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A Medel for 2ptical-Laser-Induced Impaies in Vacwo

by

R. S. Diagm and 8. R. Geldman
Les Alames National Laberatery

Abstract

A simple model, nlong with its derivation, is pressuted for calculating the impulse from targets in & vacwam
sxposed to single-palse, eptical lasers. Figures demonrtrate that throughoxt most of i+ range of interest,
results from the medel agree well with experimental data and LASNEX radiation-hydrodyusmic computer
code calculations. The mode] assumes isothermal blowofY and thus takes advantage of the imscnsitivity of
impulse to energy distribution within the ablatcd mass. The density profile ia the blowolY is estimated and the
Saha equation is wsed to evaluate the degree of lonization. The laser absorption onfficlent and thermal
radiation opacity are evaluated as a functios of position in the blowofY in order to evaluate the energy reaching
the ablation surface. An overall esergy balance plus an energy balance at the ablation surface are wsed to
determine the blowofl mass and temperature. Thw success of the model indicates that the lmpalse s imsensitive
to detailed interactions in the vicinity of the ablation surface.

1. INTRODUCTION

The momentum per unit area induced by lasers inci-
dent 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 matenrial and geometric properties. In this paper,
the target is assumed 10 be flat, the beam incident normal
10 the surface, and the beam diameter sufficiently large
that the blowofT is one dimensional (i.e., that gradients in
the blowofT such as temperuture, density, etc. only exist in
the direction normal 10 the target surface). The region of
emphasis for this proer is from the threshold for impulse
upto a flux of about 10" W/in? or to a fluence of about 10"
J/m?,

Reference 1 discusses the phenomenology of optical-
laser-induced impulse in vacuo and develops a model for
calculating impulse in which the mass loss is allowed to be
a free parameter. In this paper, unother equation is de-
veloped and added to that model, thus fixing the mass loss
and allowing impulse predictions 1o be obtained without a
posteriori knowledge of the blowofl mass,

The model is most applicable in the region of mod-
erately high flux and fluence where inverse biemssirah-
lung dominates 'aser absorption. In this region, the results
of this mode| agree amazingly well with both experimental
data and LASNEX hydrodynamic computer-code calcula-
tions, although one-dimensiona! data do not exist at high
fluences in this region. 1'he model is based upon an ovenll
energy balance plus an energy balance at the ablation
surfuce. Although considerable attenticn is given to
evaluaung the energy transfer through the blowofY 1o the

ablation surface, little attention (other than enthalpy con-
siderations) is given to the complicated thermodynamics
at the ablation surface. The success of the model indicates
that the impulse is indensitive 10 detailed interactions in
the vicinity of the ablation surface. This is fortunate
because these interactions are not casy Lo assess accurately
because of the large temperature, density, eic. gradients in
this region.

I1. IMPULSE MODEL
A. Basic Model

The model is described by a set of selfconsistent eque-
tions summerized in the Appendix B. The symbols usea
in the equations nre defined in Appendix A, Most of these
equations were developed in Ref. 1. They are discussed
briefly in this section; moie delail can be obwained from
Ref. 1. Details regarding derivation of the energy balance

-equations are presented in the next section. They rely

upon the fact (shown in Ref 1) that the impulse is
insensitive 10 the distribution of kinetic energy within the
blowofl mass. If the 101al blowofl mass and energy’ within
are known, along with a rough approximation of the
distributiun of energy within the mass, then the impulse
can be predicted rather accurately.

Following that lead, the model is based upon the as-
sumption that, for any given laser pulse incident on »
target, the blowofl will be isothermal witli temperature T,
The blowoff particles are assumed 10 have a Maxwell-
Boltzmann distribution of velocities with an average
velocity ¢ given by



v ([S/xNKT/A}?, A=A/l +2). a

Further, it is assumed that the laser flux ¢, and the mass
ablation rate M are constant during the laser pulse and
that no ablation occurs after the pulse. These assumptions
have been made for simplicity to allcw a simple time-
integrated solution to the problem. However, it appears
that other temporal functions for ihe flux and ablation
rate could aiso be used. Better yet, but with considerable
increase in model complexity, a time-dependent solution
with this basic model for an arbitrary temporal profilc 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.

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

plp, = erp(—=C) , p, = [4/x][M}9 ,

§ = [4/n){z/z)}, z, =91, m/M = erf(}),

m = mz) = fz:»(l’)dz' y M =m(=),

pml- m/M° . )
For { > 2, thesc equations can be combined to give
Plpe = W . (3)

The quantity ;1 has the value one at the ablation surface
and zero at infinity. It represents the fractional thickness
of the blowofY. from the outside in, to a mass distance m
from the ablation surface. Studies of ion rarefaction waves
in plane geometry have given similar expressions ‘or the
density profilc.

The degree of ionization Z of the blowofT is obtained
from an approximate solution of the Saha equation using
the approach by Zel'dovich and Raizer,* which assumes
the ionization levels 1, are a continuous. rather than
discrete function of Z:

Z = [2/n,)|2em KT/h* ] exp(~1/kT) ,
D, = pNJ/A . Dy = Zn,. (4)

For simplicity, the ionization value used throughout the
blowofY is calculated using the density at the ablation
surface. lonization levels calculated by Cowan! are avail-
able for use in this aquation. Using Kramer's formula
corrected for irduced emissions for the inverse brems-
strahlung crocs section, expressed in units of area per unit
mass,

wt = [4/3](2%/]3KT]) ) [NJA]
{pZ’¢*/[hem™v']} {1 = exp(~hv/kT)) ,
wip) = uxt, )

expressions (derived in the next section of this paper) are
glbuin;d for the location y, of peak laser absorption in the
owo!

W = [M]? for (M2 1,
-1 for (M2 > 1, . C(6)

the linear distance of the laser absorption plane, z,, from
the ablation suriace (using Eqgs. 2, 3, and 6)

z ™ ¢ x/d][top)? M

and the fraction &, of laser penetration to the ablation
surface

g - [] -_ exﬂ—!h)yﬂh , !“‘ = 05M KI.' . (8)

The quantity £, is the thickness of the blowoff 0 the laser
photons expressed in number of mean free paths.
Similarly, the location p, (or z,) of the critical surface is

K. = p/P. = n,n, forn,/n, < 1, n, = xmc/(eh?),
-] fornn, > 1 .
7, = ¢ t{r/4])[np;']7 . 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. Kramer's formula for the inverse bremsstrahlung
cross section breaks down when the degree of ionization Z
becomes small and gives values less than the real cross
section. The model ignores the Gaunt factor (i.c., assumes
it to be 1) in the inverse bremsstrahlung cross section for
the following reasons: the factor is normally about 1,
except near the critical surface; the critical surface is
treated separately and does not normally exist in the
blowofl anyway; inclusion of the Gaunt factor interferes
with scaling of the absorption coefficient with density.
Figure 3 of Ref. 1 presents the Rosseland mean opacity
from the SESAME Equation of State Library’ for
aluminum as a function of temperature and density.
Examination of this figure shows that the Rosseland mean
opacity x}, for aluminum over the range of temperutures
;nd densities of interest 1o this work can be approximated
v

xi{(mi/kg) = 6 X 10" T(eV) p(kg/m") ,
K = uxg, (10)

As in the case of the inverse bremsstrahlung absorption
coeflicient, this Rosseland mean opacity fcr the thermal
radiation is approximately proportional 10 p so that the
opacity at position y is approximately p times x!, the
Rosseland mean opacity at the ablation surface. In sore
regions, values from Eq. 10 differ significantly from the



tables; for more accurate modeling in a particular region
of interest, a relation normalized to the tables in that
regior. would be more appropriate.

Assuming that the location of peak laser absorption is
the principal source region for thermal radiation in the
blowofT, and using Eq. 10 for the Rosseland mean opacity,
expressions are obtained for the fraction g, (i implies “in™)
of thermal radiation reaching the ablation surface

& = [1 —exp(—RL))RL, &=l ~ i,
£ = 05M2, an

and for the fraction &, (0 implies “out™) losi into the
vacuum

&= (1 - exp-aL))eL , o= by, 12

Using the above expressions, two flux balance equa-
tions based upon 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 radia-
tion and by thermal radiation are considered; elect=on
conduction in the blowofT is ignored. Conduction in the
blowoff does not appear to be significant in the region of
interest in this paper. Attentuation of both the laser and
thermal radiation by the blowof¥ is included.

The overall balance equates the laser energy absorbed
to the energy absorbed by the target F, plus the energy
radiated into the vacuum

aF, = F, + s, 0Tt . (13)

The energy absorbed by the target is assumed to equal the
energy conducted into the solid, the energy to vaporize
and ionize the blowofT, plus the thermal kinetic energy of
the blowofT

F, = {[4/2]Kc,0t)? T, + M{AH + [NJA] L1,
+ 3/2NKT/A] . (14)

Transiational kinetic energy of the biowoff and radiation
energy within the blowofT are ignored. The balance at the
ablation surface equates the energy reaching the ablation
surface with that absoroed by the target

saF, + ¢oTr = F, . (1%)

All of the above equations are written parametrically in
terms of temperature. As discussed below, a self<consis-
tent solution can be found by iteration that determines the
blowofl mass and laser fluence absorbed for any given
temperature. The laser fluence absorbed aF, is assumed to
be the incident fluence F, times a, which is one minus the
reflectivity. The model does not predict the reflectivity,;
however, from other sources of information it appears
that the reflectivity {s near zero when the blowefY iy highly

" jonized, but the reflectivity can be as high as 0.75 for some

conditions near the threshold.

The (specific) impulse (momentum per unit area inte-
grated over all time) is obtained by multiplying the blow-
off mass M times the average blowoff velocity ¢ times a

 geometric factor G .

e) = GM© ., (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 blowofT is isotropic into 2x solid angle
away from tae blowoff surface, this factor is equal 10 1/2.
Experiinents generally tend to indicate that this factor is
fairly close to 1.

From the density and temperature, the pressure at the
ablation surface can be calculated

Pt = ©) = Gn,l + ZkT . an

Because of the assumptions «f constant temperature and
mass ablation rate, this calculated pressure is constant
during the laser 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

I7) = [1/2GM® = p,t. (18)

Assuming that the pressure decays exponentially after the
laser pulse ends and that the other half of the impulse is
imparted during the pressure decay after the pulse, then
the time constant for this decay is equul to the laser pulse
length, that is

p(t 2 1) = GnJ) + ZKkT exp(—|i — 1)/1) . (19)

B. Energy Balance

In this section, exprassions are developed for the energy
flux onto the ablation surface ¢s well as the energy lost
back into the vacuum. These expressions are then used in
equations for energy balance described in tlie 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 blowofT
cloud (as a perturbation to the assumption of conctant
temperature in the blowof?). The hot plane is assumed ‘0
radiate a flux of aT*, both inward and outward. Assumed
emismion from this sirgle plane is reasonabls becuuse of
the strong T* factor. The assumed emission rate (oT*) is an
upper limit and the actual rate could be substantially
smaller in some circumstances, for example, if this region
were optically thin to the thermal radiation. It is not clear
how an error of this nature would affect the impulse
because there ar* compensating factors; more emission
increaser the mass loss and the impulse, but it also in-
creases energy loss into the vacuum, which decreases the
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impulse. Given the emission plane, sttenuation of the
therma) radiation is obtained using ar approximate ex-
pression for the Rosseland mean opacity.

The location of the peak laser absorption is obained by
considering both the inverse bremsstrahlung cross section
and the critical surface. In some ca: ¢3, the en-rgy density
does not reach a maximum in the slowofl, in which case
the hot plane is taken to be the .blation surface. If the
critical surface is located on the laser side of the calculated
location of peak luser deposition based upon inverse
bremsstrahlung, then the hot plane is taken to be the
critical surface because the laser photons can not penetrate
beyond the critical surface. This only happens early in the
pulse, if at all, under the assumption of constant ablation
rate for the region of parameter space of interest in this
work.

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

do/¢ =~ —x dm . (20)

Integrating this equation over the blowoff into the pos-
ition p gives the flux at position p as

o)) = e o, exp(—p) , Q1

where ag, is the laser flux incident on the target corrected
for reflection (a equals one minus the reflectivity). The
energy density 5(p) (per unit mass) can be found by taking
the denivative of Eq. 21 with respect 10 mass depth m
giving

) = xtpo(p) . (22)

Taking the derivative of Eq. 22 with respect 10 mass and
setling it equal to zero snd solving for p (w p,; L = laser
absorpti'n plane) gives the location of the maximum
energy density as given above in Eq. 6. For constant
ablation rate (M = M /1), the condition on Eq. 6 implies
that the peak energy density is at the ablation surface fora
time t, given by

L= (kM (23)

When the free electron density for the blowofT at the
ablation surface n, is greater than the critical electron
density n,. then there a critical surface in the blowoff
where this ratio of electron densities equals one. Since the
model assumes thot Z ic constant in the blowefl, the
location of the critical surfuce i, is obiained by s=tting this
ratio equal 10 the mass density ratio as in Eq. 9.

Assuming constant ablation rate, Eqs. 6 and 9 show that
¥, has a fixed vaiue independent of time but that p,
decreases with time because M is proportional to time (M
= (M|t fort 5 1). Also, at the beginning of the pulse, y,
always equals | (i.e., the maximum energy density, calcu-
lated upon the bas:s of inverse bremutrohiung, is at the
ablation surfuce) because at the beginning of the pulse, M
equals zero, The value i depends on rates alone while

also depends on the integrated mass ablated. Thus, if there

(is & critical surface in the blowof], 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
constant 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 reach-
ing the critical surface. The time 1, at which the crossing
occurs can be found by setting u, = p, giving

L= (24)

Using Eq. 10 in integrating Eq. 20 from the hot plane at p,
inward to where p, = | gives the thermal radiated flux
emitied onto the ablation surface as

oT exp(—24[1 — pi}) . (25)

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

oT exp(—Lud) . (26)

Looking from the hot plane inward, the density increases
with distance from the hot plane and the blowofT in this
region is likely to be optically thick which ineans that use
of the Rosseland mean opacity should be a reasonable
approach. However, looking outward, the density de-
creases and the blowofT in this region would be more likely
optically thin. Thus, in some cases, the Planck mean
opacity might be a better approximation for use in Eq. 26,

The towl flux balance for the blowofT'is given in Eq. 18
of Ref. | but does not include attenuation of the therms!
radiation. Adding this attenuation, as in Eq. 26 abave, the
1o1a) flux balance becomes

ag, = ¢, + oT exp(—Lu . (27

The new equation, added to the mode! developed in
Ref. 1, is the flux balance at the ablation surface. It is
based upon the assumption that a local energy balance
must occur at all times, which basically determines the
ablation rate—-a very imponant quantity. Tha is, the rate
of energy flow 10 the surface from the laser plus that from
thermal radiation is set equal 10 the rate of energy conduc-
tion into the target plus the rate of energy consumption to
make the transition to the ionized state. No attempt is
made at modeling this ablation region in detwil, in
particulur, it is assumed that the temperatuie of the mate-
rial jumps from that of the solid (or liquid, not dis-
unguishing which) 10 that of the ionized blowofT. How-
ever, the energy 1o make this jump should be imporiant
and {s therefore accounted for with relative accuracy.
Comtining these assumptions gives the following equa-
tion for this energy balance:

o, exp(—% 1) = oT exp(—fL[l - pl]) = 9,  (28)



where

@ = [{2/x]Kce/t” T,
+ [M][AH + {NJAJZL, + [3/2]NXT/A] . (29)

The quantity ¢, is the flux of energy absorbed by the
target. In Eqs. 27 and 28, p, is a function of time. As
indicated above, it should be possible to solve these
equations along with the supporting equations above to
find M, 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 to 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,
14and 15. In these equations g, g, and ¢, are respectively
the attenuation factors for: the laser photons onto 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 blowoff. The laser attenuation
factor g is given by Eq. 8 and results directly from
integration of Eq. 28. .

In Eq. 6 for u,. the value of M = M(t) = [M] t varies
during the pulse frum 0 to M(1). Equations 20 and 28 can
be integrated using this time dependence for M; however,
in the interest of simplicity, equations are given here for g,
and ¢, for the case where y, bas a constant value given by
Eq. 6 with M replaced by its mean value, 0.5 M. This gives
relations for € and ¢, given in Eqgs. 11 and 12,

C. Solution of Equations

The equations for the model are summarized in the
Appendix B. These coupled equations are expressed
parametrically in terms of T. A cunsistent solution can be
found by iterating on the ionization Z and \he blowoff
mass M. For example, for a given set of inputs (for some
temperature T), two puesses each for Z and M can be
selected. Then ¢ and p can be calculated, which facilitaies
an iterative solution for Z. Next, the attenuations (¢) can
be caiculated, 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 uatil the appropriate value of M is fuund. This bas
been programmed on an HP-41CVX hand calculator. A
cunsistent solution typically iakes a few minutes on the
calculator, depending on the accuracy of the guesses,

JII. CALCULATIONS WITH THE MODEL

Results from the model for KrF and CO, lusers incident
on aluminum, with pulse lengths from 10™ to 107 s at
Juences from the impulse threshold up to vver 10" J/m!?
(10* J/cm?) are plotted in Figs. 1-3. The ratio of impulse to
fluence (impulse ~oupling coefficient) as a finction of
fluence is plotted in Fig. 1. The same ratio is replotied
versus flux in Fig. 2. In Fig. 3, part of these results are
replotted versus fluence to allow direct comparison of the
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Figwre 1. Impulse coupling coefficients versus fluence cal-
culated with the presen* mode! (developed on 8-24-34) for
CO, and KrF lasers with pulse widths of 107, 50 X 107,
IOJ. and 107 s normally incident on flat aluminum targets
in a vacuum. These calculations were done withG = a = 1,

coupling for KrF and CO, lasers for different pulse
lengths. These results show a threshold, a maximum
coupling, and a dscrease .n coupling at high flusnce. The
mass loss would have to increase in proportion to the
fluence 10 avoid this decrease, If after some point, there
was no increase in mass loss, then the coupling would
decrease as the square root of fluence provided the radia-
tion 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.x., KrF,
107* 3); this results frum some increase in mass loss with
fluence as well as some increase in radiation loss with
fluence. Figures 1 and 2 show that the order of the curves
for different puliewidths 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, Interesting, if the coupling coeffi-
cients are plotted as a function of fluence divided by the
square root of the pulse width, then the results from this
model for different pulse widths nearly merge into one
curve, especially for the KrF laser. Figure 3 shows that at
very high fluences and fluxes the model predicts that the
coupling cosflicient curves for KrF and CO, merge; .his is
because the plasma is becoming very opaque to photons of
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Figere 2. Impulse coupling coefficients versus flux calcu-
lated with the present model for CO; and KrF lasers with
pulse widths of 107, 30 X 107* 10~ and 107’ ¢ normally
incident on flat aluminum targels in a vacuum. These
calculations were done with G=qa = |,

both laser wavelengtins in this region (so that most of the
mass ablation is by secondary energy transfer) making the
impulse independent of the laser. When the flux becomes
100 large, the model becomes invalid because of addi-
tional phenomena not included,

Regults from the model for aluminum targets, using G
= g = |, are compared with both experimental r.ieasure-
ments”** and LASNEX computer calculations” ' in Figs.
A4-6. Figure 4 is for a CO, laser (Gemini) with about 8 2-ns
pulse width. The Gemini data are for titanium and varni-
ous other targets (including organics but not alumicum).’
Since the daw show that the coupling is almost material-
independent it seems appropriate to compare the data
with model calculations for aluminum, and in fact, Fig. 4
shows good agreement between the model und the Cata.
Figure 5 is for tae same CO, laser (Gemini) modified to
have about a 2-pt pulse length.' The comparison with
aluminum is within about a factor of 2, LASNEX calcula-
tions for Al at high fluence are included in Fig. 5. These
values are a factor of 2 10 3 lower than values from the
model. The experimental data, which only exist at a
fluence up 10 the lowest LASNEX fluence, are beiween the
model and LASNEX results.

Figure 6 is for 50 ns, KrF laser exposure of aluminum.’
The agreement between the model (with a = |) and the
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Figure 3. Impulse coupling coefficients veraus fluence cal-
cuiated with the present model for CO, and KsF lasers witn
pulse widths of $0 X 107% 107, and 107 s normally
incident on fia aluminum twrgets in a vacuum. These
alculstions wer: done wilh G=a =1,

experimental aata are reasonably good in the region of 10*
to 10" J/m’. At lower fluence, a substantial fraction of the
incident photons are prohably reflected, causing the
valuet calculated with the mode! with a = [ 10 give a
coupling that i3 oo large. Using a smaller value of a would
tmjrove agreement with experiment and reflectives are
knnwi 1o be sizabie in this region. At fluences above 10’
J/m?, \he 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
oconsiderably larger than that calculsted by either the
mode) or 1-D LASNEX runs,
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Figure 4. Comparison of calculations using the present model (using
G = a= |) with data from a CO), laser with puise width of about 2 ns
normally incident on flat 1arges in a vacuum.
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Figure 8, Companison of calculations using the present model (using
G = a= 1), with LASNEX calculations, and with data from a CO,
laser with pulse width of about 2 us normally incident on flai wargets
in & vacuum,
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Figure 6. Comparison of calculatirns using the presant model (using
G = g = ), with LASNEX calculations, and wit}. 1ata from a KrF
Laser with an energy of about 100 J and & pulse width of about 50 ns
normally incident on flat aluminum targets in a vacuum,
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APPENDIX A

GLOSSARY
Material Properties of target Laser Properties
A = Atomic Mass o = Absorptivity = 1 — Reflectivity =
K = Thermal conductivity Fraction of laser photons absorbed
¢, = Specific heat t = Pulse width
ps ™= solid density hv = Photon energy
T, = sublimation temperature ¢, = Incident Flux (intensity)
AH = sublimation energy (enthalpy) F, = Incident Fluence
I, = lonization energy levels
I, = “continuous ionization function”
Other Values
I = Impulse = momentum per unit area w; = location of peak laser absorption in terms of
T = Temperature of blowoff z; = linear position of peak laser absorption
G = Geometric factor M. = location of critical surface in terms of
p, = pressure at ablation surface z. = linear position of peak laser absorption
2z = linear distance from ablation surface x' = x(u) = (inverse brem.) absorption cocfficient for
8 = thermal diffusion distance in target laser photons at p
p = p(z) = density (mass per unit volume) of blowoff 2k, = mean free path of blowoff 1o laser photons
at position z €, ™ attenuation at ablation surface of laser photons by
p, ™ density of blowoff at ablation surface blowoff
N, = Avogadro’s Numbsr ¢ = Stefan-Boltzmann constant
k = Boltzmann Constant x" = x™u) = thermal radiation opacity &t p
Y = ratio of specific heats x! = thermal radiation opacity at ablation surface
n, = p,NJ/A = Number of atoms per unit volume in & = thermal radiation mean free path of blowoff
blowoff at ablation surface fL, = thermal radiation mcan free path in from y, to
Z = Number of free electrons per atom ablation surface
n, ™= Zn, = Number of free electrons per unit vol in & = attenuation of thermal radiation in from y, to
blowofT at ablation surface ablation surface
n, ™ Number of free electrons per unit vol at critical 2}, = thermal radiation mean free path out from y, to
surface vacuum
A = A/l + Z] = average atomic mass per free & ™ attenuation of thermal radiation out from p, to
particle vacuum
v = Average particle velocity for Maxwell-Bolizmann E(u) = energy density at y from laser deposition
distribution t, = time at which peak energy density leaves ablation
z, = ¢ t = average distance particles move during surface
laser pulse t. = time at which peak energy density crosses critical
§ = [4/n][z/z,] = scale distance from ablation surface surface
m = m(z) = ["p(z')dz’ = mass (per unit area) depth ¢ = charge of electron
in blowoft m, = mass of electron
M = massablation rate h = Planck f.°.“mm
M = M) = mz = w)attimst ¢ =speedo gkt
M, = M(1) = total mass ablated X - frequency of laser photons
g = 1 — m/M = fractional mass thickness of blowoff wavelength of laser photons

from outside intom



APPENDIX B

MODEL
Input T,G, 0, 1, hv, A, K, ,. pp To AH, I,
Assame: @, = const. = F/t fort < 7, M = const. = M/t fort < 1t
-0 fort > = = 0 fort > ¢
Coupled Equations expressed parametrically in terms of T:
Kv) = (12]GM ¢ = p, 1, P, = Gn,[1 + ZkT fort < ¢,
)= GMv¥ = Gnfl + ZkTexp(—t — t)1) fort = 1,

¢ = [[8/a]NKT/A)? A = A/l + Z) ,
Z = [2/n,][2em kT/h?P? exp(~1/kT) , n, = pNJA , n_ = Zn,

z, = 01, { = [4n]2/z], p/po=exp(~{’) = 1 —m/M = u, p, = [4/a]M/¥, m/M = erfl})

aF, = F, + ¢oT1, e0aF, + goT*t = F,
F, = [{4/n)Kc,p1]? T, + M{AH + [NJA] L1, + [3/2]NKT/A)

8ps = [4Kpst/c,)? Y = 1 = KT/|[3/2KkT + [Z 1)1 + 2]},
(I/F)ms = 2aG/[3%AH)” at aF, = 2M AH

K, = [4/3]{2n/[3kT}}'?[N/A} [pZ’/[hem}*V*}| {1 — exp(—hv/KT})} , *Mu) = p«t

Koalmi/kg) = 6 X 10* T(eV)™ p(kg/m’) Nu) = p;
W= [kEMI'? for (kM < 1, p = p/p, = n.n,, forng/n, < 1

=] for (ki M > 1, -] for ng/n, > |
L, - [K= .M}.' ’ - tn/”: , D, ™ m,c’/(e’l’)
z, = 9 Yn/4)(np;']” z, = v tn/4]{eny;')"?
g =05Mx ,
B =05Mx!, 8L = &Ll — ni], R = o,

e = (1 —exp(—2) /% , & = {1 —exp(—RL))2L , e, = [1 — exp(—RL) )%}



