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PLASMA ENERGY BALANCE MODEL FOR OPTICAL-LASER-INDLJCED IMPULSE IN VACUO

R. S. Dingus and S. R. Goldma, ]

k Alamos Nalionul Laboratory, Los Alamos, NM 87545

Abstract

A simple plasma-energy .balance model, along with its derivation, is presented for calculating
the impulse from targets in a vacuum exposed to single-pulse, optical lasers. Figures demonstrate
that throughout most of the range of interest, results from the model agree well with experimental
data and LASNEX radiation-hydrodynamic computer code calculations. The model assumes
isothermal blowoff and thus takes advantage of the insensitivity of Impulse to energy distribution
within the ablated mass. The density profile in the blowoff plasma k estimated and the Saha
equation is used to ●valuate the degree of ionization. The laser absorption coefficient and thermal
radiation opacity are evaluated as a function of position in the plasma in order to evaluate the
energy reaching the ablation surface. An overall energy balance plus an energy balance at the
ablation surface are used to determine the blowoff mass and temperature. The success of the
model indicates that the impulse Is insensitive to detailed interactions In the vicinity of the
ablation surface.

I. Introduction

‘l%e momentum per unit area induced by lasers incident on Uwgels in a vacuum is a function the photon
wavelength; the flux (intensity) as a function of time; the fluence (inlegral of flux over time), the angle of incidence:
the beam diameter (unless it is sufficiently iarge); and the target’s material und geometric properties, In Lhis paper, the
ta.rge, is assumed to be flat, the beam incident normal to the sutface, and the beam diameter sufficiently Iargc th,u the
blowoff is one dimensional (i,e,, chat gradients in the blowoff such as temperature, density, etc. oniy exist il the
direction normal to the t rge[ surface). The region of mph sis for this paper is i,om the threshcdd for impulse up to a

9 8?flux of about 1016 W/m or to a fluence of about 101 J/m ,

Reference 1 discuses the phenomenology of optical-laser-induced impulse in vacuo and developes a model, ba>ed
upon overall energy balance, for calculating impulse in which the mass loss is allowed [o be a free parametel In lhi~
paper, another equatmn based upon energy balance at the ablation surface is developed and added to that mod,’1, lhus
fixing [he mass loss and allowing impulse predictions tobe obtained without a posteriori knowledge of the blowoff
mass.

l{csulIs I’10111 IhIS n)odcl. whILh will lw rcl”crrcd I() here as Ihc nlasm~-encruv-b; llunce model, aurcc WCII WIIh Ix)[l]

experimental data and LASNEX hydrodynamic compuler-code calculations, although one-dimensional dam do nm
exist at high flucnccs. Although, in the development of the model, considerable atlenlion is given to evaluating the
energy transfer through the blowoff to the ablation surface, Iitlle altentlon (otier thun enthalpy ccmsidcra[ions) is given
to the complicated thermodynamics at the ablation surface. The success of the model indicates thal tie impulse is

insensitive to detailed intemc[ions in the vicinity of the ablation surface. This is fortunate because these interactions are
no! easy to assess accurmely beausc of tie large temperature, density, etc, gmdien[s in this region.

II, Plasma= Energy =Balance ModIi

A. Basic Model

The model is ckscribed by a se[ of sell ~onsistent equations summarized in the Appendix B, The symbols used in
the equations are defined in Appendix A, Most of these

7
uations were deveioped in Ref, 1, They arc discussed

briefly in this secllon; more detail can ~e obtained from Re , 1, IXtails regarding derivation of the energy balance

quatlons r~e resented in Section II b, They rely upon the fact (shown in Rcf, 1) that the impulse is insensi[ivc 10the
/’distribution o klnetlc ener y within the blowoff mass,

f
If the total biowoff mass and energy within arc known, aiong

with a rough approximate on of the distribution of energy within the mass, then the impulse cm bc prcdic[cd
accurately.

Following that lead, the model is based upon the assumption that, for any glvcn Iascr pulse incident on ii tnrgeL the
blowoff wIII IX isothermal with temperature T, The biowoff particles arc assumed to htive a Maxwell-Bollzman’]



distribution of velocities with an avel.ge velocity <v> given by

a> = {[13/n] NOkT/<A>} 1/2, <A> = AI(l+Z) . (1)

Further, it is assumed that the laser flux 00 and the mass ablation me dmld[ are constanl during the laser pulse and

that no ablatiofi occurs after the pulse. These assumptions have been made for simplicity to allow a simple
time-integrated solution to the problem. However, it appeam thal o[her lempcml functions for the flux and abla[]on
rate could also be used. Better ye~ but with considerable increase in model complexity, a time-dependent sollltion
witi his basic model for an arbitrary [empoml profile for the flux should be possible by solving the rate equations for
the ablation rate (instead of first integrating them over time) and ttlen slepping through time. Further, it appears tha[
the model could be extended to include two-dimensional effects for cases where, during the laser pulse, [hc blowoff
tmerses distances large compared to the laser beam d]ameter.

Using Ihese assumptions, plus the assumption tha[ [here is no interaction be[ween the particles in the biowoff,

allows an equa[ion to be derived’ for the densi[y p as a function of pcmtion z within the blowoff

ppo = exp(-&2) , p. = [4/rc][dtid[]/cv> . { = Z/Z. , Z. = [rt/4] <V> I ,

m/M = erf(~) , m = m(z) = jzo p(z’) dz’ , M= m(~), p= l-m/M .

For & >2, these equations nn be combined to give

The quantity p has tie value one a! the ablation surface and zero at infinity. It represents the fractional mass thickness
of the blowoff, from the outside in, to a mass distance m from the ablat’o surface. Studies of ion rarcfaction waves

!2!in plane geometry have given similar expressions for the density profile, J

The degree of ionization Z of the low~ff is obtained from an approximate solu!ion of the Saha quation using the
approach by Zel’dovich and Raizer, 8 which assumes the ionization levels 12 are a continuous, rather than discrele

function of Z:

Z=12/no][2rtmekT/h2 ]3/2 exp(-<lzdkT), no=poNo/A, ‘eo -Zno . (4)

For simplicity, the Ionization value use throughout the blowoff is calculated using the density at the ablation surface,
fIonization levels calculated by Cowan are available for use in this quation. Usin Kramer’s formula correclcd for

/induced emissions for the inverse bremsstralllung cross xction, expressed in units o area pr unit mass,

#o= [4/3] {2ti[3kT]} 1/2[No/A]2{pZ3e6/[ hcmc3/2v:’]}{ l-exp(-hv/[kT])} , K!-(p) - p ICLO, (s)

expressions (derived in the next swtion of this paper) are otXained for the location ~L of peak laser absotpion in the

blowoff

VL - [&jM]-1’2 fCIr [ #oM]-l%l ,

-1 for [ #o Mj”l’2>1 , (6)

lhc I incur distance of Ihc Iuscr ubsorplion pkmc, Z14,from Lhc tibli]lk)tl surfucc (using IZqs, 2, 3, and 6)

?,L - ?.ollnP14 -1,1/2 ,
(7)

and the fraclion cl, of laser ~nct~~i~n 10MC ablali~n suflac~

EL - I ]CXp(-t-M)]#”M , Il.M - 0.5 M W]’(, , (H)



The qum:ty ]LM is the Ihichess of f.heblowoff to tie laser photons expressed in number of mean free paths.

Similarly, the location Ac (or ~) of tie critical suflace is

PC= PCIPO_ nec%o ‘or %c’neo 51 ‘ ‘ec = ‘mec2i(e2k2) I

=1 for nw/neo >1 ,

% = 20 [lnpc-1]”2 c (9)

For the region of interest here, calculations Witi tiis model indicate that nearly all laser photons are absorbed by
inverse bremsstrahlung ‘before r~chmg Lhecrmcal surface. When the degree of ionization Z komes small, Kramer’s
fomrula for the inverse bremssw~lung Cm,SSsqion gives values less than the real cross swtion. The model ignores
t.k- Gaunt factor (i.e.. assumes It to be 1) In tic !nve~e bmmsstikng cross section for the following reasons: the
factor is normally about 1, except nqr tie crltlcal surface; the crilical surface is treaied separately and does no[
normally exist in the blowoff anyway; mcluslon of the Gaunt factor interfere with scaling of the absorpli~m coefficient
with density.

Figure 3 of Ref. 1 presents the Rosseland mean opacity from the SESAME Equation of State Library3 for
aluminum as a function of tempemmfe Md density. Ex~ination of his figure shows that the Rosseland muan opacity

#A] for aluminum over Lhe range of ter.lpmtures and densities of interest to this work can be approximalet! by

#Al(m~kri!) -6x I@ T(eV)-2 p(kg/m3), &.1) = p #o ,. {10)

As in the case of the inverse bremsslrahlung absorpion coefficient, this Rosseland mean opaci[y for tie ili:rmal
A

radia!ion is approximately propotiional 10 p so I.llat tie opacily at position p is approximately p times K o, [he

Rosseland mean opacity al the ablation surface, In some regions, values from Eq. 10 differ significantly from ‘he
tables; for more accurale modeling in a particular region of interest, a relation normalized to the tables in that regi_m
would be more appropriate. Similarly, using tabular values for tie laser absorption coefficient instead of Eq, 5 migl t
improve the accuracy of calculations in cerlain regions; however, the results from tie model generally seem to bt
imensitivi!y to the values for the laser absorption coefficients and thermal mdiation opacities used.

Assuming that the Ioeation of peak laser absorption is the principal source region for thermal radiation in the

blnwoff, and using Eq, 10 for the Rosseland mean opacity, expressions are obtained for the fraction Ei (i implies “in”)

of thermal radiation reaching the ablation suflrtce

El = PL 2 + [ 1- CXp(- IRMII-PL2] )l/lRM ,

and for the fraction co (o implies “out”) lost into the vacuum

IR’M=0.5 M ~. , (11)

(12)

Using the above expressions, two flux balance quations based qon conservation of energy are assumed to hold
These two equations are integrated over time to yield energy balance quations; one is an overall energy balance; the
other is an energy balance at the ablation surface, Energy transpcm by monochromatic iaser radiation and by tnermai
radiation arc considered; electron conduction in the blowoff is ignored. Conduction in the biowoff does not appear to
be significant in the region of interest in this pqer, Attenuation of both the laser and thermal radiation by the blowoff
is inciuded,

?le overall balance equates the iaser energy absorbed a’Fo to the energy absorbed by the target Fa plus the energy

radiated into the vacuum

rI’Fom Fa + Cool% , a’= 1- (]-(x) EL’ I Cl<’= [1-exp(-z lL@] / 12 iLM] . (13)

The iascr energy absotid is taken to be the incident fluence F. times a’ where a’ includes consideration of reflection



R ( = l-a ) al the ablation surface surface and attenuation E1-‘ of [he Iascr photons on the way in and back OU[of the

plasrno. Tlw rctlccli\ i[y is nl~[ prcdicmd h! the model and lhcrct”t~re must bc obmlned from Mcr sources: IIS V:IIUCcm

k near I for ccri;lin cases; however. m high flux El ‘ apprmchcs ?.cro and Ihus a’ approaches 1 al high flux. The

1‘2 T\ + NIIAII + {N(,,’A) I IZ + {3’2)NL)kT/<A>J . (14)Fa= [{4:n}KcpPTl .

Radiation energy witiin t.lw blowoff is ignored and no dis[inc[ion is made berween thermal and Translational kine[ic
energy. The balance L: the ablation swface equa[es the energy reaching the ablation suflace ~?iLbt.hal absorbed by the
targe[

(15)

All of the above equations are wnnen Pa.ramelncally in terms of temperatum. As discussed below, a self-consistent
solulion can be found by iteration that determines the blowoff mass and laser fluence absorbed for any given
temperature.

The (specific) impulse (momentum pr unit area Integrated over all time) is ob[ained by multiplying the blowoff
mass M times tie average blowoff velocity a> times a geometric factor G

.-

I(M) . G M cv> (16)

71w geometric f=[or is included in the equation for the impulse to account for the directionality of the blowoff; if all
blowoff is directed normal to the surface, this factor is qual to 1; if the blowoff is isotropic into 2n solid angle away
from the blowoff sutiace, this factor is equal to 1/2, Ex@ments generally tend 10 indicate that this factor is near 1.

From Lhedensity and temperature, the pressure at the ablarion surface can be calculated

po(l SO= Gno[l+Z]kT . (17)

Because of the assumptions of constant tempcmmre and mass ablation ra[e, this calculated pressure is constant during
the lase~ pulse. Multiplying this pressure by the pulse length gives an impulse that is equal to 1/2 of the total impulse
calculated above using the blowoff mass

l(T) =ll/2]GM<V>=p,)T . (18)

Assuming thal [he prcssulc dccuys cxponcmially al”[cr tic Iascr pulse ends and tha[ the o[hcr hull” d“ [hc Impulse is
imparted during [hc pressure decay aflcr the pulse, then ~he time constant for lhis decay is equtil to the Iascr pulse
len@h, that is

PO(I20- G no 11 + Z] kT exp(-lt - ~]/t) , (19)

B, Energy Balance

In this section, expressions are devcluped for the energy flux onto the ablation surface as well as the energy lost
back into the vacuum, These expressions are then used in equalions for energy balance described in the previous
section,

Atlenualion of the thermal radiation IS estimated by finding the location of pk energy deposition of the laser
photons and assuming this is a hot plane in the blowoff cloud (as a perturbation to the assumption of constunl

temprm.we in the blowoff), The hot plane is assumed to radiate a flux of C@, both inward and outward, Assumed

emission from this single plane is reasonable because of the strong # factor. The assumed emission ra[c (c@) is an



upper limit and the actual mte could be substantially smaller if this region was opicdly tiin to tie tie~al radiation. It
is no[ clear how an error of this nature would affect the impulse because there are compensating factom; more emission
increases the mass ICSSand the impulse, but it also increases energy IOSSinto the vacuum, which decreases the
impulse. Given the emission plane, attenuation of the thermal radiation is obtained using an approximate expression
for the Rosseland mm opacity.

Calculations with this model, as well as witi LASNEX, show that, for the region of interest here, the laser photons
are nearly a!l absorbed in the blowoff before reaching the critical surface except vew early iri the pulse. For times
when the energy density does no[ reach a maximum in tie blowoff, the hot plane is taken to be the ablation surface.

A photon flux 0 is attenuated by a mass (per unit area) increment dm with cross section K (area per unit mass) by
an amount specified by

d@/@= -Kdm (20)

Integmting this equation over the blowoff into the position ~ gives the flux at position pas

o(p) = ~oe%p(- ILM~2) (21)

The loca[ion of tie hot plane can be found in the following manner. The energy densi[~ <(P) (Per unit mass) can be
found by taking the dcrivwive of Eq. 21 with respea [o mass deplh m giving

m =K’-Ou w) , (22)

In Eq. 22, laser abso~tion in the plasma uf hotons reflected from the ablation surface are ignored because we are
locating the hot plane that occurs wh?n the & otons are all absorbed before reaching the ablation surface. Taking ttie

derivative of Eq. 22 with respW to mass and setting it equal 10 zero and solving for p ( = #L; L * laser absorption

plane) gives the location of the maximum energy density as given above in Eq. 6. For constant ablation rate (dm/dt =

M& the condition on Eq. 6 implies that the peak er?ergj density is at the ablation surface for a time % given by

t@+odm/dt]-l . (23)

When the f= elecmt density for the blowoff at the ablation surface neo is greater ~~ tie critical elec~n densily

nm, then there is a critical surface in the blowoff at the location where thie tatio of these electron densities equals one.

Since the mtxlel assumes that Z is consranI in the blowoff, the location of tie critical su~ace Pc is obuined by setting

this rafio equal to the mass densi!y mtio as in Eq. 9.

Assuming constant abldt.iOn rate, E+ 6 and 9 show that ~ has a fixed Value independent of time but that PL

decreases with time because M is propoflional to time (M = [dtidt] t fo: t S ~), Also, at the beginning of the pulse,
KL always equP!s 1 (i.e., the maximum energy density, calculated upon the basis of inverse bemsst.rahlung, is at the

ablation suflace) bemuse at the beginning of the p,rlse, M equals zero, The value PC depends on rates alone while PL

also depends on the integrated mass ablated. Thus, if there is a critical surface in the blowoff, the laser photons
encounter it at early time before reaching the plane of maximum energy density by inverse bremsstrahltmg absorption.
However, if the puke lasts long enough and constam ablation rate is maintained (by some secondary energy transfer
process), then the peak energy density plane will eventually cross the critical surface, preventing most of the remaining
incident laser photons from reaching the critical surface, The time ~ at which Lhecrossing occurs can be fcund by

~t[ing ~ = PL giving

tc- t&2 . (24)

Using Eq. 10 in in[cpru[ing Eq. 20 (replacing 00 by OT4) l’rom [hc hol plane UI 1114inwtird to where pl = I ~ivc~

the thermal rdclialcd flux cmitlcd onto the abiation surface m

d e%p(-]RMll-~L2]). (25)



Similarly, the thermal radiated flux emitted outward from the hot plane at ~L is given by

(26)

me total flux balance for the blowoff is given in Eq. J8 of Ref. I but hat equation does not include attenuation by
the plasma of the laser pho[ons or the thermal radia:ion. Adding this attenuation, as in @. 21 (but with attenuation on

the way back out too) and Eq. 26, the total flux balance becomes

(27)

The new equation, added to the model developed in Ref. 1, is tie flUX balance at the ablation surface. It is based
upon the assumption fhat a local energy balance at the ablation surface must Wcur at all times, which basically
determines the ablation rate--a very impo~nt quantity. That IS, we mte of energy flOW to the sutiace from the laser
plus that from thermal radiation is set equal \o the mte of energy conduction into the target PIUS the rate of energy
consumption to make the transition to the ionlti s~te. NO atiempt IS made at m~eling this ablation region in detail;
in panicular, it is assumed that the tem~rature of the material jumps from hat of the solid (or liquid, not
distinguishing which) to Lhat of the ioniti blowoff. However. tie energy to make tiIS jump should be important and
is therefore accounted for with relative accumcy. Combining these assumptions gives the following equation for this
energy (actually flux at this stage) balance:

a exp(-]LM~L2)fDo + exp(- l% [ l-ltL21) C@“‘a (28)

w
where

Oa = [{2h’t}Kcpp/~]1/2 Ts + [dm/dl][AH + {No/A} Xlz + {3/2]NokT/<A>] . (29)

The qu:inli[y 0,, is Ihc flux 01’energy absorbed by lhc target. In Eqs, 27 and 28. PI is a func[ion of time as given in

Eq.6 but with M replaced by Idm/d[] t. As indicated above, it should be possible [o-solve these equations along with
the supporting equations above to find dm/dt, and the other parameters of interest, as a function of time. However, in
the interest of simplicity, these can be integrated over time if the mass ablation ra!e and the flux are assumed 10 be
simple tl.mctions of time. Assuming these quantities are constant and integrating Eqs. 27 and 28 over time gives the

energy balance preser,ted in Eqs. 13, 14 and 1S, In these quations eL, EL’, Ei, and to are respective! y the

attenuation fectom for: the laser photons into the ablation surface, the laser photons into and back out from Lhe
ablation surface, the thermal nadiation from the hot plane in to the ablation sutiace, and the thermal radiation from tie
hot plane out of the blowoff,

C. Solutlon of Equations

The quations for the model are summarized in the Ap ndix B. These coupled equations are expressed
rparameuically in terms of T. A consistent solution al be foun by iterating on the ionization Z and the blowoff mass

M (or the density po). For example, for a given set of inputs (for some temperature T), two guesses each for Z and M

can be selectd 71mn cv> and p can be calculated, which facilitates ar iterative solution for Z. Next, the attmuations

(c) can be calculated, followed by evaluation of the two equations for Fo, which will not agree unless the appropriate

value for M Is used, Finally, the whole procedure can be iterated on M and Z untd the appropriate values are found.

111. Calculations with the Model

Results from the model for KrF and C02 lasers incldtint on aluminum, with pulse lengths from 10910 10-3s ct

fluences from the impulse threshold up to over IOio Nm2 are plc:ted In Fig. 1. Material properties for calculations
with the model are Iven In Appendix C, The ratio of Impulse to fluencc (impulse coupling coefficient) as a function

tof fluence Is plotte In Figs. Ie and lb. 1? . same results are replotted venus flux in Figs, lC and Id, In Fi s. 1e and
!lf, part of these results are replo!ted versus fluence to allow direct comparison of the coupling for KrF (0.2 ~m) and
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Figure 1, Impulse coupling coefficients versus fluence and flux calculated wif.h the lasma energy balance model for
tC02 (10.6 pm) and KrF (0,25 pm) lasers with pulse widths of 10-9, 50x10-9, 10- , and 103 s normally incident on

flat aluminum targets in a vacuum for one dimensional blowoff. These calculations were done with G = 1 and u .

0,5.

C02 (10,6 pm) lasers for different pulse lengths. These results show a threshold, a maximum coupling, and a

decrease in coupling at high fluence. The mass loss would have 10 increase in proportion to the fluencc to avoid his
decrease. If after some point, there was no increase in mass loss with increasing fluence, then the coupling would

decrease as the square roo~ of fluence provided the radiation loss into vacuum did not increase with fluence.
However, under these conditions mdiation losses should increase with fluence causing the coupling to decrease even
faster. In some caes, the figures show the coupling decreases about as the square root of fluence (e.g., KrF, 10-6 s);
this results kom some increase in mass loss wifh fluence as well as some increase in radialion loss with fluence,

Figures la- ld show that tie order of the curves for different pulsewidths reverses when the absessa is switched from

fluence to flux (the flux is the fluence divided by the pulse width); in either case, the coupling depends on pulse widti,
Figures le and if show that at ve~ high fluences and fluxes the model predicls that the coupling coefficient curves

for KrF ~d C02 merge; this is because the plasma is becoming very opaque to photons of both laser wavelengths in

this re ion (so that most of the mass ablation Is by scconda~ encrg transfer) making the impulse independcm of tie

laser. IV hen lhe flux becomes too large, the model becomes invalid L ause of additional phenomena not included,

Results from the model for al minum targets are compared wIt.h both experimental measurements7’8~9 and

LASNEX compuler calculations 18 in Figs. 2 and 3, In Fig. 2a, values for a C02 laser (Gemini) with about a 2-ns



?
pulse widt are plotted; tie Gemini data are for ~itanium and various other targets (including rwganics but not
aluminum). Since the data show that the coupling is almost malerial-independent il seems appropriate 10compare tie
data with model calculations for aluminum, and in fact. Fig. 2a sho’.w good agreement between tie model nd the

idala. In Fig. 2b, values are given for the same C02 laser(Gemini)modified to have a 1.8-ps pulse length. The

comparison with aluminum is within about a factor uf 2. LASNEX calculaiims for Al at high fluence are included in
Fig. 2b. These values are a factor of 2 to 3 lower than values from the model. The aperimental data, which only
exist at a fluence up to [he lowest LASNEX fluence, are between tie model and LASNEX results.

Figure 3 gives comparisons between measurements and calculations for 50 ns, KrF laser exwsure of aluminum and

tantalum; the data was taken with the Sprite laser during the Series 11experiments. 9 me agreemenl for aluminum in

Fig. 3a between the model (with a = 0.5) and the experimental data are reasonably good for fluences below zbout 107

J/m2 At fluences above 107 J/m2, the experimental data is 2-dimensional because of the small SPOIsize; in this
region tie measured coupling agrees reasonably well with the 2-D LASNEX runs but is considerably larger than that
calculated by either the model or 1-D LASNEX runs. At lower f!uence, a substantial fraction of the incident photons

are apparently reflected, causing the values calculated with the model with a = 1 to give a coupling tiat is too large;

thus the need to use a = 0..5. The agreement ior tantalum in Fig. 3b between the 1-D data and the

plasma-energy -balance-model calculations are good if a value of a = 0.25 (R = 0.75) is used. Again, 2-D effects in
the data cause differences between the measurements and calculations at hi~h fluences.
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Appendix A. Glmsary

hWerid Proper& dTaq@

A = atomic mass

K. thermal conductivity

CP
= specific heat

T = pulse width

p~ = solid density

T~ - aulnlimation temperature

AH. sublimation energy (enthalpy)

12. ionization energy levels

<Iz> = “continuous ionization function”

IAtser Roperties

R = reflectivity

hv = photon energy

$0= incident flux (intensity)

F.= incident fluence

Chber values

1. impulse. momentum per unit area
T Mtemperature of blowoff
G = geom-c factor
P.= pressure at ablation surface
z = lin~ dis~ce f~m abla[ion surf~e

6 = thermal diffusion distance in rarget

p = p(z) = density (mass per unit volume) of blowoff at position z

PO= density of blowoff at ablation surface

No= Avogadro’s number

k = Boltzmann constant

Y= ratio of specific heats

no = poN~A = number of atoms per unit volume in blowoff at ablalion surface

Z = number of free electrons per atom
neo - ~ - number of free ekrons ~r unit VOI in blowoff at ablation surface

n== number of free electrons per unil vol at critical sutiace

cA> - M[ 1+ Z] - avemge atomic mass per free particle

~ - Average ~icle velocity for Maawell-Boltzmann distribution

~ = [W4] o> t - average distance pmici?~ move during laser puke

~ - zd~ - scale distance from ablation sutiace

m = m(z) - ~oz p(z~dz’ - mass (per unit area) depth in blowoff

tidt = massablation rate

M - M(t)= m(m~) at time t

~. M(T)= total rnasa ablated

p ● 1- m/M - fractional mass thickness of blowoff from outside in to m
pL m Iodon of @c laser absorption in terms of p

ZL. linear position of@ laser absorption

~ = location of critical surface in terms of p

~ - linear position of @ laser absorption



4 = ~(p)= (inverse brem.) absorpion coefficient for laser photons at p

#o= absorption coefficient for laser photons at ablation surface

]LM = me~ free path of blowoff to laser photons

EL = attenuation of laser photons by blowoff during Uansit to ablation surface

EL! = attenuation of laser photons by blowoff during transit 10and from ablation surface

a’ = ] - (l-a) EL’ = fraclio n of laser flucnce F. absorbed in mrget and blowoff

ci = Stefan-Boltzrnann constant

# = %(p). thermal radiation opacity at P

%0= thermal radiation opacity at ablation sutiace

IRM = thermal radiation mean free path of blowoff

!RLI = thermal radiation mean free path in from PL to ablation surface

E. . attenuation of tie~~ mdiafjon ill from ~L tO ablation SINke

k] ~ = hermd rad.iatlon mm fr& pa~ out from ~L ~ vacuum

~(p) = energy density at P from laser deposition
%-= time at which peak energy density leaves ablation surface

~ = time al which peak energy density mosses critical aurfaee

e. charge of electron
me . mass of e]~mon

h. Planck constant
c - speed of light

v = frequency of laser photons

k = wavelength of laser photons
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Appendix B. Model

Input: T, G, G T hv, A, K, Cp pS, T~, AH, 12

Assume: On= const. =F# fort S T ; drrddt = const, = M#~ fort S ~

=0 tort>~ =0 fort>~

Coupled Equations -d I%mrnetrknlly In Terms MT:

l(z) =[1/2]GMcv>=po7 , po=Gno[l+Z]kT forls~ ,

l(w) . G M <V> = G no [1 + Z] kTexp(-[t-z]/@ fort> z ,

e> - { [8/n] NokT/<A> } 1~ Z u [2/no] [2mmekTh2]3’2 exp(-<lz>/ltT), no = poNo/A, neo = Z no
P

20 R [ti4] 0> ‘:, C= [tizol, Pip. - exp(-C2) = l-m(z)/M -p, p. - [4/nJ[drn/dt]/cv>,

m(z)/M=erf(~). m(z) = ~oz p dz’

a’ F. = Fa + Coal<%, &LU.Fo + ci~fi~ = Fa, ~’ ~ 1- (1*) CL

Fa = [{4/n} Kc@ 1’2 T~ + M[AH + {N~A} X]z + {3/2} NokT/<A>]

~P~ = 14KP#CpI 1’2, y- 1- kT/{[3/2]kT I [X l#[l+Z]},

#o= [4/3] {2n/(3kTj} 1/2[No/A]2{pZ3e6/[hcme3/%3]}{ 1-exp(-hv/[kTl)}, tC%IJ) - P #o

~R
O,Al(m*/k&!) = 6x104 T(eV)-2 p(kg/m3)

pL - [#. M ]-1/2 for [ &o MJ-1f2Sl, PC = pc/po = ne#co fol

-1 for [#o M]-1/2>1, = 1 for

b =[#odrn/dt J-l , t~ - WMC2 -1 ,,2 ‘

zL = zo[hVL-1]”2 , Zc = ~ [Inpc 1 ‘

h’R(@K ~ KRO

‘edneos 1
n~neo > 1

n= = rcmec2/(e212)

]LM = 0.5 M *O 9 ]RM = 0.5 M P. ~ rRL -0.5 #o/ #o

~Lm [ ]-exp(-lLM)]/lLM ? eL’ - [ l-exp(-z lLM)]/ !? ILM],

~i _ ~L2 + [1 - exp(- IRM[ l-~L2] )]/lRN~ P co - ~L2 [1 - e%p(- rRL)]/rRL + [ ]-~L2] exp(- rRL)
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Appnck C. M?terials prop-tics

:p
Rs
Ts
DH
A

Ion O
Ion 1
Ion 2
Ion 3
Ion ~~
Ion 5
lcn 6
10117
Ion 8
Ion 9
lon10
lonll
Ion 12
Ion 13
Ion 14
1on15
1on16
Ion 17
Ion18
1on19

Units

J/[m*s””K]
J/[kg/OK]
kg/cum
“K
J/kg
atomic mass

eV
eV
ev
ev
eV
ev
ev
eV
ev
ev
eV
eV
ev

ev
eV
ev
eV
eV
ev
eV

Aluminum Carbon Plastic

2.1E+2 5.9E+ 1 1.OE-1
9.2E+2 1,3E+3 13E+3
2,7E+3 1.7E+3 1.3E+3
2.7E+3 4,1E+3 6oOE+2
1.4E+7 4.5Z+7 4.0E+5

26.98 12.01 !2.000

o 0 0
5,986 11!260 11.260

18.829 24.31?4 24.384
28,448 47.888 47.888

119,994 64,494 64.494
15~,72 392.09] 392.091
190.48 490 490
241.44
284,6
330.11
399,37
442.o~

2086,05
2304,11

Tantalum

5.4E+I
1.5E+2
1.7E+4
5.5E+3
5,4E+6

180.950

0
7.89

;:

65
122
140
158
177
207
231
256
289
324
360
387
419
463
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