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Final Technical Report

SOFT X-RAY SPECTROSCOPIC MEASUREMENTS

OF PLASMA CONDITIONS AT EARLY TIMES

IN ICF EXPERIMENTS ON OMEGA

During this reporting period, we first analyzed the data obtained during our
final campaign under this grant on the OMEGA laser facility, which took place
on April 27, 1999 (one day). As explained in our previous semi-annual report,
for the first time we fielded our ~en_&ch Manipulator- (TIM-) mounted flat-
field, grazing-incidence extreme-ultraviolet (euv) spectrograph [1] with a four-
channel gated-stripline microchannel plate (MCP) detector. This spectrograph
covers the spectral range of 30-250 ~ (hv=50-400 eV). This instrument reached
closer to the target than did the previous version mounted on the chamber wall;
such that the sensitivity increased by at least a factor-of-10 for viewing weak
spectral feahlres.

During this April 1999 campaign all except one of the 60 beams were used,
with a total on-target energy of nominally 20 kJ in a 1 ns pulse. The beams were
focused onto a spherical target of overall diameter 940 ym, for an irradiance of
=2x101A W/cmz. Beam smoothing was provided by a combination of spectral
dispersion (SSD) as well as distributed phase plates (DPP’s). The plastic
microballoon targets of 20-~m wall thickness were filled with neon to a pressure
of 10 atm, including a 10% admixture of argon. A sealant coating of aluminum
of thickness 0.0125 ym (125 ~) was followed by an outer coating of Mg of
thickness 2 pm. Also, in this campaign, some outer coatings of LiF were used in
place of Mg.

In the April 1999 campaign, we were able to track F VII, VIII and IX as weIl
as, at higher temperatures, Mg X, XI and XII spectral lines from n=3 to n=2
transitions in Li-, He- and H-like ions, beginning at very early times in the event
(prepulse) and continuing through the heating cycle, after which continuum
emission dominated the spectra during compression. Also, Li Ill lines were
measured.

During this final-report period, we also completed the analysis of our
prepulse measurements which began with the May 1998 campaign. The results
were presented at the November 1999 meeting of the American Physical Society
Division of Plasma Physics in Seattle [2] and have been sumitted for publication
[3] (a recent preprint is included as Attachment A here). The prepulse
measurements agree with modeling carried out at LLE by Dr. Jacques Delettrez,
and by Dr. J. Dah.lburg and colleagues at the Naval Research Laboratory and
represent a prime example of code verification by experimentation. We were not
able to continue to monitor the prepulse after
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April 1999 since our grant was not renewed for FY-2000. This is unfortunate,
since it is an event that should be monitored regularly, after it appeared
suddenly during the May 1998 campaign and varied in significance later, never
disappearing.

Particularly interesting in the prepulse d~ta obtained in April 1999 were
aluminum absorption spectra in the 40-120 A wavelength region, as shown in
Fig. 5 of Attachment A. The stioongest and broadest absorption feature (at a
wavelength centered near 110 A) matches a blend of the energies [4] for
photoionization from the 2s innershell levels in neutral aluminum as well as in
All+ and A12+ ions. Also, photoionization edges [5] associated with valence
electrons in A13+ to at least A15+ match other narrower absorption features in the
spectra, as indicated. One possible source for the continuum emission in which
the absorption occurs is the surface of the CH microballoon (the balloon wall as
well as the gaseous fill are opaque in this region, ruling out the possibility of a
rear-target-surface backlighting). The 0.0125-pm thick solid aluminum sealant
layer is semi-transparent (-25%) to the 351-nm wavelength laser light [6], while
also being semi-opaque (-40 % absorption) at the x-ray edges [71. As such, laser
preheater light can be transmitted through the thin aluminum layer to the outer
surface of the poIymer target, generating a continuum, and forming the 2s
absorption feature in the cold aluminum layer. This holds similarly for n=2
absorption in an aluminum plasma that might be formed, such that the product
of density and thickness remains constant over a limited range. Als,o, the
absorption features from multiple ionization stages could be arising from
different points on the target, and perhaps from varying thicknesses of the
aluminum layer, if it is not completely uniform. An alternative explanation for
the absorption observed is that it takes place along chords in the direction of
view, tangential to the surfact of the microballoon, i.e., in a “limb” absorption
process. This provides a longer path length for euv emission, perhaps up to
100’s of pm’s instead of 20 pm for direct view. The backlighting could arise from
beams focused to the rear of the target which may have prepulses included. This
latter explanation would be consistent with later carbon spectra to be described
next, both of which require space-resolved spectra to definitively interpret.
Clearly, an identification of the local region of absorption and the backlighter is
vital.

Another observation which may bear on such limb absorption is observed at
approximately 8 to 10 ns after the onset of the main laser, i.e., late in the event.
Time-gated, spatially-integrated (along the axis of the slit of the spectrograph)
recombination spectra show a rich series of spectral lines from n+2 “Balmer”
series transitions in C VI in the 106-182 ~ region, and similarly in C V and O
VIII. The series extends to n=9 in some cases before merging at n=10 into a
distinct continuum. For C VI this indicates an electron density of -101~ cm-s
using the Inglis-Teller relation [8,9:p. 148] for the merging of high-lying lines
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with the continuum. Another observation is that the n=3-2 and n=4-2 transitions
are unusually intense compared to those for n>5.

Fortunately we also were able to record the n+l series of C VI (and C V) on
the same spectra but in the 27-34 ~ region, i.e., at the same time. However, we
noticed that the series are much shorter there, ending with n=4 followed by a
continuum step at n=5. This corresponds for to an electron density of-1021 cm-
3, i.e. much higher than that deduced from the n-+2 series. None of the data we
obtained with the same spectrograph using slab targets displayed such a
difference in series limits and, hence, electron densities.

We can begin to understand this apparent discrepancy if we imagine that we
are viewing two concentric spherical plasmas, one at the core emitting short-
series (both) specba at high density and the other in an expanding shell emitting
a superimposed lo.~ger-series spectra at lower density. The n+l x-ray lines
viewed through an extended plasma chord of a spherical shell could be readily
absorbed, leaving only the core spectra ending at n=4+l, while the n-2 core
spectra enhances the low-n lines from the shell. This is not unlike the
phenomena observed at early times with aluminum line absorption, likely along
chords, as discussed above. Again, space-resolved spectra using our sensitive
TIM-mounted spectrograph could map these features in detail and explain the
phenomenology involved.

During this period, we also published in J. Quant. Spectrosc. and Radiative
Transfer [10] (reprint included as Attachment B) the analysis of data obtained on
the TRIDENT laser facility at the Los Alamos National Laboratory in September
1998, experiments partially supported by NSF. In that campaign, the results of
which are quite relevant to the OMEGA experiments, we used two opposing
beams (at 0.53 ~m wavelength) onto slab targets, and recorded, using a time-
gated x-ray crystal spectrograph, spectra from Mg, Al and Si. Digital recording
from a CCD camera was used. We also were able to achieve spatial resolution
along a direction normal to the target surface. With 170 J per beam in a 1 ns
Gaussian pulse, focused to a diameter of 500 pm, we obtained a typical target
irradiance of 9x1013 W/cm2; and hence we could simulate the OMEGA
irradiance by using small focal spot sizes on TRIDENT. We obsemed line
radiation from resonance transitions in hydrogenic and helium-like ionic species,
as well as innershell satellite lines in the next lower species. We also observed
Ku type transitions at the target surface, which arose from the first few
ionization species. Thomson scattering diagnostics provided us with
temperature and density values useful in numerical modeling of the data and for
future “calibration” of our temperature measurements on OMEGA.

Typical results are indicated in the spectral scan presented in Fig. 2 of
Attachment B for silicon. Notable features include unusually intense (relative to
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nearby lines) well-displaced satellite lines arising from 2s2-ls2p and ls2s2-ls22p
transitions in He-like and Li-like ions, respectively, which involve a two-election
process with one photon being emitted. They arise from interactions between
the 2s2 and 2p2 configurations for the two cases. Various explanations for the
apparent anomalous satellite intensities have been offered. One candidate is
opacity in the radiative transfer of the more intense dipole satellite lines. This
has been confirmed tentatively for the lithium-like satellites by numerical
modeling carried out by Dr. Ehud Behar of Hebrew University and for the
helium-like satellites by Prof. Roberto Mancini of the University of Nevada at
Reno. Another explanation under consideration at present is ion-ion charge
transfer pumping, two electron included, as suggested by Dr. Frank Rosmej
during a six-weeks collaboration with us in August 1999 (that may be repeated
during the Summer of 2000).

A very useful aspect of the (mostly) magnesium targets on TRIDENT was our
ability to reproduce irradiances as low as a few x 1012 W /cm2 on two-sided
layered planar targets consisting of 20-~m thick CH covered with 300-~ of Al
and finally a 2-pm thick Mg coating, simulating the surfaces of the spherical
targets used at LLE. We were able to demonstrate that Mg XI and XII x-ray
spectral lines are produced at measurable intensities at such an irradiance. This
was a point in question in our prepulse measurements at that level of irradiance
carried out at LLE and described above. It is also consistent with modeling
mentioned above.
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ABSTRACT

The preheating of laser-heated

measured by time-resolved x-ray

spectroscopy on the 30 kJ, 351 nm,

microballoon targets h,l.s been

and extreme ultraviolet (euv)

60-beam laser-fusion system at

the University of Rochester Laboratory for Laser Energetic. Thin

coatings of aluminum overcoated with magnesium served as

indicators. Both the sequence of the x-ray line emission an”d the

intensity of euv radiation were used to determine a preheating

peaking at =10 ns prior to onset of the main laser pulse, with a

power density 51% of the main pulse.

supported by numerical modeling.

provided by absorption spectra from

The measurements are

Further information is

the aluminum coating,

backlighted by continuum from the heated surface. The exact

source of the preheating energy remains unknown at present, but

most IikeIy arrives from early laser leakage through the system.

The present target diagnostic is particularly useful when all beams

cannot be monitored directly at all laser wavelengths.

PAC’S: 52.50.Jm; 52.25.Nr; 52.40.Nk; 52.70.La
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‘1’tvo rela ki key issues in intertial confinement fusion (ICF) research are the

unifomily and integrity of the irradiated

heating and collapse. This is particularly

approach, where the surface ablation and

spherical targets during surface

important for the direct-drive

acceleration is achieved directly from

the focused drjving beams. Even small mass or density nonuniformities

between layers undergoing mutual acceleration can be greatly amplified

according to Rayleigll-Taylorl hydrodynamic instabilities or, when shock-

accelerated, by Richtn~yer-Meshkov2 instabilities. Either can lead to pellet

breakup prior to ignition. Great care is normally applied to forming targets of

smooth surfaces; To avoid the imprinting of non-uniformities from the driving

beam, considerable efforts are invested towards creating beams with irraciiance

uniformity within 1.% variation or better on the target surface.

Design and numerical modeling usually are based upon the sudden heating

of the target by the driving beam. Hence, any premature surface ablation that

takes place prior to the onset of the main driving beam clue to significant

undesirable energy deposition could lead to a premature slow expansion of the

ablator with an enlargement of surface area and decrease in density of the

absorber, i.e., to a loss of target integrity. (This is separate from an early “foot”

sometimes added prior to the beginning of the laser pulse, with a smoothness

comparable to that of the main beam.) If not completely uniform, such a

preheating could lead to the imprinting of auxiliary mass uniformities and hence

instabilities. In the case of cryogenic targets (e.g., frozen deuterium), it could

result in premature sublimation and interior cracking. Therefore, a large effort

in laser design involves an enhancement of contrast, i.e., a ratio of laser-to-
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prepulse irradiance of perhaps five to six orders of magnitude. With laser

drivers operating at a fundamental wavelength in the infrared and frequency

unconverted into the ultraviolet, such contrasts are enhanced by a strong

dependence of the conversion efficiency upon irradiance.

.

Such contrasts are routinely checked in laser beam design and development.

However, when tens-to-hundreds of beams are involved in irradiating spherical

ICF targets, it becomes impractical to routinely monitor the contrast for each

beam for all wavelengths present Instead, it becomes more prudent and

meaningful to monitor emission arising from the target prior to the onset of the

laser pulse as well as during the pulse to measure the contrast in deposited

energy. A simple monitor of reflected light from the target surface at the laser

wavelengths involved during the preheat period is a first approach; and indeed

such preliminary results provide support for our interpretations. More

definitive are time-resolved spectroscopic measurements which relate the

emission to a specifically-identified target material (or materials in the case of

layered coatings of varying substances). In this paper we describe such extreme-

ultraviolet (euv) spectroscopic measurements? of both emission and absorption

from the preheating of multilayered coated spherical targets on the OMEGA

laser-fusion system4 at the University of Rochester Laboratory for Laser

Energetic (LLE). The techniques and interpretations described can be applied

to other existing and future facilities.

II. EXPERIMENT

The experiments were carried out between May 1998 and April 1999 in three

campaigns. The experimental layout is shown in Fig. 1. Fif&nine beams from
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the “nlain’f Onlega laser system constituted the main-laser pulse at a wavelength

O( 35”1nm, with a combined energy of 20 kJ on target in a “1ns Gaussian pulse.

The beams were d irecteci into the vacuum charn ber of 3.3-m cliameter an(i

focused onto a spherical target of nominal overall diameter 940 pm, resulting in

a peak irraciiance of -2x1014 W/cn12. Beam uniformity was provided by a

combination of smoothing by spectral dispersion as well as bv the use of.

distributed phase plates. Polymer microballoon targets of 20-p.n~ wall thickness

were filled with neon to a pressure of 10 atm, including a 10% admixture of

argon as a tracer. A thin coating of aluminum (0.03-~n~ thick in May 1998 and

earlier, red ucect to 0.0125-p thereafter) was applied to the surface to help retain

the gas. An additional laser shinethrough barrier (typicaily 0.1 pm of

aluminum) was not applied. Instead, a thicker (2 or 4 pm) outer coating of

magnesium was added over the thin aluminum layer to form a tamper Iaver,

also usefu~ for spectroscopic diagnostics.

The euv diagnostics consisted of two l-m grazing-incidence flat-field

spectrographs~ covering the 30-300 ~ range with a spectral resolution of 0.1 ~.

Both were equipped with a spherical collecting mirror near the slit. One of

these was always equipped with a gated (s1 ns) four-stripline microchannel

plate (hICP) for time-resolution, followed by photographic recording. Cables

from these strips (of varying lengths to provide time delays) were properly

matched and terminated at the MCI? output to minimize pulse reflections. One

of the spectrographs was mounted on the outside of the vacuum chamber with

the collecting mirror at a distance of 210 cm from the target. The other

spectrograph was mounted on a standard re-entrant platform (“TIM” in Fig. 1),

with the collecting mirror 28 cm from the target for enhanced sensitivity. The

use of SUCh highly-selective (in wavelength) spectrographs was essential to



discriminate against extraneous radiation when measuring large intensity ratios

between thepreheatandmain phasesoftheevent. Incontrast, simpler thin-

metal bandpass-filtered euvdetectors alone cantiansmit x-rays freely abovea

certain photon energy at the high temperatures encountered in the main laser-

plasma event; while only measuring euv emission in a cooler preheater phase.

This can result in a large underestimate of the relative preheat euv emission.

We also had available at LLE a soft x-ray, 100-cm radius, convex-curved

crystal (KM?) spectrograph set to measure some of the magnesium and

aluminum hydrogenic (Mg XII, Al XIII) and helium-like (Mg XI, Al XII)
o

resonance lines in the 6.4-8.6 A (1.4-1.9 keV) range. This instrument was

equipped with a streak camera and photographic readout for temporal

resolution. Since this spectrograph is slitless, the spectral resolution is source-

size limited; this feature provided a measure of the spatial extent of the plasma,

as determined from the spectral line widths. Also fielded were various LLE-

provided x-ray imaging cameras with varying degrees of filtration, and

operating in both the time-resolved and time-integrated modes.

III. OBSERVATIONS

The first evidence of significant preheating of the target arose following the

first two shots taken in May 1998, i.e., in a rather sudden change of events that

continued throughout that campaign. On those first two shots (both at-14 %

lower energy than for the shots that followed), the temporal evolution shown in

the x-ray streak spectral data was typical of those obtained in previous

campaigns, in that intense and narrow magnesium resonance spectral lines

arising from the heating of the outer layer preceded in time those from the thin
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aluminum inner Iaver. SL]ch a ~inle-resolved S~eCtrLllll is shoitin in l:iS. 2 .IIICI is.

considered “normal”, such as we had observed during several previous

can~paigns at LLE. The magnesium spectral lines are more intense than those

fronl al urninun~ because of the much thicker coating of the former. Resonance

series lines up to 11=5(transitioning to n=l) are distinct for both helium-like and

hydrogenic magnesium. The narrowest aluminun~ and (initial) magnesium lines

corresponds to -1 mm at the target, i.e., approximately the original target size.

In stark contrast to “-hefirst two shots, data obtained similarly on the

succeed ing 19 shots in this campaign showed broadened aluminum Iines already

at the onset of the laser pulse, accompanied or followed by quite diffuse

(broadened) magnesium lines of less intensity. An example of such an

“alternate” spectrum is shown in Fig. 3. In such spectra, the magnesium lines

are expanded to

distinguishable.

the extent that series mem hers above 11=2are barely

The predominance of the aluminum lines indicates that most of

the magnesium has been vaporized and that the laser directly heats the

aluminum undercoating. Hence, the aluminum lines also become broadened

due to expansion.

The Mg XII n=2 to n=l Lyman-u line appears to be composed of two lines,

which is associated with an alreacl y expanded shell of-4 mm diameter at the

onset of the main laser pulse, i.e., having experienced an -1 .5-nml radial

expansion of the surface during a preheat period of 10 ns (from the euv data

discussed below). This results in a radial expansion velocity of -1.5x107 cn~/see,

which is not unreasonable. This measured velocity agrees with numerical

modeling of the initial blowoff towards the laser, using the FAST radiation

transport hydrocode6 for spherical geometry, and assuming an overall



preheating irradiance on target of 3x I 012 W/cn12 (as in ferre(i belol~ irOIl~the eu~’

d~ita).7 ‘rhet-e is also experimental evidence of a 11,11-I-owcen[r,~l iine, presunlab]v

fronl the target surface, which in~iicates that some of the coatings continue to be

relatively intact. This is also consistent both tvith late-time data folio~f.in~

compression and with modeling of the target surface area, as described below.

Also present (and not observed previously at all on more “normal” shots) at a

time of -0.7 ns after onset of the main pulse and persisting for -0.2 ns was the

Kti line formed following innershell ionization in neutral (and slightll-ionized)

aluminum at a wavelength of 8.34 ~. This suggests the presence of fast

electrons often associated with instabilities, and perhaps target breakup in the

form of both hot spots and cold aluminum, since the Ku line is observed

concurrently with resonance lines of Al XII and Al XIII. (A much weaker Kl) line
.

at 7.96 A was also detected on one shot, adding confirmation to the identification

of the Ka Jine.)

Coincident with the x-ray observations of an apparent preheating and

vaporization of the target coatings was the corresponding observation of early

euv spectra that included continuum as well as line emissions arising from n=3

to n=2 transitions, mostly of lithium-like h4g X spectra, but also of less intense

helium-like and hydrogenic Mg XI and XII spectra, respectively. The latter

emissions from the higher ionization stages peaked at -10 ns before the onset of

the main laser pu[se, giving way to Mg X (and lower) spectra in the last 5 ns.

(Similar emissions from the 70-tin~es thinner aluminum layer are expected to be

much less intense, with some unfortunate wavelength overlaps, and are difficult

to distinguish.) Also observed prior to the main laser pulse onset were carbon

lines, presumably arising from: (a) the microballoon surface following localized

penetration, (b) the target surface, as contaminants, or (c) the 10-p.rn diameter



supporting stalk They showed a Clon]inanc(’ of C \-l over C t: n=2 t-on= 1

resonance Iines.

Such preheating euv spectral features are illustrated in the temporal plot of
.

overall emission in the 100-200 A wavelength region, shown in Fig. 4 from

multiple shots during the May 1998 campaign, using four MCP gatecl strip lines

for temporal resolution. This indicates a preheating euv emission of -0.7% of

that of the corresponding continuum spectrum observed during the main event.

This suggests a power flu~xdeposited at the target of -3x1 012 W/cn12 in the

preheat period, which was used as input for the numerical modelingb discussed

elsewhere here.

That an irradiance of this magnitude could produce some Mg XI and XII euv

emission is evidenced experimentally by a disti net x-ray streak spectiun~

obtained at the lowest irradiance used at LLE, namely 7x10q2 W/cn~2.

Additionally, recent experiments at Darnwtad@ with a laser-irradiated

magnesium slab target produced an x-ray spectrum that included h4g XI and XII

at an irradiance as low as 1xl 012 W/cn~2. (Again, one cannot rule out hot spots

as a source of radiation from these species, particularly when Ka lines are

observed, as described above.) As with the x-ray streak spectra, the euv

preheating began on the third shot in the h4ay 1998 campaign, i.e., no euv

spectral emission was measured on the two striplines set for early timing on the

first two shots (the remaining two striplines timed later did record the main

event, which verified proper operation of the detector). This again suggests

some sudden event after the first two shots, resulting in target preheating.



The C VI and Mg X spectral lines observed at the peak of the preheating

period shown in Fig. 4 signify an electron temperature of kTe~100-150 eV, which

again is consistent with numerical computations for the same pulse shapeg as

shown in Fig. 4 and using an overall target irradiance of 3x1012 W/cm2, as

inferred above. Also, the calculations predict an expanding (towards the laser)

plasma consisting of ions dominated by charge states of Mg9+ (Li-like) and

MglO+ (He-like) at the peak of the preheating pulse. This accounts for the Li-like

rid-2p emission from recombination (as well as excitation). Excitation of line

emission in the He-like and H-like ions during this period most likely occurs in

hot spots (as supported again by Ka emission). A measured dec~ne to a

predominantly Li-like Mg X spectral feature in the 4-5 ns prior to main laser

pulse onset is consistent with numerical predictions of a temperature drop to a

few 10’s of eV and charge states ranging from Mg6+ to Li-like Mgg+ during that

period. This is followed by a reheating of residual magnesium at maih laser

pulse onset, once again producing Mg XI and XII line emissions in a collapsing

plasma.

The numerical modeling of density, using the pulse in Fig. 4, also predicts at

least a partial breakdown in target integrity beginning at -3-4 ns after onset of

the preheat, followed by a heat wave flowing through the 20-pm thick

microballoon wall into the gas filling to a depth of -100 p.m at the time of onset

of the main laser pulse. This breakup could be contributing to the decrease in

euv emission shown in Fig. 4 beginning at-8 ns prior to main laser onset.-.

However, a boundary between the CH and the magnesium also is predicted to

be somewhat sustained, along with some residual magnesium available for

reheating at main laser pulse onset, as observed. All modelingG~T predicts a

critical-density layer traveling inward during the preheating phase. Since this
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layer is at a density much less than that for a solid, it indicates once again that

surface material such as magnesium has expanded away.

That the weaker euv spectrum observed in the preheat period is not simply

later-time emission recorded by a weak secondary pulse to the MCI? striplines

has been verified experimentally by the vast difference in the simple, few-line,

few-species spectra obtained at early times compared to a multi-line spectrum

from recombination to ,many species at the later times, including Ne VIII (Li-like)

2p-3d emission at 98 ~ horn the core filling, not present in the preheated plasma.

Another distinct aspect of the late-time recombination spectra is a ratio of C VI to

C V resonance lines of order unity, signifying a temperature of kTe-75 eV, lower

than at the peak of the preheating phase as reported above. Hence, this

alternative explanation for the preheater spectra observed is first ruled out on

the basis of non-time-correlated spectral features. Furthermore, a measured ratio

of peak voltages between the secondary and primary pulses of -1/5 results in a

MCP gain ratio of 10-8, using a power-law gain dependencel”~ll on applied

stripline voltage V as strong as VII, thereby resulting in a negligible gain on the

secondary pulse.

A cause for this sudden onset of preheating could not be established at the

time of the May 1998 campaign. During the October 1998 campaign, which

included 21 shots, the anomalies in the x-ray streak spectral data were not

readily apparent. The euv preheat emission, while still present with the same

ionic species, was -1/4 of that measured in May. These data indicated that the

preheating effects had diminished somewhat, perhaps associated with improved

binding of the magnesium with the use of aluminum layers of less than one-half

the thickness.



A further understanding of the preheating mechanism at the target arose

from the third campaign, carried out in April 1999. For this limited series of 10

shots, the closer-in and hence more sensitive TIM-mounted euv spectrograph

was equipped with the time-gated MCI? detector; Again, the aluminum inner

layer was thin (0.0125-pm). For this campaign, the 2-~m thick magnesium outer

layer was overcoated with 2 ~ of CH to provide additional tamping. Also,

some 2-~m thick LiF-coated targets (without CH overcoatings) were used. The

results to be described next were similar for all of these target designs.

The euv data in this campaign showed overall continuum emission during

the preheat phase equivalent to that from the October 1998 campaign.

Particularly obvious in this series of experiments were a number of absorption

features in the euv spectra during the preheating phase which were not present

during the main event. These are shown in the spectrum in Fig. 5. “This attests to

the “purity” of the euv continuum, i.e., not being an accumulation of higher

orders and scattered light of other wavelengths which would not have been

absorbed in these lines. The strongest and broadest absorption feature (at a

wavelength of 116 ~) matches a blend of the energies12 for photoionization from

the 2s irmershell levels in neutral aluminum as well as in All+ and Alz+ ions. In

addition, photoionization edgesls associated with valence electrons in A13+ to at

least A15+ match other narrower absorption features in the spectra, included in

Fig. 5. (That 2s-innershell absorption at 156 ~ did not appear for magnesium is

another indication that the magnesium coating vaporizes and expands at early

times in the preheat phase.)

11



0n12 interprclalion O( such absorption features is that they arise i~On~a

COIltill ULlIll bdCkjgl-OU Ild (O1-llled d~ khe f~Oll[ S11rface of t!le CI-~ nl iCrObd ]!0011 ([he

balloon wall 21skvell as [he gaseous fill are opaque in this region, rulins out [he

possibility of a rc(lr-tt~rgel-surtace backlighting, unless one invokes major lar~et

breakup). The 0.O’125-pnl thick solid aluminum sealant layer is sell~i-trt~l~spi~rel~t

(-25%) to the 35-i-nIn wavelength laser light,l~ while also being semi-opaque

(-40% absorption) at the at the x-ray eciges.ls As such, laser preheater light can

be transmitted through the thin aluminum layer to the outer surface of the

polymer target, generating a continuum backlighter, and forming the 2s

absorption feature in the i’luminum layer. This holds similarly for 11=2

absorption in an aluminum plasma that might be formed such that the product

of density and thickness remains constant over a limited range. In addition, the

absorption features from multiple ionization stages could be arising from

different points on the target, and perhaps from varying thicknesses of the

aluminum layer, if it is not completely uniform in the case of hot spot formation.

Alternatively, or additionally, it is possible that the absorption is forming

along chords in the “limb” of the spherical shell of aluminum, rather than

through the layer itself. This would increase the absorption length by perhaps a

factor-of-l.O compared to that for absorption perpendicular to the layer. In this

scenario, the continuum backlighting could be arising from a heated coating, as

well as the CH surface.

In campaigns that took place earlier than that of April 1999, only a close

examination of the October 1998 data taken with the more remote spectrograph

showed a weak presence of the 2s-innershell absorption band. This marked

difference may have been a result of a different mounting position on the

12



spherical larget chamber for the April “1999 campaign, being almost opposite to

the edt-lier ones. This could be interpreted as an effect of certain selective beams

being involved in the preheating, rather than all 59 uniforn~ly - This COUld aiso

have contributed to the backlighting and absorption along a chord.

Turning to the x-ray streak spectra obtained during this April 1999 campaign,

a very sensitive fresh CSI photocathode was in place on the x-ray streak

spectrograph for two shots. As such, the late-time spectra were very

overexposed. However, a close inspection of the films obtained indicate some

evidence of a low-intensity Mg XII Ly-u line for approximately 1 ns prior to the

main pulse. The maximum preheater emission at-10 ns, expected from the euv

data, could not be detected on these two shots because of a limited sweep range,

and remains a topic for future experiments.

IV. CONCLUSIONS

The early-time spectrographic data presented here are consistent with a

numerical model of low-energy preheating in regions of sufficient energy

deposition in the target to produce h4g X (and XI and XII in spots) spectra and

premature evaporation and subsequent expansion of the outer coating, along

with a IOSSof target integri~. Transmission of this beam through the thin

aluminum sealant layer leads to a preheating of the target surface, thereby

producing C V and VI emission along with a continuum that backlights the

alum inurn and produces observed absorption features, either perpendicular to

the layer surface or through chords in the shell, along the axis of view, or

perhaps both.



An obvious explanation for the target preheating is that there is a relatively

weak laser prepulse occurring at early times, if not from the ultraviolet (0.351

pm wavelength) beam, perhaps of a fundamental- (1.053 pm) or doubled- (0.527

pm) equivalent frequency not completely converted. Other experiments as well

as numerical modeling now show that a projected irradiance of -1012 W/cmz is

sufficient to produce the observed features. If indeed the preheating arises ti-om

laser beams, such heated zones would represent severe non-uniformities in the

beam profiles and could result in laser imprinting at the beginning of the main

pulse, thereby generating,instabilities as mentioned earlier here and breakdown

of target integrity through&ut Also, excessive preheating of the low mass CH

surface adjacent to the aluminum layer could produce pressure differences to

further drive instabilities. It will be very interesting to obtain additional

measurements of the preheating pulse shape for a more exact modeling of the

effects.

The source of the energy for the observed target preheating remains under

investigation, as does the wavelength (i.e., fundamental, frequency doubled or

tripled), should it be associated with the OMEGA laser. The power of this target

technique in diagnosing a prepulse and the overall contrast with the main beam

when multiple beams are present is demonstrated. The fact that this preheating

began as a sudden event which may have subsided somewhat over time

indicates the importance of a thorough understanding and continuing

monitoring of the energy reaching the target, lest it reoccur randomly during

future experiments.
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FIG URE CA PTlO~;S

Fig. ‘1. Lti)’o Lit of the experiments. “TIh;l” refers to the ten-inch manipulator re-

entrant platform upon which one of the euv spectrographs was mounted.

Fig. 2. X-ray streak spectrum typical of those obtained for the first two shots in

the h4ay 1998 and in previous campaigns, showing the expected sequence of Mg

XI (He-like) and Mg XII (H-like, Lyman series) resonance lines followed by

similar Al XII and Al XIII lines, ”from outei and inner layers, respectively.

Fig. 3. X-ray streak spectrum typical of those obtained after the first two shots in

the May 1998 campaign, showing the early onset of aluminum lines from the

inner layer. This shows the dominance of Al XII (He-like) and Al XIII (H-like

Lyman series) lines from

Fig. 4. Logarithmic time

the inner layer at early times.

history of euv emission in the 100-200A wavelength

range. The data points shown and connected by a smooth curve were obtained

from various shots and striplines used in the May 1998 campaign, with

normalization between strips obtained from pointing shots taken with gold

targets. Corrections have been applied for film saturation. The -4 ns duration of

emission during the main pulse agrees with that of continuum emission in the x-

ray streak spectra (not readily apparent in the copy in Fig. 3), possibly even

including here (but not curve-fitted) a decrease over an interval of -0.5 ns at 3 n-s

from the onset of the main laser pulse.
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cnbant platform upon which one of the euv spectrographs was mounted.



Fig. 5. Euv spectra obtained from livo dcijdcent h’l~l) stripliws dLlrin~ the April

1999 m m pai$n, indicating some m,~in emission AS \\ell M ,lbsorption features.

The carbon emission is most likely associated fvith target surface vaporization.
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ABSTRA~
Paper Presented at the APS Division of Plasma Physics Conferenc

Seattle, Washington
November, 1999

Further Evidence for a l?repulse on OMEGA* R. Elton, H.
Griem,and E. Iglesias, LIrziv.of Maryhzd Institutejor Ph.sm Research.
Our previously-reported [Bull. Am. Phys. Sot. 43, 1646 (1998)]
observation of a disruptive prepulse on OMEGA, possibly as large
as 1% of the extreme ultraviolet (euv) radiation measured from the
main pulse, has recently been substantiated by the measurement of
euv absorption spectra, prior to the main pulse. The absorption
features have been identified with n=2 photoionization in
aluminum atoms and ions up to A15+. Cold aluminum is originally
present as a 0.0125-um thick sealant coating applied to a neon-filled
(10 atm) CH microballoon, with an euv transmission at the L-
absorption edge of-50%. The aluminum in turn is overcoated with
2 urn of Mg. The spectra which show the absorption also include
continua as well as line emissions from Mg9+ to Mgll+ ions.
These occur prior to the onset of laser target irradiation by at least
10 ns, and imply a prepulse irradiance of about 10A12 W/cmA2.
Since the neon and CH are opaque to euv radiation from the rear, a
likely scenario is early (prepulse) vaporization of the outer Mg
layer, perhaps in hot spots, followed by laser radiation transmitted
through the thin Al layer, thereby heating the CH surface. This
could provide an euv continuum backlighter for the aluminum that .
leads to the euv absorption features in various ionic species,
perhaps from different points on the target surface.
*Supported by DoE
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