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Ejecta Research: Perspectives, Model Development and Validation 

W. T. Buttler, F. J. Cherne, G. Dimonte, J. Fung, J. Hammerberg, A. Harrison, R. S. Hixson, F. G. 

Mariam, K. 0. Mikaelian, C. Morris, R. T. Olson, D. M. Oro, D. L. Preston, P. Rigg, G. D. Stevens, J. B. 

Stone, G. Terrones, D. Turley, D. Tupa, W. Vogan, and M. B. Zellner 

I present a brief history of experimental ejecta physics and contrast the early approaches to ejecta physics 

with our recent successes. Our successes in model development at LANL intrinsically link to a basic 

application of the scientific method to ejecta phenomena where we control the variables to look for 

correlations in the measurements. The observations imply that ejecta form as a special limiting case of a 

Richtmyer-Meshkov (RM) instability. I present an RM based Mikaelian model and compare its 

predictions to simple experiments. I also show how ejecta physics are being implemented in the FLAG 

hydrodynamics code. 
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Ejecta are Important Because . . .  

o It is well known that when a Shockwave 

Interacts with a Metal-Vacuum Interface the 

Metal will "Eject" Liquid/Solid Metal 

Fragments: Ejecta 
• Known as Source Term 

Mass-Velocity Distribution 

... Size-Velocity Distribution 

... Temperature and Phase 

Bulk Material Phase 

o If a Gas is Present the Ejecta will Interact 

with the Gas 

Transport 

Drag (Reynolds: Viscous-- Laminar) 

Breakup (Weber: Surface Tension-

Turbulent) 

... Other Processes? 

A 
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Current Experimental efforts are motivated to Develo and 
-=-�-Validate Physics Based Ejecta Source and Transport Models for 

Inclusion in FLAG 

o Source Term Assumption: Ejecta Form as a Limiting Case (A= -1) of a 

Richtmyer-Meshkov Instability (RMI). 

=> Implies Wavelength and Amplitudes of Perturbations are Important 

o Transport is ballistic with drag (kinematic or ???) 
o Immediate Goal is to provide modeling contraints on: 

=> Total amount of mass ejected 

=> Velocity of the bulk mass (mass-velocity distribution) 

=> Fundamental conditions under which ejecta form (solid or liquid material) 

=> Discover regimes of drag on transport 

A 
•LosAiamos 

UNCLASSIFIED NIIITIOHII.l lAIOIIATOIIY Side 3 
Operated by los Alamos National Security, LLC fOf the U.S. Department of Enet"gy's NNSA LA-UR-11-03785 IVA.l9f. 

A Brief Ejecta History . . .  

• James Asay: Pb, AI Ejecta Formation Measurements 

Flyer Plate Experiments 

Ejecta Formation Linked to Material Phase: Solid or Liquid 

Ejecta Mass a Function of Defect Volume 

• In the 1980s, the French became involved: Sn, Ta 

Flyer Plate Experiments 

Ejecta Formation Linked to Micro-jetting 

• Some work at 

LLNL 

Particle Sizes: LLNL and LANL in 1 990s and 2000s 

Russian Work in 2000s {Not well published, SCCM-2011) 

Chinese Work in 2000s {SCCM-2011 ) 

English Work Over Similar Periods. 

• Some M-Division Reports from the 1980s 

• A WE, LANL and LLNL Pu Experiments in 1990s, 2000s 

- �Alamos 
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A Brief Ejecta History ... 
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lloyd. C. E.. PhD l'lte;i� Uni,·. Cmt� 2006. 
lloyd. C. E. et nL Shod.: Coanpt'C:S:\l<xl ol 
Coodou><dMattu-1005. pp.I19HI9S.1006. 
l�•riLno. \\'. T. 7.u a.-.. no .. )J II�(,_-.__ ll 1 "UJ.x. 1' . .t._ IJ�-.:n�. P. S� lb.�oiWillt· 

�tu . . J. r..._OIW1. A\\"., I"AnuJO: .. . J fl. hr-.- .t..l. l"<IIU'IoC. I 'll*i'.i ll,lU•K 
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A 
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7.u:.L"!!l..�-1t.Caon:a..N_Ih.\lw:aa;l .J 1-.:..lhoceu."'.ll S.h:�� •• \ J . 1hCRl'11. (; 5-_}.IQat.n.l\ U.O.s-r.A \\' .. Oun�.lt.T .. PAHhw.J.rLila.x..f' A.flon 

U!r, 1\_.Sn;nl\;ll..G H. Tnu_l'l . \\'.U_ \'r-=a. (_ 1:. lk.nt�\\· l'. � l:ft"..t-..: f .... b of Ar..-t--brt.a&i.A.IIIfd:Ul'llll f�•li�(rc:alillodlod lta � 'f-:.lff.l J A-' N..,.. I ln. fll�.zll J ,,,._,_ fh-.. IO:t. IOO!'M:II. 7.tul001.. 11 u . . \'V!lA<t-:\kl\'t:.� .• w .. IIAu-.w.kt.t»>G . •  1. 1-:. u ............ n . .s . . Ote!:-1, ' \\ .. Or""--w n 1'. , l'u"l'lnt, .I II, lhlCl, 1� A .  H.:"IIJ11.11!"\ K :O.'H\Uo0'1. G It l'nun, \\' H \ n-,..•. I, .L· IU nu-tt.. \\' 1' ._,.aj I'To·obif« 1b:> :h\'� ph, ""�� .,.,, �"k"' ....,_ .....W Sni.Mr.,-�Y. J J.,.,.l.l. lOS. ID.'"tm. 
7-KU-'"Dl.. lt K. 1..· Ht'Tll.l.._ W "I. WOP J:SJ1ori.-. t<itta:WI}-.:r \rdtl.JA t..ct:IINDn· r.,_,_ .-1..-_Jfcb.-m.d �._.._An/.�- l.rn.. 9.S.IIU4!. 
IIUP4f'T STRt:"-" Mt:ASI'Rt' lt:m I lSI '\if; Mf:7.0n.tTTRIC' 

PROM"-" WITII Pzr AND UTili I M NI08.4.Tt: El.UU::NlS (1'11115, .\"/)(,.-It ( '<IM(IIVUiort r{f 'ui'!IJ../I.�or,J \ia//oi',. • .'Of.l</ 
Ao.Mf-•"'·N,M.M .. �Mif,.Ao . ...:-.oll 

G. Dimontc, ct al.. "Usc or Richtmycr-McshkoY Instability to lnrcr Yield 
Strength.- Acxcptcd ror Publication in PhJs. RcY. Lett. (lOll). 
W. T. Buttler. ct al.. �unstable Richtmycr-Mcshko\· Gron1h or Solid and Liquid 
Metals in Vacuum." Submitted to J. Fluid Mcch. (lOll). in RC\·ision. 

Many Conference Proceedings by LANL and LLNL. 

Many NEDPC publications by LANL and LLNL. 

Many Red Publications. 

·losAiamos 
No\TIONAl UI.IOJIATOJI't' UNCLASSIFIED 
Operated by los Alamos National Sac:uly, LLC for the U.S. Deparlrnenl of Energy's NNSA 

Scientific Method: _Question Acce ted Conclusions -,;;;._ _____ _ 

• We asked: How much, how fast, under what conditions? 

Do Ejecta Production Link to Surface Perturbations? 

Accepted position was yes 

Do Ejecta Link to Loading-Pressures? 

Accepted position was only material phase 

Do Ejecta Link to Shockwave Loading Profile? 

Accepted position was only peak stress mattered 

Can We Cause Ejecta From Solids? 

Accepted position was only material phase mattered 

• We are now investigating 

Sensitivity to First Shock? Sensitivity to Second Shock? 

Sweeping Shockwaves Link to Ejecta Production 

Size Versus Wavelength and Amplitude 

. QAiamos 
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LANL 2000s: Basic Experiments 

X-radiuf,'Taph, 2 mm Sn Sample. II E Drive 

(a) 

(b) 

A 

... ._., w...,... 
c.w ....... "''""' 

"f.oottl80S:" 
Pul>edX.fby�� 
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<J 0 � 
'" ;;. 5 a 
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20 

·Los Alamos 
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LANL 2000s 

• Ejecta Measurements: Mostly from Sn 

Control Variables: Material, Perturbations, Driving Conditions 

Fix Loading Pressure, Vary Finish (Perturbations) 
Fix Finish, Vary Pressure 

Pressure Varied Two Ways: 

Flyer Plate (Supported Shockwave) 

High Explosive (Taylor, or Unsupported Shockwave) 

=> Look for Correlations to Build a Model 

Calculated Taylor Profiles for 

varying Sn thicknesses 

Js·

r-·--------------, 

0.5 ,/· 

l-lmmSn 3mmSn .!miTISn 61111t1')11J 

« 

A 0 1} " 15 1.6 17 '" 0 
Distance!cm) 

·Los Alamos 

Calculated supported profiles for 

varying Sn impactor velocities 

Dht�IKt' (mm) 

Side 7 

UNCLASSIFIED N"TIONAL LAROIIATOIIY Sldf 8 
�-ed� L� -�- -N-�-. -,-, -�- �-,. -, -� -�-�-U-. -•. ��-rt-m-on_ t_M_E _-.,-., -N� N���---------- ------

1\/
��

�
�
�
��==::

. 
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Control Variables 2000s) 

• Pressure and Loading Profiles 
• Sn (ESPI, 0.99995 purity) 
• Machine Finishes (Fly-Cut grooves, R. = 16 to 250 J.!in.) 

-Same rotation angle/feed rate/fly-cut radius, rake angle 
-Most experiments done with a single tool 
- Same machine and tool holder 
-Felix-Machinist with MST-7 

lmm 
·2 

·2.5,\---.i;n--,;;,...wc--.io;,.......iv;--.l, 

LANL Historical Sn Data (2002- 2010) 

Fixed Pressure: P SB = 27 Gpa Fixed Finish 
Varied Finish Varied Pressure: P ss 

14 10 

12 

c:l�" 10 
a. 

II H 

�,�� 6 

II 
"' 4 

2 

0 
0 

,_.,_,._I 
·-·)·�·\'. •-503 • • •  ---··.A---··· ;I 

··· t>t�� � -
-SU 

a-RH' •·KLS' 

�58.1" / � a� 46.0'' 
3 .  46.0" a- 53.1" 

20 4() 6(1 K!l 1110 

Wavelength (�tm) 
12fl 140 '"'' 

9 
n�:·.�;:·����t��.;�::: 1o a h 
v tT 8 

"� 7 
a. ::::; 6 t + 

II ... # 1""}i' 5 -
< "'- 4 +1t� ' 

"' 3 
2 ·•· I

f ...... ,. ... -�.-.,. .. 
•tl)<'ft'l.,... ..... . "'f'A<'o ... �""' .... �. 

I <;.- • r+I\"5Cit" t!•- •-•�1 .... 1,1b••·�• 
• l'fl\9'<01 ./ 1:•-' !j4-!T.1hu•u 

�11--
• rM\-t J '" -• 1!7-r1·1�..- .... r, 

0 0 '' ' """"' •• •• , _ ' ' """"" "' )l� .... d 
14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 JO 

P�(GPa) 

These data show marked consistency, and begin to reveal trends that imply we 
can find correlations and develop a model. 

A 
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Mass Distributions 

• Square vs. Taylor Loading Differences: 

,....::.. 
N 50 '-" 
a. 

A 
•losAiamos 

N.C.TtQN ... L LoliOIIIATOitY 

• Mass vs. Velocity Distributions 

• Total Mass 

25 26 
z(mm) 

UNCLASSIFIED 

27 

Oper.ted by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA 

28 29 30 

• Results Imply Mass and Distributions are Linked to RM Instability 

• Gun Experiments 

Total Mass Increases Linearly with Increasing Pressure 

Mass Distribution is Nearer to the Free-Surface than Taylor Wave Loading 

=> Implies we Should Focus on HE Driven Experiments 

. QAiamos 
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31 

SJdo11 

.,.. , 
--------------------------------------------���= IV�t.'Sli\ Of*ated by los Alamos National Sacurity, llC for the U.S. Department of Energy's NNSA 

12/16/2011 

6 



) 

Unhsocked System 

Target J- Shocked System 
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•I' 
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l' I§ �-= - ...., � 1-ligh b:plusi\c 
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:Y 
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��.-. -� 

� 

'\ 
-�--

§ 
How Much Sldo 13 UNCLASSIFIED 
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Bubble and Spike Model, High-Strain, High-Strain Rate Model 

. �/'i � I [(J'i+l)(/'i}"-1)] ,-,:,L·I = �)'-�+:<vi;"� lu (J:i- l)h/1Y +I) 
= 2/'i y _ � + .'!!_ t- _!_ lu [ J'l + I l :</'i :: J:1 :1/'i (/'i - t JC hY+1 )2 

At.)mptotic SpiktVdocitJ from (f): Iiiii 1i{11) = J:i.,JQ 
'l--oo 

Mikacliaa(I998)Che,;u I approsimatioa to the bal1blc \tkKit': 

Equattons (I) to (J) require tilt' I · b · 6 1 
impuhc: 7/o == -'IJo = 11o 1•11 f.• 

��-----------J 
I COMPRESSIBILITY 

J\1 eycr-B icl\efl(l 972) foand tltllt A =-1 I ..-eqairr.�; •• anra�e of lite 11� .. d 
fKlSI-shock ampfitalks: 

I For bubbles a similar fit to sim11latioaJ ia I Vt;likfn·id• ud Dimoate (1992) gin•s: 
l·'b - I 

ul- l + !1!jf 

I Assuming Compressible and non-linear I effects are independent we find: 

I · b,sl 17o 

Mll,o\I',LUN. K. 0. 1998 ,\u:Jytkl.l appru.tch l•l ... 6.....-.- k.:.,itU-1'a��J! lt'lld HdlttU)U'· 
MeJ1bA' itiSiaiJilit� flibJ'· lll'f. ILII. iiO. fAI!l r,tl. 

�lr·ynt. t\ A. A. uu·v.·�·n. 1'. J. 1�.! Nmu•.,.-i>· .. J i.H ... ti,r;.l+-> 11 H( Uw ...U.I>lll�, "' .. ���-t
:to«'hllltl-d iut�r{.u(" l ... t .. ·.xu tt�,·.,flnJ.t. Pit, •. l''krHi•lt.. � 7JI. 

lliJ\10\H'. f:. k ll.\Uo\l'll.\t4111. ll 20Ul Simulati.11p; 1111d lll<l>"-1 ,,f th.- lll"llllil•�•r f(;.�ltt.uon·-r
\lr"l'�"' Jn11111Wit)'. l'lt.Jt" f'LIW 22.01 �UH. 

\'t,Jlh•A to 11. :\. L �- J)u.l•l t.-rl'; . (,_ 1!1$. 1\oJ..:Ibll!r.r p>'flurl�liom ti.".l) uf 1111' i,._•AMjoriN_.,· 
lt)l-fiii•UT·M• . .,Il\o"'' IUSLdoilit\' l'h,' fu_,._ f,.•ll. 'iii :1112 lflf, . QAiamos 
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A High Strain, High Strain Rate Strength Model (What Conditions) 

pi} (m - (o = 0.2!) k}:� 
t;rn is t.lw height tltc spike reach(•:-; after inversion. growth aud arre..;;t 

when A = -1. 11p f-> 11 fs 

J11 ::::::; Jt X 

Jl = 0.29 

In Piriz (2008), for RT, A = 1, 
for RMI,A =-1, implying 

1- �)/(1- .,,_, 
2ttsh tt.•l• 

Pnuz. A. R .. f.hPI·:z-Ct:t .. \, .1_ J .. TAiiltt. :\. A .. .\.: llcwFt.UKX. D. II. II. 20Cf8 Ric:htmycr-Mcshkuv iustal>ilil.r in dastic-1'1:\stic UlL'(lia.. PI&!P'. RPf!. 1-:78. 056401. 
/"" PIIHZ. A. H .• 1.01'117---CEI .. \. J . .1. k TAIIIR. N. A. 2009 llichtlllytt-Mc:ohk•)l.' in.;:t.at.ility a.. a �l AI tool for 11?\'t\loatiug material .strength under extreme oond.itians. NvcL /ndro.m. McJh. P'h!J.' . 

• OS amos IIRJ< • •  1 r.oG, 139-1-11. 
�",\rl�:��RI(11TU\'I:Jt, IL ()_ lf.t<lJ Ta:rk..c inst.aJ,il.ity in sh•...:-k ar.:t.:clcr:,tiou nf Q'Jlllpr<�...,ji,Jc flnirk Cmtun1JII.. Side 15 
Operated by Los Alamos Purr Appl. Malh 13. 297 31.9. 

LA-UR-11-03785 r.J&.'lS/4 

FYlO pRad Experiments: Model Validation 

. -QAiamos 
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Un.,tahlf' llidJimyer-Mr.shkot• !J''OWIJJ of .•wlid (lfl.d liquid mrlld."J i1t l}(lt:JLUW n 

s. ·rartP: .,ttt. C0111111f'lKni 
PUX'9SOI TNT � f'AAuttU.:41m 

Pf'IX 4501 TNT l'rubxt lk:.Jn 

Cu Taq,oet with conuga6oo:l: 
,- ...... �=f6� 

0 94 .2.,m 

t'rOklDOcam 
C1.1 Motno:RCU111 Trapping Tarp.-t 
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FYlO Results: Model Validation 

•Large drive, improved target design � minimal curvature. 
•Sn targets liquefied, Cu target solid. 
•Non-arrested spike growth in Cu dependent on wavenumber-amplitude product. 
•Spike breakup evident in Cu. 

•FY10 work studied on/off mechanism of ejecta production: 
7 Piriz, et al. found that yield strength saturates the RM amplitude 

pRud0425(Sn: f'.\'H =- 27 GPn) pRad()427(Sn: P:-;8 = 21 CiPa) pRad0426(C'u: f'sH"" :n Gila) 
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So Bubble and Spike Velocity Comparisons 

'l<'k ,,.. rh., r,, ·"-·"' 1Jl=0_3""" ·• '1t=0.3 ,,:s i]�"' ri� 
(/•ml (/•s) (/••) ( uun/l's) (mm/i••) (nunft•s) (mm/t•s) 

Sn-pRDd0425 0.25 

Psn = 26.7 CP:t (Ui (u/} = 1.85 (nnn/1'•) l.O 
u.,,. = 3.97 (mm/11-•l 2.0 

Sn-pRDd04.27 I 0.12 

l',;n = 21.9 CPa 0.3ii (u�) =:' 1;:59 (nuu/Jts} 0.�5 u,h = :1.7 1 (uuu/i'>) l.a 

,\ = 0.55 llllll 

22 -0.012 

44 -0.02:1 
-0.0'13 
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I I +0.010 

31 -0.013 

6G -0.026 
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170: initial perturbation amplitude 
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2.10 
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rf:o: time tbe spikes began t.o comprcs- · nd invert r-�---- -------------+ 
r;,: time over whid1 tbc spikes rise to 000/, of tl1cir max:imum velocity 2 

rJ���-31,.: bubble velocity relative to tlfs at I = 0.3 ps 

iJ':,;,"' the measured asymptotic spike velocity 

ij':x,: the predicted spike velocity. 

uncertainty in all measured velocit ies 1s of 0(0.01 to 0.02 mm/JJS) 

uncertainties in rbo is of 0(0.005 ps) 
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Cu Strength Velocimetry 

•Evidence of initial growth in all perturbation regions 

•Perturbation growth quickly arrests in smallest two amplitudes. 

•kh0 = 0.75 perturbation growth shows pull-back. 

•Material strength clearly affects spike growth. 
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Preliminary analysis by Preston of Cu kh0 = 0.35 w/ PTW 
Copper pRad0426 kbo=<l.lS 2.!1xto7 

1400 
Copper p�6 �=0.35 1-

2.0xl07 
1 I.Sxt01 

1200 � 1000 

r_. 

6 
L f 3 I.Oxl07 8 800 

'V b 
� 
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t (In) 

Mean plastic strain rate in 
the spikes vs. time 

Piriz machinery says: 
Y(J.!'=0.29) = 0.37 Gpa 

1<'.,1• '[(I ;::)/(t :�)]' 
Y = 0.52 GPa 

I'-=36.1GPa 600 T,..=J88K 
400 

0.0 0.1 0.2 03 0.4 
lUIS) 

Mean spike temperature vs. 
time. <T> reaches Tmett at 
0.35 �s. but the Cu remains 
solid until growth arrests. 
Plastic work while <T> = 

T,.. results in -25% of heat 
required to melt Cu. 

4 

2o.o O.t 0.2 0.3 0.4 
l (psi 

Mean stress in the spikes 
vs time. Growth becomes 
plastically unstable at 0.06 
�s. which corresponds to a 
strain of approximately 
60%. 

The simple constitutive relation chosen by Piriz et al., namely elastic-perfectly 
plastic, is a poor approximation. In order to extract high strain rate flow stresses from 
ejecta data it will be necessary to generalize above equation using a more realistic 

Aonstitutive relation. 
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FYll Campaign 1: Cu Strength - Stastics 
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High on our List: Two-Shockwave Uniaxial Strain Physics 

• Results Cross Campaigns 

2-wave Drive Developed and Tested Under C2 

2-Wave Drive Used to Support C1 Physics Topics 

CTH Calculatio� T ........ c_.,..� 
• Elastic Plastic 

o Steinberg Guinan 
• Strength 

o Pmin (16 kbar) 

• Interval Time 
oCTH: 3.6ms 

A o Hydro: 2.5 ms 
• Los Alamos 
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FYll Campaign 1 Two-Wave Experiments 
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Im lementation: Modelin 
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• W. Buttler and colleagues at LANL have made extensive ejecta 
measurements in tin. 

Sn target 

ejecta mass 
measurement 

10 M 30 
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The general setup for the experiment applies slidelines, 
Lagrange and ALE over a dendritic mesh. 

Operated by La& Alamos N.tional Seal'ily, LLC lot the U.S. Department of Energy's NNSA 

FLAG captures the general hydrodynamics of the AI-Sn experiment. 
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• We have demonstrated the conditions under which ejecta form from 

solids and liquids. 

• We are predicting bulk ejecta velocity. 

• Work remains on total mass, but some success here as well. 

• FY12: 

One Sn: I 0 Atm Helium 

Two Sn Two-Wave experiments- Into vacuum into Gas 

Ta Strength? 
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