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Laser-matter interaction at intensities of 1012 W/cmz and below

S. Robert Goldman, Rmald S. Dingus, Ronald C. Kirkpatrick, Roger A. Kopp,
Elmer K. Stover, and Robert G. Watt

Los A Iamos Nat ional Laboratory
Los Alamos, NM 87545, USA

ABSTRACT

For single pulsed laser-matter interactions at sufficiently high intensity, the electron density in the ablated
vapor is large enough to absorb the laser radiation before it can reach the dense target material. The resulting
interaction can be described in terms of energy flows: laaer energy is absorbed in the plasma in front of the target
and reappears as thermal electron energy and secondary radiation, part of which impinges upon and heats the dense
target material at the dense material-vapor interface. This heating in turn drives ablation, thereby providing a self-
consiatent mass source for the laser absorption, energy conversion, and transmission Under typical conditions of
laser intensity, pulse width and spot size, the flow patterns can be strongly twodimensional. We have modified the
inertial confinement fusion code LASNEX to simulate gaseous and some dense material aspects for the relatively
low intensity, long pulse-length conditions of interest in many l~er-related applications. The unique aspect of
our treatment consists of an ablation model which defines a dense material-vapor interface and then calculates
the m= flow across this interface. The model, at present, treats the dens~ material as a rigid, twc-dimensional
simulational mass and heat reservoir, suppressing all hydrodynamical r-notion in the dense materiaf, The modeling
is being developed and refined through simulation of experiments, as well as thiough the investigation of internal
inconsistencies, and some simulation of model problems. The computer simulations and additional post-processors
provide a wealth of predictions for possible measurements, including impulse given to the target, pressures at
the target interface, electron temperatures and densities, and ion densities in the vapor-plasma plume region,
transmission and emission of radiation along chords through the plume, total mass ablation from the target and
burn-through of the target material at selected radial locations. We will present an analysis of some relatively
well-diagnosed experimental behavior which has been useful in development of our modc!ing.

1. INTRODUCTION

Within this paper we consider a modeling technique and its application to the calculation of laser-matter irlter-
action scenarios for laser intensities I, pulse-widths T, wavelengths A, and energies E with: 106 < I < 1011 ‘,\’/cml,
10-8 ~ r < 10-4 see, 0.25pm ~ A ~ 10.6 pm, E <5 x 103 J, For simplicity we have treated only flat aluminum
targets with low background densities of order 10-6 g/cm 3. For this parameter range the laser energy need not
couple directly into the dense target tnaterial, but rather it can be absorbed by the vapor which has ablated from

the target and formed a plasma. Hence the interaction is strongly non-linear in ternis of either the laser fluencc
or intensity. At conditions well above the threshold for plasma formation, the laser-matter interaction tends to be
material independent 1, and the material properties of aluminum are Illatively well characterized This has enabled

us to concentrate on hydrodynamic and energy transport behavior in the plasma outside the target rather than on

material properties,

Comparison of tw~dimcnsionrd simulations with the impulse delivered to a target has suggested the significance
of tw~dimensional effects, 1‘z. From standard rough wrt irnates, probl<’rm in this parameter range can readily be
two-dimensional even for laser beams with direction of propagation nornlal to the target, Analytically, twm

dirnellsimrality of the vapor behavior ia estimated through the pararnctcr ? = c, T/d, where c, is a typical sound
speed in the aluminum vapor, and d is the laser spot size; problerl)s with t ~ 1 are expected to bc significantly
twmdirnmrsional. For the laser conditions which wc will analyze in sorrw detail below, fronl a run with the KhlS

Chroma Iamrs, E = 2 x 103 J, d = 0.8 cm, T = 10-R SW, and f x 10,

In !%tion 2., wv discuss details 0( our silllultition~l rrmd(lling with ertlphasis on the trmtrrwtit of ablation

behavior. In .Seclion 3., usirig the rrxrults froi,: sirrlulnl ion of thv KMS Hhot :dlIldOd to abovr, we present Ir picture of

the energy and hydrodyllatl!ic flows ohta’ncd through th~’ sill~ulatiorlri, ]11%CtilJl) ~,, W? Collll)ar(” ollr ‘illlll]~tlorla]



results againqt the shot. In Section 5., we assess the adequacy of the modeling and directions for further modeling

and experimental effort.

2. MODELING (WITH EMPHASIS ON A13LATION)

We have modified the i~ertial fusion code LASNEX to simulate gaseous and some dense material aspects of
the relatively low intensity, long pulse-length conditions within the parameter range of interest. We use a tw~

dimensional r,z grid with a finite difference zonal representation for both the gaseous and the dense material regions.
The unique aspect of the modeling within the context of LASNEX consists of an ablation model which defines the

dense material-vapor interface on the baais of density, and then calculates the mrm flow across this interface. The
model, at present, suppresses hydrodynamics in the dense region, so that in effect it is a rigid, two-dimensional
heat reservoir. The penalty is a loss of physical reality; the gain is the tractability of the problem.

Typically, in the past, in twmdimensional calculations, when we tried to combii]e solid dynamics with grweous
behavior for the time scales of interest, the time steps due to the solid behavior were so smal~ and the solid behavior

ao erratic as to make the calculations prohibitively lengthy and obviously unreliable. It aid not appear possible to
use a single phase equation of state to describe the liquid-vapor transition for aluminum, probably because, with
p denoting pressure, and p denoting density, the hydrodynamics is unstable when 8p/i?p < 0. For a two phase
equation of state, with Maxwell construction, 8p/Op is discontinuous at the upper density end, especially, and also
the lower density end of the phase transition. With explicit hydro calculations, very small increases in density
resulted in large incorrect pressure jumps,

For the ablation model, in similarity to the treatment of drop evaporation in Zel’dovich and Raizer’, one
considers jump c~nditions across a dense material-vapor interface. Let:

p.. = Clausius-Clapeyron dense material vapor pressure,

P = pressure of the gm in the first zone outside the dense material
interface,

P = density of the g~ in the first zone outside the dense material in-
terface,

v = effective velocity of ablated ga.. at the interface.

For an abrupt transition between dense material and vapor, i.e. such that, the transition regicm h~ negligible mass,

momentum and energy, one has:

p,, = p + puz, (1)

frorr which, for IJ tb~ mnss ablation rate per unit area:

P = Pv = ((PC, ‘- P)P)’” (2)

In the limit of a vacuum outsich~ the targ(’t, for which p and p + O, onr anticipates that the density of ttw
ablated material should he the saturated vapor density, p,~t, at ttw target riurfacc ternpmature. To account for
this situation we use:

P = ((Pee - P) P”)l’2, (3)

with p- the maximum of p,a; and p.

Over a time step, ttw mass ablation rate r~ults in a rrwession of the dmme material boundary This is
accornplishml through a rezoning strp in which the rnrsil points along tl)~’ illtcrfwv are displ~d to nccomnlrdntr

for the loss of ablated material, I.WJSfrequent Iy the mesh points in ttw drnrw r[*giorl are rczonrd so that the zonos
there do not “bowtic” due to thv motion of thr intcrfi~w.

Tbr energy flux corrqmnding to tllc mwss flux p is takrn to Iw III.:, whrrr f.; is tbc Icsscr of [,V, tbr Iwtrnt
heal of vaporization, and ((0 - fd), wh(’r[’ f,, is tbf’ SpCCifiC intPrlld CflPr~y d th~ $fipo? rrlfih’rid, 811(! (d III the

oprcific internal mwrgy of tbr dcnsr rilatvrid I.U is Iws\Jriml 1~) Ijr rwnst ant Hy taking t.; in i)lacr of /,,,, WI*
allow for rrprwwntal ion of tlv’ I)hww transition to softw f’xtvnt sitlcf’ tlIO rtl;ilvrihl nowl nfjt havr Iw a Iargr a s~~rrific

intcrnnl rnrrgy as fully viillorizwl rr]al(’rial, 1111~’rgyis t r~llsl)f)rlv(l rollsorval i~vly rwrt~s tllv irltrrf~w~’ wllf’11 it is
rezonrvl
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Figure (1) Laser power profile for the analyzed
shot.
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Figure (2) Profiles of her energy deposition in
the vapor.

The force per unit area exerted on tht solid by the vapor is given by p + PU 2. The momentum imparted to

the dense material is calculated from the time and area intcgyal oi-this term. Since the interface is not aliowed to
acquire velocity (other than through the ablative recession), the force exerted on the vapor at the interface is the
same in magnitude and oppmite in di~ection,

Other elements of the modeling include:
1. Both vapor and dense regions are treated in LTE,

2, Radiation in treated through multi-group diffusion using the Loa Alamoa LEDCOI’ (Light Element
Detailed Configuration Opacity) tables, typically defined over electron temperatures from 0.25 eV to 150 eV,

3. Correspondingly, there are the order of 35 photon groups defined over photon energies from 0.01 eV to
150 eV.

4. ‘rhe l-r deposition is done by a ray trace package whic!r propag~tm the laser raya in three dimensions
through lhe cylindrically symmetric (r,z) mesh, The ray prescription is chcawm to conform the particular optics of
the problem; in general the intensity is not uniform within the Iwwr spot, and the rayn make non-zero angles with

the z-axis.

5, All photon groups including the laser photon group have an absorption and errlimion with bound-bound,
bounci-frm, and free-free contrihuticm.

6. The gaseous vapor region is reprcscnled
rczrming.

3. SIMULATIONAL DESCllIPTION

by a tw-dimcnnional (r,z) Lagrangmm mesh with extensive

OF THE LASElVMATTE17. INTERACTION

In this nection, we present some of the renultn from ttw cornputcr simulation of the mhot whmw gmw parnnwtwr
Rre notml in the introduction, Although, M will bc clrar from comparison with the experinwntid dntn, thr agrernwnt
will expmiuwnt in not complctm, thr mtwhanitmln trrntml in thp nilnulation, and the type of 0111puts porwihlr, nrr
suggestive of necaary modeling elements nnrl directionri for further rneMurenmnt and theorrt ical trl’at Itwnt.

The Chromn law ●roils RI 1W) pm. ‘1’lw flu-rice WM of the order of 4 x 103 J/CnIa, mn(l tlw IIICRI! inb-n~ity
WM of IIw order of 4 x 10“ W/r m2. ‘1’tmexpminmntal Iwr pulw profilr is in(licntml in Figure 1.

Thr nimulmtions inrlic ntc a nrennrin in which ttw tnrgrt rlmtmird in tlr hwr npr)t i~ rnpidly Iwntml through ttm
111011 twllprrnlurr and ttw ntnlr~phcri hniling lrltl~mrnl urr, pro(luring a plruIIIIn which t~ndrn in shil’1(1 Itw tqrt
from nmch of ttw nulmqlwnt dirmt law rndintion. ‘I”tw rr.wiling intcrnction rnn hr dvrwrit~l’{1 iti 1~’rlll~ c,f vnvrgy
flows: tlmt O( th~ lam ~ncrgy is almorlm(l in tlw IIIIMIIIn ill front of thp t~rgrt RIIIIrmq)~war~ m t Iwrtmd rbrt roll
FllPrK~ ~1)(1H4!Corl(!RryrRflifIlifJf), ~))lrt (If W’llirh, [og#*tlll)r With Ihf prn~$trntlll~ [~r rIMll~tllMl, ill,ljlllglts UII(IIIarI~l
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Figure (3) Profiles of radiation emission in the
vapor .
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Figure (4) Time profile of the laser flux incident
on the target interface at r = 0.23 cm.
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Figurr (6) Electron thermal flux on the target in-
terfacr.

heats the dcnrrc target material at the dense material-vapor interface, This heating in turn drives ablation, thcrchy
providing * self-cc&iatent maaa murce for the Iascr absorption, energy conversion, and trannmiaaion.

Volume dcpcnition of the I.mer qux nnd the auhsequent m-emission of radiation are indicated in Figuren 2 and
3, The Iancr flux, re.ra~iatir)n flux, nnci Owrrnal rlcctroll flux at tlw interface are shown rcapcctivcly in Figurmr 4-6.

It k clear that radiation flux ia the dominant energy trnnnport mechaninm to the dense material once the phwuna
has hem eatahlished in the vapor region, mpminlly when orw considrrs that only a emall frartiml of the incident
laser light is Iikrly to hc ahaorbed by the dmrne nmt.crird, ‘I’he mass ablation rale at a pnrtitular locntion aud Lhe
total ablated mam M a function of iocntion along t,hr intcrfarr and tirnc arc shown in Figurtw 7 and H, rcrrptwtivrly.

The flurturdionn in ttw maan ahl~tion rat~ arr at.tiljutablr to flurtumtionn in thr prtwrurv M nh(JWII in tigurc f).
Thr incrcamxi m- ahlmt ion nrmr the cmtnitlr of t hr lmwr npot, hut within it, in due to thr Iowrring of clrn~ity
within incrraming radius rluc to rdial mW floW (IIIC t(] thr prrwurr grmlicnt at tlw rdgo of tllr Iiw,r kl~)ot.

Furttmr information (m thr IJIMIIIR vnri~l~lm for lhr VHll{Jr rrgirm in providwl lJy tigurm 1O-I2 which prrarnl
respfctivcly the &CtrfJll chmity, the mm drnsity AIId I hr ri(’rlroll trtllprrMurr for aII ext.cmlwt VIJl UIIW in tlw
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Figure (9) Total prenaurc at the targrt interface
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Figure (8) Ablated maaa along the interface, The
laser spot diameter ia 0.8 cm.
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Figurr ( 10) Elrctron dermity (cm-s) in the vapor

at t = I@ec. (Valuea at axial distancea s O.lcm.
nhrmid be disregarded. )

vapor at a time of 8 pncr into the Imwr pulse. It in integrating to notr thnt altho~lgh thr Iescr drprmition M shown
in Figurr 2 varien with rndiun within the laser npot, thrrr irraltrmt no vnri~tion inrlicntrd for them varinbhn,
indicating I lIr role of mwrgy trnrvrport in nmrmthing out profiles in demrity and tcmpmaturv. Thr grmlirnt.rr arr
]Mgcnt chwd to the tnrgrl., with nOIIIrnuggmli(m of nizlw slrdl(’r thfm 111Phrsor rrpot nizc, SurlI t)r]lnvior k nol

unrwinonahlr whr one rrmidmn that I hwnmt t rrmsl!mt ran impwrr h’ngth ncnlm orl a prohlw addit innal 10 t Immr
du~ 10 the hyllrodynalriir !h~w rxp:uwirm,
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4. COMPARISON OF SIMULATIONAL
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Figure (12) Electron temperature (eV) in the va-
por at t = 8paec. (Vahrea at axial distances <

O.lcm. should be disregarded.)

RESULTS WITH EXPERIMENTAL DATA

A number of points of comparison between experiment and simulation are shown in Table 1:

TA13LE 1. COMPARISON OF EXPERIMENT AND SIMULATION

EXPERIMENT SIMULArlON
Momentum coupling efficiency (dynwec/Joule) 0.8- 1.3 ] .35

Peak pressure on target (bar) 400-700 700-1000
(Impulse “outside” l~er spot)/(impulse “inside” I-r spot) 1:1 3:7

Burn diameter on target (cm) 2.6 4.0
Total ablated mass (mg) 0.9 0s4

The momentum coupling efllciency is defined S,S the ratio of impulse imparted to the target to incidc,~t Iaaer
energy. The range for aimulational penk pressure is gotten by either neglecting or including the two highest pressure
spikca shown in Figure 9, Impulse “outside” the laser spot includes all impulse imparted to the targc! from the
preaaure at locations of radius greater than 0.5 :m, and “impulrm” inside the hurer spot is the remaining impulse
imparted to the target, The experimental burn diameter is the diarnctcr of the rrgimr within which the aluminum
surface texture is strongly modified, In the calculations this location is identified by the outer radius of target
surface temperatures above the melt temperature (U 0,08cV. )

Additional experimentril data~ for emission and tranrwnission at 515 nm for chords passing 0.1 cm in radius OH
the targrt aymnwtry axirr at various axitd Iocatim,s ofl the tnrgct arc shown in Figurm 13 mnd 14,

Thr simulational reaultn can be categorized against the experimental rcsultrr in the following marrnor:

1, The impulse willlin the her ~pot is grrmter in the sinn,rlationn.

2, “rhe impulse irrmrrre ccntrnlizcd to thn larwr npot in the oimulatiorm.

3. Radiation cmirurion from the hum spot in grmtm in the niltlulntimm,

4. TIIF ditlcrwwr ill IIIWWIrx+xundmIl)tmlly involvrrr the exclusion nf nw-lt-rrpluh promrm in thr ninlulntiono,

5. Thr optical thickmnn (If thr I) IIIIIIC is Irrm in the Himulntionn thrm in lhr cxprvilmnls, TlliH cnn hr
sm’n riirmlly from F’igurc 14, or inriirfctly hy coruhilling tlw r-ulh of F’igurm 3, 4, nnd 1:1 (P.g, Figllrm 3 and 4
indicmto tllnl ltw lrwr ~lwiori~lir~ll md ro-rmli~litm rrlliwi(m rrgiom rwmllq) rdrongly, nnd t’igllr~ 1# inllirhtw thnt



the experimental re-rmdiation occurs further off the target than the calculated remission. ) Hence it is plausible
ihat the iniident l-r radiation is absorbed further ofT the target than in the simulations.

6. R.eaulta for full ablation are closer to experimental transmission and absorption than three for diminished
ablation.
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AW4L DISTANCE (CM)

Figure (13) Emission at 515 nm for chords pass—
ing 0.1 cm in radius off the eymmetry axis as a
function of axial location at t=4.8 paec. The solid
line denotea calculations with full mass ablation;
the dashed line denotes resulk with the mass ab
Iation artificially decreased to about one half of
its expected value; the points are obtained from
rmmurenwntn.
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Figure (14) Transmission at 515 nm for chords
passing 0.1 cm in radius off the symmetry axis ss a
function of axial location at t=4.8 psec. Notation
the same as for preceding figure.

5. ADEQUACY OF MODELING AND EXTENSIONS

In general it io clear at this point that the experimental data is fragmentary, and that there is a need even
for re~eated measurements of the quantities which have already been measured. Determination of the foilowing
variables would be uaef~l in evaluating and extending any simulational results:

1. pressure on target aa a function of position and time,
2. target emission and transmission in the near UV as well as for optical Wnve]engths,

3. epatial and temporal profiles of electron density and temperature,
4. multi-~oup oplcities.

Theoretically one must pay continued attention to the numerical accuracy of the algorithms (for instance, in
rezoning) and their suitability to the problem. (As an example: Is radiation diflusion appropriate for the radiation
energy transport?)

Perhaps the mcmt interesting theoretical extension of the results lies in the consideration of liquid r4Tccts, Liquid

elements could be found in the vapor volume either through melt.-splaah rumrces or through the recondensation of
vapor at cook t.emperaturm outside the targ~tplUIIIF41s.

The dithrence between experimental nms Icxw and calcul~trd msss loss could readily he attritmtml to mclt-
ophwh hchavior, whAt is unclear is whcthrr the prmw-nce of nl)laahcd droplets in the vapor rrgirm cmihl havt’ a
significant effect on thr vapor behavior. From direct cxnminat ion of tq@#, nth.qta portion of rrwlt ~pltwh flow
is predominancy radinl along the tnrgrt rathrr than nxinlly oul.wnrdH, AINo, drrqdrts moving off thr targrt nllrfncc



● and present at locations of say, several mm, away from the surface before the end of the I=er pulse, would have to
mob-e at velocities of order 10s cm/sec.

Neverthelcsa, the presence of droplets from the target in the lrwer plume could reconcile some of the differences
between theory and experiment. From Figures 13 and 14, the agreement of theory with experiment would be
improved by an increased amount of mass ablation in the simulations. The ablated material would be cooler and
denser so that transmission would be lower, hwer energy would be absorbed further off target and emission would be
luwer. The difficulty with this picture ia that the aluminum surface is apparently ablated through the depmition of
*radiated energy. With greater maaa Ices, the re-reradiation in the simulations is decresaed but the requirement
on radiation to sustain the increased ablation in incre-d. The problem could be nmolved if material left the
ablation surface aa liquid and then moved off the target into the vapor regim before being fu!ly ablated or indeed,

bp any other mechanism which would incwase ablation without increasing the demand for energy j?uz ihrvugh the
ablalion rnrnrjace.

The presence of recondensed droplets in the cooler region around the plume offers an alternate means of
reducing emiaaion and transmission to bring the theoretical results more in line with experiment. The consideration
of this mechanism would appear to require leas modification of the modeling because the affected region is outside

the plume, within which the dynamics affecting coupling to the target is moat non-linear. A quantitative treatment

is currently lacking.
Finally, we note that the field of lwx interaction with targets at moderate inteneiti= is a rich mixture of many

difierent physical effects and areaa of interest, and that we are only beginning to explore it in a detailed manner.
The simulational work which we have done provides a useful framework for inveatigat ion of this area. We anticipate
with continued simulational development and cross-comparison with experiment that we will obtain an improved
understanding of the necessary scientific components. It ia our expectation that such study will be fruitful from
the standpoints of both pure and applied science.
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