OMEGA Experimental Program and Recent Results

The Laboratory for Laser Energetics (LLE) with its OMEGA established experimental programs to address both issues. The
facility is part of the national laser-fusion effort within the U.S.seed amplitudes can be due to either laser nonuniformities
Department of Energy and has as its main mission direct-drigaser imprinting) or target nonuniformities. The role of drive-
laser-fusion research in support of the upcoming Nationajenerated seed amplitudes (laser imprinting) is studied exten-
Ignition Facility (NIF) at the Lawrence Livermore National sively at LLE. Assessment and improvements of target non-
Laboratory (LLNL). The upgraded OMEGA laser system hasuniformities (particularly those of cryogenic targets) are ad-
been in operation since May 1994. This versatile 60-beam Udressed elsewhere within the national program. RT growth
laser facility has proven capable of carrying out a wide varietyates have been studied in a collaborative effort between
of experiments related to inertial confinement fusion (ICF)LLNL and LLE for some time. The present LLE experimental
The facility also supports indirect-drive laser-fusion researclprogram on RT growth rates addresses the problem in both
under the direction of LLNL and the Los Alamos Nationalplanar and spherical geometries and for a variety of irradi-
Laboratory (LANL). ation and laser-beam-smoothing techniques.

The challenges facing direct-drive ICF are principally con- LLE is preparing for future cryogenic target irradiation
nected with drive uniformity (uniformity of laser irradiation on through a program centered at General Atomic in San Diego.
target), control of the hydrodynamic instabilities during theCryogenic targets will be irradiated on OMEGA within two to
compression phase of the target, and target uniformity, particthree years.
larly that of the future cryogenic targets required for the
success of laser fusion. The experimental program at LLEMEGA Laser Characteristics
addresses all of these issues; this article lays out the presentThe OMEGA laser systehis a Nd:glass laser system with
status of this research and its path for the future. frequency conversion to the third harmonic with a UV

(351-nm) energy capability on target in excess of 30 kJ for

Theirradiation uniformityon target depends on the numberpulse durations af2 ns. The system’s 60 beams (30-cm beam
of laser beams and their disposition, the intensity distributiodiameter) are arrayed symmetrically around the 3.3-m-diam
within each beam (beam-smoothing scheme), and the enertgrget chamber and are focused onto the target by 60 near-
and instantaneous power of each beam (energy and powgiffraction-limitedf/6 lenses.
balance). While the first two points are unalterable character-
istics of the OMEGA laser system (60 beams symmetrically Laser pulses with awide variety of predetermined, temporal
disposed around the target), all other contributors to the irradi&}V output pulse shapes have been produced by a versatile
tion nonuniformity are subject to ongoing research and impulse-shaping systef® To date these shapes range from 1- to
provements. The ultimate goals for OMEGA are 4%-5% rm8-ns flat-topped pulses to linear ramps (1 to 3 ns), Gaussians
beam-to-beam energy and power balance and <1% rmsirradi@®-2 to 1.2 ns), and LLNL's pulse shape PS22 (2-ns pulse
tion uniformity averaged over the target and over 300 to 500 pdesigned for indirect-drive targets).

Understanding and controlling the hydrodynamic instabili-  The demonstrated energy balance of the OMEGA system is
ties are the main ICF concerns. Of primary concern is the-2% rms for the IR part of the system, ~3% rms in the UV after
Rayleigh—Taylor (RT) instability in the acceleration and decelthe conversion crystals, and ~4% to 5% rms on target after the
eration phases of the spherically imploding ICF target. Th&V transport optics (two turning mirrors, a focusing lens, and
problem centers on both growth rates and relevant seed ammiblast shield per beamline). The system’s energy reproducibil-
tudes from which target perturbations can grow. LLE hagty is <1% rms excluding clearly identifiable flashlamp or
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pulse-forming network (PFN) malfunctions. The measurePresent OMEGA Experiments
ment accuracy of the beam energies (including residual funda- The present OMEGA experiments address irradiation uni-
mental and second-harmonic output from the conversioformity, implosion physics, hydrodynamic instabilities, laser
crystals) is ~0.8% rms. imprinting, and laser—plasma-interaction physics. In addition
LLNL and LANL carry out experiments related to indirect-
The laser system has three complete driver lines withlirive laser fusion.
corresponding pulse-shaping systems. Any one or any combi-
nation of two of these driver lines can be used to drive the lasdr. Irradiation Uniformity
system. The laser system supports the propagation of two The irradiation uniformity on target can be analyzed using
different pulse shapes, one for the main experiment (drivedpherical harmonic decomposition. One thus finds that the
and one for a backlighter. In this case one driver line feeds 4@nalterable OMEGA irradiation configuration (60 beams
beamlines, while the other feeds the remaining 20. The timingymmetrically arrayed around the target) and the on-target
between these two groups of beams can be chosen freely. beam envelops contribute primarily to modes of ofdef0.
Energy and power balance as well as pointing on target con-
Beam smoothing—an essential component for the succes$sbute predominately to the amplitudes of modes Wi,
of direct-drive laser fusion—is implemented on OMEGA The intensity distributions of the individual beams, on the
using smoothing by spectral dispersion (SSD) pioneered ather hand, contribute to high-order modes withanging
LLE.# LLE’s approach combines continuous-phase-platevell beyond/ = 100. The effort to control and reduce the
technology with polarization rotators and two frequency moduirradiation uniformity on target therefore requires many differ-
lators with corresponding spectral dispersion in two dimenent approaches.
sions (2-D SSD). Present capabilities are limited to 2- to 3-A
total bandwidth for the two modulators (3- and 3.3-GHz a. Enegy and paver balance. Energy and power balance of
modulation frequency). In addition, a limited number of phase-4%-5% rms between beams puts severe demands on the laser
plates and polarization rotators are available primarily forsystem. Very accurate energy- and pulse-shape-measurement
planar-target experiments. By the end of 1997 a full compleeapabilities are a prerequisite, as are stringent controls over the
ment of phase plates will be available for spherical irradiatiomains and losses of like amplification stages within the system
experiments. A complete complement of polarization rotatorgthey must be kept within ~2% rms). In addition, computer-
is projected for 1 to 2 years from now. At that time increasedbased strategies must be developed for energy redistribution
bandwidth (~10 A) and frequency modulation (FM) at higherand fine control of some key amplifiers.
frequencies (~10 GHz) will also be available, allowing an on-
target frequency bandwidth of ~1 THz in the UV. The energy-measurement requirements have been met by
OMEGA. The capability to sufficiently control the individual
The pointing capability of the OMEGA laser system hasbeam energies has also been demonstrated; however, some
been shown to be ~3@n rms on target. This performance has persistent problems with PFN’s presently prevent consistent
been repeatedly verified with x-ray imaging using pinholeachievement of the desired and achievable energy balance
cameras and x-ray microscopes. The stability of the system &f <4% rms on target. This goal will only be achieved after
sufficient to maintain the above pointing accuracy withoutsome critical components that currently perform marginally
adjustments for at least a period of one day. Furthermor@re replaced.
recent experiments have shown that beams can be placed in
basically arbitrary locations within ~1 cm from the target Power balance on OMEGA has so far been addressed
chamber center with essentially the same accuracy 20 primarily conceptually. Some significant improvements in
without corrections; better accuracy is achievable with ongulse-shape-measurement capability will result when two high-
iterative fine correction). This capability has been demon-quality multiplexed UV streak cameras are installed on OMEGA
strated on recent indirect-drive hohlraums of cylindrical (twowithin the next two to three months. They will measure the
laser entrance holes) and spherical shape (“tetrahedrapulse shapes of 20 of the 60 OMEGA beams. The expected
hohlraums with four laser entrance holes) with or withoutmeasurement accuracy is ~1% rms at the peak of the pulse for
additional backlighter targets. all 20 channels with an optical fiducial channel providing
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timing accuracy and on-shot sweep speed calibration. (Identspeckle patterns on target are slightly displaced and do not
addition, a new streak camera tube, designed at LLE and buiittterfere with each other. This leads to an instantaneous reduc-
by Phillips in France, is expected to provide a higher dynamition in beam nonuniformity by a factor @2 . LLE is currently
range and more extended multiplexing capabilities.) developing liquid crystal polarization rotators for all 60 beams
of OMEGA.
An essential component of LLE’s power balance strategy
relies on the fact that power balance is assured if enerd. Implosion Physics
balance is maintained for full-energy shots as well as for shots Implosion experiments have been conducted on the up-
with reduced output energy. Of course, the laser system mugtaded OMEGA since it was commissioned in May 1994. The
be operated under identical conditions (e.g., identical banknproved symmetry of irradiation and the 30-kJ energy capa-
voltages) with only the input laser energy reduced appropriateliility of this laser system immediately resulted in record
neutron yields in excess of ¥0for ~30-kJ UV irradiation of
b. Beam-intensity disitoution and smoothing meanisms. a DT-filled glass shell of ~1-mm diameter.
The intensity distribution of a typical high-power laser beam
on target is shown in Fig. 72.1(a). The target outline is indi- A series of recent implosion experiments were designed to
cated by the circle. The introduction of a distributed (quasiinvestigate the scaling of the measured neutron yields with
random) phase plate (DPP) with continuous phase reliefxpected core distortions due to the combined effects of the
generates an intensity distribution [Fig. 72.1(b)] whose enveRT instability in the ablation and deceleration phases. For this
lope and speckle pattern are statistically well defined. Ipurpose, targets with different fill pressures and various shell
addition, LLE’s phase-plate approach allows for control oftompositions (CH and Cl-doped CH shells) were used. A
both the envelop function and the speckle distribution. SSRorresponding plot is shown in Fig. 72.2, where the relative
combines FM with spectral dispersion to smooth the highneutron yield is plotted as a function of the expected distortion
frequency speckle of the DPP’s leading to the very smootfraction of the fully imploded target. The distortion fraction
intensity distribution shown in Fig. 72.1(c). This figure is awas obtained from ancillary calculations using current models
temporal average over the full pulse duration of 1 ns. Instantéer the RT growth factor in the acceleration (ablation) phase, a
neously, the intensity distributionis stillas shownin Fig. 72.1(b)heuristic feedthrough factor for the perturbations from the
outer to the inner pusher surfaces, and similar RT growth factor
Further enhancement of the uniformity (smoothness) oéstimates for the deceleration phase. This distortion fraction is
the single-beam-intensity distribution on target is obtained byhe radial core distortion divided by the final radius of the
using polarization rotatos.These optics are birefringent imploded core. The smooth scaling of these data for a variety
wedges that are placed in the beam near the focusing lens asfdargets and irradiation conditions suggests that this defini-
change the polarization across the beam in a continuous maion of the distortion fraction of the final core is a useful one,
ner. The effect of this plate is equivalent to splitting the bearsombining RT instability and target convergence concepts.
into two orthogonal polarization components whose indepen-

@) (b) (©

Figure 72.1

The intensity distribution of a single beam in the target
plane for (a) a typical high-power laser beam without
any smoothing, (b) the same beam as modified
(aberrated) by a phase plate with a continuous-phase-
relief pattern, and (c) 2-D SSD (phase plate and two FM
modulators with wavelength dispersion in two perpen-
dicular directions).
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1.00

@ Cl'dOped CH The yield over calculated 1-D yield (YOC) scales reproducibly with the distortion
0 2-D SSD/pure CHj

fraction, which is defined as the distortion of the final core relative to its radius. This
L ® Pure CH _ distortion fraction is obtained from ancillary calculations using models for the RT
growth factors in the ablation (acceleration) phase, a heuristic feedthrough factor, and
the growth factor of the deceleration phase.

Figure 72.2
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ot Several experimental programs at LLE investigate various

aspects of the RT instability: two planar-foil experiments study

ﬂ. laser imprinting and RT growth rates respectively, and several
spherical target experiments address RT growth in both the

ablation and deceleration phases.

0.01 TN T T T T O B B B
0.0 02 04 06 08 1.0 a. Laser imgnting (planar tagets). Laser imprinting has

been studied at LLE using planar foils and multiple-beam
Teusan Distortion fraction((8g)/rs) irradiation (typically five to six overlapping beams). The

experimental variables included various beam-smoothing tech-

niques and foam-coated targets. Face-on radiography (85-ps
3. Hydrodynamic Instabilities exposure time) was used to measure the modulation depth as a

The hydrodynamic instabilities encountered in direct-drivefunction of time (Fig. 72.3). Initial mass perturbations caused

ICF are generally dominated by the RT instability. This instaby laser imprinting are amplified by the subsequent RT growth
bility is active during the target implosion in both the acceleraand are observed later in time. In other words, the mass
tion phase at the ablation interface and the deceleration phgserturbations that are initially invisible are rendered visible by
at the fuel-pusher interface before the final stagnation. Thiae RT amplifier. Changing the smoothness of the laser irradia-
instability grows from target imperfections and/or mass perturtion (from no DPP’s to DPP with 1-D SSD, etc.) one clearly
bations produced by irradiation nonuniformities (laser im-discerns a corresponding decrease in modulation depth at late
printing). This laser imprinting occurs primarily at early timestimes. Full 2-D SSD with distributed polarization rotators
when there is little or no plasma to smooth irradiation(DPR’s) leads to greatly reduced modulation, indicating sig-
nonuniformities. Since some degree of irradiation nonunifornificantly reduced laser imprinting. Fourier analysis of the
mity is unavoidable, a thorough understanding of the Rimages in Fig. 72.3 also shows clear quantitative reduction in
growth rates is vital, particularly with regard to effects that mayhe power spectrum for spatial wavelengths in the range of 20

reduce the growth rates. to 100um.8
DPP DPP DPP DPP + DPR
No SSD 1-D SSD 2-D SSD 2-D SSD

2.4 ns

2.1ns

E8378 Shadow in view

Figure 72.3

Laser imprinting using planar foils and five overlapping beams (3 ns flat-top) clearly shows the effect of different srremtdthigges applied to the laser
beam. The modulation face-on radiographs taken in the light of an x-ray backlighter around 2 keV are less pronouncedes teatylater (2.1 ns versus
2.4 ns) when RT growth of the laser imprint becomes much more noticeable.
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Foam-covered targets have been proposed to decrease laseceleration of, this target. Furthermore, since all RT growth
imprinting as well as reduce RT growth rafémprint experi-  rate interpretation requires code simulations, a prerequisite for
ments using such foam-covered targets do indeed exhilsticcess is good agreement between the time history of the
significantly reduced laser imprinting, but the analysis of thesaccelerated target position and code predictions. Such agree-
experiments is rendered more complex due to possible changesntis shown in Fig. 72.4 for a bare (smoothl20CH target
in target isentrope, which can reduce the RT growth rates. Toil accelerated by a 3-ns ramp laser pulse. Similar experi-
assess the utility of foam-covered targets all effects on targatents using foam-covered targets yielded equally good results
dynamics must be considered. and indicated unchanged coupling of the laser to the target.

b. RT growth (planar taget). Detailed studies of the RT  The RT growth of single-frequency sinusoidal perturba-
growth rates in direct-drive experiments have been carried otibns impressed on the target has been measured using initial
for some time in collaboration with LLNE.These experi- perturbation amplitudes of ~0/&n with 314um and 60gm
ments were initiated on the Nova laser at LLNL and weravavelengths. Initially these perturbations are invisible in the
subsequently moved to OMEGA he generic setup for these framing images of the backlit foil, but at later times the
experiments utilized flat-foil targets with known mass perturperturbations become clearly visible and measurable. Plotting
bations that were irradiated with five or six overlapping drivethe optical depth versus time (Fig. 72.5) shows the expected
beams. These drive beams were outfitted with DPP’s and othsignature of RT growth. Since the optical-depth fluctuations
variants of beam smoothing. The targets were radiographeudte proportional to areal densipyr] changes along the line of
with an x-ray backlighter and an x-ray framing camera. Irsight, one interprets modulation fluctuations as perturbation
addition, acceleration measurements of the foil were takeamplitudes assuming constant dengityin order to extract
with a streak camera and side-on x-ray backlighting. guantitative information from this plot, numerical simulations

are carried out using the 2-D hydrodynamic c@dRCHID.

Quantitative interpretation of the RT growth rates require§&s0od agreement between these simulations and the experi-
accurate knowledge of the laser coupling to, and the resultingental data in Fig. 72.5 is obtained provided the simulations

use measured laser pulse shagasinclude the experimen-
350 ; | ; ; ? tally measured noise in the x-ray framing camera snapshots. If
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Rayleigh—Taylor growth as measured by the optical depihdfthe target)
Figure 72.4 for a 20um-thick CH foil with an impressed sinusoidal corrugation of.84.-

Trajectory of accelerated 2@m CH foil targets used for RT experiments. The wavelength and 0. amplitude. The perturbation amplitude onset and
experimental data were obtained using an x-ray streak camera with side-saturation are well modeled KWRCHID simulations, provided the experi-
backlighting of the planar-foil target. The solid line corresponds to numericamental noise in the framing-camera images is included in the analysis
predictions using the experimental laser pulse shapes. (dashed line).
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the experimental noise were neglected, one might infer re- The presence of a vigorously excited two-plasmon-decay
duced (and erroneous) RT growth rates. Furthermore, properstability is clearly seen in all implosion experiments on
interpretation of RT experiments requires allowance folOMEGA. This instability has an experimental threshold in the
nonconstant target acceleration and the concomitant changeaw 103 W/cn? and is difficult to suppress with any beam-
RT growth rates. smoothing technique's The importance of this instability lies
inits potential to generate energetic electrons. We are presently

c. Ablative RT instability in spheical tagets. Burnthrough preparing to quantify any energetic electron production that
experiments using imploding spherical targets with tdgh- may accompany this instability.
signature layers have been carried out at LLE for approxi-
mately five yeard? These experiments have clearly shownthat In the spectral region where one expects to observe stimu-
the measured time of appearance of the x-ray lines due to tleed Raman scattering (480 to 700 nm), we have observed
signature layer is more indicative of the RT instability in thescattering in a number of implosion experiments. However,
ablation phase than of the propagation of the ablation fronindications are that this instability is close to its threshold under
Recent experiments on OMEGA have confirmed the earlietypical OMEGA operating conditions (a fewfoN/cn).
observations and refined the interpretation in terms of equiva-
lent initial mass perturbations, which may be due to laser Long-scale-length experiments have begun using explod-
imprinting or target nonuniformities. Changing beam smoothing foil or solid targets with multiple-beam irradiation and
ing permits quantitative estimates for the laser imprinting irstaggered timing of the various beam clusters. These experi-
terms of equivalent target nonuniformities. ments are guided by 2-D hydrodynam®AGH simulations

that predict ~1-mm density-gradient lengths &8 at electron

d. Deceleation-phase R instebility (mixing). The RT  temperatures in excess of 2 keV.
instability during the final stages of the implosion (the decel-
eration phase) has been investigated at LLE using variol&ummary
signature layers close to the inner boundaries of the tHrgét. The 60-beam OMEGA laser system has now been in opera-
These layers are either Ti-doped plastic layers with a 10- tiion for three years. It has been used extensively for a wide
20-um CH ablation layer on the outside op CD layers variety of experiments relating to direct-drive laser fusion,
similarly overcoated with an ablation layer. Between the signarom high-yield implosion experiments to planar and spherical
ture layer and the inner target surface are CH layers of variabRayleigh—Taylor experiments and laser-imprinting experiments
thickness. The target fill is eitherthr or D,-Ar for the two  as well as laser—plasma-interaction experiments. OMEGA is a
types of targets, respectively. The performance of these targetsrsatile and effective target irradiation facility that will sup-
may be analyzed by using their neutron yield as a function gfort the National Ignition Facility now under construction at
the innermost layer thickness or by x-ray spectroscopic meansLNL. Experimental results obtained to date pertain to both
These experiments are still in progress, and results indicate ttditect-drive and indirect-drive laser fusion.
this will be a powerful experimental technique.
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