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Preface 

With the advent of modern large telescope facilities (such as the Kitt Peak 
and Cerro Tololo 4-meter telescopes in Arizona and in Chile, and the Keck IO-m 
telescope in Hawaii) and orbiting observatories (such as the Hubble Space 
Telescope and ROSAT) the quality and detail of astrophysical data being taken 
today is without parallel. Many objects currently under intensive observation 
exhibit temporal variations with time scales of order weeks, such as Type Ia 
supernova light curves, and months, such as the evolution of the ejecta from 
supernova SN1987A on its impact course with its circumstellar nebula. This 
opens the possibility to  test predictions of the macroscopic evolution of such 
objects in real time with computer models which typically include an immense 
amount of microscopic physics. Unfortunately, one does not have the luxury in 
astrophysics of setting up clean, well controlled experiments in the universe to 
test the ingredients, in particular the microphysics, contained in the 
astrophysical models. Often times, debates about the details of various models 
continue for years, and in some cases decades. Creating a surrogate 
environment to serve as an astrophysics testbed would obviously be very 
desirable. 

On the terrestrial front, the world has stood witness to the development of 
a number of highly sophisticated and flexible, high power laser facilities 
(energies and powers of up to 50 kJ and 50 TW), driven largely by the world-wide 
effort in inertial confinement fusion (ICF). The charter of diagnosing implosions 
with detailed, quantitative measurements has driven the ICF laser facilities to 
be exceedingly versatile and well equipped with diagnostics. Interestingly, there 
is considerable overlap in the physics of ICF and astrophysics. Both typically 
involve compressible radiative hydrodynamics, radiation transport, complex 
opacities, and equations of state of dense matter. Surprisingly, however, there 
has been little communication between these two communities to date. 

commence with construction of the next generation "superlasers", the 2 MJ  
National Ignition Facility in the US, and its equivalent, the LMJ laser in France, 
the situation is ripe for change. Access to these large laser facilities, present and 
future, is becoming available to the outside academic community. Given the 
physics similarities that exist between ICF and astrophysics, one strongly 
suspects that there should exist regions of overlap where supporting research on 
the large lasers could be beneficial to the astrophysics community. 

As a catalyst for discussions to this end, Lawrence Livermore National 
Laboratory sponsored the 1st International Workshop on Laboratory 
Astrophysics Experiments with Large Lasers in Pleasanton, California, USA, 
over a two day period at the end of February, 1996. Approximately 100 
scientists attended from around the world, representing eight countries: the 
USA, Canada, UK, France, Germany, Russia, Japan, and Israel. A total of 30 
technical papers were presented. The two day workshop was divided into four 
sessions, focusing on nonlinear hydrodynamics, radiative hydrodynamics, 
radiation transport, and atomic physics-opacities. Copies of the presentations 
are contained in these proceedings. 

With the recent declassification of ICF in the USA, and the approval to 

iv 



The conclusion of the meeting was a consensus that there indeed do 
appear to be areas where careful laser experiments could serve as an 
astrophysical testing ground, a setting where emerging theories can have a "dry 
run". The challenge is to match the right astrophysics questions with the right 
laser experiment. We hope that the outcome of this workshop will be the start of 
a continuing dialog between the astrophysics and laser experiments 
communities, which will hopefully lead to more discriminating astrophysics 
experiments on %e large laser facilities around the world. 

It is our great pleasure to acknowledge the significant expert assistance 
we have enjoyed in putting this workshop together. We are particularly 
indebted to Misty Riendeau, Laurie Pinlrerton, and Karen Queheillalt for their 
assistance in planning, organizing, and running the conference. We also 
acknowledge the assistance of Sandy Lynn and Cheryl Swinkels fiom our 
Document Services Department. We are deeply indebted to Bruce Fryxell for 
sharing his exquisite color images from his supernova simulations with us, 
examples of which appear on the announcement poster, the name tags, and on 
the cover of these proceedings. 

the Lawrence Livermore National Laboratory under contract number W-7405- 
*Work performed under the auspices of the U.S. Department of Energy by 

ENG-48. 

Bruce A. Remington 
William H. Goldstein 
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WORKSHOP SUM= 

Monday morning Hydrodynamics I, Bruce Remington presiding 

Mike Campbell (LLNL) welcomed the participants to the workshop, and 
stressed the need to include academia and basic physics experiments into the use of 
large lasers built for inertial confinement fusion (ICF) research. Mike pointed out that 
only with outside users of lasers such as Nova and the future National Ignition 
Facility; can the full potential of these ICF lasers be realized. 

might potentially be useful for astrophysics experiments. He then focused on laser 
capabilities at LLNL, covering the parameter regimes accessible with Nova, the 100 
TW laser, the petawatt laser, the USP laser, and standard diagnostic capabilities at 
Nova. 

instabilities, in particular, buoyancy driven convection and Rayleigh-Taylor 
instability, in the dynamics, evolution, and observables from Supernova 1987A. He 
stressed the importance of testing current theories and models of supernova in any 
way experimentally possible. One promising, and hitherto untried testing ground is 
using large lasers to mock up subsets of the physics of supernova. The current 
supernova experiment on the Nova laser is a model for designing experimental 
benchmarks of the supernova codes. 

Gail Glendinning (LLNL) discussed an experiment that is being designed, 
together with Jave Kane (University of Arizona), a graduate student of Dave Arnett's, 
to test the modeling of deep nonlinear instability evolution using the astrophysics 
d e  PROWTHEUS. This appears to be the first experimental test of the nonlinear 
hydrodynamics predictions of this widely used supernova code. The experiment has 
progressed past its initial "shake-down" phase, and meaningful comparisons of 
experimental results with PROMETHEUS simulations has just started. 

Dick McCray (University of Colorado, Boulder) discussed the imminent 
collision predicted to occur in 5 years of the expanding ejecta from SN1987A with its 
surroundhtg circumstellar ring nebula. He summarized models and current 
understanding of the ring, and predictions of x-ray, UV, and optical emissions 
expected when the collision ensues. He stressed the multiple shock interactions 
predicted, and pointed out the need to test modeling of these strong radiative shocks 
in advance of the event. 

an experiment being developed for Nova, in collaboration with Richard McCray from 
the University of Colorado at Boulder and Edision Liang from Rice University, to look 
at the colliding plasma effects relevant to the SN1987A ring collision presented by 
McCray. This experiment will use the Nova laser to generate the strong shock that 
produces the laboratory equivalent of the expanding supernova ejecta. This 
expanding ejecta will then impact a surrounding "ring nebula" of plasma created by 
foam. The goal of the experiment is to examine the nonlinear shock hydrodynamics 
expected in the collision, and characterize the radiation emitted in the multiple shock 
interactions. 

~ Joe Kilkenny (LLNL) gave an overview of large lasers around the world that 

Dave Arnett (University or Arizona) discussed the role of hydrodynamic 

Paul Drake CLLNL and University of Michigan) discussed the final design of 



James Stone (University of Maryland) described his new model for the 
formation of hydrodynamic "bullets". The interesting hypothesis of this presentation 
was that deep nonlinear hydrodynamic instabilities are the cause of a broad array of 
astrophysical phenomena hitherto unexplained. He stressed the need to access the 
regime where radiative cooling behind the shock front affects the hydrodynamics. He 
emphasized that if laser experiments could be designed that investigate any part of 
this broad area of radiative hydrodynamics, then one might be able to impact the 
development of astrophysics theories and codes that are still in their infancy. This is 

e exciting, because this is precisely the regime that the Drake-McCray-Liang experiment 
is being designed to address. 

Monday afternoon. Hydrodynamics 11, Paul Drake presiding. 

The theme of the Monday afternoon session, chaired by Paul Drake, was 
the study of hydrodynamic phenomena in astrophysics andin the laboratory. 
Three of the speakers (Gnm of NRL, Dimonte of LLNL, and Schappe.15 of 
LANL) discussed experimental results from laser-based studies of the instability 
of Taylor-Sedov blast waves. In such experiments, a target immersed in gas is 
struck by a concentrated laser pulse. This produces a blast wave, similar to those 
described by Sedov and by Taylor in the 1950's, which takes hundreds of 
nanoseconds to propagate across the experimental chamber. Such Sedov-Taylor 
blast waves are believed to ocm in a wide range of astrophysical systems 
including supernova explosions. The experiments found that the blast waves 
were sometimes stable and sometimes strongly unstable, depending upon a 
number of factors including the properties of the gas and the presence of a 
magnetic field. 

The instability of Sedov-Taylor blast waves is related to the 
hydrodynamic instabilities which have produced mixing in supernova 1993J, 
discussed by Iwamoto of the University of Tokyo, who reported that the profiles 
present in-the progenitor star can have a substantial impact on the instabilities 
which occur when the star explodes. Similarly, the explosion of a type Ia 
supernova is believed to produce a thin combustion layer which has some 
similarities to a blast wave and is most definitely subject to strong hydrodynamic 
instabilities, as discussed by Khokhlov of University of Texas at Austin. Both 
Sedov-Taylor blast waves in astrophysical systems, and the shocks driven by 
flowing plasmas, can become radiative, in the sense that they radiate power more 
quickly.- they.receive power. This can lead to density collapse and strong 
hydrodyn+nic instability, as discussed by Blondin of North Carolina State 
University and by Klein of LLNL. Although laboratory studies have not yet 
d d t  with radiative shocks, some strongly-nonlinear hydrodynamic systems 
have been studied. Experiments on the interaction of shock waves, on jets, and 
on colliding plasmas were reported by Perry and Miller of LLNL. Additional, 
possible experiments to look for pair production and to simulate other aspeds of 
supernovaewere discussed by Liang of Rice. The general properties of latetime, 
nonlinear hydrodynamic mixing in non-radiative systems are begiming to yield 
to theoretical analysis, as Shvarts, of Negev Nuclear Research Center in Israel, 
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showed. He also pointed out that the behavior is qualitatively different when a 
shock passes through a previously-shocked medium, as is common in 
astrophysical environments, and that this problem deserves study. 

Tuesday morning Atomic physics / opacities, Bill Goldstein presiding 

The session on opacity, spectroscopy and radiation transport opened with 
a historical overview of astrophysical opacity research from Arthur Cox, of Los 
Alamos National Laboratory. Cox introduced the Herasprung-Russel diagram, 
and described the large range of variable stellar systems whose evolution and 
characteristics depend sensitively on radiative opacity. He identified banner 
years in the -55 year history of opacity calculations, including the appearance of 
Los Alamos Opacities in 1964-70, and culminating with the publication of new 
resde from LLNL's OPAL group in 1991-93. These improved tables evinced 
enhancement factors of three in opacity owing to previously neglected bound- 
bound transitions in iron. As Cox pointed out, the new calculations affected o w  
understanding of a long list of variable systems, including double-mode 
Cepheids, delta Scuti variables, and solar oscillation frequencies. 

the behavior of vaiiables, and concluded that modern opacities may not, in fact, 
fully explain observations of stellar pulsations. 

The themes introduced by Cox were elaborated later in the session by 
Carlos Iglesias, who addressed remaining uncertainties in stellar opacities, and 
by Paul Springer who discussed experiments relevant to stellar atmospheres. 
Iglesias pointed out that uncertainties in the solar interior opacities deduced 
from code comparisons are as large as 35%, especially near the bottom of the 
solar convection zone. The source of the discrepancies was traced to uncertainties 
in the ionization balqce. Present theories that describe the behavior of bound 
states in dense matter do not agree, and there have been few experiments to test 
them. Iglesias described recent laser-driven absorption measurements that have 
proven valuable in validating some aspects of these theories, and proposed that 
these experiments besextended to provide detailed input for ionization balance 
models. 

opacity, particularly those arising from line-shapes, and the merging of lines into 
quasi-continua. These uncertainties are most pronounced at densities of g/cc 
and lower, and experiments to access this regime are highly constrained in time- 
duration, spatial size and spectral resolution. Springer concluded by describing a 
nested-hohlraum design that produces the right conditions in simulations. 

of Physics and Space, University of Birmingham, followed Cox with a wide- 
ranging review of current and proposed laser experiments in the UK with 
relevance to radiation flow in astrophysics. Rok showed that the Opacity 
measurements he was describing - including high-density, short pulse laser 
experiments - mapped out typical temperatures and densities in the sun. He also 

Cox went on to describe his recent work on the effects of convection on 

Paul Springer also pointed to discrepancies between models of stellar 

Steve Rose, of the Rutherford Appleton Laboratory, and the Department 
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described h e  transfer experiments in the presence of large veloaty gradients, an 
important effect Type Ia Supernovae, among other astrophysical systems. Rose 
also proposed novel experiments to address the role of Compton scattering in the 
energy balance of accretion-powered objects. He presented simulations showing 
that the effects of Compton scattering on the radiation emitted from compressed 
balls of DT gas was profound and measurable. 

lasers are comparable to those found in certain astrophysical plasmas. He added 
that complex laser experiments are underway in which the conditions are 
controlled to investigate specific, relevant physical processes. 

a talk on Radiation Transport in Flows with Large Velocity Gradients. He 
described the light curve of Type Ia supernovae as a competition between 
radiaoacfive energy deposition, adiabatic decompression, and radiative transport 
to the surface. The transport is dominated by line absorption in large velocity 
gradients. Escape is effected through exotic processes like Doppler downshifting 
of thermal radiation and "photon-splitfing." Outside of the supernovae light 
curve itself, there exists little data to guide the theorists in modeling the opacity 
of such unique systems. Pinto suggested that laboratory experiments could test 
elements of the models by measuring transport in laser-produced blow-off 
plasmas, and by testing iron group atomic physics and branching ratios. 

Tim Kallman of NASA and Duane Liedahl of LLNL dismsed the 
modeling apd laboratory simulation of X-ray photoionized nebulae. The 
opporhmity to p,erform detailed studies of the X-ray emission from these 
accretion-powered sources is among the most exating prospects in astrophysics 
for the next decade. But the analyses of spectra from accretion-powered X-ray 
sources, which will comprise a substantial portion of the high-energy 
astrophysics database, are likely to severely tax the capabilities of the currently 
available analytical resources. The reason is clear: understanding of atomic 
physics processes and the matter/radiation interactions in X-ray photoionized 
plasmas is sketchy. 

overionization relative to a steady-state collision-driven plasma at the same 
temperature. The ionization state is characterized by the quantity, 6 = 4nF/n, the 
ratio of the ionizing radiation flux to the electron density. Whenever 6 exceeds 
-10 (cgs), electron impact ionization is less important than photoionization in 
establishing the charge state distribution. Similarly, the role of electron impact 
exatation is reduced in comparison to recombination cascades as a population 
mechanism. At present, the physical processes of "X-ray nebulae" are modeled by 
complex compufer codes which, nevertheless, rely on untested, simplifying 
ass~&~ptions and approximafions. 

Liedahl pointed out that conditions achievable in targets using the Nova 
laser, and conditions projected for the planned National Ignition Facility W), 
have excellent overlap with the parameters expected to characterize accretion- 
powered plasmas. In proposed experiments, uniform, photoionized plasmas are 

Rose concluded that the plasma conditions achievable with high-power 

Phil Pinto of the University of Arizona picked up one of Rose's threads in 

The &sentid aspect of an X-ray photoionized plasma is the high degree of 



created by i l l d a t i n g  a low density gas target with broad-band ionizing 
radiation from a Easer-irradiated high-z converter target. Preliminary 
experiments and predictions for gas cell targets have already been made and a 
box-like target has been designed in which argon gas is contained by thin-foil 
windows. This target allows argon pressures from 25 Torr (corresponding to ion 
densities near 1018 cm-3) down to pressures several orders of magnitude lower. 
A gold converter spectrum has also been measured on the Nova Two-Beam 
Facility using .53 mm light in a linefocus geometry at an irradiance of 101-4 W 
an-*. This spectrum has been used to estimate the values of x achievable at laser 
facilities that are precisely those expected to obtain in the X-ray emitting regions 
of accretion disks. Design calculations for an argon experiment using the =Torr 
gas cell and the measured gold spednun have predicted ionization into the 
middle of the L-shell. Then, using absorption and emission spectroscopy, 
respectively, to measure ionization distribution and temperature, a direct 
comparison with the predictions of astrophysical simulation codes could be 
carried outat known - and controllable - density (gas pressure) and ionization 
parameter ( ldos i ty) .  

Tuesday afternoon: Radiation transport, John Castor presiding 

In the Tuesday afternoon session Nigel Woolsey (LL;NL) began with a 
discussion of "Spectroscopy of Compressed High Energy Density Matter." He 
reported the results of a series of Nova experiments on implosions of capsules 
filled with D2 CD4 N2 or Ne, doped with Ar, whose K-line spectrum is 
measured. The object.*of the experiment was to make a Witive test of line-shape 
theory as applied to the K lines, and in particular to assess the importance of ion 
dynamics to the line shape, which should be a much greater effect with light 
perturbing ions (D) than heavy ones (Ne). The same line shapes also provide 
diagnostics of temperature and electron density. The theoretical comparison was 
made to the FLY code of Lee, et al. The experimental results confirmed that the 
IrwHM of the He-like Ar KP line is a good density diagnostic, while the Li-like 
satellites of the same line provide a Te diagnostic. The surprising experimental 
result was that the central dip in Helike Ar KP, indicative of a lack of ion 
dynamics, was absent in every case for which the spectrum could be measured, 
perhaps owing to gradient effects. 

Lasers," referring to the capabilities of LLNL's Ultra-Short-Pulse laser facility. 
The USP can deliver a pulse of 0.1 Joule.with a pulse length of order 100 fs, and 
the promise is to perform experiments on matter at >I keV temperatures at solid 
density, since the heating and ionization time scales can be made short compared 
with the time scale for hydrodynamic motion. A variety of W N E X  simulations 
was shown to indicate how the sample approaches LTE and steady-state 
ionization equilibrium as a function of time and laser intensity. The 
interferometric techniques for probing the velocity and density distributions in 

Dick More (LLNL) described "Physics on Short pulse, High Intkity 



the exploding sample were illustrated. Finally, some results were shown for the 
spectnun of a simple of germanium. 

presentation by Andrew Ng (University of British Columbia). The stimulus was 
the experiment by Vu, Szoke and Landen with a buried layer of carbon in a glass 
target exposed to a 5x1014 W/cmz intensity for 100 fs. The preliminary analysis 
of the experiment used LASNEX and the classical (Spitzer) conductivity model. 
In his study, Ng applied a hydrodynamic simulation coupled with a wave 
equation solver (for the EM field), and used a more sophisticated plasma 
conductivity theory. These simulations eluadate three different phases of 
thermal wave propagation: skindepth deposition, thermal conduction and shock 
compression. The suggestion is made that the high velocity observed in the Vu, 
et al., experiment might have been due to laser penetration. It is concluded that 
accurate measurements of front velocity are a good discriminant for models of 
electrical and thermal conductivity. 

Astrophysics was represented in the session with the presentation 
”Asteroseismology of White Dwarf Stars” by Paul Bradley (LANL). Bradley 
reviewed the classification of variable (pulsating) white dwarfs into DOV, DBV 
and DAV, based on surface temperature, ranging from 105 K for DOV to 104 K 
for DAV. These stars are oscillating in a mixfxre of many so-called g-modes, 
which, like water waves, are based on buoyancy. The evolution of the cooling 
white dwarfs is modeled, and at each point of its evolution the spectrum of g- 
mode oscillating frequencies is computed. Fitting the computed spectrum to the 
observations of individual stars allows their masses and surface temperatures to 
be inferred, and also the amount of residual hydrogen-rich material left at the 
outside,’of the white dwarf. The total masses that are found agree well with other 
estimates of white dwarf masses, and with masses for whitedwarf progenitor 
stars. The residual hydrogen masses imm up some surprises, and suggest that 
DA and DB white dwarfs have different origins. 

Anatolly Orishich (Novosibirsk) discussed ‘Trtteraction Processes Between 
Exploding Plasmas and Media in Space,” based on experiments with the KI-1 C@ 
laser atthe Institute of Laser Physics of Novosibirsk State University, which can 
deliver i kJ.to targets up to 100 pg in mass, possibly with a magnetic field of 1 kG. The 
experiments are intended to simulate the deceleration of nova and supernova ejecta 
by interstellar material, the movement of plasmoids in the earth‘s magnetosphere, 
interplanetary shock waves generated by solar flares, and the influence of the galactic 
magnetic field on the expansion of planetary nebulae. The governing processes, which 
are studied using KI-I, are the collisionless interaction of super-Alfvenic plasma 
flows; collisionless energy coupling to the background gas; interaction of the plasma 
flow with a magnetic field and the role of turbulbce; the formation of compact 
plasma shells; and ionization waves. 

“Femtosecond-Laser Driven Heat Waves in Solid” was the topic of the 
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An LORD-funded Petawatt modification to Nova will be 
used in FY'97 for Fast iyiiitor Physics (FIP) experiments 

Target chamber 
(existing)--\ r:.:-;\ 

, I  ' 
-.---- .- 

FYI93 to technology development 81 

FYI96 system integration (LDRD) 
FY'97 

FY'95 hardware Installation (LDRD) 1 Dellverables: 

FIP I, 11, & 111 experlments ..-. -. 

Output bgain 
to taiget * 
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The Target Physics Program Advisory Board 
Committee (TPPAC) consists of: la 

Dr. Bartett Rlpln, Chalrman 
Dr. Don DuBols 
Pro?. Roger Falcone 
Dr. D a m  Qlovanlelll 
Prof. Huu Qrlem 
Dr. J.oob Qrun 
Pro?. ck* Joohl 
Dr. W c h d  Key 
Or, lyckrd k t m o  
Dr. Rumrby 
Prof. W6U 80k8 

American Physlcel Soclety '. 
Los Alamos Natlondl Laboralory 
Unlverslly of Callfornlr at Berkeley 
Sumner ASS0dBte8 
Unlverdty of Marylrnd 
Nrval Research labontory 
Unlverslly of CIllfornlr at Le6 Angeles 
B ~ r o r b u t y - R u t h o r f ~  Liboratory 
Mrorachusettr Inotltuto of Toahnology 
Iwltoch LlmHed 
Unlvorrlty of Rooho#tor 

For FY96, a peer-reviewed pilot scheme for 
University Use of Nova for high energy density 
physlcs Is in place and working N 

0 A call for proposal8 waa made In Spring '95 wlth the crlterlon of 
quallty hlgh energy denrlty physlcs, wlth small fundlng by 
ORlF vla LLNL for mkcrllaneous expenses. Shot expenses 
are paid tor by USJL-ICE 
Ughto@tI proposal8 were recelved In astrophyrlm, rtomlc 
phyalw hlgh detlrlty phyelcs, x-ray Instrumentatlon, hlgh 
m@et(o fields, p h m a  physlcs and ICF . 

pr'; B. Rlp n), ludgod tho pro wle and recommond@tl proceed- 
o:An,oMbr Ii3-memkr oommlttee 01 aclentloto (*Id by 

Ing wlth T nine propoule, ant p" olpatlng uslng -?OD ohotr In FY96 

By December 'g5, -3S 8hote had been used wlth pmmlslng 
results In ftve ot tho rpproved tnvestlgatlon 

The Large Neutron Scintillator Array (LaNSA) Is located 
under the Nova target chamber. la 

................. ................. ................. ................. 

. . . . . . .  .-.--,-.- -.. .............. ............. 

.I 
I 

I For N97, the plot soheme could be expanded wlth Increased I resources ldentlfled for aumorllnn research at Unlversltles 
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Higher Speed Gating has Clearly Demonstrated 
Reduced Motional Blurring 

The laser and diagnostic capablllty of Nova has steadily 
increased 

Dlrect drive lmploslon of a lass mlcroballoon at 1/2 ,: 
lnltlal .radius on the Omega 4 a w r  

rno 
blu 

35 pseo gatlng 100 psec gatlng 

Nova has approximately 60 established diagnostics: 
most of them are run by the facility M 

no no ,I 

90 e4 07 

We have overcome the limitations of spatial and 
temporal scales for weapon physfcs on Nova by 
advanced diagnostic development * l!!i 

temporal resolutlon of 30 psec wlth x-ray framlng cameras 

4 spatlal resolutlon of 3 pm FWHM wlth xrl microscopy 

soft x-ray backllghtlng wlth xrl's for Interferometry and 

hlgh-energy x-ray backllghtlng: photon energles up to 6-9 keV, 

hlgkresolutlon x-ray spectroscopy 

deflectometry of hohlraum plasmas 

delay tlmes up to 50 nsec 
2' 

1 Much development motlveted by weapon 
Phvslcs needs 

JANEL~"MORE.FOMPREHENSIVE SET WILL EVOLVE FOR THE NIFJ 
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Elghteen proposals for Unlverslty Use of Nova 
were recelved (contlnued) Is 

Ullr 
Hot Uoobnfrrnopofl 
~ C W l V O  Mlxlng 1 n d ~ O r m o n  
Soattorlng 

9 troocaplo InvroUgallon o! C d l l d l ~  

flnbrtl ExptrlmtnU 
Nova Expodnwntr In thornson Wttrrkrg 

Pholopurnplng for k R ~ y  Qrln rt lodo A 
U O ~ U a  X-Roy Clyolr l  lrnoglng 
D l w t  Mvo hrplollono wllh Form Butfar 
E n g t &  Prolono for pR ond Symmslry 
In 

P L  

- 
, Koqo, CREOL 

Jo;'hl, U C b  

Clolhloux, Auburn U. 

potomon, U. 01 Wlmcontln 

Accessibility of U.S. ICF lasers to non-ICF users w 

DoOroot, UC Davlt 

Elton, U. 01 Maryland 
O b l ,  CREOL 

w1111, Imp.rlrl Coll.ar 

Potrerro, MIT 

Interferometry uslng a 155 A soft x-ray laser was 
recently demonstrated la 

* 0 200 400 000 800 x mm1 

- FY96 pllot program for University Use in place - Shots, targets, mlscellaneous support supplled - 18 proposalsl9 agreed - Proposals Judged on sclentlflc merlt by 

- For FY97 new call for proposals expected In 

- Shotr, target$, mlsceilaneous support and 

f.inra 

Independent revlew commlttee 

Sprlng '88 

small oontraota expected - \ 

Qmm - -m,mts 
through % OE - 9 proposilrl8 agreed In FY98 - Call for propoaals for FYQt In oum~lbr  - Contact J. Knauer 

N I b  (NRL) - Less formal arrangement8 
Contaut8 - Steve Obeniohrln (NRL) - Bob Watt (8Nl) 

P Draft four year plan for use of Nova 

I .  .. .---I 1 I I 

annual and qulnquennlal plannlng processes are In proces 



We have achieved >50 joules in a 400-fsec pulse 
producing a new world - record for peak power - (125 TW) E ---.-I .--. - 

'OMEGA has irradiated targets 
with >37 kJ UV in 60 beams Laser facilities in ICF have large and diverse capabilities 

U!!! for high energy density physics experiments . ___..._-_ ---- 

Nova (LLNL - 1984) - 40 kJ130 TW, 0.35, 0.53 pm; prlmarlly lndlrect drlve 
ICF, also planar dlrect drlve ICF; HEDP physlcs on opaclty, rad- 
hydro, EOS, x-ray laser. - 100 TW (1995); 100 TW, 1 ps, i.05 pm; I t I d ~ ! ~ ~ u ~ t i h ~ i  beom eyriclied 

wlth 1 Nova beam; foot Ignitor ICF; Hlyn denclty plarmas - PetaWett (1996); 1 PW, 1 PI, 1.05 pm; 1 Nova boam rynched wllh 
the other nlne beame: faat lgnllor ICF; Hlgh donrlly plasmas 

Omega upgrade (U Rwhesler -1W6) - 30 kJ130 TW, 0.96 pn; prlmarlly 
Curect drlve lmploslon fealllly; potentially can do Indlrec4 drlve exps. 
wlth -20 TW. 

Trldent (LANL - 1992) - 2 beame, 100 W a r n  1.06,0.69 }im + a baakllghter 
beam; dlagnosllc developmenl, plasma phyelos, planar hydro and 
dlrect drlve . 

Nike (NRL - 1995) - 2 kJ10.4 TW, 0.26 pm + a backllghter bee6 . nar 
-I:----* e l - : .  m n1-n-a. hnirlrn n v n ~  



Hydrodynamic Instabilities in Type 11 
Supernovae 

Dave Arnett 
University of Arizona 
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Hydrodynamic Instability Experiments for 
Supernovae 

S. Gail Glendinning 
Lawrence Livermore National Laboratory 

. 



I Hydrodynamic Instability Experiments for 
Supernovae 

MJllor 01 at., density at Ho-H inlodoco. 142557 s 

M.Bernlng3, J.Castort, J,Kane*, 
B.A.Rernlngtonl, A.Rubenchik4 
'LLNL; 'Unlv of Adz, Tuscon: 
3Haindch~Halna~Univarsil~l Diissaldorf; 'Unlw 
of Calif. Davis 

Workshop on Laboratory 
Astrophyslcs Experiments 
with Large Lasers 
Pleasanton, CA 
26 February, 1996 

On Nova, we can examine hydrodynamic growth 
from well-characterized initial conditions at 
relevant conditions 

Supernova measurements (SN1987A) and slmulatlons Indicated important 
role for turbulence and mix at every interface 
Conditions for Nova experiments are simllar to SN condittons 

* Shock pressures - 100 MBar (1 0" dyn/cm2, 1 Oi3 Pascal) 
Growth scaling (tlme'dacceleratlon/spatial scale)-10 

Reynolds number - 3x106(about 10' for SN) 
Temperatures: 10-30 eV (100-500 eV for SN) 

first year: 

* 30 ns laser experiment = about 10 hrs of hydro (SN) growth 

Goals: 

identify and characterize suitable drive and target 
*.$xamine growth (two-dimenslonal) 

connect with two-dimensional astrophysical modellng 

two-dimensional experiments 
* feed-through (multiple layers) 

single and multiple initial modes 
model with astrophysical codes 

second year: 

third year: examine effects of three-dimenslonality 



This talk describes current experimental status 

We have examined various shaped drives and &get 
configurations 

.* We have best results from single-shock experiments 

Experiments wlth two-dlmensional (slngle-mode) initial 
perturbatlon are in progress 

We have some quantitative comparisons with codes 
HYADES for one-dlmenslonal predictions 
CALE and PROMETHEUS predict hydrodynamic 
evoiutlon of material interface 

For thin targets, we can backlight through the 
target and use the variation in x-ray transmission 
as a measurement of surface modulatlon 

Our experiment uses x-ray drive to drive a planar 
interface and x-ray radiography to determine the 
interface position and modulation 

A *\ 

i, 
* The primary dlagnostic tool is a time-resolving pinhole 

* Inslrument spatial and temporal response functions are 
camera with multiple frames 

well known 



Xaray drive 

0.10 

0.05 Laser power 

0.00 0 
0 4 a 

We nleasure the x-ray drive with time- and 
spectrally- resolved absolutely calibrated x-ray 
diodes (DANTE) c 

0.25 -q 20 l l l l  I t  
120 - + Daia 

in0 - 
- 

-- S!lc.Jla:.:. 

0.0 0.5 1.0 I 5 2 C 2.5 3.0 
T:'1'J "i Time (ns) 

We check the x-ray drive measurement with shock 

One-dimensional codes (lypically HYADES) use pray 

We map 1D results as conditions for two-dimensional 

veloclty measurements 

drive measuremenls to predict conditions within plana, 
largets 

codes (CALE, Prometheus) just prior lo arrival of shock 
at interface 

Increasing the Cu thickness improves the 
velocity profiles at the interface 

Interface velocity in laser c.xr,c.iiment: 

. .i 
* Cu was SO pm average thickness 

(plastic 500 pm thick) 
* Ripples in Cu were h=200 pm. q0=20 1 

llm 
1 ns square drive produces shocks 
which coalesce before reaching the 
back surface of the Cu 

* Hydrodynamic growth continues for $ 0 
lo's of ns after drive turns off 

.- 

0.0 0.4 0 8 I 2 

Supernova relevant measurements to date 
include face-on and edge-on views 

15 tim Cu decelerated P 3 0.4 ~q,.m**:s a ItmaimtoiiI 
1.:. - ;1.11um1011c D 

.g 0.1 
t 

800 ym 

2-0 radiograph Time (ns) 

15 !im Cu deceleraled 

.,I.. 

Hohlrauni wall o _.__ 
0 1 2 3 4 5 6  

1 .D radiograph Ti& (lis) 
* Two-dimensional imaging is required for measuremenls of modulations 
* Cu package was loo thin for this drive: multiple shocks reached the 

inletface (not enough growth) 

We have a sequence of images vs time (from 3 
shots) which extend to 35 ns and show clear 
evidence of nonlinear behavior 

b\QZ* %14.4& 1=20.2ns t=24.4& b30.2195 

WGal Jhinnest. ' 
CY 

Phase of niodulalion has invorierl. as anticipated 
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' 1  

, .! 
' i 

CALE predicts similar structure to that observed 

CALE simulation 
at k 3 0  ns 

Data, te30.4 ns 

The code predicts significant spike-formation and 

Obsetved structure is more complicated 
roll-up CALE and PROMETHEUS both predict bubble 

and spike positions very well 
Bubble and spike positions Fourier amplitudes 

n I I I n .  

400 - 
40 

,- Fundamental 
,- Second harmonlc 

-20 A ,- Thlrd hamonlc 

0- 0 10; 20 30 40 

' Timo (ns) 
0 10 20 30 40 

Tlme (ns) 

* Early in the evolution, Fourier harmonics are easily 
determined and show some difference between codes 
and data 



Collisional of SN1987A with Circumstellar 
Nebular Ring 

Richard McCray 
JILA, University of Colorado 
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An Experiment Relevant to the Supernovae 
Ejecta-Ring Collision 

R. Paul Drake 
Lawrence Livermore National Laboratory 

and 
University of Mkhigan 

. .  
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An Experiment Relevant to the 
Supernova Ejecta-Ring Collision 

$. '?' n .... 

j 
:.! R. Paul Drake 

Lawrence Livermore National Laboratory, 
Workshop on Laboratory 
Astrophysics Experiments 

February, 1996 
I and Unlverslty of Mlchlgan Wlth Large Lasers 

L,Dot,,,,,A,,~,y,I~ I W o l k p ~ n ~ ~ l ) l p ~ l l o r m l d u ~ ~ I h ~ t u l p c r ~ o l I l m  US O ~ p m l ~ w i l n l  Ennlw8yIltr Ldnioilce 
L k H m o t t  HlliONILIbofIlP(I 

ir, 

The Ejecta from SN 1987A are now 
plowing through the circumstellar matter 111. 

1 

;.lonlzatlon 
front 

From: 
McOOi Chevaller 

Ap. J, 452 

-Shock Front 

Equatorlal RlqU 
Radius 

0 The structure developed durlng thls erlod wlll determine 
the emlsslon we observe when the elcta strike the rlng 

0 Ih any event, the emission from the rlng 
' will be matlc and Informative 

& Dwarkadas 
L45 (1995) 

I!!! 
Here's what 1'11 show you 

> SN 1987A provides the context and real-time data 

> How we can slmulate the SN envlronment using Nova 

> Issues and options for such an experiment 

Collaborators: 
Lawrence Livermore National Laboratory 

Bruce Remington, Kent Estabrook, Gall Glendenning, 
John Castor, Rich London, Claire Max 

Universlly of Colorado, Boulder 
Rlchard McCray 

University of Caiifornla, Davis 
Alexander Rubenchik 

Rice Unlversity, Houston 
Edlson Llang 

L W O W T ~ W O W O  a u  I 

A rough schematic of current-day profiles 
will motivate the layout of a simulation experiment M 

104 

103 
Denslty 
(cm'3) 102 

10' 

Shocked SN 1987A profiles at - 10 years/ga, 

4 5 6 7 8 .  
Radius (lO17cm) 

The H II zone, If present, will cause higher denslttes and lower temperatures 
In the shocked matter. Both forward and reverse shocks will 'n strong, 



i 
I 

Here is one way to simulate 
the circumstellar environment u 

Plastic Disk: 
"Stellar Matter" 

"$ecta" 
vc!ld ' \ Underdense foam: 

"Circumstellar matter" 

Let's examine this one piece at a tlme ,.... 

The ejecta can drive a strong shock 
in low-density foam 

E-! 
Interac\!on occurs where pojecta ,. ploam 

Thus ' CeJecla In (4 Peolld 'Pfoam 
EJecta 

\ *  
So the upstream Mach number is 

I 

MU (xl I)' 'foam (Ceiocla ' Cfoaq$ In (4 Psolid 'Pfoam 

-d.- In 400 = 6 

A strong shock requires (cojOcla I cloam) > 2, 

so preheat of the foam must be controlled 

.. Void ' Underdense foam: 
"Circumstellar matter" 

We can make ejecta much like the star does Bl 

Plastic Dlsk: 100 pm thick CH, 
"Stellar Matter" 

Irradiate i mm dla. 
Cause a 2 10 eV shock 

- 10 eV plasma 

Ejecta have SN-like features : 
ra: vt 
a = r/t2 
high-velocity, cool matter 

Crude model-Isothermal rarefaction: 

P 4 ~ ~ ~ l l d  exp - ( ~ ~ ~ , ~ ~ ~ ~ t )  

colOcle = initial sound speed 

For HI c, = 30 km/s at 10 eV and Is oc 

Foam preheat limits the 
ejecta velocity 

The foam Is irradiated by the shocked dlsk 

Assume that the foam absorbs 

until the ejecta strikes It after - 1 ns. 

for 1 ns 
We can infer a preheat depth by making Tloam = T,, 

in the heated region 

Thus, shock temperatures up tc several times 10 eV 
are plausible. 

Preheat Is more of 'a problem as density drops and 
atomlc mass Increases. 



. .  
- f 



We can diagnose the shock using 
established tephniques .N 

radlography: , 
bolometry: 
temperature 

Qplcal dimension: 1 mm for entlre target; 100 pm for s,hock 
Qplcal resolution: 10 pm 
Tlmescales: 1 ns for shock propagatlon; 100 ps for dlagnostlcs 

We are improving this design 
and working on scaling .- N 

> 

> 

Modeling x-ray driven designs to get stronger, more uniform shocks 

Exploring doped foams to obtaln radlatively-cooled shocks - 
plan to greatly vary the hydrodynamlc lnstablllty growth rates 

Varylng the geometry to seek scale-free behavior 

Using gas ratb'er than foam to access colllslonless shocks 

> 

> 

> We wlll propose Nova shots thls sprlng and 
hope to obtaln the flrst data durlng the next year 
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Formation of "Bullets" by Hydrodynamical 
Instabilities in Stellar Outflows 

James R2 Stone 
University of Maryland 
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The Hydrodynamics of Shock-Cloud 
Interactions in the Interstellar Medium 

Richard I. mein 
Lawrence Livemore National Laboratory 

46 
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Colliding Plasma Experiments 

Ted Perry 
Lawrence Livermore National Laboratory 

, 



Colliding Plasma Experiments 

Defense and Ted Nuclear per7 'echnologles 
Lawrence Llvermore National Laboratory 

February 26,1996 

i 
:i 

'i 

I 

b s: 

Outline 
c) 

*Determining temperature by measuring ion balance 

Measuring density through radiography 

Heating samples volumetrically using gold M-band radlatlon 

Point Projection Spectrometry 

x-ray film 
I 

delayed 
laser 
beam 

\J image of diagnoslld hole 



Delrycd 

.. 
i ' \ .  

*I I.*.' ''. Polnt projectlon 
spectrometry 

1. /' 

Scale-3 llpped hohlraum Nearly plancklan drlve 

i 

I 

. 1 % .  ... .. \... .,, .. ..% .. ,... .,:..a I .  ...I .,,'... ..,A. : :  "', i ....', ..... ... .,.. ., 

. First measurements  were on aluminum @ 
Aluminum was used to test accuracy of melhod and also to investigate 

using low-2 tracers as a temperature diagnostic 
Two thicknesses (500 A & 1500A) were used for consistency check. Cube 

of thin sample transmission should equal thick sample transmission. 

I 
t 



.. 

I 

: I  
I 

The two thicknesses give similar results 

The h40 dlfferent lhlcknesses of alumlnltm pfovlde a conslslency check on the data 
reduction. Slnce the lhlck sample Is lhree llmes the lhlckness of the ihln 'sample, 
Ihe cube of Ihe lransmlsslon of Ihe lhln sample should equal the iransmisslon of [he 
lhlck sample. 

E! Experiment agrees well with calculation 

1 .o 

0.8 

c .o . .- 
.E 0.6 

I 
3 

0.4 

I 

****** 60 OV .027 glCC C ~ l W l ~ l l O n  - moasurod lransmlsslon 

I I I I 1 
1540 1560 1580 1 GOO 

Enoroy (ov) 

M 5 ev change in temperature is equivalent to 
a factor of 2 change in density 

1640 I560 1600 
Entroy (ev) 

1 



E! Goal was to have simple, well-characterized system 

* We wanted to avoid any problems with laser - matter lnteraclions 

We wanted lo have well-characterized x-ray deposition. 

6 We wanted to avoid strength of material problems 

* We wanted to have space and time resolved density and temperature 

* We wanted to be able to make rigorous comparison to code calculations. 

measurements. 
1 ,  

NT OF RADlATl VELY DRI VEN ALUMINU M FOIL EXPERIME NT 

BACKLIQHT I 
LASER BEAM 

TA BACKLIGHTER' 

I 
I ,  . 
I :  
I 
I ' CH FILTER 

PINHOLE 
p 8000~-- j  ARRAY 

GATED 
X-RAY 
IMAGING 
DETECTOR 
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DENSIN DISTRIBUTIONS FOR DOUBLE FOIL EXPERIMENT 

0.06 I I 

TRANSMISSION AT 2 NS FOR TEMPEflATURE 
DETERMINATIONS 

'I 
3 

! 2  

!$ 

1 :  
-1 

-2 
1.45 1.5 1.55 , 1.6 1.65 

ENEAQY [kew 

I 

X*RAY IMAGE OF DOUBLE FOIL EXPERIMENT AT 2 NS 
SHOWING 1.2 ALUMINUM LINE ABSORPTION 

P y.100 

Y=o INITIAL FOIL POSITIONS 

y.400 

p.200 

Y-300 

X-RAY ENERQY + 

COMPARISON OF MEASURED AND CALCULATED TRANSMISSION 
PARALLEL FOIL EXPERIMENT 

r 
... ._...-...--..--.-_- . . . . . .."_. 

EXPERIMENT AT 0.008 GCC-CALCULATION AT Ta29EV 1 

f 

.. ~. . 

I 
I I 0 .  

!450 , I500 1550 1600 
ENERGY rev) 



E!!' Temperatures for colliding foils 

I I I I  
'.1 
0 0  
-100 -100 4 0 0  0 l o o  aoo so0 

Dltltnct Imm tollltlon Dltnt tmltrant) 

FRAMING CAMERA bATA FROM ANGLEb FOIL EXPERI~~ENT 

I 

I!! Summary 

Temperature can be measured to &4%. 

0 Density can be measured to .f25%, 

Gold M-band,radiation can be used to heat matter lo 10's of eV. . 

? These technlqufqs have been used to study two colliding plasmas. 

T - 1.3 ns ill 



Instabilities and Mixing in SN1993J 

Kohichi Iwamoto 
University of Tokyo 
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Shock and Jet Experiments on Nova 

I 

4 

Paul Miller, Tom Peyser, Pete Stry, 
Kim Budll, Debbie Wojtowlcz, Don Briswold, 

Bruce Hammel, l e d  Perry, Larry Logory, and Gene Burke 

Presented to the Workshop on Laboratory Astrophysics, 
26 February 1996 

. 

Lawrence Livermore National Laboratory 
Unlversity of California 

Wwh~yr(wn.dundnn*M oIdu*us 0 4  n*nld€r*, rbyIh*  
La-, ~ m n o n H . t ~ - l o r l u ; d " ~ r u , h , ' D C l n p ~ *  

I 

.. 

We are exploring a variety of flows I IM 
We are investlgatlng shock-induced hydrodynamics with experiments 
on the Nova laser and with numerical simulations, including: 

The generation of fiat shocks to drive our flows 
Flow peculiar to our non-rigid shock tube 
Hypersonlcjet flows generated by a hemispherical protrusion at a 

The shock-induced mixing region between two materials of different 
density interface* 

densities with known, nonlinear initial interface perturbations' 



The Nova laser delivers 25 KJ (30) in 1 ns 

. .  

I 

Schematic of the experiment 

1. Eight of Noya's beams heat the hohiraum to = 230 eV (over 2x10' K) 
2. Ablation drives a shock into the cvilnder 
3. The flow is backlit with a titanium backiighter and imaged us& a 

gated 2-D x-ray framing camera 



"i 

I 

.. 
The jet is seeded by a hemispherkal feature at a * 

plastic / foam interface (foam part shown) 

micromachined with 
diamond tools 

hemisphere radius: 150 pm 

cylinder radius: 350 pm 

foarndensity: 0.1 g d c c  

I pore size < 1 pm 

surface finish CJ 3 prn 

Scanning electron microscope image: 
low-density, carbon foam piece 

(oblique view) 



Temporal progression of the high-speed jet (calc) [IM 
~~ ~~ 

Material plots: pink - high density plastic, blue - low density carbon foam 

15 ns 

I 

5 ns 10 ns 

Temporal progression of the high-speed jet (data) 

t = 19.7 ns . t = 10.4 ns ,’ t = 14.8 ns 

shock visible. swirls develop. le1 continues lo 
first roll-up incipient second roll-up develop 

.\* 
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'3 

Comparison of data and simulation images L !  
Simulated radiographs from CALE calculation 

10.5; ns 15.5 ns 19.5 ns 25.5 ns 

Data radiographs 

10.6 ns 14.8 nS 

I 

19.7 nS 21.9 ns 

188' 

I 

I 

Jet features vs. time from data and simulations 

Locetlon of lot features VI. time 

llmo (ns) 

*\%W . .. 



Comparison of lineouts from CALE and data 1q 
both traces at 21 .Q ns 

1 

.:i 

lineouts 100 pm wide 

backlighter nonuniformity 
removed from the data 
lineout 

max transmissions 
normalized to 1 .O 

i 

I 
x-ray transrnlssion along centerline 

-...-... . 

Agreement between experimental and simulated 
radiographs supports further use of simulations 

2 0  CALE calculations of density. axial velocity and vorticity (15.5 ns) 

. . . . . . . . . . . . . . . . . . .  . .  .............. . ." . . . . . . . .  ... . . . . .  1 

Density Axial voloci ly vortlclly 



Density and axial velocity from CALE simulations 
at 10.5 n s  

Shock direction __c 

JB I 

I 

51 I 

,#.. . . I  . 1 .... I.. 1... . . 
Denslty (g/cc) Axial belocity (!imlns) 

The experiment is also being calculated with AMR 

Jeff Greenough is using his  Adaptive Mesh Refinement code  on the jet 

a 

ideal gas, two fluid, equal gammas 
second order Godunov, two levels of 4x refinement (1 pm finest) 

log density contours 



Schematic of the experiment L l l  
I 

I 

1. Eight of Nova's ten beams heat the hohlraum to about 230 eV 
2. Ablation drlves a shock into the cyllnder 
3. The flow is backlit with a titanium backlighter and imaged using a 

gated 2-D x-ray framing camera 

I We employ a variety of interface perturbations in 
our Richtmyer-Meshkov experiments l!!g 

three types of perturbations used on 
planar interfaces 

smooth 

scanning electron microscope images 
(80 x 80  in) fields of view) 

"astroturf" 



1 .' 1 

'1  
I 

I 

3 
:j 

I 

Temporal progression of sawtooth interface (calc) 

Density plots 
from 2D CALE 
direct numerical 
simulatlon 

Shock 
propagation 
dlrectlon 

III)c 

Shock-induced mixing experiments 

We are making quantitative measurements of the mixing region widths 

This example had a 20 pm sawtooth perlurbation 

image 5.25 ns after shock arrival 

-400 -200 o 200 400 

(scales in microns) 

100 pm wide lineout 

VERTIWL POSITION fj6rnl 



Comparison of mix data and 2-D CALE calculation 
for 10 pm amplitude sawtooth perturbation 

MIX width for data and 
calculations based on 
5 - 95% transmission 
criteria * 

Effect of decompression 
obtained from LASNEX and 
CALE tracer layer 
calculations 

Experimental values In 
good agreement with 
macroscopic mix width 
results from CALE 

Summary L !  
We have described two sets of N 

high-speed jet characterization 
Richtmyer-Meshkov Instability growth leading to  mixing 

The experiment$: 

demonstrate a general class of experiment which Is possible on the laser 
yield data on physical mechanisms such as Rlchtmyer-Meshkov mixing 
provide welidlagnosed laboratory data in high-speed, compiesslbie 
plasma flows for potential use in astrophysical code validation 



Type Ia Supernovae 

John Blondin 
North Carolina State University 
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Fig. 1.- Tba tpalIdly.inccgr~td ipeclnrrn of C u  A obtrlnrd rlth the ASCA Solid-ltale 
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born the SHejcclb (dolled runv) iepuakly. The Ar Heo line bI 5 I2 kcV vu  not Included 
In lhnc ciculrtloni - thli line w u  rlrnply Acted by b Gauriian. 



Instability of Hydrodynamic Shocks 

Alexei Khokhlov 
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Laser-Generated High Mach-Number 
Shocks in Lab Simulations of 
Astrophysical Phenomena 

Jacob Grun 
Naval Research Laboratory 



I Laser-Generated High Mach-Number SnocKs . 
in Lab Simulations of Astrophysical Phenomena 

by Jacob Grun I 

Outline 
how lasers generate shocks and tu 
shpck wave instability experiment 
shock-turbulence interaction exper 

1 

I 

bulence 
I 

tnent 

Colleagues: 
A. Bucklngham, R. Burris, J. Crawford, C. Manka, B.H. Ripin. J. Stamper 

5- Laser as a source ot shocks, blast waves ami htbulewe 

l ittle m a s s  to obscure hydro 
energy density = kjoulelpgram 

nbtonl gas 
>5mtorr) 

I ."lM. .,, . ... 
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;; 

'.. 

. .  

$last waves in a uniform ambient gas 
Are they stable? 

I 

relevance to astrophysics (Itom Mac Low and Norman, ~ m .  J.W. pg. 207 (io9311 

* liiomentory structures in older supernovae 

lnltlai conditions f-or star formotion 

formation of globular clusters 

some theoretical work 
lnsenberg (1977), Cheng (1979), Book (1980) 

Newmon (1980), Vlshnlak (1983), Gaffet (1984) 
Eertschinger (1986), Ryu and Vlshnlok (1987) 

Kohberg (1989), Mac Low and Normon (1993) 

I 

. 1 .  

... 

- Chemlcal Explosion 
Q 0 NRLexporlment 0 blast radius: l c m  

Typical scales 

- .  .. i T % . X a e * m m  . . . . . .  i . . : .  

0 shock width: 100 microns 
0 Mach number: few hundred 

0 Kolmogoroff scaling 
flowspeed l d j c d s e c  

0 Reynoldsnumber :  lfi 

0.001 llpm c 

I 

L 



.! Setup of experiment 

:I 

! laser 
galed 

laser orobe 

I 

'I 

I 

I 

Blast waves in a lowygas are unstable 

w 

in nitrogen ( ~ 1 . 4 )  in xenon ( yc1 .l) 

.. I . 

. .  
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Progression of perturbation growth 

0 no growth untlll blast formed 

0 !hen, growth as t lms(h)  

0 then, perturbation decay 

'%, 

mm 10 - 

'%* 

1000 

i A , /  / 
i !  

t A  ; ; ,  
1 '  

1 I O /  ; 100 
nunosacorid 

. 

! 
: .  

I 

I 

. .  

. .. 
spalial 
structure 

exponent 

I 

I 

AIR 

1 10 100 loo0 
MlMSCCOl ld  

time 
evolution 
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. Comparison to theory 
- :: *:a 4%* *w- - R  

I source 
Linear:Ryu and Vishniac, Astrophys. J., 368, pg.' 41 1 (1991) 

Non-1inear:Mac Low and Norman, Astrophys. J., 407, pg. 207 (1993) 

I * . * * '..-.' . ' 0 experlpent confirms Vishniac's prediction of 

0 tlmeSp.) growth agrees' with linear theory 
0 But, experimental St.) is - 2 times larger t h e y  

oversfpblllty whenytl.2 

predicted . Coutrlylno Ayu I . . I t  ~ ~ n r r l ~ ~ a n r n w l l s b t ~ o ~ ~ ~  '.: . .  
' i  .. 0 observed saturation explained by nonlinear theory . I  . lO0vl 

Instability mechanism* 

t force 
/ 

I 

ram pressure pv2  
- . t t T O t T t ) ~  

thermal pressure 

6 = t s q m  

lighter peak 8 l 0 ~ 8  faster 
occllstlon praduqd 

growth Ifyc 1.2 

v < c s  

' from E.T. Vishniac. Ask. J. 274. Pa. 152 119831 



purbumwe appears altered by Bkst-wave 
Weak-shock theory prtMcts turbulenee ampllfleallon 8 PSD chenges 
There Is no strong-shock theory 

* Turbulence amplifcation 
in nitrogen gas  

10' 

10' 

10' 

10' 

IO' 

ti 
b a 

1 10 100 0.1 
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. Colliding blasbwaves experiment 
e .  

Seeling: two exploslons, 45km'apart, 
100 kineflc.ki1otons each, at 150 km altitude 

I 
7 cm 

.. 

Some Puhliclrtians 

c 
SIic'ciriisciiIiic l>iepiwc\ in ;I ~ ' ~ ~ I I I J I I I ~ ~ I ~ I P ~ I ~ ~ . , \ ' ~  I:rpvriiiicni 
H C I:ltoii. I) hl llilliiigs. C.K. hlonka. H.R. Griciii. J (iriiii. I1 H. Ripiii. 
and I Resiiick 
Physical Review li 4 J .  pg IJl2Il91)Jl 

Space Plasma Physics i n  ihc Laboralory 
B.H. Ripin. 1. Grun. C K blanka. I. Resnick. and H.R. Bunis 
Research trends in Physics: Niinlinear Space Plsmn Physics , pg JJ9.562. 
H. Alven. R Binpliani. K Quesi. and R 2. Sagdeev. editors IAIP Press. NY. 
1993) 



Progress in Understanding and Modeling of 
Hydro Instabilities and the Construction of a 

Turbulent Nlixing Model 

Dov Shvarts 
Nuclear Research Center Negev 
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Classical experiments can be used to study aspects of the 
Raylthgh-Taylor and Richtmyer-Meshkov instabillties 

U (a: shell breakdown?) 

Deceleratlon stage 
Phot spot Paholl 

V (Q: hot-spot formatlon?) 

TC3EPE 

C I a s s I c a I 

HIg - 50 90 

liquld 

Rocket acceleration m, b i d e  9' 
(Road, Youngs, 1984) 

shock 

The Rayleigh-Taylor (RT) instability 

- -  I I 

1 with Yk = d m  A =e, Atwood number 

bubble - growth slowlng down (saturation) - roundlng of bubble tips - appearance of hlgher harmonics 
spike , - bubblelsplke structure 

t c m i  

, .: 
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''i 

- !  
1 

I 
, !  

' I  

Richtmyer-Meshkov Modeled by Initial 
Velocity and g=O 

I .  

2V 
Shocks don't interact with interface after 

'c h I Shock Speed - h I AU 

I 

Smling from Simple Buoyancy and 
Drag Considerations 

Ir the bubble Frame: -- 
drag buoyancy 

6 qrag/Ejuoyancy L* S I V - 1 I h 
r l a r g e  structures rise faster 4 Inverse cascade 

t 3 A O V W ~ C A  t y r  

RT (drag =buoyancy) : a G : 0  
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Rayleigh-Taylor growth at the ablation front is see 
both from the surface finish and from bser imprinting I-- 
Indirect drive 

A 

kil 

Ramlnglon dr#l., Phy,. Flulds E 5,2589 (1993) 

~ G U R E  I. I s o w f a c e s  of11 - 6.99 for iltc Ihree.dlmenslonrl Raylclgh-Taylor cilcrilation in the 
region s c 0. Gravily nclt rerllcally dorvnwrd. 

D .  yovMg~ (199r) 

Large structure dominates the late time flow 
even with no initial long-wavelength perturbation 

v 
--..-. -g#k 

i>. ojes i EEOPSD) Classlc I Rt (A = 0.5) 
Interface structure Bubble envelope 

 id f p t ~ u w  : t S(q0 - t o '  

0 2 4 6 8 1 0  

t , . -. - ._ I - r - F T I  1 4 I 0.2 
0 2 4 6 8 1 0  

x (cm) 
tC¶8?9 

x (cm) 

Direct drlve (0 bandwidth) 

radlograph 

1.6 ns 3.0 ns 
dlsndlnnlng ILLNLI. Knrucr ILL€! 

Simulation of multimode Richtmyer-Meshkov instability 
shows bubble competition 

&#! -.----- -. . ._.--.-- 
(A = 0.98) 

Interface structure Bubble envelope 
.._--- 



I, 

Early-stages evolution of a random initial 
mass perturbation (rms = 2 pm) under ablation 
condition ( I  
aL= 0 53 pm, hcH2= 20 pm) 

1014 W/cm*, frise = 1 ns, 

(Density contours) 
. . I 8  

. I  I. 

Bubble dynamics and competition 
are clearly seen while spikes 
are washed downstream 

ICJIOI 
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.., 
I 
I 

At late stage, few bubbles are controlling 
the front evolution and punching the shell U A  -. . ._. . 

LLK * 

..,.I I .. ... .., !" 

. ... * * 

I.. 

T .. 3.0 ns T 3.1 ns 

.. I., . 
. ..I 

8 . 1  

.. : 

. I  . .  . *;. .. 

3-D bubble competition is clearly seen for a 3-D 
isotropic short-wavelengtn initial perturbation 

I.=? I I  
( D, O h -  LEboR3D) 

i n  

l'=LS 

I 
0 

n 

I O  

T= 3.1 I 

I I 
0 0 
I 
1 

I 
I 

In the multimode case nonlinearity is leading 
to the creation or large structures together ' 

with the saturation of small structures 
LLW\ 

Onset of nonitnearity 
I 

Mode coupiing: Generation of higher harmonics 

+ saturation of small structure 

Generation of'icmg wavelengths 

- (kl, k2 --t ki  + k2) 
(decreaslng SN by rounding thetlps) .. . .-.--.--. . 

(kl, k2 + ki  - k2) 
+ large-structure seeding and growth 

l C X 9 7  
(decreasing S/V by Increasing& 1) 



TWO approaches to overcome 
the divergence problems 

The Modal Approach 
' (Kospace) 

.' Use the baslo modes-cos(kx) 
Take ;only 1,2 mode interaction 
Into account 
Use a mean-field approach for 
all higher-order contributions - a nonlinear closure -- 

kl k2 

.I. nonlinear olosuro 
fCl895 

5 
2 

The Bubble Approach 
(Physical space) 

Use late-stage "dressed" 
nonilnear eiements- 
Bubbles (harmonic 
information already Included) 
Write an evolution equation 
for ensemble of bubbles 
with an effective 1,2 bubble 
interaction ' 

! .(--.* I I n n  
I I 1  
bubble Iiubble 

I 

BubbleMcrger Model Gives Multi- 
Mode Evolution from 1 and 2 bubble 

physics 

* Single-Bubble Velocity 

RT: Vi = clmi 
RM: Vi =cIhi / t  

Wo-Bubble Merger, CO(hi,ki+l) 



I 
‘ I  

:I 

Mean-field model equation (no correlations) 
gives  #he main properties of4he bubble 
distribution time evolution +%# - -..- 

- number of bubbles of slte (XJ + & I  
00 

g ( M )  

N(t).= jg(h,t)dh -total number of bubbles at time I 
-- 0 

Do I N(t)* = -2 g(h, t)* Ig(h’, t)*o,(A,h’)dh’ (Death) - 
0 

Sdngle-Model RM Bubble goes as 
U - h l t  

- 
6 A I  A = 1. Potential Flow model 
I R l ’ .  I eyzer 155). RM - Heclil. Alon, Shvnrts (94)] 

Oubblc wlotlry: drlhtd-ilrnulrllon. full line-potcntlal now model - 
I 



Bubble competition is described by the potential 
flow model 

1 
2 

$+ - v* +gz = const 

Interface 

Linearizing the equations near the tip 
u 

7 ODEIS for: 2: I 2: 21, zf 

Dynamics of two-bubble competition 
UR .a. 

. .... . -.. . .. .....__ -. - -..* - .. 
4 .-2= -.-x TI! 

-- "...___. 
A. Exponentlal growth 
8. Coexlslence 
C. Overlake 

0 2 4 6 0 10 
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New Power-Law Scaling for the RM 
Bubble Front 

RM bubble-front penetration 

Power law - "no gt21r 

Dcpends on U, h, 
h,- initial mean wavelength 

amp. 



.'j 

The spike front evolution is deterniined 
by the dominant bubble structure at each time .- ua I 

LLF& 

splkas have slmflar 
parlodlclty 8s bubbles 

I 4.0 ms 

0.0 0.2 0.4 0.6 0.0 1.0 

Single-modo sglKpjlbtbbpjL 
slructure 8C he&) a 0.26 

=j I dh,/dl=(u,(A)) w h e n  h&.)a0,26 I 
RT 
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RM Spike and Bubble Fronts have 
Different Power Laws 

L 

RM spike 

0.0 0.5 1.0 1.5 2.0 2.5 

[t(ms)]0.4, 

0.4 A-0  THZ=h4+h, 
+ 4P 1.0 A-1 

(free coast) 
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New nonlinear model accounts for mode 
generation via two-mode coupling and 
for mode saturation 

0 One- and twomode Interaction 

Nonllnear closure (Haan's saturation) 

for ab 2 a r t  use hlr 5 ~1~~ 
as an average descrlptlon of all hlgher nonlinear contributions. 

The classical Raylelgh-Taylor case (Read & Youngs) 
is a mode-coupling (M.C.) dominated case-new 
model predicts b t h  mode genefation a d  satyration UR 

LLU 

- .  c 

Haan's band saturation model is a nonlinear 
closure that represents the average effect of all 
higher-order contributions 
_I_ 

Initial mode spectrum: P = 40-80 only 

~~~~ 

1, 
0 20 40 60 80 100 

c = 70 (Inlllsl mode) f = 20 (kl - k2 mode) 1 100 (kl + k2 mode) 

o 20 40 60 a0 io0 

t - --- Hydro - Haon'a dBSCrlpllOn f r o m 5  - 

The new model can reasonably predict the 
interface structure in late nonlinear s t o p s  

ICF case (A = 1) 
........ pdr (hydro), -- - Bubble envelope (hydro), - Model (111-1) 

0.015 0.4 

0.005 
0.000 

-0.005 

0.010 0.2 
0.0 

-0.2 
-0.010 -0.4 

-0.6 
-0.8 

t = 5 '  ' I h 4.015 . 
v 

7l 4 1  I , , , , , , , , 
1 

0 
-1 
-2 
-3 

- 0  1 2 3 4 5 6 ' 7  8 9 
x (mm) 

2 
0 

-2 
-4 
-6 
-8 

0 1  2 3 4 5 6 7 O 9  
x (mm) ICJSl8 
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Latefime 3-0 structure of an ICF Hot-Spot 
interface for a ( 1=6, random m’s) 10% , 
Initial velocity perturbation 

. .* I 

. . .,.. 
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Two Laser-Plasma Experiments of 
Astrophysical Interest 

Guy Dimonte 
Lawrence Livermore National Laboratory 



Two laser-plasma experiments of astrophystcal Interest 

Guy Dlmonte 

Lawrence Llvermore Natlonal Laboratory 

Rev. Scl. Inst. 63, 5161 (1982) 
Phys. Rov. Lolt. 70, 1806 (1993) 
Phys. Rev. Loll. 74, 4855 (1995) 
Phys. Plasma 3, 614 (1996). 

Two laseraplasma experiments of astrophysical Interest 

Dynamics of exploding plasma In a magnetlc fleld 
Model Vary High Alllludo Nucloar Exploslons (VHANE) 
'Slrucluro and slzo of dlamagnollc cavlly 
Comparo wllh dlsporslon relallon of lower-hybrld drift lnslablllly 
Janus Iosora  100 J In 25 ns 

' 

Rlchmyer-Mestikov Instability wlth high Mach .. 15 shocks 

Radlallvoly drlvon shocks 
Llnoar growlh of slnglo modos at hlgh comprosslon 
Turbulent growlh duo lo 3D random porturballona 
Nova lasor - 30 kJ In 3 ns 

. 



J 

Basic issues Associated with Exploding Magnetized Plasmas B 
0 What is plasma containment radius ? 

0 IS ion iagnetization important 3 

pi VO -..- 
Rb R i  Rb 

0 What Is instability and dominant 
scale of plasma structure ? 

v," Q--- 
Rb 

I 

Scaled laser experiments benchmark key physics ' 

400 shots on Janus laser Constructing "Space Chamber" - MHD-EMP generation 

Benchmark simulation codes - Collaborate with D-Division 

- Magnetic containment of plasma - Plasma instability structure - Multiple bursts 

SlrMk 
eaman 

op~toat Imager 

Magnetlo 1.1 nekl colls 
Ulcmwrve 

'0 



I 

I 

UNCLASSIFIED 
Lab experiments match scaled VHANE parameters 1114 

Total plasma energy (J) 
Altitude (km) 
Number of ions 
Atomtc mass 
Directed speed-v (IO7 cws)  
Magnettc fleld (a) 
Larmor radius p, (cm) 
Bubbk tachs R lcml 

-1 015 
400 
I P  
55 
15 
0.3 

2 106 
3 10' 

-100 - Many Ions 
-2 IO1' Light ions 

0 Large magnetlc fleld 
2 4  
2000 
I 
5 

1.2 

0.8 
n 
u) =z 
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E" 
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w Plasma structure caused by magnetic field 

--- Magnetic compression magnlfles small asymmetries ' 1 

lnstabililles evolve toward longer wavelengths 
._ .-. . .. , 

Magnetic Profile of Expanding Plasma Cavity 

2 4 6 
Radius rcm) 

Magnetic field (kG)- 
1 - 1 

2 4 6 8 I 

Rndiits lcml 

B = O k G  

B = 3.5 kG 
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Plasma Radlur lncroasos Wllh Classlcal Bubble Radius 
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Configuration for Nova Richtmyer-Meshkov Experiments 4 4  

4 
I= 

T n  
I 
I 

Tampor x 
V (5 keV) 
Backllghter 

I 

Temperature (eV) 
Siie-on Streaked Radiograph 

'".'..L(..... 
Time ins) 

I..: . 

.' 
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, 
UNCLASSllWC 

CALE simulations (2-D) reproduce measured 

UU-y . .. . .. 

. UNCLASSIFIED 
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Linear and nonllnear growth rates agree wlth CALE elmulatlons 

1 
I 

. !  

Growth rates from Nova single mode experiments agree with 
simulations and models over wide variation in A, k, U, ho . 

-1 6 

I-10 

I- 
O 0 

A k U lb (pmlne) 

i 

Compressible turbulence experiments performed o n  
Nova with random 3 D  interfacial perturbations El 

' 

3D random modes obey power I 

I 

3D random lnlllal porturballons 

t n  
MIX wldlh follows powor law 

2 4 6 Tlmo 8 h a )  10 12 14 16 

Experimental limltatlons - Large Initial amplitude required because experiment duration Is short - Feature size not discernable with radlography 

I 

L!!! Summary 

Dynamics of exploding plasmas (Janus laser) 

. Maximum radius - ( E k / ~2 
Maonollc slruclure moasurod with Faraday rolallon 
Observed wavelenglhs larger than mosl unslabla 'lowor hybrld drill modes 
lnslablllty nonllnoar . many o-loldlngs durlng slagnollon 

lnsensillve to ton magnotlzatlon 

' 

L 
c .  

R!chlqIyer-Meshkov instability with high Mach shock& (Nova laser) 
I 0 .  

Slnglo modos obey Meyor.Blowoll 
model for A e 0 

[ - I  p .. 0.6 f 0.1 
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PAIR PRODUCTION BY ULTRA-INTENSE LASERS 

Wson P. Llan 
Summer Fuculty Fellow. Unlvenity of Califomfa, L s m c e  Livermore National 

Laboratory, I,ivennore. CA 94550 
Md 

Depanrncnt of Space Physics and Astronomy. Rice Unlvenity, Houston, TX 77251. 
lad 

S.C. W l l b  
University of CdIfoda, Lawrence Uvumom National Laboratory, Uvcnnom, CA 94S50 

ABmcr 
We consider the production of e1ccImn;gositron p d n  by the Interaction of 

relativistic su nhermal electrons genenled by tn4nknse lacer p u b  with high-2 
rrutedd We tha luer and target parametera nxfrcd in order to aptlmlts the p d r  

productioa rala. w8 explom the re@ when h e  patn. tufnckntly con8ped, can itar( to 
exponentiatc In number and lho feuibllfty of uldmuely achieving rpatr.d4mhWed plasma: 
a plasma in which the palm outnumber the target background electmns. 

PACS numbers: 52.40.Nk. 52.35.Nx, 52.60.th . 

The pending development of ultra-Intense laser pulses wlll allow tha study of new 
regimes of laser-matter lnterncllonl. Experiments are now being deslgned2 which will 
eventually lead to laser Intensities such that I S 2  r 1019 W wm2lcd .  Here I is laser 
Intensity and bthe wavelength In mlcmns. At such intenritiu theelectmn jlttuvelccity in 
the laser electric field becomes reiadvlstic:~[imc > I whem jp i s  jiner momentum, m is 
electron rest marc, and c la light speed. en auch laccn nterLct wllh an overdense 
plasma I t  Is known to produce relatlvlstlc rupcrlhcrmal electrons. Numdcal  dmulatlons 
with the Particle-In-Cell (PIC) codes) show that u much u half of the abrotbed laser 
energy goes into superthermal electrons whose chamtedstic kinetic energy h i s  roughly 
given by: 

Hence EM > mc2 for 1&2> 4x1018. ln addition exlmmeiy intense magnetic Ret& with 
B up to 250 MOM observed IO form In I& ovudense piauna. Such strong fields help to 

Ehol - ( (It 11p2/1.4~101a)1'2 - 1) mc2 (1) 

QdacUc black hole candidates' in ow own O d u y  suggest that steady state thermal pair 
plumtu @so exist. Since palm Innlhllate on very short lime scrlu, to mrinuin I steady 
state plasma over such long timu the p d n  need to be created prolifically to balance the 
annihilation rats. Such t h c d  p l u m u  represent I new state of matter with unique 
Ihermodynunic and radiative pmpat lu  drastically different frumodnuy p l a s m %  If we 
deflne "corn IICIMU"~ mughly u the total IatmabuUn ma divlded by i u  phyaicrl size, 
then Tor higRcompactneis the pain M prkarily c m k f  by gamnu mu, (photon-photon1 

collisions. For low compactnar cases the pairs M prlmarily created b char ed particlc 
(lepton-ion) interactions whose c r o u  section gou up m  he q u a m  of k tk'ion nuclcnr 
charge. Whereas in the u t rophys iu l  contexts we M often dealing with the high 
compr tneu  case5. In the labontory simple estlnutu show thnt we will  WAYS be deallng 
with the low compactnus c u e  even for mfcron size Iwr  spa&. Hence in Iha following we 
will conccntrato on pair production with high 2 rargeta (e& Au, Za79). For low 
CompPctness and I confined thermal p l a s m  Bisnovaly-Kogan. Zeldovich and Sunyaev 
(BKZS)6 first show that there exisu I t3ndunenlal limiting temperature above which lhere 
b no p d r  equilibrium since Ihe pair production rate will always exceed lha d h i l u f o n  rate. 
This lldling temperature was found to be about 20 mc2 for p u n  hydrogen. For high 2 or 
high B platma' It Is expected to be lower but above the palr production threshold of 2mc2. 
If we use Eq.1 as a measure of Iha superthermal electron temperatm we flnd that fonnaily, 
above a laser Intensity of - I@%'/cmk the supenhcrmal tem rature would exceed the 
BKZS limit. In reality the BKZS limlt d o u  not ply due to short dtuation of a laser 
ulse since it assumes a steady atate. What all %e mean is that above a certeln laser 

&senslty air processes must becoma important. We need to perform a time-dependent 
klnetic cafculation to ulimate the conat pair density develo mcnt 

a h e d  electrons and 
pairs arc confined and reaccclcrsted to relativistic encr Ics a c c o x g  to Eq.1. In practice 
his can be accomplished by ushg a double-sided lasu dumination so that the suputhumal 
electmns and paits are confined by Iba lasa pondemotive pmsum In the fiunt lad back 
rod by the strong mn eUc fields on Ihe side. In Iha limlt of low annihilation rata the pair 
density grows accord& to: 

n+= nii + nee t "cy+ %+ nfl 

', 

Consider a situation in whtch a slgaincant W o n  ohhe 

(2) 
when the first term Is the lepton4onpairproduction rate, llre second (em (he lepton-lepton 
pair production rate, the thlrd term Icptowphocon pair production rate, the fourth term the 
photon-photon pair roduction rate and h e  fifth term.Iha photon-ion pair production rnte 
(here photons inclu& bremssvahlun and Compton upscattered gamma rays). We have 
estimated In detail the relative nugnktudu of the five t e r n  In Eq.2, It huns out that for 
typical larer target envimnmnts cbe Rnt tam is b far chs dominant tern a! leut until Ihe 
pair density starts to dominate the Ion density. knee In the palr deficient regime Eq.2 
reduces Io: 

14. nei = (n+ t n.)alFvuei > (3) 
when ni is ion density, L = n+ + Znl 1J total electron density, v Is  relative velocity between 
lorn and leptons and u,l is craswct lon  for phir d o n  In he ion nst kame. Tba bracket 
deontu averaging over the n o d l t c d  lepton distributionfhctlon f. At lepton energies 
much above threshold the cross section assumes the fond 

U,I = I AX W W ( l n  y)) (4) 

where 71s the lepton b r e n a .  factor. Eq. 3 w1 be integnred to give Ihe patr growth rate: 

n t  = Zni [exp(rt) - I ]  I2  (5) 

where Ihe pair growth rate ris given by h e  Integral: 



AS we will see below, r Is of the order of O.l(nAu)/ns where nAu is the gold atomic 
density In unlb of normal solid density of6xlO22 Iondcm’J, for laser intensity exceeding II 
few times 1019 ~ . c m a ,  

Wain thc PIC codes we have run a number of 2-sided illumination of Au targets 
for various faser intensilies. Fi I shows the superthermal electron distributions for 
sample c u e s  generated by such &lded t u e t  heatin Usin the ruperthermal electron 
distribution f generated by these PIC simulations in 4 . 6  we fkd the pair p w t h  ratc as 
function of the laser Intensity. Thli Is ploned in FIg.2. As we andclpaled. r dsw with 
laser Intensity rapidly near threshold. But above a laser intensity of a few timu 1019 
Wlcm2, rlncnacu only slowly w l h  laser intensity due to the log dependence of the cross- 
sectlon. An lmponant lmpllcation of lhir result Is that for a laser of glven tow ener 
optimlzc tho pair production one should d e  the laser pulse as long as possible pm%ii 
Ein tens i ty  stays above - I@ W/cm*. A colloraty Is that the smaller the laser spot size 
the belter. From Figo2 we 5w that for a 1 @ ~ / c m 2  laser lasting 10 ps (such as that 
proposed for the faster Ignitor at UNL), rt - 2x10-3 and the pair density can In principle 
reach - 0.1% of the target electron density. Since r is linearly proportional to n1 one 
obvious way to lncnase the palrcnation me is  to precomprw Iha tar et to densities much 
higher than solid density (e.g. with another laser) pdor to hlttlng it wfth the high intensity 
laser. 

Another relevant issue is tha &mum numbcr of pain one can hope to achieve for 
a given laser pulse energy and whether we can evernach a palr-dodnated stata, as In the 
case of BKZS6. hsuming that a typical pair carriw a tow (nst plus kinetic) energy of .. 
4mc2, we find that a kJ of laser energy, If 50% convened to superthermals and then a 
fraction p of that‘converted to palm, will give rise to a tow of pxlO14 pa@. This is to be 
compared to the total number of Au ions in a 10 p diameter target spot of l p  thlckncss 
= 5x1012 and the total number of background electrons = 4x1014. Hence to nach a Wly 
pair-dominated state we will need a laser energy of more than a kl, independent of pulse 
duration and target density. 

In addition to the confinement and nacceleration of Ihe superthermal electrons and 
secondary pairs, we also need to consider their radiative coolln , There include 
bremsstrahlung and synchrotron coolin . If these m much shorler i n n  the laser pulse 
then the above discussions on pair den& evolution needs to be amended. For a typical 
fleld of a few hundnd megagauss and L o n n a  factor of 10, we flnd that the synchrotron 
cooling tim9 is - 10 ns, w h e w  the bnmstrabluag coolhg time9 is - IU. Hence they arc 
longer lhan the laser ulsa if we am d d l g  with subas pulse. But lf we eventually o to a 
much Ion cr laser purse scheme then the radiative louu mut be included In esUma8 the 
gair prodtctlon. In any case we find that the energy loss by  the s u ~ r t h e r m 8 s  to 

nmssuahlun will alwa s be at least a factor of 10 or more lar er than the loss to air 
roduction. knee the Lctor p in the above paragraph will $ways be less than !.I.   ow ever. at sufflcently high compactness (large photon density) some of the 

bremsstrahlung gamma rays will be reconverted back to aim via m a - g a m m a  
coitisions. ~ccurata esl~rrrmu can onty b ~ c a ~ c u ~ a t e d  viadclalltSnumericaHsimuiations. 

How does one diagnose the pain and su rthcrmals? The direct method Is to 
measure the prompt bremsstrahlung and mnlhiKtion gamma ray f luxu  m d  spectra. 
However, many of the pain will escape from the production region and annihilate in the 
surroundings (e.g. target chamber walls), likely after the laser pulse Is over. Hence to 
estimate UIC total number of pain produced we need to Inlegrare che total 51 1 keV flux over 

durations comparable to positron flight limes to the target chamber walls. On the other 
hand, the prompt bremsstrahlung gamma rays from the superthermals’ rovidn dla osilcs 
about the superthermal flux and energies during the laser irradiation. Wence tog.& they 
will serve to calibrate the above utimatu of Lhe pair production efficiency. 

In summary, we expect that Ihe next generation of ultra-intense lasen such as the 
one under development for the fast ignitbr at U N L ,  will ba able IO generate significant 
density of pairs under optimal conditions. A lops, I 0 2 ~ . c m 2  laser hitting solid-density 
gold foils on both sides can In dnciple produce peak pair density of the order of 10.3 of 
the target clecctron density. $0 go much beyond that we nced to either consider much 
more werful lasers with longer pulses, or pncompnsxd targets with much hlgher than 
solid &lty or both. 

We  thsnk M. Tabak, W. Kruer. R. More and J. Woodwonh for valuable 
discussions. This work is perfomed under Ihe nus Ices of the US DOE b h e  Lawrence 
Livermbm National Laboratory under contract W - 7 8 0 5 - E N 0 4  EPL & Jm supported in 
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The Growth of Linear Perturbations of Adiabatic Shock 
Waves 

D. Ryu and E. Vishniac, T h e  Asrrphysicsal Journal, 313: 820-841, Feb. 1987 

The Perturbed radius o f  a sphcrical wave is 
R -  t"'( 1+ b x t S x  Y , " ( o , ~ ) )  

The growth Fates S for various values of I are: . 
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, 
y : the rgtio of specific heats cp / cv 

For non-ideal gases, under conditions of dissociation, excitatlon aiid loiiizntioil 
the blast wave model uses the relationship between pressure, energy density, 
and density 
P =Cy- 1 ) E p  
which we can get from equation of state tables, 

, 
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- Helium, 4-425 torr, corr. for e0 

f- 
1.70 

1.60 

1.50 

1.40 

1.30 

I .20 
, 

1 
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LASNEX calculation of a sherlcal Taylor-Sedov blast 
wave In a gas with a y E: 1.06 and a perturbation 

of 1 0 4  pI jn  
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Top View of Layout for Trident Blast Wave Experiment 
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Image and Interferogram of Blast Wave in Heliutn 
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Instabilities, Convection and Smoke Rings 
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ICISTABILITIES, CONVECTION AND SMOKE 
RINGS 

Stlrllng Colgata, T-6, L A N  
2/26/96 

Why. a dynamo? 

Why pn accretion dlsk? 

Why a sodium explosion? 

Why a hurricane? 

Why a supernova; 1 A? e 

Why a supernova; II 

.- Why a thunderstorm? a 
r' Why a toinado? 

Whya plume? I 

Why a mlxlng length? 

t . .  

I 

An answer to all, even a few of these 
would more than scratch the surface of the 
problem of instabilities, convection, and , 
smoke rings, but such a big 
scratch deserves a big itch. : A unifying 
principle Is needed: 

The principle of maximal 
dissipation. 

If It can,lt will. 
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RECOl ECTIONS AND OVERVIEW 

OF OPACITIES FOR STELLAR ASTROPHYSICS 
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Areas*Recently Affected by Improved Opacltles 

Double-Mode Cepheid Masses 

Double-Mode RR Lyrae Variable Masses 

Delta Scuti Variable Period Ratios and Masses 

solar ?-Mode Oscillation Frequencies 

OB Star Pulsatfonal Instability 

MaSSiVQ Star Xnetablilities and the Upper Mass Limi 

Hyades 0 star Lithium Depletion 

Overshirot €rom Massive star Convective Cores 

Enhanccid Mass Lass from Wolf-Rayet Stars 
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d d r d  l ind: LA oprciiia. bath with BIT M - L ielrtion;dufs: obxrvd but 
Ctpheidi. Bqttom: Period ratlo P,, v1. P, with 1.R opacities. Sulirl I ~ M J :  BIT 
M - L r v with 2 - 0.02: dathtd l i cu~ :  e n h a n d  M-L relation (with 
2 - 0.021. L f o l t r d  l i n o :  BIT M - L relalion with 2 I 0.03 (AG mirture]; 
dot, obxrred b u ~  CephciQ. 
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CONCLUSIONS 

1. The sppahranci of t h e  ~ o a  hlamoe opac i t ies '  i n  1965 t o  1970 oaused a 

g r e a t  axpanslon of s t u d i e s  of s t e l l a r  a t ruc ture ,  evolution, and r t a b l l l t y .  

2 .  The appearance of t h e  Llvermora (OPAL) and Unitrd Klngdom (OP) ol,a.:ltles 
I n  1989 t o  the present  have allowad oxplanation8 of aany previous prablama, 
moatly In s t e l l a r  p u h a t i o n  theory. 

3 .  Tho double-mode Cophelds can be i n t r r p r r t r d  with s tandard massas and 

lumlnoal t les  from evolut ion theory, b u t  t h e  e a r l y  mlmple l n t a r p r a t a t i o n s  

u l t h  OPAL o p a c l t h a  d i d  not  r e v m l  t h e  whole complloatrd a i t u a t i o n .  

- <  
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Opacity and radiative transfer 
experiments using high-power lasers 

S J Rose 

Rutherford Appleton Laboratory 
and 

Department of Physics and Space 
Science, University of Birmingham, 

U K  

. 

0 pacity experiments 

Dense plasma experiments 

Line traiisfer experiments 

Accretion plasmas 

* Future opportunities 

Absorption spectroscopy opacity 
experiment 

point backlight 

/ 

I 

short pulse laser 

tamped 
foil sample 

spectrometer  
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Radiation wave opacity experiment 
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Opacity and dense plnsnia experiments 
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Our uiklerstaiidiiig of the physics of sliort- 
pulse iiiteractioii with solid targets is still 
i iicoiii p I e t d. 

Temperatures of a few hundred eV i s  
possible with present lasers. 
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Short-pulse emission experiment to ' 

measure opacity 
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Line-t rans fer experiments 

i 

Short-pulse iron opacity experiment 

l5r  , I 

experiment 

photon energy (eV) 

6 Line radiation transfer i n  large velocity 
, gradients is very important in certain 
astrophysical plasmas (Sobolev theory): Laser- 
plasma measurnleiits have tested our 
understanding of this process. 

8 Resonance fluorescence is an important 
mechanism in planetary nebulae. Laser-plasma 
experiments test our understanding of 
ndiation transport in overlapping lines. 

Mcssrircmcnt of line ratlintion irr  a velocity gratlicnt 

' solid 
wire 

laser 

high resolution 
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Accretion-powered objects 

I j 
1 

Line radiation transport in a 
velocity gradient - comparison of thoory and expcriitien4 

i 

lmdiiince 4 xI0" Wcml 

X-ray binaries, active galactic nuclei and 
cataclysmic variables are the dominant 
sources of energy in the observable W universe 

Radiation domination of excitation and ionisation 

tilclastic Coniptoti scattering 

i 
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E 6x1O5 s 

+I 

5 2x10' 

5 
8 0 

E 
a 

74 

3x10; 

IXI o5 

1x166 

0 
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Wavelength (A) 

Cotii pton scnttcritig ctici.ay csclisiigc 

Coniploti scattering from n stationary 
clcctroii moves energy from radiation to 
electrons. But scattering from moving 
clettrons iiioves energy both ways. 

Tn i\ plasma with liigli Tc and low radiation 
fie Id 

elkctrok + radiation 

In a plasma with low Te and high radiation 
fie1 d 

radiation + electrons. 
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Tire effect of Compton scattering on liirc 
radiation transport 

D6.4g~To.4gsXeo.o I ball, R=O.OOScm, p400gcm-3 
--.. --.-..- with Compton scattering - without Compton scattering 

photon energy (keV) . * 

Fu t 11 re 0 pp o r t 11 nit ies 

0 I-ligli B-field physics studies 

0 I’lieriiionuclear reaction rate measurements 

4 13lectron-positron plasma studies 

Particle acceleration i n  plasmas 

Conclusions 

The values of plasma temperature, density, 
vadiation field, ionisation stage, velocity and 
Velocity gradient etc. which can be achieved 
with high-power lasers are comparable to 
Values found in certain astrophysical plasmas. 

L Complex laser experiments are now being 
performed in which the plasma conditions can 
be controlled to investigate specific physical 
processes. Measurements are starting to be 
made. 

4 Further work is underway to investigate 
other effects and to produce more exotic 
plasmas. 
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Opacity Measurements for Stellar Atmospheres 

Paul T. Springer, J.H. Hammer, A. Toor, 
B.G. Wilson, C.A. Iglesias,W.H. Goldstein, 

FJ. Rogers, and R.E. Stewart 

I 

Workshop on Laboratory Astrophysics 
Experiments with Large Lasers 

February 26-27,1996 

Modern opacity models solve Ion standing puzzles in 
stellar pulsation: Experimental va P idation is required 

Localions of lppcs o f  vrrlablc slars on Hcrltsprung.Russcl1 dlagram ’ 

-6 

MV 

1 \ -I 

K) 

SPfCTRAL TYPE Principle: 

Problems: 

Cepheld Masses . Pulsallon models - Evolullon models 
-Blue loop excurslons 

p Ccphcl pujsalion 



Mode Plasma conditions for stellar atmospheres can be 
achieved in the laboratory 

Stellar structure models with R = p /T,3 

Main Sequence Alodels . Red.GLnl Models 

A 

Y 
[r 
M 
3 

Stellar mlxture opacity versus temperrlure along * Masses from stellar evolullon models 
track of tontlant R - l@' - lnconslslcnl wllh Cox-Tabor apaclllcs 

Dlue loop excursions .> M > 3 solar masses 

4 6 6 ?  

Fe M-shell bump due lo  I n 4  lrrnrlllonr 

Provldes mechanism for PCephel putsallon 
* Opal resolves mass puzrlc Fe contribulion nirxiniircd rl Log(Tb5.4, Log(R1-3 

T =  20 cV, Ithon 2 \ 1V6 gkc 
Opal Is only lndlreclly tesled by complex rlellrr models 
Expedmcnlrl benchmarking at relevrnl condlllons Is  necdcd 

802 
11148 P,.YII %ton CI 11. Nnt. R. hstrnn. Sic. 266 (19YJl d 
Experimental setup and data lY Iron opacity measurements at Nova have provided 

astrophysically relevant data a t  densities - .01 glcc 
' i  
I!! 

I 21 ev, .008 g / c d  59 eV,..Ol13 g/cm3 
1.0 I I I I I I I I 

Oilad mlcrochann 

I' 

0.8 

'i 0.6 
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*E 
i Oa4 c 

0.2 

0.0 -.- 
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Energy (eV) Energy (eV) 

PRL 69,3735 (1992) Science 263. 50 (1994) 
PRL 6 9 , 4 3 8  (1992) 

t: 
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Rosseland mean opacities for iron are 
str6ngiy model-dependent for p 10-2 g k c  

.. .. 
s p ~ ~ U ~ l a u ' ~ ~ l ~ n . i r b i b n o l l r  *NiISlmPll 
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Low density esperiiilents require radiative equilbrium, 
Planckian spectra, and large plasma volume 

I 

I.TE and NLTE iron oprcily ~irodcls at varied densities 

H Tests of line shape theories and the accuracy of 
statistical methods are important for stellar opacities 

in' 

;;d ,, ._ ~ Ip-10.4 glccT;20eV , 
Kcl7391 cm2/ Lnl.04 cm TE 

Plancklsn 
spectrilrn 

o so t o o  i s 0  200 250 
Energy tcVI 

lY High spectral resolution is required to accurately 
measure UTA breakup 

Lon -lived hohlraums are required to establish 
equi 7 ibrium at low density 

t o  Simulated ahsorpliun spectrunc for I cm path h g l h  
1 ~ c  T - ~ O  e v p - i n * ~  dcc 

Time dependent ionization for Iron or 

n 
... PO 
.Y 
E 

' 2  
I- 
205  

0% 

I >  3ns  

t > 300 ps 

I > 30 ps 
, , 

111 m Po l i l  i io 
Energy (eV) 

Tl~coricr rcquirc rccunte trcatnrcnts of line shapes 
* Natural width 

Collirlonal broadening 
Rcsldurl tonfigur.rtion ninl t o n 1  broadenlnfi 

Doppler brord'minp. 
Line wings 

.* Stark broadening 



Experimental setup for laser-driven liohlraum 

\ issues: Hohlraum Paramelen 
Sample conditions Energy - 100 kJ 

Power ,. S T W  -Density c 10-4 . 
512.2 - Serle30 -Temoernture - 20 eV 

-Equiiibrium 

-Gradients 
rad-driven LTE 

Backligi\ting - Intensity 
-Sample emission 

Characterization 

Secondary 
Hohlraum 

Prlmarj, 
Hohlraum 

l!!! Ex erimental design has begun using using 2d 
ra cp iative hydrodynamic models 

3.2 I-i Radiation Temperature Contours 
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Initial mesh 

40 ns 

3-d geometries preferred 

2-d R-2 and R-8 models used 
Experimental control and charactrriz.rtitw rcqiiirctl 

! -Gradients reduced - Nonthermai radiation reduced 

a11 
3114,w*c00 

l Y .  Experimental Setup 

nrcJsurcmcnls 
break out 

Issues: 
Sample conditions - Density.< 104  
-Temperature 20 eV - Equilibrium rad-driven LTE - Gradients 
Backlighting 
-Intensity 
-Sample emission 

characterization 

IY 
Primary hohlraum heats secondary target to desired 
conditions, and provides backlighting source 

hohiraum 
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The required thermal radiation spectra are produced 
following initial heating 
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UNCERTAINTIES IN STELLAR 
OPACITIES 

Carlos A. Igleriss 
LLNL 

i 
1 
I 

/ /  

I )  Stellar Envelopes 

.2) Solar Radiative Interior 

P i -  LI' 

DEFINITIONS; 

X =hydrogen mass fraction 
Y =helium mass fracton 
2 =metal mass fraction 

. N, 0, Ne, Na, Mg, AI, Si, SI Ar, Ca, Fe] 

R = T63 where p = mass density [g/cm3] 
T6 = million degrees [OK]. . 

Typical Stellar Conditions: 

Solar radiaive Interior X= 0.35-0.7, Z50.02, logR=- 1.5 
Classical Cepheids Xd.7, ZLO.02, logR=-3.5 
Hot variable stars X=0.7, 2;50.02, logR=-5.5 
RR Lyrae XzO.7, Z50.001, l0gR=-4 . 

R = p I Th.\ wherc p = mass density [dcm3] 
Th = million degrees [OK] 

Examplcs of Stellar Condiiions: 

Solar radiaivc intcrior X= 0.35.0.7, Z=0.020, logR=-lJ 
Classical Cepheids X=0.7, 2=0.020, logR=-3.5 
Hot variablc stars XsO.7, 2=0.020, fOgR=-5.5 
RA Lyrac X=0.7, EO.001, h g k - 4  

XpO.7, log R = -3 
L 
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e o . 5  
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RESOLUTION OF BEATMASS ANOMAL~ES W1T.H OPAL OPACITIES 

I Y I I I I 
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4 Observntions (Sznbndos 1988) - Cox dr Tr~naor~ApJSbl, - Iglesias & Rogers, ApJ 

3 From Moskalik el al., ApJ 385,685(1992) 
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Fe Experiment: Da Silva et al, Phys.Kev,Lett, 438(1992) 
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Third International Opacity Workshop 
& Code Comparison Study 

WorkOp-I11:94 
MPI fur Quantcnoptlk,  Garchlng 

March 7-11, 1004 

Final Report 

FAD. Stnaunc AND C.A. 1oLrms 

Lawrtnct Llvcrmare NiIlonLI t i b o a l a y  
P.0. BOX 808. L\VetllWrb, CA 94SS0, U.S.A. 

MPQ IO4 huyrt 1995 

Fe K~ CO~II'AI~ISONS ATT = 20 cV ( -230,000 O K  1: 

Code I p = 0.01 glcinJ p = 0.0001 glcni3 I 
GNL'77 
HOPE 
s rA 
OPAL 
tANt'94 
rtd P 

1.0.1 x 104 (cnr2/g] 
1.37 x IO4 
2.58 x 104. 
2.93 x IO4 
3.07 s 104 
3.14 x 104 

0.15 x 103 [cni2/p,l 
1.40 103 
0.76 x 103 
6-03 x 103 
6.75 x 103 

10.80 x 103 

KR COMPARISONS FOR ASTROPHYSICAL MIXTURE 'KINc4a' AT 
T = 20eV & p = 1.2 x 10.6 g/cm3: 

t 

Code KR [cm2kl 

LANL'77 1.76 
HOPE 5.10 
OPAL 5.41 
STA 8.40 



Code 

LANL'77 
HOPE 
STA 
OPAL 
LANL'94 
IMP 

p = 0.01 g / c d  

1.04 x 104 
1.37 x 104 
2.58 x 104 
2.93 x 104 
3.07 104 
3.14 x 104 

KR COMPARlSONS FOR ASTROPHYS~CAL MIXTURE 'KING4a' AT 
T = 20eV & p = 1.2 x 10.6 g/cm3: e 

F. 

Code KR [cm2/sl 

tANL'77 1.76 
HOPE 5.10 

* OPAL 5.47 
STA 8.40 

\ 
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0 
0.0 

Photon Energy (ev) 
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COMPARISONS OF KR IN SOLAR RADIATIVE INTERlOlc: 

OPAL vs OP 

EOS COLIPARISONS OPAL vs 01': 

OP mul& hornseaton et al., MNRAS 266.805(1994) 

From lglesias 8 Rogers, ApJ 443,4M)(199J) 
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COMPARISONSOFOPAL & S A :  e L3.7 e. 

7 

Clutge 
47 
46 
45 
44 
43 

45% 

lonttrllen 1 t raee  
Tm&v rl#+v. 

STA i 
0.005 
6.097 ' 
0.418 1 
0.406 I 
B.07J : 

4.56 5.05 

T d k V  
OPAL 
0.011 
0.117 
0.377 
0.194 
0.101 

.* 

, 
4.#4 I 

I Expcriiiiciits rclcvant to sccllar ciivclopes are welcoiircd iii 
ortlr'i IO study details in opiwity cnlculntions 

2) lonizalion balancc cxpcrinicnts nre iieccssary to: 

il) Rcducc unccrtainlics in solnr opacities 

b) Fundatncntal issue in plasma physics1 

1 
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Photonization Modelling 

TimKallman 
NASNGoddard Space Flight Center 
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Spectroscopy of X-ray Photonized Nebulae 

Duane Liedahl 
Lawrence Livermore National Laboratory 
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Spectroscopy of X-ray Photoionizcd Nebulac 

I 
. J  

Duane Lledahl 
V-Dlvlslon, LLNL 

Collaborators: 
James Dunn 

Albert Osterheld 
Rosemary WdhK 

Tlm Kallman - NASADSFC 

wiu1amc!01dsleIn ‘LNL I 
cream X-ray healed, photolonbt1on.domlnated plasmas In the 

laboratory that wlll allow the aNdy of Ionbtlonlncombinatlon, heatlngkooltng, 
and X-ray the fonnadon as functions of tonl?ddon p m e t e r  ( e  - F l n ) ,  
speclral shapc, c h e m l d  composldon, and denrlty. 

m. hunch of three facUly.clars X m y  satclllte obsetvatodes with high- 
resolution specvomelers by ZW; complexlty (micro & rnrcm) of rnodehg 
specua from X-ray phorolonlzed plasmas; cxlslence of sultdble cxpedmental 
tacitidcs. 

1 10 
wavelength (A) 

100 

Contrast of Physical Processes in X-ray Emission-Line Regions 
sicliar coronae 1 

hol,collirionally ionized I supernova remnants 
clusters of galaxlcs 
intcoteiiar medium I 
activc galactic nuclci 

cataclysmic variabics(?) 

I 

Collirionol eqsillbri~rm P hotoionirorlon cqeili l~rl~im 

ionization 
Recombination 
Excitation 
Headng 
Characteristic temperatures 
Radiative transfer 
Spectral quality 
Pundamenral parameter 

elcctron4npact ionlzaiton 
Ann,ODR 

,, electron-ion impact 
mechanical 
io6 - 10’ K 

no 
Iinc.domlnated 

re 

photoloniratlon 
RR and An = 0 DR 

recombination, photoexcitation 
thermaliratlon of photoelectrons 

10’ -IO6 K 
Yet 

contlnuum.domlnatcd 

5 
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Dlffenncea ln he underlylng populatlon klnellcs mechanlsmr leads to obvious 
dlffennces In h e  nsulilng emission specua. (Top) P4ke Ar X as 11 would appear in 
coronal lonizatlon equllibdum. (BorfomJ A i  X in pho~oloniullon equilibrium. 

Different temperature dependenccs of RR and DR (bn = 0) 
provide temperature diagnostic$ in L-siicll ions. Shown here 
is the N-like Fc XX recoiiibinntion spectrum, decomposed by 
proccss. 

9 10 11 12 I3 14 15 
wrvclcnglh t h  

9 10 11 12 13 14 15 
wrvtlennih 1.4) 
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The gas cell experiment allows exceptional control over 
the target sample characteristics. 

Total Ion density known a prlorl. 

Large range of lonltallon parameten are rccerrible 

Elemenla1 mlxturcs 

No hydmdynamfcs 

Cold converlcr spcclrn for Iwo Iiiscr inlcnsitics (Carler C I  a/. 
199ll. 

J 
X 

spectrometer 

4000 
t: 
0 3000 
P 

C .- 3 2000 

2 
1000 7 

0 

Au converter with 
I L  =IO*' ergcm" s-' 

Au convertor wlth 
lL =IO" ergcm" s-' 

Energy (keV) 

The converter flux has sufficient ionizin .X rays to drive Ar 
(2 = 18) into the L shell, as shown hercfn a LASNEX 
simulation of the charge state distribution vs. time. 

0.4 1 ns 
I - m 

0.4 2 ns 

U Be B C N 0 F 
isoelectronic sequence 

m 



Ionlullon equilibrium In X-ray phoiolonlred plasmas is chanclcrired by the 
shulmcous presence of several charge stales. Below is h e  Fe L-sheIl emission 
apeelrum at two values of lhe lonlrallon parameler, foldcd lhmugh h e  XMM RGS 
lnsmmenl response. Some of l a  brighlcr liner arc labeled by heir  Isoelectronic 
squence. (Charge slalc dlsiribuilon rrom Knllman & McCray 1982.) 

Model lransmlssion spectra for two Ar ions. with column density N,", s IOt6 . 
cm". Absorption S ~ N C ~ U ~ C  results horn Ka translllons ( Is  3 2p) .  Adjacent 
charge slates throughout the L shell cnn be easily sepmied. Assumed 
resolving power A I M  = 2W. htodclr gcncrated with IIULLAC. 5 1 " " ' " " ' " " ' " "  c I 

0 :i R R c  
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Future observations will lrliow high-rcsolution studies or 
accretion-powered X-ray souices. Shown here is a toy spectrum 
of a typical X-ray blnary, convolved wltli the effective arca and 
resolution of the ASCA Solid Stale Imaging Spectrometer (red) 
and the XMM Reflection Orating Spectrometer (blue), Spectral 
model includes Fe tshell  ions overlying a central continuum. 
Assumed interstellar column density is NH I 4 x lo2' cm4. 

Model ipeanrm of X-ray b l n q  
R 4 continuum 

10 - ASCASiS 
8 1 -  

6 

4 

2 

0 .  . . . . . . . . 
4 6 8 10 12 14 I6 18 20 

uA) 

, 
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Concluding Rcniarks 
Availahility of higli.qualily rpcctruscoplc d m  front hundreds of extrasolar X-ray 
sources provides major challenge to nebular modeling and atomic modeling. 

h a y  spectra formed in photoionized plasmas arc relevani to active galactic 
nuclei, Xeray binaries, and cataclysmic variablcs. Taken together these objccis 
comprise >40% of poinied obscrvatians. 

X-ray drives currently available on Nova are sufficient to study K.sheU and L. 
shell physics of low-to4niermcdiate 2 clemcnts. 

Spcctnl diagnostics in thls regime have ncver k e n  tested in the laboratory. 

Effectiveness of point-projection backlighier tcchnique has k e n  demonstrated in 
other experiments: 

Experiments on Nova can also help to lay the groundwork for larger scale 
experimenu with NF. 



Hydrodynamic Instability Experiments at ILE 
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Hydrodynamic 1nsfa;balty Expert rnents a4 bE 

H. Azechl, K. Shlgemori, M. Nakal, N. Mlyanaga, H. Shlraga, 
K. Meguro, R. Kodama, M. Honda, H. Takabe, K. Mima 

lnslllute o! Laser Engineering. Osaka Universily 

m ,  
Targets were irradiated by fiber- 
generated partiaily-coherent light, 9 

ILE Osaka 
0 Wavelength 

A P by63 pm 

M= 0.2mm (Xf@ ~ l ~ ~ ~ )  

he= 1.31~104 rad. (64TDL) 

Bandwldth 

0 Beam divergence 

nm Tlme-lntegrated,bearn pattern 

' 0  40 80 120 160 200 
Averaglng tlme (ps) 

1 3 0.8 - 0.6 

1 ::: 
O O 1 2 3 4 5  

Tlme (ns) 
Pulse shape 

7 1  
Perturbation growth before the f h t - s h x k  
breakout gives initial conpitions to the 
following Rayleigh-Taylor instability . v 

/LE Osaka 

Implosion stability 
imprlnt 

... .. 

1-1 

Experimental conditions on 
Rayleigh-Taylor / imprint experiments *v 
Tarqet Flat CH (polystyrene) 16 pml 

Initial perturbation (R-T experiment) 
wavelength : 60 pm 
amplitude : 0.1, 0.3, 1 pm 

ILE Osaka 

Laser PCL : fiat top pulse (FWHM: 1.8 or 2.2 ns) 
, Intensity modulatlon (Imprint experiment) 

Wavelength (on target) : 100 pm 
amplltude (AI/.+) : lo%, 40% 

I 

Mahpulse -1or4W/cm, 

Backlighlor 
EM1 Dulse.!ntens!!Y was.srza!ia!!y .mEdu!a!ed.at.!he !mR!!n! exp.er!men! 

' 'SI 
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I lExperlmental1 
Perturbation growth was measured 
by face-odx-ray backlighting method. 

/LE Osaka 

X-ray 
streak 
camera AKE microscope 

Image processor 

KS95A012 (APS) 

Padialiy 
cohoront 

Backlight 

Temporal evolution of backlit images 
due to R-T instability were obtained. 

# I  7590 Initial amplitude : 
1 Pm 

v 
/LE Osaka 



IResultsI I Simulation 1 

I ... 
I 

..I 

' I  
. (1 
' 1  
" I  

, v  Growth rate of R-T instability was 
evaluated from three target shots. 

. ILEOsaka 

.......... .......... ........ 
,,...e- 

I I I 
0.5 1 .o 1.5 2 0  i b  

0.0 
Time (ns) 

Experimental results were compared to 
calculations by ILESTA 1-D simulation. 

..e.- ......... 
1 I I I I 

.o 5 0 0  0 5  1 .o 1.5 2.0 
Time (ns) 

R-T insta, is supressed b 
precursor thermal wave 7 

Fokker-Planck simulations show that target 
preheating due to nonlocal electron thermal 
transport supresses Raylelgh-Taylor instability. v 

Target Intense Laser Light ~ 

HI h Energy 
TaYI Electron 

........ .......... c -  - 
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[ R-T Insta. bv FPW 
w Initial Tern erature and Density Profiles 

for 2D Fok R er-Planck Simulations 

Target Thickness : 32 [micron] 
Laser Intensity : 1 x 1 0 ~ ~  [w/cm2] 

gn4.66~10 "cm/sec * 
Fakkcr.Planck- 

ILE OSAKA 

Poslllon 1 pm] 
[ b y  KElCO*ld SH Cod0 } 

Poslllon [ lyn] 
(by KEICO-ld FP Code J 

LR-T Insta. bv FP 2dl 

w Preheating due to nonlocal electron heat transport 
supresses  the Reyleigh-Taylor instability 

' RESULTS : 

y,, = 2.04x10 [/SI 

YFP = 0.886x10 r i~]  - 
"ab1 SH = ( pv)C.J'p,bl 

= 2.17~10 [qmls] 
vlb, fP = 3.22~10 [cm/s] 

PSH = ' 
P,, = 3.51 

for Wave Length : 60 micron, 
Gravity Force : 4.56 x [cm/s2] 

' TS" ' '2TSH 
Time [nsec] 

I by KEICC ' Code } 
. .  
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Sinusoidal intensity modulation was imposed 
by a opaque grating mask 

ILE Osaka 

z : [ g  Focuslng 
lens 

KDP 

" lrradlalod . .. 

Random 
phase 
plate 
(onlofl) 

Intensity profile of the modurated prepulse 
on the target (without RPP) 

ILE OSAKA 

0 0  2SO.O 5'10.0 
Horizonrat positton ( p d S )  

1 

0 .1  

0.01 

0.001 

0.0001 
0 2000 4000 8 0 0 0  

Wave number ( I l c m  
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Intensity profile of the modurated prepulse 
on the target (with RPP) 

ILE O W h r  

......-. 
0.0 

0.0 250.0 500.0 
Horlxontal position (plxolsl 

200.0 Vorllc 0.0 

0 2 0 0 0  4 0 0 0  6 0 0 0  
Wa,e .l,,-.I:,*I I I ICIII  

440.0 
280.0 

(20 .0  

e40.0 

79 
Areal density perturbation seeded by the ;nitIal Impfintfw 
increases with increasing imposed intensity modulation 

;:E Osaka 

17596 
. \ I  / I - 09'0 

#17562 
AI / I - 10% 

#I7560 
11111 -40% 

1 .o 

2.0 ' 

4+ . 3.0 

Time 100 pm 

\ I  I I : modulation amplil 
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2.0 * 

3.0 - 

, Jl  
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Initial imprinting perturbation is ampllfled by 
Raylelgh-Taylor instability 

/ L E  Osaka 

c. L; n; t 

1.0 - 

2.0 - 

3.0 - 
Time 

#I7596 Intensity rnodulaUon 
aAW? 3a-m 

#I7634 AA :3.5A, lOTDL 

Time 
4+ 

100,um 
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We used external x-ray soiirce 
to suppress the initial imprinting c9 

! / L E  Osnka 
Top view 

4 c  
200 )I111 

f inie Ins) 
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v Pertuibation growth was reduced30 65% : 
of no x-ray pre-irradiation 

L E  Osaka 

! 

wllhout x-ray prelmdlstlon 

wllhx-ray pro-frradlatlon 
I I I I I I I 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 
Time (ns) 

summary 

A number of hydrodynamic perturbation .growth crucial to 
lr ignition/burn has been clarified. 

I 

Wppk? shock 
Finding of damped oscillation. 
Areal-denslty-perturbations grow by a factor of -4. 

First observation of slngle-mode lnltlal Imprlnting. 
Wobservatt 'on of laser coherency dependence. 
initial imprlntlng is reduced by soft x-ray pre-irradiation, 

~Inltlal lmprlntlng 

*Raylelgh-Taylor Instablllty 
&&observation of linear growth rate in direct-drive 
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Spectroscopy of Compressed 
High Energy 

a. 

Density Matter 

N. C. Woolsey, B. A. Hammel, C. J. Keane, 
A. Asfaw, C, A. Back, S,  Glenzer, 

B. Talin, R. Stamm, L, Godbert, C.  MOSS^, 
L. S. Klein, J. S. Wark, 

R. W, Lee 

Lawronco Llvormoro 
Nallonel Laboratory . 

Collaborations 

‘ I  N. C. Woolsey, B. A. Hammel, A. Asfaw, C. A. Back, 
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Reasons to Develop S ectroscopy 
at High Energy {ensity 

8 Basic physics: 
1) Test physical models of the bound-bound and bound-free spectroscopy 

2) Investigate ion dynamic effects on the Ar XVll ls!-ls3p11J emission l i i i l*  

Radiation Transfer 

Reveals details of nature of the imploded core, e.g., gradients 

Applications 
Mechanisms involved are the same as those in ignition targets - 

Three points will be emphasized - 

(I 

6 FWHM of the Ar K-shell 1 -3 lines are a robust N, diagnostic 

6 Central region of the 1-3 lines are effected by ion-field fluctuations 

Dielectronic satellites of the 1-3 lines provide a T, diagnostic 
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N e Diagnostic 

The FWHM of the 1 - 3 k-shell transitions shows 
it is a good density diagnostic 

b 

b 

Widths extracted froin FLY 
Robust diagnostic since N, Q: FWHM2'3 (relatively iirdependeiit of T,,) . 



Details of the shape of the ArXVII 1 - 3 transition 
provide insight into the nature of the line formation 

The central part of the line could be affected by various effects 

Density gradient in the implosion core 
* Optical depth effccts 

Au emission 
ton dynamics 
Satellite line transitions 

6 To find the intrinsic line profile, test the effect o low verses 
high 2 ion perturbers 

j Ion Dynamics Effects 
The ion dynamics can be investigated with 

different fill gases ' 

I' Iniwtigdte ion dynamics on tlic ArXVII 1s' - ls3p 'I' lineshape by 
\iarying the fill gas in the microsphere 

Keep N,, constant and try to ensure the hydrodynamics of the 
implosion is similar 

* Fill gases: D, . - 50 atmospheres 
CD, - 10 atmospheres 
N2 t - 7 atmospheres 
Ne - 10 atmospheres 

Argon is introduced in trace amounts to ensure ArXVII 1-3 line 
remains optically thin and the argon does not effect the impbsion 
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The electric field autocorrelation function is the 
key to ion dynamics 

0.5 1 .o 1.5 2.0 
Time ( 70xwe*' ) 

-o& ' .  . I * ' .  ' . * I * 

6 C,,.(t) for 4 gas fills at N,. = 1,2xlOz4 cm-3and TB= 1.SS kc*V 
6 By the fluctuation-dissipation theorem we can find, f ro in  t h c b  ciccily (d CE&) 

ion niicrofield fluctuation rat(! u 

I 

. 

Ion dynamics alters the central part of the Ar XVII 
ls2 - ls3p'P lineshape -- but vro) FwHM! 

3640 3660 3680 3700 3720 
Energy (eV] 

6 Central clip in the lineshape is significantly altered through ion dynamics. 
Diffiwnl f i l l  gases may eAnble the effect of ion motion to be deter. ed 

I 

t 
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Dielectronic Satellites 

Li-like satellites to the He-like resonance transitions 
effect the width of the resonance at low TR. 



ICF implosions provide extreme conditions. 
Illustrates diagnostics, ion dynamics, and large-schle 
calculations for line shapes 

Experiments are performed at Nova using laser produced x-rays to implode a 
plastic capsule filled with a lest gas. 

* *Capsules are - 270 pn radlus, wllh 50 aim 01 Da and 0.1 aim 01 Ar 
*Optical depth and emlsslvlty 01 ArXVlll 1 lo 3 llnas controlled 
*Implosion comprossos core plasma to hlgh N, & T., P IO" cm'  d 1 koV 
* T h e  resolved lmaglng measures lmploslon core 

Spaclroscopy performed wlth x-ray ctyslel coupled streak camoia 

A. x-ray rtrrrk crmrrr 

Argon emission spectrum from an im loding 
CD, filled capsule driven at 17 R J 

fr. 



Argon emission spectrum from an iw 
' D, filled capsule driven at 17 k 

8 1.64 J .  

I- 0.81 

0.64 I 1 
I LYy LYP 

w 

, 
3.2 3.4 36 3.8 4.0 

Wavelength [A]. 

E 

Ne(t) determined using the ArXVII ls2-ls3p 
emission from an imploding D, microsphere 

I I .  I I 

1000 1200 1400 1600 1800 
Time Ips] 

4shots at -19 Warerepremtd 
HYADES simulation Irsinq)a 16 kJ f'lmckian drive 

Centre --c 
Inner LC- 

8 
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Radiation-hydrodynamic sirnula tions ‘are used to 
understand the aetails of these implosions 

6 HYADES I-D radiation hydrodynamics code 
SESAME EOS of stiitr librcir) 
Average atom atomic physics 
Multigroup radiation transport 

The radiation drive we used in the simulations is c7 l’lciticki,lii soiircv 
measu ed from a 2500 pm x 1600 pm diameter hohlraum imdiatcd 
with 1 & kJ in a 1 ns temporally square laser pulsc 

5 200: 

f 1M)- 

- 
E 150- 

a 50 8 
I- 0- I I I I I 

0.0 0.5 1.0 1.s 2.0 2.s 
Ti inti I tis) 

Interactive database / analysis software aids 
ArXVIIn andT modelling. ~ 

Modelling software written by,J. K. Nash 
‘ 0  Data base generaled using TOTAL by J. C. Moreno 



An interactive, database - driven application 
simplifies data analysis for Ar XI! ne / Te diagnostics 

Summary: Deiisi ty Diagnostics 
I' 

b 

b 

b 

ArWII lS?-ls3plP is a T,, N, diagnostic for hot d: . I  ..;:stems 

lmplosion mres provide a testbed for hydrodynamic simulations 

I 

Implosion cores provide a testbed for theoretical lineshapes 

Implosion cores provide an excellcnt test of complex kinetics 



Summary: Experiments 

Spectroscopic rneasurehents have been made of indirectlp 

Dip in  the ArXVII 1 - 3 with D2, CD,, and N, fills not observed 

The absence of the dip may be due to Ne T, gradients in core. 

driven implosions 

I Thi's is supported b: ' : tho-simulations 

i 

*I 

Argon emission spectra not observed with neon filled targets I 

Predicted due to mismatch of T,and N, peaks I 
N,(t) a test of hydrodynamics is determined from line widths 

Time histories are reproducible 
t 

i 

- 
! 

$imulations of an imploding D, microsphere 

Time history of the puter core radius 
dell and central CQET~ and Ne 

Spatial density and temperature 
profiles at peak density I 

Central core 
Outer core 

l b  



Ultra-Short Pulse Laser for High 
Energy-Density Science 

Richard More 
Lawrence Livermore National Laboratory 
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Experlment: 
R. Stewart 
D. Gold 
G. Guethleln 
D. Prtce 
R. Shepherd 
B. Young 

Theory: 

E. Alley 
M. Foord 
A. Osterheld 

. R. Walling 
(2, tinamon) 

GGi& 

I 

From the beginning, the LLNL USP Laser 
was aimed at High Energy-Density Science 

i 

LY 

Chlrped-pulse amplification, recompression, 

0.3 Joules of 400 nm light In 100 fsec 
Prepulse lntenslty kept below 10" 

Diagnostics from LLNL test program 

harmonic conversion produce 

Reflected, scattered and transmttted light - Hydro expansion at small distance 
-)Hydro expansion at large distance - Tlme-resolved x-ray emission - X-ray absorptlon 

Close contact wlth theory 
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Absorption is a first question- 
we measure it carefully M 

i t 
! 

Low prepulse 
Always lrradlate fresh target materlal 
Measure pulse autocorrelation and spatial profile 
Measure Incldent, reflected and scattered energles 

El We understand the absorption 

. ..-, 

C 
'3 

Alumlnurn targot 
* Experlment 

0.3 -Theory - 

s 
0.1 - 

C 
'3 

Alumlnurn targot 
* Experlment 

0.3 -Theory - 

s 
0.1 - 

0.01 I l t l l l l l l  I 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1  1 ~ ~ * * ~ 1 1 1  1 B l t J  
1013 10'4 1015 i o w  1017 1018 

Intensity (W/cm2) 
SASNEX MODEL 

Gausslan beam profile 
Reallstlc tlme-hlstory 
Maxwell equations wlth correct AC conductlvlty 
2T EOS and conductivity 
Hydrodynamlc expanslon 
Nomlnel heat flow 

This excellent agreement Is obtained for aluminum targets ' -- 
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Absorption depends on the target material * w  
At high Intensity, observe Unlversa/ Plasma Mlrror reflection 

1.0k I I Ill1111 I l i l 1 l 1 1 ~  I I Il11111 I lll1111( 1 I I I l q  4 

lndopondont 
of torgot motoriol 

1014 101s 1014 1017 10'8 
Intensity (w/cm*) 

Low intensities: High Intensities: 
6 Conduction electron inverse 

intra-atomlc lino absorptlon 

Free electronflon inverse 

Novo1 mochanlsms abovo 
bremsstrahlung bremsstrahlung 

(Interband transltlons) about 10l8 Watts/cm* 

We can test our understanding of absorption 
by future experiments on thin targets LY 

I 

Can easily distinguish transmitted 
laser light from ther at emission 
caused by heat con uctlon T 

#f 

Electromagnetic skin depth 

Penetration Is proportional to exp(-x/S) 

6 = c/d 4n Z4 nl e2/m 

Transmlsslon measurements will give us a direct measure 
of the ionization state Z'(T) 
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EOS is the linkage of thermodynamic 
variables specific to a given material l.4 

Thermodynamic  var iables:  

Thermodynamic functions 
which define en EOS: 
- must know these in a 2-D region 

to form the  der iva t ives  ... e.g., 

I ncomp le te  or partial EOS: 

Variation of the phase with time in Aluminium 

Gauthier cf.d., 
Ecolc Polylechnique 

I .  
-20 -1 0 0 10 

Position ([lm) 

An Important Goal: to measure EOS 
using the USP Laser 

Laser deposits known energy 
in 100 femtosecond pulse 

Targel begins al 
known iiiitinl density 

~ E l l e c t e d  probe pulse carries < chanae phasoshift In eleclron from lonlzallon densllv 

Analysis of specloscopic Inlerferometry: 
Measure phase shifts a t  varioiis flI,lily:> 

Determine expansion velocity vs llnie delay 
Exlrapolalc lo early limes 

Separate ionization effect from Ilydrodynairiic effect 

_. _ _  -- Frequency-Domain Interferometry 
ACCLII ~ I C  measuremenl of shorl pulse plasma expimsion with 
I cmt osecond l ime rcsol ti I ion has bccn demons Ira t cd. 

Relorencc.Proac 
Interference Fringe Shills 

4 

81 m 
S e 

0 

Spallally Resolved Probe Phase Shills 
a l  Various Tlmes 

-20 -10 3n 
Frcqucncy - 
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Ideal gas release velocity is 3 times the sound speed 

+ Co llnos for an 

X 

ylaw gas has p oe pY and V(-) =K 2c 

In fact, v(x,t) .I. 2c(x - t) P constant 
%I 

Can these equatlons be generellzed to an arbltrary equation of state? 

Expansion velocity is related to dp/dp 
for arbitrary EOS LEI 

C, 
' f  1 I 

! 
I 

C, t partlclo track 

Q :: sound wovo path * 2 v(x,t) f c(x,t) 

a v(x,I) 

dt 

I Is c o n s t a n t  along c& p a t h  I 
Appllcallon: 

* Know lnlllal valuo 01 Jt (x, 0) 
* Measuro v(x,t) lrom phase-shlk data 
*Then dolermlno EOS Integral by subtractlon. 
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The EOS information is very much like that given by 
shock-wave experiments M 

Temperature X 
X 

USP isochorlc hi++ 
heating measures 

New technique 
Higher temperature 
Dominated b * Dominated by 
electron exciation bulk modulus 

\ 
Density Shock Hugoniol 

experlment gives 

[p,p,EI 
Higher precision 
Compression 

Neither technique glves a complete equation of state, but the 
measured numbers serve to test theoretical EOS models 

USP experiments can test EOS 
where it is most uncertain lY 

Copper EOS Jigsaw (Table No. 167) 
10' I I 

Oonslly (Mglmf) 

No complete or concluslve theory (quantum t many-atom t dlsorder) 
* No quantitative experiments (especially not above 10 eV temperature) 

Previous "hlgh-quality" data-bases handled this region by Interpolation 

la Do USP targets reach LTE in I 0 0  fsec? 

For this question we use c,odes and analytic formulas 

We expect to find 

~-xzXzq 
Radiation is only a small part of the energy at conditions . of our EOS experiments. 

Ian EOS can be 10% of the total, but only 1/2 of that Is due 
tb Interactions and only about 114 (Le., 2%) Is untertaln 

However when Tion << T,, the Ion contribution is much less 
. I .  

f 
electrons 

90% 
'deal 
5% 

ion interactions 
5% 
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Are USP targets close enough to LTE to provide 
meaningful equation of state data? Evidently so, 
in the range where the EOS is most uncertain Kl 

Electronelectron collision times are short enough that free electrons 
have an equilibrium (Maxwellian or Fermi-Dlrac) distrlbutlon. 

(typically T~,, is I fsec) 

impact ionization rates are large enough to ionize all but 
inner shell electrons In 10-20 fsec at 100 eV temperatures. 
Stepwise Ionization leads to a steady-state. 
At solid density, impact ionization and three-body recombination 
are more rapid than radiative processes, 
produclng approxlmateiy LTE populatlons. 

New X-ray spectra look like LTE emission. 
6 Numerical calculations agree. 

M How can we determine the temperature? 

X-ray emission spectrum 

Absorption of optical probe (Ng e! al., UEC) 

Optical emlsslon for known emissivity 

* ion velocitles In TOF spectrum (Guethleln and Foord, LLNL) 

Emitted electron spectrum (Downer, U. Texas, Austin) 

Thin target calorimetry with known absorption 

1 

Near-term USP experiments test key 
physics of high enegy-density El 

Surface release experlment - Measure expansion veloclty tor 

- Tests EOS model under 
known energy-deposltlon 

preclseiy.det1ned condltions 

Probe 
putte 

'4 

X-ray absorption experiment 

and contlnuum lowerlng 
- Measure hlgh-donslty odge-shlft 

- Tests opaclty theory under 
preclsely-defined condltions 

Shock-release experlment 
* - Chlrped probe pulse glves 

unprecedented (sub-plcoseond) 
tlme-resoiutlon of surface release. 
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FEMTOSECOND-LASER DRIVEN HEAT WAVES IN SOLID 

Andrew Ng, Andrew Forsman 
University of British Columbia, Canada 

Peter Celliers 
Lawrence Livermore National Laboratory, U S A ,  

Femtosecond laser-driven heat waves in solid 
UBC 

Inspired by the experiment of Vu el at., Phys. Rev. Lett..(1994) 

1-D hydrodynamic simulation I 

Examine roles of laser deposition, thermal conduction and 
hydrodynamics 

PROBING THERMAL CONDUCTIVITY OF DENSE PLASMAS 

Propagation of hent front governed by thermal conductivity 
tilK 

Experiment of Vu, Szoke nndiLanden [PRL 22,3823 (1994)l 
Glass target 4 t h  top lnyer of 300 A carbon Irradiated with 100 fs, 

Lnser deposition In cnrbon leads to heating of cnrbon-glass Interface 
Thermal conduction drives nn lonisntion front into the glass 

616 nm pulse at 5x10" W/crn' 

I 



uuc EXPERIMENT OF VU et at. 

Ionization front probed by 100 fs pulse at different time delhys tlrrougli 

Doppler shift in reflected probe pulse yields velocity of heat fron! 
Results in agreeement with difhsion calculations using Spilzer conductivity 

target rear side I 

1001 . I . ' I  ' I - I ' 1 1"-"""'"'7 

UDC Difficulties with the study 

Experimental issues 
I 

Initial transmission of pump laser into glass due to finite opacity 
of 300 A carbon 
Plnsma formation at extremely early times (-1 ps) of pump pulse 
a t  =lo9 W/cm2 might cause decoupling of laser from cnrbon=gIass 
Interface 
Laser deposition at  interface leads to laser heating of glass 

Modelling issues 
* Ionization in glass given by Salra equilibrium did not account for 

Laser deposition in carbon o r  glass, and  plasma hydrodynamics 

Use of Spitzer-type thermal conductivity might not be valid for 

interband transitions 

not treated in thermal diffuston model 

dense plasmas 

MODELLING OF LASER-DRIVEN HEAT FRONT unc 
I' 

Attempt to understand the phenomenon in a simple metnl 

I-dimensional hydrodynamic code 
Laser-matter interactions treated wiill an EM wave solver 
(Helmholtz equations and dielectric function description). 
Normal incidence for probing high densities 
Examine effects of plasma conductivities on heat front propagation 
Radlatidn transport, nonquilibrium effects of temperature and 

%. 

ionization not trcnlcd 

Aluminum irradiated with laser radiation of 400 nm, 100 - 500 fs 
(FWHM) at IO'j -lO"W/cm' show similar features 

EOS and conductivity data avnilal )r aluminum . 
Present 500 fs case for nlniissihle titiw-rlwlvcvl nir.nciirnriri*ntr 
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SNAP-SHOTS OF HEAT FRONTS AT EARLY TIMES 

'1 

Aluminum irradiated with 400 nm, 500 fs laser at 10" Wlcm2 
QEOS; Lee & More conductivities; screened hydrogenic model 

Laser peak at t = 0 ; initial target front surface at x =  0 

1 

Poslllon (pm) 

+-- Laser 

'I 
. I  

' I  

. .  

I 

I Dominated by h e r  penelratton process I 
Temperature and laser absorption profiles 

unc 
I U' 

At very early times, the - I O '  heat front appears to 
x, move at similar speed 

as deposition front 

5 
[ IO' 

IO' 

I O '  

I 



SNAP=SHOTS OF HEAT FRONTS NEAR PEAK INTENSITY 
, unc 

Aluminum irradiated with 400 nm, SO0 fs laser at l O I 5  Wlcm' 
QEOS;' Lee & More conductivities; screened hydrokenic model 

Laser peak at t = 0 ; initial target front surface at x = 0 

Laser 

Posltlon (pm) 

Steepening of temperature profile by rionlitiear treafflow 
Decoupling of laser deposition from heat front 

UDCi 

As an expanding plasma 
forms, laser deposition 
begins to decouple from 
heat front 

As teiiipcrature rises, 
non-linear thermal 
conduction leads to 
steepening of heat front 
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SNAP-SHOTS OF HEAT FRONTS AT LATE TIMES unc 
Aluminum irradiated with 400 nm, 500 fs laser a t  10" W/cm2 
QEOS; Lee & More  conductivities; screened hydrogenic model 

Laser peak at t = 0 ; initial target front surface at 
I 0' 

. 8 lo' 

ll 
e 
8 10' 

I 
10' 

1 0' 
-0.15 *o. I *0.05 0 0.05 

Position (pm) 

x i 0  

4 Laser 

DEVELOPMENT OF SHOCK WAVES 
UUC 

Significant compression occurs only after end of laser pulse 

I'oslllon (pm) 
Plasma hydrodynamics producitrg shock waves -- 

UI)C VELOCITY OF HEAT FRONT 

Consider the 10' K (sufficieiil to produce criticd electron density 
in a solid) point on heat front for different conductivity models 

6 At early times, velocity spike'exceeding lo' c d s  
Before peak intensity, increase in velocity after minimum 
At late times, steady but lower velocities 
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lo4 K heat front speed and electrical conductivity 
UBC . 

ass 

2.0 

5.0 

0.0 

- - - .  

At very early tinies, 
models yitli lower 
electrical coiiductivity 
allow deeper penetation of 
laser as an evanescent 
wave, leading to higher 
heat front speeds 

10" K heat front speed and thermal conductivity 
URC 

ii 
I 

Conclusions on fs-laser driven heat waves 

@ Heat fronts produced in fs-laser heated solids characterized by 

uuc 
I I 

three phases 
Skin-depth deposition 
Thermal conduction 
Shock compression 

The Qigh velocity ( >lo7 c d s )  observed by Vu et at. might be due 
to laser penetration and not a mensure of tliermal conduction 
' Chveat : glass might behave very differently from aluminum 

Accurate measurements of lieat front velocity may allow a 

New diagnostics required to provide sufficient sensitivity, 
complete test of models in electrical and thermal conductivities 

accuracy and temporal rrc-lution 

When thermal conduction 
dominates, models with 
lower thermal conductivity 
yield slower heat front 
speeds 
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ASTEROSEISMOLOGY OF 
WHITE DWARF STARS 

bY 

Paul Bradley 
Los Alamos National Laboratory 

Presented at 
"Laboratory Astrophysics Experiments 

With Large Lasers" 
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What Are White Dwarfs? 

General Proliertles 
1. Wlrirc dwarfs nrc rhc niid reaiilr xrvlltrr rwliiiiw 

for most stnrs. (M. 
2. The average mass for planetary nebulna. PC; I159 stnis. 

nnd white dwarfs is 0.5 - 0.6Mo (IVcidcmnnn 1990: 
Bergeron, SatTcr, k l,lclrerr 1092: IVrrircr 1992 Drrq 
eron ct ai. 1995). 

3. We believe the Internal structure consists of a C/O 
core overlain by a thin surface layer. The compo. 
sitlon of the surface layer and eflective temperature 
determlnu what we call it. 
PGll69 star8 are pre-whlte dwarfs. We see helium, 

carbon, and oxygen In thelr spectra and occasion- 
ally nltrogen Is also present (see Drelzler et nl. 
1995). Theaurkce temperaturcs (~lOO.OOOl<) iue 
LOO hot for hydrogen lines to appear in their spec- 
tra. 

DB white dwarfs have a modest helium layer a t  the 
surface and we only see lines of lrelium in their 
spectra. 

DA white dwarfs have only hydrogen lines in their 
spectra os a rosult of the thin hydrogen layer nt 
the surface. Tho helium layer lles undcrncntli due 
to gravkatlonal settling because logg 

IMg to 5 - 8hlz.) 

,- 

8. 

,! 

i 
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4 Piilsntors 
1. All 3 wliltc tlwnrf rlnsscri iiicntionrrl nlii)vr? Iiiivc* :I fiw- . tioii of tlicir iiiciiilicrs iiiilsntiiig in iioiiriirliiil ~pi i i i i~ l i~~ 

Thcy nre cnllcd DOV stnrs in tlic PCI IS9 rloiiii\iii. 
DBV stars In tlic DB region, nnd DAV stnrs iii iiii. 
DA region. 

2. Piilsntion ilriviiig coiiics froin tlie L,) iiiccliiiiiisiii (lil*iiv. 
lly modiRcd by convcctlon/piilsntion liitcrii~tiiiii~) IIII. 
crating in tho partlal ionization zone (Wiiigct 1981: 
Wingct et a). 1982; Stnrrfield c t  nl. 1983, 1984: 
Drndlcy .k Dzicn~l~owski 199G). Tlic iliITcrcii1 iiiiiizii. 
tion potentinls of thc doininant clcmcnt nrc rcspoiiri. 
blc tor the location 01 the instnblllty strips. 

3. The observed light variations are due to changes in thc 
surfacc temperature distribution (Robinson, Kcplcr. 
k Natber 1982). 

4. Various studlcs siiggcst the pulsators are otlicrwlse 
normal white dwarfs that bnppea to be parsing throiigh 
an instability strip (Fontaine ct  al. 198s; Dcrgcron et  
at, 1995). What we learn nbout !he pulsntors siionltl 
apply to white dwarfs In general. 

5. To resolve their complicated light curves into iiitli. 
vidual pulsation modes, we use multi.sltc ohscrring 
cnmpalgns with the Wholc Enrth Telescope. 

6. The multl.slte nature or thc Wholc Earth Tclescope 
allows US to mlnlmlze confusion In our data analysis 
due to daily gnps In the data one gets bom siiiirlscs 
at a single site. 

6 Tlic stroiig grnvity of wiiitc dtvnrfs givcs ilicin n whtivrly 
siiiipic “oiiion” structiirc. 

6 \Yc do iiot hncJc coniplicating cliccts like iiiiclcar IiiiriiinK. 
t i m y  clcnicnt (inctni) cnliniicciiiciiis. riiliitl roiniioii. or 
stroiig inngnctlc fields in most triiilc tlwnrfs. 

6 Tlic work of Dradlcy s( \\‘Inget (1994) for CD 35s nnt l  
lhwiilcr S: Drntllcy (1891) lor PG 1159-035 sli~iw tliai 
tlctailcd scismolugy or wiiite dwnrfs is possilile. 

Whiic dwarf sclsmoiogy can help us with tile loliotvlng: 

1. \!‘e can determine tlic total stcllar mass,‘surface layer 
mass, dcpth and stecpness 01 tbc chemical composition 
gradicnts, along with rotation rntcs and/or magnetic Rcld 
strengths. 

2. Wc cnn learn more nbout thc propcrtlcs of mntter uii- 
der cstrcn\es of dcnsity and ternporntiire. Thls will help 
11s with problems in tlie Equntlon.of-State (EOS). con. 
ductive-bradiative opacitics. vlscosilies. neutrino emission. 
and convectipn. 

3. N’c can constrain the previous phases of stcilar evolution 
in terms of what kind of progenitor gives rise to n pnrtic. 
iiiar class of white dwarf. 

4. We can probe the previous bistory ot star tornintion in tho 
Galactic Disk and-cvcntunlly-tiit Hdo. 
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Evolutionary Models 
1. I h e  the White Dwnrf Evolution Codc (Lanh 1974; Lniiili 

k Van Horn 1975; Wood 1990) lo construct models or 
cooling whitc dwsrfs 

2. I do not include nucleor burning, but do include neutriiiu 
emlsslon by dense matter (Itoh et al. 1996). 

3. ln my older models, I use the H, He, C, and 0 EOS for 
dense plasniss computed by Fontsine, Grabosko, S: Vsii 
Horn (1977) along with the Lamb (1974) C and 0 EOS 
for the strongly coupled plwma in tha core. 

' 

4. I recently Incorporated the OPAL opacities Into WDEC. 
and use the conductive opacltiea of Itoh e l  al. (1983. 
1984). 

I. I also Incorporated the new H and He EOS of Saamon. 
Charbder, k Van Horn (1995). For now, I recsst then1 
onto a p,T grid for computational convenicnco. 

IO. 

CI 
0 

3 -6. 
a 

0.60Mo MODELS NEAR 12,800 K 
L I ' ' I ' ' ' I ' ' ' 1 ' ' ' I .*;A,;,-,; 1 

- 10. 

800. 1000. 200. 400. eoo. 
PERIOD (seconds) 
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Compnrison of Scisttiolow Rcsttlt.~ to Otlirr Ili~sitli~ 

I 1. Stcllar Masscs 

* and 0.61h.Io. 
e PO 1159-035nnd PC2131~0CGI i~~~ihsscsofn83XI :  

e Thesc muses are consistcnt with the nicnii tnhss L- 
0.6Mo for PNN (Wcidcmann 1990). It IS lnrgcr ~IIIIII 
tho masscs (- 0.5Mo) suggcstcd for cstcntlctl h i .  
zontal branch objects (Hcbcr 1992). 

e C D  358 tias a maTs of 0,58Mo, while PG I I I5CI.X 
Is A, 0.62Mo, conslstent with the mean m & s  uf otiicr 
DBs and the PO 1159 stars. (Okc, Weidcmaiin, S: 
Koestcr 1984). 
Our masses for the DAV stars are similar to thc spec. 
troscopicallydetermiaed masscsof Bergcron et  01. (19951. 

. 2. Surface Layer Mass 

DOV stars! 6 The surface layer mass of PG11.39-035 
Is 4 x 10-'M., thlancr then tho maximum allowetl 
layer of 10"M. (see lben 1984 for cxhmple). 

6 PO 2131+066 has a slmllar surface laycr miws 01 
6 x 10-'M.. 

6 However, It Is similar to D'Antona b: hlazzitclll's 
(1991) minimum surface layer mass of 2 x IO-'!L. . e Stellar evolution modcls arc not yet nbic I I I  r i l l .  
plicate th i  obscrvcd abundrncc pnttcriis iif tlie 
PG1159 type stars. 

, ' 

DBV stnrs: e The Iiciinin I;iyi-r iiinsses t i  GD 358 i s  
2 x lO''M. niid oiir liiirit fnr PG 11154-158 is 

e Tlicsc nrc thiiiiicr than ~sycc tc i l  from stcllnr cvo. 
liitioii throry (Milts lO-'!vl.). 

e Howcvcr. Dclincr k lhvnlcr (1995) shoy that if 
niic nllows difliision to modify llic composition pro- 
file of PG 1159-035, the mnin Hc/C composition 
irniistiion occiirs nt - 2 x in-OM., consistent with 
WIIIII wc scc for GD 358. 

e Tlic total amount of helium iii Dchncr S: I(n\vnlcr's 
iiiotlsls is nhottt t x 10-'14,, consistcnt tvlth w h d  
Pcllcttcr CI al. rcqiiirc to ditplicatc tho carbon 
rbiiiiiiriicc trcntls in tlic DQ stnrs. 

in their pcriods tho1 arc consistent with thcir Iiav- 
ing a small range ot hydrogen layer masscs. 

e Thcsc common pulsatlon spcctra arc consistent 
with their having hydrogen layer masses ncnr lO-'M. 
LO IO-SM..  

a This is rcnsoaably closc to what stellar cvolutioti 
theory prcdicts (Ibcn b! hlncDondd (1985, 1986). 

 hill,^ I O - ~ M . .  

DAV slnrs: e Tlic Iiottcr I):\\' stars Iinvc! coiiimoii trciids 

e N't- nrc tiow nblc IU perform ~cisiit1)log.v iiii ivliirc tl1vnrb. 
nnil Iiiiw rcsiilts for srvcrnl DO\'. I>n\'. niid h\\' wliitc 
tlrnir Is. 

e Scistiiolngy suggcats !lint tlic UA i\iiiI UII irllitc thvnrfs 

\Vc iinvc siiggcstivc cvidoncc tlint DOs tlrsiwd finin HI.. 

e Nosr D,\ wliitc tlwirfs nrc dcscciitlniita of Il.ricli I'NN. 
e Wliilc Dwnrl niodcls with tlic iicw OPAL opacltics and 

i i c~*  SCVH cqiintion of statc NC not wry dllfcrciii from 
Iircvioiis niodcls with oldcr opncitics mid EOS. 

e Tlic prcvlbus two points sny tlint prcvioiis srisinologicnl rc. 
s d t s  are sound, arid that s c  cxpcct a t  inosl slight changcs 
IO cnrlicr selsmologicnlly dctcrmiacd structurnl parsme. 
tcrs. 

a Tiic biggcst dilfcrcncr comcs from usiug (more rcnlistic) 
2 = 0.0 opacities. which were not availahlc bcforc. 

e The 2=0.0 DA and DB iitodcls givc the siiiiilrr pciiods ns 
before. but at about 500 I( hottcr tcmpcraturcs. 

nrisc Irm dlflcrcnt progciiitnrs. 

rich PKN vin iiie PC I159 I I ~ I I L W  



Interaction Processes Between Exploding 
Plasmas and Media in Space 
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Thc llrsl lnvcsflgsllon problem 

Alfvcn-Mach number M,>>l; 
A>>R*. where A - scale or collisional free-path of cxplouding plasmas 
ions, R*-grs dlnamicscalc. R*=&JX,where p* -background plasma 

4 w  
density: 
niagiietlc Rcynoldr numbcr Rc,,>>l: 
I ~ s S ~ T  &I. cold plasma. 

Proccsscs of Inlernctlon: 

For a cold backpound plasma and M,>S the lntaactlon bctwccn 
intcrpcnetratlng placma flows due to charge-Induced dccldc fields, both 
laminar and turbulent. is unlikely take place. 
Thc influence of Ilic mrgnellc pressurc upon to the deeclaatlon or the 
cloud may be ncp.llelble, as It  is  M,'-limrs less lhen thc dynamic 
prarurc olthc ambient plasma. 
Magnellc Laminar Methanlm (MLM) or lnlcractlon may be strong 
cnough at M, >>I. It ir based on thc acllon of a curl clectdc flcld E , ,  An 
rxpanding dirmagnelic cavity crcatd by sphdcal cloud should 
clTcctlvely gencratc lhlr flcld though me, = -x'f. "lie necessary 
condition or this ht LM inlaiction is thc strong enough magnellzation 
c l  ions. h o u r  radius R, and R, for cloud nad background plasmas 
(calciilalloa for cloud vclosity) should be Ius than R: (R,R,*eR*l). 

Collisionless dccelcration or cxplouding plasmas In the conditlonr: 

Ai 

! 

I 

Oscillograms of elcclrlc j, and magnetlc bo probes 
at the cloud expantion In&bockground at &=lob 0. 

f?" L R", R*,* f?*> R , , R c n  R* 

The structure of plasma (a) amd magnetic (b) avilles 
with the moving layer of compressed n, and 8, In 
the front, formed at the Interaction or thcdoud with 
H'.backgtound at M,,*5 and R,&*tR*'. 
Dotted lines. Initial distributions of n, and P, . 





r.2bcn 

zj \ : :YL  ............................. 

The alrueturc of cloud-generated dilurbancu of H*. 
background on the stage of thdr forming (R = 26 em) 
and propagation (Re 48 and 76 cm ) at various 
angla 840' at Md a- 3 and R,,R,,b< R d .  

1 

Dynrmicr of "quasLparnllel" disturbances of plasma and field 
at hf,,= 2 (R* = 40&m), 
I,,. J,- currents of the double probe 31 n, = 0. and n, = 4xlO"m'', 
j A -  ctirrent of  thc collector. 



The 'second lnvestl~allon problem: 

'1'111: plusma cloud interaction with the vacuum magnetic Iield in tho 
cundilionc: 
9 AIfvcn-Mach number M, < < I ;  

mnguetlc Reynolds Re. > > I ,  accoding to Coulomb collisions. 

... , 
P 

, 

'Typlml radlur dlsldbutlon of eoncentrailon in laca 
plasma cloud. 

Processrr  of lnlrncllon: 

Decclernllon scale must be R, m ('E' 

Diffusion procesra of B hto the cloud may be turbulent. 
x,  d Its cdteda miirt I;; If#/ A) an / R l '  

Dynamics of inlaaction of lata plasma cloud with 
the mggnctlc field B = 40 0 in vacuum at R ~ l  > I  
the case of strong turbulent d i h t o n  connected with 
the development of irutibility on lowai hybrid frequency: 

I - j I  at 4= 40 0: 
2 - change or the perturbation or magnetlo fidd M. 
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Dynamlcs of decclemtlon and following departura to 
R > R, of the cloud with R&, < I  at Its Interaction 
with mngndlo fleld In vacuum: 

I - / *  ntB,=O: 2 - ~ B : 3 - ~ , , a t  B ~ 2 6 0 0 .  

\ 

Summary and Concluslon: 
I.The first conlirmation of ta l  efllciency of the Mngnciic Lnmlnnr 

Methanism of llie inlctactlon between lnterpcnetrniing plasma flows at 
M, .s $ and magnctimtion of ions was obtained. 'llicrc arc dccelerrtion 
of thc r u p c r 4 l f v d c  plasma flow and gcnaation of the wavcs,, 
lravclilng in thc background at various angles with respect io 4. 

2.At the plmmr cloud Interaction with 0, (M, < i )  there taka place 
microtdrbqlent diffusion of magnetic field into the cloud (diamngneiic , 
y i t y ) i  If thc ions cloud magnetization is the strong enough ( R ~ ,  <I), ' 
the cloud decclcrniw on the d e  R,, where plasma and field prctsurcs 
beeoma equal. and then continues to propogatc with low velority in 
perpendicular to 4 direction in the form of scperrtc flutes. 

3.Obtalnd date may be used for analysis of natural explosive.type 
phenomena in spree plasma like Supernova bursts, Barium releases of 
Ample type or very grcnler plvmn rclcascs of "Starfish" type. 

. 
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Laser plasma cloud slmulatlon for InveatlOatlon of a eolllslonle~s 
Intaractlon processas  bshvsan exploudlng plasmas and medln I? 
apncp, 

V.M. Antbnov. Yu.P. Zakharov. A.M. Q&hj&, A.O.Ponomarcnko. 
V.U.Posukh, and V.N.Snytnlkov. 

Instltute of Lnacr Physles, S l b d a n  Dranch of Russia Acadcmy ollicncc. 
Novoslblrsk Statc Unlversity 

THE PROQRAM OF THE FAClLrrY Kl-1 WORK. 

MODELLED PHENOMENA 

I. I>eceleratIoii of Nova's und Supernova's shells in interalcllar spucc. 
2. Movement of platmolds and artlflclal clouds in magnetosphere of 

3. Omantton of Interplanetary shock w ~ v e s  by solar flashes. 
4. Evolullonof plandnry ncbulacln galaxy flcld. 

the Earth. 

PROCESSES UNDER INMSTl6ATKHI. 

1. Colllslonlas Interacton of s u p e r A ~ d o  plasma flows. 
2. Transformation of flows energy Into colllslonlesr dlsturbancw 

3. Iatcraollon' of plasma flowi wlth magnalc fleld, role of turbulence. 
4. Plasma dynamlcs at non-stattonpry energy Isolation, generation or 

5. fanlzatlon waves. 

of background. 

compact plasma shells. 

Principal stlicmcolthc Iacilily KI-I. 

(0' 
/ 

I .  A Inrgc.rcnlc (5 m long and 1.2 m In dlamcter) hlgh.vacuum (lO-'torr) 

2. A systc~tc of CO, .laser and CO, .ampllfler with output energy - I kl. 
3. A qun.v.stal1onai-y source of i backgtound plasma to flll the volume 

- I  m' of the vacuum chamber by a highly-ionized dhuity up to 
n-10"cm". T,. S + IOcV (H',Ar*). 

4. One or scvcrsl carbon-hydrogcn targcts (Nylon) . Plasma douds of an 
saially.rymmctricnl or neat sphcricnl fonn with cnagy E, up to 500 J 
and total mass M,up  to IOOpg has been obtained by two4dcd 
irrndialion of cylindrical and spherical targets. 

5. Mngnctic ncld 8, =O+ I kG. 
6. Diagnostic of the plasma dcnslty n,,thc Ions flow jb, the pcrturbatlon 

interactive chnmbcr: 

of map.wlic Add M. thcdectron tcmpctatura T,. 



I 

,HKE 

Dynamlra of the mnpetie field at the intcraclioii of luscr 
plasmncloudwilh H'.badtground at R, ,R, -sR*~,M,  26 
(n,=ZxlO"m", &=lOOO). 

, 

1 

experiment M,= 1,s and R*= 40 em. 

a) Disturbance or plasma eoncarIralion a1 various angles. 
h) Reneneratcd space dilribulion of n- and 4 in the 
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