ions. The average copper-ion charge
increases ag. goes from 200 to 500 eV from 18.76 to
dE, (3 20.70, thus going from a fraction of an electron in the
M-shell to an average charge state that is dominated by
O-like CU?t*. This is reflected in Fig. 4 as the F- and O-like
lines become more prominent with increasing temperature.
By T.=400 eV, the characteristic Ne-like lines are less
%rrominent than features composed of multiple strong F- and
O-like transitions.
" Figure 5 shows the electron-density dependence in the CR
7(Te):f vo(E)P(E, To)dE, (4 spectra for highly charged copper ions in tNg range of

Etn interest to the present work.

_ - As the electron density goes from 20 to
where Ey, is the threshold energy for the transition and 5% 10?1 cm™3, the average ion charge increases from 18.81
= V2E/m. The effectiverate coefficient for electron impact to 19.27 for fixed T,=250 eV. As the density increases

i i=njAji,

A. Electron temperature and density

2E"? -E
P(E,Te)dE= ex;{
( e) 77.1/2( kBTe)3/2 kBTe

wherekg is the Boltzmann constant. The rate coefficient
for an electron impact transition at some temperaftyas
given by averaging the energy dependent cross section f
the reaction over the distribution of electron velocities,

excitation or ionization is given by above 5<10?%, the model predicts that recombination is
_ strongly enhanced and the average ion charge actually drops
E=(1=Fnod ¥(Touid + frot¥(Thot, (®  again, reaching 18.84 at »510P2cm 3. Above N,

here ™ is in o & s th fficient for eith =5x 10! cm™3, the populations in the levels of the Ne- and
where= is In cns , y s the rate coefficient for either ¢ jie jons are near to local thermodynamic equilibrium with

process at the specified temperature, aggis the ratio of g |eyels of the ground configuration of the F- and O-like

the number in the hot distribution to the number in the h°tions, respectively. The only visible effect of changing density

1

and bulk distributions, in Fig. 5 is an enhancement at high density of high-energy
Ng(Thg) (A<8.1 A) F-like features that make up a weak back-
fro= el ho _ (6)  9round.This is due to strong three-body and radiative recom-
Ne(Thui) + Ne(Thoy) bination from the O-like ion.
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N =1x10 * em® E

T‘a =200 eV

- 20 3 ]

N!3 = 5x10 cm

21 3 E

Ne =1x10 cm

- N_=5x10 2 em”

- N =1x10 ®om® 3

7.500 8.000 8.500 ; g

7.500 8.000 8.500
wavelength (A) wavelength (A)

FIG. 4. Optically thin CR spectra for3 Mg-, Na-, Ne-, F-,and g1 5 Optically thin CR spectra for Mg-, Na-, Ne-, F-, and
O-like Cu ions computed foN.=10* cm™® and different electron  ojike Cu ions computed foff,=250 eV and different electron

temperatures. Each line feature has been given a Gaussian profjgsities. Each line feature has been given a Gaussian profile with a
with a 3.0mA FWHM. 3.0 mA FWHM.

B. Optical depths
The relative intensities ohC and nD lines in Ne-like €nhanced population in the models with escape factors. Re-

ions are used as diagnostics of both temperature and densf§/cing the assumed plasma diameter for the escape factor
in many plasmag40]. For high-density plasmas, it is essen- calculation reduces the enhancement of the population in ex-
tial to account for self-absorption of neonlike line radiation cited levels, and thus the total rate of ionization, as seen in
in order to calculate accurately the ratios of diagnostic linesFig. 6.

Figure 6 shows the dependence on optical depth, as repre- Another effect seen in the simulations with escape factors
sented by escape factors, for the CR calculations by varyingg that thenF andnG lines are strikingly enhanced. Partly,
the assumed plasma diameter,The most obvious effect of this is a relative increase since th€ andnD lines are more

the escape factors is to reduce the strength of thelibe  strongly absorbed than the correspondirfg andnG lines.
relative to the A, 4B, and XC lines, and to reduce the There is also an absolute enhancement due to collisional
strength of @ relative to 8C. The inclusion of the optical transfer of population in the®nd levels to the p°ns up-
depths in the simulations also shifts the calculated ionizatiomer levels of thenF and nG transitions. The population in
balance significantly higher, frofZ)=19.10 in the optically the 2p°nd upper levels of thenC and nD transitions is
thin case(middle panel of Fig. bto (Z)=19.56 in theL greatly enhanced~ x 4 for L=100 um) because the escape
=150 um calculation, and the fractions of F- and Ne-like factor in Eq.(7) suppresses the drain channels from these
ions go from 0.207 to 0.522 and 0.664 to 0.376, respectivelylevels, thus creating a source for enhancingriffreandnG

This is due to increased ionization from excited levels withlines.
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i.e., ~0.4 electrons. For smaller plasma diameters, the effect
of the escape factors on the ionization state of the plasma is
comparable to the effect of the smaller hot electron popula-
tions, a shift of~0.2 electrons higher. One observes in Fig.
7 that by increasing the density by an order of magnitude, the
effect of the hot electrons is somewhat mitigated. This is
seen particularly in the relative strengths of the @nd «
transitions, and the ® and » transitions. There is no obvi-
ous enhancement of any O-like lines in the left panel of Fig.
7 (Ne=10cm™3), this is because the O-like fractional
population, although increased to %40 3 when f
=10"° from 2.6<x10 4 whenf,,=0, it is still quite small
and O-like lines show up only weakly. In the right panel, the
increase in electron density raises the fraction of O-like ions
present by a factor of 2 for all values &, but the O-like
lines are still too weak foil =200 eV, f;,,;=5x10"° to

be seen in Fig. 7.

Figure 8 shows the same comparison as in Fig. 7, now
with escape factors included in the calculation, in this case a
plasma diameter of 3@m has been assumed. By the stan-
dards of the discussion in Sec. IV A and above, this dimen-
sion is small; however, foN,=10?? cm 2 this size is still
large enough to cause appreciable self-absorption of some of
the Ne-like lines. The relative strengths of lines within the
Ne-like charge state are unaffected by the presence of the hot
electrons, which lets us deconvolve the enhancement of ion-
ization balance due to hot electrons from the increased aver-
age charge state that also results from the inclusion of escape
factors. Opacity effects perturb tmeC andnD series in the
Ne-like ion differently than thenA, B, F, andnG series,

FIG. 6. CR spectra with escape factors for Mg-, Na-, Ne-, F-,thus, the ratio of F-like to Ne-like ion abundance and the

and O-like Cu ions computed fdf,= 250 eV,N.= 10" cm™ 2, and
different plasma diameters. The Ne-like ‘€l lines have been la-

relative strengths of Ne-like Rydberg transitions let us assess
the relative importance of opacity effects and hot electron

beled in the upper panel, all line feature have been given a Gaussiggppulations. Simulations show that there is little difference

profile with a 3.0 m A FWHM.

C. Hot electron populations

in any of these results fof,, going from 2—10 keV.

V. PLASMA ANALYSIS

We now study the effect on our spectral models of the

inclusion of a small distribution of hot electrons, both with

A. Type | plasmas

and without escape factors. The dependence of the synthetic Figure 9 compares two simulations for a 15-ns pulse

spectrun(including C#** to Cu*’*) on hot electron fraction

Nd:glass LPP spectrum computed wiftop) and without

for the optically thin case is shown in Fig. 7. The simulations(bottom) self-absorption. For the simulation, an isothermal,

assumeT =200 eV, N.=10?* and 162 cm 3, and Ty

spherical plasma is assumed with a diameter of A5

=5 keV, conditions that are typical of the Nd:glass andN,=1.0x10?* cm 2, andT,,,= T.=250 eV; the theoretical
Ti:sapphire experiments in the present work. The F-like trantraces have both been normalized to the well-resolvéd 5
sitions labeled by greek letters in Fig. 7 are defined in Refline. The laser intensity on target 467.5x 10t W/cn?, the
[23]. The results show a dramatic enhancement of the F-likgaser spot size is=300 um. The assumed plasma diameter
emission relative to the Ne-like emission features as the hgbr the escape factor calculation is probably a factor of 2

electron fraction goes from 0 to 5010 ° of the bulk popu-
lation. Looking at the case M,=1.0x 10?* cm™ 3 (left), the

smaller than the x-ray emitting plasma volume; this is felt to
be reasonable for an isothermal, homogenous approximation

average charge of the ion distribution is shifted only slightlyto the physical plasma. The observed data are time inte-

by the inclusion of small fractionsf {,~<10"°) of hot elec-
trons, i.e.{Z)=18.76, 18.77, and 18.84 fér==0, 10 , and
10" °, respectively. For hot electron populatiofig>10"°
the increase is larger, withZz)=19.14 for f,=5X10"°.
The escape factors discussed

in Sec.

IV (Bor

grated, and of course, the plasma from the untamped target
will have both strong temperature and density gradients.
However, the persistence of the Ne-like ion across a range of
plasma temperatures, and the insensitivity of the relative
strengths of the Ne-like line features to changes in tempera-

=150 um) shifted the ionization state distribution to a more ture and density(Figs. 4 and b means that our assumed
highly charged equilibrium by an amount comparable to theplasma conditions are a good representation of the average

shift caused by thd,,=5x10"° hot electron population,

plasma state. One sees that the calculation with self-

016402-7



FOURNIERet al. PHYSICAL REVIEW E 67, 016402 (2003

‘ ' ' ' ' ' ] ' T NE
: FWHM = 3.0mA £=0.0 N £=0.0 ]

70

f=1x10"°

70775780 785790 795 800 805 810 770 775 780785 790 795 800 805 BA0
wavelength (A) wavelength (A)

FIG. 7. CR models for O-like to Mg-like copper ions wiff,,,=200 eV, No=1.0x 10?* (left) and 1.0< 10?2 cm 2 (right), and
increasing hot electronT(,,=5 keV) fraction(from top to bottom, as labeled in the figure.

absorption does a better job of reproducing tide 4B, 5F, are far from the average conditions that we are modeling.
and 9D relative intensities compared to the optically thin Variation of the set of parameters in the upper panel of Fig. 9
model; this is because the intensities of tf@ &nd D lines  is discussed in the paragraph below.

are strongly affected by the escape factors. For plasma diam-_In the simulations, we find that changingfrom 50 to
etersL<150um, the D and D lines are too strong, and 150 um causes the strength of th@3ine to be reduced by
the 4B line is too weak. In both calculations, th®6ine is ~ ~12%, while the strengths of the and 7 features are in-
overestimated, although the relative intensity of bothand ~ creased by=33%. These two criteria, the strength of thig 5
6D are closer to the data for the calculation with escapdin€ and the strengths of the and » F-like transitions, are
factors. This suggests that there may be more self-absorptidiPlimized to give us the resulting plasma conditions. For the
in the highn lines than we are predicting with our simple simulation in Fig. 9, an equally satisfactory fit to the data is

M . : achieved forT,=300 eV, No=5x10?cm 3, and an as-
model. 8B line is too weak. In both calculations, th®dine sumedL =150 zm. The resulting(Z) for To=300 eV, N,

is overestimated, although the relative intensity of bo@ 6 —5x 107° | =150 xm, is very close to that for the simula-
and € are closer to the data for the calculation with escapgjy, in the upper p%nél of Fig. 9 being 0.05 electrons more

factors. This suggests that there may be more self-absorptiqgized, however, the hotter, lower-density calculation does
in the highn lines than we are predicting with our simple p5ve twice as much O-like &4 present. FoiT,=200 eV,
model. The simulation in Fig. 9 overall shows very goodihe F-like features are always too weak. For a denity
agreement for the Ne-like CU features and the F-like =5x 107! cm3, there is too much absorption on all Ne-like
Cuw®" features, ¢, &, anda. For a 50 or 10Qum plasma |ines even for an assumédas small as 5m, and forN,
diameter, the F-like features are always underpredicted=10?? in a calculation with escape factors, the F-like and
There are two bunches ofp26d Na-like CU®" and 2p-4d  O-like transitions form a veritable forest of lines that looks
O-like CUP* features between 8.16 and 8.32 A that are unnothing like the data. Thus, the plasma electron temperature
derpredicted. Given the time-integrated nature of the obseis known to within 50 eV, and the electron density is seen to
vations and our steady-state simulations, we cannot accoube within a factor of two of the critical density for a
for emission from the plasma that occurs when conditionsl.055um laser.
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FIG. 8. CR models for O-like to Mg-like copper ions wilfy,, =200 eV, No=1.0x 10?* (left) and 1.0< 10?2 cm™3 (right), computed
with escape factors for all transitiont £30 um,T;,,=T,) and increasing hot electrom{,=5 keV) fraction(from top to bottor, as
labeled in the figure.

In Fig. 10, we compare data from a type | LPP spectrumpest focusbottom trace to — 1.8 mm from best focugtop
produced by moving the focusing lens 5 mm from the posi+trace, thus reducing the plasma temperature going from bot-
tion of best focus with simulations done Bt=200 eV,N,  tom to top. This is reflected by the gradual disappearance of
=107 cm™2 with and without optical depths. The contrast O-like and F-like features, and the dominance of the Ne-like
between the data in Figs. 9 and 10 shows that reducing théu'®" lines. The intensity of the laser on target liain
plasma electron temperature by defocusing the laser sup=10'°, 3.3x10'%, 2x 10", 10, and 18* W/cn?, respec-
presses the F-likex, ¢, &, anda) and O-like lines. In this tively. The diameter of the x-ray emitting plasma volume in
case, the lower-temperature simulation with escape factoféese shots ranges from 100—-1at to 300-50Qum as the
included does a good job of reproducing the correct strengttpser is defocused. The expected density in these plasmas is
of the F-like features relative to the Ne-like lines. We alsoWithin a factor of 2 of the critical density for 1.05@m light,

1 1 — 3. H
find that the %, 6F, and 65 lines are enhanced relative to I-€- 0-5<107-2.0<10** cm™®; however, our calculations
the 5C, 6C, and @ lines beyond what the optically thin €a" also find good agreement with the observations for den-

model predictgsee Sec. IV B and Fig.)6The behavior of sities as high ?Ne: 1.022 cm . Hot electrons are seen to be
the 55, 6F, and 65 lines further supports the choice of present, as will be discussed below. The presence of a laser
plasma conditions in our simulations. The simulations for?repﬁlse can enhanﬁe :]heg_?ftelectrog populiﬂ?‘m% b#t d
type 1l and type Il LPPs, discussed in the next sections or the present work the difference between the high- an

require consideration of a hot electron population in additionlo""'con_traSt type Il spectra is not enough F(.) demonstrate this
to optical depths. conclusively. At present, we have no ability to reduce the

first type of prepulse described for the “Neodym” lag&ec.
II), or to increase the overall contrast between the aggregate
prepulse and the main laser pulse.

Figure 11 shows five spectra taken from high-contrast Figure 12 compares data from a type Il LPP with simula-
type Il Cu LPPs. The lens has been shifted in each shot frortions that include both hot electrons and escape factors. For

B. Type Il plasmas
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FIG. 9. (Colon Type | LPP spectruni15-ns pulse withEp, e FIG. 10. (Colon Type | LPP spectruni15-ns pulse WithE e
=8 J), data(pink) have been overlaid with a CR spectiidlue) =8 J, lens moved 5 mm from best foguslata(pink) have been

computed with (top) and without (bottom) escape factorsTe  overlaid with a CR spectrévlue) computed withtop) and without
=250 eV, No=10" cm™2, for escape factorsT,,=250 eV, L (bottom) escape factorsT,=200 eV, N,= 10" cm™3, for escape
=150 um). factors:Tiy,=200 eV, L=150 um).

this case, the data are from high-intensity 1ov/cnm?), spectrum with many more weak lines between the main fea-
low-contrast (main/l pp= 10°) shots. The simulations shown tures than are actually seen in the measured spectra. As
are for an optically thin plasma witfhi,=400 eV andN, shown in Fig. 7, the increased bulk electron densityNgf
=10* cm 3 (middle), and for a plasma witlT,=350 eV,  =10% cm™2 mitigates the effect of the hot electrons making
Ne=10"* cm™3, escape factors included with an assumedf = 10"° plausible. However, given the laser prepulse, this
plasma diameter of 5am andf,=10"° (bottom). The two  density is very high for the blow-off plasma from our Cu
simulations give comparable reproductions of the data; theargets. Further experiments were done looking at
higher-temperature, optically thin run matches the strength ofemperature- and density-sensitive lines in kashell spec-
the F-like and, in particular, the O-like lines better. There istra of Mg and Al; conditions similar to those described
little difference in the Ne-like spectrum for runs with and above,T,=350—-400 eV ,N.~10?* cm™3 were found.
without escape factors fof,=350 eV because the fraction  Figure 13 shows data from a type Il LPP shot with high
of Ne-like ions present at such temperatures is strongly reeontrast between the prepulse and the main pulse. The focus-
duced, thus the absorber-ion density is not enough to giving lens has been shifted slightly from the position of best
rise to strong opacity effects far<100 xm. Given the 100 focus, so the intensity) =3.3x 10'® W/cn?, and conse-
um focal-spot diameter in these experiments, the size of thquently the plasma bulk electron temperature is slightly
x-ray emitting plasma is less than this. For the F-like speclower than in Fig. 12. The data in this figure extend to shorter
trum, thed, », anda lines have the correct relative heights wavelengths than in Fig. 12, and very highmembers of the
for T,=400 eV andf,,=0 and for T,=350 eV andf,,, nC andnD series in Ne-like Ct?", for which only calcu-
=10"°. The ratio of the F-like to Ne-like lines is better in lated transition wavelengths were listed in Rgf3], can be
Fig. 12 for the optically thin simulation, giving,,=10 °as  seen. Also, despite the prediction in REZ3] that the &\,B
an upper limit. However, foif =350 eV andf,,=0, the and 7A,B lines would be difficult to observe due to large
F-like lines are far too weak compared to the data in Fig. 12branching ratios towards autoionization, we can clearly iden-
suggesting some hot electrons are present. Finally, the O-likeéfy features in the data at the right wavelengths, which also
2p-4d transitions labeled in Fig. 12 are better reproduced byhave the correct relative intensities in the simulation. F-like
the T,=400 eV, optically thin simulation. A good fit to the Cuw?°" transitions of the form @-8d, 2p-7d, and Z-5p
observed data can also be achieved wiith-300 eV, N, give rise to very strong features between 7.25 and 7.40 A,
=107, andf,=10"° (not shown in Fig. 12 The addition each of which is composed of 2—8 unresolved lines. Our
of any escape factord &20 um) at this density creates a simulation does not have the CR intensities computed for
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LPP spectra where the laser focus
has been changed, withf=0.0,
0.22, 0.35, 0.56, and 1.8 mm,
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transitions withn=10 for any isoelectronic sequence, so thetraces in Fig. 18 Since the data in Fig. 13 are from shots
simulation in Fig. 13 does not show any of the very high- with high contrast between the prepulse and main laser
nC andnD Ne-like features that are labeled; fortunately, thepulse, it is possible that there is less of a preformed blow-off
n=2 ton=46,7,8 transitions for the F- and O-like ions do plasma, and thus higher densities are achieved. We cannot, at
fall in this spectral window. The relative intensities of the F- present, claim that this spectrum offers unambiguous evi-
and O-like lines to each other, and to the relatively weakdence of hot electron populations, but our simulations do

Ne-like lines, do not demonstrate sensitivity to hot electronndicate that an upper limit on the hot electron fraction is
populations. The strength of the F- and O-like lines in thisy « 1075.

spectrum is strongly dependent on the inclusion of escape
factors in the simulation. We find the best agreement with the
observations for simulations with between 30-5Q:m. In

this case, with the lens slightly defocused, the x-ray emitting Figure 14 shows data from a type Ill plasma produced by
plasma has a diameter between 150—-200. We find the a 60-fs Ti:sapphire laser pulse Egf;ss=800 mJ|
best agreement with the data for a simulation that has a der=10'" W/cn?). The synthetic spectra for the Ne-, F-, and
sity of No=10?% cm™ 3, this is based on the strength of many O-like lines from the CR model afT,=200 eV, N,
weak F- and O-like lines that are only visible in the simula-=10?> cm 2 including a population of 5-keV electrons
tion for Ng=10?2cm 3 (compare the middle and bottom (f,,=5X10 °) are also shown in Fig. 14, each line has

C. Type lll plasmas

n - 3 =z |
9 3 a v 1 o0 & T ]
3 g & 243 3 % 2 9
& ¢ ;Ss 8 5 2
- e £ 5 2 = ¢ ¢ O sC - FIG. 12.  High-intensity
T E\Gg o °35 & (101 W/en?), type Il (ps-pulse
| |

LPP spectrunitop) with the laser
at best focus and low contrast be-
tween the main pulse and the
prepulse  (main/ 1 pp=10%). Also
shown are two simulations with
(middle) T.=400 eV, Ne
=10"cm 3, and f,,=0 and
with (bottom) T,=350 eV, N,
=10 cm 3, f,,=10° and es-
cape factors included L(=50
um).

intensity (arb. units)

7.80 8.00 8.20 8.40 8.60

wavelength (A)

016402-11



FOURNIERet al. PHYSICAL REVIEW E 67, 016402 (2003

F-like 2p-6d 8C/O-like 2p-5d

- 8 o O-like 2p-5d 3 5 .
@ o = o
g 3 © E.‘§ :,g,-o Qg g =) E 3 8¢
: $ o & R Y o ;
§:: g & gy ‘ ‘S g Su |8 | ‘ ‘ FIG. 13. High-intensity (3.8 10" W/cn?),
L E = g LG ’ ‘ | \ ‘ 7 type 1l (ps-puls¢ LPP spectrum(top) with the
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, | focusing lens shifted 0.22 mm from best focus
;o ‘ 1 and high contrast between the main pulse and the

&

e prepulse (imain/l pp= 107). Also shown is a simu-
lation with T,=300 eV, No=102cm 3, fo
=105 and with escape factors included. (
I L\ =30 um, middle, and a spectrum calculated
I ' ] with T,=300 eV, No=10% cm™3, fpo=10"5
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and escape factord €50 um, bottom).
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been give a Gaussian shape with a 3.5 mA full width at halforder to see similar Ne- to F-like line ratios, however, the
maximum(FWHM). From the agreement between the calcu-presence of O-like transitions between 8.16 and 8.32 A
lated and observed transition wavelengths in Fig. 14, it isvould also be strongly enhanced, and they are clearly not
clear that the measured wavelengths in this plasma are lesgen in the data shown in Fig. 14. This is a bulk temperature
accurate than in the Nd:glass LPPs. Further, the systematioo high for the given laser energy, thus the presence of hot
growth of the difference between observed and calculatedlectrons in the type Ill spectrum is confirmed.
wavelengths, indicated by the dashed lines in Fig. 14, sug-
gests that the dispersion in this case may not be well calcu- V1. DISCUSSION
lated. This may explain why the higharn=7) lines in the
Ne-like spectrum do not appear in the data. The relative in- Recently, a thorough work was carried out modeling the
tensities of the B, 5C, 4A, and 4B transitions show good effect of hot electrons on thé-shell spectra of highly
agreement with the observed lines. The relative strengths atharged Kr ions emitted following the irradiation of atomic
these lines are unaffected by the presence of the hot eleclusters in supersonic gas jé&2]. In that work, it was found
trons. The laser spot size in these experimentsa@8 um,  that for similar irradiation conditions to those used in the
giving rise to an x-ray emitting plasma with a diameter of present type Ill experiments, a Kr plasma is produced with
30-100um, a size too small for opacity effects to play a T,=300-400 eV,N,=1-2x10?* cm 3, and a population
role. The strength of the F-like features 7, and 6 are in  of hot electrons with a Gaussian energy distribufigg, cen-
good agreement with each other and with the Ne-like featereq at 5.0 keV that is 2—4 % of the bulk population. Dif-
tures in the simulation. For a smaller hot electron populationerences in the electron heat conductivity of the gas-cluster
the F-like lines are underestimatéske evolution in Figs. 7 y1asma and the solid-target plasma of the present work make
and 8. The bulk temperature must be as high as 350 eV injiect comparison of the derived bulk temperatures meaning-
less. The difference in derived electron densities, an order of
magnitude, is due to the different initial densities of the gas

”: al targets in Ref[22] and the solid targets of the present work.
) o o't o T In Ref.[22], the Gaussian EDF was chosen since the reduced
. %\ 1| r ¥ thermal conductivity of the Kr-cluster plasma leads to a
Y i . ' | longer thermalization time for the hot electrons compared to
2 et W A P bl o 1 [l their thermalization in the bulk copper targets of the present

work. Calculations in Ref.22] show that the bi-Maxwellian
= EDF with a cold bulk temperature and a small hot population
|| I i I } | . has the same effect on electron impact excitation rates as an
TR O S R T LY U A -4 WA EDF with a cold bulk temperature and a Gaussian hot elec-
tron population that is=2—-3 orders of magnitude larger than
the hot Maxwellian population. Thus, the derived hot elec-
tron fraction for the type Il LPPs of the present work are
FIG. 14. (Color) Data from a type Il LPP(60-fs pulse,l consistent with the hot electron populations found for the
=108 W/cn?) and calculated CR spectra for Néslue), F-like ~ Same laser-irradiation conditions in Rg22].
(green, and O-like(purple Cu ions. The synthetic trace is froman ~ The work of Younget al. in Ref. [5] is the only other
optically thin calculation with T,,,=200 eV, No=10?2cm 3,  work we are aware of that looks &tshell emission from
Tho="5.0 keV, f,,=5%10"°. solid targets irradiated by subpicosecond lasers. In that work,
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for laser intensities lower than those in our type Il experi-scale LPPs, we find that high-temperatuFg=400 eV, op-
ments by a factor of 3, space and time integrated spectra gigally thin simulations withN,=10** cm™2 reproduce well
bulk plasma temperatures ranging from 250-430 eV, anghe observed spectra for high-intensity: 10'® W/cn?, laser
near solid densities. For those experiments, the laser wavghots with low contrast between the laser prepulse and the
length was 400 nm (@ for a Ti:sapphire lasg¢ra factor of 2 main laser pulse. We find an upper limit 6f,=<10"° in
shorter than in the present work. The laser-pulse duration ithese spectra. For the ps-scale shots with the laser at its best
Ref.[5] was 130 fs, twice as long as in the present work, andocus, the scale of the x-ray emitting plasma ves00 um;
the contrast between the prepulse and the main laser pul$gr the highest intensities, these plasmas are too hot and
was much sharper than in the present work as a consequenggall for opacity effects to be significant on the Ne-like
of working with 2w light. Differences in the level of Cul®" transitions. For ps-scale LPPs with higher contrast
prepulse and the laser-target coupling at the different wavepetween the prepulse and the main laser pulse, we find that
lengths used make further direct comparisons of these twgimulations with electron densities as high as,
experiments difficult. With the poorer contrast ratio of the = 10?2 cm~3, and both hot electron populations and escape
present work, the lower-density plasma with a hot electrorfactors, are necessary to match the observed F- and O-like
population that we have found is very reasonable. We ar@opper ion spectra. In this case, the laser has been defocused,
unaware of any other investigations lofshell spectra from gnd the 150—20@:m diameter x-ray emitting plasma is well
solid targets irradiated by intensez 10'® W/cn?, subpico-  simulated with an assumed diameter of 30-:6@ for a ho-
second lasers. mogeneous, isothermal plasma. The strength ohthe to
n=5,6,7,8 spectra in F- and O-like copper ions is particu-
VII. CONCLUSION larly sensitive to a combination of the assumed plasma di-

. . . . ameter and higher plasma electron densitiedl, (
We have observed x-ray lines from hightransitions in — 1072 cm~3). These higher densities are found in simula-

near neonlike copper ions from three different Iaser-producegIons of shots with high contrast between the laser prepulse-

plasmas. We emphasize that the2 to n=5,6,7,8 transi- .
. . . o : I and the main pulse. We cannot, at present, control the con-
tions in F-like C4°* and O-like CG'* have not been exam- :
) . ) . . trast between the prepulse and main laser pulse well enough
ined in detail before. The effects of increasing electron den; .
. : ; ... to demonstrate the dependence of the hot electron population
sity on both plasma self-absorption and inner-shell excitatior .
. . —on this parameter. In spectra from a 60-fs LPP, for a laser
due to hot electrons have been demonstrated: absorption s LR :
8 ) . . ntensity | =10'® W/cn?, we find a bulk electron tempera-
strongly enhanced with increasing density while the effect oft re T,=200 eV, and an electron density,~107 cm 3
the hot electrons is reduced. We show that for the case he ere1hanceme'nt of the F-like ion po ulatieon is clearl éeen
ns-scale LPPs, treating opacity effects, in the present work dicating that a hot electron opuIF;tioh] ~2><10*¥— '
with escape factors, is necessary for reproducing the corre rfx 10_59 esent Pop ot™
relative intensities of higim Ne-like CU®" lines. For the IS present.
irradiation conditions used heré~10'? W/cn?, we find
plasma electron temperatures from 250—300 eV and electron
densities 0.5 10°*-1.0x 10? cm™3. The actual x-ray emit- This work was performed under the auspices of the U.S.
ting plasma has a diameter of the order of 30®, we find  Department of Energy by University of California Lawrence
an adequate description for the escape factors assumingLivermore National Laboratory under Contract No. W-7405-
homogeneous, isothermal plasma with a diaméterl50  Eng-48. The work of A.Y.F. was partly supported by a grant
um. The escape factors are a sensitive lever on the iofrom the Italian Ministry of Foreign Affairs through the Lan-
charge state distribution; only with escape factors can the Fdau Network-Centro Volta Fund. This work was also partly

and O-like ion populations be adequately enhanced. For psupported by ISTC project N 2155.
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