JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 8, No. 2, April-June 1994

Two-Slab Model of Plasma Mediated Laser
Coupling to Surfaces

Guy Weyl*
Physical Sciences Inc., Andover, Massachusetts 01810

The interaction of a laser beam with a surface in vacuum is modeled when the vapor products emanating
from the surface have formed a plasma. The vapor is treated as being composed of two layers: 1) a hot outer
layer of plasma that absorbs all the laser radiation and reradiates in the UV and vacuum UV (VUV); and 2) a
colder inner layer that absorbs the plasma radiation, thereby shielding the surface from most of the UV and
VUYV radiation, resulting in reduced vaporization. Results are presented for aluminum and carbon surfaces
when the plasma temperature is in the range 2-20 eV, corresponding to laser intensities in the range 10°-10'*

W/em?,

Nomenclature

constants in Eq. (9)
constants in Eq. (10)

speed of sound

= specific heat at constant volume
constants in Eq. (8)

energy per unit mass
constant in Eq. (8)
degeneracy of state j

heat of vaporization

Planck constant

= intensity

= constant in Eq. (4)

= absorption coefficient

= Boltzmann constant

= slab thickness

= Rosseland mean absorption length
= mass per unit area

= mass loss rate per unit area
= number density

= beam radius

= temperature, eV

time

= pulse duration

= axial distance

= degree of ionization, charge
= ratio of specific heats

= energy, emissivity

= temperature, solution of Eq. (5)
= wavelength

= atomic mass

= frequency

= density
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Po = reference density, 1.2 X 10~ g/cm?
o = Stefan-Boltzmann constant
Subscripts

e = for electrons

j = for ion of charge j

s = at the surface

1,2 = refers to slab I, IT
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Introduction

HEN a high-power laser beam irradiates an absorbing

surface, the surface will heat up and eventually va-
porize. Most vapors are transparent throughout the visible
and near infrared. The formation of a vapor will not, there-
fore, prevent the laser radiation from reaching the surface,
or impede further vaporization of the surface so long as the
laser wavelength is neither too short (A > 0.3 um) nor too
long (A < 1 um). If the vaporization temperature is high
enough that the vapor comes off partially ionized, then inverse
bremsstrahlung absorption by the electrons may lead to vapor
breakdown and plasma formation by cascade ionization,'-? or
by thermal runaway.? The plasma thus formed will be a strong
absorber of laser radiation and will shield the surface from
the laser beam, thus reducing the vaporization rate. One would
expect the vaporization to occur intermittently, the vapori-
zation being turned off when a plasma has been formed and
resuming at a later time, once the plasma has become trans-
parent due to axial and lateral expansion.

Basov et al.? noted that as the temperature of the plasma
increased, its transparency to the laser radiation also in-
creased. The plasma could, therefore, evolve during the laser
pulse in such a way as to preserve some laser coupling to the
surface. The “self regulating” model that they developed was
based on the assumption that the relation kL = 1 is always
satisfied at short pulse times when L << R (one-dimensional
regime) or kR = 1 at longer times when L > R (three-
dimensional regime). In the one-dimensional regime, the axial
extent of the plasma was assumed to vary as L = at, and they
obtained the following scaling laws:

px {84 T oc plagi2 M ptl/z o po1BJI2

These scaling laws are not expected to be valid for metallic
and semimetallic surfaces such as Al and C at laser intensities
I < 10" W/cm?, since the energy equation of state and the
inverse bremsstrahlung k that they used were based on a
plasma consisting of electrons and fully stripped ions having
a kinetic energy greatly in excess of the ionization energy of
the vapor (which was neglected).

Also, the Basov model does not take into account radiation
by the plasma which provides another mechanism for contin-
ued coupling to the surface. If the plasma were optically thick
to its own radiation, then the plasma slab would radiate onto
the surface and into space, a power per unit area o7T.* The
asymptotic temperature that it would reach would be T =
(I/20)"* and could not increase as ¢4, as predicted by the
model.
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Fig. I Maximum plasma temperature vs time, from Ref. 2.

Radiative transport in an aluminum plasma has been in-
cluded in later studies*~7 and was found to play a dominant
role in the coupling after an absorbing plasma has been formed.
We show in Fig. 1 the results of Bergelson and Nemchinov*
who solved the coupled fluid dynamics and radiative transport
in an aluminum plasma in the one-dimensional regime. This
figure shows that after an initial transient, corresponding to
formation and heating of the plasma, the peak plasma tem-
perature reaches an asymptotic value corresponding to 2eaT*
= ], where ¢ increases from 0.16 to 1 as I decreases from 8
x 108 to 5 x 107 W/em?. Figure 4 of their paper* gives tem-
perature profiles in the vapor which show that, when the
absorption length at the laser wavelength is comparable to
the mean free path of radiation emitted by the plasma, the
temperature profile of the plasma is fairly flat. Adjacent to
the surface there is a colder layer of vapor/plasma of inte-
grated mass density = 10~ * g/cm? that shields the surface from
the radiation emitted by the hot outer plasma. It is this latter
observation which has led us to consider a simplified two-slab
model of plasma mediated interaction to describe the inter-
action of a high-power laser beam with a surface. The two-
slab model, as we shall see, should yield reasonably accurate
results for laser wavelengths 0.1 < A <1 um over the intensity
range considered 10° < I < 10'* W/cm?.

Description of Model

We assume that, after a transient time Af, a plasma has
been ignited above the surface of a given material and has
reached a ‘“‘steady-state” T. The geometry is shown in Fig.
2a. We have two slabs: one (slab I) of constant mass per unit
area near the surface composed of high-density, low-temper-
ature vapor that has come off the surface, and a much higher
temperature, low-density slab (slab II) of thickness L which
has absorbed the laser radiation and has been heated up by
it. Vaporization of the surface occurs due to a trickle through
of VUV radiation emitted by slab II that has been transmitted
through slab I. Heating of slab I occurs due to absorption of
the majority of VUV radiation (/,,,) emitted toward the sur-
face.

Assume that slab Il is at constant T and is emitting radiation
of magnitude eoT* into vacuum. By symmetry there must
also be eaT* emitted toward the surface, as shown in Fig. 2b.
A small fraction of this radiation actually reaches the surface,
with most of the energy being used up to heat the vapor in
slab I to the temperature of slab II. We thus write

. T 1
eaT = M (H,, + L C, dr + -2-a2> (1)
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Fig. 2 Model for plasma mediated coupling: a) geometry and b)
profiles of I,, /..., and T.

Equation (1) is a steady-state equation which simply states
that the mass of and conditions in slab I remain constant in
time. By conservation of energy, we must also have

Mﬁﬁu T+ M H+fTCo|T'+1 2l =1 (2
274, tlog o r 2“ = )

Equations (1) and (2) are all that are needed to solve the
problem if we know the emissivity ¢ of slab II. £ depends on
p, T, and L. As a first approximation, one can set T = const
and write that L(t) = at, and also write p = Mt/at = M/a.
The assumption of constant T simplifies the problem greatly,
since this leads to dE/dt = (dE/AT) dT/dr = 0.

Energy Equation of State

Assume for simplicity that the vapor originated from a mon-
atomic gas of ionization energies ¢; (j = 1 to Z). The energy
equation of state can then be written as

E=|:%T(1+Z)+isj]/p, (3)

where T is in units of energy, and Z is a function of p and T.
The first term in Eq. (3) represents the kinetic energy of the
electrons and ions, while the sum represents the energy re-
quired to remove Z electrons from the vapor atoms. The
vapor is assumed to be ionized up to charge Z, which may
be considered as a continuous variable. We have derived an-
alytical expressions for E in the case of pure carbon and pure
aluminum plasmas. To do this, one must calculate Z as a
function of p and T. The degree of ionization of the vapor
can be obtained by solving the Saha equation for each ionized
species j, i.e.

" vy KT“@eXP — (£,:,/T) 4)

n; j

where K = 6.04 x 10> cm~*eV ~%2 subject to the constraints
of conservation of heavy species p/u. = Z, n,, and conservation
of charge n, = Z; n,. The values of ¢, and g; for C and Al are
given in Table 1.

We have used an iterative procedure to solve the set of
equations such as (4) which is based on the fact that at a given
p and T there will be two dominant ionic species of charge j
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and j + 1. In order to determine j, we calculate, for a given
p,asetof §;(j = 1,2,...) for which n, = n;,, = 3(p/p).
We find from Eq. (4) that 6, is a solution of the following

equation:

g1 J+1p
Ko6¥? —g— exp(—g;,.,/0) = 5 —,z (5)
Therefore, if T is in the range (6,_, + 6))/2 < T < (6, +
6., )/2, we consider that the two species of charge j and j +
1 will dominate. We can then combine Eq. (4) with the equa-
tion of conservation of charge

n, = jn; + (j + Dnj,, (6)
and with the equation for conservation of heavy ions

n+ n = (/1) 9

to eliminate n, and n,,, from Eq. (4), thereby obtaining a
quadratic equation for n,, from which we choose the physically
acceptable root. The concentrations of minor ionic species
are then calculated from the other Saha equations. We have
written a simple computer code that solves the set of Saha
equations following the procedure outlined above in an it-
erative way in order to correct the solution of Eq. (4) for the
presence of minor species. One finds, to a very good ap-
proximation, that Z is given by
T
} ®)

[D, + D, log,(plpo)]

Z=F+Dl/,’,{

where the F, D, D,, and D, are shown in Table 2.

Figures 3 and 4 show a comparison between the “exact”
calculation of Z using the equilibrium code and the curve fit
given by Eq. (8). The plateau in the ionization level given by
Z(=F) = 3 for Al and 4 for C corresponds to an ionized
plasma where the main ions (C** and Al**) have a closed
shell of electrons, resulting in a sharp increase in ionization
energy as compared to the lower charged ions.

The plateau is delimited by the two temperatures 7,(p) and
To(p). T, and T, can be readily calculated from Eq. (8) by
setting Z = 3 (aluminum) or 4 (carbon). One sees from Fig.
3 that T, for C is sufficiently high that, for our purposes, we
need only consider the domains T < T, (where Z increases

Table 1 Ionization energies and degeneracies of
carbon and aluminum ions

with T), and T} < T < T, where Z(=F) = 4. Therefore,
Table 2 has only two columns of coefficients for C, while
three columns are necessary to describe the properties of Al
plasmas.

An analytic expression for the energy Eq. (3) can readily
be obtained by noting that to a very good approximation, in
the region T < T, we can write for both Al and C

g =Aj+ B (9a)
so that, upon summation over j
pE = 3T + Z) + Z[(A/2)(Z + 1) + B] (10a)
We also can write for aluminum, when Z > 3 (T > T.)
g =Aj+ B (9b)
so that, upon summation

pE = 3T + Z) + (Z — 3)[(A2)(Z + 3) + B] + C'
(10b)

where C’ is a constant chosen to match solutions (10a) and
(10b) when Z = 3. The constants entering into Eq. (10) in
units of eV/atom are shown in Table 2.

The combination of Egs. (8) and (10) results in an analytic
approximation for the energy equation of state E(p, t) of the
plasma. We show in Figs. 5 and 6 a comparison between the
analytic approximation and the more exact results using the
ionic concentrations given by the equilibrium code. The fit is
seen to be quite good over the range of temperatures and
densities considered.

Graphical Solution of Coupling Equations

Once ¢ and E have been determined, one can readily solve
the coupled Eqgs. (1) and (2) by graphical means. A graphical
solution, using the energy equation derived above, is shown
in Figs. 7 and 8. Figure 7a shows the relationship between
incident intensity and temperature in slab II. These curves
were obtained by equating 2eaT* with I, which is equivalent
to the requirement that slab II reradiate all the energy ab-
sorbed from the laser beam and not heat up (i.e., d7/dr =
0). Figure 7b, for aluminum, and Fig. 8, for carbon, show
plots of constant M and constant /, generated on a program-
mable hand calculator, as a function of p and T. The plots M
= const were obtained by writing

M = pa = (plpy)py[vksT(1 + Z)/u]'> (11)
Degeneracy Degeneracy ) i
of ground of ground The plots / = const were obtained by solving Eq. (1) with
Species ¢, eV state, g Species  g;, eV state, g goT* replaced by 1/2, i.e.
Al 6.0 6 C 11.26 9
Al 18.8 1 C~ 244 6 - 12 (12)
AR+ 28.4 2 e 479 1 oo = o T E+ a2
AP+ 119.6 1 (O 64.5 2
4+ 4+ X
2}_” igég 8 C 392.0 1 Equation (12) is an implicit equation for p/p, as a function of
i T, for I given. The graphical solution is as follows. Let the
Table 2 Constants in Eqgs. (4) and (7)
Carbon Aluminum
Temperature
range T<T, T>T, T<T, T,<T<T, T>T,
D, 2.4 0 13 0 3.56
‘D, 2.29 _— 0.8 -_ 4.82
D, 0.85 — 0.15 S 0.74
F 0 4 0 3 0
A(A") 17.5 17.5 11.5 11.5 35.5
B(B) -5.8 -5.8 -5.5 =55 -23
' —_— — —_ —_— 52.5
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Fig. 5 Energy per unit mass of carbon vapor.

laser intensity be given. Then, from Fig. 7a, if we know the
slab emissivity &, we can obtain from the corresponding curve
the T of slab II. T and [ then determine in Fig. 7b the value
of p/p,. The M = const curve passing through the point
(p/py, T) yields M. The total mass per unit area of vapor,
assuming M to be constant, is Mt. M vs I for aluminum and
carbon is shown in Fig. 9, with the assumption € = 0.5. The
blowing rate in aluminum is seen to be 2—4 times larger than
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Fig. 7 Graphical solution to mass removal equations for aiuminum;
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and I vs plasma properties.
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Fig. 9 Mass loss rate in carbon and aluminum for £ = 0.5,

that in carbon for the range of intensities considered. One
has the approximate scaling M o 123,

A determination of the & of the plasma requires a knowl-
edge of the radiative properties of the ionized species involved
and a knowledge of the plasma thickness. The bulk of the
plasma expands at the sound velocity so that it is a good
approximation to write

L = a(p, T)t (13)

with a given by Eq. (11).

Extensive calculations of radiative properties of plasmas
composed of atomic species of nuclear charge less than 30
have been carried out at the Los Alamos National Labora-
tory,*? and dre presently being updated to include higher
nuclear charge species up to neon.!” A similar effort has been
carried out at Lawrence Livermore Laboratory.!' The data
presented are in the form of tables of Rosseland opacities at
various values of T and p for a set of plasma compositions.
Since we need, for our purposes, to calculate slab emissivities
rather than Rosseland opacities, we have used a radiation
code that was developed many years ago at Physical Sciences
Inc.'? ’ ‘

Aluminum slab emissivities as a function of T for several
values of L and (p/p,) are shown in Fig. 10. The radiation
code that we used includes radiation from free-free (brems-
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Fig. 10 Aluminum slab emissivities: a) p/p, = 10, b) p/p, = 1, and
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Fig. .11 Emissivity of a 1-cm aluminum slab.

strahlung), free-bound (photorecombination), and bound-
bound electron transitions in the plasma. Transitions for ions
up to charge Z = 6 were included in our calculations. Line
intensities were taken from the tabulations of Wiese,'* Stark
broadening parameters for the calculation of line widths were
taken from Griem.'* The photoionization cross sections that
we used for the ground states of Al and C were taken from
Refs. 15 and 16, respectively. Other photoionization cross
sections for ground and excited states were calculated by using
a hydrogenic approximation to these states. A discussion of
the formulas-used in the code can be found in Ref. 12. The
emissivities thus calculated are in very good agreement with
the results of Romanov et al.,'” as shown in Fig. 11.

The graphical solution discussed above requires a knowl-
edge of . An iterative procedure should be used in which,
for the initial iteration, an educated guess for ¢ is made. A
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Fig. 12 Mass loss rate from aluminum surface.

first solution then yields T and (p/p,). This yields M and
a(p, T)(=M/p) from Fig. 8. Since the slab thickness by the
end of the pulse is at,, the actual slab emissivity can then be
obtained from interpolation of the results in Fig. 10. We have
used this procedure to compare our results with experimental
values'® and with the numerical results of Bergelson and Nem-
chinov.” The comparison is shown in Fig. 12. Agreement with
the results of Bergelson and Nemchinov,” where they consid-
ered an aluminum surface irradiated by a blackbody at 5, 10,
15, and 20 eV, respectively, is seen to be excellent except at
the lowest flux, / = 7 x 107 W/cm? (corresponding to T =
5 eV). The experimental data was taken by two groups using
an XeF laser (A = 0.35 um) at AVCO that delivered ~400
Jin 1.3-1.6 us. The intensity was varied by changing the
beam radius at the surface from R = 1 cm at I = 10® W/cm?
to R = 0.3 cm at I = 10° W/cm?. Using the results from the
two-slab model we calculated that L = 1.2 ecm (¢ = 10° cm
sTHand 1.7cm (@ = 1.3 X 10°cm s~ ') at / = 10® and 10°
W/cm?, respectively. The ratio L/R increases from a value of
1 to a value of 5.5 as the laser intensity is increased from 10®
to 10° W/cm?. Thus, at laser intensities above 108 W/cm?, the
flow cannot be considered as one-dimensional. The radial
acoustic relaxation time at the highest flux density used in the
experiments R/a = (0.3 cm)/(1.3 cm s~') = 0.2 us, and the
flow can only be treated as one-dimensional up to this time.
In spite of the three-dimensional nature of the flow for 1 >
10° W/ecm?, the two-slab model of the interaction gives mass
loss rates that are only a factor of 3 lower than the measured
rates at laser intensities below 10° W/cm?.

It is of interest to compare our results with the results
derived from the Basov theory,? i.e., with the neglect of ra-
diative effects. We have modified the Basov treatment in
order to take into account the energy expended in multiply
ionizing the vapor (which was not included in the derivation
of the scaling relations). We use for electron-ion inverse
bremsstrahlung absorption coefficient

_ 2

V4
k=369 x 108G Ty nndl — exp[— (hvlk;T)]} (cm™1)
(14)

where v is the laser frequency, T is in Kelvin, and Gisa
Gaunt factor of order unity that we set equal to 1.3 for our
range of operating conditions.'” Equation (14), which was
taken from Ref. 20 with the addition of the Gaunt factor and
of a factor to take into account stimulated emission, can be
recast in terms of p, since n; = Zn, = p/u. We obtain the
following result for Al, under the conditions Av/k,T << 1 and
A = 0.35 um:

k = 1.24 X 107(Z3p%T¥?) (cm~1) (15)

where p is in g/cm?, and T in eV. Note that the prefactor in
Eq. (10) scales as AZ. ’

The one-dimensional Basov model assumes that kL = kat,
= 1. When we combine this with the conservation of energy

equation M(¢ -+ a%2) = I, where M = pa, and use our
derived expressions for Z and ¢ as a function of p and T, we
can readily calculate p and [ as a function of 7. To do this
we fix T and calculate k by varying p until the condition
kL = 1 is satisfied. Since Z depends weakly on p, and con-
sequently, a is also weakly dependent on p, kL will be pro-
portional to p2. An iteration over p will lead to rapid con-
vergence. With p and T known, then I can be obtained from
the conservation of energy equation. The resulting M vs I is
shown in Fig. 12. Since for I > 10® W/cm?, the expansion is
three dimensional, we must also compare the experimental
results with the three-dimensional Basov model®> where the
condition kL = 1 is replaced by kR = 1, and the specific
energy ¢ in the conservation of energy equation is replaced
by the specific enthalpy, so that we must add to & the term
kzT(1 + Z)/. The results for the three-dimensional model
are also shown in Fig. 12. One sees that for both models M
is rather insensitive to /. Both models significantly underpre-
dict the values of M at the larger laser intensities. One must
also note that the mass loss rates in both Basov models are
sensitive to A (M would be a factor of roughly 3 lower if we
had used A = 1 pwm instead of 0.35 um), while the two slab
model results are independent of A. )

The larger than predicted values of M observed at high
laser fluxes are believed to be due to three-dimensional edge
effects. There are three effects that can lead to enhanced
coupling. Firstly, due to the lateral expansion of the plasma,
the plasma will have enhanced transparency to the laser beam
near the beam edge. Secondly, the plasma radiation in the
three-dimensional regime will affect a larger radius of the
target as the plasma moves further away from the surface.
And lastly, the plasma, having a negative index of refraction,
will act as a diverging lens, leading to irradiation of the target
outside the normal beam. The lateral deflection distance at
the surface scales as (n./n,)L?*R, where n, is the critical
electron density (n,, = 102 cm~3 at A = 0.35 pm). We es-
timate this deflection to be of the order of 1 mm for the
measurements carried out at 10° W/cm?. All three effects will
lead to enhanced vapor formation near and beyond the edge
of the beam.

Discussion

The two-slab model for plasma mediated coupling, as shown
in this article, gives mass loss rates that are in reasonable
agreement with experiments and that do not differ appreciably
from a much more detailed and complex model* of the in-
teraction. The domain of validity of the model is, however,
restricted. It is not applicable to the transient conditions,
corresponding to short pulse times and/or low intensities when
a plasma has not been formed or has not reached steady state.
We neglected in the energy equation the energy of slab I as
compared to slab II. Slab II must have a sufficient mass so
that the energy stored in it is much larger than that of slab I.
It must also have an emissivity of near unity. The above
requirements place a lower limit on the laser pulse length. If
the length and mass of slab II are so large that L/l >> 1,
then the assumption of constant 7 within the slab will be poor.

105 T T
Time for Slab Il
to Reach € = 0.5
X
] 106} E
=
Plasma Heating
Time ——;
107 1 L
107 108 109 ~ 1010

1 (Wiem?2)
Fig. 13 Minimum pulse time for two-slab model to apply.
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Therefore, there will be an upper limit to ¢, for which the
model applies. We show in Fig. 13 the minimum ¢, required
for slab II to have an emissivity = 0.5. The transient times
for plasma mediated coupling in aluminum can be inferred
from Fig. 1. If we define the transient time as being the time
at which the (peak) temperature in slab II has reached 90%
of its asymptotic value, we obtain the squares in Fig. 13. We
see from this figure that both times are comparable to within
a factor of 2. The time for ¢ to reach a value of 0.5 is seen
to remain practically constant (¢, = 1-2 X 107Ss) up to [ =
10° W/cm?, and then drop as I=!. The constant value is as-
sociated with the sharp drop in plasma opacity, shown in Fig.
10, as the aluminum _temperature increases from 4 to 8 eV.
Thus, even though M increases with I, the total mass M =
M, requlred for ¢ = 0.5 also increases, resultlng in ¢, = const
(= 10-¢ s). The experimental results shown in Fig. 12, cor-
responding to 1.3 < t, < 1.6 us, just barely fall in the region
where our steady-state, two-slab model is applicable.

The constant T approximation for slab II will be a poor
approximation for long laser wavelength (A >> 1 pum) as
shown in the numerical results of Bergelson and Nemchinov.*
The absorption length in the plasma at large A will be so short
that slab I will have a large temperature gradient. This would
result in an overestimate of M if one were to use the predic-
tions of the two-slab model.

One can deduce from the physical assumptions underlying
the model how M will scale with gas properties. Since eaT*
= 12, we see that T = A(I/o)V*, where the factor A, which
is close to unity, depends weakly on gas properties and pulse
duration. Therefore, from Eq. (16)

12 12

M= oC = =
P " H. + E + a2~ ED) (16)

The blowing rate will scale inversely with E(T), T being nearly
equal to (I/o)"*. As an example, for I = 10 W/cm? we have
T =9eVand E(9 eV) = 1.3 x 10° J/g for carbon, and 4.3
X 10° J/g for aluminum (for p/p, = 1). One would therefore
expect that M(C) = 0.3M(Al) which is close to the ratio of
calculated M (see Fig. 1).

The model that we developed is only valid for a one-di-
mensional interaction. Radial effects will come into play when
the interaction is affected by 1) lateral expansion of the plasma
and 2) lateral radiative losses. For both of these effects to be
negligible, one must have L < R, or T, << R/(C,L).
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