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This paper describes the results of computations of the heat and mass transfer to and from an aluminum target
when irradiated by an intense 10.6 /mi laser pulse, for the case when a laser-supported detonation (LSD) wave is
ignited. The results of the computations are compared to an experiment performed by Maher and Hall where a
thermal-coupling coefficient of 17.5% was observed. The computations indicate that convective and radiative
heat transfer alone are unable to explain the high thermal coupling; vapor recondensatibn is also investigated as
a possible mechanism for explaining the observed coupling coefficient, and does appear to be compatible with
the observations. Conclusions are drawn about the possible physical mechanisms at work both during the early
phases of the pulse and during the time the LSD wave propagates away from the target.

I. Introduction

WHEN a pulsed laser interacts with a metal target, a frac-
tion of the laser energy is coupled into the target where

it resides as stored thermal energy. It has been observed1'2 (in
the case of 10.6 jmi pulsed laser-target interactions) that the
fraction can increase when a laser absorption wave (LAW) is
ignited. This LAW can take on two forms: a laser-supported
combustion wave or a laser-supported detonation (LSD)
wave. Various researchers have suggested that this enhanced
coupling is due to efficient transfer of heat from the LAW to
the target via convective heat transfer2'3 and/or radiative heat
transfer.4 A good summary overview may be found in Ref. 3.

In previous works, two of the authors examined the viability
of heat transfer (convective and radiative) being the cause of
the enhanced coupling for well-documented cases of 10.6 jum
beams interacting with aluminum targets when an LSD wave
was ignited.5'6 The result of these studies indicated that heat
transfer did not seem likely as the cause of the observed
enhanced thermal coupling in these LSD cases. At that time an
alternative hypothesis was proposed to account for the
enhancement—target-vapor recondensation.

This paper attempts to build a stronger case for the viability
and importance of the vapor-recondensation mechanism in
laser-target interactions where LSD waves are ignited. The
paper describes a more recent study that investigated in greater
detail both the convective heat-transfer problem and the ex-
pected effect of vapor recondensation. Plasma reradiation is
also treated in a conservative sense to assess its contribution to
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the enhanced coupling. Finally, an overview is given of the
relative role of each mechanism as a function of time.

II. Experimental Background
Although there are a large number of experimental studies

that have demonstrated the enhanced thermal-coupling
phenomena,1'3 Maher and Hall1 have the most useful data set
for the purpose of this study. In particular, for the case of a
10.6 jLtiii, 9.3 J laser pulse irradiating an aluminum target,
Maher and Hall give not only the final thermal energy residing
in the target, but also the radial distribution of that energy.
Along with these data is given the details of the pulse shape
(temporal), beam quality (spatial), and target dimensions and
material. As such, this experiment forms an excellent
background against which theoretical predictions may be com-
pared. Information concerning the character of the Maher and
Hall pulse is summarized in Fig. 1. The reported coupling
coefficient (i.e., percent of beam energy residing in the target)
for this 9.3 J experiment was 17.5%.

III. Fluid-Dynamic Computational Environment
The fluid-dynamic framework of the present study was a

modified, three-dimensional but radially symmetric, Eulerian
(i.e., in viscid, control volume) fluid-dynamic computer pro-
gram based on the finite-differenced, "flux-divergent" form
of the equations for continuity, momentum, and energy. The
unmodified program is extensively described elsewhere.7'8 The
thermodynamic and transport properties for high-temperature
air were improved somewhat over those used in Ref. 7 to bet-
ter account for dissociation and ionization effects.8 Addi-
tionally, a separate program was written to compute the
viscous/boundary-layer interaction of the fluid with the target
boundary based on information output from the Eulerian pro-
gram. The effect of the evolved target-vapor interaction with
th£ target surface was also handled in the viscous program by
selecting an appropriate computational option. Finally, the
contribution to the enhanced thermal coupling due to radia-
tion from the plasma to the target was handled separately, also
using the flowfield properties provided by the Eulerian
program.
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In order to understand the rationale for the theoretical
treatment that follows, it is helpful to examine the in viscid
flowfield as computed by the Eulerian program. The kind of
information available from the program output for conditions
similar to those of the present study is illustrated in Fig. 2 for a
series of times.7'9 Of interest to this study is the flowfield in-
formation in the immediate vicinity of the target boundary.
Figure 3 shows the radial velocity distribution as a function of
time for the problem under study (i.e., the Maher and Hall ex-
periment1) and Fig. 4 gives the temperature distributions. As
will be discussed below, correlation of the velocity and
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Fig. 1 Characteristics of the Maher and Hall 10.6 #m, 9.3 J laser
pulse (the lower right-hand curve shows the energy distribution left in
the target at the end of the experiment).

temperature curves of Fig. 3 and 4 reveals that, for the pur-
poses of heat-transfer calculations, the important and largest
contributing portion of the flowfield is nicely approximated
by a three-dimensional stagnation-point flow.

IV. Theoretical Treatment and Physical Assumptions
Heat Transfer (Viscous Interaction)

Since the larger computational environment for computing
the overall flowfield properties as a function of time was an in-
viscid program7 (cf above), it treated the target boundary as a
no-flow-penetration condition. The flow properties furnished
by the Eulerian program at a target boundary were used
as outer boundary conditions for a viscous boundary-layer
analysis. As mentioned above, examination of the flow
parameters of Figs. 3 and 4 suggested the use of a relatively
simple model for treating the boundary layer; the viscous
problem was treated as a pseudosteady stagnation flow using
the Eckert reference-enthalpy method.10'12 Since the refer-
ence-enthalpy method has gained universal acceptance for
treating high-speed, high-temperature, compressible flows
with fluid property variation and chemical dissociation, we
need justify here only the interpretation of the flow as being
stagnation flow and pseudosteady.
Stagnation-Flow Assumption

The classical three-dimensional stagnation flow at a bound-
ary has a radial velocity distribution of13

Ur = ar (1)

where Ur is the radial component of the velocity just outside
the boundary layer (i.e., the velocity determined by the
Eulerian program at the wall cells of the computational grid,
as a function of time), a the "relaxation" constant, and r the
radial position with respect to the center of the laser beam. It
is clear from the shape of the curves in Fig. 3 that the flowfield
approximates a three-dimensional stagnation point, according
to the requirements of Eq. (1), out to the point of peak veloc-
ity. Further, one can extract the relaxation coefficient a from
information such as displayed in Fig. 3. This has been done
and is shown in Fig. 5. It can be seen that the flowfield not
only closely approximates that of a three-dimensional flow-
field, but also is almost unchanging out to approximately
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Fig. 2 Example output from the Eulerian program for a 10.6 jun, 0.22 cm radius, 107 W/cm2 beam on an aluminum target. Shown are the
pressure and velocity fields at three times associated with the propagation of an LSD wave (adapted from Ref. 9).
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Fig. 3 Radial velocity field at the target boundary computed by
Eulerian program at various times for the Maher and Hall experiment.
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Fig. 4 Temperature field at the target boundary, computed by
Eulerian program at various times for the Maher and Hall experiment.

5 /*s, then decreasing over characteristic times on the order of
5 jus. These times are useful in assessing the validity of the
pseudosteady assumption.

Pseudosteady Assumption
There are three things which may be stated as conditions

that should be checked in order to justify the use of the
pseudosteady assumption for the purpose of analyzing the
Maher and Hall experiment1: 1) the three-dimensional stagna-
tion flowfield must develop rapidly compared to the time of
the experiment; 2) the transients involved in setting up the
viscous boundary layer should be rapid compared to the time
of the experiment; and 3) once established, the rate at which
the three-dimensional flowfield changes should be relatively
slow compared to the time required for the boundary layer to
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Fig. 5 Radial-velocity-field relaxation coefficient for Eq. (1) ex-
tracted from computational results similar to Fig. 3 for the Maher and
Hall experiment.

adjust. If these conditions are met, one can expect that the
results obtained using the pseudosteady assumption represent
a reasonable simulation of the convective heat transfer for the
Maher and Hall experiment.

The time to establish the viscous boundary layer (which,
because the Prandtl number is on the order of 1.0, is the same
order of time required to establish the thermal boundary layer)
may be approximated by estimating the boundary-layer
thickness and the time it takes for a boundary disturbance to
diffuse that distance. The boundary-layer thickness may be
approximated for stagnation flow by13

6s-
1.98

( a / v ) y (2)

where a is again the relaxation coefficient, 6 the boundary-
layer thickness, and v the kinematic viscosity. For the Maher
and Hall experiment, Eq. (2) gives a 6 on the order of
1.0x 10~2 cm. The time for a boundary disturbance to prop-
agate this distance may be estimated by13

(3)

According to Eq. (3), this time is less than 1 /xs. Thus, the re-
quirement that this time be small compared to the time of the
experiment appears to be met. Further, this is the time re-
quired to establish the boundary layer completely. Ad-
justments to the flowfield boundary conditions over the times
shown in Fig. 5 can be considered to be slow when compared
to the boundary-layer adjustment times.

Taken together, it would appear that the conditions re-
quired to justify the use of the pseudosteady analysis have
been met for the Maher and Hall experiment.1

Reference-Enthalpy Method
According to Eckert,10 the convective heat-transfer coeffi-

cient for a three-dimensional stagnation flow may be found
from the "enthalpy" Nusselt number Nuf determined by

f = 0.763 (Pr)OA (Re)0-5 (4)

where Pr is the Prandtl number and Re the Reynolds number
given, respectively, by

ui - cphfr/k

Pr = cpn/k

Re=Uer/v

(5)

(6)

(7)
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where cp is the specific heat, /*, the "enthalpy" convective
heat-transfer coefficient [i.e., the heat flux is determined using
an enthalpy difference rather than a temperature difference,10

cf Eq. (9)], IJL the viscosity, k the thermal conductivity, Ue the
local velocity just outside the boundary layer, and v the
kinematic viscosity. The properties are evaluated at the
reference enthalpy temperature !rref, which is consistent with
the reference enthalpy /ref given by

(8)

where ie is the enthalpy just outside the boundary layer, iw the
enthalpy of the fluid evaluated at the wall temperature, and ir
the enthalpy of the fluid evaluated at the recovery
temperature. The heat flux to the wall QT is then determined
by

Vapor Condensation
It is known that accompanying the ignition of an LSD wave

is the evolution of target vapor3'14; what is not clear is the
amount of vapor evolved prior to ignition. As will be dis-
cussed in Sees. V and VI, it is possible to argue that, in those
cases were an LSD wave is ignited, "apparent" absorptivities
of nearly 100% may be associated with the evolution of vapor
(although, as will be discussed below, the absence of sufficient
evolved vapor may yield target absorptivities normally ex-
perienced in the absence of ignition of LAW's). The vaporiza-
tion process removes energy from the target that would other-
wise have been captured by the target in the form of thermal
energy. As the vapor leaves, it removes its latent heat of
vaporization Lv. The reverse process is also possible;
therefore, if the target vapor recondenses onto the target, it
redeposits this energy back into the target along with its ran-
dom kinetic energy and, depending on the surface
temperature, latent heat of sublimation Lm.

The mechanism for vapor condensation is the microscopic
kinetic impacts of vapor atoms on the target, which is due to
their presence in the vicinity of the target boundary by virtue
of the contribution that the target-vapor partial pressure
makes to the pressure of the gas mixture. It is known that vir-
tually every kinetic impact of the metal atoms with the target
bonds to the target.15 A conservative estimate of the rate of
energy deposition due to vapor condensation may be com-
puted as follows. The kinetic rate of impact (impingement) per
unit area N is given by16

N=n(kT/2Trm)l/ (10)

where n is the number density of the vapor atoms, k the
Boltzmann constant, T the absolute temperature, and m the
mass of the metal atom. The energy flux Qv into the target
may be conservatively estimated by

v + cpm(Tv-Tm)+Lm} (11)

where cpm is the specific heat of the molten metal, Tv the
vaporization temperature, and Tm the melt temperature.
Equation (11) assumes that the surface temperature is less than
the melt temperature. If the surface is hotter than the melt
temperature, Tm should be replaced with the surface
temperature Ts and Lm should be eliminated; the hottest the
surface may be is Tv. Equation (11) may then be used to com-
pute the heat flux to the target as a function of position using
the number density of the vapor at the wall.

Without a detailed treatment of the mass boundary layer,
the number density at the wall is not available. In such a
detailed treatment, Eq. (10) would form a gradient boundary
condition at the wall and the Eulerian-furnished number den-
sity would be the outer boundary condition for the mass
boundary layer; however, because so little is known about the
details of the evolution of the target vapor (cf Sec. VI), a

detailed treatment of the mass boundary layer is neither war-
ranted at this time nor likely to give any better results for the
present purposes than a simpler approach. This, in the absence
of a mass boundary-layer treatment, the impingement rate of
Eq. (10) and subsequent heat flux may be approximated by us-
ing the number density furnished by the Eulerian program;
it is, however, appropriate to assess the effect of this
approximation.

The use of the Eulerian-furnished number density rather
than a full mass boundary-layer treatment can be argued to be
that of either too small or too large a number density. The
argument for being too small is as follows. The number den-
sity of vapor in the surface cell is based on the amount of
vapor evolved from the target and is assumed to be uniformly
dispersed into the cell forming a partial pressure of that cell.
In fact, the diffusion times are long compared to the time of
the experiment. Thus, as it is evolving, the vapor forms a gra-
dient (mass transport boundary layer of thickness dm), with
the vapor partial pressure at the wall being closer to that of the
cell pressure and decreasing to a small fraction of the cell
pressure at a distance from the wall on the order of the mass
transport boundary-layer thickness. On the other hand, after
the vapor begins to recondense, the reverse process takes
place—i.e., the vapor is depleted at the wall and must be
replenished by diffusion. Thus, an argument can be made that
the Eulerian-furnished n is too large.

Of these arguments, the first probably dictates whether the
computation is conservative or optimistic (i.e., furnishes a
lower or upper bound, respectively, on the expected target-
heating rates due to vapor condensation) for the following
reason. If the rate of evolution of vapor is the same as the rate
at which vapor is depleted by condensation, then the initial
underestimate of n will be compensated for by the
overestimate of n in the reverse problem. However, the com-
pensation will be equitable only if the half-cell height is on the
order of the boundary-layer thickness, which calls for a com-
putation that is neither conservative nor optimistic. In fact,
the boundary-layer thickness is an order of magnitude less
than the cell height. Thus, the Eulerian-furnished n will tend
to underestimate the actual n that might be expected at the
edge of the boundary layer. This consideration alone means
that the computation should yield conservative energy deposi-
tion rates. However, the computation is further driven toward
conservatism (i.e., underestimating the potential heat transfer
due to vapor condensation) by the fact that the vapor is
evolved more rapidly than it condenses. In fact, the vapor
evolves so rapidly that there is a macroscopic vapor velocity
away from the target, so that the partial pressure of the vapor
makes up the total gas pressure at the target and is actually
higher than the pressure predicted by the Eulerian program
during the time of maximum vapor evolution.

Finally, it should be mentioned that the kinetic velocity,
i.e., the radical term of Eq. (10), was computed using the
temperature furnished by the Eulerian program; in fact, the
wall temperature would be more appropriate. As such, the
kinetic velocity was overestimated; however, the choice of the
Eulerian-furnished temperature rather than the wall
temperature was intentional because the number density used
was also that furnished by Eulerian program. As such, the
number density was consistent with the pressure and
temperature of the Eulerian-furnished parameters. Since, for
a given pressure, the number density scales directly as the in-
verse of temperature, the use of the Eulerian-furnished
number density more than compensates for the use of the
Eulerian-furnished temperature in the computation of the
kinetic velocity that scales only by the square root of the
temperature. Again, this argues for a conservative estimation
of the effect of vapor recondensation.

Radiation
The contribution to the enhanced thermal coupling due to

reradiation from the plasma to the target has been computed
by others.5'17 Both of these theoretical studies concluded that
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the contribution to enhanced thermal coupling for the case
under study was less than 1%. Further, the computations were
considered to overestimate the actual contribution due to the
fact that most of the plasma reradiation was expected to be in
the far ultraviolet18 and would be severely attenuated in air at
temperatures below approximately 1200 K; such attenuation
was not accounted for in these studies. What many have inter-
preted as a contradictory conclusion (cf below) was reached in
an experimental study of the role of radiation in enhanced
thermal coupling4; these authors concluded that most, if not
all, of the observed enhanced thermal coupling for their ex-
periment could be accounted for by the measured radiant
fluence on the target from the plasma. In light of this apparent
contradiction, an estimate of the contribution of radiation to
the measured thermal coupling was made for both the experi-
ment under study and the experiment of Ref. 4.

The estimate was made in two ways. First, an estimate was
made assuming that the plasma was optically thin. In such a
case, the radiation would be due to recombination or
Bremsstrahlung radiation and an estimate of the volumetric
rate of radiation was made after Dawson19 as

(12)

where / is the volumetric rate (emission coefficient) in watts
per cubic centimeter, D the degree of ionization, ne the elec-
tron number density in electrons per cubic centimeter, and T
the temperature in electron volts. Since the maximum
temperature computed in the Eulerian program was approx-
imately 2 eV (and further, because the program used the Saha
equation for singly ionized species in the derivation of the elec-
tron number density), the degree of ionization was taken to be
one. Next, the radiation from the LSD wave was assumed to
be isotropic, emanating from a homogeneously radiating
spherical source. The center of this source was taken to be the
centroid of the radiating LSD wave located at a distance Z ( t )
above the surface given by

(13)
vol

of LSD
vol

of LSD

Finally, the radiative energy flux QR(ryt), where r is the radial
distance on the target from the center of the beam, was com-
puted by

(14)
vol

of LSD

where R2 = Z2 + r2 and cos</> = Z/R.
The second estimate was made by assuming that the plasma

was pseudo-optically thick, i.e., the energy flux per unit area
of the plasma was assumed to be some fraction of a 23,000 K
blackbody radiator, consistent with that observed in Ref. 4.
Thus,

(15)

where Qs is the radiative flux per unit area of the plasma sur-
face, w the fractional multiplier to bring the flux in line with
Ref. 4, and o the Stefan-Boltzmann constant. In order to com-
pute the energy to the target as a function of time and radial
location on the target, the flux given by Eq. (15) was
multiplied by the area of the plasma disk Ap, assumed to be
the cross-sectional area of the laser beam, and the view factor
from the plasma to the annular area corresponding to the
radius of interest. Thus, the flux to the target as a function of
time and radial location QR is given by

QR(t,r) = (Ap/Ar)Fp_tQs (16)

where Ar is the annular target area and Fp_t the view factor.

Fig. 6 Nomenclature for Eqs.
(17) and (18).
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Fig. 7 Computed time evolution of the radial distribution of energy
flux to the target due to convective heat transfer.

The view factor to a particular annular ring on the target was
obtained by computing the view factor from the plasma to the
area of the target from the center of the beam to the outside
diameter of the annular ring and subtracting the view factor
from the plasma to the target from the center of the beam to
the inside diameter of the annular ring. The view factor from
the plasma to a circular target area of radius b (see Fig. 6) is
given by20

p_A = (At/Ap)[(l/2B2)(X-^X2-4B2C2)] (17)

= b/Zt C=c/Z

where At is the area of the target from the center of the beam
to radius of interest and B, C, and X are given by

(18)

where b, c, and Z are pertinent dimensions as illustrated in
Fig. 6.

V. Results
Convective Heat Transfer

Figure 7 gives the time evolution and radial distribution of
the convective heat transfer. It is clear that the convective heat
transfer is confined to a fairly small radial region on the target
compared to that of the Maher and Hall experiment (Fig. 1)
and declines rapidly after approximately 5 /-is.
Radiative Heat Transfer

The radiative contribution to the enhanced coupling com-
puted assuming optically thin plasma [i.e., Eqs. (12-14)]
yielded a negligible amount of heat transferred to the target
(less than 1% of the beam energy), in agreement with previous
studies.5'17 The results of the pseudo-optically thick assump-
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Fig. 8 Computed time evolution of the radial distribution of energy
flux to the target due to vapor condensation.

tion [i.e., Eqs. (15-18)] also yield negligible contributions to
the thermal coupling; however, because the reported findings
of Ref. 4 have been cited as experimental evidence in conflict
with this statement, we shall address the Ref. 4 findings
further.

With regard to the Ref. 4 experiments, it should be
recognized that the time of a typical experiment was reported
to be 3.46 jus. The average energy density (pulse fluence) of the
laser pulse was reported to be approximately 17 J/cm2 and the
estimated plasma-radiated energy transported to the target
was reported to be approximately 0.98 J/cm2. Two things
should be noted: 1) Ref. 4 was dealing with a laser-supported
combustion wave rather than an LSD wave (this is consistent
with the reported laser flux, because the average flux would be
only 5 x 106 W/cm2, which is below the threshold of ignition
for an LSD wave on aluminum targets of «107 W/cm2, see,
e.g., Ref. 3) and 2) because of the large beam radius used in
Ref. 4 and the short time of the experiments (3.46 jus as op-
posed to the 20+ jus in the Maher and Hall experiment), the
view factor need not be considered because it was« 1.0. With
these facts in mind, it is possible to estimate that the radiative
emission from the plasma of Ref. 4 is approximately 18% of
that for a 23,000 K blackbody emitter. This estimate is also in
agreement with the published emission curves in Ref. 4.

Using an 18% blackbody radiation factor, assuming the
lowest flux that can support an LSD wave (i.e., 107 W/cm2),
and assuming no influence due to considerations of the view
factor, the maximum irradiation of the target due to radiative
emissions from the plasma of a 23,000 K blackbody emitter is
only « 2.9% of the laser flux (i.e., a 23,000 K blackbody emit-
ter radiates at 16% of the 107 W/cm2 that would be in the in-
coming beam; 18% of this 16% yields the 2.9%). Because an
LSD wave is essentially 100% shielding to the laser flux, laser
fluxes greater than 107 W/cm2, as in the Maher and Hall ex-
periment,1 yield an even lower percent coupling; thus, 2.9%
represents a maximum coupling to the target due to plasma
reradiation in the cases where LSD waves are ignited. Futher,
this maximum coupling assumes that the reradiated emission
is not attenuated by the intervening gas and that it is absorbed
by the target at 100%. If view factor considerations are taken
into account, the maximum coupling coefficient due to radia-
tion for a 107 W/cm2 beam drops to 2.3% for the size target
used in the Maher and Hall experiment, even without taking
into account absorption by the intervening gas. In fact, such
absorption must be considered because, for the Maher and

Hall experiment, the plasma is several target diameters from
the target after 20 jus. Thus, even the pseudo-optically thick
method of approximating the radiation contribution to the
thermal coupling for the Maher and Hall experiment yields a
coupling of less than 1 %.

Vapor Condensation
Computations of the predicted energy transfer back to the

target by vapor condensation were made according to Eqs.
(10) and (11), assuming an absorptivity of 100% for the pur-
pose of vapor evolution (cf Sec. VI). The results in a form
similar to those for convective heat transfer are shown in Fig.
8. A comparison with Fig. 7 demonstrates two points: 1) the
potential for transferring energy to the target is considerably
greater than that for convective heat transfer and 2) the radial
distribution of that energy is more in line with the Maher and
Hall experiment. Further, for the reasons discussed earlier, the
results for condensation are considered to underestimate what
actually occurs. It should be kept in mind that these results
assume that sufficient vapor was evolved from the target in the
early phases of the pulse («4 jus) to account for the vapor
being available for recondensation. (It should be noted that
the Maher-Hall pulse shape, cf Fig. 1, does not demonstrate a
large gain-switch spike that might be anticipated by the
reader.) In this regard and as noted above, the calculations
were made assuming that the absorptivity (or apparent ab-
sorptivity) of the target builds rapidly to nearly 100% in the
very early times of the pulse. Support for this contention will
be discussed in Sec. VI.

Under the assumption of near 100% absorptivity while the
beam is not shielded by the LSD wave, Fig. 9 shows the evolu-
tion and transport of the target vapor as a function of time as
computed using the Eulerian program. Also shown are the
pressure contours for the same selected times. It can be seen
that the vapor evolves, is transported away from the target,
and then forced back down onto the target by the over-
pressures produced by the LSD wave; this is the exact require-
ment to make the mechanism viable.

It is also possible to determine the depth of the hole pro-
duced by the evolving vapor, as well as the hole/mound after
the vapor has recondensed onto the target out to 10 jus; these
are shown in Fig. 10. It should be noted that the amounts of
condensed vapor that would be noticeable outside the beam
radius is very slight, less than 1 /*m in thickness at the max-
imum height.

Summary of Results
Because of grid size limitations, the computations per-

formed for this study were only taken out to 10 jus; however,
the trends are evident. Figure 11 shows the results of ac-
cumulated energy density (i.e., J/cm2) out to 10 jus for convec-
tive heat transfer, vapor condensation, and the sum of convec-
tion and condensation, along with the Maher and Hall data. It
should be noted that, although the curve is less than that of the
Maher and Hall data, the experimental curve represents that
for the entire experiment and the computed curve begins to ap-
proach that of the experiment. In fact, at the 10 jus point, the
beam energy was accumulated to approximately 5 J, while the
area under the combined convection-condensation curve
represents 0.715 J. Thus, at the 10 jus point, the coupling coef-
ficient is approximately 14.3%, compared to 17.5% for the
experiment. A more important comparison is that the
computed radial distribution of the energy is in very good
agreement with experiment, an agreement that cannot be
reproduced by either convective or radiative heat-transfer
calculations even if the magnitudes of such calculations are
assumed to be way off on the low side.

VI. Discussion of Near 100% Absorptivity
The calculations for enhanced coupling due to vapor con-

densation assumed that 100% of the laser energy getting to the
target (i.e., not shielded by the LSD/air-breakdown plasma)
went into evolving target vapor (cf above). This means that
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Fig. 9 Computed pressure and vapor-density contours for the Maher and Hall experiment. Calculation assumes a high absorptivity in the early
times of the pulse for the purpose of vapor evolution. (Numbers associated with contours indicate multiples of 2 atm and 4 X10 ~ 5 g/cm3 for the
pressure and vapor-density contours, respectively.)
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Fig. 10 Hole contour before and after the vapor has condensed (out
to 10 ;ts). (Note that the radial dimension is laid out in tenths of cen-
timeters, while the hole depth is in micrometers; thus, the hole depth is
exaggerated by three orders of magnitude.)

essentially the entire energy of the beam in the first 4-5 /*s was
captured by the vapor. This energy represents 39-43% of the
energy in the pulse (cf Fig. 1). Our calculations indicate that
less than 20% of this vapor has recondensed onto the target by
10 jLts. Thus, we may conclude that, if we assume 100% of the
unshielded beam goes into evolving vapor, sufficient energy is
captured by the vapor and redeposited onto the target in the
proper radial distribution, via condensation, to explain most
of the enhanced thermal coupling demonstrated experi-
mentally. On the other hand, this cannot be said about the
mechanisms of convective and radiative heat transfer. So in
this sense, the notion of a high apparent absorptivity for the
purpose of vapor evolution appears to be compatible with the
observed enhanced coupling. It should be noted that we have
intentionally been conservative in our calculations of both the
rate of impingement and the energy flux into the target given
in Eq. (11); accordingly, the more mass/energy per mass
deposited in the target, the less evolved vapor is needed. Thus,
while the computation requires a large absorptivity, it need
not be as high as we have used.

With this caveat in mind, let us discuss the question, "Is

COMPUTATIONS
AT 10 MICROSEC
1 -CONVECTION
2 -CONDENSATION
1+2 -COMBINED

.6 .8
RADIUS (CM)

Fig. 11 Summary of energy density vs radial position results from
computations after 10 jis for convection, condensation, and combined
convection and condensation. Also shown is the Maher and Hall ex-
perimental result.

there any other evidence that aluminum surfaces suddenly
reach a threshold above which the apparent absorptivity
becomes large?" By apparent absorptivity, we mean the abil-
ity of the laser beam to evolve vapor. We think that such
evidence does exist, though normally associated with vacuum
experiments. For example, Ready21 (especially pp. 109-116)
discusses the reduction of reflectivity when laser irradiance
reaches a material/laser-wavelength-dependent critical
threshold flux. Above such thresholds, the target materials ex-
hibit apparent absorptivities of nearly 1.0. Ready21 associates
this increase in apparent absorptivity to target vapor forma-
tion and absorption of the incident radiation by the ionized
vapor. Discussions of apparent absorptivities of near 1.0 are
also noted by DeMichelis,22 again attributed to the presence of
target vapor.



200 JUMPER ET AL. J. THERMOPHYSICS

That this absorptivity by the vapor is directly coupled irito
the target and goes into the evolution of more vapor has also
been proposed in the literature. Ready21 suggests that such is
the case, but does not provide an explanation for the
mechanism. Schwirzke,23 on the other hand, not only suggests
that the vapor is responsible for the experimentally observed
increase in apparent absorptivity, but also suggests a
mechanism for efficiently coupling the vapor-absorbed energy
directly into the target. In turn, such coupling evolves addi-
tional vapor, thereby sustaining the process. The absorption
process is that discussed by Dawson19 and requires a critical
vapor number density. For 10.6 jum radiation, this critical
number density is approximately 1019 vapor atoms per cubic
centimeter, assuming single ionization. In a separate reference
Schwirzke,24 suggests the same process is valid in the presence
of atmospheric pressure.

In fact, if the laser flux is sufficiently high to produce vapor
at a rate larger than the diffusional processes can move it away
from the surface, then the vapor density will be that consistent
with the vapor partial pressure being equal to that of the sur-
rounding atmosphere. Thus, above some flux (but less than
that required to ignite an LSD wave), the atmospheric pressure
provides a lower bound on the number density of the vapor; at
1 atm and at the vaporization temperature of aluminum, the
vapor number density will be approximately one-third of the
critical number density required by the Dawson/Schwirzke
mechanism. Thus, the threshold flux need be only that suffi-
cient to provide the additional vapor density required to reach
the critical density. This would suggest that the critical flux
should be pressure dependent, increasing with decreasing
pressure. If we can make the connection of this "critical
breakdown" and subsequent catastrophic apparent, absorp-
tivity increase to the threshold for ignition of an LSD, then the
Hall et al.25 work can be interpreted as evidence in favor of
this mechanism. It is interesting to note that Root3 seems to
hint at this same increase in apparent absorptivity for 3.8 /mi
laser experiments, although he carefully disconnects this from
the 10.6 jum experiments.

VII. Conclusions
In this paper, we have presented the results of computations

for convective and radiative heat transfer to an aluminum
target for the case where a laser-supported detonation (LSD)
wave is ignited by 10.6 /*m laser radiation. The Maher and
Hall1 9.3 J experiment was used for comparison. These results
indicate that combined convection and plasma reradiation do
not appear to provide sufficient energy coupling to the target
to explain the 17.5% thermal coupling observed in the experi-
ment. Not only does the amount of energy fall far short of
that required to explain the observed coupling, but the radial
distribution of the cbnvection/radiation-coupled energy does
not match that observed. One must conclude that some other
mechanism(s) is responsible for the observed coupling.

Vapor recondensatiori was also explored as a possible
mechanism for explaining the observed coupling. The results
of computations modeling condensation appear to be in close
agreement with both the observed coupling coefficient and
radial distribution of target-deposited energy. A prerequisite
for viability of such a mechanism, however, is that the laser
couples to the target with a large apparent absorptivity for the
purpose of vapor evolution in the early times of the pulse.
Corroborating evidence that this might be the case was also
presented.

.This paper has not attempted to "prove" that vapor con-
densation is responsible for the observed thermal coupling of
the Maher and Hall experiment, but rather to suggest that
such a notion has a rational basis. We believe the ramifica-
tions (of the possibility that the condensation mechanism con-
tributes to the observed coupling) are sufficiently great that it
should be given further attention. Some of the ramifications
are obvious; for example, it may provide the key to under-
standing the link between short- and long-wavelength ex-
periments. Further, it may also provide the connection be-

tween vacuum and atmosphere experiments. And finally, if
correct, it would tend to suggest that the important physics to
be concentrated on is not the gasdynamics of the flow/plasma
for the LSD, but rather the mechanisms at work in the very
early times of the pulse.
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