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Pressure lonization and Line Merging in Strongly Coupled Plasmas Produced
by 100-fs Laser Pulses
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Time- and space-resolved extreme ultraviolet spectra of carbon plasmas, created with 100-fs laser
pulses, are obtained with the novel technique of picosecond jitter-free streak-camera averaging. Spec-
troscopic diagnostics indicate electron densities and temperatures evolving@tono 10> cm™3 and
80 to 50 eV, respectively, implying less than one particle in a Debye sphere at early times. The
emission reveals conditions of extreme pressure ionization and line merging. Comparisons of the
experimental spectra with numerical simulations validate the use of the Inglis-Teller limit for line merg-
ing, and confirm that pressure ionization models based on the Debye-Huckel potential are inapplicable
in such strongly coupled plasmas. [S0031-9007(98)06112-2]

PACS numbers: 52.70.Kz, 52.25.Jm, 52.40.Nk, 52.50.Jm

Strongly coupled plasmas (SCPs) are found in stellamdependent plasma diagnostics over this large range of
and Jovian planet interiors [1], inertial confinementparameter space, we demonstrate the breakdown of the
fusion (ICF) pellets [2], and are essential for a thoroughDebye-Huckel model for pressure ionization, and establish
understanding of compressed material equations of statbe validity of the Inglis-Teller limit for line-merging
[3]. These plasmas are characterized by high densitiggredictions.
and/or relatively low temperatures, such that the Coulomb The experiments were conducted with a 10-Hz,
potential energy between the particles exceeds their kinetit00-fs Ti:sapphire laser. Pulses of 50 mJ in energy at
energy, and thus the coupling parameiter= Z?¢?/r;kT 780 nm were focused with a MgHens to an intensity
(wherer; is the ion-sphere radius) is larger than one. Un-of 107 W/cn? on rotating solid carbon disk targets.
fortunately, relatively little experimental work on strongly The use of subpicosecond pulses has the advantage of
coupled plasmas [3—5] has been done up to now, as thedepositing the energy impulsively, in a thin target layer.
studies are rendered difficult by the need to simultaneouslyhus, the measurements are conducted after the laser
obtain and diagnose high-density/low-temperature condipulse, in a freely decompressing ionized material. The
tions. This is particularly true for subpicosecond laser-emission spectra from the target were recorded with a
produced plasmas, which are increasingly important irgrazing-incidence flat-field imaging XUV spectrometer
applications such as fast-ignitor ICF, ultrafast x-raycoupled to an x-ray streak camera with a charge-coupled
sources, and ion acceleration. Pressure ionization amdevice (CCD) readout, for a spatial resolution86f wm
line merging are two spectroscopic effects arising fromin the direction normal to the target plane and a spectral
the deformation of the ionic potential by the plasma fieldsresolution of 0.15 A. The subpicosecond x-ray streak
in SCPs [6]; although both have been used for densitgamera [10] was coupled to a jitter-free averaging sweep
diagnostics [5,7], independent plasma diagnostics musystem [9], consisting of two photoconductive switches
be used to ensure their validity in the strongly coupledriggered by part of the laser beam to sweep the plates of
regime. In this paper, we present extreme ultraviolethe camera at 10 Hz, in synchronization with the target
(XUV) spectra emitted from a strongly coupled laser-emission. This novel technique—used for the first time
produced plasma, making use of two novel experimentahere for spectroscopy—significantly extends the dynamic
techniques: (1) A high-contrast, high-seed injection CPArange of the streak camera and increases the signal-to-
short-pulse laser [8] to achieve nearly solid density, anchoise ratio. We were able to average the XUV spectrum
(2) a jitter-free x-ray streak camera [9,10] to achieve botlover 600 shots with a temporal resolution of 4 ps, limited
a high signal-to-noise ratio and ultrahigh temporal resoluby a residual jitter of=2 ps. The laser contrast was
tion (ps). This combination: short laser pulses and highmproved by a factor of more than 100 over the typical
temporally and spatially resolved spectroscopy, makes figure of 10° for Ti:sapphire lasers through high-energy
possible to study the dynamics of SCPs over a wide rangeeeding of clean pulses in the regenerative amplifier [8].
of densities and temperatures, which makes for an interFhis new technique delivers a laser contrastof X 107
esting testbed for atomic physics models of such plasmato allow the deposition of the laser energy at solid target
We follow the change in the observed series limits thatlensities without the energy losses incurred by frequency
occurs as carbon is heated and then decompresses ovetl@ubling.
range of electron density, and temperatur, extending We present data from th&)-um region closest to the
from 102 to 10?' cm™3 and 80 to 50 eV, respectively, target plane. Figure 1 shows three spectra between 25
which corresponds td.5 > I > 0.5. Making use of and 37 A taken at 0, 50, and 225 ps. These lineouts are
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highern H-like emission lines, with the strengthening of

vacuum Wa ‘g(:'? >
10° Hedike IP— ., @ & e g the3p-1s and4p-1s lines, and the appearance of the-1s
E -3 A and6p-1s in the later lineouts, despite the falling tempera-
® A o ture evident from the steepening of the continuum slope.

n=:

There is still considerable debate as to what formalism
225 ps should be used to best describe pressure ionization and
line merging [12—15], but the more widely used pressure
ionization models in numerical simulations and analysis
' 50 ps of experimental spectra are the ion-cell, Debye-Huckel,
: and Stewart-Pyatt models [5,7,16—19]. These define a
1 0ps . .. .
W detectable ! sharp cutoff for the highest existing principal quantum
qorbeM T seres it L numbern from an average static electric field without
26 28 30 32 34 36 considering the fluctuating microfields that will broaden
Wavelength (A) the levels near the continuum, and must be used in con-
FIG. 1. Lineouts from the time-resolved spectra taken afunction with a good Stark broadening model to cor-
r =0, 50, and 225 ps. The He-likepls-1s* (n >3) and  rectly reproduce the experimental spectra. Alternatively,
Eg"ﬁﬁe"’;;é l'I'i?:Seg'Stﬁgna ﬁgdepzlf'”ende, aSTVgg” ffgefhgu% 4 the Inglis-Teller limit [20] predicts the density at which
continuum and the detectable geries limit are drawn on eacHN0 adlacef‘t Ieyels merge into an ‘?‘pp"’?re”t contlngum,
lineout. Considerable He-likep1s-1s> emission at 40.268 A and approximatively takes care of microfield fluctuations
was seen in each spectrum, but is not included here for bettednd line merging. All these models predict a lowering
emphasis on the spectral region between 25 and 37 A. Thef the ionization potential with increasing density, and a
three lineouts are offset vertically for better viewing. movement of the free-bound emission edges and the de-
tectable series limits to longer wavelengths, as seen in
integrated over 4 ps, and= 0 ps is arbitrarily defined Fig. 1. Direct experimental evidence of the amount of
as the time of the start of the emission. The principalpressure ionization is usually hidden by the line merging
emission lines of the H-like and He-like series are iden-which occurs at lower principal quantum numbaers It
tified, as well as the = 2 He-like satellites to the H-like is therefore difficult to determine which pressure ioniza-
2p-1s line. There is considerable free-bound continuuntion model is best [19]. Experiments providing precise
radiation ending at the He-like series limit near the H-likedata for model validation are rare—and the few that have
2p-1s line. The vacuum ionization potential (IP) of the been reported involved plasmas that, in addition to their
He-like ion is marked at 31.62 A (392.09 eV) [11], and thelimited density and temperature ranges, were restricted to
He-like radiative recombination continuum and edge ardghe weakly coupled regimd” = 0.2) [15,21].
sketched in bold lines. The position of the detectable series In our analysis, electron temperature and density diag-
limit (marked by vertical dashed lines for each spectrumhnostics were obtained from the experimental spectra. We
is determined to=0.4-0.7 A, limited by the presence of first established the electron temperature by the slope of the
the unmerged bound-bound emission lines masking its exde-like continuum. We then generated artificial spectra
act position. This detectable He-like series limit is mea-using steady-state non-local-thermodynamic equilibrium
sured to move from 35.2 A (352.5 eV) at 0 ps, to 33.1 A(non-LTE)FLy simulations [18] and found matches for the
(374.3 eV) at 50 ps, and to 32.6 A (380.9 eV) at 225 psexperimental spectra by varying the density in the simula-
The separation between the vacuum IP and the observeidn. This was done for eight lineouts at times 0, 14, 25,
edge for each spectrum indicates the combined effect oBO, 75, 125, 175, and 225 ps after the start of the emis-
the spectrum of pressure ionization and line mergingsion. The artificial spectra includes instrumental broad-
which can move the observable series limit by as much asning, pressure ionization, Stark broadening, and opacity.
40 eV, or past the He-lik8p-1s resonance line. No un- The different models of pressure ionization that were used
merged resonance lines from the He-like series are dder the generation of the excited state populations and ar-
tected at O ps save the strobg-1s transitions (not shown tificial spectra were the Stewart-Pyatt model (already in-
in Fig. 1 for better viewing of the wavelength range nearcluded inFLy), and the ion-cell and Debye-Huckel models
the series limit), and all the readily identifiable satellites to(implemented irFLy for this occasion); the Stark broad-
the H-like2p-1s line originate fromn = 2 doubly excited ening took care of the line merging naturally. The posi-
states. As the plasma evolves with time, the density—antons of the He-like satellites to the H-likkp-1s line were
hence the plasma field effects— gradually decrease andkfined originally inFLy for carbon through interpolation
the ionic potential is less and less perturbed: Identifiablérom similar lines in other elements, and they appeared at
line emissions from highet-states reappear gradually, as wavelengths about 0.35 A lower than in the experimental
is observed at 50 ps (He-likés3p-1s2 clearly present spectra or the Kelly tables. We corrected this in the code
andls4p-1s? visible in the H-like2 p-1s short-wavelength  to permit a better comparison with the experimental data.
shoulder) and at 225 ps (He-like4p-1s> and1s5p-1s>  Figure 2 gives an example of a match for the lineout at
now clearly identifiable). A similar trend is observed inther = 225 ps, and a comparison of artificial spectra obtained
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FIG. 2. Comparison of a lineout at= 225 ps and non-LTE a
FLY simulations at 48 eV (determined from the slope of the £ ]
continuum) and1.5 X 10?! cm 3. Three different artificial g ]

spectra are shown, corresponding to the cases where th g

continuum lowering is calculated with the ion-cell (IC, long- §

dashed line), Stewart-Pyatt (SP, solid line), and Debye-Hucke 0.5 J['"Jr,'\'" ]

(DH, short-dashed line) models. Note the conspicuous “dip” in _ zZe'r,
the DH spectra near the He-like series limit. The lineouts are I'= kT
offset vertically for better viewing. 0Lt L S L :
0 50 100 150 200 250
Time (ps)

with the different pressure ionization models. While the N ] . .
ion-cell (long-dashed line) and Stewart-Pyatt (solid Iine)FlG' 3. COI’IdItIO.nS as a function of time: (a) Electron density
models give almost undistinguishable fits for similar den_and.temperature, (b) coupling parametérand number  of
o o . ... particles in the Debye spheng,.

sities, we found it impossible to properly match artificial
spectra generated with Debye-Huckel pressure ionization
(short dashes), regardless of the choice of density. Th&vo in the first 225 ps. Similarly, the ratio of potential-
“dip” in the spectrum near the series limit for the Debye-to-kinetic energies hovers around one for the duration of
Huckel case is caused by an overestimation of the contirthe observation. Under these conditions, the concept of a
uum lowering, leaving no merged bound-bound transition®ebye sphere has little statistical significance: The posi-
to contribute to the spectrum in that region. This disagreetive charges are not adequately shielded by electrons and
ment—the first time one can spectroscopically differenti-Coulomb collisions dominate the ionized gas, which then
ate between continuum lowering models—is due to theannot be rigorously referred to as a plasma. This was
strongly coupled nature of the plasma which, as will comeeflected in the pressure ionization, which cannot be de-
clear in the next figure, precludes the use of models basestribed using the Debye-Huckel model (see Fig. 2). Other
on the Debye-Huckel formalism. authors [21] could not spectroscopically differentiate be-

The dynamics of the electron temperature and density isveen the three simple models of pressure ionization, pos-
plotted in Fig. 3(a) for the first 225 ps of the emission; thesibly because of their lower plasma coupliig < 0.2) for
Stewart-Pyatt pressure ionization model was used for thevhich the Debye-Huckel formalism is still at least margin-
fits with FLY. A highest density of X 102 cm™3 is in-  ally valid.
ferred, which corresponds to one-tenth of the solid density Figure 4 shows the dynamics of the experimentally
for carbon with an average ionizatigh= 4.5. While the  detected series limit. This is compared to the series
target and its emission did start at solid density, the 4-pfimit predicted by the Inglis-Teller (IT) model using the
temporal resolution gives an averaged value of the plasma@iagnostics from Fig. 3(a). On the left axis is the energy
parameters over that time. Similarly, since the detectethelow the ionization potential (IP), and the corresponding
emission is integrated along the line of sight of the specprincipal quantum numbenr are indicated on the right
trometer, the measured plasma parameters are representartical axis. The uncertainty on the IT values corresponds
tive only of those plasma shells that are optically thin toto the energy difference between the last unmerged and
the emissions. The temperature ranges from 50 to 80 e\the first merged levels. The error bars on the measured
and this relatively low temperature with the high densi-series limit includes the uncertainty in the position of the
ties combine to produce the strong Coulomb coupling, asdge. A good agreement is found between the Inglis-
is evident in Fig. 3(b), which plots the coupling parame-Teller prediction and our detected series limit in these
ter I', and the number of particles in the Debye sphereSCPs. This validation of the Inglis-Teller model using
Np. Up tor = 30 ps, the Debye sphere contains lessindependent diagnostics suggests that it can be safely used
than one particle on average, and this number stays beloas a density diagnostic in that plasma parameter range,
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that the Debye-Huckel model visibly breaks down in

conditions of strong coupling, while the ion-cell and
n=t Stewart-Pyatt models gave good agreement with each
----- other and the experimental spectra. The Inglis-Teller limit
4 was validated over our plasma parameter range.
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