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L tNTRODUCTION

The momentum per unit ma induced by h inci-
dent on @ts in a vacuum is a function the photon
wavtlengtb; Lhe flux (intensity) ●s t%nction of time; the
flucnce (inlegral of flux over time), the angle of incidence;
the beam diameter (unless it is sufficiently @c); and the
wet’s material and geometric properties. in this paper,
the ~el is assumed IO bt flag the brmn incident normal
to the turhct, and the beam diameter sut%ciently -C
that the blowoflis one dimensional (i.e., that gradients in
tbc blowoff such M Iempalurc, densi[y, etc. only exist in
the direction norrml to the tAS’Uctsufkc) The region of
emphasis for this prpcr is from the threshold for impulse
up to a flux of-bout 101’W/ml or tos fluencc of atmut 1010
J/m].

Refcrcncx I discusses the phcnomenolqy of op{ical.
laser-induced impulse in vacuo and develops a model for
Calculating impulse in which the mass lots is allowed to be
I llec parameter. In this PpcI, mother qua[ion is de-
veloped and added to that model, thus fixing the mmsaloss
and allowing impuk predictions to be obtnind withouts
pcmenori knowledge of the blowoff mm,

The model is most -pplicablc in the rqion of mod-
erately hiw flux and tluenct where inverst blCmSStrJh-
Iurrg domirmtes !mcr absorption. in this @on, the results
of this model tgrcc amazingly well with both experimental
Wa and LASNEX hydrodynamic compuwr-code c.alcula.
dons, although onedimentiorml data do not exist N high
tluences h this rqion, Ilsc modelit W upon an overall
cne~ bahnce plus an unergy Imlance at the ablation
mfticc, Ahhou@ considemblc atlentlcn is ~vcn to
evaluati~ the energy transfer dwou@I the blowoff to the

sblation surface, little athm~ion (other than enshalpy con.
siderations) is given to the complicated therrrdyrmmics
at the tblation suflaa, TIM successof the model indicates
tit the impulse is inwnsitivc to de~ilcd imemctions in
the vicinity of the ablation surhct. This is fom.mme
bccauw thmc intemctions m nol easy 10 mscss accurately
bccausc of the large tempcmlure, density, CIC,gradients in
this region,

11, IMPU15E MODEL

A. Bask Model

The model is described b) t set of sclf+onsistcnl quh.
tions summarized in the Appendix B, The symbols usca
in the equalions :rc defined in Appendix A, MOSI of these
equations were developed in Ref. 1, They arc dlscuwed
briefly in this scclion; mo~c delail an & obtained from
Ref. 1, Lkla.ils regarding denvanon of the energy balsncc
equations arc pmcntcd in SACnext uction, The) rely
u~n the fhct (shown in Ref. I ) that the impulse is
i.nscmltivc 10 the distribution ofkinchc energy within the
blowoff mass, If the total blowoff mats ml energy Within
arc known, alo~ with a rou@ approxim~lion of Ihc
dimibuuun of energy within the msm, then the impuk
cm k @ictd mther mmsmtely,

Following thst lead, the model is based u~n the SS.
tumpt!on tlmt, for ~ny ~ven Iabcr pulse incidcnl on a
WW, tbeblowoff will be isothemsml with kmpcmturr T,
Ilse blowoff ~niclm are asaumed to have a MaAwell.
Bohzmmm distribution of velcrcltin with an average
velocity v @ven by



f’ ? - ([8hspIjtT/A)IP,A - NO + z). (1)

Fustiser,it ispssumed that UselaserfluxQ@and the mass
ablation rate M are constant during the laser psdaeand
Usatno ●blation occsmafter the pulse.Theseassumptions
have been made fw simplicity to allow a aimpk time-
in~ted solutkn to Useproblem. However,it WPGUS
thatother temporal fbnctions fm the flux and ●blation
rate could also be used. Rettcr y@ but with tmnaiderable
inucase in model complexity,● timedependent solution
with this basicmodel foran arbitrary temporal pfofilcfor
tbe fhsxshould be possibleby solvinfIthe rate aqwtions
forthesblation rate (insteadof fuat integmtisu them over
time)and then steppingthrough time.

Usingthese●ssumptionsplus the assumption that there
is no interaction between the particles in the blowoff
allowsan equation to be derived’ for the density p as a
fimctionof position z within the blowoff

P/PO- w(-C9 , P. - [4/K][My9 ,

{ RI [4/n][z/%], % - VT , m/M - GSW ,

/

z
m _ m(z) _ p(z’)dz’ , M _ m(m) ,

y-l - m/M’ . (2)

For {> 2, theseequationscan be combined to give

PIPO = P , (3)

The quantity p has the value one at the ablation surfact
and zeroat int?nhy. lt represents the fhctional thickness
of the blowoff horn the outside in, to a mass distance m
fi’omthe ablationsurface.Studiesof ion mrefactionwaves
in plane geomttry have given similar expressionsfor the
densityprofile1)

The degreeIofionization Z of the blowoff is obtained
from an appro~imatesolution of the Saha equation using
the approach by Zel’dovichand Raizer,’which ●ssumes
the ionization levels 12 are a continuous, mther than
diacmtefunctionof Z:

Z = [2/nO][2mnJT/h’]~’~exp(-IJkT) ,

For simplicity, the ionization value used throughout the
blowoff is calculated using the density at the ●blation
surfkx Ionization levelscalculatedby Cowan’are avd-
able for use in this aquation, Using Kramer’s formula
cmacted for il’duced emissions for the inveme brems-
strahhmgcrois section,expressedin units of areaper unit
mass,

~ - [4/3]{2sc~,lkT]]“’[NJA]’

$+W-’M*! (5)

expmsaions(derivedin tbe nextsectionof thispaper)are
obtainedfor the locationILLofpeaklaser●bsorption in tie
bIowoff

-1 fbr[u+M~n>l, , - (6)

the linear distanceof the laser●bsorption plane, ~, tim
the ablation suriice (usinuEqs. 2,3, and 6)

and the fraction ~ of laser penetration to the ablation
SulfkCe

The quantity I&is the thicknessofthe blowoffto the laser
photons expressedin number of mean be paths,

Similarly,the location~, (or zJ of the critical surfaceis

-1 fornJ~> 1 ,

For the region of interest here, calculations with this
model indicate that nearly all laser photons are absorbed
by invetse bremsstmhlung before reaching the critical
surfaca Kramer’sformula for the inverse bremsstrahlung
crosssectionbreaksdown when the degreeof ionization Z
komes small and gives values less than the real cross
section,The model ignoresthe Gaunt factor(i.e.,●ssumes
itto be 1) in the inverse bremsstrahhmg cross sectionfor
the following reasons the factor is nonrtally about 1,
except near the critical surface; the critical surface is
treated separately ●nd does not normally exist in the
blowoff●nyway;inclusion of the Gaunt fkctor interferes
with scalingof the absorption coefficientwith density,

F~ure 3 of Ref, I presentsthe Rosselandmean opacity
ftom the SESAME Equation of State Libn@ for
aluminum as a fimction of tempanture ●nd density,
Examinationof this figureshowsthat the Rosselandmean
opachy scfifor aluminum over the rangeof temperatures
and densitiesof interest to this workcan beapproximate
by

PJm’/kg) -6 X la T(eV)-ip(kg/m~),

As {nthe case of the inverse bremsstrahluns absorption
coefficient,this Rosseland mesh opacity fcr the thermal
mdiation is approximately proportional to p su that the
opacity at position p is approximately p timC$us, the
Rossdand mean opacity at the nblation surfhcc,In sore
regions,values ftom 4, 10diffbr s@iflcantly fkomthe
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tableq for more ●ccurate modeli~ in a particular re@on
of intema$ a relation ssormalhd totbetableaintbat
regionwould be more approprhte.

Assumingthat tie location of peak laser ●bsorption is
the principal source region fbr thermal radiation in the
blowoff,anduai~ Eq.)0 fortheRoaselandmeanomcity,
expressionsam obtained for the fractionq (i implies“in”)
of thermalradiationreachingtheablationSur’6ce

t:=0,5M~, (11)

and for the fkadon q (o implies “out”) lost into the
vacuum

Using the above expressions, two flux balance equa-
tions bsscd upon conservation of energyarc assumed to
hold, These two equations are integrated over time to
yield energybalance equation$ one is ●n overall energy
}~an~; the other is an energy balance at the ●blation
surface,Energytransport by monochromatic laser radia-
tion and by thermal radiation are txxisidemd; elect-n
conduction in the blowoff is ignored. Conduction in the
blowoffdoes not appear to he significantin the region of
interest in this paper. Attenuation of both the Iaacrand
thermal radiation by the blowoffis included.

The overall balance equates the laser energyabsorbed
to the energy●bsorbed by the target F, plus the energy
radiatedinto the vacuum

The energyabsorbedbythe target is assumed to equal the
energyconducted into the solid, the energy to vaporize
and ionize the blowoff,plus the thermal kinetic energyof
theblowoff

F, = [(4/n)KC#T~n T, + M[AH + (WA)~lZ

+ (3/2)NJtT/A] , (14)

Tmnslational kinetic energyof the blowoff●nd radiation
eneny within the blowoffare ignored.The balanceat the
ablation surfaceequates the ene~ machinu the ablation
surfkcewith that absorbedby the tanet

qaFo + @aT4t= F, . (15)

ANof theaboveequations arewrhn parametn~lly in
terms of tempemtura As discussed below, a aelf@nsis-
tent solutioncan be foundby Iterationthat determinesthe
blowoffmass and laser fluence absorbed for any @ven
temperature.The laserfluenceabsorbedaF, is assumedto
be the incident fluenceF, times a, which is one minus the
reflectivity,The model does not predict the mtlxthity;
however,fkom other sources of’htfortndon h appears
that the mflectiv{tyis near aerowhen the blowoffk himly

ioa butthemfkctivitycmbeaalsighuO.7Sfixsome

amditiona near the threshold.
The (specific)impulse (momentum per unit area inte-

grated over all time) is obtained by multiplying the blow-

offmaaaMtimeatlse a~blowoffvelocity 9timeaa
~metric tir G

1(+-GMv . (16)

The ~metric fkctor is included in the equation for the
impulse to accm,mtfor the directionalityof the blowofi if
all blowoffis directed normal to the surface,this factoris
equal to 1; if the blowoff is isotropic into 2%solid angle
●wayftom the blowoffsurha, this fkctor is equal to 1/2.
Experiments generallytend to indicate that this factor is
tirly closeto 1.

From tbe density ●nd temperature, the pmaaurcat the
ablation surfacecan becalculated

P,(t S @ = Gno[l + Z~T o
(17)

Becauseof the assumptions cf constant temperature and
mass ablation rate, this calculated prewme is cmstant
during the laser pulse, Multiplying this pressure by the
pulse length gives an impulse that is equal to 1/2 of the
total impulsecalculated●bove usingthe blowoffmsms

1(7)= [1/2JGMv = pet . (18)

Assumingthat the pressuredecaysexponentiallyatler the
laser pulse ends and that the other half of the impulse is
imparted during the pressun decay after the pulse, then
the time constant for this decayis equid to the laaerpulse
length,that is

k(t 2 T) - G ~1 + Z#T exp(-~t - ~!/t) , (19)

E, EnergyBalanca

ht this section,exprsssionaaredevelopedfor the ene~
flux onto the ablation surface cs well as the energy lost
backinto the vacuum. These expressionsare then used in
equations for energy balance described in the previous
section,

Attenuation of the thermal mdiation is estimated by
flndina the location of peak enemydeposition of the laser
pholons and astuming this is a hot plane in the blowoff
cloud (as a perturbation to the assumption of comtant
temperature in the blowofil The hot plane is assumed to
mdiate a fluxof o’P, both inward and outv ard, Assumed
emission horn thi~ sifiglcplane is tmonabl* becuuse of
the strongT fkctor.The assumedemissionrate (uT’) is an
upper limit ●nd the actual mte could he substantially
smaller{nsome circumstances,for example, if this region
wereopticallythin to the thermal radiation. It is not clear
how an emor of this nature would aff@ctthe impulse
because there am compenaalint fhctors; mrweemission
irwreasenthe maas loss and the impulse, but It h in.
creasesene~ loss into the vacuum, which decreasesthe
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impulse, Given the emsssion pbnc, rnttcntsadonof tbc
thermal rdiation isobtaindusingan~ ax-
preasion for the Rossdmd mean opwity.

The location of the peak lam dmorptson iI oblakd by
consi~ ‘both *C inverse bfcmsmrahlu~ cross *on
andthecritid curfice. lnmmecacq thecn~dcnaity
d= not reach a maximum in thr Aowoff, in which case
thehotplane istakcntobetbc Mationmsrkc. Lfthe
critical surtk is located on the her side of the calcdatcd
location of peak luscr deposition W upon i.nvemc
brcmwrahlu~ then the hot plane is taken to lx the
criticalsurfacxbecausethe baa photons an not ~netratc
beyond the titical surfkcc. This only tm~ns early in the
PUII$C,if at all, under the assumption of cmnmant ablation
rate for the *on of ~meter space of interest in this
work,

A photon flux ~ is attenuated by a mass (per unit area)
increment dm with cross section K (area per utit mass) by
an amount specified by

t@/Q - ‘K dm . (20)

Integrating this equation over the blowoff imo the pos-
ition v gives the flux FIIposition p as

q(p) - a rpOCXp(-ll~l.l]) , (21)

where cup,is the laser flux incident on the target comectcd
for reflection (a equals one minus the reflectivity). The
energy dcnsily ~(p) (per unit mass) can & found by taking
the derivative of &I, 2 I with respect to mass depth m
giving

(22)

Taking the deriva~lve of Eq. 22 with respect 10 mass and
selling il qua] to zero md solving for p (= pL;L * laser
●bsorpu’m pllne) gives the location of the maximum
energy density. as ~vcn above in Eq, 6. For constant
ablation rate (M = MJI), the condition on m, 6 implies
thl the pc~k energy density is -l the ablation surface for a
time u givei~ by

(23)

When the free electron denmity for the blowoff at the
ablation Iurhcc M is greater than the cni:im] electron
dcn~ily ne, then there a crilicsl surfsct in lhe blowoff
where thi? rstio ofelcctron densities equals one. Since the
mdel ssmmes thnt Z iti constant in the blowoff, the
Iocstion of the critical N,Irfkce p, is oblained by s?tting thi$
ralio qua] to the m~so density ralio as in Eq, 9,

Assumi~ comt,mt ablation rate, Eq, 6 and 9 show thm
P( hat a flaed vtiue independent of time but tint pL
dec~mes with lime bccJusc M is propxtional to time (M
= [M] t for t $ t), Also, Et the be@nninB of the pulse, ML
dwayc equals 1 (i,c,, the maximum energy density, calcu.
Iatd upon the ba~s of invme brcmssttnhlun~ is ●t the
ablatiofi surihe) bemsse SI the bqhtni~ of the @x, M
equals zero, The value p, dependo on rates done while ML

d.aodcpcndson tlseintqrwedmassabhtedllimifti
is ● uitical surha in tbc blowoff, the laser photons
csmcmntcr itatcdy tbebcforcmcbing tbc planeof
IIIUhzsunl - density by invcrae bezllssuatdung
dmorpdon. However, if the pulse IULS IOU enough and
awsalam ablation tate is maintained (by some semndary
energy tnnsfcT prwcss), * the peak ~ density
plJ.nCwill eventually cross the critical surlke, preventing
most of the remaining incident laser photons from reach.
sng the critical mm-face.The time ~ m which the crossing
omurscan be found bysctting~- IILgiVing

i-w. (24)

UsingEq. 10in integrating Eq. 20 from the hot plane al p,
inwud to where IAL- I gives the thermal radiated flux
emitted onto the ablation surface as

cmexp(+ I - q ) . (25)

Simibly, tic thermal sndiatcd flux emitted outward from
the hot plane m L~Lis given by

Lookingfrom the hoI plane inward, the density increases
with distanct from the hot plane and the blowoff in this
region is likely to be optically thick which lncans that usc
of the Rosuland mcnn opacity thould be a masonablc
gpproach, However, looking oulward, the density dc-
CreASCSand the blowoff in this region would be more likely
optically thin. T’lNM, in some ascs, the Planck mean
opacity might & a better ap?rotimation for UK in Eq, 26,

The tod flux balance for the blowoff is given in Eq. 18
of Rcf, 1 but does not include attenuation of the thermal
radittion. Adding this attenuation, as in ~. 26 atxwc, Ihc
lord flux hlanw becomes

(27)

The new equation, sddcd to the mwlel developed in
Ref. 1, is the flux balance at the ablation mrface, It is
based upon the assumption that a local energy balanc~
must recur atalltimes, which basically determines the
●blation rate- a ve~ imponant quantity. l%m is, the rate
ofene~y flow to the uurkc from the Iawr p!ua that from
thcnnal radiation is act qual to the rate ofencrgy ccmduc-
tion into the t.ugel plus the rate ofcncrgy consumption to
tie the transition to the ionized cute. No sttcmpt is
made at rnodchng this ablation region in dc~il, in
PUkuiur, it is assumed that the tcmperatulc of the mmlc.
rlhl jumps from thtt of the solid (or liquid, not dis-
ti~uishing which) 10 that of the ionized blowoff, How.
ever, the energy to make thi~ jump ohould & impcmant
and im therefore tccounted for wi[h rclstive accuracy,
Combining these assumptions gives the following qua-
tion for this energy balmx:



where

+ [if][AH+ (NJA)Z1,+ (3/2)NJLT/~]. (29)

The quantity q, is the flux of energy ●bsorbed by tbe
W@. In Eqs. 27 and 28, p, is ● fisnctionof time. As
indicated ●bove, itshould be pouible to solve these
cqust~onsalong with the supptming equations ●bove to
fid M,andtheotherparametersof in- as● function
of time. However, in the interest of simplicity, these can
be integmted over time if the mass ●blation rate sad the
flux are assumedto be simple fi,mctionsoftime. Assttming

these quantities are constant and integrating Eqs. 27 and
28 overtime gives the energy balance presented in Eqs 13,
14and 15.In these equations ~ q, and ~ are respectively
the ●ttenuation factom for the laser photons onto the
●blation surface,the thermal radiation fkomthe hot plane
into the ablation surface,and the thermal dtation from
the hot plane out of the blowoff. The laser attenuation
factor ~ is given by Eq. 8 and results directly tim
integrationof Eq. 28.

In Eq. 6 for MLthe vslue of M = M(t) = [h] t vanes
dudngthepulse from Oto M(T).Equations 20and 28 can
be integratedusingthis time de~ndencc for M; however,
in the interest of simplicity,equations aregiven herefor q
and 6. for the casewhere~’ has a constant value given by
Eq.6 with M replacedbyits mean value,0.5 M.This gives
relstiom for q ands, given in Eqs. 11and 12,

C. Solution of Equations

The quations for the model are summarized in the
Appendix B, These coupled equations art expressed
parametricallyin terms ofT, Aconsistent solution can be
found by itemting on the ionization Z and \he blowoff
mass M, For example, for a given wt of inputs (for sorm
temperature T), two Euesseseach for Z and M can be
selected,Then v and p can be calculated,which facilitates
an itemtive solution for Z, Next, the attenuations (c) an
becalculated,followedbyevaluation of the twoequations
for F., which will not agreeunless the appropriate value
forM isutd Finally, the whoicprocedurecanbe iterated
on M until the ●ppropriate value of M is found. This has
been progmmmed on an HP-41CVX hand calculator.A
consistent solution typically iakes a few minutes on the
calculator,dependingon the accumcyofthe guesses,

111,CAKWLATIONS WITH THE MODEL

Result~l%omthe model forRF and COi hers incident
on aluminum, with oulse lengths from IW to 10-’ s at
.luences from the impulse threshold up to uver 10’0J/mJ
(10’J/cm~)areplotted in Figs, 1-3.The mtio of impulse to
tluenm (impulse eoupli~ coefficient)as a fimtion of
fluetxx is plotted in F@ 1t The same mtio is replotted
versus flux in F@ 2. In Fig, 3, part of these results are
replottedverws fluenceto allowdirectcomparisonof the

MPIJLsEcom_R?_&coEwlclmT
# FLUENCE

$
@
8

45

gff

8’
dtftiafdafuv

J r. (.@?) \

~ L ImpulsecouplingcoefficientsVersustluenctCal.
cukd with theprcsavmodel(dcvelo@ on II-2*U) for
~ and *Fteeers with @se widthsOf 1~, 50 X I@,
Id,and 10+s nmmetlyincidentontit aluminum~ts
ins wuum. Thesecalculationsweredonewith G = a -1,

coupling for KrF and COz lasers for different pulse
lengths. These results show a threshold, a maximum
coupling and a decreasein coupling at high flu?nce.The
mass loss would have to increase in proportion to the
fluenceto avoid this decrease,If after some point, there
was no increase in mass loss, then the cwuplingwould
decreaseas the quare root of fluenccprovided the mdia-
tion loss into vacuum did not increase with fluence,
However,under these conditions radiation losses should
irmreasewith fluent.t causins the cmpling to decrease
even faster. In some cases,the figuresshow the coupling
decreasesabout as the sqwtw root of fluence (e.g,, KrF,
1(P s); this results fhm some increasein mass loss with
fluence●s well as some increase in radiation loss with
fiuence.Figures 1●nd 2 show that the order of the curves
for different pulsewidths reverses when the absesss is
switched horn fluence to flux (the flux is the fluence
divided by the pulse width); in either case, the coupling
dependson pulsewidth. Interesting,if the couplingcoeffi-
cients arc plotted as a fbnction of fluencedivided by the
quare root of the pulse width, then the results fiorrt this
model for different pulse widths nearly me~e into one
cume, especially for the KrF laser. Figure 3 shows that at
vary Id@ fluettccsand fluxes the model predicts that the
coupli~ coof!lcientcurvesfor KrF ●nd COi merge;Jtis is
becausethe plasmais becomingveryopaqueto photons of



l?EPrJL)DUCED Fi’’?Ofl
BEST AVAILAGLE CUP’{

~ 2. Impuk cmpliag cocf!icienli .cnuJ lb c8lcu-
kd wkh th prmcm mdel for CC+ md KF km tirh

pulse width of I@, 30 X Id, I(P, tnd 10-’ I nornmfly
imadcnl on flaI tluminum LUWLS in h vscuum. Tksc
ca.lculationt WCTCdone witi G - a -1,

both laser wavelengths in this region (so thal most of the
mm ablation is by secmdnry energy uansfer) making the
impulse inde~ndent of the laser, When the flux &comes
too Inrge, the model becomes invalid because of addi-
tional phenomena not included,

Rew.sitsfkom the model for aluminum Iargets, using G
= a = 1, are compared with bolh ex~nmental r.mawre-
merm’” and LAS”NEXcompuler cdculations’”” in Figs.
4-6,Figure 4 is for a Coz laser (Gmini) with abouI a 2-ns
pulse width. The (3emini data arc for tiunium and van.
ous other tarBcIs (includii~g orpnics but not ahsmicum),’
Since the data show that the coupling is almost material-
ixsdependent it acema appropriate to compare the chtn
with model dculations for aluminum, and in fact, Fig, 4
shows Em-cl agreement between the model md the tits
Figure 5 is for the same CO, her (Ocmini) modified to
have about a 2-IA1 pulse Iength,t The comparison with
aluminum is within sbouI a factor of 2, L4SNEX tilcula
tions for Al -I high fluenu me included in Fig. S. These
values are a fsctor of 2 tO 3 lower than values from the
model. The ex@mental datA, which only exisl st ~
fluence up to the lowest LASNEX fluencc, arc belween the
model and IASNEX rmults.

Flgum6 is for 50 ns, lbF la.mruxpoaureofahmdnum,~
Tbc agreementbetweenthe model (with a - I) aad tie

MPtfIS COyE#LISCOEFFICtENT

FLUENCE
r

. @a-l

FkWC 3. Impuk coupllng cdflticmt venus flume cal-
culated wilh lhc pmcnl model for CO, ●nd WF Imcn wh

pulK width of 50 X IF, 10+, mrid IIT’ s norrrmll!
incldcnl on fia iluminum tArseIs In s vacuum Tbcsc

mkulttionswrr:doac wlh G -a- 1,

exmrimental uata are rm.ormbly good in the region of ICF
to 10’ J/m’. At lower fluencc, a substantial fraction of the
incident photons me probably reflected, muting the
values cdcultted with the model with a = 1 10 give a
coupling that i~ too me. Usings smaller value of a would
~m]wve agrmnent with experiment and reflcclivcs are
known] to be siznble in this ~ion. AI fluences almvc 10’
J/m), the experiment-al data is 24imcnsional because of
the small Bpot size; in this @on the measured couplinE
~ ruwcmably well with the 2.D L4SNEX rum but IS
cumrderably Wr M that CSJculated by either tlw
modelor I-D LASNEX runt,
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FigurQ4, Gmparison of calculationsusingthepresentmodel(using
G-a- 1)withdstshorn a C02 kxer MIth pulsewidth ofdmut 2 ns
normallyincidentonM txrgctsin a vxcuum.
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F’@urt5. Comparisonofcaiculationsusingthe presentmodel(using
G - a - I), with LASNEX calculations,mtd with dxts horn a Cf+
lssertitb pulsetvidtbof about2 pt normallyincidenton ttmtwBets
in ●wcuum.
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F@rQ 6. Compsrkm of mlcuiatinnsusinStheprewnt model(using
G - a - I), whh LASNEX cxlculatiormmd witt. Ists from ● W-’
hser with an enerayof abut 10CIJ and II puke width of ●bout 5(Ins
normallyincidenton ilAIaluminumwts in a vacuum.
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APFENDIX A

GWSSARY

Matarid Ropadaaaftarget

A * A~omj~ ~~~

K . ~~~ co~du~jvi~
c, - Specific heat
fi = soliddensity
T, - sublimationtemperature
AH - sublimationenergy(entbaipy)

- Ionizationenergylevels
k - “continuous ionization function”

IAaarm$atiaa

a - Absorptivity - 1 - Reflectivity =
Fraction of laserphotons absorkd

‘t = Pulse width
hV m pbOtOD Gti~

~a = Incident Flux (intensity)
F. - Incident Fluence

other V81WS
Impulse = momentum per unit area
Temperatureof blowoff
Geometricfactor
pressureat ablation surface
lineardistancs horn ablation sufiace
thermal diffusiondistancein target
p(z) = density (mass pcr unit volume) of blowoff
at positionz
density ofblowoffat ablation sufiacc
Avogadro’sNumber
BoltzmannConstant
ratio of specificheats
pONJA- Number of atoms per unit volume in
blowoffat ablation surface
Number of free electrons per atom
ZnO- Number of free electrons per unit VOI in
blowoffat ablation surface
Number of free electrons per unit VOIat critical
surface
A(1 + Z] - average atomic mass per free
parlicle
Averageparticle velocity for Maxwell-130h.zmann
distribution
v t - average distsmcc particles move during
laserpulse
[4/n] [z/zOj - scale distanct from ablation surfam
m(z) - JOZp(z’)dz’= mass (per unit area)depth
in blowoff
massablation rate
M(t) = m(z = EO)at time t
~(~) = total massablated

- m/M = factional mass thicknessofblowoff
fromoutside into m

location of peak laserabsorption in terms of p
linear position of peak laserabsorption
location ofcritictd surfacein terms of p
linear position of peak laserabsorption
IC~p)= (inversebrcm.) absorption coefficientfor
laserphotons at p
mean fhx path of blowoffto laserphotons
attrmation at ablation surfaceof laser photons by
blowoff
Stefan-Boltzmannconstant
IC~p)= thcxmalradiation opacity at p
thermal radiation opacityat ablation surface
thermal radiation mean fi’ecpath of blowoff
thermal mdiation mean & path in from B~to
ablation surface
attenuation of thermal mdiation in horn p~ to
ablation surface
thermal mdiation mean free path out from KLto
vacuum
attenuation of thermal mdiation out from p~ to
vacuum
energydensityat p ffom laserdeposition
time at which peak energydensity leavesablation
surface
time at which peak energydensity crossescritical
surfam
chargeofelectron
mass of ekctron
Planckconstant
speedof light
fiwquencyof laserphotons
wavelengthof laserphotons
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APPENDIX B

MODEL

Inpat T, G, Q&hV, &&r+~T~AH, Iz

~ qO= const. - F# for t s T M = const. = MJT fort s T
-o fort >7 -o fort > T

coupled ~udions ●xpra,,ed puammMlyiottrmafT.

I(T)- [1/21GMv = pot , P, = Gn. [1 + ZlkT fort S t ,
I(m)= GMv = G~l + Z)kTexp(~t - %~t) fort > I ,

v = ([8/@&T/X]:n A = A/(1 + Z) ,

Z = [2/nO][2mn~T/h2~ exp(-lJkT) , w - p&JA , & - Z q

Zo=v’t, g - [4/?t][z/zol, p/pO = exp(-~2) = 1 - m/M = p , p.- [4/%]if/v , m/M = MQ

aF. - F, + 80UT4T, a@O + qar~ = F,

F, = [(4/x)Kc#T]’”T, + M[AH + (N~A]XIZ + [3/2)N~T/A]

% - [4KP,W~ , y – 1 = kT/\[3/2~T + [Xlz~ 1 + Z]) ,

(l/FO)Ws 2 a GI~37rAH]’”at aFO= 2 M AH

& = [4/3]{2n~3kT])’n[N~A~[pZ’e*~hcm~’zv’]j [1 - exp(-hvflkT])) , K~p) - p X$

&(m2/leg) -6 X 10’T(eV)-’p(k.@J) till) - P tc$


