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PLASMA ENERGY BALANCE MODEL FOR OPTICAL-LASER-INDUCED IMPULSE IN VACUOQO
R. S. Dingus and S. R. Goldma.
Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

A simple plasma-energyv-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 blowofl plasma is estimated and the Saha
equation is used to evaluate 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 Dlowoflf 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

The momentum per unit area induced by lasers incident on targets in a vacuum is a function the photon
wavelength; the flux (intensity) as a function of time; the fluence (integral of flux over time), the angle of incidence:
the beam diameter (unless it is sufficiently large); and the target's material und geometric properties. In this paper, the
targe. is assumed to be flat, the beam incident normal to the surface, and the beam diameter sufficiently large thit the
blowoff is one dimensional (i.e., that gradients in the blowoff such as temperature, density, etc. only exist i1 the
direction normal to the tgrget surface). The region of mphfsis for this paper is 1vom the threshold for impulse up to a
flux of about 1016 W/m# or to a fluence of about 101V J/m?,

Reference 1 discuses the phenomenology of optical-laser-induced impulse in vacuo and developes a model, based
upon overall cnergy balance, for calculating impulse in which the mass loss is allowed to be a free parameter In this
paper, another equation based upon energy balance at the ablation surface is developed and adde to that modvl, thus
fixing the mass loss and allowing impulse predictions to be obtained without a posteriori knowledge of the blowoff
mass.

Results from this model. which will be referred to here as the plasma-encray-balance model, agree well with both
experimental data and LASNEX hydrodynamic computer-code calculali'ons, allhough\one‘-dir\nensional dma‘do not
exist at high fluences. Although, in the development of the model, considerable attention is given to evaluating the
encrgy transfer through the blowoff to the ablation surface, little attention (other than enthalpy considerations) is given
to the complicated thermodynamics at the ablation surface. The success of the model indicates that the impulse is
insensitive to detailed interactions in the vicinity of the ablation surface. This is fonuqate because these interactions are
not easy to assess accurately because of the large temperature, density, etc. gradients in this region.

11. Plasma-Energy-Balance Mod¢.,
A. Basic Model

The model is described by a set of sel. consistent equations summarized in the Appendix B. The symbols used in
the equations are defined in Appendix A. Most of these equations were developed in Ref. 1. They arc discussed
briefy in this section; more detail can \-¢ obtained from Ref. 1. Details regarding derivation of the encrgy balance
equations tse presented in Section 11'b. They rely upon the fact (shown in Ref. 1) that the impulse is insensitive to the
distribution of kinetic energy within the blowoff mass. If the total blowoff mass and energy within are known, along
with a rough approximation of the distribution of energy within the mass, then the impulse can be predicted
accurately.

Following that lead, the model is based upon the assumption that, for any given laser pulse incident on a target. the
blowoff will be isothermal with temperature T. The blowoff particles are assumed to have a Maxwell-Boltzman
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distribution of velocities with an avei.ge velocity <v> given by

<v> = {[8/MNkT/<A>} 2, <A> = AN1+2) . )

Further, it is assumed that the laser flux &, and the mass ablation rate dm/dt are constant during the laser pulse and

that no ablation occurs after the pulse. These assumptions have becen made for simplicity to allow a simple
time-integrated solution to the problem. However, it appears that other temporal functions for the flux and ablation
rate could also be used. Better yet, but with considerable increase in model complexity, a time-dependent solution
with this basic model for an arbitrary temporal profile for the flux should be possible by solving the rate equations for
the ablation rate (instead of first integrating them over time) and then stepping through time. Further, it appears that
the model could be extended to include two-dimensional effects for cases where, during the laser pulse, the blowoff
traverses distances large compared to the laser beam diameter.

Using these assumptions, plus the assumption that there is no interaction between the particles in the biowoff,
allows an equation to be derived! for the density p as a function of position z within the blowoff

PPy = exp(-gz) v Po= [4/m)ldmvdi)/<v> . C=2zy , 25=[m/4] <v>1,
m/M = erf({) , m=m(z)= Jzo p(z)dz, M=m(=), p=1-mM . (2)

For L > 2, these equations c2n be combined to give

PPy = H . (3)
The quantity p has the value one at 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'&og surface. Studies of ion rarefaction waves
in plane geometry have given similar expressions for the density nrofile.<

The degree of ionization Z of the Rlowoff is obtained from an approximate solution of the Saha equation using the
approach by Zel'dovich and Raizer,” which assumes the ionization levels I are a continuous, rather than discrete
function of Z:

Z=i2n,)12nm kTh2)32 exp(-<Iz>KT),  ngmp No/A, Neg=Z1, . )

For simplicity, the ionization value useg throughout the blowoff is calculated using the density at the ablation surface.
lonization levels calculated by Cowan* are available for use in this equation. Using Kramer's formula corrected for
induced emissions for the inverse bremsstra!: lung cross section, expressed in units of area per unit mass,

xb = 4311 23KTI} V2N /A1 (pZ 366 hem 3201} 1-expGhvik T}, € -qui=pxly,  (5)

expressions (derived in the next section of this paper) are obtained for the location {; of peak laser absorption in the
blowoff

up = oM T12 for o M1 241
. for [ xloMIV251 (6)

the lincar distance of the luser absorption plane, zj , from the ablation surface (using Eqgs. 2, 3, and 6)
7 = g linn Y2 4

and the fraction g of laser penetration to the ablation surface

L
g = [lexpellpiily oty = 05SMx ®)
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The quantity ILM is the thickness of the blowoff to the laser photons expressed in number of mean free paths.

Similarly, the location p. (or ;) of the critical surface is

N
Mo = P/Po = Nec/Neo fOr Ngc/MggS 1 MNgc = nmccz/(c?'l") .
=1 for ngc/Meg>1

z. = 2, “nuc-l]llz . 9)

For the region of interest here, calculations with this model indicate that nearly all laser photons are absorbed by
inverse bremsstrahlung before reaching the critical surface. When the degree of ionization Z becomes small, Kramer's
formula for the inverse bremsstrahlung cross section gives values less than the real cross section. The model ignores
th-~ Gaunt factor (i.e.. assumes it to be 1) in the inverse bremsstrahlung cross section for the following rsasons: the
factor 1s normally about 1, except near the critical surface; the critical surface is treated separately and does not
normally exist in the blowoff anyway; inclusion of the Gaunt factor interfers with scaling of the absorption coefficient
with density.

Figure 3 of Ref. 1 presents the Rosselan¢ mean opacity from the SESAME Equation of State Library3 for
aluminum as a function of temperature and density. Examination of this figure shows that the Rosseland mean opacity

R A] foraluminum over the range of ter.iperatures and densities of interest to this work can be approximatex! by

xR A (mTkg) = 6x10% T(eV)2 pkg/m3), WKy = xR, . (10)

As in the case of the inverse bremsstrahlung absorption coefficient, this Rosseland mean opacity for the thermal
radiation is approximately proportional to p so that the opacity at position | is approximately u times x o, the

Rosseland mean opacity at the ablation surface. In some regions, values from Eq. 10 differ significantly from *he
tables: for more accurate modeling in a particular region of interest, a relation normalized to the tables in that region
would be more appropriate. Similarly, using tabular values for the laser absorption cocfficient instead of Eq. 5 migi't
improve the accuracy of calculations in certain regions; however, the results from the model generally seem to be
insensitiviy to the values for the laser absorption coefficients and thermal radiation opacities used.

Assuming that the location 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 €; (i implies "in")
of thermal radiation reaching the ablation surface

Ei - I.IL2 +11- CXP(- IRM“'HLZI )]”RM N lR'M =05M KRO , an
and for the fraction € (o implies "out") lost into the vacuum
g, = “Lz [1 - exp(- RDVIRL + [l-uLZ] exp(-rgy) » fRL =05 x'Ro/ K‘Lo . (12)

Using the above expressions, two flux balance equations based apon conservation of energy are assumed to hold.
These two equations are integrated over time to yield energy balance equations; one is an overall energy balance; the
other is an energy balance at the ablation surface. Energy transport by monochromatic laser radiation and by tnermal
radiation are considered; electron conduction in the blowof! is ignored. Conduction in the blowoff Goes not appear to
be significant in the region of interest in this paper. Attenuation of both the laser and thermal radiation by the blowoff
is included.

The overall balance equates the laser energy absorbed a'F,, to the energy absorbed by the targe! F, plus the encrgy
radiated into the vacuum

WFy=Fy+ 0T , o'ml-(l-ayg ' + e =(1-exp(-2 1]/ 121hy] . (13

The lascr energy absorbed is taken to be the incident fluence I, times a' where o' includes consideration of reflection
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R (= 1-00) a1 the ablation surface surface and attenuation g ' of the laser photons on the way in and back out of the
plasma. The reflectivity is not predicted by the model and therefore must be obtained from other sources: 1ts value can
be near | for certain cases; however. at high flux &) "approaches zero and thus a' approaches 1 at high flux. The

encrgy absorbed by the target 1s assumed to equal the energy conducted into the sohid. the energy o vaporize and
ionize the blowoft, plus the thermal kinetie energy ol the blowoll

Fy= |{4/n}1\'cppr1"3 T, + MIAH + {NyYA} E 1y + {¥2}N kT/<A>]| . (14)

Radiation energy within the blowoff is ignored and no distinction is made between thermal and translational kinetic
energy. The balance . the ablation su:face equates the energy reaching the ablation surface with that absorbed by the
target

eLaFo + eicT“t =F, (15)

All of the above equations are written parametrically in terms of temperature. As discussed below, a self-consistent
solution can be found by iteration that determines the blowoff mass and laser fluence absorbed for any given
lemperature.

The (specific) impulse (momentum per unit area :ntegrated over all time) is obtained by multiplying the blowoff
mass M times the average blowoff velocity <v> times a geometric factor G

I(o) = GM <v> (16)

The geometric factor is included in the equation for the impulse to account for the directionality of the blowoff; if all
blowofT is directed normal to the surface, this factor is equal to 1; if the blowoff is isotropic into 27 solid angle away
from the blowoff surface, this factor is equal to 1/2. Experiments generally tend to indicate that this factor is near 1.

From the density and temperature, the pressure at the ablation surface can be calculated
PotSTV=Gny[1+Z]kT . (17)

Bccause of the assumptions of constart temperature and mass ablation rate, this calculated pressurc is constant during
the laser pulse. Multiplying this pressure by the pulse length g:ves an impulse that is equal to 1/2 of the total impulse
calculated above using the blowoff mass

(V) =112)]GM<v>=p, T . (18)

Assuming that the pressuie decays exponentially alter the laser pulse ends and that the other half of the impulse is
:mpa;tc&during the pressurc decay after the pulse, then the time constant for this decay is equal to the laser pulse
ength, that is

Po(t2T)=Gng (1 + Z] KT exp(-[t- TlT) . (19)

B. Energy Balance

In this section, expressions are develuped for the energy flux onto the ablation surface as well as the energy lost

back into the vacuum. These expressions are then used in equations for energy balance described in the previous
section.

Attenuation of the thermal radiation is estimated by finding the location of peak energy deposition of the laser
photons and assuming this is a hot plane in the blowoff cloud (as a perturbation to the assumption of constant
temperature in the blowof). The hot plane is assumed to radiate a flux of 6T, both inward and outward, Assumed
emission from this single planc is reasonable because of the strong T4 factor. The assumed emission rate (0T is an
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upper limit and the actual rate could be substantially smaller if this region was optically thin to the thermal radiation. It
is not clear how an error of this nature would affect the impulse because there are compensating factors; more emission
increases the mass lcss and the impulse, but it also increases energy loss into the vacuum, which decreases the
impulse. Given the emission plane, attenuation of the thermal radiation is obtained using an approximate expression
for the Rosseland mean opacity.

Calculations with this model, as well as with LASNEX, show that, for the regioa of interest here, the laser photons
are nearly a'l absorbed in the blowoff before reaching the critical surface except very early ir the pulse. For times
when the energy density does not reach a maximum in the blowofT, the hot plane is taken to be the ablation surface.

A photon flux @ is artenuated by a mass (per unit area) increment dm with cross section x (area per unit mass) by
an amount srecified by

dd/P = - x dm . (20)

Integrating this equation over the blowofT into the position p gives the flux at position y as

O(u) = Q)o exp(- ILM uz) . 2N

The location of the hot plane can be found in the following manner. The energy density () (per unit mass) can be
found by taking the derivative of Eq. 21 with respect to mass depth m giving

Ew = xonew (22)

In Eq. 22, laser absorption in the plasma cf photons reflected from the ablation surface are ignored because we are
locating the hot plane that occurs when the pﬁotons are all absorbed before reaching the ablation surface. Taking the

derivative of Eq. 22 with respect to mass and setting it equal to zero and solving for i (% p; ; 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,/1}, the condition on Eq. 6 implies that the peak er2rgy density is at the ablation surface for a time t,, given by

to= KLO dvdt ]! . (23)

When the free electron density for the blowoff at the ablation surface n, is greater than the critical electron density
N, then there is a critical surface in the blowoff at the location where thie ratio of these electron densities equals one.
Since the model assumes that Z is constant in the blowofT, the location of the critical surface p. is obtained by serting
this ratio equal to the mass density ratio as in Eq. 9.

Assuming constant ablation rate, Eqs. 6 and 9 show that . has a fixed value independent of time but that

decreases with time because M is proportional to time (M = [dm/dt] t for t S T). Also, at the beginning of the pulse,
Hp_ always eque's 1 (i.e., the maximum energy density, calculated upon the basis of inverse bremsstrahlung, is at the

ablation surface) because at the beginning of the pulse, M equals zero. The valne . depends on rates alone while

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

setling e = Wy giving

le=to/het . (24)
Using Eq. 10 inintcgrating Eq. 20 (replacing @, by o™ trom the hot planc at jy inward to where iy = 1 gives
the thermal radiated tlux emitted onto the ablation surface as

oTd exp(-lRMl l-pLzl) . (25)
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Similarly, the thermal radiated flux emitted outward from the hot plane at )} is given by

o exp-IRy 2 (26)

The total flux balance for the blowoff is given in Eq. 18 of Ref. 1 but that equation does not include attenuation by
the plasma of the laser photons or the thermal radiation. Adding this attenuation, as in Eq. 21 (but with attenuation on
the way back out too) and Eq. 26, the total flux balance becores

{1- [1-0) exp(- 2 tpp)} & = @, + exp(- Ry py 2) oT4 @7

The new equation, added to the model developed in Ref. 1, is the flux balance at the ablation surface. It is based
upon the assumption that a local energy balance at the ablation surface must occur at all times, which basically
determines the ablation rate--a very important quantity. That is, the rate of energy flow to the surface from the laser
plus that from thermal radiation is set equal to the rate of energy conduction into the target plus the rate of energy
consumption to make the transition to the ionized state. No attempt is _made at modeling this ablauc_m region in detail;
in particular, it is assumed that the temperature of the material jumps from that of the solid (or liquid, not
distinguishing which) to that of the ionized blowoff. However, the energy to make this jump should be important and
is therefore accounted for with relative accuracy. Combining these assumptions gives the following equation for this
energy (actually flux at this stage) balance.

a exp(-lLM uLz) O, + exp(- IRM [l-uLZ]) oT? = ®, (28)
-
where
o, = [{2/11}l(cpp/1]”2 T + [dm/at][AH + {N/A} Zl7 + {3/2}NkT/<A>] . (29)

The quantity @, is the flux of encrgy absorbed by the target. in Eqs. 27 and 28. y|_is a function of time as given in

Eq.6 but with M replaced by |[dm/dt) t. As indicated above, it should be possible to 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 rate and the flux are assumed (o be
simple functions of time. Assuming these quantities are constant and integrating Eqs. 27 and 28 over time gives the

energy balance presented in Eqs.13, 14 and 15. In these equations €, € ', €;, and €, are respectively the

attenuation factors for: the laser photons into the ablation surface, the laser photons into and back out from the
ablation surface, the thermal radiation from the hot plane in to the ablation surface, and the thermal radiation from the
hot plane out of the blowofT.

C. Solution of Equations

The equations for the model are summarized in the Appendix B. These coupled equations are expressed
parameirically in terms of T. A consistent solution can be found by iterating on the ion.zation Z ard the blowoff mass

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

can be selected. Then <v> and p can be calculated, which facilitates ar iterative solution for Z. Next, the attrnuations

(€) can be calculated, followed by evaluation of the two equations for F,, Which will not agree unless the appropriate
value for M is used. Finally, the whole procedure can be iterated on M and Z until the appropriate values are found.

HI1. Calculativns with the Model

Results from the model for KrF and CO, lasers incidunt on aluminum, with pulse lengths from 10910103 st

10 y/m?2 : i ! rties for calculations

s from the impulse threshold up to over 10'Y J/m< are picited in Fig.1. Material propert _
‘\l‘il&nlchee model are Ieen in Appendix E‘ The ratio of impulse to fluence (impulse coupling coefficient) as a function
of fluence is plottecfln Figs. 12.and 1b. Tt . same results are replotted versus flux in Figs. 1c and 1d. In Figs. e and
1f, part of these results are replotted versus fluence to allow direct comparison of the coupling for KrF (0.25 um) and
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Figure 1. Impulse coupling coefficients versus fluence and flux ca]culateu wuh t}-e glasma energy balance model for
CO5 (10.6 pm) and KrF (0.25 um) lasers with pulse widths of 109 SOxIO' and 103 s ncrmally incident on

flat aluminum targets in a vacuum for one dimensional biowoff. These calculatlons weredone withG =] and o =
0.5.

Co2 (10.6 um) lasers for different pulse lengths. These results show a threshold, 8 maximum coupling, and a
decrease in coupling at high fluence. The mass loss would have to increase in proportion to the fluence to avoid this
decrease. If after some point, there was no increase in mass loss with increasing fluence, then the coupling would
decrease as the square root of fluence provided the radiation loss into vacuum did not increase with fluence.
However, under these conditions radiation losses should increase with fluence causing the coupling to decrease even
faster. In some cases, the figures show the coupling decreases about as the square root of fluence (e.g., KrF, 10°6 s);
this results from some increase in mass loss with fluence as well as some increase in rad.ation loss with fluence.

Figures 1a-1d show that the 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 width.
Figures le and If show that at very high fluences and fluxes the model predicts that the coupling coefficient curves
for KrF and CO merge; this is because the plasma is becoming very opaque to photons of both laser wavelengths in

this re{von (so that inost of the mass ablation is by secondary energy transfer) making the impulse independent of the
laser. When the flux becomes too large, the model becomes invalid because of additional phenomena not included.

Results from the model for dlaminum turgets are compared with both experimental measurements -89 and
LASNEX computer calculations!V in Figs. 2 and 3. In Fig. 2a, values for a CO, laser (Gemini) with about a 2-ns
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pulse width arz plotted; the Gemini data are for titanium and various other targets (including organics but not
aluminum).’ Since the data show that the coupling is almost material-independent it seems appropriate to compare the
data with model calculations for aluminum, and ir fact, Fig. 2a shows good agreement between the model and the
data. In Fig. 2b, values are given for the same CO» laser (Gemini) modified to have a 1.8-us pulse length.® The
comparison with aluminum is within about a factor of 2. LASNEX calculations 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 experimental data, which only
exist at a fluence up to the lowest LASNEX fluence, are between the model and LASNEX results.

Figure 3 gives comparisons between measurements and calculations for 50 ns, KrF laser exposure of aluminum and
tantalum; the data was taken with the Sprite laser during the Seres 1 experiments.9 The agreement 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/rn_z- At fluences above !07 J/mz, the experimental data is 2-dimensional because of the small spot size; in this
region the 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 fluence, a substantial fraction of the incident photons

are apparently reflected, causing the values calculated with the model with & = 1 10 give a coupling that is too large;
thus the need to use a = 0.5. The agreement ror tantalum in Fig. 3b between the 1-D data and the

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

e PE3 Model, Al e PEB Model,Al
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Figure 2a. Comparison for 1kJ in 2 ns. Figure. 2b. Comparison for 0.4 to kJ in 1.8 ps.

Figure 2. Comparison of Gemim laser (CO5, 10.6 um) measurements with LASNEX and plasma-
energy-balance-model (using G = & = 1) calculations for normal incidence on flat targets in a vacuum.
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Figure 3b. Comparison for Ta.
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Figure 3. Compuarison of Sprite laser (KrF. 0.25 um, 100J, 50 ns), series 11 measurements with LASNEX and
plasma-cnergy-balance-model (using G = 1) calculations for normal incident on flat targets in a vacuum.



Material Propertics of Tarpet

A = atomic mass

K = thermal conductivity
¢p= specific heat
T = pulse width

Appendix A. Glessary
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Laser Properties

R = reflectivity

hv = photon energy

¢, = incident flux (intensity)

Fy = incident fluence

pg = solid density

T = sublimation temperature

AH = sublimaticn energy (enthalpy)

I » ionization energy levels

<lz> = "continuous iorization function’

Other Values

I = impulse = momentum per unit area
T = temperature of blowoff

G = geomesric factor

P = pressure at ablation surface

z = linear distance from ablation surface

8 = thermal diffusion distance in target

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

P, = density of blowoff at ablation surface

N, = Avogadro’s number

k = Boltzmann constant

¥ = ratio of specific heats

Ny = PoNo/A = number of atoms per unit volume in blowoff at ablation surtace

Z = number of free electrons per atom
Ngq = <0, = number of free electrons per unit vol in blowoff at ablation surface

nec = number of free electrons per unit vol at critical surface

<A> = A/[1+ Z] = average atomic mass per free particie

<v> = Average particle velocity for Maxwell-Boltzmann distribution
2, = [1V4) <v> t = average distance particies move during laser pulse

§ = z/z, = scale distance from ablation surface

Mme=mz) = Ioz p(z)dz’ = mass (per unit area) depth in blowoff
dm/dt = mass ablation rate

M = M(t) = m(z=<<) at time t

M, = M(1) = total mass ablated

H u 1- m'M = fractional mass thickness of blowoff from outside in to m
My = location of peak laser absorption in terms of p

z]_= linear position of peak laser gbsorption
Hc = location of critical surface in terms of u
Z. = linear positicn of peak laser absorption



KL = xL(p) = (inverse brem.) absorption coefficient for laser photons at p
KLO = absorption coefficient for laser photons at ablation surface
ILM = mean free path of blowoff to laser photons

€ = attenuation of laser photons by blowoff during transit to ablation surface

€] + = attenuation of laser photons by blowoff during transit to and from ablation surface
a' =1-(l-a) € "= fraction of laser fluence F, absorbed in target and blowoff

¢ = Stefan-Boltzmann constant

KR = xR(u) = thermal radiation opacity at {

KRO = thermal radiation opacity at ablation surface

IR\ = thermal radiation mean free path of blowoff
'RLi = thermal radiation mean free path in from . _to ablation surface

Eﬁ- attenuation of thermal radiation in from y_to ablation surface
1

£, attenuation of thermal radiation out from pj io vacuum

Lo = thermal radiation mean free path out from yj  to vacuum

E(u) = energy density at p from laser deposition
t, = time at which peak energy density leaves ablation surface

tc = time at which peak energy density crosses critical surface

e = charge of electron
m, = mass of electron

h = Planck constant

¢ = speed of light

v = frequency of laser photons
A = wavelength of laser photons
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Appendix B. Model

Input: T,G,a, T, hv, A K, ¢ Tg, AH, 17

pv psl

Assume: @, = const. =Fy/t fortst; dm/dt = const. = M/t fort<t

=0 tort>1 =0 fort>1

Coupled Equations Expresscd Parametrically in Terms of T:

I(t) = [172)GM<v> mp,y1 ,po-Gno[l+Z]kT fortst ,
I(o0) = GMcv> =G, [1+Z) KT exp(-[t-T])/1) fort>7= ,
<v> = {[B/RINGKTI<A> /2 Z 2 [2/n0)[2nmekT2]2 exp(-<lz>/KT), ng = poNo/A, Neq = Z 1,

zo® [14) <v> 2, {m[2zg), plp, = exp(-L) = 1-m(z)M = p, p, = [4/m)[dm/d)i<v>,
m(z)/M=erf(£). m(z) = Joz p dz'

o' Fy = Fg+ 5001“i, e oF, + EiO'T41: «=F, o=1-(l-a)g’
Fa ~ [{4/m}Kepptl!/2 Tg + MIAH + {Ny/A} Elz + {32}NokT/<A>]

8pg = 14K pgic,1 12 Y- 1= KTH(3/2)KT + [E171[1+2Z)},
kLo = (431 20/(3KT;} 2N A T2 {pZ3eS them Y231} 1-exp-hv/kTD), ) =kl
KRy Alm2/kg) = 6x10% T(eV)2 p(kg/m?) "Ry = p kR
Hp = [wLo M ]‘”2 for | KLO MJ'”ZSI. He = P/Fo ™ Pec/Neo for nec/Neg S|
=] for [xLo M]'”2>1, -] for ne/ngq > 1
o =1 x‘l‘o dmydt )1 , tc= lolu‘:2 ' Nec = nmeczl(ezlz)
2 =12, lln“L-l]”z . Z. =2, “n“c-llllz .
lpg = 0.5Mxl, : Ryg=0.5M kR C e = 0.5 Ry,
g = [1-exp(-Ily iy , g = [1exp(-2 i\ 1211,

€= ny 2+ [1-enp- Ryl 1oug 2DVRyy €y =i 2 (1-expl- irVTRL + 11-0.2) expC- 1)
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Appendix C. M>terials properties

Matl Units Aluminum Carbon Plastic Tantalum
k J/[mese®K] 2.1E+2 S9E+1 1.0E-] 54E+1
Cp J/[kg/*K] 9.2E+2 1.3E+3 13E+3 1.5E+2
Rs kg/cu.m 2.7E+3 1.7E+2 1.3E+3 1.7E+4
Ts °K 2.7E+3 4.1E+3 6.0E+2 5.5E+3
DH Jikg 1.4E+7 4.5c+7 4.0E+5 5.4E+6
A atomic mass 26.98 12.01 12.000 180.950
fon O eV 0 0 0 0

Ion 1 eV 5.986 11.260 11.260 7.89
Ton 2 eV 18.829 24384 24.384 15

Ion 3 eV 28.418 47888 47.888 23

Ion & eV 119.994 64.494 64.494 33

Ion § eV 153.72 392.091 392.091 48.27
Ien 6 eV 190.48 490 490 65

lon 7 eV 241.44 122

lon 8 eV 284.6 140

Jon 9 eV 330.11 158
Ion10 eV 399 37 177
lonll eV 442 08 207
fonl2 1% 2086.05 231
Ion13 wreV 2304.11 256
Ion14 eV 289
Ionl5 eV 324
Ionl6 eV 360
Ionl7 eV 387
Ionl8 eV 419
lonl9 eV 163
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