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Foreword

This issue of tile ICI:' Quarterly contains six artich.,s describil_g recent advances in I,awrence
Livermore National Laboratory's inertial confinement fusion (!CF) program. The ct_rrent

emphasis o1:the ICF program is in support of DOE's National Ignition Facility (Nil;) initiative
for demonstrating ignition and gain with a I-2 MJ glass laser. The enclosed articles describe

recent Nova experiments and investigations taih)red towards enhancing our understanding
of the key physics and teclmological issues for tilt, Nil:.

lkvo of the articles are devoted to improving the performance and affordability of optical
components essential for the NIE The article entitled "l)evelopment of l_arge Aperture KDI'
Crystals" describes developments in the growth of large crystals for frequency conversion
and polarization control on the planned Nit;. We plan to meet tile cost and quality goals of
the N IF frequency conversion requirements by increasing the speed of crystal growth and
controlling imperfections and strain in tile crystals. Imperfections and residual strain in the
crystals affect laser performance by reducing the harmonic conversion efficiency and depo-
larizing the beam through stress induced birefringence. For high peak power lasers such as
the Nil", the system architecture and output fluence are dependent on the damage thresh-
olds of KI)P conversion crystals and polarizers as well as multilayer dielectric coated mir-

rors and polarizers. The article "The Role tff Nodule Defects in Laser-Induced Damage of
Multilaver Optical Coatings" provides a sumnaary of our continuing investigation of laser
damage processes in such coatings, using, for the first time, atomic force and scanning-
probe naicroscopy to study localized defects.

Two articles deal with shock wave propagation in plasmas. Km_wledge of the equation
of state of a material at extremely high presst|re is crucial to our understanding of tile ther-
mt_dynanaics and laydrodynamics of a capsule target. In "qbclmiques for Mbar to Near-Gbar
Eqt|ation-of-State Measurements witla the Nova Laser," elegant experiments are described

which ascertain the equation of state from I lugtmiot measurenaents. Using flyer foils driven
by x-ray emission from Nova hohlraunls, naeasured shock pressures of nearly ! Gbar have
been observed. The article "X-Ray Radiographic Measurements of Radiation-Driven Shock

and Interface Motion in Solid Density Materials" presents the first measurements of the
propagation of radiation driven shock waves througla solid density materials.

The long scalelength, low density plasma surrounding a fusion target provides ideal condi-
tions for the growth of instabilities (stimulated Raman and Brillouin scattering, and filanwn-
tation). The resultant scattering of laser liglat by such instabilities can produce a significant
loss of incident laser energy and can modify the light distribution around the target affecting
tlae symmetry of the implosion. ! lence the study of parametric instabilities in laser plasmas is

of vital importance for ICE The article "l'arametric Instabilities and Laser Beam Smt_otlaing"
describes our studies of the ctmtrol of parametric instabilities tlarough mt_dification of the
tenlporal and spatial coherence of tile incident laser beams.

Finally the ,article "Inner-Shell l)hott)-Itmized X-Ray Lasers" describes a class tff x-ray
lasers that are pumped bv the short pulse, high power lasers that have become available
over the past few years. The autlmrs present calculations of the generation t)i:popuhltion
inversitm and gain in materials pumped through pht_ttMtmizatit)n by a short, intense burst
of x rays. The short x-ray pulse is produced using a 10()-fs duratit)n laser to irradiate a

neighboring high-Z target. This teclanique has the potenlial to allow x-ray lasers in the
wavelength range 5-15 A to be demonstrated.

Brian ,1.Mac( ;t_wan
Scientific !!ditt_r
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DEVELOPMENT OF LARGE APERTURE KDP CRYSTALS

]. ]. De Yoreo B, W. Woods

]. Britte_t L, ]. Athertolt

R, Vital C. A. Ebbers

K. Molttgomery Z. Rek
N. P. Zaitseva

Introduction in cross section and 110 cm in length, making them

We are pursuing an aggressive KDP development more than five times the size of the Nova boules.

program to ensure the awlilability of KH2PO 4 (KDP) In addition to size requirements for ICF applications,
and K(DxH i_x)2PO4 (DKDP) crystals whose cost, size, crystal quality is also important. Efficient operation of
and quality meet our goals for Nova's successor_the electro-optic devices, such as Pockels cells and fre-
National Ignition Facility (NIF). To reduce costs with- quency converters, requires crystals with a high degree

out sacrificing performance, the KDP development of perfectiol_. In particular, internal strains in the crys-
plan will: tals generate spatial variations in the refractive index
• optimize current technology, tensor through the stress-optic effect. The effect of
• develop new technologies for fast growth and low refractive index variations is two-fold. Stress induced

D20 (heavy water) use, birefringence leads to beam depolarization while varia-
• reduce the level of strain in KDP crystals, and tions in the average refractive index generate distor-
• ensure that the damage threshold of KDP meets the tions of the transmitted wavefront. Performance goals

N IF's requirements, for the NIF laser require crystals with index variations
111this article, we describe the rationale, experimental of <10 -5 and anomalous birefringence of <10 -¢'.

• lZ(2plan, and results to date for the first three elements of Crystals that meet the s'. , and performance specifi-
this program. Our work on the fourth element, cations for the NIF can likely be grown using current
increasing the damage threshold of DKDI_ will be commercial methods. However, the estimated cost of
described elsewhere, such crystals, with no further technological develop-

DKDP crystals are widely used to control both the ment, is three to four times the cost goal for the NIE
polarization and frequency of laser light through appli- The cost of DKDP crystals is particularly high, exceed-
cation of the first and second order electro-optic effects, ing that of even Pt and Au on a per gram basis. The
DKDP crystals of extremely large cross section are primary contributions to the cost of DKDP are labor

required for ICF applications. This is because ICF lasers costs and heavy water lease and replacement costs.
must be designed to deliver large amounts of power to The high labor cost results from the slow growth rates
a target while maintaining the intensity in the optical (long growth cycles) required to obtain crystals that
chain at a level that is below the damage threshold of meet the performance requirements and the low yields
the optics. The frequency conversion arrays on Nova, of acceptable crystals. Because the major determining
the world's largest laser, are constructed from 27 cmx factor in yield is the level of internal strain, perfor-
27 cm KDP crystals. The baseline design for the N IF mance and cost are strongly linked through yield. The
incorporates 37 cmx 37 cm Pockels cell, doubler and heavy water cost is alnlost entirely associated with the

tripler crystals. 1 Depending on the type of frequency con- need to fill the growth tank with solution. The actual
version used in the NIE the boules, which must be grown cost of the heavy water, which is incorporated into the

to yield crystals of this size, will be as large as 51 x 51 cm 2 crystal, is insignificant.
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Current Growth Techniques c;ro,,,th then ,,cct, r_ prim,_riIv ¢_,athe {ll)l} face_ h.,adin_
to ehmgation along z an_.i procttlcing a crystal with only

KI)I' crvstals and their analogtles grow with a pyra- four growth sect(ws [Fig. l(d)].
midal habit [Fig. I(a)]. 2 (;rowth occurs on both the KDP crvstals can be grown from an aqueous s_du-
prismatic faces {100}and the pyramidal faces {101 }, lion ¢_fKI)I' salt by either tcmperattlre drop or con-
and thus o cro:.;s section of the boule will, in general, slant tempc, ratt_re Fnetlaods:
contain eight growth sectors [Fig. I(b)]. Because differ- • "lUmperattlre dtxq._ n_ethod---the tcmperattlre in a tank
ent bonds are exposed on the two types of faces, the of 11)1' soltllitm cont0inillg a seed crystal is Iowt, l'ed
segt'egation coefficient for impurities tm the prismatic over time. Because the solubility of KI)I' in water
face differs l:l't_nlthat on the pyranaidal. As a result, the decreases with decreasing temperaturc, 2 the solutitm

composition of the two sectors diffcrs. This differencc becomes stlpt,rsaturated and KI)I' precipitates out of
leads to a claange in the refractive index across the pyra- solutitm causing the seed crystal to grow.
midal-prisnaatic boundary and introduces strain into the . Constant temperature metlaod--thc growth tank is
crystal, t=or this reason, growth on the {I()01faces is con- maintained ,at constant tenaperature./\ second tank,
sidered tlndt, sirabl_, and is easily inhibited either by the known ,as the saturattu, containing water and undis-
presence of impurities in the starting salt or by inten- solved KI)I' salt is held ,at a slightly higher tempera-
tional doping with trivalcnt cations. Conseqt!entl._, lure. The saturated st_lutitna fl'(Wll the saturator is fed
KI)I' growth is typically seeded with a z-cut plate (one to the cooler growth tank where it becomes supersat-
cut perpendicular to the 1001l direction) whose cross ttrated causing the seed crystal to grow.

section is equal to that of the desired boule [Fig. l(c)]. "Flle rate at ,,vhicla the crystal grows__, is controlled
by the degret' of st, persaturation o, tlae '{_>nal._eratureT,
and the magnitude of the flow past the crystal. These

_a_ ic! _ / quantities are related by:

wllert, _,, is tht, growth rate t)f the crystal, f is a mr, a-
". ", "/J_'/_" sure of t_ael:lt)w rate, tt is an activation energy 1_is the,,_ \,, \\ // /,/i e

' " ".. ".\ //'/" . gas constant, and it is a l'lumber of order one. The
/ , ".. \ ",, l ,////./ .."

..... , , .........'""--.."\-.....,,,/,-'.:,&'..................- ../" su pcwsa tt ]ra titre _, is gi x'cn by:
\ 1 "'.,%'\,., "_._. - //,,

...........-x\ _-..............._ [ itltll

\.... -! .......

S,'_id.' car; wilt, re L' is the ctmcentration t_fsalt in the solutitm and

_1,_ I', (,t! I'v ('e('l') is the equilibriuna solubility t)f the solution at '1'.
. ,. . . . ," In t,sseilce, _ pr_vides the dri\ing, t:t_rct, tt)r growth, T

" ' . . ctmtrols _laesurf,_ct, kinetics, and fdt, tt!rmines the rate

' . . , . " . ' ." . at whicl_soluteisdt, li\'ered tt_thecrvstal surface.

; I'v. " ' ', ". - Increased growth rate can be achieved t'itlaer bv
I'r _ 'l'v'> I'v'. I'r I'v " ' >" ' ' ' I'v

' "i's:" . , . ,"" increasing flow until growth is kinelicallv limited or bv
I ' I ' " "" °

' " , . ' . '. . increasing the St_lgersattm_tion. I lowt,\,t:r, ,'is the supt:r-
" .... ' :- - ::_ ...'" • . .. satt_ration increases, the ddlagtw t)f gent'rating extra crvs-

" • . . ". tals in the grt)wtla tank duty It) sptmtant:t_us nucleation
I', I'v a Iso incrt,,_ses. Tht,se spu rit_us crvsta ls :deal llUtrient

[:1{,t'Rl: I. K Ill' gr,_wth habit sh,,win_e, tht' ",,', t,_r bt_t_ndarit's tdasht,d t:rt_nathe na0iil crystal and can ati ach tlaemselves tt_ the
Iil_t's) ,rod tvpic,d distributi,,_a ,_tdi_,h,t ,Iti_ll'-, ('-,t_lidlint's and th,t..,), ll/,iill Cl'VSta] Cdtlsin}2_ strain and cracking. CtmsetlUel`itly,
(,r(_wth t,n {Illl} I,ltt,s I(illllS ])%rl',/lllid,l](['v} "-,tR t_lt'_ ,llltl gn,wtla _,n lilt' It} illCl't?,lSt., the grt_wth I'0tt' Wt, lllU,'..;[ l:t)cu,,.; Ola t_ptimizing
t l()t)} i,/t t,s lt)l'lll, prism01it (l'r) ,t,t t_,r,, (,_) I_t_tlh,gr_,wl_ Ir_m} ,_ ,,inall thtr flow ,Ind incrt,,ising the sial:dilly t)[ the st_iutit)n.

st,t.d and t'xhil,iting ,grt,wlh t,n ,_11ta, ,,s. (b)t r,,ss st', ti,m ,,I an 1_1(111- ('rvstal tlU,`ility is .'.;iVlltlllVIllllUS with _'rv:-ittl] tlnijror-_,r/_pl,ltt, till tl'_.lllllilt' crvst0l t_l (,11sht_wil_, tht, t,iglat grt_wth ht,t h_rs.

(t) l_btllt' _;r,_wn tl't,lll ,i lull--,_i/_,/-td,_h , with i_, :4r_wth ,m tht, i_r>,- mity. 'Flat,degl't,e t{_ whicla itwlic spt_cit's rift' il`iCt_l'pt)l',ltt'd

m,,ti_ l,lt t,s. (d) ('l't)y,,-,,.,t,tti,,!_ _t a/-rut plait, t tit II-IHll lilt, t rv,_t0l t_l (t). illtt_ tht' crystal is a ltll`ictitH1 ()t ttql`ipt, l',iltll't', tlow l',`itt',

and stlpt, rsattlr,`ilit_la; tlat, reltwt,, variatituas in gr_xvtla
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conditions will incorptu'ate varying amounts of impuri- tirne-temperature-c_ncentration Fuofiles I:,vobserving
ties and inhornogeneities ill tile deuteriurn conccntra- the change in dissolved salt concentratitm due tt_ an
tion. These inhomogcncities will in turn generate spatial abrupt temperature change. We measured the salt con-

variations in the lattice parameters. As a result, tilt, errs- centration bv drying and weighing liquid aliquots
tal becomes strained. Consequently, to increase crvstal taken at different time intervals. "Ii7do this, we raised
quality we must focus on rnaintaining constant growth and Im,vered the initial temperatures and exarnirled the
conditions, particularly flow and supersaturatitm, responses to any abrupt cllanges to a given final tem-

perature. As a result, we verified that an equilibrium

Improvements in Saturator determined solely by temperature can be attained.The saturatt_r is essentially a continuous stirred tank

Design and Operation ,._,,_,to_ (CSTR). If a large excess ,,f crystallitc partMes
Ill our previous experiments, we used saturators, exists relative to the amount that is transferred to or

similar to those used in many standard crystallizers, 3 from solution during a temperature change, the disso-

in constant-temperature, constant-supersaturation lution kinetics will be insensitive to that amount. The
growth. These saturators consist of a vessel in which response of the dissolved solids fraction (X) in a CSTR
KDI' salt rests in a bed ,at the bottom and liquid flows to a change in temperature is given by: 4

in and out of the clear space above the salt. In this con-

figuration, replenishnaent of tilt., solution is governed ,IX k[X - X,_(7")] (3)largely by inefficient diffusional transport from the salt d-T = '
bed. Replenishment ix further hindered by the forma-
tion t)f a low-porosity crust that fornas at the salt-
bed/liquid interface. Thus, the concentration of KDP where k is a pseudo first-order rate constant including
in solution leaving the saturator is typically less than the dependence of the solid surface area and Xs(T) is

that given by the equilibriunl solubility at the saturator the temperature-dependent equilibrium solubilit>
ternperature, and it changes abruptly whenever fresh which is a function of time in the above experiment.
salt is added to the saturator. As a result, grmvth rates Figure 3 shows a typical concentration response curve

and their temporal stability arc affected. We developed for a case where the temperature was lowered from 33
and fielded a slurry saturator, which provides intimate to 30'_C. If we adjust the above equation to fit this data
contact between crvstallites and solution, and which then k _: ().017 s-I, The same CSTR model written for

is sized to ensure sufficient residence time and salt the case of steady inflow and outflow is:
Stlrfact' tt) nlaintain on acctlrate and constallt COllCell-

tration of disstfl\'ed solids. Such a system is vital to Xin + (kV /:')Xsat' = (4)
the successl:ul extension of rapid grt)_,_)h techniques X°ut 1+ (kV F)Xsa t
tt_r temperature-drt_p crystallization to, onstant-
temperature growth.

File slurry saturator(Fig. 2)is simply a vessel with

an impeller placed ,at the bottonl to ,agitate the salt bed, Out __.__ Shaft lht,rmi_,lt'r•,91--E_ ---_7::7_:.-::Flat, solutitm is pumped from the tt}p of a long thin tube --_ )-- -II

that extends to tile botttma of tile vessel. The inside t)t: ,_ . _ " -

the tt,be is prt,tected from the turbuh.,nt fit,,,' in tilt, vex- I?Csol and serves ,as a clarifier to settle out salt particles ....... t .lUlid
that w_ulld bec_une extra centers t)l: grmvth ill the crys-
tallizer. The clarifier can reject crvstallites dmvn to a tla,itving 11I
few micrometers ill diameter, but colloidal suspended z,,m....... _ _ ..• --'--'i=- I _ KI )I' ,dul'rV

loidal crvstallites art, dissolved by passing the outlet
stream ti_rtmgh a superiwater dt_wnstrearn of the sate- _-;_:::27z:7-3

rattm "flat, stlpersaturated Slfltltitm then passes tllrough ....." |_lill_ll
a ().().qbtrn filter and a heat exchanger belt)re entering Iml't'ller ....-. I

tilt' grt_wth tank. Tile saturatitm lt,_p is recharged tr_ma
tilt, grt_wth tank by passive gravity feed.

()tlrslurry .,,aturator, operated in batch mode, accu-
rately measures stdubilitv vs temperature t)f KI)I' salt
and deternlint.,s disst)ltltioll rates. We developed lllallV [:I( ,I;RI- 2. %t ht.m,flit _,I tlw slurry saturat,..

l()q
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where Xin is the inlet mass fraction, and V and F are most similar to classical ctmstant-ten_perature crystal-

the saturator volunte and \,olttmetric flow rate, respuc- lizers. It LISOS a saturator loop, based on the saturation
tivelv. If kV/F >> I, the outlet dissolved salt fraction system, described previously. Another feature of this
becomes arbitrarily close to the saturation value, design is the cylindrical tube crystal holder with a
regardless of Xi,. diameter as large as the diagonal dimension of the crvs-

ret racta bleOur experiments use a saturator 'volume of 8 I and a tal, This holder is and can be raised to keep
flow rate of 220 cc/min so that kV/t:--- 35, and thus the the point of the growing crystal in a constant vertical
exit concentration is within 3';, of etluilibriunl, position to keep flow conditions constant ,as the crystal

grows. The crystallizer uses a proven, adjustable cup

Experimental Crystallizer Designs seal around the shaft to isolate the growth tank from
the external environment. When optimized for a full-

With present techniques and heavv water ,wailability, scale crystallizer, the displacement volunle of this shaft
up to 3t)'>;of the cost of DKDI _ plates for an NIF-sized is sufficient to reduce the liquid-filled volul'ne of the

order is in the leasing of heavv water. There are many growth tank by as much as 6()';';. The experimental crys-
options available for reducing the cost: (1) increasing tallizer (Fig 4) is also fitted with a recirculating pump-
the crystal growth rate and boule/plate yield to reduce ing loop in which a centrifugal irnmersion pump
the an/ount and/or time of the heavv water lease; (2) directs a stream tlarough a nozzle near the tip of the
extending recently developed fast-growth metht_ds for growing crystal. This, along with reversible, variable-
temperature-drop growth to constant-temperature, speed rotation of the crystal, provides the fluid move-
constant-supersaturation; and (3) reducing the specifica- meat necessary for effective mass transfer of solute to
tion for the deuteration level of the crvstals to provide a the growing crystal surface.

straightforward cost reduction, at the possible expense We also designed and recently tested a radically dif-
of system performance, ferent conic downflow crystallizer to further reduce

We concentrated on developing crystallizer designs, solution volurne and to provide higiler mass transfer
which minimize the use of heavv water, by reducing rates near the crystal surface. Figure 5 is a schematic of
the volume of the crystallizer, These designs also incor- this crystallizer (the saturation loop is the same as that
porate modifications, with varying degrees of associ- described earlier), The crystallizer consists of a conical
ated risk, to improve mass transfer to the growing plenum that is captured by an o-ring seal inside a
crystal surface. Figure 4 illustrates tree crystallizer st)tin
to be tested. This crystallizer is designed to grow boules
with a cross section of 15(1× 150 mm 2, and aithougla it ('irculatit,n pump

incorporates several untried design features, it is the (t,p st',ll ,_ \', I:ilter
(.;rt_wth _ ---= ,...

It

I,_I E]_ _ _ 5}.]i--

II._ L_"lempt,r,ltllrt, _, "-'l_: (_
I (.tmct,ntr,ltit)n

i: ht d,,h.,r _ c+=
I).h " .9 C- :

S r_.: _ Filter

"_ ii4 , li___ c_ _)

I I

E) Wd|t'l" [d like,
I'_rt h.' ht',ltt,r

II i - ' ' (r ,4al,
I) 2(1 .ll) hll f

/

Iinw (nun) --.d ¢ hiller
|:1( ,L'Rt _"{,Chan)4t, in KI)I' _ult t'ntrati_ul and It,mperatt_rt, _wt,r till_t, +
hdl{_wing ,1t h,m)4t' in tht' ",t,tl_t)int tt,mpt'r,lturt' II()lll 1_{I() ?{()(. in ,i

b,lt_ h ,,]tlrr'v sdttlr,ltt_r..\' rt,pl't'st'llt.,-, t,ilht,r It'lllp,,r,lttlrt, 1, _r t{)lltt,ll-

tratit,n L. '\'t, ,lad ,\_ ,irt, the initial ,lilt] lin,II v,lItlt,S td X, rt,.,pt,ctivt,lv. .... :
Fitting lilt' rt,,q_(Ul.,t, _d tilt' tt mtt'nlr,llit)ll tt_ lit I (I) )2,ivt'", ,I di',_,t)ltllitul

rah' t (m,.t,lnl t_l i)1117., I l:l( ,I)RI. 4, %ht'lll,llic _1 tilt, ,tttgrllt'nlt'tl Ih_w, (_w-,,t) utitm-t,ll_,wity
t rv,,hllli/t,r hu ,qrt_win)_ I_1! • Iql) Illlll 2 KI )1' bt_ttlt,r.
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_:_ [)I _I I( >l'All X'l t)l [..kl,k;l ,"ll'l l,_lllNl I,,,+[)]) ('I,C_'-,I_II _,

cvlind,ic,al tt,bt,. Ihe bt,ttomn edge t_l thi_ cylindric,i! Rapid G rowth at High
tube is cut ,at an angle that nl,ltcllt!s precisely with tile Supersaturations
angle of tht' tapered crystal htddcr, l]v adjustillg the

gap between the crvst,il htdder and tiae tube end (ntma- Using ctmventit)nal techniqtles, Ki)l' crystals are
inallv 0.5 ham), we controlled the leak rate of solutitm grt_wn ,it rates of about 1nlnl/dav, l_ccentlv, Zdilseva ('1
around tilt.' cr\,,tal, throtlgh tilt, gap, and into the stllu- ,I. _'" rept_rted tile grt_wth bv tenq_erattmre cirop o1:KI)I'
titre reservoir below. 1il recharge this leak rate, we and I)KDI' crystals at rates of 1(1It_50 toni/day) What
punaped solutitm from this reservoir inttl the conical enabled tltem to achieve these phent_nlenal growth rates
plent_nl (,in twerl:low svstena maintains a constant liq- was the re,llixation that KI)I' solutitms are inherently st,1-

uid level in the plenunl). Using this getmwtry, we rain- bin ,lgainst sptmt,anet_us crvstallixatitm up to relatively
imized the fluid vtdume surrt}unding the crystallizer high stipersattlr,ltions, provided the stHutitm is properly
and maintained high fluid velocities very near the prepared and all sources t)t;sptmtaneous nucleatitm are
crystal surface. The stHution voltlnle thei'efore can be removed frona the crystallizer. Stabilization is achieved
very small, bv first filtering the solutitm to remove t:oreign particles,

_iT_test this concept, we grew a lt)()× 1()()x 30 nlnl 3 which can serve ,as s_urces for laeterogeneous nucleation,
boule for 15 days frona a z-cut plate in an existing tank and then superheating the soluti_m bv tens of degrees
(used for convenience and not optimized to reduce solu- above the s,atttratitm point to dissolve any small nuclei,
tion volunle). During that time, the crystal grew ,at art which could cause laonlt_geneous nucleation. St_urces t)f
a\'er,ige rate of 2 tuna/day in tile x-direction with no sig- nucleatitm within the tank are eliminated by a\,oidirtg

nificant \-v growth. Several veils (light-scattering inclu- sharp corners, pores, cold Fpots, regions with no flow
sions of solution) formed on the crvsttal edges due tt) the (dead zones) and by herrnetic011v sealing the tank during
non-reversing rotation ot: the crystal holder. Otherwise, growth. Growth is also seeded with a small "point seed"
the crystal quality was sufficient to deem this first rather than a full-sized plate IFig. l(a)]. This is necessary
experiment a success. Our next experiment will provide because ,at such high levels tff supersaturatitm, impuri-
a tuore accurate, repeatable, and reliable means of con- ties are ineffective in inhibiting growth on tile prismatic
trtllling tile fit)w-regulating gap. "Ib ensure the rnainte- faces. Consequently, a small seed is retlttired ttl produce
nance of the solutitm level around the crystal, we will a boule with a useful aspect ratio.

place a level-detector in the plenum with a servo- VVeinitiated a set tff experiments to e×tend this growth
ct_ntrtdled positit_ning system tt_ adjust the gap. tecl'mology t_ tile growth of large-aperture, higla-quality
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t cr\'_tal,,, l:i,tlrt.'.'-;(',(,I) ,I11d (t+)nt'L,l,hotL_r,IF_l_s t_l KI )I' l:\'c'nttu_llv, it c,in bect_nlc _,ulliciL,ntlv l,lr,+4t+'It) t+',Itl,',t.' laser
crv+,..;t,+llst+c'ing _t_wr_ u.,-,inu,thi.,-,n_t.,tht+_d.,+\t tht+'ttmt.' induced _.i,lm,lg,+'in tlu., t)pti_++_.(2) Antullah>ti.'-.bireirirt-

ol tht.,_., l:,l'l,,+tt_ral:d_s, the crv+t,_l in l;i_. (,U+) l+_,;dbc,c'n yc,nc_.'in tht+'lrequt.,nc+v_:t)nvt,l_it'ul cr\'.'.,tals rn,Ikt+,.,-;it
glt_xx'ing lor_ d,lVS dt It) mtrt/d,_\' while tht, tmc, in impt+s.,-,iblc,tu met't the ctmdilion Ior ph,l.,,c rn,_tchirl_ ,+t
t:i_. o(I+) h,ld t+_.+_.,rt)ar_x,cin_ ior 2._ d,l\:.s dt 3tl l_+m,/d,_V. ,_11pt+sitions in tht+'crystal. +MilsreducL'.s thv ox'cr,+ll fre-
t lsir_g CtUlVt'llliondl metht)ds, ,_ crx'nt,_l t+l this si/_., qtwnc+v ct)nvt_,rsit)ll ei:lici_.mcvand prt_duces turtlu+'r nlod+
would t't_'qt_irc',_ _,l'oxvlh tinw t)l al'_t+tll 2 m_nths. lht' ulalitm t)lr tht, l++.,,_rni_tensitv. (3) 'l+hedistortions o1 the

putenti,_l l_+ror+st savings with this tc,cltniquc is obx'i- tr,+nsmitted xv,lvt.'ll+tml l:l't+lll tlw I't)ckLqs o.,11caused by
ous. -lu re,'_lizt, tht)+,.,esaving.,-;, t+\'c,r the next 12 tllt+nlhs, v,_ti,+titms in the',lVel',1,u,eretrncti\'e index le,u.t to t,m.,r_,.v

we l:,ian tt_: (1t d_.,tc,rmin_.' the del.u.,ndenc_, t+f int_'vn,al losses ,it the' du_vnstrc,+rn .sp,_ti,_lfilters. (4)'l?,ansmitted
.strnin _m grt+wth ratt'; t2) dt,x'L:,h_p,_ tatt,tht+d tor hat+,it xv,_vt,lrtmt disttu'titm lrt)lll the i'u_rn_onic gc,rtc,ralor crvs-
contrt+l; t3) scale tht, mc,tht+d tt+large, size; and (41 t,_ls r_+,duccstrcquencv ctmvcrsitm efficiency and st+ttens

inctwpurate the tc,chnique intu ,_cunst,_nt-tc, mper,_ture lhe locl.ls ol +the [+_.',inl ,lt the t,_ry,L't.
sx',,tetu usiny, the s,;turatt_r desct'ihvd c,,_rlit_'r._tel:+s 1 The level ,+twhich these cflects are acceptable
and 2 ,_t'ecurrentl\' underxx,_v, and the equiprn_.'nt lor dc,tern+inL,.'-;the .,-,pc,cifications for crystal quality.

step.'-; 3 ,+_d 4 is b+.,irtgdesigned, Re,suits thus l,_r indi- CtmsL,qucntlv, th,., l,+ser t'u.,rltwn_,arwt.,requirements
c,+t_.,th,_t habit c,an Ived,.,termined tw cuntrollin_, the exert ,1 strong influence on the yield t)t ,tccept,_ble

disl_,c,_tion strt_ctl.lre t_l+the c,_pped seed, ,_nd th,_t the crx'st,_l pl,;tes tl'Olll ,111d+".;-gl'O%VI1 bot_lt' and hence cost,
lex,c,It+l:strnin in crystals grown at laigh-grt+wth rntes is "ik+incrt, asL' the yield and rt.,duce the cost, we ,_re
similar tt) th,_t it) crvst,_l+,-,gl+t)xvnctmventit+n,_llv, wt_rking to underst,_nd the source of str,+in in KI)I)

,+nd its ctmnection it)optic,_l de_,r,+ct,'_tion,

Understanding the
Source of Internal Strain The Stress-Optic Effect in KDP

As disctls.,.,ed, intt,rn,_l str,_in in crvst,ds gc'ner,_t,.'s spa- t,,V_.,h,_,<esht)v<rt7's tl'mt in (ll()l) KI)i' and DKD! )
tml vnri,_tions in the ret:r,_ctive inde\ tenst)r tlm)ugl'_ the plates, internal strairt induces ,_ sp,ltially x,,;rying

stn.,.,,,,-t+t-,ticclicct, Ihi.'., results in t,oth ,lntulldh)tls bin.,- change in the refractive index given by:
t:ringence and vari,+titm+,.,in the avet',_gt' relr,'u+:tiveindex.

The dt.,trirntmt,+l t,ft:ect.'-,t+l thi.'.;str,+in t)n I¢+F l,_ser 5_+
p_.,rlt)rrrt,_rtce are It+tnr-fold (I)The stn.,.,-,sinduced bite- _' -_, _ ,X_++....... (5)
lrin_c, ncc in the I'ockels eel! crv.st,_ls t_,auses be,+m ,.tept)-
h_ri/,_titm, l'h+,causL,the l't_ckcls cell is used in ctmjunctitm

with ,_ polarizer, I.+as.,,n_+oi thv t,e,_n_ thruu_h the polar- where +l, is the ordinary index, u ' is the new index, c'x_+
i/c,r rc,sult_, in ,+p,ati,_lv,_ri,_tit)ns in tmtput intensity, is the, ,_vt,rage slaift in refractive index, ,_nd 6H is the
Thi.,, inter_sitv mt)duh_titm tllL,n y,t't+ws tl_rou,,e,hnt+nlin- induced l,irefrin,u, cnce, The dependence t)l A++,+nd 8_1

e,lr ab.,,urt:+tive prt)ct+,,,ses in tht., dt)xvnstl't_',lltl t)plics, tm tilt? ct)rnpt)nt'nts of tilt, strain tensor are ,_ivell bv:
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1 ) c_ + )+f_13c ((i) is a "last grown" crvstal (q71£;) cut frona the end of theAII-_n " (PlI+PI2 t't/ -
boule. Figure 8 shows the transnaitted wavefrtmt pro-
tiles for the same crystals. The overall depolarizatitm

and losses in the first and last grown crystals are (),087'); and

o,0t14';;,respecth'ely, The naaximttm losses are 1.(F;; in
1t

&t = n,,t_0,_ vt/ ' (7) q7FG and 0.0(_':; in the t_7LG, The maxinmm loss in the
first grown crystal corresponds tt_ a birefringence of 3,2

coel|lclents; gx' t'j/,where the Pii's ,are the elasto-optic '" ' _J ppm, a strain of 38 ppm, and a shear stress of 2.3 × 10s
and c: are the normal stresses; and ev_/is the shear i'a. The transmitted wavefront data show that the index
strain in the xv plane of the crystal. Tile effect of the inlaomogeneity varies from 17 ppm in the t)7FG to about
index shift An, is to generate a spatial variation of the _.4ppm in tt7LG, The corresponding normal strains are

phase I', given by: on the order of 10 ppm.
Altlaottgh we observe a sttbstantial variation in the

level of strain from bottle to boule, the above results2n

I" = _ Anl , (8) are typical and show that the level of internal strain is
much greater in first grown tlaan in last grown crystals
from a single boule. There are three possible sources of

where I is the thickness of the crystal and Kis the strain in these crystals:
wavelength of the laser.

The effect of the birefringence is to generate a depo- (a) (b)
larization loss L, given by:

sm _ n nl (9) _._:
:% ::

Consequently, we can use measurements of the depo-
larization loss and transmitted phase front to determine _,,_
the magnitude of the internal strain in the crystals.

Measurements of Optical Distortion

Using a circular polarimeter s and a phase stepping
interferometer, we measured the depolarization loss
and transmitted wavefront distortion in large nunabers [

t)f KDP and DKDI' crvstais ranging in size from 5 x 5 x Ill'_ 102 10-' I Itl
I crn 3 to 32 x 32 x 1 ct_a3. Figure 7 shows the depolar- Loss in percent
ization loss profiles in two 5 x 5 × 1 cm 3 crystals of FI(;UI,IE7, I)epohu'izatitm h,ss in percent: (a)t)7FG,a "first grown"

K(I)0.,_sHtLtl2)2PO4 cut frolrk the same botlle. The crystal crvst,ll, was cut from just above the seed cap; (b) tt7l..(;, a "last

in Fig. 7(a) is a "first grown" crystal (97FG) cut from grmvn" crystal,was cut frmn tilt.,elld of the boule.

(a) (b) FI(;URE 8,

(i,23(_ 11,174 Transmitted wavefront

i1.2(13 0.14_ in fractitms t)f d wave
fl't)lll (,I) tl7F(; and (b)

1).[(_tt 11.124 tl7l.t; of the sa me crys-
t,lls as sht)wn in Fig, 7,

(1.13q I).OCJt)

(I. I()1 (L074

(I,II(_X (I,OSt)

I).1134 11.l)2q

11 l)

I 0t}
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I. Impuritie_ can c,lu_e _train due to lattice misnlatch, dense in dislocnli_ms, a di_tributio, _1 "dCmlain_," nnd

I_elotlt,t _'1a/. 10used x-ray topography ,Im.t ,mtomdIo- regular banding in { I()ll} gnvwth sectors el rapMly
graphy to dt,monstratu tiial spntI,1l v,lri,ations in the grown crystals. ('l'he .growth bands hnve not bet,n
concentrntion of trivalent cntions ,it the I() to !()0 ppn_ observed in conventionnllv grown cr\,slals bucattse

h.,vel generates regions of strain and th,lt tile patterns they do nt_t contain any prismatic sectors.) Figure L_
of strain oftt, n reflect tlle growth II,d:,itof KI)I: shows the tt_pographs of t_71:(; and tJ71.(; <rystals.

2. The mixing of hydrogt, n and deuterium on tht' Crvstai t;71.(; [l:ig. %1)] is virtually dislocation free, but
hydrogen sub-lnttice will generate strain, dut, to the cont,uns well-defined domains, polygonal regions whose
differences in the structurdl p_lralllett'rs of K] 12l_04 lattice p,lrnrneters ,rod/or orientntions dilfer from those
,and KI)zl'O r l:lotla tile cull p,u',lrneters ,irtd tile orien- of tile rt,st of the crvst,al. Tlaev oppear ,as dark regions on
tntion of the I'O 4 tetr,ahedm are different for the two the topt_graphs becdtlse they are not in diffr,wtion simul-
-,rid rnernbers of this solid solution series, 11.12cerise- t,mt,ouslv with the rest of the crystal. The ch,lr,wteristics

quently the mixt, d crystals will be str,fint, d. The of these donl,ains nre currently tlnknown l_ut they nre

cllange in tile average orientation of tile !'O 4 tetmhe- most likely ,a result of inl_omogeneous impurity and/or
dra within tiw x.v-plarw of tile crystal with ch,lnges in II distributions. Tile locatitm of the donl,dns ill t_7L(; cor-

deuteration is particularly large nnd reaches 0.5 _'in responds to tile regions of highest depol,u'izatitm loss
pure DKDI'. A shear stress in tile xy-plaiu.' will also iFig. 7(b)l. tlmvever, the magnitude of this loss is rela-

result in such a rotation. Consequently, t t-D mixing tivelv snmll. Crystnl t171:(;IFig. t_(b)l cont,ains ,1few small
can ere,ate large slle,ar strnins ,and sllould be effective domains but exhibits ,a [,ai'l..,;enurnber of disloc,flions con-
in genernting depolarization losses, ltmvevei, these tained in five groups. Although not exact, there is n corm-
losses will truly be observable when the tl clistribu- lation between the h_catitm of these dish_c,_tioll bunches

titre is ct_rrelated over distnnces that ,are ctmaparable nnd the lobes of high depol,u'izcttion loss IFig. 7(a)i. The

to the s,unpling x,oltirne of the laser, tr,msnlitted w,_vefront profile for this crystal also
3. Dish_c,ltitnas produce strain fields which vary ,_s I/r reflects this distributior_ of dislocatituls but, once agaitl,

where r i:, the distance from the dish_c,_titm. 13X-r,lV ,a tree-to-rule correspondence is not observed.
toD_gr,apllic studiesl4, I._h,_ve sl'town ttlat the majority In the KI_)I' ,and I)KI)I' boules we examined, first-

of dislocatitms in KDI' enl,anate frtnn the seed olp, grown crystals were high in dislocatitm density but
prop,lgate at _lv' t_ the pyr,lmidai 11011faces of the errata|ned few donl,fins; middle- and last-grmvn crys-
growing crystal, ,and emerge from tile crystal ,at tile tals cents|ned few dislocntions ,rod numerous large

11001fdcus IFig. I(d)l. Ct_nseqtleiltly, tile _.tislocatitm dtmlains. In e,ach case, the dona,lins ,lppear to contribute
density ,as well a'.;tilt, internal strain due to dish)ca- only tt) moderate levels of strnin while crystals high in
titres should decrense with distance from the send. dish_cntitm density were nhvavs highly strained. While

there is sometimes a strong correlation between tile pre-

X-Ray Topography cise It,cation t,l: tilt' dislocatitm bunches and dw lobes of
high depolnrizntion loss, ibis ctm'elation is often ,absent.

Ft_ identify tile SOtli'Ce Of tht, strdin th,at gives rise to Wu presurne this is becdtlse: (1) Thc reflected x-rays

the observed optic,al distortitms, we performed x-rnv originate in tim tipper II){I}.tillof the crystnl while tilt,
tt_pogr,aphy using white-beam svnchrotrtm radiation in optical profiles sample the entire thickness; and (2) The

reflectitm on fiftcer_ 5 x 5 x 1 cm3"Kl)l ' and I)KI)I' crys- optical distortion is sensitive only to particuhlr compo-
tals. Our restllts revealed three comrntm defects: regions nents of the stress field, whicla is n ctwnplicnted ftinction

I1()
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INNER-SHELL PHOTO-IONIZED X-RAY LASERS

D. C. Eder

G. L. Strobel

R. A. Lolldoll

M. D. Rosel_

Introduction from the out,., L shell. The energy of the x rays required

This report summarizes the processes that are impor- to inner-shell ionize these elements ranges from 870 eV
tant in calculating x-ray lasing pumped by inner-shell for Ne to 2.8 keV for C1.

photo-ionization. Our discussion includes modeling of Inner-shell lasing at very short wavelengths (15 to
the high-Z plasma heated by a short-pulse high-intensity 5 _) requires, as is the case for all lasers, a significant
laser, and the spectrum of the resulting x rays that are population in the upper-laser level and a small popula-
produced. The calculated x-ray flux is used to pump a tion in the lower-laser level. But, this places require-
Ne gas to predict gain at an x-ray wavelength of 14.6 dk. ments on the driving laser and the fabrication of the
In our conclusion, we suggest improvements in the target material: (1) Very rapid Auger decay is the domi-
modeling techniques and address requirements on the nant process that fills the inner-shell-electron hole. In
driving laser, this process, an outer-shell electron fills the hole with

The collisional excitation approach to x-ray lasing, tile extra energy being carried off by another outer elec-
which was pioneered at LLNL, has been used to obtain tron that produces a doubly ionized ion. To maintain a
lasing in the 35 to 500 _ wavelength regime. 1Given suf- significant population in the upper-laser level, the rate
ficient pump energy, it may be possible to extend this of inner-shell ionization must be comparable to this fast

approach down to 21.5 _ using Ni-like U. To achieve Auger decay. The ionizing x rays come from a nearby
even shorter wavelengths, however, we must consider plasma, and the requirement of a large x-ray flux for

other pumping methods such as lasing following inner- ionization translates to a requirement of high intensity
shell photo-ionization. This lasing approach uses a high- on the driving laser that heats that plasma. (2) It is also
intensity optical pulse with a rapid rise time to heat a necessary to keep the population of the lower-laser
plasma, which emits a large flux of x rays with a corre- state small. Since this state decays very slowly, this
sponding rapid rise time. With appropriate filtering, places a requirement on the rise time of '_he x rays that
these x rays can be used to pump a population inversion translates to a requirement on rise time of the driving
in another medium. The x rays preferentially photo- laser pulse. Additionally, the lower-laser state can be
ionize electrons frorn lower energy levels, leaving higher populated directly by ionization through collisions

energy levels filled and hence producing a transient pop- with energetic photo and Auger electrons. To reduce
ulation inversion and laser gain. Recent advances in the this process, we introduce H into the lasant medium.
required short-pulse high-intensity driving lasers have

generated renewed interest 2,3in this method, which has Inner-Shell Processes
been around for a number of years. 4 Inner-shell lasing
with wavelengths from 15 to 5 g, is possible using ele- Current x-ray lasing schemes use valence transitions
ments from Ne to C1 as the lasant material. For these ele- of highly ionized atoms. For example, Ni-like Ta, with
ments, the population inversion is between two energy 45 electrons removed, has a lasing transition between

levels in the singly ionized atom. The upper-laser level the excited 4d to 4p levels with a wavelength of 44.8 _.
corresponds to an electron hole in the inner K shell, and Alternatively, we can obtain short wavelengths in
the lower-laser level corresponds to an electron missing singly ionized atoms by using inner-shell transitions.

However, the difficulty is that nonradiative processes
(e.g., Auger decay) play an important role.
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Figure 1 shows tile important levels for inner-shell greater than the K-shell edge, which allows for bands
lasing in Ne and Mg. We used a hole notation where, of emission to be used. The K-shell photo-ionization
for example, LL denotes a doubly ionized electronic cross section decreases rapidly above the threshold
structure with two holes in the L shell (principal quan- energy, particularly for the lower Z elements, which
turn number 2). The energy of tile K-hole to L-hole las- limit,; the usefulness of a wide band of emission and
ing transition is a large fraction of energy required to places requirements on the energy and width of the
create the K llole giving tile scheme a higl'l quantum radiation band. There are difficulties using higher Z
efficiency. The figure shows the Auger rates out of the atoms to extend the scheme to a short wavelength:

upper-laser state of 363 and 492/ps, which greatly (1) higher Z atoms have larger Auger rates out of the
exceed tb.e radiative rates to the lower-laser level of 6.7 upper-laser level, (2) higher energy x rays are required
and 16.3/ps for Ne and Mg, respectively. For Ne and with higher Z atoms, and (3) the photo-ionization
Na, the lower-level decay rates are very slow, causing cross section decreases for higher Z atoms.
the laser to self terminate. For elements with two or

more M-shell electrons (e.g., Mg)the lower-laser level X-Ray Source Modelingcan have an Auger decay. The rate for tiffs Auger
decay is always relatively slow compared to tile K- We have known for many years that high-Z material

shell Auger rate, but does exceed the radiative rate of (e.g., Au) is an efficient source of x rays with important
the lasing transition for Si and higher Z elements. Self application in ICF and other areas. When short-pulse

termination still occurs for higher Z elements, because high-intensity lasers heat flat Au targets, the reflectivity
collisional processes can populate the lower level increases (exceeding 909_,for high intensities), resulting
faster than they can be emptied by Auger decay, in poor coupling to the target. 5 When grooves are made

In addition to collisional population of the lower in the target with depths of order 2000/_ and spacings
level, consider direct photo-ionization of an L-shell are small compared to the wavelength, the reflectivity
electron. This process directly populates the lower- measures less than 20_7_,indicating good coupling. _
laser level. For x rays with enough energy to ionize a Therefore, using grooved targets is one solution for
K-shell electron, the cross section for L-shell ionization heating the target effectively.
is approximately 10 times less than the K-shell cross Figure 3 is a schematic of a complete x-ray laser

section for the elements of interest. This means the target. As illustrated, the short-pulse high-intensity
majority of the photo-ionizations from these x rays will laser heats tile grooved target to produce a short pulse
result in a K-shell hole. However, to keep L-shell ion- of x rays. The optical laser is line focused onto the
ization at an acceptable level, the majority of x rays grooved target, with a width of 5 [Jm and a length of 1
with energies below the K edge must be removed by to 3 cm. The low-Z filter (3Ham Be) absorbs tile major-
an appropriate filter (e.g., Be). ity of the low-energy photons that could only ionize

Compared to photo-resonant-line schemes, one L-shell electrons. The thickness of the low-Z filter is
advantage of photo-ionization is that it does not comparable to the width of the line lOCUS, which
require the x rays to match the energy of a pumping
transition. Figure 2 shows the K-shell cross sections

_ 40 I

for "even" Z atoms. The x rays only need energies
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FI(;URE l, Relevant transition.s for inner-shell phi)to-il)nization i)f

Ne and Mg. The Auger decay rates out of the upper- and lower-laser

levels, the ionizatitm, and la.sing transiticm energies arc, given.
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means that 2-D dilution effects musl be included when laser energies on tile order ot:5 hi 15J. These energies
calculating the x-ray flux that reaches the iasant mate- are approximately a factor of i{) greater than what is
rial. The high-energy x rays that pass tllrougll the filter available from current laser drives, but should be avail-
inner-shell ionize, the lasant malerial, q'o reduce coili- able in the near future.

sional ionizatitm, we used 11as n significant fraction of F'igure 4(a) shows the calculated spectrtlm I()() fs after

the lasant target (discussed later), the peak of the optical pulse. In Fig. 4(b), wt, express tile
W,, modeled tile grooved target using the hydrody- spectrun_ in terms t)f the tempernture ofa blnckbody

namic code LASNEX, ,as a collection of expanding pla- ('l'bb) that radiates an equal nrnount of energy per unit
nat foils. We assunaed the energy associated with a laser area as the foil at each x-ray energy. There are two peaks
intensity of 1017W/cm e to be absorbed in a skin depth in the emission corresponding to iI = 5 to It = 4 transi-
on each side of a I t)00-A Au R_il. The duration (FWHM) tions around I keV, and n = 4 to u = 3 transitions around

of tim optical pulse was taken to be 100 fs ( 1 fs = 10 15s) 2.8 keV from various highly ionized stages ot: Au (e.g.,
with a Gaussian temporal profile. We found that shorter Ni-like Au). The lower energy peak is appropriate for

pulses do not significantly decrease the rise time of the inner-shell ionization t)f Ne or Na, and the higher energy
required × rays. While intensities greater than lt)17 peak could be used for S or CI lasants. We calculated the

W/cm 2 have been obtained with 100-fs pulses, the rein- radiation using average-atom atomic physics with prin-
tively large area in this line-focused geometry requires cipal and angttlar-momentunl quanttml numbers.

(When we used the simpler average-atom atomic model

with only principal quantum numbers, the peaks were

,_/.,.- /j_ narrower and had laigher peak values. 3) The energy ()f
_/./ // these two bands of emission depends on the incident

shifts the peaks to higher energies. The type of hwget

" _-_i......... " material also changes the energy of the peaks, which

I ligh Z I.,)wZ allows you to obtain a band at the energy needed for a
target filter particular Insant by warying the Z of tile pump material.

The rise time of tim x rays is very important for inner-
Short-pulst, shell photo-ionized x-ray lnsing, l:igure 4(c) shows the

high-intensity time dependence for x rays near the K edge of Ne with

optical laser__( 1i,u.d___t the iO0-fs optical pulse centered at 150 fs. The energy
C " "'"_ band of these x rays shifts in time because of a changing

._" I-3 cm ionization balance associated with a changing tempera-

ture. These shifts, combined with a change in the rang-
, vt,lume nitude of the peak, give rise to the time dependence

I"_----_'1"_.......... -_1 shown in the figure. Figure 4(c) also shows the time?,Hm '5 I.lm

5h,,rt-w,lvch'ngth dependence for representative x rays that do not have
x-r,lvlaser beam enough energy to ionize K-shell electrons but can still
FI( ,URIi 3. >cht'tll,ltic,)1,1c_,mph.te imwr-shell phot,)-ionized ionize electrons out of the L shell. The rise time for

\-r,lv last,r, these x rays is sh)wer.

"2 (I.S ().H 1 " Ne K-sh

7:, 3 i).2

z, ,,.2 l ,,21- [
_ (1,I

L/ I ) ] ) (I ,I i I I i()() 2 , -1 ()t I 2 3 4 () 51) I{)(I I;() 2Ill) 2q() 3()1)

Energy (kt'V) tmergy (kt'V) "I'illlt' (Is)

}71(IIURI' 4. (,I) 5petTtrtllll _)t,1 I(}()()-e\ /\|1 targel al lift) Is ,llh,r peak _1 I()()-fs (FWI IM) plllst,, The ,Ibsorl3t,tt inlt, llsitv oil each side t)l tilt' Au flfil

is I{)17W/tna 2. (b) Tht, spt,_ trum t,xt)rt.,sst.,tt in terms _)1an t,tluivahufl blatkb_)dv tempt,rattln, (11,1,),(t)Ti!llt,-dt,i)t,l{dt,nl etluiv,lh,nt bl,wkbl)dv
tt,mperalurt* ust,ct fl)r K- dml 1 -shell i(mizdiitm.
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X-Ray Laser Gain Calculations (=l()13W/cm2),because the rapid Auger rate out ofth
upper-laser level makes it resistant to change, t Iowever,

In general, there are three important ranges for the the short duratitm (_2() fs) and small cross-sectional
gain-length GI, product of an x-ray laser: area combine to give an otltput energy on the order of
I. In the smallest range (GL-_ 5), there is a clear ! luJ/pulse. For an input pulse of 10J, this corresponds

demonstration of lasing, to an efficiency of 10'7. This efficiency is approximately
2. In the mid-range (GL _ 1¢)),there coil be enough a factor of 10 lower than that obtained using saturated

intensity in the lasing transition to be useful for collisional x-ray lasers with kih}joule inputs and
applications (e.g., DaSilva et al.(_obtained microscopy milli)oule outputs. I

images using the Ni-like Ta collisional x-ray laser The repetition rate at the driving laser will be impor-
with a GI, = 8). tant in determining the range of applications appropri-

3. In the largest range (GL = 15), saturation is reached, ate for a short wavelength x-ray laser with 1 iuJ/pulse.
The only x-ray lasers that have obtained saturation

are Ne-like collisional schemes. Our calculations Conclusion
show that an inne;-slaell x-ray laser scheme could
operate in the first two ranges with driver laser The prospect of having driving lasers with a pulse
energies in the 5 to l(1J category, with satttration duraticm of 100 fs and energies in the 5 to 15 J range
requiring approximately 15 J. motivates a renewed consideration of inner-shell x-ray
In this article, we present gain calculations for an Ne laser schemes. A scheme based on K-shell ionization

lasant, ionized by x rays emitted from an Au target after using Ne to C1 as the lasant material could provide las-
passing through a 3-j.tm Be filter. We use the drMng ing in the 15 to 5 _ wavelength regime. The calculated

laser conditions discussed earlier (i,e., absorbed intensity x-ray flux from an Au target heated by such a high-
of 1017W/cm 2 and a 100-fs FWHM pulse duration). We power driving laser is sufficient to obtain lasing with a
modeled the calculated time-dependent LASNEX emis- gain coefficient in Ne on the order of 5/cm. For a driv-

sion spectrum as a composite of two blackbodies with ing laser energy of 5 to 15 J, this gain should allow
time-dependent temperatures. One temperature charac- clear demonstration of lasing and may provide enough
terizes the incident x-ray flux at energies just above the K energy to reach saturation. We calculated saturated
edge; the other characterizes the incident x-ray flux that output pulses to have energies on the order of 1 laJ.

enters into the calculation of the L-shell ionization. The To improve our modeling techniques, we plan to:
relatively rapid decrease in the cross sections makes this (1) Use the spectrurn in the gain calculation instead

approximation reasonable, despite the nonthermal prop- of expressing the spectrum in terms of the Tbb. (2)
ertv of the spectrum [Fig. 4(b)]. Previous calculations Calculate the spectrum using a detailed atomic model
modeled the x-ray source as a single gbb .2 For future cal-
culations, we plan tt) extend our modeling to use the
LASN EX spectrum.

The rise time for the two x-ray sources is obtained ('
from smooth fits to the two curves IFig. 4(c)]. We used
the blackbody fluxes to calculate ionization after 4 _

accounting for absorption in the filter. The Ne is at a C

density of 1.5 x 102(Icrn -3 ill liquid H, The 1'_ of Ne in _ -_
the mixture absorbs almost all of the x rays. The H is _ " -
present to thermalize the energetic photo and Auger _
electrons that could ionize the Ne. Figure 5 shows the !_
time dependence of the calculated gain in Ne for the _ t) ....
2p-I s transititm at 14.(_ A.

The peak gain coefficient is about 5 cm -I with an -.2 _
FWHM duration of approximately 20 fs. For a l-era-
long target and absorbed energy of 5 J, this gain coeffi- -4 I I
cient would give GL = 5, showing clear demonstration () 5{) I()() 150
of lasing. Longer lengths and larger input energies are Time (t:s)

required to provide a useful amount of x rays for appli- FI(;URE5. Time-dependent gain ctwflicientft,"an imwr-shullpht_tt_-

cations dnd to l't?ilch saturatit)n. We calculated the sattl- ionized Ne ×-ray laser at a wavt, letlgth _1 14.h A u,'sing the x-ray flux

ration intensity for this scheme to be relatively high from an Au target heated by the ¢_plical pulse dr,scribed in Fig. 4.

115



rdther th01_ the dvcrd_e-dtonl app,'oximatio,_, becat,.,,e Acknowledgments
we found there is a significant difference ill adding

angul,lr momentum splitting within the average-atom We thank !' Amcndt, R. Falcone, S. (;ordon, and tt.
appro\imation. Althoue, h detailed atomic lllt)t|t'[s that Kaptcyn for inft_rmative discussions.
treat individual ionization stages would calculate line

emission more accurately, their assembly requirements Notes and References
dad Ct)lllptltdtiond] tOMS C&ll be COllstlnlillg. (3) Add I. N Ral_ l,i,_c, ,. 19')2, I'r,,, cc(h,.,4_.,'l /hc ,Ir,l Inh'rltoti, mol C,,Ih,,i,uu,

the effects of ponderomotive force.'-; in our calculation. ,,, x Raw I ,>,'rs, lt.)l' t_mt. St, r. 12q, IM., [:. ]:. Fill (it }1',Ihi.,,tol,

_A,lt.' CtllTOiltlv lllt)dei tile grom'ed tdrgets as t.'xpdnding I(nglamt, I_Jt_2),and it, lt,i't,lltt,y; therein.

planar foils without illcltlding ally pt_lldert)nlt)ti'¢c 2. II. t. Kaptt,yn, "l'hot_,i_mi/,di_,n-pun_pt,d x-ray ],lh,UlS tl.,,illg

force associated with the intense laser field. Mourt_tl ultr,l,,,latut-lmlst, t,xcitatitm," .'lt,t,I. t)l,l. 31, ,lt_?,l 4_3, (Ittt_2).

and Umstadter 7 observt_'d that pt_nderonlotive ft)l'CeS 3. t;. 1.5trobt,I, 1). C. I(dt, r, R. ,,\. I carton, NI. 1). Rost,lL R. W.[:,llcotlt,, ,lad S. I'. (;eldrill, "llmt,r-.sht,II pholt_-it_llizt,d x-r,lv laser

inhibit expansitm when he,lting slab targets with short- :.4t.llt,lllt,.,.,,"ill .qh,,rl-i'Ms,' Ih_h-hth'u..;U.II I.,is,'>, ,,M ,,llU,lic, lious,

pulse high-intensity lasers. The resulting higher densi- Ed,, II. A. I:taldis (SI'IE ......Intt,rn,Hitm,d St,cietv Iiu' _.)ptical

tics associated with inhibited expnnsion could affect Ene,int'ering, l'k,llingham,WA, I')t_3;I'r,,c,51'11/1860L
the emitted X-i'OV spectrum. [4) In dddition to 1[, con- 4. M. m. l)llgthlV dlld I_.NI. I{t'l'flz't'pis, "S_mlt,,ipprt_,wht,s lo Vdt'Utllll

" k)\.' ,llld \-rdv I,ist!rs," ,'_f,1,1,Phlls./,vii. IlL pp. 351) 352 (it/hT).

sider other ]t)w-Z materials to slow dowI1 the t, nt'rbwtic :,. _,1./_lur hint,, II. Kaplt'yn, S. (;t)l'd()ll, 5. Vt'i"gllt'St', 1. H,k_r,

pht_to dlld Auger electrt_ns. W. M,illsl:ield, 1,_.(;n,_ll, li, (;Ivtsis, T. (;dvh)rd, dnd I{, ]:dlcollt,,

Currently, short-pulse driving lasers with sufficient "Ellicient coupling of high-intensity sub-picost,ctmd laser

energy to obtain lasing are not available, but we can pulses intodilute .,,olidtarget.,,," in Sh,,,t Wm,ch',_,Ht t'oh('rcnl
Mtlt.lv llltlllV aspects of these inner-shell x-ray laser Rmtialton: (.;('II('FIItI(UI,llhl Atu,hv, ui, m, I(ds. I'. Ii. Itucksbaum and

* N.M. ('t,gli_ (()ptic,II .%_)t'Jt'lvt)t Alllt'rit,l--C)SA, _V)shillgh)ll,
schemes with existing lasers by using spot father than l)C, Itttll) pp, 2sI_.2H4,
lille focus. All inlportdnt lllc,lStli't.)lllt.)llt iS the time- h.L. I-I.l)aSilv,i, I. E. lrtq_t,.s, R. l'lalhorn, S. Mrt_wka, E, Alldt, l'_,Oll,

dependent spectrum of the emitted x rays as a function l). F. Attwood, T. W. Barbee It,, I. lh'asc, M, C, rzett, 1. t;r,w, I. A.

t)t: Inset" intensity and target material. We should ,also Koch, C. I,t,t', I). Kt'l'n,R.A. la,ndt)ll, 1]. ]. ,M,It( ;oW,|ll, l). 1.,
M,Iltht'w.'.,, dlld (;..%tt)llt', "X-I'dV Iast'r illit'rt)stopV t)l rat spernl

address tile issue of fabricating targets witla a large nuclei," S, i,'n,c 258, 2ot)--271 (It}'_2).

dlllt)tlll[ t)f H t)r other lmv-Z material, whicla is required 7. (;. Motlrou and I). L]mshMter, "lTlt,vt,hq.mat, nt ,llld ,_pl:,lica-

to tlaermalize energetic electror_s. One option naight be a tions of ct,mpact high-inte,asity hlsers," I'hu.,.IhHdsB 4,
CH {plastic) foam target containing a lasant material. 231r;-232q{It_t,_2).

11h



X-RAY RADIOGRAPHIC MEASUREMENTS
OF RADIATION-DRIVEN SHOCK AND

INTERFACE MOTION IN SOLID DENSITY MATERIALS

B. A. Hammel B. A. Remiltgtolt

D. Griswoht P. L. Miller

O. L. LandeJ! T.A. Peyser

I. S. Perry J.D. Kilkenlly

In the work reported here, we studied shock propa- shock. The growth leads to interpenetration of the two
gation and interface motion in solid density plastic materials, or "rnix. ''4 The growth rate of an initial per-
samples, using time-resolved x-ray radiography mea- turbation at the interface with amplitude % and wave-
surements at high photon energy. Previous x-ray back- length _. is given by

lighting measurements used an x-ray collecting optic, 1
which has decreased sensitivity at >-3 keV, or a pinhole

imager, which has a small collection angle. By coupling da 2r¢ Pl - P2
a slit imager to an x-ray streak camera, we extended d-t = -_ a°V_Pl +P2 ' (1)
radiographic measurements to -7 keV. For the first

time, we have directly observed radiation-driven shock where P2 and Pl are the mass densities of the two
waves in solid density materials, and measured the materials and v is the interface velocity. 4 The growth
shock position as a function of time and material corn- rate is constant so long as the final amplitude is less
pression from x-ray transmission. Unlike optical tech- than some fraction of _..Therefore, linear growth of an
niques, this radiographic method allows measurement initial perturbation by ten fold requires that the initial

behind the shock front, since the shocked material anaplitude a0 be less than 1/10 K. As an example, con-
remains partially transparent to the probing x rays. By sider the case where ao/_. = 1/60 and there is a large
doping a section of a sample with a high-Z material density difference (p1>>92). Under these conditions, the
(Br) for contrast, we measure the shock-induced motion perturbation amplitude scales approximately as 1/lOth
of the interface between doped and undoped materials the distance that the interface moves.
of comparable density. To prevent sample decompression and to minimize

two-dimensional (2-D) effects (such as shock curva-

Introduction ture), the dinaensions of the sample both paralk, l to and
transverse to the direction of shock propagation must

An understanding of hydrodynamic plaenomena, be larger than the distance that the interface moves. The
such as shock propagation, interface motion, and mate- minimum growth obserw_ble is set by the spatial reso-
rial mix, is essential to the study of ICF; however, experi- lution of the detector; it is about 10 lain for the imaging
mental observations of these I:hent mena in high-density techniques available for these types of measurements. _
materials (p _ 1 g/crn 3) are difficult. X-ray techniques, For reasonable resolution in this region (10 resolution

such as point projection spectroscopy 2 and radiography, 3 elements across the mixed region), the interface must
can probe dense samples with high time resolution, but move about ].0 ram, implying that the sample dimen-
require high photon energies to penetrate the sample, sions must be comparable. A direct measurement of the

Limits on instrumental spatial resolution constrain shock-induced growth in solids (p >- 1 g/cm 3) call
the design of hydrodynamic experiments at solid den- therefore only be achieved by observing x rays that can
sities to millimeter-scale sample dimensions, which, in penetrate materials with areal densities of ~0.1 g/cm 2.
turn, constrain the measurement technique to high- One-ram-thick plastic samples, which have relatively

energy x rays, As an example, consider an experiment low opacity and are easy to fabricate, require photons
where one would like to measure the growth of ran- with energies above 6 keV to represent less than one
dora perturbations at the interface between two mate- optical depth to the probing radiation.
rials of different mass density due to the passage of a
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Experimental Technique ,,  ,.id t,,the,,,.,,,,t
.,.,an_ple(in lit,., line of .sight _i lhe b,lcklightin,e, x-raw

In these experimez_t_. CII s,imph?s were radialivelv ,is viewed from the in,,.,trurnt,nl), s_ thal nwLe,nilicalion
driven by x raw from a cvlil_drical gold h_d'_Iraurn, and spatial resolution can be measured simult,_neou.,.,Iv
which was heated with eight bt.,,11_Is(0.3._-l.llll-_vav¢- wilh the .,dlock trajecl_ry.
length ) oI the Nm'a laser (Fig. I). "lhe durati_n'l, shape, Tlu., samph., is imaged with 2():,,.magniiic,ltiol_ tlsing
and total ¢l'lel'b_Vof the laser puls,: were varied, allmv- a slit irr1,1gercoupl,.,d to an x-r,._vstreak camera, prm'id-
_o.gthe radiation drive to b,.,optimi/ed Iora p,_rticular ing a timu resolved x-ray r,_,3_grapl_ of the s,_mph.,.'_
experiment, In the data presented here, the laser drive 'IT_isinstrurnt, nt is filtered with 5t)il-l.tm lb., to discrimi-
has ceased and the shock is decaying as it propag,_tes hate ag,ainst low energ,y pl'_ottms. The imaging slit (I0 x
into the material. Another beam oI the laser (.0.53-_.Im 750 l.tm) is oriented so that its length is paralh.,l to the
,o,,avelcnb_tl'_,3-as flat-topped pulse with an intensity interface and hence perpendicular to the direction of
of ~3 × 10I'1W/cm 2) was focused _mto an Fe disk to shock motion, lb achieve high spalial resolution, the

hu'm a 11.8-mm-diam spot. This beam produce.s Fe imaging slit must be aligned st_ that it is parallel to the
K-shell emission at _<7 keV, which backlights the actual interlace direction. This is achieved by first inca-
plastic sample, suring the sample interface orientation on a precision

The sample, which is nominally 0.7 mm diam and microscope during target char,_cterization and then
!.5 mm in length, is mounted in a fixture from the rotatilW, the imaging slit slightly :,_ achieve the same
wall of the hohlraum. It is viewed from a direction orientation. This ,_zimuthal alignment is done before

perpendicular to its length and, therefore, transverse each shot. The m,erall azimuthal uncertainly is less
to the direction of shock propagation. Although the than i'_. Measurements of a backlit resolution grid indi-
sample is (1.7mm diam, a mask permits only the ten- cate that the azimuthal alignment results in ~ 15-tam
tral 0.3 mm of the cylinder to be viewed bv {he slit (FWHM) spatial resolution in the object plane, in the
imager (described bellow). The backlighter disk is posi- direction o1:shock 17,ropagation. "_in these measure-
tioned nominally 3 mm behind the package. A wire or meats, the use of a slit imager results in a factor of 40

increase in the aperture of the instrument when com-
pared to a camera operated with a I i)-_lm-diarn pinhole.

ia* ; (h_ld hohh',]tlm The streak camera prm'tdes 1(_l)-ps temporal resolulion

,,, .... _ and uses a Csl-coated photocathode for enhanced sen-] sitivity to phuttm energies above 5 keV.

Ia,,,, Shock compression of the sample increases the line
I,vam, density through the package in the viewing direction,

resulting in a decrease in the transmitted x-ray inten-

I sity. To observe the motion or mixing ot: an interface
between two materials, tree region of the package is

FT_ I] doped with 2-3 at.'_ lit t_r radiographic contrast,I'h,t,ed rc:e,i,m .... resulting in ~ I11'.:;transmissi_)n of the backli_hter x

._ l'ackagt, rays through the solid density (p ~ 1.3 g/cm ) material.

t.nd,,D,d rvgi, m "- Transn_ission through the unshocked, tindoped mate-
rial (p - 1.05 g/cm 3) is (_{)'.:;.In the absence of mixing, a

_;,-id planar interface between the doped and undoped
material shtmld appear as a sharp gradient in the

_t,, transmitted x-ray light, degraded orllv t_y the spatial
X-ray 1a,,er resolutitm of the detector and alignment uncertainties.
drive Any curvature tff the shock or intt, rface leads to fur-

_t,.e,,I,_,,,,,c,,, _ _ I_ tiler degradati,ul ill this resolution.

',111imagt, r F_ To il_fer quantitative inl:t_rnldtitm about sample den-

I ' II _-_ l,,tt, rl,,,e sitv fron, the r,,diographs of undol.,ed targets, we n,t,st

knmv broth the sample opacity _"vand the backlighter
s"n't'l" spectral shape. For high energy backlighter emission

t;" lI with energies hv which are well abm, e the K-edge in

(t'dge.,ml { I'e-l,a, klighh,r disk ,-I,,- the sample material l:'k ,Ind ftlr h)w sample tempera-
}:1( ,[ 1¢t l. h, hem,_tl, ,,1 the t,xt,t'rlmenlal st.l tip. _,11'lhv targt,l as hires (where k'i << Ek), the opacity of the sample mate-

..,,,,n Ir,,m flu, ,.tr,'ak_,d im,i_.:er with lhv l,,. klLu,hh'l disk I,t,hind the rial is I'ledrly identical h_ the c_ht m,lterial opacity.
,,,_mt_h, Ibl Iht, ,,amph, vit,_t,d lr,)lll Iht' side Uncerhlintit, s ill the b,lcklighter spt,ctrunl, ht_wevt,r,
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decaw. Tlu.,sound speed in the unsllt,¢kt.d nlatl,rial i_ ,t(p. p., ) i _i(I, /..)

~2 }.lm/ns," hence the Mach nurnber is -3._ at this tinm ........ : In(().(_l' I,,_) i. I,,,,The pressure p associated with tile shock is rotagl'lly P. Pu. .

given by pt_dl,,2, where Pu. denotes the density in the _t(i,, lu,, )
Iinshocked material. This implies a pressure ol 5(_bdb, .....(),7 ,< _ ........ , (4)
Calculations of a realistic equatitul of state (!!t),q) of the I., lu,'
material give a somewhat Imver value of 4i) Mb, 7 in the
limit of vorv strong shocks (t' -* _), the material can be since I,,tlu. -_:I),.t for this measurement. Thereitu'e, a
c_msidered an Meal gas with a specific heat ratio y of typical random error of 15';,; in the lllt, astlred value of
5/3, In this case, the compression, or ratio of the derlsi- I_/lu_ results in a ~ I()'i error in the inferred <ompres-
ties in the shockvd and unshocked material, <orre- sion, Figure 5 shows a plot of the infem, d compression
sponds to that t_ccurring in an Meal gas in the strorig tllrtmgh tile shock for three times during the streak
sht_ck limit (P./Pu_ - 4)'s Tim cornpressiorl, consistent record, after the t_acklighter has reached its fhlt-topped
with the material EOS for a steady state shock with the vahle. Early in the data, tile peak density is nearly three
abm, e speed in room temperature C! I, is -4.5. times the solid. As the shock propagates lurther and

The density in the shocked regi_m can be inferred decays, the density appears to decrease. Any curva-
from the radiograph. For a monoener_etic backlighter, lure ill the shock front will decrease the line density
takin_ the log of the transrnissiorl ratio tllrough the and hence lead to a lower estimate of the density oi" lhe

shocked and urishocked regions provides a nleasure of shock compressed region, We are developing tech-
the optical depth of the compressed material with thick- niques to measure the degree of curvature of the shock.
ness _, relative to tl'lat of the uncompressed material Initial measurements, using a gated pinhole camera to
ahead of the shock where the transmission is known obtain time resolved 2-1) x-ray radiographic images of
({_()';at 6.7 keV), The transn_ission through the the shock, indicate that tlw shock front is curved and
unshocked material is given bv has a radius of ~().7 ram, Future experiments will

address techniques for the control of shock planarity.
lu.,/l_t = r _,0,,,' :- 0.,0 , (2) Figure h shows a streaked radiograph of a (),7-mm-

diam sample, which consists of a Br doped section

where/u, " is the observed intensity, and Ill is the unat- (0.24-mnl long) butted to a tllldoped section ( 1.(}-II1111
tenuated ba<klighter intensity, It can then be used to long). In this experiment a lower x-ray drive was used.
infer the density of the shocked material p_ since the The streak covers the period from 3 to h ns after the start

derisity Pt,, is kllmvrl: of the drive. The doped section appears as arl opaque
region, lead|hi4 to a clearly defined interface between

in I (0.60)1, the two rnaterials, The radiograph in Fig. _ slmws the
Ps = ......................In(O.h(l)t)u_L....I_i_-....... (3) interface begin to move when tl'le shock arrives. ! tere

It,t)
The fractim',fl error in the inferred compression in
terms of the measured intensity can be written as

_'_ I"' 3.7 m,

/ ,.,,-,.,
/,..,,f ' 'k.tllll • city -.... 711

"Ltli k " .Tj'_( Hhi_cI, _ ,"" t",

: ,-.,,,....../,.{--t",';f ."

214i1 - hit _ I,q ...... "

].ll 3.'_ 4,11 ,l,q q.li Illll I qll 21111 2qll till) V;{} ,ll)ll

lilne Ins) Shltt k pllsili_ln (llnll

FI( ,lJRt, 4, Sho<k pl_siliim ,ind velot ilv ,is a tunclittn _ll lilllt,. The I_l( ;I!RI,. _, Mt,asllrod cllnlprl,_siiln Ihroilgh Iho sleek ,l_ ,l lunililin
i,rlilr bar t:llrl'l,_,pl_nd_ ill Ihi, I_-liin (FWI IMt innlrillnpnl ri,._tlhlliltn, lit tltl_,iliiln, interrod Irlllll b,i<kliRhler Ir,lnslnissiilli, ,il t,ll, t.7, dnd

.1.2nn ,llll,l" Iho shlrl ill ihl, drivl,,

12i)



Ill,,, sh_wk and irltt,rlac_., art, rind ,.,llliii-i(,ntlv Mr at_,arl Itl c(mlY, rt,sni(,n i,., _;ivt,n l',v t'L/p_,,., (I i,/,) I. ll'li,-, ddta

lx,s(dvi-, tllL, rrl ,.,i-,l_,lratt, l_,_,]11(, inili,II inlt'rldct' vt'lllcilv tl'li-'rL.,l_u'eprltvM("., an illdet'_t,IM,.,nl i-,,,lilnah.' (ll 1ht, clun..

is 2-1 _kllll/lln, I{V i-h,ln£in£ tht, time i-telav o1_the back- tm.,.,.,'-,eddennilv. lakiny, _,lll _.__I_ ll'tm_ tht' data al

lig, iller l_eanl, we havl_ _d_.Sel'Vi-,i-IthL, il_lL,rlace pt_siti,m Ihe l_L'y,inrlin£ ol lht, ,.,Ireak, we lind p,/p_,, 2.'S. 111is
as late as __ ns altt, r lilt' qal't ,._t the \-ray drivL.,, atti-'r tei-'hniquL', hmvevt'r, als_ lirudert,stiz'natt,.,, th,,, i-on_l_,rt,s-

tIlL' inti-'rt,_c_' has travt,l,,.,d II,_ II1111.irl I:i_. 7, w,,, sll,,vw hi,all, Itecalr..,t, Illi-' ,,htli-ked t_,:lrtii-'h., v,.,l_,:itv dt,,:r,_,a,.,es
dat,I bt, twt, i-,rl <"4II I_lsalh.,I _lilt, slam _t Illi-, dri,ct,, ll'_m_ willl i-tistan,,t, I',t,hilM lilt, ,,hoi-k, lilt' illl_,l'lact, vt,ltwilV

,I nl'kd with hi,e,her \-r<lv drive. I It,r(, lht' nh(Ick is sulfi- is lit)l rtT_rt,.stull,lli'ct' t_l lh¢, Ilhl\illllllll shl)ckl'¢t

i-'Ielltlv al'_t',M _t the' int_.,rlacL, t_lr b_ltll l,,_ bt, ,<isil',h.,. particli-, vt, hwitv.

I:igure _ ,.,htlws the t',t_silitm.,-, _lt Iht, ,-,hock and intt, r- I:igure ,4sh_n,vs tht, ct)lllpl',,'ssilm inl,,,rrt,d via i;.q, (2)

l,wt' ,ls Illt'dslll'ud 1i't)111this data. l:its tt_ the ,.t,tta, airing lnm_ lilt' n'_ea,.,ult,d \-ray Iransu_issil)n in I:i_. 7, i-l,Ins

wilh the' vi-,lt_citv of tht, shock t_, and lntt, rlace _,, attt,r the starl _1 the drive, lust ah_,,M _1 lht' interface, a

t)btained by ditfi.,renti,ltin_ the fits, art, als_l shmvn, c_lmpressi_m _1 2.S is achieved in the shocked und_)pt, d

From tilt' CIHlSt'l*V,Ilil)ll tlI' Ill,lSS, ill ste,Mv state, the plastic; thb, ill ,l_l'Ut'lllUllt with tilt, I'iHlSl'I'V,IIiIill tll _ til,l,":,S

1'21
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c,llculiltt_m, "l'llt' ,_pp,lrent c_mlimled I'ist, in the colu- m,ltt, ri,lls, tllrou_h me,l,_urements _t the sluwk ,lint
prt,_Mon ,il!t,r Ihe inlerMce (d,lshed line) is due to ,lilt,n- inlt'rl:,we vehwilv II dnd lilt' sell simil,ir int_li{m _1
u,ltion ol lilt' pr_flqng x r,lvs by lilt' incrt,ast,d op,lcitv _1 Implllsively driven slltwks. -
lilt, Ih'-doped nlalt,ri,ll, nnd lhert, iore in no lon_,t,r rt'pre-

st'|lhllivt' ol lIlt' s,lmple density. AcklloWledgnlellts

Summary w,, Ihank I), I'hillion for pr_widing us with t'_lll-
ptlll, r codes Io ,inalvzt, lhe b,wklighlt, r spectra, ,ind

LIsing tinlt, rt,stflvt,d \-r,Iv. r,ldio_,r,iphy ,It high R. I',lsh,i flu" prt_viding It,t'hnic,il sl!pp_rl.
pllOttui t'llt'l'g_', Wt' _fl_st'rvt,d r,ldi,ltion dri,¢t, ll shock

,,rid interf,lct, motion in s_flid density plastic samples. Notes and references
t;l'olll tilt' observed shock vt'hwitit,s, wt, inft, r sh_wk 1. I. I') Kilkt'lllW, I'ln¢_, Ih.d r, It, 2, 1,1.II1(1')_t11);B A I,_,lllil_}._hm,
pressures t_l --411Mb. With this technique, which nlh_ws s.W. I I,_,ln, H,t;. (ih, ndinnm_, It I_ Kilkt,mw, I). II. Mu.,:o, ,rod

US to directly Illt'd,_tll't' tilt, areal density in the shtwked R I. Wall,ice, I'h_¢._.R,',' I,'I1.1_7, ._,2_1(l't'll 1; It. ,,\, i,h,nlin_hm,
llldlei'idl, We illlt'l" ,1 Iiiwt, r Iilllll Oil tile ill,llerid] Ctllll- _. W, I i,_,_n, h t ;./ih,l_dilming, I, I1. Kilk_,nnv, I'). I I. Munl'_l. ,_ml

R. I. Wail,ice, Pini_,. Ihu, h, B, 4, _1_7(I_t_2),
prt'.'.;sJt)ll t)[ ,1 Idctor tlf ~,.,.'__, I;tlrthtq'lllt)rt!, Illedsllrt,-

2. k'. I. _ r I ewt._ ,_nd I. Met ;lilwlwv, ()1q. l,mml!n!. _3, 17_i(l_lS_k
nleiits ot the i|lte|'face IlllltlOll bt, hind tilt, shock hart, ._, A, I. (._lt,, l. I1. lilk,,imv, R. T, ICumsbv, R. I ;. I.:v,lns, k'. I. I h_ker.

enabled us t_ independt, nitly illft'l' the compression and M. II. Key. Nalim' 2qt), ,12_l(I,J,_2); R. R, Whilltwk, M. II,

via lilt' t'ontJlltlitV t'tlthltioll, I,:merv, i. A. Sl,ll_lper, I*. :\. Mcl e,m, S. I_.t )bensch,m_, ,rod kl. t'

Mt',lsurt, nlellts of sluwk pr_pagation ill solid density I'eckerar, I'h_ls. Re_,. loll. S2, Sl,I (lu_l.t),

Illdtt, l'i_!l h,ivt, bt't, ll pel't'tH'lllud l_v t_|llt'l' l't,Sl,_!rt'llei's, _ 4 R. Ik I,lichlms, er, t'o,,mm. I',n, Apl_l, M,_lh. 13, 2_7 (I,)_IIX; I(. IL
Kh,shkov, I:¢,. ,.I/trot. Nmd_. 5.q._R A.lelh./hiilk, ( ;a.:_ 4, I_1. _I_t_11

(.)l_s_,rV,Iljolls ot slu_ck bre,lkout, vi,.',ved trolll lilt, rUdr I I.:i,, .,ha,I, .g,I, I I,s.qRI h.d l hma.ti, s 4, I Ill (I_1_) I

side t_f ,! S,llllplt' (opposite tilt' drive), have provided g, It, A. Rt,lllill_h_ll, It A. I lamlm,I, t). i. I ,mden ,_mt R. A. I',_.q_,u
Illt'dstlrellll'lllS of ._Jltwk vt,hwilit,s, '_Mt'dStll't_llltqlls Of I¢c_, .';,i ht.',l_,,t, h,'t, _l)_lt, {I_u21.

shot'ks pl'l'_pdg,lllllg through t_ptically lrdllSp,lrt'lll h. i I,m,ll,o_i ,,! thmmslrlt mid I'ln¢._, s, (t'hemi_,fl Rubber (.',,..

m,_tt,rials h,lve been periormed by vit, wing tilt,s,implt, th,vel,md, (llm_, ILITII).p. li,ll.- 7, I N,_sh. I ,nvrpn¢_, I h'erm_re N,flhm,d I ,fl_.',flm'v, I,ivI,llll_ll'l,,
I'I',_lll tilt' side. I_ The nl,llerial I'lt't'Olllk'S tlpNtillt' ,In the t A, priv,fle t_lllllltlllit,lli_ll, I'_12.

shock prop,lgdlt, s, pr_widill_ d Illt',lStll't,lllt, llt O[ tilt, _1, 'Va. II/el'd_wi_ h ,rod Yu, I' R,u,,er. Phll_i,s ,,1 ._11o,1_l_'tli,,'s _lll,I

shock vehwitv, X-r,lv l'ddiogrdplly, htll%'t,VL'l', is d Illtll'U thqhli'ml,er,_lllr,' I'/1,'11,,,1¢11_1,(A_,,Idt,lllW I'l'ess, Nt,w Y_rk, Iql,(,),

powerful technique, as il allt_ws medsurt, nlenlls ahe,ld \',,I I, I' _,2,
,llld bt,hinld tilt, shock, as well as a Illth, lll._ Of intt, rring '_. I../,'ollt'l, I. I! I'_llllhlill,R. i",dq_n_,zml(;. I;,u',d.l'hl/_.R,'_'.I,'tl.._2I_1_,1(I_1¢1), ,rod reh,rt'll_ t,s Ih_,l'_,,ill,

the ctuuprt,nsed density. This technique pr_mlist, s to be I_/( l. I_|; v,m ke,,s_,l ,rod R. _i),el, I'lnls, R,,_, I,'tl., 33 1f1211_1_17,1).

vt,rv ust, lt_l flu" the study oi ,I I,irgt, v,lrit'lv _1 hydrody- II I{. k, t ;_dw,fl, _. Ix. Sikk,_ ,rod R. (hid,uub, u',m_, I'hl/;,. R,'l_,,rt_

Ihlllli_.' pht, lltlllAt'lhl Ill solid dt'nsitv Illd|t'l'id]. _t' dl'U 1(12, 121 (1')81); R t'_d_bh', I.,_wreme ! I%'t,l'lll_l't, Nali_mal

l_t'gillllillg t'xptq'illltql|s It),iddress Ilhl|t'l'i_il IlliXill_ ill I ,Ibm',fl_u'v, I.iv_,rm_re, IA, privalt, ¢Olllllltlllit',lli_lll, 1'1_t2.
i2. _. A. I ilils, _. I. Anisim_w ,_mt I. Mever.ler-Vehn,/. Nal,rlo_schs,_mples wilh dissimilar densities. In addition, wt, ,_rt,

47a, ,1_1 I_l_J2
pl,lnnin_ expt, riments 1o tllt',lStll'l' tht, I!_S in v,lri_us



THE ROLE OF NODULE DEFECTS IN

LASER-INDUCED DAMAGE OF

MULTILAYER OPTICAL COATINGS

M. R. K,,:l,,wski

M. C. Stag,_,s

I. E DeF,,r,t

Introduction ltistorically, laser damage has been associated
For high peak-power lasers, such as the prototype with peaks in the standing-wave electric-field

l_e,mdet Laser and the proposed I-2 MjNational (SWEF) distribution within the multilayer interfer-
Ignition Facility; the system output fluence and architec- ence stacks, 7The intensity of light at a given point is
ture are influenced by the damage threshold of multi- proportional to the square of the E-field magnitude,
laver dielectric coatings used as high reflectors (ttR)and In common bulk dielectric optical materials, the local
D'_larizers. 1,2The damage to these coating is generally laser-induced E-fields increases by as much as a fac-
localized m nature, typically initiating at preexisting tot of 4 for simple defects such as cracks, grooves
defects in the coatings. -s,4h{an effort to understand the and spherical w, ids. 8 We use a finite-difference time-
localized nature of the thin film damage, we recently domain electromagnetic modeling, code to predict the
employed two new tools: the atomic force microscope influence of 3-D nodule defects on the E-field distri-
(AFMi_, a scanning-probe microscopy technique that bution in the multilayer interference coatings. The
can provide n,_nometer-scale topographical information modeling results are then corellated with the results
on dielectric materials, and AMOS, an electromagnetic of the AFM laser-damage studies.
modeling code that can calculate electric-field distribu-
tions ,_t3-1) defects in multilayer structures.

i'resently, h,_fnia/silica (iIfO2/5iO 2) material combi- "_ ...................................l, ...........................................nations deposited by electron-be,m_ evapor,_tion yield ......................

the highvsl ,,,,d n,t,st consistent d,,m,,g,e thresholds fi,r [
the t iR and p_,larizer co,_tings used in pulsed 1.00-I.lnl

lasers. The damage threshold of the coatings can be
increased by a f,, tot of 2-3 using a process called h_ser
conditioni,_g,, in which the optics are illuminated at
controlled subtl'_r,,,shold l'luences.l," An understanding
_t the mechanisms of laser-induced dam,'_ge in these

coatinb_sis required t,_ understand their limitatitms, as ,,
well as to develop better coatings.

Indielectric 'JR and polarizer coatings, the predomi- .:.._ / _ ,_ _(:Ildllt stirtdce defects dre inicronleter-scak, dollies dssoci-

,Itt, d with the chlssic l,odtlle defect. These defects (Fig, 1) '"l ( ,'_ ). 1"i .........
are initiated at seed particles present on the substrate -"'_ . .

or depo.'.,ited ill tilt' filnl during depositit,n. Filnl depo- FI(;LIRI,: I. (,;eonltqry tfldllidealn_dtllt,dr.letI in a multil,_yt,r stdck.
sition ,it these seeds results ill the par,lbolic nodular The surf,we delect ht,ighl h and lilt, dhmwh,r 1)art, dt,it,rnlint,d by
defects. We are I1OW exploiting the AFM technique to thedr,lee!seeddi.mwkud,anddepth T,asshmvnm Eq. (I _,

characterize detects in multil._yer I IR and polarizer
coatings and to study, in-situ, the evolution of laser
c_u_ditioniw, and laser damage on the films.
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AFM of As-Deposited Surfaces ,,h,,,,.,, ,,<t,,,,,<,,,,.,,,,u,,l<.
dr'it,or .lt'_d tw_i t_'pe.'.,ol cld|t'r d_.'It,cls.Also .,..hoxvn,Ire

I'he c.lpclt'_ilitit,,-._,t tilt, :\t:NI '_v_.,rt.lirst ll_.,L,dtl_m.'l|+ scl,.,m,ltic rel_rt.serltnti_ms i_l stlcl'_dL,ft,cl_. Itl_th L",,peri.-
tiu., .,uri,lct, t_G_t_gr.ll'_ilyt_l ,i,..-dL,pt_...,itL,dnnd i,l_L,r- rr,,,ntnl twidt, nc't,,irld ,c_m_ptltermodt, linI_.__l'Lt_,,.tic<it
d,lm,ly, ed I IR ct_nting..-,.'! 1'1',..;%I:N,II'm__irnih_rlv been the n_..tllle dt, iects nrt, cntlst,d Iw getllrletric,ll t, ttt'cts
u_ed t_ studv i,lst, r d,lill,l_t' ,it othvr m,ltt,ri,lls, includ- irliti,ltt'd ,it Slll'l'dt,l' irregul,lrilies dtil'ing the dt,p_siti_m
ing lnultil,ls'er. ,intir_,,ilectitm c_,_tinys. _ ii .i.l_l_,ct_,llirl_ princess. 12,II t:t_cused ion-l'_t,,inl cross-st'tliolling ,lnd
}'u'esL'l_llystudied is ,I ilatiltihlx'l:r st,)ck ctmsistirl_ ol cl'lemicnl ,)rl,llx,sis ot the co,_tint4 detect indic,ire th,_t the

,lltel'n,ltiny, qtmrterw,_,ce-optii',il-thickl_es.s Invers _l dt'R,ct is initi,_tt,d within the film by ,_set:d, which Ires
I ILL), ,lnd Sit) 2, The top InvL,r is n h,lllw<_x't, i,_ver tfl tilt.,s,lri_lt, c_m_posiiiol_ ,is the fiirn. "i'ht,st,t,d is likt.,Iv
_it)21 Figures 2(,_) (c) shoxv illhlgt'n, dl three m,ly, i_iiic<l- due to (I) spli_tteMng oi I,lrgt, pieces _t the ctmling

ti_ms, _1 ,in ,iw,i _i ,in ,is-dr, posited co,_tilat4. Most of the., m,lterial, especi,_llv t It() 2, trtlnl the t,-l'lt,,in! charge or
Sit)., sul'ilict, consists of ,i l_,wkgrtlund _1:i-lillocks ol (2) corit,inaii_,ltitm Irt'llll the co,_ting clmrilber. 14The

,lppr_xilrl,lieiv 2()(1-11111xvidtl'l ,ind l()-nnl heil4ht. These p,ir,ib_lic sl'l,lpc, _1 the sides is the result ot deposition
high ,I,.,peci-r,ltit_ le,lttlres ,il'e diflicull to I'L,SOIX't'usirlg while the substr,ite is rrloving irl ,i pl,lrlet,lry pcittern. 12
_ptic,il t_l"electl'_m nlicTtisCtlp),. Figurt, 2(c) shows ,i i\ssunlillg ,in tlnil_idirt,ctiol_,il ctlilling flux, ,i simple
high nhlgnitic,llitln (_4× S tlnl) inhigt' ill: tilt'st, hillocks, nlodel for the lllldtill, defect l/tt,tilllt, lry (Fig. i) is devel-
lt_pogr,lt_h _' sttidies of the single invt,l'.Sill I iIt)z ,lnd tlpt,d in which the delect height It ,ind ihe di,inleli.,r l)
_it), indic,lie ih,li the hilh_ck_, reflect the ctllUlllildr ,ll'l.' dt, t,,l'nlint,d by lhe dt, l:t,c'l,st,l.,ddidnlt, tt,r l#0<illd
,14r_li\'lh._truclurc, lit lht, undt, rlyint4 t lft) 2 l;ivei's. 'I depth "1",_si_

Irrt't4ul,lrilies in the sui'l,_ce l_i the I IR cli,liing con-
,_ist _,1sh,llh_w dtlnlt,.s dnd llcc,lsitul,il or<tiers. The l) = (hi'Ill) I'i2 dnd 11:: l#. (!)

defect shilwn ili the h_wer righl ci!rnt, r lit t:i14.2(,_),,lnd
i ,it hil4ht,r n_,lgl_ilic,llitul in Fig. 2(bl, is such ,I dtllllt, This nlodt, i is ust,d ,is ,1b,isis I:tu"Ihe ,ln,llvsis of defect-

detect. Mw hlter,ll dinlt, n.siiul o1these diullt's I'illl_t,s tilpogrilphv diltil dnd for sinlulilting lilt, l!-field distri-
irtinl I tl_ Ill _Illl with the veriic,ll dinll.,nsiiln typic,lily billions ill ideill defects.
It'.'-,.'-,Ill,in lillt, tl'lird ot ihL,idlt'r<li d inll, nsiiln. The den- Two different types tilt c,rillt, rs art, observed on tilt,
sitv _1 micrometel'-sc<_le deh.'cts is t_l_the _rdvr tlf ¢i,i,lting surfilce. The first type IFiI4.3(b)l reve,lls the lay-
III/n_ll¢, st_ th,lt ,i t)'pic,_l r,lildorn AFM so,in (,lpproxi- vred imturv ot tl'le filrrl.s. The thickrlt,sse.,., _t the I,ivi.u's
re,ill,Iv I/ltl l.im b,< lilll t.lrrll does riot illclude ,i defect, visible in the imal4e are cor_sisteni with the X/4 hlyer
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thicknesses of tile t'_,.o materials used. Fhis type of Another obvious change observed in the coating
crater is likely created by tile ejection of a nodule from surface after damaging illunaination is an increase in
tile multilayer coating after material deposition is corn- tile size of tile hillocks in the defect-free areas [Fig. 2(c),
pleted. Tile ejection is the result of the mechanical insta- (f)]. The average diameter and height of the hillocks
bility of the coating defect. It is associated with either increased by approximately a factor of eight, indicating
stress ill the coating material or voids at tile nodule a type of growth or coalescence phenonlenon had
boundary caused by slladowing effects during nodule occurred. Such coalescence indicates that the surface

growth. Tile second type of crater [Fig. 3(c)1 does not reached temperatures high enough to allow surface
reveal the layered nature of the films. This suggests that migration of its constituents ill nanosecond time-scales
ejection of a nodule occurred during tile deposition pro- with resulting formation of larger structures of mini-

cess and that subsequent layers covered the crater walls, mized surface free-energy. At these fluences, we also
One of the issues to be addressed is tile relative suscep- noticed that tile interaction of the imaging tip with the

tibility of nodules and nodule craters to laser damage, surface often changed after laser exposure; the surface
seemed to become sticky, indicating that adhesion

AFM of Laser-Damaged Surfaces between the tip and the substrate had increased sub-
stantially. This stickiness may indicate that the lasex-

We next integrated the AFM into our standard exposed surface is more hygroscopic or has become
laser-damage testing station (_so that the topographical charged. The stickiness can be minimized if a conduc-
changes associated with laser damage could be studied, tive Cr-plated tip is used, therefore suggesting that the
A 1064-nrn Nd:YAG laser with a 8-10 ns pulsewidth charging explanation is more likely. Further study of
and a beam diam of 1.3 mm at 1/e 2 was focused onto tile tip-surface interaction rnay provide insight into tile

the sample surface. Laser fluences were determined mechanism for laser damage.
by beam profiling and total energy measurements.

Figures 2(d)-(f)show the areas in Figs. 2(a)-(c)after Damage Thresholds at Defect
illumination with a damaging laser pulse (43 J/cm2).
The most notable change ill the surface is the ejection of , nd Defect-Free Areas
the nodule leaving an almost circular crater with a sill- Additional AFM-assisted laser-damage experiments
gle crack at its left-most edge [Fig. 2(d), (e)]. Although at different fluences indicatet.i that nodule ejection typ-
the nodule defects were generally found to be highly ically occurs at lower fluences than does hillock coales-

susceptible to laser damage, not all defects damaged at cence. The results of the AFM measurements were
the same fluence. The nodule ejection itself is not con- correlated with the damage features observed using

sidered catastrophic because very little of the film is Nomarski phase-detection microscopy, the common
actually removed. Catastrophic laser damage has been method of damage characterization used at LLNL.
shown, however, to propagate from cracks originating Although Nomarski microscopy has lower spatial res-
at tile boundaries of nodule defects. 4 olution, with it we call quickly identify defect and

(a) Nodule defect (b) Layered hole (c) Smooth hole FIGLIRE3.3-D
_,. . images of the three

_ypes of surface
6 _ de_ects observed on

2 _ 2 _}-- _2 8 the HR coatings, Also

shown are schematic
I 1

4 representations of the

_..._ " coating defects,
.. 0 2 4
"_ 4 h 6 8

Distance (_tm) Distance (_.tm) 2 --

0 I I I
0 2 4 h

Distance (_m)
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defect-free areas. Oul goal was to determine the actual defect-free area. These results indicate that tile defect,_
damage thresholds for these areas. We were particu- control both the unconditioned and the conditioned
larly interested in the difference 1:etwtcn damage thresholds for the coatings. This concltlsi(m is supported
thresholds of the as-deposited and laser-conditioned by the observation that for the conditioned defect tests,
areas of the coating. A 100-_tm-diam damage testing the areas surrounding the defects showed no collateral
beam was used so that defect and defect-free areas damage at fluences near the defect tllreshold.
could be tested individually. 1(, It should be noted that the abruptness of the dam-

Figure 4 shows the laser damage thresholds obtained age threshold was different for defect and defect-free
in these small-area tests. We measured the uncondi- areas. For defect-free areas, the threshold was sharp

tioned damage threshold by illunainating individual with most variations within the +15';; accuracy of the
areas of the coating, each with a separate fluence, to damage threshold measurenlent. In contrast, for defect
determine at which fluence the damage wotfld begin, areas, the thresholds varied by more than a factor of
The nominal unconditioned threshold for defects was two. The thresholds given in Fig. 4 represent the low

7 J/crn 2. The corresponding threshold for the defect-free end of each range. The threshold variation suggests
areas was 50 J/cm 2. The damage threshold measured in that all defects are not the same. One might expect that
the defect areas corresporLds well with the threshold the interaction of laser light with the defect, and the
measured using the standard 1.2-ram beam that covers mechanical stability of the defect itself, may be depen-
both defect and defect-free regions. Not surprisingly, dent on the size and shape of the defect and, in partic-
these results showed that the defects are the features ular, the layer depth at which it originates.

most susceptible to laser damage.

Figure 4 also shows the conditioned thresholds for Geometric Model
the defect and defect-free areas of the coating. The con-

ditioned threshold is measured by illunainating the area of Nodule Defects
of interest with many pulses of increasing fluence start- Using the AFM, we characterized the shape:¢ of a
ing at fluences well below the tmconditioned threshold, large number of nodule defects to aid in identifying
The threshold for the conditioned defects is about 3 any correlation to damage susceptibility and to improve
times that of the unconditioned defects. In contrast, the our understanding of how and when the defects are

defect-free areas show no significant change in thresh- initiated. Two HR coatings with the same design but
old on conditioning. The conditioned threshold of the deposited during different coating runs were examined.
defects is also lower than either damage threshold of the Figure 5 shows the diameters and heights of 23 defects

found over an area of a few square centimeters on one

of the samples (15D). The data show a general increase
(,{I in defect diameter with height. Note that the data is

Unconditioned plotted as diameter squared vs height and ftmns a line
50 -- _ Conditioned that passes through the origin. This type of correlatitm is

predicted from Eq. (1) if all of the defects initiate at the

_,_ sarne depth, as would occur when the source becomes
.__4{} -- unstable and ejects particles only once during the depo-

sition. The second sample ({}9A) showed a wider spread

3o -
?.
,-, []
_c h0 --

E 2(1-- _;_ []

1{}-- _ [] []

2{} [] [][]
{} L-3

Defect Defect-free Eyr3L-_[]. I I I l
FIGUI_,L"4. Unconditioned and conditioned laserdamage thresh¢flds (1 115 1.11 I.q 2.0
measured at coating defects arid at deft'ct-freeareas using a 85-t.tm- IMght Btm)
diam beam. Laser parameters:;_,= I.{}hhim,pulse length = I(}ns, rep-
etiti{mrate : 20 ttz. FI(;URE5. l}h}t_}tdiameter squared vs ht'ighl fordefect.',tt_undim

sanlple 1ql).
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in tile data, indicating that defects were formed at sev- damaged. This data, although limited, mav indicate
eral different times during the coating deposition, j" This that nodule craters have less effect on the coating dam-

data supports the simple geometric model for defects age threshold than the nodules themselves.
given by Eq. {1) and suggests that the AFM can serve as

a nondestructive evaluation tool to identify when Electric-Field Modeling
source instabilities occur during a given coating run. at Defects

Damage Susceptibility o._ possible e×planation for the increased darnagesusceptibility of the noclules is an increase in the local
vs Defect Size electric fields in the coating. To test this explanation,

We next irradiated at various laser fluences a large we examined the influence of simple nodule defects on
number of defects on the HR coating samples. Each the SWEF of multilayer stacks. The computer program
defect was illuminated at only one fluence ranging used, AMOS, Is is a finite-difference time-domain
fi'om 4 to 35 J/cm 2. The conventional unconditioned (FDTD) code that can integrate the full time-dependent

damage threshold for these coatings was near 4.7 J/cm 2 Maxwell equations for 2-D systems and for rotation-
at 10 ns. Figure 6 shows the heights of various defects ally symmetric 3-D systems such as the nodule defects
examined on the two samples. Each defect was illumi- defined by Eq. (1). l'he FDTD technique involves dis-
hated at the indicated fluence. In both samples, defects tributing the electri: and magnetic field components
with heights greater than approximately 0.6 Lureare on a regular rectangular grid that fills the simulation
most susceptible to damage. It is not clear from the data volume and then updating the Maxwell equations
if the damage threshold varies with defect height or if using an explicit leapfrog integration scheme. AMOS

there is only a threshold height above which damage is (1) calculates the SWEF distribution, which is caused
likely for the range of fluences tested, by a monochromatic plane-wave incident on the coat-

The diarneters of the defects studied in Fig. 6 were ing/defect system, by illuminating the coating with a
also measured. Plots of the defect diameter vs fluence pulse and (2) takes the Fourier-transform of the result-
for this data indicate that the damage susceptibility of ing fields at the frequency of interest. Our test calcula-

the defects cannot be simply correlated to defect diame- tions on systems with known analytical solutions, such
ter. Nodule height, therefore, is the defect parameter as a perfect dielectric-stack mirror and an isolated
that may prove useful in predicting the damage suscep- dielectric sphere in free space, showed that the FDTD
tibilitv of nodules in multilayer coatings, technique is valid in the regime of interest for mirror-

Six crater defects (holes left by nodules ejected prior defect modeling, lu
to illuminati{m) were also illunfinated on the samples. Figure 8 shows the geometry of a cylindrically sym-

Figure 7 shows that, over the range of fluences used in metric defect initiated by a HK} 2 seed in a multilayer
nodule damage studies, none of the crater defects were stack, as well as the boundary conditions used in mod-

eling this defect. The defect geometry is based on Eq. (1)
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.../ Radiationbt,undarvcmldition using a seed diam of 0.37 _.tm(().(_7_. HfO2) and a seed

fi "_ depth of 2 18_tm (3.25 _). Figure q shows the SWEF dis-

' .' tribution calculated along the axis of the defect, TheI

I_ ' magnitude of the calculated field ]E[ is normalized toa
' the incident field Eli' We report E-fields only on the
_i,_/_ ( ;eOlllet l'k""_-- D/2 + defect axis, shlce studies of other locations ctmsistentlysyllllllell'y

I axis showed lower E-fields, To simplify the remaining SWEFh ] plots, we plot only the set of points corresponding to the

-- _--_--1 thePeakssolidF7,lineintheinSWEFFig.9.plot. This set of points is shown asTemporal t[ Superimposed on Fig. t) is the curve showing the I:._

isolation ,v_ ___ T curve for the multilayer stack without a defect. For timperfect stack, iEI/Et_ eqttals 2.(1above the coating sur-
, face but falls off quickly within the stack. In the case of
I

, the defect, IE ]/Eoapproaches 2.0 at distances far frorn
, the surface of the coating. There are two predominant
, features in the SWEF pattern along the defect axis: aa
, maximuna value above the defect surface Fa, and a
I

, maximum value in the defect Fd. In this figure, and in
, most other cases, F,toccurs within tim defect seed, F,tis
, ottr main interest, as Fa shottld have little influence ort

.................... I the damage threshold of the underlying material. The
"'" K Impedance boundary ctmditttm peak field in the defect seed is higher than at any point

FIGURE 8. "Flat_,geometryofa modelcylindrically swnmetricnod- in the perfect stack. Because tim E-field, and therefore
tilt,defectwithina multilaverstack.Theboundaryctmdttitmsused the light intensity, is highest at the defect seed, this area
to model the SWEF pattern in the defect are showil. For this defect, of the coating is expected to show increased laser-
d = I},(_77. (I IfO_) and T = 3,25 7.. k is the direction of propagation of darnage susceptibility.
the plane wave-and Eand Hare the electric and magnetic field vec-

tors, respectively, Various other defect shapes defined by Eq. (1) were
• also modeled. Figure 10 shows how the SWEF distribu-

tion varies with seed depth. Here the seed size is I K.3

Top of defect

Surface of stack Mediuln seed (17.)
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FIC;LIRIi 9, SWEF distributitm ahmg the axis _I the nt)dllle defect (1 ] ] l

shmvn in Fig, 8, A line c_mnecting the peaks in a SWL:F curve is 11 2 4 (_ 8

identified ,as I:;v Also shmvn is tht, I:z phil for the perfect stack. Z (I,Un)

FI(;L/Ri:" lO, I'k/I;() curves along the axis t_t nodules with 0,5%1m (I

7.)seeds dept)siled ,it three differenl depths, The seed pt_silitms are

given by the ht)riztmtal bars.
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The locatitm of I:t t+oiluws the seed posititm and the Iot_k ft_r changes in the film ,lm.t delect mtwplu_hlb',y.

rrmgnitude of I:a decreases as tile seed depth T increases. Sites tm artd near nt>duh.,s were irn,lged bettwe and
Note that, in contrast tu the defect modeled in Fig. % l+t after irradiating the co,itirlgs with increasing sub-
for the 14. seed is located slightly ,lbove the seed. threshtfld fhwnces.

We also calculated the SWEF distributitms for the A typical 2.5-t.tnl-diarn nodule was illuminated with
case wllere the nud u le defect was rerntvved le,lving eight pulses t)f increasing I+luertce rangillg frt)nl 7.8 J/ca12
only a parabolic crater. Figure II shoves tile/+'_,profiles to 5(++l/cm 2. Tilts range of fluences starts beh.wv tile
calculated for the same defect geometries as in Fig. It), tmconditioned danmgt, threshtfld of the defects tm the
but with the defect removed. The surface segrnent particular coating and increases until a level is reached
twerlaid on each curve shows the location of tile bar that causes ejection of tile nudule, t+:igure 12shows line
tom of the crater, In all cases, tile peak observed ill the scans of an area near the edge of the defect ,at four stages
l_-field is h_cated within the crater void rather than in uf the illumination process: before illunlinatitm and after

the coating. The E-field enlaancement in tim film is on tile 2nd, 3rd and 7th pulse, Nt) damages were apparent
the order of unly 1.5x for the crater defect, which is after the first two pulses, ltt)wever, after the third pulse,
mucla less than tile enhancenaents calculated when the at ltL8 J/cm 2, mucia of the nodule's I()-nm-scale surface

defects art, intact, rouglmess has been remm, ed, No further changes in the

The naodeling results agree qualitatively with those surface structure were observed with subsequent pulses
of tile AFM study on several cotints: up tt) 54,6 J/cna 2, altlmugla the nt)dtlle was ejected after
!. The modeling predicts increased damage suscepti- the next pulse at 5b J/cm 2. The snlt_otlfing of the surface

bility of the nodule defects, occurs in a fluence range at which an unconditioned
2. The expected damage susceptibility is dependent defect would ntwrnaily be ejected, Damage does not

tm the defect shape, occur until fluences above the typical large-area condi-
3. The crater defects are predicted to have lower dana- titmed damage thrt-,slaold of these films are reached. We

age susceptibility than the nodules themselves, believe that tiffs surface snaootlfing is associated with the
laser condititming process. The smt_othing may indicate

AFM of Laser- a melting or flowing of tilt., material, which may result in

Conditioned Surfaces the, stabilization of the mechanically unstable defects.

ltaving shown that the damage threshold of bt+th Conclusions
as-deposited and laser-condititmed coatings are con-
trtflled bv the nodule defects, we wished to identify tim Advances in AFM have made it easier to character-
laser-induced changes in the defects that could account ize and to monitor laser-induced damage at defects in

for the laser conditioning effect. We used the AFM to optical cuatings, in studies of 1tfO2/SiO 2 naultilayers,
we found that nodule defects with large dome heights

(particularly those above ().h gin) are most susceptible
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N I_hu,lniu,rgen, "l,hdt, _)t _r.i_ k_,,Dm',,, and ab'.,_ubing int Illto laser-induced damage. Nodule craters left by m)d-
,,hul'. _m hlnt'r indtu ed danlagt, llm.,,htdd,, at _,Hlhlt t"_ _1t IFdll_,-

tiles ejected Prior to illumination shmved no increased p.m.,t dit.h,ctri<s," At,I,I. ()l,t.. 12, o_,1. It!,L
damage susceptibility. Smoothing of I(1 Hnl-scale sLIt'- q. M A. nchihtb,_<h, R. I. Iem-h, Nt. IUh,,_<h. W. l. sit.khaun,

t:dce l:edttlres on the ct)dtillg MdV 13o asstwi,lted with the "n_annin._ luntwltng NIIL ro,,Lope t )bnt.rv,lll,m,, _)1I'ulsed

laser conditioning effect that l'dises tilt., damage thresh- laser Nh)ttilit,lthm of 1hi, I_U,,al l'l,lne ,)l ( ;raphltt,," AhOcr.loll. 13,l_tLItlq2.

old of tilL' fiinls, 10.R.1.lt,n<h.M. ,.\ Schihtb,_,h, I_1_I'Uio_dl.W. I.Sit,kh,m',, A, li>,,u',
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also made it possible to study the influence of nodule i),unage _,1t ;raphitt,, s,q,phirt,, and Mullihlyt,r toatings,"
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Introduction spot, but then side motion and likely development of
Much of tl'le work at tl'le Nova laser ilwolves matter plasma instabilities require multidimel_sional ri_odel-

that is subjected to strong shock waves, which carl corn- ing. A large spatial extent also allows ally nonplanari-

press the material to pressures of hundreds of rnega._ars, tie.,, in the shock to be observed and corrected for.
Direct ilhimination of metals by a Nova-class teraw lit

laser beam can produce pwssures ,if nearly loll Mbar. I EOS Data from Hugoniot
(;igabar pressures are predicted in spherically coin-" , Measurementspressed capsules typical of ICt-: targets.- "I he equation
of slate (EOS) largely describes how a material reacts ]'lit, equation lif state is a thernlodynanlic relation
to pressure. Thus, the iherlllodvilanlics and hvdrodv- thai closes the hierarchy of hydrodynamic equatiollS:
n,llllJcs tlf these svsterns Cdlll/ll| [lt, predicted withoul a l'ilnserv,ltJon tlf Mass, nlOlllenitllll, and energy. Applied
krlowledge ,.ff the EOS for Ibis pressure regirrie. In the Io an ideal shock rrloving at speed l) through a material
limit of extremely high pressures, the EOS is described of kn_,wn initial mass density t)ll, particle speed ull,
by a Thomas-Fermi model; for metals, this model is pressure i'll, and irlternal energy Eil, these conservaiiorl

expected to become valid only well into lhe gigabar relations yield 4
wgime. _ Unfl,rtunalelv, EOS data ,ire sparse at pres-
Slll'i.,sabiive -3-4 Mbar because {_fthe combirled dif[i- i)(l) -it) = t)ill) ,

tully lif prliducing such high pressures and rrleasurillg
the relevant parameters. I' - /]1+ tllllsD ,

We art, developing three techniques that should

allow us Ill obtain EOS data in the nlegabar and near- i I I

gigabar regimes. All ihree USe Nova <is lhe driving E = [(ii +_-([1 + Ill )(t );i - -) ' (i)
Stltll't't' itl produce illlC'llSt' shocks in nlaterials. The .- i t)
sh_ck is transJent; all nlt,,lSurenlents IlltlSt hi? nldde in a

shorl time (of order tens of picoseconds) after passage where t), it, I', and E are tilt, corresponding quantities in
of the shock frtlnt. A prilnary _bjective of this work is the material after the shock has passed. These three
Ill produce spatially large, planar shocks. Use of a con- equations, with five unknowns, describe a Hugoniot, a
vergent gl.'tlllll.'lry to increase prt, sstlrt_, nhlkes lllt'dSlll'C- track in the EOS followed by a material ,is it is COlll-
lllenis very difficuil. Further, if the shock is not planar, pressed. (,enerally the shock speed can be nleaStlred in
results 111uslbe inferred through multidimensional all e×perimeni. If the shock speed and the EOSof the
conlputer ctldt!s, st, ihat the d,!tii thell depends tin ,i col material is known, say, <isthe relation i I = P(tT,p), Eqs, (I)
reel code description (which iisulf I11tlSltlSC,111t1111111.',1-t'dll be solved for the rellhlillillg tlnklltiwns. (,_'tlllVt'l'.'4t'iy,
sured E()S). The shock 1111.1_lhi.' spaliailv i,lrgt, enlll.lgh if d sc'Colld tlllklllIWll (besides l)) can be Illedst!red, the
thai thu data ,ire Ullalnbigutlu._: inlt, llSt.,shl,cks can be t Itlgtllliiil ,,t: the material can be nlappt, d out. !-Iugoniois
generated bv f, icusing a I,iser beam to a very small
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Nl_ 1 }ILHIIII(_\ (_1-._1.11/ Alt i_,l/t._/Al! \1", ...............................................................................................................................................................................

,il't' u\lrt,lrlvlv iml_,'t,lnt ill tht,nlnelvt,s, bec,luse Iht'v II,li-l,G_l_et<ldi,.,tril',LIli_ul. II t.igLzrt, I ,-,ll_nvnIs'pi_,il
de.,-,crib,.,how ri'lnturi,lls b,t,ll,lvt, v,'llen ,,h_<_ckv,<t,bill llll'v ilrl,lt4_,'s_1nn_i_,_iht,d,Irid llri,.,ll_l_u_lhedl,lr li_,l_ln.
<llsost,rye as b,lst'lilwn l!," n_dl'ls i_l much ol tht, Ihtu- LJsin_ ph,l_e pl,ltt,n ,libelntl,t,lill_ wl,dtlt,n till ,! I-lln
nltldVihlIllic sp,lci' ciiVt,l't,d bv the trill 12t)_."Hit, ,iinl ill Nllv,i bt,,llll pi_wi_le_ ,111intensilv _,1- ! _ II) I1 t,y!llll 2
our ekpi, rin_eni,i! pl'll_l'dlll i._Ill obl,liil I lugonilll d,lhl ,li L_I2ol 1i_4hiil_ ,I ll_c,il _p_i lilltl'l' lh,in I ii1111ii_ di,lml,li,r
hil4h ln,_turi,_! prussurt,._by nlt,,lstlrilll4 lh,iI ._l,ciuld wilh dll envehg_e tiilililrnlilv i_l i II1', i_vt,r Ihe sp_l
tllikntiwll which, ,l_ de._i'ilwd l_eh_w,i._ii, the llhittt'r di,lint'ler i_il sc,lh's -Itiii lllll, ltVi, h,lvi, ilst,d slich ,i bi,,llll
._peudbehil_d lhe shock. _o tdl', howevur, nltlth ill lillr Ill irr,ldidlt' ,I 2_-lin_-lhick, i)._-Illlll-didlil AI disk l,lrl_t'l.

t, fftlrl Ibis bt'l'il diwctud low,lrd vei'il_'ing Ctllldilions in Thv b,lck ill the disk (,lw,ly Iilllll Ihe bt',llll) w,ls inhll4t,d
the t'\pc, rilllt, nis, v,llid,liing our luchniqlies, ,lnd illl,,i- ontil ,i {IV sln,,ik c,lllll,rd. I;igurt, 2 shllws lilt' nt'ltlp ,illd
ntll'inl4 the shriek speed dccur,lll, lv. ,I tYpic,ll slrt,ak inhlgt'. 'l'hl' np,icl, dl'rltns the b,lck ill the

disk is in iht, hilri/lli_l,ll dirt,ciilin _lil ihv inl,ll4/,, ,lnd

Directly Driven t_,,,,,,.u,,sv<,riic,,llv;ih<,._h<,ckcl<,,,rlvbrt,,,ks,,ui,,c,',,_the disk with very Iiltle till or ctlrY,11tlrt,. In fdcl, ihu
High-Pressure Shocks ,i,,,<-k break,uli tim<, ,',lri,,s ,icr,,s._ ih<,ei,iir<' di,lmel,,r

Thuri, is ,_lon14history llf ,_tien_pls to prlldilct, vt,rv by ll,s._ih,ln 21ips (the lr,lnsil lisle, lhrllugh the 2_linl tli
sirili_t4 s/uwk._ in n_aleri,ils by diruct ii'i',ldi,ltioi_ with AI in n_ll i_sl, implyinl4 th,II tht, shock is exlrl,nwl)' pl,1-
I,lsurs.l,"s Aithoul4 h inlt, rru_t pl't'ssilrc's Wl'l'l.' hil4h (2 1_ Ihlr ,iClilss lilt, disk .......by h'sn th,ln I". The inlt, rrt,d pri,s-
- ilili Mbar), Ill<lilY expeHmenls ii_volvud relalivelv htw- ._ill't,s in lhu shocked l,lrl4uts ,ll't, 211-31lMb,lr.
pliwt, r i,lst, r bt,anls foctlst,d to small spot si/us and, ,is in _,pill, lit thesu excellunt rt,nilltS, the slllilolht, d
described in the ii_iroductioi_ c_ii_con_ii,li_ldifticullie.s be,ira dile,_ h,_vu inll,i_siiv v,li'hlii_u_s _11lhe _u'lhu"of lhe

ot interpwiathu_. I:vun ti'_pt,rinlc,nls with high-powur speckle hi/e; the .sin,ill spucklus t',lii h,lve ii_lui_silv Molt-
i,lser.s sllft't'rt.'d lrl)lll llllt'vt, n Idst'r footprints. Unt, vt'll uldiilins ,is high ,is Ill tin_t,n thl' dVt'l',ll4t' illlt'nsi!v, Such

duptlsition Cdll luad to ht_tsplits ,_nd CtillSt'Lillt'lli gt'llt'l'- ,ll't'dS tli hil4h intunsiiv C,111 producu \ r,Ivs tif l'lll'rl_y

,ilion lli high-ui_ergy ulectroi_s, punetr,ltintt i',ldi,lttoi_, hil4h enilut4h ltl penulr,lie inlo thu cold n_,lll,ri,_l, t'vei_
dnd hvdrtidvndnllc inst,lbilitY. Since Nllv,1 h,ls lhe nec- when the lront stlrhlct, is co,lied with 2 11111ltl" t'l I ,IS ,I

t'ss,lrv ptlxx'ui', the stiltititln is ttl nnltltith the bt,dl]l. l,lnt,l" bilriilhl'tltlgh |+drrit'r. Wt, ,ll't, pl,lnnin_l t,xpt, rinlt, nls
A smtiilthud f,+r-fiuid ld._t,r._ptll c,in bt, pnldticud in which high in,il4nificalitu+ XUV sidt,lit4hiint4 will hi,

with tht, tlSt, tif ,l l',illdtlll_ ph,lst, pl,itt,." ltl Wt, lhlYl' used Ill dt.'ll.'i'illillt' wilt'lilt'i +such preht,dling in t-,itisiill_
ti._t,d ,1pl,lie with hl.,x,ll_tllhll t'lt.'lllt,lltS ] 111111in didnlt'- prt'nhlltlrt' t'\pdnsitln tif tht, l,lr_t,l.

lt,r, prtldul'ill_4 ,i l,lr field ih,ll i_,nt,,!rlv an Airy p,ltlt, l'll

,,'ill, ,, I-ram,er,,-t,,-,,,n,diameterand,,ch,,nicierisiic Indirectly Driven Collidingnpuckle si/u of t__1111.Since such ,1sh,lrply pu,lked dis-
trii_t,th,n w,,t, ld n<,t pn,vide the desirvd pl,lnar condi- Foil Experiments
lions, steering wc,dgt:s wt,l't, ,llsil used. 'l'l_e wedges Wu IhIvl' St'ell th,_t we can gt,llt, r,llt, pressilres of tens
stut, r diiiurt, nt parts of the I_t,,1111ill the ilt,,lr fit, ld Ill llf nlt,g,lb,ll'S tivt, r ~i nlnl spot size by direct ill/illliil,ltitlil
ditfurt, llt splits il! the tllc:,ll planv Ill produce ,I nli,rl' wiih ,i kih,j_ulu I,isel'. "lk_rt,,ich much hight,r prt,Sstlres
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+,,,'Itll_tlt'.,a_riliLing ,.l,t_t+.,izvland lhtl,.,_llu., _,Inallla,+,_'r,..,i+t_l_,i/_,'-,.l_tltlrtll,a llxt,rItlil_lirt,_.flyirra_

dirnL,n,,itu_allt,+'L_w,,u+.,va v,lriati0,mand r11inh_turi/atitm ,.li,lb.,dl',x'tht,la,.,t,ri_l+,nlut,t_l,_ai'h,iglllavhlritl,.,labil

_Ithe wvll-kllt_,+vullvt'r+ph_tete,+hniqtlt',I]I_Inthi,., ii_+.IIlht,im.,ta|_ilitvi,.,nt_tavt_idt'tl!h_rv,,aml+,h,,lw

meth_,d,the ilvL,rfin_._r_a_e,a It,ll)_tt_rt,.,.,kin,+.,ti_.,+,n_,,rg,,tP.,lilgan ai,lat_ul"),tht,a_._.t,l+a,_ti,,indi,.,tan_l,l',L,lwt,en

Ir_mllilydrip,er_wt,ran a_,elerati,+mlilnt'and ,.Mi,+'vr,,it llver,_Indtarg,.+,tl,,_il+-,mt_,,ti',t,kt,F,t_h_rtt,ml_igh_ thal

mtM1 rnt_rt,ral',Mlva_tl_L,rrnalutlergx'inc_lli,.,itulwith 111,.,in,.,lal'_ililvha,,.,little,linlt,t_lgl+tm'.*ltl_,+ir_.ul+nx't,nt

au_._th_'rhlil.'lhefiverai.,,,t,a,,'l.,.,a_,ipreh_+,,ItshMd ,.,t_If'mr th,+'nel_u,M,,'m_,v,,'ehave |'_,,,rlt,rm,,,_la '.,el,,_Iu\pt,ri+

ll'u.,l,_r,,.:,_,,tr_,ma_iv.,,,ina luwer ,_diabatlhan ilitwvn, int,ntnwilh a high-inlen,.,itv\+rav drivt,thalistlnilt_rnl

v\p_l,,,.,dh_tht,driver,lhe_eattributt,_makt,itDl.,.,_iblettl ,wet a dn.h.,al'_tlt_lt),_ mm in diameter._lht'\ ray,.,,l._r_+

ad_ievemtM_ higllt,rprt.,.,,,_ure.+.,u_inga ilvur+im|'_adctm+ +.ItlcedLw lt_c_ing tht,It,nl+,t,,_m..,t_ithe Ntwa la.,,t,rintt_

liguratitmth,lnwith a dirv_tlv,.Irivt,r_ctmligt_rati,,m,ihi_ a millimvtvr-_.,_h.,gtlldh_hlratln'_,a_:_t,lt,r,_tt,a lullthal

te_+hlli,,it_vl+_a,i',t,en,,h.,m_iri_tratedti_illga la_t,r,i.,.,a thL,n _,;_llide,..,witila ,.+t,_tit+,narvl_il,prodtldn_. _rt,_-

dl+ix el+lI; j+l+t'_+,tll't'_ill over 11){}kll+arhave been a_hit.vL,d,I+' _urt,+ ill twer 7ill) MJMr in ,| J'_jJll.lr+ht_k, 17

N+,v_,rall,rtlhlemnnltlnt be t)x't'l'ctHllt +when u+_ing l'igure 3 _+l_t_xx'_,the t'\l+erinwl;tal ,irrangunlunl, Tht,
thi,+ techniqtle, First, il a la,,er i+ tt_ be used ,I+,+,a driver, ht_hlraum \ i'avs abl,+te a _11-_.I111i,|vl+,r t_l pt_i+vst.vrene
lhL, 1,1,+t,i"J+u,1111i11ti,.,t bt, ,,patiailv unih_rm lt_ avuid ,_tladled tt_ a 3-_Im-thi_k gt_Id It,ll. Thv It,ll a_.?_,uJeralu_,

l,r,+,,;ktl F, t_i thu llv_,r foil. %e_+t+nd, l+enelralil+g radialitm thrt_tl+,h a _t)-l.lnl x't_M l'egit_n and, near the end t)i the

_an b_, i+mdtILed by the high later inlen+itv rt,Huirt,d tt_ la+_er pul+e, ct_llidv+ will_ and laund+e+ ,+_'tm_prv+_+i_m

drivu the It_il+l_ lhird, high driver il+tel;+itie_ l'e_.ll.lil'+.+, XVtlVUilltt),I +,.+t,ltit+n,11'vgt+M hlrgt, t h_il made t_l txx't_
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,,h_k bl'_,,Ikn_,tlt _t_ lhu b,l_k _i,.l_'_1 I1_,.'I,II)',,,'1I_ii, the' _,|11i,,',_ itl II1_'lhl_.'_.'t_!'_'vi_,11', _,,\1',_'ii111_'111,.,_Ih_' ll'ntlll

_Ptic,II tWr_li'_,h'1'.ln l'h_.,,.'vlil_dl'i_,_l ,,'\1',_,1"i111_.,111,1i 11_lb_'li_'v_'th,ll 1,1",.'11_',11,111,,',,1'.._,111_I'L'nllll'.,_
P,i,.k,l_,.'n wt'l'e' (I._ ,111d{I,II1'1',h_ I_¢'dtl_t' _.,.t_.'_'ll_.'_,'ln) I ls'dl'_,.lv11,1111h.'.'-,i111111,1lh,11,,ill_ti,.,ll_' Ih,It II1__'I_tilk _1
l}_? 111111ill,.li,llil_'l_'l',,llldV<l'l',,'lll_lliilt'_l,l_1'_",n,Ih_l_' lh_,ilv_,lsh_,l,ldd_,V_llll'q'_,snII'IHIIit,,illili,lld_'llnilv_I

illthe.''.v,_ll_.,lthe'h_,hlr,_.i_withthe.',_bi,_t,,rt,_it'll..,tl',.'I'.L.I,_/_m_h,,_l',i',t'_,xii1_,_h,lvI(),_,/_.t__l_,..l_',_',_,iml',,_,,l,

l,.,tl_i,_r_,.,l,_,.,,,.,_.,IYiblvw,'usl',l,,.',.,d,_Ilh,,,l,_,ll_',m_i,'_ inlllit__,i',,ti_l_lh,_llh,,,,-,h_,.'kd_,,..,,m,ld_.,.'._v..,i_,.i_ili

A IVt',i,.',ll ,.,ti'l',lk v,lllli.'l',l i1_,1_' (l:i>.. t) nh_,w.,,sh(,_k r_'guin,s the, ,Is,,tlmt',li_,ll _,i ,11_I!( )_, the' ,.,i11_111,1li_,1_
bl"_.,,_k(,ui,il I,,w, iinl_,s, cl,l'r_.,sl'_l,lldill_ I_._Ih,_,two, I,II'_L,I t,l',,,,.ticl the' blllk hvdr_,.!vl),1111i_-t'q'_l',l,l'lil-., _,1tll,_,s_,
h_il Ihickl_.,sn_.,s;Ih,., .,i,.,t, h,.,i_hi ,1lId lh_, 1i111_.,illh'l'v,ll _'\l',_.'l'illl_'il!n W_'ll+

,,h,wk st,t,t,d i,_tht, I,_Fgt,til Iht, sh,wk sp,,t,d is _',m.,,t,_nt. Measuring a Second Unknown
I it'rt', tht' intt'rv,_l bt,lwt't,n ,,htwk brt,,_kt,tll.,,i.,,_7 _ _ p,,,
_t_i'rl'sJ_lldJltgh_,I11,IVt'l',Igt'sho_'kv_'h,cilv_ITI)__,km/s. In the',_ht,t,,dis_,'llnst,_l,Ib_,vt,,_,,'_'d_.,lll_n,.,tr,ih,dlll,ll

"l'h_'NIiNAMI!_,q_,_li_,n_,Ishll_,l,_bk,.,._'_ii_div,_h,lh,_llhis m,_l,m'i,_lp_'_,ss_li'_,,,_,I.IL7(;b,_i'_,ildb_'pn,du_'_'dby

',h_wk st',,.',.'_t_'_,rr,.'sP_,l_d.,,I_,,_d,_,n,.,ilv_,1_.lll_/c111_,_lld ,I the.,c_,lli,.lin_;-h,il m,,lh_,.t. A nln_iF,l'_th,rw,_n.tI'\lt'nsil,ll _,i
l'_l',.'n'.,tll'_.'_,Itl.7.1(;I',,ii'illlh,,'_*,i,.Ihll')4_.'l, thi',t,..'ci_l'_igi1,',,:,i11b,.'1'_'u!,.h'l,,,;_I',l,ii11I'i('_Sd,lhliIIthi.'.,

AIry ',li_,hl nP,Iti,II ill'_b,ll,_l_,.,.'in II!_' dl'ivu (," ,_l_v rt'_in_t,. I1 ih,., tlv_,r h,il c,_nI',,.'nhit,h.lt,d n_,Ih,ll it d(,,,n n_,t
Illl_.,\t,,_,,_.tl,d_,d_._,,.'lh,cln (dIll.', t,',_,, IL)illl_.'!',l_.'li_,nn si£nilk',illtlV h_','_t,,1'dl,c_,lllt'_l'_.,sn(W_,h,Ivu II_l dL'lllt,_li-

'.,h_,_k illh, lh,' I,I1"_.'1 ,llld _._,_lt_n_l_i_,., the' ,.,im_ll,lii,,n- miF,.,d. I _I:lV_,_"nP,.,_,d_,_1'_I,., _,bl,_in_'d[,v n.,L',,'di!_£sh_vk
II'_.'_'(I-I))illt,.'rl',l'_.'t,Hi_,,ll.Il,,,w,..VUl',b_.,v,_ll.,,,L,_,Itl_e,n.'l,_-l',n,,,_k,,_lltnll'l_illIwt_id_.'llli_.',lll_,ilsl,l,z,.',.'d,zt_liih,,r_.,llldi,,.,-

,,h,,,,.kl",n.,,ik_,,zlti_,,,bs,.'rv,_i_,h,.In,_,.Idili_,'_,tl',,nl_.,l',i, lw llz_dils'iol£lh_.,l,zi'_,lh,il,..,,,h_,'.vnilll:i_,.,I.l'h_,l,zr_,.,

Ih,.' l,lr_,_,l W,l,., ,It the,_*'s_t_',"_,i the' I,_"F,_'h,il, wh_'r_' the' di,tm_,l_,r ,llld ,,n_,-dim_.,s'_ni_,_,_lII,lttll'_.,ol the't,\l',.,Hn'_,,nl
t,ltt,_.'ln_1_,d_.,_.,-it',.tu__.,.tI'l_,tllil'lil_l'nlili_,,s ,11"_.,nlillinli/_,,_t, m,lk_, thin ,!n'i',lnl}._,n'tt,nl t_n_'li,.,_bh.,.

i I:_,r _.,\,_mPh,,Ih_, ",ll't.',lk i111,1_1_' ill I:i_,. 1 il_di_,lh", lh,II IL, h,sl th,.' I,.',_sil',ililv _,i thin t_,chniqLl_',_,,.'_'t,l,l'i_l'ml.,d
sh_,_k ,.,t',_,_,ddl,_rt.,Isl,,.,l_w,ll'd Ih,., I,I1"I,.,lt-II,_l_dnidL, bill lllll' l,\t',l,rilll_,nl wilh ,I Iw,,_ntl't'_ALl I,I1"_,_'1h,il. Allh_,tl£h
in _:_l/',l,llll ill th,' _.'t'llll',ll t_,l'li,_n, lh_,_._,ndili,,n ,,t th,' IIv,,r i,,il v,',_s llllklll_V¢ll, st_ lh,II _,,.'_,

I ),_t,_w_,n.,_,l,l,_il_,d _,i_t_LIr ,.,l_,ln ill v,'l'_i_'hnl_',lstll'l,d _'_,llh/n_,t ,.'v,_l_l,_h,,_I Itl_,_llb,_ld,tl,_ P_,inl, ,,v_.,_bn,.,rv_.,d
..,11_,_k ,.,P,.,_,d.,,imt',li_,d t',n,,,s_._n.,s_11).IF_h, I.).,_._t(;b,_r. The.' Ihr_,_,,.,h_wkbn,,,_k_,ul,.,,in,.li,.,llitl£ Ih,, vi,_l',ililv _i th,,

hide,_,1th,.,I,Ir_,UI will h,_v_,,_hi_h_'r ,.'1"_'i'¢,_'dL'n'.,itV tll,l!_ l_.'_.'l_li_lll_'sh_ild vi,,'M I Ill_,t'li_,l d,_t,_I_,' £_,M ,_tPr_,s-
th,' t_-I.ll_'_hid,... III tl_in_._,.,u,,'ll_,tl_h IIl,I...,sIll,,,Ir th,, hill'- ntll'L'.'..,ill II',.' !',.',_'.( ',b,_rI'_'y,inlt'.
I,_ , _,1t1'_,2-1.1mnidu __,llid lill _11h, ni£1_itiv,'lllll_' ,_lh,r

th,.' i,,le.H,,',.t,,ti,,, ,,i tl,,_'m,',,,,,,r,,m,..nt_: ,,'u,,.,n,,I,l,,ti,,_ Indirect-Drive Hugoniot,._1tlh,.' I',,_'k sid,.' _i the.'t,ll),_'l l_il _.'il_'ctiVt'lVnl,lk_.'nIht'
2-_ll,, ,.i_l,, thi,'k_,,',s,, tl,,,l lh,' sh,,_k ,,n I1'_,,Ini,,h'l,n..,,k,, Experiments on Polystyrene

imply ,_hi_l_,'r pr_',,,,_n' in Ih_,h_).,_,l. _,_'_,dd, b_ll Ih_,y ,_n' ju_,l ,_.sp_'rv,_iv_, in I(_'1.',,xp_,ri-
(;iv,,'l_ Ih,' m,_'-._,_,1m,_t,,.ri,_l{,_bl,_l,,' ,_d I lye,r) m_'t_ln,_sn_,_j_,'c_nnlittl,_,nts ,,I st_,h,,ri,.._l-,,',_t_.,.,_lh, I,_r_..ls.

b,.,lw,.,_,lllh_, drive., s_.ln:,., ,_'_1lh_, l,_r_,l h_il, h_l'_.,t t,n.,_ _illc_.,t',l,lslkn, _.ll!lik_.,m,.'h_ls,,_1",.,I,_r_,ly ln_llst_,_n.,lllh,
h_,,_l__,llld _,lllV ,_l'i,.,_.II'_,Hllhi_._,h-_,l_,_'_,s,x _',_,_,sil_ 11_, hi_h-_,n,.,F_,yx I',iVn,x I',_Vn_',_llb_,_1'.,_,_1I_ b,_'kli_,hl r_,l,I-
drivL, _i|_,_11'_11_.'1_ Ic'.,l lhin F,_n'.,ii',ililV,W_'n'd_t__'d Ih_.' live,Iv Ihi_k n,_ml',l_.,n_1 t_dV,,.,lyl'_,,l_' ("('1 I"), t_l'_widil_
il_h'l_,.,ilV_t hi_h-_.,r_,r_,Vx l',_Vn(.2._ k,.,V) l'W IIli11'l' lh,_l_ inh_l'lll,_li_,l__._ Ih_,n,lml',h, ,_,-,,_Itll,.'li_,l_ _t tim_,. I_1i',,_r-
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PARAMETRIC INSTABILITIES
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Introduction d,lmping and plasma gradients), and the reson,lnt cou-
lqle study t_tpar,mwtric instabilitiesin I,_st,r pl,_srn,_s piing conditionsart, satisfied,the instability grows

is _,fvital impm't,m,.'efor IL'F.The l_,ngscale length, luw- expt,nentially until saturation.
density plasm,_ surrounding ,m ,_bl,dively imploded The efft,ct of I,_ser-beam sn'_t,_,thing techniqut, s3,'1on
tusitm target prtwidt, s idt,al ctwu.iitk,nsfi,r tht, growth t,I par;tnwtric instabilities is t_l"p,_rticul,_r interest. Thest,
instabilities such ,_sstimul,fled I]rillouin sc,lttering (SBS), techniques can suppress hydrudynamic instabilities
stimul,ded I,l,m_ansc,fltering(Si,_S),and iil,uuent,_titm.1,2 by improving irr,_diatit,n uniformity. L,_ser-be,_rn
l'he sc,_th.,ringtnstabilitius (SBSd'_d Sl,IS)can product, a smt_t_tl'tingtt,clmiqut, s alsu have the potential to con-
signiiic,mt It_ss_f incident I,sst,r em.rgy and cart nu,dify tml the scattering level trum par,_rnetric instabilities
the light distribution ,m_und th,.,target,The fil,_menta- since they produce a srn_t_ther l,lser intensitydistribu-
titan insh_bilitvc,_ngem-'r,_tehigh I,_st,r intensities in wry lion ,_s well ,_sreduce thv temp_,ral beam coherence.
itwali;,,ed rt,git_nstl't,-flcart modiiy the pl,_.,,ma;tnd I,_st,r Beam smot,tl'ting techniques that ,_ffvctthe grt,wth of
intt,nsitv ctu_,Jilit,ns. Thest, elfi.'ctsc,m h.,,u.tto detrin'tt,n- parametric instabilities incltidt, sp,_tial sn'_t_otl'lirtg,lnd
t,d rt.suils lot IC'F. temp_r,_l smootl'ting.

The scattt, ring inst,_bilities occur tlm_ugh tlw rt,s_. Spatial snu,t,tlaing bre,_ks the beam tip into I:ine-
|hint dt'cdV of ,In incident t,lt,ctronl,lgnt, tic (F.M) wave scale structures by mt,difying tltt, phase fronts and
int_ ,_sc,_ttert.d I!M wart, ,_nd a itw,ll pl,_sm,_Illt_dc, spati,_l distribtttion of intensities in the incident I,_ser
'lids m_,de is either ,_n ion ,_ct,ustic wave (lAW) in the l:ocdlvt,iumt,. I.ast,r beam nonuniforrnilies can pro-
c,lse t,i SBS, t_r,_n elcctrtm plasn_,_wave (El'W) in thv duct**a ftwal spot ct,nsisting ot several high intensity
,..,_set,I Si,_S.ICes_m,_ntct,ttpling t_lthree waves implies regions that ,_re n'mny times the diffraction limited
th,it the t l't,tlllt'llt:V dnd W,iVt' Illlnll+t, rs tif the ,,v,lves size. The ex,wt ch,lracterisiics t,l the focal spt,t depend
,ire rt,l,iied ,is: tm tl'tt, details of tht, laser systt,m, An ex,lrnple of the

Nova last,r ftw,li spt_t is sht,wr_ in Fig. I(a), The ir_tro.
i,_,_= t,l, ++I,,,, duction of randturt phase pl,_tes (Rl'l's) in the be,_rn
,_nd produces ,a laser spot that is unit:orn'_on the I,_rge
k,_=/_, _ k,, . (1) scale Ishown in Fig. I(b) ft,r tlw Nova laserl. Spatial

sm_,t,tl'tit-g reduces the spectral intt,nsity irt the lower
wht,rt, _,_,(_o._,_m.t/'ll(/'.,),_rt.the irt!qut,ncy ,_nd w,_vt, sp,_ti,_lwave numbers. Tl_is reduction is predictt, d to
number t_fthe incidvnl (sc,_ttvred) liM wave, and t,_ limit signitit:,mtly the growth t,! til,_ment,_tion. Rlq's
t/hi) is the frctltlt, llcy (WdVt' numbcr) t_feither the lAW have the ,_dditional advant,_ge o1 producing a focal
_r the El'W. The sc,_ltt,ring instabilities result fr_,ma spt_t with a ,.veil known (negative t,xpt,nential)
tt,t'db,lt'k It_tq:, bV which thc beating bt, twet, n lilt, inci- intensity distributitm.
dt, l'tt and st,lttt, rt,d 1'i_4 waves m,_tclws thc !retlut, ncy 'lbmpt,ral smt,t_tlfing rapidly varies in time the fine-
dlld WdVt' number t_l,_ It_c,ll hu_gilt_din,_l (t, lt,ctrt_statit') st:die speckle structt_rt, prt_dtlct, d by an RI'I'. Ct_nverst,
nt_rrn,iI lilt,tit, tfl the pl,asm,_.Wht'll the It_cdlI,Ist,r to spatial snlot,thing, k,mpor,al ,'illlt}o|hill)' limits tht,
inlcl_sitv is ,Ibtwc ,_thrt,,sh_,ld (dt,tt,rnaint,tt bv w,lvt,

t I'l'ttde I't&, h't ht_lqut', I , I'1',. I r,_ntt'
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growth lime ol ,m inst,lbilitv by redu<ing lilt' <l_hrt'en<r Fig. I(,_)_,lu_w',,_ls'pic,ll I(w.I t_l,im' irt',ldi,tn<e prt_lilr I_.'
titllt, Of the ldncl'. I.,Iser b,lndwidlh is rt,quirt,d Iltr onL' t_l the, Ntlv,I l_r,lm.,,, i,,It'_r_',c,lh, illhotll_gent'ilic.n

tempor,d smoothing, pr_ldL,<e'dby the,be,ira ,d_t'rr,llilms ,it'r cle,_rlv visible,
I,_t,cenl tht.orelicdl ' "' _ _'sttltltt's ' h,IVt' t'\,llllillcd the t'tlt't t *l'l_t' Iocdj pl,lllt' jtltt'nnitV djntt'ibtltjtlll till Ntw,I is

o1sp,ltial ,1rid telnpor,_l smotltllin_ _m the _rowth of SI,_ .,,mtulthed usin_ RI'I' ,_nd SSI) st_u_othing lt,chniqut, s.
,rod SI_S.II1 1_)_4at (-)s,_k,IUniver,,itv, K,1lo t,t ,11. prt_- An RI'I' tlnt,d in NCw,_exl'_erilnt,llts <onsisls ell rt,t_tli,_l"
Posed sp,lti,ll smoothit_ using ,lt_RI'i t l!,_rlier in It)83, hex,_ot_,_l eh,tnt,t_ts r,_ndtm_lv chosen tel il_lroducr ,_
l__ehmbergand Obensch,_in'_at the Nav,_! l,_t,st,,_rch ph,lst, del,_v oi ()ore in thr bt,,lm. The f,lr-field intrnsitv
I..dbor,ltorv (NRI.) introdtlct, d ,i combined sp,_ti,_l,_nd distributitm ot ,_ RIq' c_lt_sistsol ,_n_wen_ll envelope
tempor,d smoothin_ techniqtte c,dled induced sp,lti,ll determined by the lar-iield ol ,_n individu,_l (ht,x,_o-
incohewnce (ISI), which they later implemented in I_)SS, n,ll) ph,lse pl,_te eletnent, Within this e|_veiope', there is

tt

In It)_l t), Skupsky el ,11, ,11 th'e University. of I(ochester's ,_ fine-so,lie speckle ,drtictttre title lo the Jntt, rference

l_,lbor0torv for Laser F.nergetic.sdemonstr,lted ,1111t,thod between different ph,_seplait, t'lt, tllt'lli contributitms,

cmploving bandwidth and RI'I _called snlootiling bv The RI'I' eletnt, nl size is chosen to produce ,ul Airy p,_t-
spectr,_!dispersion (SSD). tern centr,li nhl\lllltllll with ,_zero-to-zero spot di,lnle-

In NRL studies using the iSI techtliqtte, the levels ot ter as reqttired for the expt'rill!ent. (_ee Refs. Ih and 17
b,lcksc,lttered light trom BI]S ,111dSRS were redttced for for a de't,filed discussion of t',_bricatitm of the lar_e-
,I plasm,1 Produced by sp,_ti,_lly ,1rid tempor,lily incoher- ,_perture Rl'l's for use on Nov,_. Figt||'e I(b) shows a
ent laser light. I°'11F.\periments ,it l_.¢oleI_olytechnique 12 f,lr-field intensity distribution of tl_e Nov,_ be,_m with
using RpI' smoothin_ showed ,1reduction of,lpproxi- the RI'I: The intensity dist|'ibt|tion is completely
m,ltelv two orders of magnitude for btlth Sl_S,1rid SRS htmlogeneou,s with very little, "imPrint" of the Nova

• " , , , .., 14 , _ , , , ,
(|1,)|" l¢ls(rr intensItIes >10 W/era'-). Mt,lsuremtnts ttstd be,ill1 profile IF|g. I(,i)l. The fine-scale speckle strut-
tOtilter Iilanlent,ltion in these s,lrne expt, rinlenls ,llso trite' is also cle,lrlv visible'. (The probability distribti-

hldic,lted ,i reduction in this instability when using ,m tton of the intensity distribution in the speckle pattern
RI'I', I-_'_'lIn a similar t,xperinlent ,it i'_t_therford, Ig the is discussed elsewhere, t"'t;')

observed reductions of SBS and SI,_Swere attributed Tile speckle p,lttern produced by the RI'i' c,ln be
exclusively to the reduction of fil,lment,ltion, snl_otlled further by using SSI). I_ the version of SSD

implenlented on Nov,l, 4 ,1 bro,u.t b,_ndwidth (A_/_. -

Beam Smoothing is generated t,y cr,,ss-ph,lse modulation in,_ polarization preserving optical fiber. Following rood-

on the Nova Laser er,lte ,_mplification, the pulse is dispersed using ,1 _)(1(1
The No,¢,_ bc,un is considerably aberr,lted due to opt|- lines/ram reflection _r,_tinl4 The gr,_tin_, is located in ,1

cal inhomogeneities, surface figure errors, ,ind therm,d relay pl,lnu in the Ntw,i laser cll,_in. The dispersed
nonuniform|ties in the l,lrge-aperture optical compo- pulse i,. fttrther ,lmplified, frequency converted to sec-
nents. Aberrations are also introduced when using st,g- om.t h,lrmonic, and focused throufih the llexa_on,iI ele-
mented optical components in the final amplifier st,lgu, ment RI'I' onto the pl,lsma. Tile ,_mottnt of b,lndwMth,

All these ,lberr,ltions conlbine to produce beams on along with the dispersion introduced by the _,r,lting,
Nova that are m,_nv times (20-50) diffraction limited ,lnd implies that an asymptotic snlootlling level of about

thus highly nlodui,lted near the focus. As st,lted e,lrlier, O.I (the value of the norm,llized v,lriance of the time

.tilt)
-.|()(1 2(111 II 2ll/I 41)(I 4(10 21)1) {I 2lie) .lilt)
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averaged intensity) is achieved within all asymptotic resolved SBS spectra (kX ;:--3 A, AT _ 50 ps). A similar
smoothing time of approximately 0.1 ns. SSD achieves instrurnent, which uses a lower dispersion spectrom-
this high level of smoothing by overlapping speckle eter, recorded broadband spectra from SRS emission.
patterns (for each frequency component) that are spa- This emission, for an interaction beam at 527 nm, had
tially shifted relative to each other. Time averaging a spectral band between h00 nm and 1054 nm. Other
elirninates the interference among these speckle pat- instruments included a photodiode and a calorimeter
terns, wllich produces a smooth beam. to measure absolute levels of reflectivity. An array of

photodiodes at different locations in the target chain-

Nova Two-Beam Plasma bet monitored the angular distribution of the
scattered light.

Physics Experiments we exploded a foil target with a single Nova laser
Our recent experiments characterized the effect of beam to produce tile preh)rmed plasma. The target was

beam smoothing on SBS and SRS. Tile experiments used a 2.0 + 0.1-1am thick CH (plastic)disk (1.5 + ().l-ram
the Two-Beam Chalnber Facility in which one beam pre- diam) supported on a 700-/_ shcet_,of Formvar. We_cre-
formed a plasma and the second beam interacted with ated the plasma by irradiating one side of the foil with
the plasma by exciting instabilities. This arrangement 2.0-2.3 kJ of 351-nm laser light in a 1-ns trapezoidal
allowed for independent control of the plasma condi- pulse. The laser intensity had a 0.1-ns rise and fall time
tions and of the interaction beam. A single Nova arm and was constant to + 10% over the peak of the pulse.
can provide up to about 8 TW of power at a wavelength We focused the preforming beam on target with an f/4.3
of 1054 nm (lc0) for a pulse duration of 1 ns. Frequency aspheric lens and spatially smoothed this beam with a
conversion KDP crystals can convert the 1054-nm laser 1.3-ram square-element RPP to produce a spot on target
light to either 527 nm (20_) or 351 nnl (3o)) with a con- with a diameter of 1.4 turn at the first Airy minimum.

version efficiency of about 40_Y,,, To provide uniform The preforming beam heated the plasma to an electron
illumination on the target, we used an RPP on the temperature of about 2 keV and expanded it rapidly
plasma-forming laser beam. We used the interaction such that the peak electron density fell to 1021cm -3
beam without beam smoothing, with RPP (spatial within 0.3-0.4 ns. The critical electron density nor for 20)
smoothing), and with SSD (temporal smoothing), light is 4 x 1021cm -3,

We collected backscattered light from the plasrna We controlled the peak electron density present in
using the entire Nova focusing lens. We then directed the plasma at the beginning of the interaction pulse by
the light by a full-aperture beamsplitter and focusing adjusting the delay between the preforming and
optics (Fig. 2) to several illstrun'mnts that measure the interaction beams. An early delay (0.4 ns) means that

temporal and spectral characteristics of this light. One the interaction beana arrives at a plasma with a peak
instrurnent, which uses a high dispersion spectrome- density of about 0.3 ncr. A late delay (1.1 ns) rneans
ter coupled to a streak carnera, provided temporally that the peak plasma density is slightly below 0.1 ncr.

().527-I.nn inter,wtion beam FI(;URE2. Two-beam

experimental facility

shmving the h)cation

Optical measurements t)f the t:()cus lens, the
I,_I)P,and the beam

KDP array splitter used t() direct

the backscattered light
Beam splitter t_) instruments that

measure its tempt)ral,
spectral, and energy

F_)cus lens characteristics.
RI)I '

Target chamber /

I).351-pm
preh)rm beam
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Figure 5 shows the temporal SBS reflectivity as a func- shift cxy coted in the emission from a low-density
tion of time for RPP and SSD smoothing in moderate- plasma region that moves toward the observer with
density (0.4-ns delay) and low-density (1,l-ns delay) an expansion velocity of about 2 to 2.5 Mach hum-
plasmas. The reflectivities, as a function of time for RPP bers (~ 10s cm/s).

and SSD smoothing, were within a factor of two at the

beginning of the interaction pulse for the moderate- Stimulated Raman
density plasma case. About halfway tlarough the interac-
tion pulse (near 0.8 ns), the emission driven by the SSD Scattering Measurements
beam decreased faster than the emission driven by the As with SBS, we also characterized the various
RPP beana. At that time, the RPP emission was about a beam-smoothing techniques according to their effects
factor of 10 higher than the SSD emission. Near the end on SRS emission, Figure 6(a) shows a typical SRS spec-
of the interaction (1.1 ns), the SBS emission produced by trum from an experiment with an average interaction
irradiation with the SSD beam was reduced to the limit beam intensity of 2.0 x 1015 W/cm 2 and no added
of detectability. Here, this emission was at least a factor bandwidth (narrowband). The long-wavelength cutoff
of five lower than that produced by the RPP beam.

Using SSD in the low-density (1.1-ns) delay case, there
was an overall reduction of about a factor of 30 in the 1.5

peak SBS emission. In the SSD smoothed case, the emis-
sion is both lower in amplitude and shorter in duration,
The data in Fig. 5 show that adding bandwidth to the
RPP-smoothed interaction beana substantially reduces _ 1.0
the SBS emission below the RPP smoothing level only
at late times, when the peak electron density is below

0.2-0.25 ncr. Neither smoothing method seems to have
much effect when the peak electron density is above o.5

0.2-0.25 ncr. 1.5
Our observations show two general features that

appear to be characteristic of SBS emission from these
exploding foil plasmas, (1) The emission at a particu- _
lar time depends on the delay of the interaction beam. 1.0

For example, the RPP emission in Fig. 5 at 1.2 ns is
about three times greater when the interaction pulse
starts at 1.1 ns than when it starts at 0.4 ns. (2) We
observed an overall blue shift in the SBS emission
that was smaller for late time interactions. The blue o.5t,O0 700 800 tI011 I000
shift of the SBS light is consistent with the Doppler Wavelength (nm)

5O

o.l _ _ 3o i "1) ak/k _ ,, _';',

111-2 \ ._ 211 .

111''_ - '_', SSDsmoothing _ t' / I_

s_ _ () 0,05 fill) O, 5

l) 0.5 I.I1 1.5 2.11 FIGUI_,E6. Backscatteredemission from SRSproduced by an inter-
Time(ns) action beam with (a}RPI'smoothing and (b) SSDsmoothing, (c)The

emission vselectron density at 0.95ns intt_the preformed pulseFIGURE5. Totaltime-resolved emission from SBSbackscattered
for (a)and (b).

light ina CH plasma at moderate (early interaction) and low (late
interaction) peak electrondensity with RPPand SSDsmoothing.
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of the SRS spectrum decreases with lime and is consis- SRS backscaltering I raclitm, estimated from lhe phol_-
tent with plashy) expansion for exploding-foil targets, diodes for the .\_./_ _.() case, was 3--5':;. (.'omparing the
The 51,_Sspectrum IFig. (_(a)l is quite broad and is typi- integraled spectra, the tolal 51,_5refh,ctivilv dropped
cal flu" hlrge-sc,lle laser l_lasmas with high intensity only bv ,i fdctor _H5--I () wilh 551), since emissi_m still
and no temporal smoothing. Figure (_(b)shines the 51¢,5 occurred near the peak plasm,l density. Narrmvband
spectrum for a laser intensity of 1.2 x i111_W/cm 2, experiments were also i:,erf_rrned with a Imver inter)c-

" " I-I 2 -'., .,", . ,
using bandwidth AL'_. ~ ().I':; for ternpor,_l srnt)t)tlling, titre beam intensity ot 1(1 W/cm . i.lguzt /(a) sht_x_s
The spectrurn is narrt)w and is significantly different the resulting Sl,IS spectrum; Figure 7(b) shines the
from the spectrum shown in Fig. h(a). We believe that spectral profiles ,at I ns for the cast, s with and without
these effects are due to temporal smoothing and not tt) bandwidtll, lak_thprofiles were quite narrmv and
the bandwidth itself, since we used very small band- occurred over a simil,_r density rar, ge.

width in these experirnents compared to the growth

rate for fiRS. Figure (_(c) shines spectral profiles at 1 ns Modeling
for the cases with and without bandwidth; the peak
electron density was about ().1 nor. The profile for the SRS and SBS are particuhar exarnples of paranwtric
narrt)wband case had a maximunl emission at a wave- instabilities that grow provided the coupling parameter

length that corresponded to a density of 0.05 ,c,.(_. = (the laser intensity in this case) is large enough. The laser
74() nrn), and emissit)n from lower densities was must feed energy into the scattered light faster than it is

observed. As slaown in Fig. (_(c), the SRS spectral pro- lost by damping or convection t)f WOVe energy out of the
file for A_/_. - (). lCl was narrow and occurred over a region where the waves are resonantly coupled, These

density range of (1.08-(). l nor. The level of fiRS emission gain and loss rates for both SRS and SBS depend on the
in the range of ().t19--0.1Ucrwas similar for cases with and electron temperature, density, and their gradients in
withtmt bandwidth, but the emission belov¢ I).0q ncr was addition to the i,_.,er intensity and wavelength. SBS is
significantly reduced with bandwidth. The emission also sensitive tt) the ion temperature and plasnaa flmv

below 0.0t) nor dropped below the detection thresl_t_ld velocity gradient.
with temporal snmothing (or about a factor of 50). The As mentioned earlier, extensive LASNEX modeling

of tim laydrodynamics of these Ctt foils has shown the
peak plasma electron density to be irl agreement with

I.s the experimental data. Laser burr_tlartmgla times are
also in agreement with experimental times. Given this
agreement, we feel confident in using plasma parame-
ters from the I.ASNEX simulatitms tt} calculate the lin-

1.1} ear gains and threslaolds of SRS and SBS.

i.: A few hundred picoseconds after tim plasnaa
becomes underdense (n e <nor) to the heater beam, the
plasma electron density ,_ssurnes the generic shape of

(I.,_ an isotlaernaal-electron Gaussian expansion. ISAltlmugh
hllll 7'(111 ,R( )(1 tt(ll) Ill(Ill

Wavrh'ngth (n,n) approximately constant in space, the electron tempera-
ture falls in time because tile decreasing laser absorp-

"L ,|1)

'== tl (I,) _ tiorl heating cannot conlpensate ft)r the h vdrodynan, ic

= expansion cooling. The plasma flow in the directitm

e _() ** lu)rmal to the initial target surface increases linearly

- _,a/;," =_i).I'; i_ with the magnitude _)t:the distance frt)m the peak den-
>. 2(I [li_ti... sity surface. In the long delay experiments, the electron
7. temperature drops after bt|rnthrougl'_ from 1.5 keV at

0.5 ns to 1.2 keV at 1.1 ns just before tilt, interaction
"_ _() beam is turned on, in response It) the better absorption
b,

-._

of the ().527-t.lm laser beam (as opposed l{)the 0.351-I.tm(_ -- ...... " .... laser beam), the electron temperature increases within
(_ (),()_ ().1(I ().1_ ().1 ns to 2.1 keV after which it resun_es a steady drop

""/"" to 1.2 keV at 2 ns. When the interaction beam is turned

[71(iUI,II( 7. (,1) B,wkscattt,rt,d t,nli.ssi_ll lr_l)l SI,L%prt_dtlct,d bv ,) low- O11at (),4 ns, the electron temperature rises it) 3.2 keV at

intensity interacli(m be,_m. (b) Emission vs eh,ctnm density at I).qq ns 0.5 ns, then falls to i .3 keV by 1.5 ns. The it)!l tempera-
into the pl't![(lrlllt,d pulst, for cast, (a)and the high-irflt,l_sity 551) t'd'.it,

ture has a Gaussian shape with a profile similar It) the
fr,,m Fig. h(b). electron density.
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Analytical Modeling of the Plasma amplilicatit,,I over thermal noise such that refk, ctivity it;
Using the information tm the phlsma evolution pro- excess of it)'/', is expected; tilt, h_wer v,llue implies less

vMed b,, i.ASNEX, we find analytical approximations than I',:_reflectivity, q'he high reflectivity nle,lsured ill
for tilt, tinle and space dependent electron density and tilt, experiment suggests that mt_st of the ubserved SBN
flow velocity. The peak electron density n .+falls from light is coming from tile plasma region near tilt, peak t>f

.I . + q . t/ . - . ..... . ,10 ttn at ().. ns t_ It)- trn at 1.8 ns at totdlng tt) tile Airy spatial profile. For tile 0.4-n,,-delay case, a peak

tile equation laser intensity ot:4 x lI)I_ W/cm 2 gives GR-_21 at ().1 ns
after turning on the interactitm pulse. This value is sinai+

,ep(t) = I1)21exp[-(t -().5)/1).50 as] (2) lar to tile l.l-ns-delay gain coefficient. 19uring tilt, ().I ns
in which tile plasma is rapidly heating, a factor of two

For early times {data taken with ().4-as delay), tile peak higher gain is possible so that the early-time reflectMty
density is the same at 0.5 ns but it falls somewhat faster is ex Fcoted to be substantially higher than tile time-

between 0.5 ns and 1.5 ns due to tile presence of tile averaged. This change in tile value of GRduring the first
interaction beam. Tile density profile "v has tile ().! ns of tile interaction beam may partially explain the
Gauss|an shape tendency of tile SBS emission to consist of a bright burst

followed by a rapid decrease in this emission. Seeding by

( " '),e (::.,t) = ,,.p(/)exp -:" / 2L, , (3) lAW may also explain some of the transient strong SBS
emission observed early in tile interaction pulse which

with tile characteristic density scaleiength I.n (t) = 500 t.tm may be produced by tile decay of electron plasma waves
(Ill as). Tile velocity V has tile shape V(z) = lt)H{z/L v) driven by SRS. The transient behavior of SRS-produced
crn/s with tile velocity scalelength Lv (t) _ b50 I.tm EPWs and their subsequent decay into an lAW and a sec-
(//1 as). Tile scale-length parameters for the ().4-ns ondary EI'W has been observed in sinmlatitms. I'_
delay case are not significantly different. This description of the interaction (in terms of the

Strong flow velocity gradients in these exploding foil vacuum laser characteristics) is too simple in regards
plasmas lead to a linear gain coefficient for SBS, also to the relatively high ratio t)f plasma wave to thermal

, , '3 9

known as tile Rosenbluth gain coefficient G R,given as: Fressure. Tilts rats can be cx F rcssed as Vo/Vl: - 4 x
10 -I_' (I),2/'1+k ,3. On tile spatial scale correspoliding tot", +

+ , "_ the growtll length of the SRS and SBS instabilities, the
Gr = .n t'/'i . (4) laser beam consists of sF"_eckh.s," ' •of FWHM width .t'k0,

_'cVg,, I FW[tM length 8.1'2K0(where [ is tile full-beam f-num-
ber), and intensity peaks of two to ten times the local

where _,"= ,)_,'/,:Jz, where tile wave number mismatch tc spatially averaged intensity. Thus, in tile more intense

= k() - ks - kp, alld Vga is the group velocity of the lAW, speckles where V 2 _ V_., substantial modification of
and yt_is tile homogeneous (no gradients and no damp- tile local plasma density is expected.
ing) plasma grmvth rate A quantitative analysis of tile depth of the density

modulations produced by a combination of ponderonm-

(1)[ I,_, )[ (O+p2L) tire forces and eh..ctron l._ressure variations has beenYll = _ F'7 °h) \ 0}_0}a , (5) done with theuseofa three-dimensional filamentation+ ct)de. 2()Thermal forces with nonlocal thermal conduc-
tion were alsu included. The simulations were calculated

At tile matching point t)f the three waves, we set z = 0, with an average intensity ot:2 x 1015W/ca12 and an elec-

then we have t,"= oOand k' Vg,a _ 2kt) ldV/dz 1(). Tile tron ternF, _craturc,, of 1.5 keV at initially mliform densitiesvalue uf G Rat z can no_x be rewritten as in the range between 0.05 to 0.2 "or of critical density for

0.527-tam laser light. At the lowest initial density, 0.05 'or,

GI_ _ 2rt2 Vl_ Jtt, Cs 1 tile laser beam intensity distribution changes very little
/4 Vt_ nor _ _ in response to tile filamentation process. However, tile

laser produces density holes as deep as 51)<_(SH/, = 0.5)

=3,,( ,,e ,,sk_, Z/l(,_,s_,/ withinl,,psaftertheh, seristurnedon. Atthehigher
, I 2 / ) ' (6) initial density of 0.2 Ilcr, the plasma response produces ancr Fl_e\,, \ A _-V-_z I st, bstantial increase in tim fraction of laser energy at high

intensity (i.e., the beam filaments and creates density

where TKeV is the electron temperature, hi tile l.l-ns holes of 1(10'/,). Simulations at the high initial density
delay case, a peak laser intensity of 4 x 1()Is W/cm 2 (/IS = and the intensity at the peak of the Airy pattern (4 x I()I_
4) gives GR:-:18, and an average intensity of 2 x 1{)1s W/cm) show that the strong plasma modification occurs
W/crn 2 gives GR=_q at (I.1 ns after tile interaction pulse over most of the plasma volume.
is turned tm. "File higher value f_r GR implies substantial
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llw _1_ I"t'llt'clivily is Ill_tt_.'sl. In an RI'I ) l_t,,Inl, Ill,w- _ n.."skul,,,,kv,R.W nh_,t.I, Kt,nsl,,r,R,n.t r,1".,I,,11,.%.I el,'rilIF_,

t,Vel",4'; _)t Lht,bt,,in'_t'n_k'l"gyII,ln irlt_.'rlsilv irl t,x_'t,nn_)1 ,,_,1I r_t_s,um._,/.AI_I,I Iqtlr, tin,_,.Igh(I'_Hu).
five' limt'n II_t' ,IV_.'l",lgt',whicl'_ c_LIId ,1_,'c_LI1'_i1_)1"thl, i_1 A N, K.h_hwi_ h rl .I, I'lm., /_,',, Irll. 5'}, I lU?,(1'_7),

II h I' ( )b_,llnh,lill rl .I,, I_h_l,, /,_c,,.loll t)2.,Tht4(I_t4_)

h.,vN,,-,_bn_,rv_,d it t11_)_1_1 Ihin t, ne1'_y were b,_L'k_c,_l- I.: I I,_li.,_ud, '-, IL_h._, _., I,,d_,_m,, ,_ml II. A, I_,_hli,.,.R,q,l_,.t
h.,rt,tl. _I'_Sl:,h,_,,.,_.'I'_,ll_.'hil_gis rt,l,lliveiv inscnsitivt, h) '-,,_'.!il./.c I'_'_1_,I, i.,I,,,_t,mr/,,,,r I'tllth_,lt_m,/,'.,,/u,,'r,,
dt'll_itv _r,ldit, rlln .n_llw t'il,lrr0,'rlhlli_wl }_t'_wt,_nnll_uh.I 1,1,.,_,._,(NRh I.i,'_1_,I',flyh,_tmigue,I.r,_m',,.t_ %.
hart'litIlt'd_'ph,_in_i'lleel,_ilwt,llwpl,_smam_w_,_ I_,'g,I_,_l,,n,(.'l.,fl,,_um,,'i.l,_Iin,md,,_mlII.A.ll,lhli_,.
l,_l_'r,_llvinlil,|rllt,rlhlli_)i_,lilll_,m_dul,_li_._ofllwlh_w "l,lxl_,,r_w_l,fl_iudv _il'ii,_meIH,11i_ni.IIi_,hInh,..'.ilVl,,_ner

P,_r,_lh,Ih_/,_)in t_r_,.t;IL't,d 'l'hL,L'xj'ql]nj_,)n _fl t_l,lnllhl I'l,lnm,_ IIdel,l,li,m," .!1...II,_/,r,m(,,llcrrn! ,' ,m/u.',,'r luh'_u_hml• ,_'11/IM_llh'r ((),'l,_l_'l' I'_1 ), _Vdl'n,|w, I'_d,md,
11'_.H11lhehi_,hi11h,n_ilvi't,)_i_H1_1't,dtlCt,_lJlt'growth 1"att, I,I.('.Idb,_in_,,%,I).I_,iI_ti,'I.l,_lin,..l,II.A.l_,ddi..,,rodI),l',,nme,
_I._I_,_ml pr_..l_'_,_hyd r_)dylh|llliC(I)opph,r)iw- l'h_l_,Ih.,l_I_4,222,1(I'_21

H_t'my _hiil_.'lhin,.,flt,clmi_hl t,Xl'd,_inlht,peculi,_r I_._.Willi,I,A.,-,h,_rd_r,_d,h.t'_.,,,rod,,\.(/iulielli,l'hl/._.II..I_I{

early lirru., _t_,ctr, iI bl_,, sl'_ili_. A gu,ll_lit,lliV_., ,lnsesn- 2, 131_(1_,_1)).
nit, Ill _)1 lhi.'.,aw,_il.,, hlrlht'r m_Mt,ling. I_, ,%N I)i._il ,,I. dl.. "l_,_mhm_ ph,l,,.,_,I,I,d_,n h_r Iw, lm _m_._lhi11)_

_t_ IIw N_w,_ l,L,,_.,r,"Al_pl. ( _1_132, 2%13 '?.r_,l (l_m._,).
17, I )ixil _'1 ,_1,."1,,_r),_,'Aperlure h_l ( ;,,1R,mdom I'h,_,, I'l,d_,.,,,h_r

I,iv_,rmt,re N,diolhll I,,Ib_.',d_.V, I.iv,,rm_n,, ( ','\, IK RI ,.I R

W(' COl"_iinueh, study lilt, t,tit,cls _)1lw,lm nrn_)_,)lhirlg 11)_21 '_?'2 ( I'_'_:_')

_11|_,1r,lllW[l'ic inshlbi]ili_'s ,111t.]itn |_()1t'111i,I]t_)C_)ll[l't)l it_,i,_.A. I._,_,h,n,_l)dM.I). I,_.,.,_,_,I'hi/_,.Irhlld,,,2¢),:_,_13(1'_O).I_.LT.K_dber,W.R_wimL,.,,V.Y.'l'ikh_ud_uk,II. A. II,ddi_,,,_,d
lht,ir ,,gr_wth. 'l'h_' _t_dy ,_ddre_.,sL,_Iht, ext'_erimt,nt,_l K.I.:..,I,d_l_,_k."lh'ilh_ldl__,_lh,ril_)_, I.'nm_I"h,t_hdi_m'.,I'r_lil_'ed
,_t'_l'dic,lli()rl ol t_l't,st,rll N_veabt',11__111()()lhJll_ tt'ch- I,v hlinl_ll,ll,,dR,111hltlh_,llh,ri11)_," I'_,. gl'// 186()(lU_!,).
nigtlu_, ,_nwell ,_nthe m_)deling _1in_l,_bililien in Ihe :_(iR.1. Ih'r)..wr,,I,d.,/'h,r,. Ih,,i,, It5, I (1'_'_:',).
i;_rt,,,.,enc_.,_t l,_,r inlt, nsilv distribl_li_n.,, d_arach.,ri/ud

14.,t
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During this quarter, Nm'a Operations fired a total of period. After the TI'iR has been completely tested, the
323system shots, resulting in 303 experiments. These present on-axis Tl'l will be removed to allmv use of this
experiments were distributed alllOllg ICI: experiments, pren'tiun't location for other target diagru_stics. We plan
Defellse SciellCes expel'illlertts, X-ray Laser experiments, It, remove the present TI'! ill early August,

Laser Sciences, and Llcilityrnairttenance shots. Beam simultaneity was measured this quarter and
The installatiort of the new incident beam diagnostic showed a pre-existing 20-ps RMS variation between

(IBI)) packages was completed this quarter. The lBl)s bean', arrival times on target. After correctiorts were
will prm'ide us with a temporal and spatial sampling made to several of the boarnlines, rneasurements
of the incident beam, ,aswell as 1,2, and 30)energy showed a residual variation ill timing offsets ot"7 ps
rneasurernet'tts. The diagnt_stics will be activated and RMS, measurable with an accttrate of .*.4ps RMS.
calibrated next quarter. Instttlhltitmof the small aperture (hS-crn) debris

The target plain imager replacement (TI'IR) was ton't- shields was completed. These small debris shields
ph,ted and the system was activated in late Itlrte. The replace the large (80-crn) version previously used. They
TI'IR is used to view the reticule and beams at chan_ber are easier to handle dtll'illg 111ailltellallce alld cost less
center for target alignment. It is Ioc,lted off-axis and is to replace than the larger version. As a part of our rou-
designed to be more reliable and quicker to use than the fine maintenance, we will clean and recoat five small
present target plain imagist (TI'I I.The TI'IR is being debris shields per week to improve and maintain the
used for routine operations during its shakedmvn precision power balance on the target.
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.\'.IT,ll/I.ll>l,/ t'l_hl'rl'lhl' lit NI.I.It_I' /i, l.,lwrencl' I_iverlilllrl, N,11illil,ll It,lldi_, II. A, Villi,ill,tire,, !), M., I,,lb,lllnl,, i)., I!ilrit4hl, (L I)., I,,i
I.,ibllr,ltllrv, l.lverlllorl,, ('A, U('ItI:IC'-I lilii144 (I<ili.l), I'rt,p,iri,d hir I:lllll,line, I!,, lt,lhlll, _., Mlllllhltx, It, I'e._nll,, 1),, ,ind (.',i_,in_lv,i, M,,

lTillit illll'rllttllllllill t'ollltqllitt,I Jill .\'_Ral#I asi'/_, Schliersl,l,, (;t, rllhlll)', ,gli,llllah'd Itrlllmllll _llll/l'ril/7 iil llllll_l'llillit +lHtll'._llllc_: l;.ltti'ri,li'lil_
M,iV 114..22,I_)_t2. mid/Vhl, li'li,,7, I.,Iwrence IJvi,rlllllre N,Iliiilhll [.,ibltraiilry, I+ivi,rlll_)re,

:\nlt, lldl, It, I lilldlill, R,, ,lnd Slr,lil._n, M,, ( )llllllll_.iltitlll ill ._illTll, S/ll,Ti, {'A, UCRI,-it'-II 3224 (lllliTt). ,i_llblllitll,d h) I. lihl#̀ _,tlllill.

.\" I{lll# I+_/H'rtilhl'ri'lhi', l.,iwrl, llCi, l.iverlllllre N,iliolhi] I.,ibllrahtry, tt,lHi,ird, J. J,,{.'iljllir,l_ll, t;, J., I!yhln, S., ,ind YII, ._._., ( )l/i,
I.ivernlort,, CA, Ut'RI-it'-I IlPliiti (lilit3). SIli_lnilh,d tl),,I.i, lltl.lt,_.Sill, l)lllll'llsllllllll .¢tltllltlllll'llll.s ill 'l)'ll!l._il'lll_ il! II('lli'jl hill llliiTlllr_, I.,Iwri, llil,
Anli,ndl, It, I'llWel_, I.... I l,luer, A., ,illd _Ulel', I-, 17,11'Rl'_l_lf,cll IJvt, rnllire N,iliillhi] l.,ibt)r,ihlry, !,ivernlllrl,, ('A, U('RI.-It'-II 2;14;t

.%l/lllllll,lll# Ml_di,llll7 !l! Nlll,_l Iliihh'lllllll._, I.,iwrl.,llCl, I.ivt, rlllill't, N,itil)n,ll I I_J_l_l).I)rel_,lred hir I_t_).1lillr/ll.ll , tlll i'/i'rtllllr {'iltlli'rl'lht'o W,l,_hillghln,
I,,ib!ir,lhlr$,, IJvernlllw, CA, Ut'lll,-it'-11:1470 A!!S Rev. I ( llltt:tl. IX, May 17-2 l, llllt3,

I'ri,p,lrL,d tllr 2 tril illllll,iI Aiillllllillllt_ ,,ll_._lll't#lliill('ii/l/i°l'l'lli'i ', lt,irlhll'd, i. I., {',lpliril._li, (L J.,_harp, iV. M., ,lilt.t {hUll, Y'I, 14i'<_l'lll'lhill
Willh'r)4rl'en, %','%,Jlilll' 21.2_, l lltCi, thl'lll'lll'it lil/I IH,_ilill llr!lll'll, l.ilWriillt'l_ IJvi,rnlllw N,iliiln,il [.,ibllr,lhlry,

Alhl,rhin, l.., I,, I',lyile, $, A., ,lild I#r,lndle, (.'. I)., I)lldl'and 1711_lrldl' l.ivernltlrt,, CA, Ut'lfl.=Ml-I I.t_t_l)Illt!tTtl. I_rl,t_,lrl,ti tlir LJ(' I),lvi_,
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B l.iverillow N,ltional I.,l[_lll',ihlry, I.ivl,rnlltrl,, ('A, LJ(RI.-I(- !1 I.t7 <t
(I_tli_l), Subnlilh, d hi Phi/_. Flilid_ !t.

t#ilck, {L A., ,llld Killllt_lll_lll, R. I.., C'/IIrillh'r/._l/filll (iI I)lasl!la_ bll

M/i rlidllt ._tll'tlril.__llljf, I,Iwrellce I.iverlllort, N,Iliillhll l.,,ibllr,lhiry, ti,lrlhlrd,J,J.,Miller, J.,,illd I hlber, I., I.',lllhlll!<t ' (;rllwth Ill l)l_tdilli'lt+

I.ivernlllre, CA, UC'Itl.-MI-I I :lli211(I,-ll)3). llwt_,lwd tlir l¥iillli,ll'n _lJlltl'.{hllrTl'l)lllllillllh'll ltl'llttl$ tl,i//i/;lll'rk, i/ ,_/_l'l'llt/, I.,iwrt,nil,
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(l_Ji)Jl), i'i'epawd hlr/9!).t I)allil'li , ,,llll'/t'rahlr t'litlli'rl'l/il', W,l_hinghlil0
I)t', Miiv 17-21, I_t!iit,





I)ixi( _ N l el( M i I ,mdl)Lmnal I' I_l_f_,l.ll,.th. Ii_,hl G

l'plIpll:_lflt.i I i._ul_,l__l_.,imnn K_/_llill|lltl il'llh lit,ll I_h_.h_. (ilill_kv _| I Krllll _ I I I.IIIHllL'I I I! alld I,Ibak :_1 ".l,i/h
:}t'_,_.TPtI,uL I ,lWn,ll(_, I iverllt_tlrt N,Itilm 11I ,ib(inlhirv i ivt, l illiql, AIt_d,I ,_t '_llt._t /It, t.l,iI I h_ lp,,u Ihm.l,ml I ,l_VIVl|lr[. I I'¢l'Flll_tlt

(;A L LT_I IL II lu21 t luu_1%tlbmith d h_ ( )l_lt_, t dnlnlllltl(itflilfl., N,ltiollai I ,lb_irai_irv I ivt,rill;tlV ( A [ ( RI MI III1 _,_ lUU_,1

I)txlt _ N Ihllli_,P. i M _l_l_t_ It V¢ _l_lrI4,_11\ I Ihlii-.lall _| I_l_.p,ired hir %ltind h_l._tl Ahitm< _h_ut |_itirh.,_lh V I'hit_. rllh
& _Vegner I' I ,llld h_wMI I! 1 t,_md_u, llhll_, , I_hth l,. lic_lm I.h.r I tr_ I'.1.,. %,11_i)ie_ (A M,lr_h 2_I _1 1,tuft

_Hl_lttllnl__dH tin" ,%'_'_1I _l,Cr,. I awren_ _, I ivernu_re _,|(hill,ll (_ilil_,. l} !'. I:l'l(,d,_t,lll. A,. and I I,ibt,i. I., I hick, I Ii,lrn_tt_n_ll 19(

I ,ib(irah,rv, I ivermiire, (,.\, L'CRI _1(._ 1_)_77 ( I,.iu _);__l,p, ( )i I, .t2 S...hltt_,_ ,_tI I,,,_,. hu_ I ..._,. ltr, m_.. /_,',,'.t h.l.,_,'rmr.I, h_,m,I
. q3. _4 (l_u_) _ll,ln,lt_._. ,,f P, tl_l' I awren_e I ivernu,re Natitmll I fl_t_r,lh_r_,

l}ixit,_.N.,1"h*,n_,i_,I.M.,W_,_ner,I'.I.,Ih,|w,,i,m,1%1.A..W_d.,,.I_. liverm_n,._.'A.U(RI -l(*-112_i)_(lU_).l'r_.paredh,i l,_Ull',,rh,I,'

W..and l'_well,II.T. I,Ib,','Al,_'rti,r,'',_,l(;d.l,_,m,h,,i/'h,i_,'l'hih'_t_,_ ._H,'_,iI,,_I/,ui/i,_rm,,.W_i_hil_HhliLI_. May 17 Jl lU_ll

lie,m( _t.,_llml>,, _u_lh_' N,u,,_t ,_,,,'_,1 ,iwrul_ct.,I iv_,rmore _,l(i_lll,|l
IIb,. Iturv 1 iwrnl_re L& L!CId IL _1112_I_ (l_ul) _ubmilhd t_

' _1't' ( )pI H
I I,lan. _. W., I 1,',%,. ,it l,l_x','t_ M_ th,' ,_,'llh,.l,fl I_.m_,. I tl_dill/.

I)ubui._, 1LF.,alu.t Ih,l_bv, I., i_lthfl,h ', I'l,_h'rt,I t luf_,m Ibt_,lm.., I.awren_e i ivi,rlnltre Natl(m,iI I.,d_t_ralurv, I iverltt;ir_,. (A. |/k-ld I( -

lav,'ren_e I.ivermun' N,tlinn,tl I abur,liurv, I./vv|n.ire, kA, L'4.'RI Jk'- I I_..l_(I AIt_ (I_i_tt) I'rep,_red lilt Im)l lill,_,d (,ulh'u'._ ,', M;mh,rl.,v,
1122_4 (l_tut_l. bUbntith,d hi (',_.lluth'l,, lnld I_lllt_li.. (,,'_. APril 2_ 2_), I_m3.

I I,Hntnel. IL A,. (;rt_wldd, I).. I(en_tnghilL II. A. I'errv. "l. I ,mden, ()
E i... Kilkelmv. I, I1., ,111dI',lq_a. r. A,. X Kll.. l.lml._,:,_tll,hl_,'H,'l_.l,r,'m,'.t.

I111_R., 1)_"._. _,tMlllll-tlnhlhlll .'_ll(llnll'tll _.|l(t'll._illt_t' ldt' i ,l'.'t t It_,htll ill I{thlhllhltl I)rlh'll _lht_A,nht illh'tfih i' M,#ll,I Ill %_lld I ),'ll,,Ittt Mllll't'hlL
/ _llrl Htldlll',, I ,twr(,It_ (, I jver111(ireNalhlnal lab_r,lturv, I.iverlll_)re, I_,iwr(,ll_,e I (verm;in, N,ili;qt,tl lal'_rahtrv, liverlllllre, (.A. II(RI -I(.'-
(A, L'kI,U-tk. 114%1 .,'qt_ (l_'_k!) I'repared h_r l¥.,i,,:, l.,_,m_'rrm,_: II I__ (lU_.lt1 _ubmltted Ill At,til. Ph._ IHt

_,,,t,'u',_,' _.._t;_t_i,,('hi_a_l, IL M,u'd'i 14 17, Iq_-_. I hmuvM, It A, Ke,u'lt,, L_ I., Re_., I1 r., I.,u_d,.,rl,t), !.,, Klikennv, I I),

ik, ll. I;. I'aqia. r,, and Walla_e, R I., X R,ill Im@,,m>:_l,d ,_,1_'_lm._lt,_

F Mr, l_ll/l'llh'tlt',, ,_1hil_llhl_h,l.%I dWli'llt/t' i IVl'rlllltrL, N,l(i, in,II I ,_ll_tlr,llltl'V,
I ivt,rln_re, (A, kl(rl .jk * ItNI_I2 ( I_._-t,ll I_rvpar_,dh_r I-,.l_h','.lh

l-arl.., (,. W.. lu',in_kl. !, F.. ,rod I Ii_km,m, A I'., i tL_,,hH,'.,4.l,,. hlh'rll,ltl_.hd tt.t/,'n'._ ,' ,,. I_lli.m,I III;(_,. ,m,I ( ,t.tntlh,d N.t lb. I ..t_ul

_,h.ltd_lh'd t.lt.llh!llln (;,llll _/tO, lhl_,l ttlqt Ill (;hI'fi'" mindk't II_hll',, /_l'_hlh h, WUr/bilr_, (tt'rllhillV, N,Idt,lltl_,r I(1 ()dnl_,r 7. I_t_PI ,ivcrel'u,e I iverlllun,, N,iti_nal i ,ib_,lr,ihlrv, iivl,rlltnre, L',&, Ukrl. o "

(.R-1(t12_'_.u2 (lUuU ",ubmitted t_l I ()lit ._;!i_,.4m H I I,linmel, I_ A,, Kean,,, L , I. Iee, r w. Kilk_.lmv, I I)., K,!ni,_, I1. I,{,
,111dI',l',ha. R,. X K_tl/.nit,',Ira,, _'l,i Mhl.lm',ll'tlt_, tq Ihvh i )_'.,,lt,',, ,rod

I:rledlll,m./% . I 1 _\'1I tll I_huc{t .ghlllt. ,rod Phi... I.,iwrence li'ltltt,'t,ltltlC, lmm I.dn','{ tht Iltli,l,. I_t (,ill.ida's, lawrvn_e i iverlllliru
I ivvrm_r_' N,iti_._,ll I.,ib_r,ih_rv. I iverln_n,, CA, U(.;Id ,MF 11_H_ N,Zthm,_l I ,zb_r,thm¢, i iverm_n,, {A, U(I_II_oI_, 11111,14(I_t_tl). Phz/.
(lUUt) I'repared hlr ()ttil.t_, _tl I:tl,_ltlll Fn_,r_v, I"Kff, Mard_ It_, i_t_tl hh,i, / ,,11 711,u (l_tUt)

I,r,.,dm,m, A., I I NI t ilt I'n_lh I l'_'r_ph tw,' I%'._',lnt _11I I NI III I hHnmer. I, ( ;hlv.,kv, M., V¢ilk_,,_., lab,lk. M. Kru_,r, W., and

h.t.k.ht% I ,|,wrl,,ll_e I i'v{,rmt_re N,l(inll,tl I abtlr,thm,', liverlillln. °, LA, W_.idw_lrth, I,, _h_.t /_.1._' I ,_.,'r. I_. ( ;Clh'hllltltl i_/ / I_'ltl. / _ crt/lll_' jllll
I,.:(,l_l "MI" II t_2_ ( 1_'I141tl.I'rep,ired h_r I/.NI It / |Vi,k,h_% Mx', I ,iwr_,,itl.[, I iverlll;ln, N,Ililtlh|l labllral{irv, I iv_,rlllnrt,. ( ,&.

1 ivt,rlllllrv, (.,%, M,ir¢ !1_1-. April I. I_-i1, l.}(rl -I('-II I _.1(i(I_lU:l) I'rel_,lred hlr _l_tll I.h'_.t_ll#.,fl (l.nl'h'.(,' i._

I.r.,dman, A, and Ikmg_.,rler. I,L(), I._'rtml t ..s,._ i._'_>,'ll _1ti. _l l.,m_, _.l_'x'_x'm_..M,b:._'tll I n'hl ( ;r.t'_ll_l.I ¢. NH_lthl htt._ ,., Albugu_,rgLiv,
t h,,,_,,u,h,. I )r_,_'r_,I.awn,n_,, I_ivermon, N,ill_q_al I.,ll,lr, lt_lrv, I iverl|_are, NM. INto,ember 14 I I, I,,m2

( A, L;(, I(1_-I( ,-I ll"_u_ _I_N_), _ubn_lil_d hI/t/ll/.t_. N,'.'. m / ')_._r I linkM'l iP.,k,,r, I) I', Willialn_, I,, A.. ,Ind ik,rgvr, r, I , /i'.lll, uld

trledl!l,|ll, A., I},lrrl,lrd, I. I., ( hen, YoI,, (',lt_ra,,u, (,, I., (,lll,d_an, I) /i'd/lllhlll ttf Slltllllhl/hl/hflhum_/ttl_ k.,_ll/_'r, Idwri.'llt.l, I Iverlll;ire
/',, i)eh_rd, I F,, I'awh,v, W, N., (.;mt_,. I). I!, and I I,d_,r, I, _m.ll,_l_.l N,!llun,II lab_lr,lhm,', I ivvrm_r_,, ( A. li(Rl. I( _-II t_25 AI_ (I_I_1t)

t_l tli'_li'll hul / It_,/IUl Hl'llft/'% Ir,IWrl'l|Ct' I lverlllnre N,|thln,II I _tb_lr,lhlrV, I'r_,Pared h_r 2 |h//_llllllll/.'_thttlhl/lllt'. ,'_b.I./_lh_H (litl/l'h'lh_',
I ivel'm_.'e, (.A, U(/d-I(.-I I()lut (luu;1) WIIlt_,r_n,_,lL %'A,IuIll, 21 2_. I_1

I'r{,p,ired I_lr lh_,/A! ..| li,{/llll_ ttl ( d.n_ll//r_' M_'¢/lllx i,ll A,/f'ml_r'. ul I h_. I ) I)..M,, ,|l|i,I ( r,uMall, K R., 1)O,r.,/,',_ ,' ill U,,l,h,tt,#,' PH,' /Ip
'_l.llfl_ltlt,t il_lt/,_,lltdHl._ tit Ihrl Ithltllh h'tlr Pht.,.,u,, M_mtre_ll, (=,Ill,ida, / ,'hi,, _,l/tl'tnll/_n'tllll_'h,r,, lllh/ =1)¢,,,i,_11ill N_,l,/I,,p_'t_,h'_'( IpIh ,_hu t Ithl/
I1,111eI _ 1I4, I='.t_'I_... ! lt_ It',111_ _l/_h'lll,, f_t / II_h Cl_th',t / Ic, i'l/ h,i/thl.l,,, 1_twrl,l|l__,

I,iverm_ln, N,ith,_a! I,,d_ur,_hm¢.,1Iverm_ln,. (A. i;( I,U I( •I Ipt_'I_II_

l;rh,dm,ll_ A.,It,lrn,lrd, I. I., %h,lri'_,W_M.. Ni.,whm, M A., ( ,ip_lr,'_,_L I,{ev. I (1_t_13),I'rer_,lri,,d htr /_)_I1/'tlrll_ h' .g,,H,'t,lhll (,,.h'n'._,',
(;, I md Yu _ k I),_,hg,mr.t Ptllll. t,-/'_,_._ ll/tltm_: I.dl. lll., W.l',hlngh._ !)( 1%|.iv17 21 I_t_li
,_rh'r.hu,., I,dVCrlql_l, I i_,'t,rlll;)l't_N,|tillll,II I Jb;IrahlrV, I.iv_,rn'.lri.,,

(.'A. L;('ld-MI-114212 (lu(_l, l'r_,l_,ln,d hit/tlh'v, hlh' I ii'_l t,t_ Ihtlt I1.. I}. I)_M,, lmdl. I. I),, ,Ind ]_lbak, I%t. R.#dltltlilll t'tulh'th'l /_/ll/.l_
_,tl_lllt M_'_'/mk', 1-1NI, I.Iv_.,rlll_r!,. ('A, APril 2 t, I_u"_ _md. M_,lt._dHll._,llf_u { )l_hlnlllt( the' (IPt_'_ I ntll/ .M1(;_1111lilt ! Ihll'lt h"l

/ Ilshl/I. i.,1Wr_,ll_l, I.ivurnl_Hre N,|lllqhll l.,|b_lr_lh_rV,I IV(,rl|l;_ru, (A,

I tie,din,in, A,, k ,fll,lh,ln, !) A., I.angd_.L A, It, I laber, I, ( ;nlh,, I1 y,. U('I(I_-MI-II 117h(I_i_1) I_n,t_,_n,dhu"/.h'r.l_l_l._,d _,.ml,tl.mm lu_
and lurid, c_ 1%1,WIl_lt 1,_,'i,_,/ _'_#l.h/In.. I 1)_._d I,_,//tlh'._r it_'m. I h'_l_'l/hI. I._'rtml I ._l_.l. I'r,p._ ,ill, Ihllv. May 2r_ 214,I_t_
._,ntllll_lthlll. /./',1t1( lhr V_'_'_KI_( ,ll/,', I _lwrl'll(l, ° liver11111n.,N,iti_lnal
I ,ib_lral_rv, I.lverl|'._rv. (A, UCI,_I _1( -I 1.12143alu.i [l(kl -MI-I 1"1214;t I hlldl_,lwl', I:. R., I'lall. F A. (;_,lir.l,,,. !,_ I., I.nmk, I} N., iirland,,ulL A

(Iq_P,) I'n, Pared hlr Itlh'llffllllUhll _l/lll/Itl_llHII ,ill Ih'fli'lt h.I In_'rlltll ('., I,|n_,,lili,., K %, I.,Ir,_11, I), W,. ,1lid ._in/. K, I I . (_lt II/_lllilll,. pl
I I/",hltl, I'Lr,|"k,l|l, It,lh,', M,ly 25 214,i_)_t.}_ /)l/n_l.I, Slr,'_,_.'.,I, t/ll' l,ni','ht/tc, _ltI_lll._,',l Xr ! hl_hhl,Ip., i,,tWl*t,lll,l.,

I iverm_lre Nali_,_,ll l.,ib_lrahlrv, I iverm_n,, ( A, [I(I,U-I(_* 11(11121

(l_t_t]k I'n,l_,lr,,d hlr SPI! I ml? ,%llltlpl_'qlllll till ( )1#1_tll /tpl'linl _l .',_ ,'
imd I ,_mh'r.L,_,, _,ln I)ie_l, ('A, lull,' lU 2.1, 1_t2



Ih,Ll..v I' \ It'_111t IIf_,_,I,- (h,.,ll',', _I,-.IJ'J_,HI_, 1,,:,ill!,,l,_l k,,,h I \ \1,_,_,,_,_11 I j, I,l,,l_hnt I_. \ \l,Hlhv_'. i_ t I_,_
1,1_1v_,' I o_'tll_,,l_' \,Hnlm,iI I Jl,_,_,Ht,l_, I I_l'lln,_lt ' ( \ L* RI _,_l_,l I It I _'u I,_ _V, \lv,,_k,_, _. L t_dvr_,_,.,d, t II ,m_l ILH,,,,n I'

I'_{_tl/_', I ,l_,'_ tt'lt* t' I r_l'l/t_lti_l ' _,tlhHt,ll I ,tl',i_l,th,l_ I t_ t,lll|,'tlt,. (. _\.

I t I,:1 It 11 L_(I_I I){_1) I'lvilal-vd hll I,t*.,'_". ')?. Ih,lt.,htll, I \
I l)v_vlnbrl h tl, I'I_P_
I/llll_llJIIl, I Jlld I',l'.nl' % \ . I I_-t.n'-_,,'.,, ,,_ _.._ ' 1}_1',,I Ih.,,t,t,
_,h_..... I ,Iv, tv_l,v I hvlm_l_v \,_lt_m,II I ,ll'_,ll,lhtl'_ I i_vrm_.v, t .\ K_lbvl. I I,_tVl|111'.,.%Y.i ,..hlbtl.lk. I'.. t_,lhlt,. II ,&..,rod Ilkh,_nt huk.

%{,lllrt' III._', I ,l_%lt'lh t' I i%1'11111IIt: _,ltlt_tl,II I ,11"_Ihlh _1"%',I I_, t'rllll i11', ( ,_.

I( I,{! 1( 112?lill(l_l_)t) I'h,i1,irv_t hti '.1'11i )lql{{d I tl._'l.,'r_.tx,.I,l_v_

K ( ,,.trot.,{' ');, I_,..\11_,_t'h-_,(. \, I,Iltlh11"%Ih 2t I_t'_

K,lr, v_ I I ,i,_lll*._ki !1 I ,mk_dtm \ i. lthl,ll I1 Ih'ttv, R ,n_d b.{_/h_v,,,kl, _,1 I,_. ( I1_.., i,(., ,ihd 11hmt,l,_, I _1 . ( I1,tt,,tl t t_,lll)l(n hu

_\'llllam.. I nhlt,H_.,It_,._ ,,t t dm.,'_tl 1,1,ltv,l.I _,.h,_,th.tk' {I_.Hf_: I h¢,h I_''_'_ '_ I '_'''_ r II,l_l_ ,_1_,.,.. I ,l_lt'lll t, I i_l,rlVl_ll-t, _',_,llllllh|l

'_1_', l),_l 1 )l'.l','__f,,ll l!l,l I h',ll_ _ht_ _,ldllll)t(, I ,Isvrvnl v I ivvrml_rt' I Jl_tlr,lhlr%, I h I'I'11_itlV. (. /\, j ( RI Ir_ II I ;'_ I Ill_l t), t h._,ll,,_,_t,,,t

X,Ilhllhll I ,|l_H,ihtl%. I h vrm_llv. _ & | (RI I(-IIh_l)l ,-\llh _lv_ _ I ,l.,'_ ',, .'._ _ ,.M h',h._t_,._l_ '_.t,l_lr.h.hd ? 111_11_,d ,_|,*//_,/
I'l_'P,Ill'd I1,1 Itth'l l_ ,ln I_tI1_1_ _11"_, h'tlt l )#,'l.l,,n ,_t I_1,_.._ I_111,_..I,.. '_t

I I}11t'.._%!(,] _t_'%/'11111t'1I "_ I_ I_.o/ll.,_v_'nkl,M. l,,l,,i)vhlrd, I I. ,tlli,l _1,1_),_,_,1 ( , I_t.,r/ I i,t)_ht(,'

j_,1111t111,111,R I _l,llll)_iHllA'r%'_I'1 '_ I t'llli'hH_ I I'. ih_thvr. I ! .. _|rit,.lth')lh'n/.- ,_.d t I,', t_l, I _,'hlAl,_,l,'h._.'. I ,l_vrv_l_v I i_ _,rm,.v
'_l_h,r I I ,11111it,11_m!1_.',III,I }, \ I,_,_ I%_d., In,. t),.. It... I. t,.1'. Nalhm,il I ,Ibl.-_ltl_rv, I i%'l,rlllllrt,, ( ,.%.| '( RI I{ 112_I',tl( I _1_t)

,.; _ t,h_l I ,l_rvnl I. I i%1,111t1_111'_,llhilhll I ,ll'_'tll',lhlr%. I I_ t,rllliltl% (. ;\. I_h,il,lrl,d hlr hcl lind I.Ir_._th.hd I LII))I|*I|'tII |' Ill) I ,Is1 't . II,l,_h_,..
I i. KI Ik II t_,t t .&it_, t lt_l_) I'rvt.,Irvd hlr ? b,I _...,_I I.,..,d_.. knll,_vtlh', I N, Al_ril I _ 22, I_l_t
U,..,vl,l.,. t ,UlI_",'II{, . _%'inh,rk_lvvll, \','\ IIIIl_' _1 2"_. I*ptII

Krllvl. V__,I ,, ,rod Wilk'_, _ ( .. /_/Ih'lh _",ll)tlll,tthut, dl {lith_ I.l,'tt_r

"_ltll i I ,_\ I .Inl,'.vr.k il ,111dkllh,r. I .. I nln', I_,_.,,,1_1_II,_.,',l,%hl I IVl,rlth)r1%(A, IL_( RI -I(-I I11t1__t I_t_l_l I'rvl_,irvd iti)r /,I,t?
I )_n,.,.,_..l_,.,t,. t tt_.h(;h_.*tll 1,_,h_ ,'%',t,,_I.lt'h_._. I t/_l')lnh'tl/._,ia_vl*i,ll_ l, Ilth'_ thl/htlhll ( p)llr)l'lh r iltl ftt_l.,tlhl Illtll',h _.,hilt,,,l'irll_k, _ll_llhl, 111111'
i i_,vtmll.' N,It1_.1,11i ,ll.lrah.'_,_ I t%'Vrlll_lrt,.( ,_\ t'( !(I It, II _21 ,&lt_ 2_ I_Hv L 1t_I_2

_ .?I I_) _) I r 'l_,|l_'d hit 1hI _lltllhlt ,-_llimhllt_Ir. _lt._l_tl_ll_ltlI _Ultrh'll[r.
_\'lhtr_t,r_'vl_ \_\o Im_v 21 2"k I _Nt b,rH_'L I\' I . ,llld Wilk,_, _ ( . Itllt_dll_ th,ll tH |lllhl itlt,'tl_r 1,1_,'1

t'l,l.m,_ l,h'),_1 t_,,#,, 1,1_%*1'l"111,t' I tVl,'lllllJl"t' N,IIl_lll,II I ,|i'_lr,ihil-v,

I%t',|11t _ ( I I1,t1111111'1. It ,'% i%,1111,1,i ') I':. ,llld I_l,,,h,rhvld, ,_\ I i i%l,rllll)ltL ( A, t.!( RI '1(*II21_T'(_I111tI_) ktlblllilh'd 11) _tl,',lth,". In

I lht,'H,_t* I_/ t lC_ /ll_tl tt'ttllh'tiltlltt* _l)l,l I II')t"l/lt Ill l ll._ll lt"ll_l'hllllh' I%,'ht 1'tllt_1,

I_t_t_.i,t. ll.ltl_.' I nll,'ll \c.,,,_ t ...._,,u sl'r, th,_{,,l_ll I ,l_vrl,lllv

I_ti__) %ltbllllth,d |1t Iilfl_ K_',' I i'll L
l,.v,tnv ( I It,lmlllvl. l_t \ Ivv I,{ I\ b.ilkvlm_,l I).1',,,111i,t !) I,{. I,HI)'_el, n.ltl_',t._,lt_ldl,#h,n I_l..,ln_f_.l.l_',l_lt,,_ll_hl.I.

( ),.h'rllvld \ I '-,m_,_.I I '%1,1n_ml I.] _ . ,1rid I h)_Pvl. I I. X K,II/ t_'_ll_l'),ltl_h',_.,I 1lr._l_ 11hl_,,n,_.,/h,I ,l_vrvll_v 1 I_,i?rlillIFi, N,Ilhllh|l
n/,_.t_.... _,l,u_l th.,l_ I _h'_v_I)ttI'.1tlt hn')t_,d_ ,,ll//)h')th'll/ t II_.11111/1l,l_nht_ I ,Ib_)r,lh_r_, I I%l,l-I111)rl,,( /_. |(rl I( IIIth_l_ (1_1_tl) i_rvP,11edh11-

1t.. lh/ -_nnthll. _/h.ll_t/_l_,,, II,._,tl_h_.l i ,_ll/l'lrttt V,%\'illh'l)_lVt'll, V/\, hll_,_1,1_,1_,11_t,I I_vlm_rv _,|ll_11h|l I ,Ib_t1*,lh_lLI p.vr111_il_,(..\. I I, b_l I1
12 17, I_tlp'_II _1h11_I'N _ nllbllHIh'd h) I't11_. t I._,1_It

l...llkt.'lHl_,,I I I _lt,lilll, I ) I! Rt,'llllll)_,hHI I1 A _ dt'lldllllllllkb _ (, I ,m_vt, ", I !, ,|lid/t,, I , t _,.U,.)t..._ _,11g",NI ,\ ,%h,dH.h' h_ _\1 I,_!
I h|dll '_ _\: _\i,bl,1% I,\,111Jt t, I,{ I. K_1,11.'! I. ,llld \t'l'd_lll { 1 I, It,/,*_1 _I,_,1%fUi',|,hll\, !t/( _,lh'Cl..hU/ I fh, n'., t_t I/_')_.n'.t_. I ,lIVl'l'llt _'

/ _/_,'tl,llVll/d/ I )HcI_I!I)I,III,ul ,_t ljh I ll/,h,_dl._,#._to Im, l,ll_d_t. I_hht'lh I I%1'!1111th' N,|tl_m,II I ,ibl)l*,ltltl'_:, I I_l'l1111|rt'_ (k :_, I f_ KI -j( !1 _'_2(IAI!_
/_,tlv- _. I_1,1I_,,1 ,_.,t 1I.,,, f 1t_,, It I 1 ,1_%I't'111 I' I I_ l,lllltlrl, _,lli, qhll t t_11__) I°rvt_,lrvd h_l' ? hd. _lltllhll __n_flhl/,_ll', tl"_.l_th_ _ (U//rlrlt, _',

I,II_l_t,lh_r_, I 1_'H11_tlu _ \. I _ RI _11 11112??I_v_ I _I_N _l l°rvl_,lrwt _%'lnh'rl,_'rvvn.\';\, Itlll_' 21 ?._ I_t_
hll ' 'it,/ I r_h,/_,,.l ( ,,_ltr),'.,o ,,H I,l_.,_ _,l,l/h'_ /!th'_,t,thvl I°,111', I1,1111_'_ I ,l_lll'_kl. j_ I, I_dln_'l. I. I1., Kl_l_,r, _\_ I . _.I)h_,n, I_ 1. Ih,r)_vl, I_ 1 ,

_1,1_ ll_ I1. I_')_ I ,|ltk_d_ll. ,&. it, 41111._ , II. _llk4, 4 _ . ,|lhl lVIIh,H!l,.. I ..\ , I !f,'_t_,1

Kh'm 11 I 11,irho_. I ). I ,inv '_ ,rod J°_'ll_, ._| I I I_lh'i,l_Ildtt ,,t /(h!_/1%)tlH,,HIIII\' _tl I tl,tt)h'lll,tthtll, I ,1%%*11'111t' J i%1't1111)1"1' N,iltlllhll

I_tt,m_, /,'./h-,_:, ,,.,//,_',,'_ I'.1,_,_._'II/I n,,hd /,1_/_','1.,I ,l_vl1,ntu I I'__,1'1111111' I ,11_t.,1h11_,I IvVrll|_t_,. (. A, t.;L Ri It I III;"%_t_\lth Rvv. I ( It1_I_)
\ah,mdl I ,lt_,_r,1h11_,I I_vlnl_ru t :\ I ( RI I( I I_h _1t11_11)_) I'_vt_,H_,d1t11'? bd, I)l.l.I/, I._'.hl/_lh _lb,_l,h_,_ t I_lt/_'to'lh,',

I'_'t,,H_,d h,l n_,,,I,l hY.,,d-_'|_L'lnl,,: ",/h_/l l\_t,'r/rn,dl/I _ I_hl_._., ,l'l//f _\'ll|h,r)._tl,_,ll, %'.,\.jllnv 21 _, I_t_t
hlhm., I,r.,, t'./-,'., n,Ht I)11'):1,,_ .\ M,Ih h 2u II I_N} I d_,lll,_kl, It I, K,Ir,_,l. I II, j%llll,l'. _V I , I t_hvn, l_. I. Itt,l')._el',I,I I,,

k.h,m. I _ I 1),lr_ I), I'l,rt_, _,! I _. ,HId I ,Itlv ", If_,./,/.,. ,,.d I ,lll)_dlm, A It, Wllk,.. _, ( , ,Ind Willhlnl.,. i' .&, I d,._r.t,fh,,, t.
\ 1,_,11_.%1,_l,,_t,'nh'nl,. t_,,_ I IIt_,_ /ll/_'tl..g I,I.Vt /°,/Ir_..Idt.lr_l, II,_t1'. ( 11tI,'n/ ,nh/ t ll/ltl_' I _l't't ltlh'n/',, I ,I_vlv_' I i%'1,1111111'1'_,1t1_111,11

- " I ,HIt.d_llL ,'\ I_, _hll, t !1, _\'llk'.. _, ! and _\'llh,l111,.,I .&, I tt, I _,!
I_,t_h I \, _1,11(o,,_,111It I _llIl_,_'k,I, '_ %1,ltth_,_v,.,I ) i I},I %fl_,,I,I Ilr_l.t n._,_,,l/..,_ ,,. I tl,nnrnfdth,tl, I ,t_Vl'_'ll_,t' I I%1,1111tlt1'N,IIl_llhll

I_. i. _dvr_s_._d. I !1 ,l_ld li,|1,,,_11,I' I , ",,'/_'._.._ \ I,_,_./,r.r_ I in,' I'),ot_/_' I ,ll_1_l,thllV, I I%'t'lll|l)l'l', ( ._\,1'( RI _11 I lli;%'t I'_U',_ (1'_t _l I'rvt},ll_Vd
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