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We have observed spectra from highly charged zinc ions in a variety of laser-produced plasmas. Spectral
features that are Na- and Mg-like satellites to higRydberg transitions in the Ne-like Zxx1 spectrum are
analyzed and modeled. Identifications and analysis are made by comparison with highly accurate atomic
structure calculations and steady state collisional-radiative models. Each obserx&dad Znxix feature
comprises up to=2 dozen individual transitions, these transitions are excited principally by dielectronic
recombination through autoionizing levels in Na- and Mg-likéZrand Zrt®*. We find these satellites to be
ubiquitous in laser-produced plasmas formed by lasers with pulse lengths that span four orders of magnitude,
from 1 ps to=10 ns. The diagnostic potential of these Rydberg satellite lines is demonstrated.
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I. INTRODUCTION L-shell spectroscopic diagnostics have been proposed for

X-ray line profiles are an essential diagnostic of local con-2nd applied to diagnose conditions in inertial confinement
ditions in high-temperature plasmas. Stark broadening ofuSion (ICF) plasmag12] and pulsed power produced plas-
spectral lines is a sensitive probe of the local electron densit as[13]. In both cases, the—S satellites to the prlr)C|paI .
[1,2]. Ultra-short-pulse lasef8] have created a new regime 2P—3d Ne-like resonance lines are developed as a diagnostic
of high-temperature, high-density plasmds-7]. Recently of temperature and density conditions in the plasma. In the
Stark broadening dK’-sheII lines from buried aI.uminum ta{r- case of the ICF spectral diagnostics, relatively broad features
gets has been used to diagnose ultra-short-pulse Iaseff-qm n'ear-neonllke Xe lons are analyzed, the feat'ures com-
produced plasmalLPP) densities and measure plasma- prise lines from F- to Mg-like iong12]. However, in that

polarization shifts on He- and H-like resonance lif@$]. In case, where the temperature is not too high relative to the

Refs. [8,9] satellites to H- and He-like resonance lines aretemperatures of equilibrium for the Na- and Mg-like ions,

globally shifted an equal amount with the parent line. Otherthe intensity of 3C and 3D, and 4C, 4D lines,

groups working with ultra-short-pulse laser-produced alumi (NC:2py/2—NGyz ND:2Pgp—nckyp) COUId be overestimated

| h q d that the eff f'due to the fact that Rydberg satellites lay inside the contour
num plasmag10,1] have demonstrated that the effect of ¢ hermally and Stark broadened Ne-like lines. In order that
satellites near to the resonance lines can significantly dIStOFFe and N, are not overestimated when resonance lines are

the broadened line profiles artdotentially affect the con-  proad, careful, high-spectral-resolution observations should
clusions that are drawn from spectral analysis. be done to determine the nature of the Rydberg satellites. In
The Ne-like spectrum is thé-shell analog to the very the case of recenZ-pinch experiments, spectral features

useful He-like resonance lines. We have measured thfom L-shell Mo ions are analyzed for their response to
L-shell Rydberg series in the Ne-like Zxi spectrum, and changes in plasma temperature, density and hot-electron
associated, intense Rydberg satellites from Na- and Mg-likéraction[13]. Again, Rydberg satellites could affect the shape
Zn'®* and zrit®*. The laser pulses in the present work areof the principal Ne-like resonance lines, and should be char-
orders of magnitude longer than thel150 fs pulses in acterized with high-spectral-resolution observations. How-
[7-11, but the establishment of the Rydberg satellite strucever, to measure the influence of such Rydberg satellites to
ture to the Ne-like spectrum is a crucial step toward havinghe 3C and 3D Ne-like lines is very difficult. At the same
robust L-shell x-ray diagnostics in near-solid-density plas-time it is well known that such Rydberg satellites radiated
mas. from Rydberg Na- and Mg-like autoionizing levels have two
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different channels of decay: one that gives lines near the The experimental setup and three facilities used in the
3C, 3D lines and another that gives satellites near the Rydsresent work are the same as recently descrifdéd-17
berg Ne-like lines. The second type of satellite lines can belsewhere. Three laser-plasma facilities have been used to
very well resolved, and thus could be measured, modeledroduce the spectra analyzed in this article. The first set of
and used to facilitate the determination of the intensity ofexperiments was carried out in the Tor Vergata University of
Rydberg satellites near 3C and 3D. In this paper,rib&l  Roma(ltaly). The laser source was a Quantel Nd:glass laser
andn=5 Rydberg satellites to Ne-like Zxxi Rydberg tran- (A =1.055um) delivering pulses with a maximum energy
sitions are observed in spectra from LPPs and modeled. of 20 J and a temporal duration of 12—15 ns. A 20 cm focal-
The K-shell Rydberg satellites of He-like resonance lineslength doublet lens focused the laser beam on the target at a
are an importantocal diagnostic of plasma conditions by 45° angle of incidence. The spot size at best focus is
themselves when the resonance lines are optically thick, as200 um; for these experiments, the estimated beam diam-
has also recently been shown. Local electron temperatureser at the focal point was increased #800 xm. In our
can be gauged without the complicating effects of line-of-experiments the laser energy was varied between 1 and 8 J,
sight integration if the autoionizing levels that give rise towhich allowed the laser intensity to reach0.1-1)
the satellite lines are confined to the laser-target interactiorx 102 W/cn?.
region [14]. Using spatially resolved x-ray spectra from  The second set of experiments were carried out on the
dense LPPs, essentially opacity-free and spatially-localizetNeodym” laser facility[18] at the Central Research Institute
temperature diagnostics were establishedld]. For the  of Machine Building near Moscow. The laser energy was up
spectra of the present work, the Rydberg series ofx¥n  to 1.0 J and the pulse duration in these experiments was kept
lines are found to be optically thick for members with prin-to 1 ps. The fundamental wavelength of the Nd:glass laser
cipal quantum numbers as highms5. Thus, the identifica- (A, =1.055um) was used. The laser pulses are typically fo-
tion and classification of the-shell Rydberg satellite emis- cused into a focal spot with diameter from 100 to 90®,
sion of the present work has important diagnostic potential agielding peak intensities from 1tto 10" W/cn?; for these
an opacity free local measurement of conditions in the lasefexperiments, the intensity was kept to4@/cn?. It is
target interaction region. known that this creates plasmas with mean electron tempera-
In order to have a robudt-shell diagnostic based on the tures~200 eV[16,189.

Rydberg satellites to high-Ne-like transitions, the spectral  The third set of experiments was carried out at the ENEA
features must be identified and their behavior with plasmaHercules” laser facility in Frascati, Italy. This is a XeCl
parameters characterized. In the present work, we have use§icimer laser with an active volume ofx¥ x 100 cn? and
high-spectral-resolution observations from three differentan operating wavelength of 0.3g8n. The laser energy was
LPPs to identify manifolds of Na- and Mg-like transitions. 0.5-1 J, the pulse duration was 12 ns and the repetition rate
Detailed collisional-radiativéCR) calculations for the inten- was 0.5 Hz. The laser radiation was focused onto solid tar-
sity of all transitions in each autoionizing manifold have gets to form a spot 50—7@m in diameter. Thus, the laser

been carried out. Our previous wofk5] has identified Zn intensity on the target was about#@V/cn?.
xXI lines up ton=12; in the present work we look at the

Rydberg satellites that appear on both the red and blue sides

of Ne-like features witlm=7. The behavior of the satellites B. Targets and spectrometers

relative to the Ne-like resonance lines as a function of tem- Stepped targets were used in all experiments. The heights

perature, accounting for opacity effects on all spectral linespf the steps were 300—8Q@m. One part of the target con-

is shown. Thus, the two stated requirements for developmenined zinc, while the second part contained Mg or Al, which

of the diagnostic potential of these spectra are met: this is, tBroduced spectral lines used for reference wavelengths. Be-

the best of our knowledge, the first attempt at modelingween laser shots, the target was moved in the plane perpen-

L-shell Rydberg satellite spectra at this level of detail. dicular to the laser beam to obtain spectra of the material
investigated and reference materials on the same spec-
trograph film. The target step served to physically separate

Il. EXPERIMENTAL SETUP the two spectral images on the film.
A. Laser-produced plasma facilities ~ X-ray spectra in the region '7.0—9.2.A were obtained us-

ing focusing spectrometers with spatial resolutiGtBSR-

The typical spectra for the very different lasers used in the2D) [20-23. Three different spectrometers were used: two
present experimeni@escribed beloyare usually quite dif- of them have large apertuf@5x50 mm spherically bent
ferent in charactef15,1. However, for this article where (R=150 mm mica and quartz10-10 crystals, and one of
we specifically want to understand the role of Na- andthem has a mica crystal with size X@B0 mm and aR
Mg-like satellites in x-ray spectra, we modified the laser pa=100 mm radius of curvature. The use of three different
rameters. The first laser described below was slightly defospectrographs increased the spectral range and spectral reso-
cused, and the second, the ps-length pulse laser, was strondlifion that could be measured in the observations. Theoreti-
defocused. Thus, we could obtain in any laser-producedal spectral resolution for the spectrometers varied from
plasma(from 1 ps to 15 ns pulses and with laser wave-\/AA=3000 up ton/AN=8000. Because the wavelengths of
lengths\ =1.06—0.3um) spectra where Rydberg satellites all reference lines used are known with very good accuracy
dominate. (better than 0.22 mA the measurement accuracy for this
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FIG. 1. Three examples of zinc high-spec-
tra measured from different plasma sources : top-
12 ns XeCl laser, middle—12 ns Nd: glass laser,
bottom—1 ps Nd: glass laser.

work was determined mainly by the width of line profiles ing, respectively. The Doppler width is computed for an ion
and spectral line blending. As an example of the line broadtemperature of 300 eV, the natural width accounts for both
ening contributions considered, for the Ne-like 5C line atthe radiative and collisional lifetimes of upper level and the
7.6309 A[15], we estimaté\ryv=1.26, 1.13 and 2.94 mA collisional lifetime of the the lower level of the 5C transition,

linewidths from Doppler, natural and instrumental broaden-and the instrumental broadening assumes an instrumental
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FIG. 2. Two spectra in the
range of then=4 Zn xxi1 reso-
nance lines with strong dielec-
tronic Rydberg satelliteqtop—
12 ns Nd:glass laser, bottom —
12 ns XeCl laser
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FIG. 3. Spectrum in the range
of then=5 Znxxi1 resonance lines
with strong dielectronic Rydberg
satellites from a 12 ns Nd:glass
LPP.

wavelength (A)

resolution of \/AN=2600. We find that the relatively iso- shot, some overlapping spectral regions were measured.
lated 5C line in Fig. 3 is well fit by a Voigt profile computed Each region contained some of the reference lines with
with the above parameters. known wavelengthgspectral lines of He-like Mg and Al
When line profiles are symmetric, the positions of linexi and previously measured lines of Ne-like Zwi [15]).
centers can be measured with accuracies better than OSpectra were recorded on KODAK RAR 2492 film. The film
X Apwum=0.5 mA. In some cases, when spectral lines areholder was protected by two layers ofulm polypropylene
blended, line profiles are not symmetric and accuracies mafjiters coated with 0.2um layers of aluminum on both sides.
be two to three times worse. It should be noted that generalbAdditional 2 um polypropylene filters were used to stop
speaking, the line center positions can be systematicallplasma debris from reaching the surface of the crystal.
shifted due to the Doppler effect caused by macroscopic
plasma expansion. However, in the present experiments
spectra were observed at anghe85°—-90° to the plasma
expansion axis. In this case, even for a plasma velocity Examples of measured spectra are shown in Figs. 1-3; the
~10" cm/s systematic Doppler shifts must be smaller tharknown response of the film has been taken into account.
0.26 mA. Taking into account that reference lines are alsdrigure 1 shows the Rydberg lines of Ne-like 2Zhin the
shifted by the motion of the reference ions, we conclude thatange 7.1-7.9 A, the Ne-like features and the satellites of
the systematic Doppler shift is three to ten times smaller thainterest to the present work are labeled. This figure is similar
the expected measurement accuracy and, consequently, mayFig. 5 in[15], in which lines from highly charged N-, O-
be neglected. Thus, the overall accuracy of our wavelengtAnd F-like Zn iongZn?** to Zr'*) are indicated in the data
measurements are about 0.5-1.5 mA. Because the higffrom a ps-length pulse LPP; these lines have been classified
resolution spectrographs can survey 0.3—0.7 A in a singlén [19]. The ps-length pulse LP@®ottom spectrumhere has

C. Observed spectra
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been made by strongly defocusing the laser until the intensitbeen considered. Charge states from the Mg-like to the
on target was=10'* W/cn?, far lower than what we would N-like Zn have been treated. The steady state level popula-
usually achievg15,19. The Rydberg satellites near time  tions are found according to

=5 andn=6 lines in all three spectra have been indicated,

showing the ubiquitous nature of the Rydberg satellites. dn
Figure 2 shows spectra in the range of tieed Zn xxi Ftl =0 :E_ Nk — njz Riis (1)
lines, along with strong satellite emission. The upper spec- 1#] 1#]

trum in Fig. 2 is from a 12 ns Nd:glass LPP and, as will be

discussed below, has 2 lines that are strongly affected Wheren; is the population in leve], andR;; is the rate at
by large optical depths. The lower spectrum is from a XeCMwhich population leaves levél and goes to levej. The
LPP, and shows lines from Mg-like DR satellites. Figure 3resulting intensity for an observed line is given by
shows a spectrum in the range of thee5 ZnxxI lines, along

with strong satellite emission. This spectrum, too, is from a lii=nA, 2)
12 ns Nd:glass LPP and the 2w lines are affected by

large optical depths. The numbered features in Figs. 2 and WhereA; is the total radiative transition rate betweand
are listed in Table I with observed wavelengfB3]. Each Zn '

XX anddzimxd feature in IF'gS' 2 land 3 Cﬁml_pnses between  \ve have included the effects of plasma self-absorption in
six and ~2 dozen nearly-equal-strength line transitions., steady-state level population calculations with the escape

Hence, tabulation of the individual components in each feag, s approximatiofi24,25. The escape factorssuppress
ture is impractical. Specific examples of a few observed trang, o 4diative decay rate:c, entered in EX).

sitions will be discussed below. F-like Zxxi transitions
that are coincident in wavelength with features 112—119 in off _
Fig. 3 have been identified in Table Ill note of REL9). AT = €A, 3)

where A° is the effective transition rate in the presence of

Ill. SPECTRAL MODELS photon trapping and is the escape factor that depends on
the atomic mass, the ion temperature and the plasma radius.
For this work, we assume an isothermal, spherical plasma

Line identifications in the observed spectra are made bwith a diameter ranging from 30 to 2Q@m and an ion tem-
comparisons with CR transition intensities computed withperatureT;,,=T,; the choice of ion temperature has almost
the HULLAC suite of code$23]. Details of our application of no effect on the computed self-absorption. Photon trapping
HULLAC data in CR models are given in R¢1.6]. All level redistributes the level population in the considered ions, par-
structure and rate coefficients were calculated in intermediatécularly enhancing the population in the upper levels of
coupling on gjj-coupled basis set. All level energies and ratestrong transitions. The altered level populations mean that
coefficients have been entered into the CR rate matrix for théhe absorption is different; the calculation is iterated until a
ions of the present work, and the resulting steady state levelelf-consistent solution for the escape factors is reached. The
populations are then found. The rates of radiative d€Edy = enhanced level populations are redistributed by collisions,
E2, M1 and M2 transitions collisional excitation and deex- and in some cases, significantly enhance the emission in pre-
citation, collisional ionization and three-body recombination,viously weak lines. Opacity strongly influences the relative
radiative recombination, autoionization and radiationlessntensities of the Ne-like Zixx1 features; this point is dem-
capture leading to dielectronic recombinatigDR) have  onstrated in Sec. Il C.

A. Collisional-radiative models

016406-5
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TABLE |. Measured wavelengths of Zxx and Znxix satellite features, along with measured values of
some Znxx1 and Znxxil resonance lines. The calculated wavelengths of the satellite features are the centroid
positions of the blended features from the CR model. The number in parentheses after the experimental
wavelength is the measurement accuracy.

Key lon Lower level Upper level J J o MeacA) Nexp (A)
5C 20 222p8 25%2p1/22p5,50s, O 1 7.6275 7.630%)
4A 20 25%2pb 2s2p%4ps;, 0 1 7.6970 7.7125)
4B 20 x°2p8 2s2p%4p, 0 1 7.7099 7.723%)
5D 20 x22p8 25%2p% ,2p3, 505, O 1 7.7387 7.7425)
91 19 LMO 7.8150 7.8138)
92 19 LMO 7.8262 7.8218)
93 19 LMO 7.8392 7.8328)
and 19 LNO 7.8309
94 19 LMO 7.8462  7.84600)
and 20(5G) 25228 2522p2,,2p3/558 0 1 7.8427
and 18 LMP 7.8427
and 21 222p1,2055 2522p3 Ad 12 32 7.8482
95 18 LMP 7.8591 7.8573)
96 18 LMP 7.8721 7.8686)
97 21 222p2,2p5,  25°2py2p3Ady, 32 3/2  7.8818  7.88230)
21 252p° 252p1 205 A0y, 12 32 7.8841
21 2s2p° 252p1 205 Ads, 12 12 7.8851
98 21 22p° 252p} 205 Ads, 12 32 7.8876 7.8886)
21 2%2p%.2p3,  25°2py2p3Ads, 32 512 7.8912
21 2%2p%.2p3,  25°2py2p3Ads, 312 312 7.8944
21 222p2,,2p3,,  25%2py2p3Ads, 312 12 7.8945
99 19 LMO 7.9144 7.9095)
100 19 LMO 7.9238 7.9159)
101 19 LMO 7.9297 7.92Q2)
102 19 LMO 7.9402 7.9333)
103 19 LMO 7.9485 7.9420)
and 21 222p2,,2p3,  25%2p12p3Ads, 312 512 7.9483
and 21 2p2,,2p3,  25%2p12p3Ads, 312 512 7.9519
104 19 LMO 7.9543 7.9506)
105 19 LMO 7.9637 7.9578)
106 19 LMO 7.9826 7.9748)
and 18 LMO 7.9778
107 21 22p%.2p3,  25°2p32p5Ads, 312 512 7.9901 7.981%)
108 18 LMO 7.9943 7.9956)
and 21 22D 205,  2572py2p3Ads, 12 12 8.0017
109 21 22Dy 2p%,  25°2py2paAdy, 12 3/2  8.0059 8.0015)
110 18 LMO 8.0131 8.0148)
and 21 B0p1205,  2572py2p3Ads, 12 312 8.0188 8.0148)
111 18 LMO 8.0354 8.03%8)
and 19 LMO 8.0354
112 21 2p° 252p,,2p5Ads, 112 32 8.0464  8.03980)
21 x%2p2,,2p3,  25%2p2.,2p5Ads,  3/2  5/2  8.0482
113 21 22p2,,2p5,  2°2p%2p5 Ads;, 32 1/2  8.0599  8.04830)
114 21 222D12p5,  25°2py2p3Ads, 12 312 8.0692 8.0576)
and 18 LMO 8.0613
115 18 LMO 8.0813  8.07610)
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TABLE I. (Continued)

Key lon Lower level Upper level J i MeaacA) Nexp (R)
116 21 22p32p3,  25%2py2p3As  3/2 52 8.0870 8.0848)
117 18 LMO 8.1283  8.13110)
118 21 22p° 252p32p3 Ads, 12 12 81594  8.14Q%0)
119 18 LMO 8.1518  8.15290)
4C 20 222p6 25%2p122p5 A0, O 1 8.3404 8.342®)
120 19 LNN 8.3594 8.36Q3)
121 19 LNN 8.3718  8.372Q1)
19 LNO 8.3683
122 19 LNN 8.3922 8.38923)
123 19 LNN 8.4118 8.4038)
124 19 LNN 8.4242 8.4218)
125 ? 8.45268)
4D 20 x22p8 25%2p2,,2p3 Ads; O 1 8.4682 8.471%)
126 19 LMN 8.4942 8.4938)
19 LNN 8.4978
127 19 LMN 8.5093 8.5058)
128 19 LMN 8.5137 8.5088)
129 19 LMN 8.5279  8.52780)
19 LNN 8.5297
130 19 LMN 8.5412 8.5376)
19 LNN 8.5404
4F 20 222p8 2522p,,2p5 A%, O 1 8.5807 8.5828)
131 19 LMN 8.5998 8.6003)
132 19 LMN 8.6193 8.6136)
133 19 LMN 8.6388 8.6410)
and 18 LMN 8.6477
134 19 LMN 8.6521 8.6500)
135 19 LMN 8.6582 8.6518)
and 18 LMN 8.6627
136 19 LMN 8.6716  8.66830)
and 18 LMN 8.6690
137 18 LMN 8.6854 8.6940)
4G 20 222p° 2822p2 ,2p3 A%, O 1 8.7251  8.727Q0)
138 21 22p%.2p3,  252py2p53pse 32 312 9.1134 9.14280)
139 22 22p12p5,  252p1/22P3,3P12 2 2 9.1275 9.1634.0)
and 21 Bop2 203, 252py2pan3pa. 312 512 9.1280
In what follows, simulated CR spectra are plotted on top al” e‘yzdy
of measured spectra. The synthetic spectra have been pro- d(v) = ;f m, (5)

cessed by taking the CR intensity for each line transition
given by Eq.(2) and distributing the intensity over an appro-
priately normalized Voigt profil¢26] wherea= y/4mA v, y=3A; j+ AN +32NQ 7 is the sum of
the lifetimes of the upper and lower levels of a transition
1 including radiative decay, autoionization and collisional de-
1(v) = —=I;,(v), (4)  struction, respectively, Av=(Av3+E)Y2, where Avp
N =(1y/c)(2kgT/M)Y2 is the Doppler width of the transition
with central frequencyy,, £=v2A/2.35 is the Doppler width
where¢(v) is the line profile, which contains Doppler, natu- from the full width at half maximunfFWHM) A of a Guas-
ral and instrumental broadening terms. The line profile hasian instrumental-response function, anéh Eq. (5) is the
the form normalized frequencyrv—1p)/Avp. In every case, we have
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that follow, a Znxx or Zn xix feature is given a designation
of the form LMn” or LNn”, where the first character indi-
cates a promotion of an=2 electron, the second character
indicates that the electron has gone into tie3 (M) or
n’=4 (N) shell, and the” designates the principal quantum
number into which a free electron has been captyréd
=3,...,7, Mto Q, respectivelyIn our calculations, the full
spectrum of DR channels has been treated as completely as
possible: that is, for Na-like LMN features, promotions to all
availablen’=3 orbitals (3¢, ¢ <2) have been allowed, and
‘ ‘ ‘ captures into alh”=4 orbitals(4¢,¢ < 3) have been allowed.
7.00 7.50 8.00 8.50 9.00 In the case of the Mg-like LMN DR channels, the capture
wavelength (A) from the initial Na-like configuration is allowed to proceed
from any excited Na-like state with an occupied3 orbital;
FIG. 6. (Color) CR intensities of the LNO DR channel in that is, DR channels proceed through states of the form

Mg-like Zn xix (Zn'®* recombining to form zH*). The calcula-  2(s,p)73¢3¢'4¢", with €, £’<2, and€”<3. Thus, for ex-
tions have been resolved based on tievalue of the spectator ample, a ZA** DR event can proceed as
electron(3s—pink, 3p—nblue, I—qgreen).

2s —2p
3d spectator

P

3p spectator

Mg-like LNO DR spectra (arb. units)

2522p®3dad + hy

25°2pf3d + e — 2522p®3d24d
padrem ssapaaad {2322p63d2 +hy'

usedT;=150 eV for Na- and Mg-like linesT;=300 eV for
Ne- to O-like lines, radiative, autoionization and collisional
lifetimes from ourHULLAC data, and an instrumental func- Wheree is an initial, free electron antlv (hy') is a photon
tion with a FWHM=E/AE=2600. These parameters result in produced by a 8— 2p (4d— 2p) decay. Stabilization to Na-
good fits to spectrally isolated lines in the Nd:glass 12 ns an@nd Mg-like levels below the first ionization energy has been
1 ps LPP spectra. In the case of the XeCl LPP spettqa  allowed via decays of any’ =3 orn”=4 electron. The same
trace in Fig. }, it is seen that there are broader red wings oncomments apply for the LNN and LNO DR channels, in
the Znxx lines that may be due to greater opacity effectswhich the promoted electron goes to amy=4 orbital, and
than we are accounting for, or due to the convergence of the capture of the free electron is into eitm&=4 or 5. For
larger series of highen-Rydberg satellite manifolds than we LNn” DR from Na-like Zri®* to Mg-like zZn'®*, an initial
have computedn=<7 for the present wopk spectator electron is allowed in amz=3 orbital. For the
LMn” channels, all orbitals withf <n"-1 have been in-
cluded, for the LM” channels, all orbitals wit <4 have
B. Dielectronic-recombination satellites been included.
The emissivityepg of a Na- or Mg-like Rydberg satellite
In what follows (Figs. 4-10 we show the calculated CR excited by DR can be expressed as
intensity for the Na- and Mg-like satellite spectra. Each Zn
xx and Znxix satellite feature in Figs. 1-3 comprises be- epr = NeNg+1F1(Te)Fa(j, ), (7)
tween 6 and=24 lines, we refer to the gross features by the
nomenclature used for manifolds of Auger transitions, whichwhere N, is the free-electron densitgassumed to have a
are the inverse channel for DR events. That is, in the figureMaxwellian distribution of energigsN,,; is the density of

= 4D

f ac Optically thin 1
7
2 - =
=] =
g - ' ]
8- 3 FIG. 7. (Color onling O-, F- and Ne-like
%’ = ~ ' 3 spectra computed with and without opacity ef-
S z 3 fects on the lines. The spectrum with opacity ef-
k= = E fects(“thick”) has been offset by +50 mA.
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FIG. 8. (Color) Spectrum in the range of the=4 Zn xxI resonance lines with strong dielectronic Rydberg satelittgs 15 ns Nd:glass
LPP, bottom: 12 ns XeCl LPP data—bjueCR model resultgpink) with full spectra of DR channels overlaid; optical depths wlith
=200 um have been computed for the O-, F- and Ne-like resonance lines.

the initial state of the recombining ion and where all theleveli of ion (q+1) via levelj of ion g to level f is given by
temperature dependence is contained in

Fa(j,f) = AAlBJ i 9

1 <4wag Ry\%?
2

FiTe) =5\ = ) exp (- AE;;/Te), (8

whereay is the Bohr radius, Ry is the Rydberg unit of energywhere theg's are the statistical weights of the mtermedlate
andAE;; is the capture energy of the free electron, i.e., the(@autoionizing and initial (recombining levels, andA is the
energy difference between the initial level of the recombm rate of autoionization from levgl to leveli, and,6’ f |s the
ing ion, Ne- or Na-like, and a doubly excited level of the radiative branching ratio from the upper level of the ob-
recombined ion. The satellite-intensity factor due to DR fromserved transition:

016406-9



FOURNIERet al. PHYSICAL REVIEW E 70, 016406(2004)

5D

Na-like LMO Na-like LMO
L Mg-like LMP F-like lines i
F EE— |
Mg-like LMN 1
Mg-like LMO

Mg-like LMO -

Intensity (arb. units)

Na-like LMP
Mg-like LMQ

7.60 7.68 7.76 7.84 7.92 8.00 8.08 8.16
wavelength (A)

FIG. 9. (Color) Spectrum in the range of thie=5 Zn xxI resonance lines with strong dielectronic Rydberg satellt&sns Nd:glass LPP
data—blug. CR model resultgpink) with full spectra of DR channels overlaid; optical depths with50 um have been computed for the
O-, F- and Ne-like resonance lines.

A s contribution of the channel with as3pectator, which origi-
FIOA (10 nates from the Na-like ground level, is negligible compared
f to the other two 8-spectator contribution@ote logarithmic
The sum ovei’ in Eq. (10) runs over all levels in the next ordinatg. The splitting of each @ promotion based on the

higher ion reachable from levglby autoionization, and the Stabilization of the 4” electron is also visible.

sum overf’ runs over all bound levels reachable frgnby

radiative decay. The values &f ; andF,(j, ) for each com- C. Line opacities

ponent of the numbered transition in Figs. 2 and 3 are given | oyr data, then=4 andn=5 Znxxi lines are affected by

in Table II. , large optical depths. The optical degtieglecting stimulated
The results of our CR calculations for the Rydberg DRemission in a line with frequencyv is given by the line

satellites to ZnxxI lines are shown in Figs. 4 and 5. The gpacity multiplied by the number density of absorbing ions
LMN and LMO traces in Figs. 4 and 5 show that there aregng integrated along the line of sight through the plasma:
some global features to each spectrum. For each’ldftan- ;)= N, where

nel, there are always three distinct bands of emission. These

Fie= 3 AN

i

bands are due to the promotion of 8 2p;,, or 2p,, elec- _ & (a2

tron, in order of increasing wavelength, during the radiation- ~ *»~ p2'lu 2ksT.)

less capture event. Only the highest energyp@motions A 12

for the LMM channel fall in the spectral window in both S\ = (1.53%x 1072 9 ul (ﬂ)

figures. The 2 features in the LMM channel and the LNO ¢ =(1. )g|(AE)3 T o),
spectra have been artificially enhanced by the normalization (11)

of each spectrum in Figs. 4 and 5 and contribute little to the

data in Figs. 1-3. The Li channels also show emission in wheree andm are the electron mass and charyg,is the
three distinct spectral regions based on the promotion of thabsorbing ion mass; and kg are the speed of light and
n=2 electron, but both 2 features are also split, based on Boltzmann's constant,f,, is the absorption oscillator
whether stabilization of the autoionizing state proceeds vigtrength for the line in question is the transition wave-
4s—2p (longer wavelength or 4d—2p (shorter wave- length, andg(v) is the normalized line profile. Equivalently,
length). These considerations are visible in the Mg-like LNO «,, is given by the right-hand expression with the ion mass
spectrum in Fig. 6, where the spectrum has been resolved units of proton massT; in eV, and the transition energy
based on the value of the 3spectator electron. In this case, AE in hartrees(=2 Ry). Atomic data for the zf#f* n=4,5
the DR events proceed ag2()®3¢’+e— (2¢)'3¢'4¢"5¢" resonance lines and the strongest¥Zsatellites are given in
— stable Mg-like level fiv, wherehv is the photon emitted Table IIl for two casegNg=10"* cm3, L=200um andN,
during the stabilizing transition. The spectral bands charac=10?? cm™3,L=100 um), and assuming(1,)=0.5 for a rea-
teristic of the 2 and 2; promotions are clearly visible, the sonably narrow line at line center. Ti€ andnD lines are
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TABLE Il. Data for selected features observed in the spectral range oftdeandn=5 ZnxxI resonance
lines. Each Zkx and Znxix feature comprises several blended transitions. The key number corresponds to
Figs. 2 and 3. The ion indicated is the recombined ion that makes the spectral feature. Numbers in braces
represent powers of ten, i.e., X.XXY]=X.XX X 10".

Key lon Lower level Upper level J o J AeacB) gAy, (sYH Fa(sh

5—2 DR channels
100 19-LMO 222p%3py,  25%2p3,,2p33pa 5y, 1/2 3/2 7.9239  9.9211] 7.67+11]
19-LMO 2522p°3s, 1, 25%2p2,2p3,,35ds;,  1/2 312 7.9244 2.16-13] 3.04+11]
101 19-LMO 222p%3py,  25°2p3,,2p33pa5ds, 3/2 5/2  7.9283  1.9313] 1.04+12]
19-LMO 2522p%3ps/n 25%2p2 ,2p3,,3P3/250s5;, 312 5/2  7.9297 7.9%12] 3.1§+12]

19-LMO 2522p°3s, ), 25%2p2,2p3,,35d5, 1/2 1/2 7.9311 7.0412] 1.13+10]
19-LMO  28%2p%3ps,  25%2p?,2p3,,3ps50s, 3/2 1/2  7.9311  7.03-12] 2.97+12]
102 19-LMO 222p%3s, ), 2822p2,,2p3,3s5ds;,  1/2 1/2 7.9366 4.9%12] 9.00+11]
19-LMO 25%2p%3py ), 2872p3,,2p3,3p1 505, 1/2 1/2  7.9389  9.4812] 3.8(+12]
19-LMO 2522p%3s, 1 2822p2,,2p3,,3s5ds;,  1/2 3/2 7.9397 4.0812] 5.77+11]

19-LMO 25%2p%3py ), 2872p3,,2p3,3p1 505, 1/2 3/2  7.9405  1.6813] 1.20+13]
19-LMO 25°2p%3py,  2872p3,,2p3,,3p3 505, 3/2 3/2  7.9422  1.9413] 2.57+12]
19-LMO  25%2p®3py,  2572p2,,2p3,3ps5ds, 3/2 1/2  7.9422  4.7912] 3.79+12]
19-LMO  25%2pf3py,  25%2p2,.,2p3,3ps5ds, 3/2 5/2  7.9434  1.1913] 9.7¢+21]
108 19-LMO 25%2p83dy;,  2572p3,,2p3,3ds50s, 3/2 1/2  7.9457  2.0412] 7.74+07]
19-LMO 25%2p83ds;,  2572p3,,2p3,3ds50s, 5/2 7/2  7.9461 2. #13] 1.70+13]
19-LMO 25%2p83dy;,  2572p3,,2p3,3ds50s, 3/2 5/2  7.9465 43811 2.29+11]
19-LMO  25%2p®3py,  2572p2,,2p3,3ps5ds, 3/2 3/2  7.9471  4.9#11] 5.2§+10]
19-LMO 2522p°®3d3., 2522p,,2p%,3d3558 312 3/2  7.9478 1.q#12] 4.89+11]
19-LMO 2522p%3ds,  2572p%,2p3,,3ds 503, 5/2 3/2  7.9482  9.08-12] 2.27+12]
19-LMO 25%2p83dy;,  2572p%,,2p3,3ds50s, 3/2 5/2 7.9482  7.6411] 3.84+12]
19-LMO 25%2p83dy;,  25%2p%,,2p3,3d350s, 3/2 3/2  7.9490 4.JA12) 1.77+12]
19-LMO 25%2p%3ps;,  2572p2,2p3,,3p32505, 312 5/2  7.9496 2.053-12] 1.79+12]
19-LMO 25%2p%3ds,  2572p%,2p3,,3ds/ 505, 5/2 5/2  7.9507  1.1413] 5.96+12]
4— 2 DR channels
128 19-LMN 2%2p83p3), 2572p,/,2p3,3p3 Az, 3/2 5/2 85141 5.(913] 3.87+13]
19-LMN 2522p%3p3), 2572p,,2p3,3p3 A0z, 3/2 3/2 85150 1.H913] 4.45+11]
19-LNN 2522p%4f 5, 2522p2,2p3 Ads Afs, 712 912 85122  3.46:13] 7.63+11]
19-LNN 2522pP4t,,, 282202 ,2p3 Ads Afs, 712 712 85144 5.q#13] 2.5§+12]
130 19-LMN 2%2p83ds), 2522p,,2p5,3d5, 405, 5/2 7/2 85380 2.g213] 2.0§+13]
19-LMN 2522p%3ds), 2822p2,,2p3,,3d3 405, 5/2 5/2 85411 3.5413] 2.5¢+13]
19-LMN 2522p%3d,,, 2522p,,2p5,303 405, 3/2 5/2 85418 2.0213] 1.74+13]
19-LNN 25%2pf4ds), 2522p,,2p% Az Ads, 5/2 5/2 85387 5.J213] 3.44+12]
19-LNN 25°2pP4py,  2872p3 .23 APy Ads, 312 3/2 85417  2.7313] 3.63+12]
136° 19-LMN 2522p%3dy,  28%2p,,2p3,3dsAds, 3/2 3/2  8.6695 1.0A13] 2.84+12]
19-LMN 2522p%3ds,  25%2p3,,2p5,3dsAds, 5/2 5/2  8.6706 3.3313] 2.74+13]
19-LMN 2522p®3ds, 2822p2,,2p3,,3d3 405, 5/2 7/2 8.6718 3.2613] 3.11+13]
19-LMN 2522p%3dy,  28%2p3,2p3,3dsAds, 3/2 5/2 8.6722 2.46-13] 1.81+13]
19-LMN 2822p%3ps;,  25%2p%,2p33paAds, 3/2 512 8.6727  4.9812] 4.09+12]
19-LMN 2522p%3ps;,  25%2p%,2p33paAds, 312 312 8.6727  2.4312] 2.27+11]
19-LMN  25%2p®3ds,  25%2p2),2p3,,3d34ds, 3/2 3/2 8.6735 1.3913] 4.14+11]
19-LMN 2522p%3ds,  25%2p3,2p5,3dsAds, 572 3/2  8.6745 1.4#13] 3.37+12]

@Also blended with two F-like transitions at 7.9483 and 7.9519).
PAlso blended with Mg-like LMN features.
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TABLE lII. Estimated optical depths on Ne- and Na-like?h  have demonstrated that Rydberg satellites can be produced in
and Zrt% x-ray lines. Columns are transition wavelengths consid-LPPs. In other experiments, such as with the ps-pulse length
ered, calculated radiative decay rates, and the optical depths at lilaser at intensities=10' W/cn? (see Fig. 1 in Ref[19])
center for Ng=107* cm 3, L=200um(i ), and Ne=10*2cm™3, L some of the satellite lines presented here can mask O- and
=100 um (i), ion densities and level populations have been com-F-like lines, thus giving errors in plasma parameter measure-
puted atT,=200 eV. The optical depths for the Zix features are ments. Further, in the case of ps or sub-ps experiments,
summed over all transitions listed in Table II. For the wavelengthsstrong inhomogeneities in both tempofaé., laser prepulge
the Zrf®* observed values frorfil5] are used, for ZH*, the cen-  or spatial(i.e., strong temperature gradientonditions can
troid of the emitting feature from our CR calculation is listed, wave- give rise to errors in plasma parameter measurements. For
lengths and A-rates for the individual components of each Na-likeour experimental conditions, in which we tried to maximize
feature are in Table Il. Numbers in parentheses represent powers tiie concentration of Na- and Mg-like satellites, we do not

ten. expectT, or N, conditions to vary much. Indeed, we find
satisfactory agreement between observed spectra and our
Label N (A) 9uA, (7D (vg) models for a single set of temperature-density conditions.
i ii However, there is strong variation in the computed optical
5C 7 6309 1.4813] 18.2 535 depths on Ne-like resonance lines for the different LPPs; this

is consistent with the different spatial scales of the LPPs

5D 7.7421 2.6[+13] 34.4 100.8 observed here.

5G 7.8460 1.31+12] 18 5.1 As we have pointed out previous]§5,19, many spectral
features observed in the nanosecond LPP are satellites to the

100 7.9238 0.3 15 Zn xx1 spectral lines, caused by radiative transitions from

101 7.9297 0.4 2.2 highly excited autoionizing states of Mg- and Na-like ions.

102 7.9402 0.6 3.8 Simulating these features is a computationally challenging

103 7.9485 0.4 23 task due to th_e enormous number of_autoionizing levels that
must be considered. Generally speaking, such features can be
intense relative to Znxxi lines only in a plasma with

A 77124 8.76+12] 111 2.1 T.<250 eV. However, we also see lines from spectra of ions

4B 7.7239 4.40+12] 5.6 16.5 more highly charged than 2%; spatial non-uniformity of

4C 8.3420 3.6 13] 59.3 173.9 the laser flux across the focal spot may lead to hot spots that

4D 8.4715 4.0p+13] 68.8 201.9 emit the lines from F- and O-like Z4" and Zrf?* ions. Since

AF 8.5828 1.7@+12) 3.1 9.0 our data are spatially integrated across the face of the laser

4G 8.7270 2.20+12] 41 12.0 spot, we pick-up the contribution of these hot spots. Further,
our data are integrated in time over the whole experiment,

128 8.5141 0.8 46 thus there is no way to determine |f.th(=T lines from high and
low charge states are temporally coincident.

130 8.5409 0.7 4.3

Figure 8 shows the satellite spectral structures in the vi-
136 8.6718 12 7.3 cinity of then=4 ZnxxI resonance lines for the same spectra
as in Fig. 2. The data in both panels have been modeled
assumingT.=250 eV,N,=10' cm ™3, and optical depths on
very optically thick in both cases. The effects of these optical)| |ines computed for arL=200um plasma. The good
depths on the plasn{d6] are that the average charge state ofagreement in the relative strength of the 4F line to the 4C
the plasma is driven higher by enhanced ionization fromand 4D lines indicates that these assumptions are reasonable
more-highly-populated Zit* upper levels, thus enhancing for the 12 ns Nd:glass LPP. Satellite channels that are visible
F-like and O-like spectral lines, and that the relative strengthyre the Na-like LMN and the Mg-like LMN on the long-
of the weaker Znxxi lines are enhanced by collisionally wavelength side of 4D, Na-like LNN between 4C and 4D,
coupling the upper states of 4C and 4D to the upper states @fnd the bulk of the Mg-like LMN channel in the lower panel
4F and 4G. Figure 7 shows the computed spectra from O-, Fof Fig. 8. We note thah=3 ton=2 F-like Znxxil lines are

and Ne-like Zn in the range of the=4 Zn xxI resonance yjsjble at the longest wavelengths in the XeCl LPP spectrum,
lines, with and without escape factors. For this figufg, \ve have not carried out extensive analysis of ti3 to n
=T;=300 eV, N;=10"* cn®, the ion level populations are =2 zn x-ray transitions here or previously.

computed self-consistently, and the plasma is assumed to Figure 9 shows the spectrum in the range of thes Zn
have uniform density and temperature with200 um. The  yx; resonance lines with strong dielectronic Rydberg satel-
enhanced F-like and 4F, 4G emission is clearly visible injjteg (from Fig. 3. The data from thisNd:glass LPP have

the escape factors calculation. been modeled assumifig=250 eV,N.=10** cm3, and op-
tical depths on all lines computed forla=50 um plasma.
IV. SPECTRAL IDENTIEICATIONS The Na- and Mg-like LMO satellite spectra dominate the

features near the paremt=5 Zn xxi lines. The highenr
As is shown belowSec. V), in the case of a Zn target, the Mg-like LMP also appear on the long-wavelength side of the
Na- and Mg-like Rydberg satellites can be important or5D line, while the Na-like LMP and Mg-like LMQ features
dominant for T,=<300 eV. In the present experiments we appear on the blue side of 5C. Also appearing in Fig. 9 are
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previously identified19] F-like lines, 41— 2p transitions at n=6). The Na-like satellites remain strong for temperatures
7.8865 and 8.0435 A. The presence of satellite features onp to 300 eV, the F- and O-like lines begin to dominate for
both the red and blue sides of the Zwi resonance lines T,=300 eV. This is particularly true in the left panel, where
emphasizes the point that using broadened line profiles fahe 2—4 O-like and 2—4 and 2-5 F-like transitions appear
diagnostics in dense plasmas requires careful attention to theetween 7.2 and 8.2 A19]. The O-like Z—3p transitions
contribution from Rydberg satellite transitions. appear in the highest temperature traces in the right panel of
The march to still highen is shown for the Na- and Fig. 11. The Znxxi lines are optically thick forT,
Mg-like Rydberg satellites in Fig. 10, which overlaps with <400 eV, after which point the Ne-like abundance is too
the range covered in Fig. 9. The data from this XeCl LPPlow for there to be strong opacity effects on these lines. The
have been modeled assumifig=250 eV, No=10%* cm3, effects of opacity can be seen on the 4F and 4G lines. From
and optical depths on all lines computed forlar200um  casei in Table I, it is seen that folN,=<10?* cm™ the
plasma. The energy of a given Ne-like transition is seen to b&la-like satellite features are optically thin. Thus, if the ions
increasing faster than the transition energy for Na- andhat emit the satellite features are spatially localized near the
Mg-like satellites with the sama. Thus, the Na-like LMP  laser-interaction region, the Rydberg satellites can serve as a
and LMQ satellite features both appear on the red side of 60ocal diagnostic of conditions, as [A14].
Also of note in the figure is Na-like LMO satellite feature
that proceeds through the promotion(sfabilization tg a 2s
electron(hole). As was mentioned in Sec. lll B, this LMO
channel is higher in energy than are the LMO channels that High-spectral-resolution observations have been made of
stabilize through decays to g Zacancy. Also labeled in Fig. Zn LPPs. Spectra have been recorded from three types of
10 are three previously identified F-like transitions at 7.4390] PPs, which were made by lasers with pulse lengths that
7.3279 and 7.2396 A19]. Features labeled with a number differed by four orders of magnitude. Wavelength measure-

VI. CONCLUSION

and identified in Figs. 8 and 9 are identified in Table I. ments were accomplished wikkrshell reference lines in the
same spectral range, and with previously identified>&n
V. DIAGNOSTIC UTILITY resonance lines. The plasmas of the present work are domi-

nated by strong satellite features emitted by Na- and Mg-like
Figure 11 shows thd@, dependence in the Na-, Ne-, F- Zn'®* and Zri®*. These satellite features are excited princi-
and O-like spectra in the range of the Zmi 4C and 4D pally by dielectronic recombination of the Ne- or Na-like
lines (right pane) and 5C and 5D linegleft pane). These ions. Detailed collisional-radiative modeling of these satellite
models only have Mg- and Na-like satellites for<5  features reveals the origin of systematic behavior in the spec-
(hence, no Rydberg satellite features for xx1 lines with  tral distribution of the emitted x rays. In particular, well-

T T i T N T Iy T T N T T T T T T T T T T | T T T T T T T T T
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FIG. 10.(Color) Spectrum in the range of the=5-7 Znxxi1 resonance lines with strong dielectronic Rydberg satellt®:s XeCl LPP
data—blug. CR model resultgpink) with full spectra of DR channels overlaid; optical depths with200 x«m have been computed for the
O-, F- and Ne-like resonance lines.
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FIG. 11. (Color onling Spec-
tra in the range of the@=4 (right)
and n=5 (left) Zn xx1 resonance
lines with strong dielectronic
Rydberg satellites for dif-
ferent electron temperatures. All
spectra have been computed at
Ne=1C"tcm3,  with  optical
depths computed fdc=200 um.
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resolved bunches of lines appear for eaefesolved mani- large optical depths. Thus, direct probing of plasma condi-
fold of autoionizing channels based on ffiecoupledL-shell  tions near the laser-interaction region will be complicated by
electron(2s, 2p,, and 25,,) promoted during recombina- the difficulty in modeling the transport of these lines. How-
tion. ever, the Na-like satellites to these transitions are estimated
The laser-produced Zn spectra shown above have featurés be optically thin in the present work. Thus, spatially re-
that arise from enormous manifolds of dielectronic-solved observations in this spectral range could use the Ry-
recombination-fed satellites to the 2« resonance lines. dberg satellites as local probes of the laser-target-interaction
These satellite features converge to the red edge of the paremigion. Such spatially resolved measurements have yet to be
line, particularly for then=4 Znxxi lines. Any simulation of done forL-shell emitting ions, we hope to see this kind of
Stark broadened line profiles for high-members of the work done in the near future.
Ne-like nC andnD series will have to account for the large
contribution of these satellites to the broadened line shape if
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