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SECTION 1

INTRODUCTION

The Defense Nuclear Agency (DNA) High Energy Pulsed Laser

program contained coordinated high power laser beam/target interaction

experiments and model-based interpretations. The experimental data

base includes a number of parameters such as target material, air

density, laser power, pulse length, frequency, and spot size.

Within this effort interaction modeling work can play several

important roles:

1. Models can distill the experimental data base and provide
an interpolation tool for cases spanned by the data.

2. Models can elucidate the physical processes taking place in
the interaction and quantify their importance to target
impulse and heating.

3. Models can provide suggestions to the experimental program
on how to critically test the models and how optimum
experimental parameters may be selected.

4. Ultimately, models can yield a quantitative data base for
interpolation and extrapolation in the design of a system.
It can also guide the design of systems tests.

Our major interest in this program is in the regime in which an

air plasma is formed. In this environment there are a number of

processes to be taken into account.

1. Starting from plasma initiation, the laser beam is
partially or totally absorbed by the plasma and heats it.

2. The target is correspondingly shielded from the laser beam.
The hot plasma is supported hydrodynamically by the target
and sends signals into the surrounding air. One
dimensional hydrodynamic effects include the laser
combustion (LSC) and detonation (LSD) waves. Multi-
dimensional hydrodynamic effects arise from lateral
expansion of the heated region over a small spot size and
from nonnormal beam incidence.
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3. Conduction and electron diffusion rcdistribute energy
within the plasma and heat the target.

4. Radiative transfer redistributes energy within the plasma,
may propagate a super-detonation wave, cools the plasma by
emission and heats the target. If the target is heated to
a high enough temperature it also may reradiate, ablate and
further generate impulse, or both.

The role of each of the above processes depends on the values

of the parameters specifying the interaction. One energy transport

mechanism will tend to predominate over all others within a range of

parameter values. Initially the models employed heuristic

descriptions of plasma initiation, postulated that a sharp-fronted

laser supported detonation (LSD) is established, and accounted for
lateral expansion effects via analytic expressions. Beam absorption
over an extended distance, energy conduction and reradiation processes

and target albedo and vaporization effects were not included. The

objective of this investigation is to research several of these

problems from a theoretical approach. In the following paragraphs we

discuss them more quantitatively.

There are three different radiative effects which are useful to

distinguish:

1. Radiation can cool the plasma by removing energy from the
plasma region.

2. Radiation can transport energy to the target itself,
increasing target heating and possibly resulting in target
vaporization and blow-off.

3. A radiation-dominated super-detonated wave can displace the
zone of plasma heating away from the target to increase
radiative and hydrodynamic geometrical losses.

Unheated air outside of the plasma zone is substantially

transparent to photons having energies in a window below -7 eV.

2

'V~ V V *'~V - ~ ~ i 4" "." " " .. " '- . ,*" . P ,.'"% . .- ' " ., ' " .""""'.- " .



Consequently, a fraction of photons radiated by the plasma in

directions away from the target will be lost from the interaction. In

the range of intensities of interest (107 - 1010 w/cm2) plasma

temperatures are sufficiently high in the LSC and LSD waves such that

radiation can remove a significant fraction of the plasma energy in

the time of the interaction. We have estimated that the plasmas are

also sufficiently thin so that a part of this energy can escape the

source region. Small spot sizes enhance the escape probability.

Reradiation from the plasma into half of the solid angle may

impinge on the target both inside of the spot area and in the

peripheral area. Substantially increased heating of high reflectance

targets takes place due to this source since a higher fraction of

these energetic photons is absorbed. While reradiation is credited

with an enhanced thermal coupling coefficient in the LSC regime,1] it

is also possible that the increased heating may produce vaporization.

Due to cooling by thermal conduction in the target it requires an

excessive time to initiate vaporization of aluminum at 107 w/cm2 , but :%

the time becomes comparable to or smaller than typical pulse durations

for beam intensities of 108 w/cm 2 and greater. Target vapor blow-off
contributions to the impulse were inferred[2] for aluminum and

nonmetallic targets near the threshold for LSD initiation. While the

vaporization rate will fall off due to vapor shielding in the LSD

regime, a significant blow-off impulse should also be present under

these conditions from reradiation.

When the LSD wave plasma becomes hotter as laser power density

is increased, reradiation from the wave can preheat the zone within

the beam just ahead of the shock. When the ionization within this

region becomes sufficient to initiate absorption of the beam a super-

detonation wave is initiated. This faster moving absorption front

depends on plasma reradiation to transport energy and sustain the

wave. It is likely that the super-detonation wave will decrease the

3
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impulse at the target, since the beam energy will be deposited farther

from the target surface where lateral expansion and radiation will

dissipate the pressure. This process was first identified and

qualitatively modeled by Raizer. [3] He found that for air, the front

speed is not much greater than for the LSD, and that its dependence on

power density is only slightly stronger. This seems to imply that the

threshold for the super-detonation wave is very high. Observations,

whoever, suggest that the super-detonation takes place at lower power

densities. Pirri, et L.[4]  interpret streak photographs from one of

the NRL experiments at -10 w/cm2 to indicate a frontal speed

approximately two times greater than LSD and suggest that radiation

may be responsible. Markovich, et at.[ 51  find a speed three times

higher than for an LSD if the power density is greater than 109 w/cm2 .

In other gases there are observations of higher propagation speeds as

well. In argon and xenon[6] using a CO2  laser the threshold for

super-detonation was found to be 3-4 x 107 w/cm2 and the speed

increased faster than the square of the laser power. In xenon[7]

using a neodymium glass laser, super-detonation took place at 4 x 107

w/cm2 .

There appears to be considerable uncertainty about the super-

detonation regime from the point-of-view of theory. Only a few

estimates have been made, and these do not adequately take into

account the rapidly changing frequency dependence of absorption

coefficients as the temperature of the gas changes. Numerical

calculations [8] in plane geometry of superdetonation waves in one-

tenth ambient density air at Nd-glass frequency and power densities

qo = 0.4 - 2.5 x 109 w/cm 2 have been reviewed. In the indicated range

of laser power density these authors find that a radiative precursor

moves away from the target at speeds higher than the LSD speed. At

0.4 x 109 w/cm2 , however, the precursor is formed slowly from the LSD

wave, indicating that the threshold for superdetonation is being

approached. They also develop a simple theory which, in agreement

4
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with their calculations, gives a superdetonation speed D qo0 71

This is a stronger dependence on power density than for the LSD which %

gives D ~ qo1/3 .

The lowering of the threshold for the ignition of an air plasma

by a laser due to the proximity of the target surface has been the

subject of extensive observations and theoretical study. The results

of this work have been characterized as requiring that a threshold

fluence and a threshold flux be incident on the target. There is as

yet an incomplete understanding of these important rules. Any delay

in plasma ignition, for typical pulse durations, is likely to

translate into significantly less energy being coupled to the target

with commensurate lowering of I/E ratios.
V'.

A model[ g] which has been developed to correlate these data on

metallic targets invokes laser-induced breakdown of target vapor,

following the vaporization of surface-indulated flakes of the target

by laser heating. While the treatment of target vapor breakdown is

quite plausible, the model of the initial ionization via vaporization

is only one of several postulated initiation mechanisms. In addition,

the postulated density, thickness and area of the flakes affects the

quantitative behavior of the model.

In view of the significant role of plasma ignition in the

coupling of laser power to target impulse it is important that models

of ignition be as reliable as possible. In particular, it is

desirable to reduce the dependence of the result on ad hoc parameters

of the model.

In many problems of interest several factors which are not

simulated in the current experimental program will be present. A l

turbulent boundary layer containing shocked and sheared air may exist

over the target and the beam in general will not be normally incident

on it. The target material may also be appreciably heated.
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Several of the effects of the boundary layer can be accounted

for rather simply. For example, oblique incidence of the beam having

a large spot size can be equated to a normally incident beam of a

lower power and lower laser frequency. Boundary layer compression and

heating effects on the plasma wave propagation are also modeled in a

straightforward manner.

The role of the aerodynamic boundary layer on plasma initiation

and the effects of shear flow and turbulence on wave propagation

appear not to have been investigated for high energy pulsed lasers.

Obliquely incident small spot size beams will be accompanied by

a more complicated hydrodynamic flow and radiative interaction. This

interaction will tend to displace the center of the target interaction

toward the up-beam direction.

In the following sections we report on the work carried out

during the investigation. The major tasks have been the modeling of

the LSR wave in air. Central to the study is the determination of air

optical properties; these are described in Section 2. The LSR wave

has been modeled by two complementary techniques. The development of

an analytic study wave model and the evaluation of a numerical model,

together with comparisons with experimental data, are described in

Section 3.
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SECTION 2

OPTICAL PROPERTIES OF AIR

2.1 SELF-RADIATION FROM THE AIR PLASMA.

The interaction of the hot air plasma with the target and the

possible propagation of the LSR mode depend on the transport of

radiation originating in the emission of hot air and its subsequent

transport through the air. For the times and distances of interest in

high-power pulsed lasers, it is not possible to substantially simplify

this transport description by making the diffusion approximation

(involving the Rosseland mean free path) or the emission approximation

(requiring the Planck mean free path). For the plasmas of interest

the air may be optical thick in certain frequency ranges, optically

thin or of intermediate thickness in other frequencies. This

circumstance requires that air absorption coefficients as a function

of frequency for a range of temperature and density of interest be

obtained. The data must span the temperature range of ambient to

10 eV and have the corresponding frequency resolution. The data

were located and obtained from the Los Alamos National Laboratory. A

computer tape which contains group absorption coefficients, as well as

Planck and Rosseland mean opacities, for a grid of temperatures and

densities covering the range of interest has been received and

processed. Two frequency groupings are available: a 19-group and a

30-group data set. These data provide the required input information.

In principle, the above data should also suffice for the absorption of

laser radiation by heated air. However, in fact they are inadequate

because a) the laser frequencies of interest are not resolved in the

data, and b) the free-free absorption by atoms and molecules is not

included (only ionic free-free has been considered). We have decided

to evaluate these absorption coefficients in a special subroutine

P%
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2.2 LASER BEAM ABSORPTION.

Absorption coefficients of air for temperatures of a few

electron volts and ambient and lower densities are required in order

to simulate existing laser experiments.

For the laser beam our initial application is to a Nd-glass

laser having photon energy hy = 1.16 eV, where the absorption

coefficient results from free-free and high-lying bound-free

transitions. We have evaluated the absorption coefficient for cases

of interest in the absorption of the laser beam. The problem consists

of two parts: the evaluation of (equilibrium) concentrations of

species, and the calculation of the corresponding absorption

coefficients. We have employed results of calculations of the

composition of low temperature equilibrium air kindly provided to us

by F. Gilmore (private comunication). These data include molecular,

atomic and ionic species and employ a detailed description of excited

states in the partition functions. Using these data as input, a

computer code was written to evaluate the contributions of:

1. Free-free transitions in ions.

2. The correction to account for absorption in high-lying
bound states. e.

3. Free-free transitions in the field of the predominant
neutral species (which are important below - 1.5 eV).

This calculation employs the formulation by Dalgarno and Lane(1 0] for

neutral free-free absorption and the corrections to the ionic free-

free absorption of N* and 0* by Peach.(11] Data for nonhydrogenic

corrections to more highly ionized species are not available we

expect the corrections to be smaller for them and, in any event, to

make a smaller contribution to the absorption coefficient in the toe

transition region. Molecular band absorption, which may contribute to

8

% % %

L It, . %



si

the absorption coefficient at temperatures less than 1 eV, is

currently neglected.

The total absorption coefficient #9 evaluated at hy = 1.16 eV

is shown as a function of temperature 0 in Figure 1 for standard air

density and in Figure 2 for 0.1 times standard density. This quantity

is a strongly increasing function of temperature, a property which

decreases the sensitivity of the final result to its accuracy. It

will be seen below that the most important temperature range for the

LSR wave at standard air density is 1.5 - 2.0 eV. It is also possible

to calculate #9 for other choices of laser frequency and density.

.
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SECTION 3

LSR WAVES IN AIR

The radiation-supported radiation (LSR) wave mode of target

interaction depends on radiation transport to replace the shock wave

of the LSD mode as the energy transporting mechanism. With

sufficiently high laser power a threshhold is reached in which the

heated plasma emits radiation at a rate and with a frequency such that

the laser beam is absorbed ahead of the shock wave. In this section

we investigate this process for a noninteractive target in an air

atmosphere.

Two different approaches were employed in the study: a

qualitative steady-state model was developed, and a

radiation/hydrodynamic numerical model was adapted to perform

quantitative calculations of the transient interaction. The two

approaches are complementary to each other in developing an

understanding of the LSR phenomenon.

3.1 A STEADY-STATE ANALYTIC MODEL.

A simplified model of the steady propagation of a laser-

supported radiation wave in air was developed. The model is based on

the formation of a self-radiation-heated precursor ahead of the laser-

heated main wave. Applied to air at sea-level density and Nd-glass

frequency, the laser supported radiation (LSR) model propagates faster

than the laser supported detonation (LSD) wave for speeds greater than

2.4 x 106 cm/s.

The formulation of the analytic model, results from evaluating

it and comparisons with data are recorded in a topical report.[12]

This report, SSS-R-84-6416, entitled "Laser Supported Radiation Waves

in Air-Analytic Correlations," is appended to this document. For a

12



detailed account of the model the reader should refer to this report.

Briefly, the comparison of model calculations with the data are

outlined below.

Evaluating the model for hi. = 1.17 eV (Nd-glass laser

frequency) and for (po/p,) = 0.1, 1.0 the wave speed dependence on

laser flux is shown in Figure 3 (long-dashed curves). For comparison

are the corresponding relations for a steady LSD wave (full curves).

Also shown (open circles) are data from the experiments of Reference

13, using a Nd-glass laser. The trend of the high-fluence data is

reproduced by the model not only in slope but also in magnitude (i.e.,

there are no adjustable constants within the model; however, the data

have been plotted, somewhat arbitrarily, against peak power density).

The slope of the theoretical curve for standard density is almost

identical with that proposed in Reference 8 on the basis of numerical

calculations and a partial theory applied to air of one-tenth normal

density. Our calculation for this density displays a steeper slope

and is not in good agreement with the calculations of Reference 8

(open squares). Furthermore, in contrast to the normal density case,

examination of intermediate results indicates that, especially at the

lower flux levels, the assumptions within the model are not well

satisfied (the precursor temperature becomes comparable with the main

wave temperature). Consequently, the model cannot be confidently

applied for Nd-glass at densities of 0.1 normal or less. The apparent

agreement between numerical calculations, and this type of model in

Reference 8 should be regarded with reservations.

The model can be applied at other laser frequencies as well.

We carried out a calculation at CO2  laser frequency (10.6 #m) for

standard density air; the result is shown in Figure 3 as the short-

dashed curve. The model indicates that the wave speed curve is

shifted with approximately the same slope to somewhat lower power

densities. Under these conditions the range of validity of the theory

will also extend to somewhat lower densities, because the precursor

temperatures are smaller. ,

, -
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For comparison with the CO2 calculations we have also plotted

data from NRL experiments(14] in Figure 3. These points (open

triangles) represent the maximum frontal speed as a function of peak

laser power density deduced from streak camera records. The data,

taking into account a large variance about a mean value, are located

at much smaller power densities than the model predictions. It is

interesting, however, that the slope of the mean curve of speed versus

power density is substantially the same as that of the model.

3.2 NUMERICAL CALCULATIONS OF LSR WAVES.

The theoretical curves of Figure 3 are based on an assumed

steady-state frontal motion; this theory does not indicate how much Ile

time is required to establish the steady-state. When two modes, such

as the LSD and the LSR, have similar propagation speeds we expect that

the one having the higher speed will ultimately be predominant. Near

the intersection of the characteristic curves of the two modes

transient behavior is likely to last for a longer time; consequently,

in a time-dependent pulse there may not be time to approach a steady- V

state under these circumstances. Questions regarding transiency and

model validity can be resolved by finite difference calculations.

We have identified an existing S-CUBED computer code, called

ZOOS, to perform the initial calculations. This code is readily

adaptable to the required calculations when provided with appropriate

properties of air and with a laser energy absorption subroutine.

Several modifications of the radiative transfer portion of the

computer code were also made in order to simulate the target

interaction problem.

The ZOOS computer code is a flexible, one-dimensional

hydrodynamics/radiation formulation applicable to a wide range of high

energy applications. The code is basically a Lagrangian, explicit,

-I
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transient, finite difference hydrodynamics formulation to which

additional physical processes have been added. Shock waves in this

formulation are treated by the pseudo-viscosity method. For the

application to the interaction of a high-power laser beam with an air

plasma formed at a target surface, the plane geometry version of the

code was selected. The radiative transfer is the most important of

physical processes taking place for the description of the LSR and

consequently was given special attention. The formulation assumes I
that scattering is negligible, and that the radiation intensity is

independent of the angle of azimuth about the direction normal to the

slab, therefore depending only on the polar angle. A discrete

ordinate angular formulation is used. The polar angles are selected

of the quadrature is selected at the option of the user. The

subroutine, PTRANS, containing this treatment is carefully formulated

to account for exponential attenuation of rays and to recover the

diffusion approximation when the medium is thick and the radiation and

material are in quasi-equilibrium. The frequency dependence is

treated by characterizing the spectrum by a number of fixed-frequency

groups to which optical properties are assigned.

Material properties of the medium in question (air, in our

calculations) are supplied to the ZOOS code through subroutines.

These consist of thermodynamic quantities, including the material

energy and its derivatives and the pressure, and optical properties.

The latter consist of absorption coefficients of air for each of the

frequency groups as a function of temperature and density. In the

calculations reported below the thermodynamic, absorption and

radiation emission coefficients are all assumed to be given by the

local thermodynamic equilibrium values.

The laser beam source is treated separately from the self-

radiation of the air plasma. A separate source routine was developed

'.'
1%
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in which the beam attenuation is calculated as function of the

absorption coefficient appropriate to the laser frequency. (The

absorption coefficients resulting from laser frequencies -1 eV and

below are described in Section 2.) Oblique incidence of the beam on

the surface is treated by accounting for increased path length in the

air and by appropriately modifying the beam power; this does not

invalidate the assumption of azimuthal independence of the self-

radiation intensity.

Calculations were performed with the ZOOS code to determine the

optimum choices of parameters associated with the finite difference

zoning and number of angles of the angular quadrature. Subsequently,

the following calculation was performed for a pulsed Nd-glass laser

incident normally on a target in air. Parameters were selected to

compare with the analytic model:

1. Laser Pulse Characteristics: (normally incident on
target).

Power -- 1010 w/cm 2,

Wavelength -- 1.06 jim (Nd-glass),

Duration -- 10 nanoseconds (ns),

Shape -- Step-function.

2. Target-Air Characteristics:

Target - ideal reflective and stationary boundary
condition,

Air initial density -- 1.2 x 10-3 gm/cm3 ,

Air temperature -- 10-5 gm/cm2 adjacent to target preheated
to 5.0 eV, remainder at ambient.

3. Numerical Discretization:

Equations -- Lagrangian (mass-following) coordinate,

17
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Zoning -- 2 x 10-6 gm/cm 2 (constant) per zone,

Number of Zones -- 70,

Angular Resolution of Radiation -- 6 discrete angles,

Frequency Resolution of Radiation -- 19 groups.

The calculation was carried forward in time to 15 ns, a time 50

percent greater than the pulse duration. Consequently, phenomena

relating to starting and stopping transients are displayed by the

calculation. In addition, the pulse has a duration which is long

enough to display quasi-steady behavior; this portion of the

calculation can be compared with the analytic solution of a steady

wave interaction.

The results are characterized by the rapid (-2 ns) formation of

a self-radiation supported precursor in the initially unheated air

traveling toward the laser source. A large peak of 17 eV in

temperature is observed near the target surface. This peak, which

decreases with time, was formed by the initial laser beam heating of

the outer-most zone of the postulated hot layer at the target surface.

This absorbing zone protected the zones adjacent to the target from

direct laser heating. The peak temperature zone is slowly cooling,

and the protected zones are slowly heating by radiation transfer

within the air. This process is dependent in detail on the model of

initial heating and does not affect the behavior of the LSR wave in

any substantial degree.

As the precursor temperature reaches -2 eV the laser beam

energy is absorbed, creating an intense and sharp heating front. This

front gradually approaches a steady motion having a temperature S-

plateau of -10 eV behind it and a speed of -7 x 106 cm/s. The shock 6

wave and following rarefaction wave in the interior of the LSR

originate in the initial interaction with the target. They propagate

outward with a speed approximately one half of that of the temperature

jump. A localized peak in temperature is associated with the shock

18
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front, but strong radiation cooling of the front reduces the amplitude

of the peak to -1 eV. Consequently, the body of the propagating wave

is approximately isothermal. The strength of the shock is slowly J

decreasing due to this radiation damping. The speed of the LSR wave

gradually increases over a period of an additional -2 ns during which

the emissive power of the high temperature region approaches unity.

Further increase in the wave thickness has little effect on the

progress and form of the wave front. After source termination a

stronger hydrodynamic disturbance forms in the vicinity of the

decaying front. This wave propagates as a shock into the precursor

region and as a rarefaction into the region behind the front. The

sharp temperature front dissipates rapidly due to diffusion from the

frontal region into the precursor region. This combined shock and

diffusion wave propagates less rapidly than the laser-supported front.

The calculation was terminated before the signals from the front due

to the laser beam shut-off were able to reach the target.

In Figure 4 the progress of the laser-supported front is shown.

The speed of this front increases to -7.5 x 106 cm/s, in remarkable

agreement with the corresponding case calculated analytically in

Reference 12. In Figure 5 the profile of temperature at a time .

(8.0 ns) before the source is terminated is displayed. It indicates

that the temperature behind the front is roughly constant and that the

temperature precursor extends -0.5 mm ahead of the front. There are

oscillations of density behind the front (and corresponding pressure

oscillations) indicating that hydrodynamic transients characteristic

of the initial conditions and the source profile are propagating

through the wave. The net flux due to the self-radiation of the air

is indicated in Figure 6 for same time. These hydrodynamic

disturbances also appear in Figure 7 showing the time dependence of

the pressure at the target interface. The peak of the pressure curve

results from the delayed arrival at the surface of the shock wave from

the initial beam deposition in the preheated air. The final plateau

pressure of - 2.6 kb represents the steady LSR interaction; transients

associated with beam termination have not yet influenced the surface.
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SECTION 4

DISCUSSION

An investigation of several problems associated with high-power

laser interaction with a target has been carried out Two models of

the laser-supported radiation (LSR) mode of wave propagation in air

have been developed. The first, an analytic model, describes the

dependence of wave properties in a steady-state on laser power and

frequency and on air density. The second, a numerical model, is

capable of exploring transient effects and target ablation.

Comparisons of these model predictions with experimental data have

been made.

Applied to sea level density air and Nd-glass laser radiation,

the steady-state analytic model predicts that the LSR wave propagates

faster than the LSD wave for speeds greater than 2.4 x 106 cm/s. The

wave speed of the LSR increases with the 0.71 power of the laser

power, while that of the LSD increases with the 0.33 power. As shown

in Figure 3, the larger power dependence is qualitatively indicated by

high power experimental data, although data just above the transition

from the LSD (2-3 x 109 w/cm2) lie above the curve. The analytic

model predicts not only the slope, but also the magnitude of the data

A calculation was also carried out corresponding to the above

conditions and having a power of 1010 W/cm 2 using the numerical model

Transients associated with the initiation and termination of the laser

beam and the initial conditions for the plasma were observed in the

calculation. The air propagation requires - 2ns to start, during

which a shock wave travels into the air and starts to interact with -.

the target. An additional - 2ns are required for the LSR to approach

a steady-state and for the peak transient target interaction to take

place While the LSR wave and its embedded shock wave are quite

steady by 10 ns, the surface pressure is still adjusting to initial

conditions The termination of the laser pulse at 10 ns mmediately

24
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initiates a slow-down and diffusion of the LSR front, but by 15 ns its

effect has not yet reached the target.

Calculations were also carried out using the analytic model for

a Nd-glass laser beam against a target in air of one-tenth normal

density. The model predicts that the LSR wave predominates for laser

power densities greater than - 6 x 108 w/cm 2 . These results have been

compared with transient calculations of Bergelson, et al. 1 8] which

span this transition power range. We find that the frontal speeds of

the transient calculations are higher by about 40 percent than the

model (see Figure 3, squares versus long dashes). This may represent

the trend in the transition range for the two modes of propagation to

reinforce each other. We also observe that the steady-state model

assumptions are less valid for this case than for normal density It

would be interesting to apply our transient calculation to these

conditions.

Analytic model calculations were made for a CO2 laser beam

against a target in normal density air In this case, the model

predicts that the LSR wave is initiated at a power density of

- 10 w/cm2 , indicating that the model is not strongly sensitive to

the laser frequency By contrast, data indicate that the LSR wave

starts at a power density smaller by about an order of magnitude

While there is a large scatter in the data, the indication is that

some process of supporting the radiation wave at a lower temperature

is taking place.

The source of the discrepancy may lie in our neglect of

another, faster, mode for the CO2  laser wave propagation The clean-

air breakdown threshold in CO2  (- 3 x 10g w/cm 2) is located near the

model-predicted laser flux at which the radiation wave is initiated

While the data points lie below the cold threshold, it is quite

possible that the precursor preheating of the air or the effect of
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impurities in the air could lower it. While we have not investigated

this mode of propagation, it is clear that the radiation wave mode for

CO2 will be superceded by some type of breakdown wave. In the case of

Nd-glass radiation the threshold for cold-air breakdown

(- 3x 1011 w/cm2) is substantially higher than the flux range of the

data and calculations. Consequently, the comparison of the data with e

model predictions in this case is meaningful.

The laser-supported radiation wave results in lower

temperatures for a given laser flux than for the LSD mode. The model

predicts these temperatures; they also have a weaker dependence on

flux than for the LSD mode. For the case of Nd-glass and standard air

density we obtained

O(eV) 0.30 [FL(w/cm2) (1)

These calculations could also be compared with luminosity

measurements, such as those carried out in the Battelle experiments.

The numerical laser interaction model developed under this

contract is now available for use in a wide survey of LSR problems.

The computer code containing the model has a capability to take into

account effects which were not included in the example calculation

reported above The most important of these is to model the radiative

ablation of the target The vaporization of the target surface and

the subsequent hydrodynamics and radiative transfer within the target

vapor can be straightforwardly included. In addition, the laser beam

pulse shape and angle of incidence can be assigned desired values.

Issues of interest include.

1. Effects of several models of plasma initiation on target
surface pressure.

2. Effects of laser power duration and pulse shape on surface
pressure.
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3. Transition between the LSD and LSR modes and associated
transiency of propagation.

4. Target radiative ablation effects during LSR propagation.

5. Transition between the predominance of air interaction and
target blow-off on target pressure as the air density is
reduced.

6. Effects of different experimental gases on LSR propagation.

Calculations relevant to these issues can be carried out for detailed

comparison with existing experimental data. These comparisons would

further enhance our understanding of the LSR phenomenon and sharpen

our appreciation of the validity of the present model.

The numerical model developed under this contract is

inapplicable if the geometry departs appreciably from planar. The

most serious nonplanar effect is associated with a small beam radius.

Given the high observed speeds of frontal propagation and typical

pulse durations, a beam diameter of < 1 cm will result in st ong

lateral perturbations. The laser-heated air will have time to radiate

into the adjacent cold air and to expand, thereby reducing the density

and beam absorptivity behind the front. A treatment of these effects

in two spatial dimensions is feasible using modifications of existing

two-dimensional radiation/hydrodynamic computer codes.
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ABSTRACT

A simplified model of the steady propagation of a laser-supported

radiation wave in air has been developed. The model is based on the

formation of a self-radiation-heated precursor ahead of the laser-

heated main wave. Applied to air at sea-level density and Nd-glass

frequency, the laser supported radiation (LSR) mode propagates faster

than the laser supported detonation (LSD) wave for speeds greater than

2.4 x 10 cm/s. The calculations are in reasonable agreement with

data for this case. Model predictions for low density ambient air and

for CO2 laser frequency are not in agreement with data. Reasons for

these discrepancies and limitations on the range of applicability of

the model are discussed.
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LASER-SUPPORTED RADIATION WAVES IN AIR-ANALYTIC CORRELATIONS

B. E. Freeman

November, 1983

INTRODUCTION

A pulsed high-power laser beam directed against a target in air

is observed to generate and support a disturbance whose front travels

away from the target toward the source. At the highest powers the

wave travels faster than expected for a laser-supported detonation

(LSD) wave, and is believed to be the result of laser beam

absorption in a radiation precursor.

The evidence for the LSR mode of propagation comes principally

from measurements of frontal position of the interaction wave, as a

function of time. The data show that a wave propagates substantially

faster at high laser power density than an LSD wave. At the Battelle

Memorial Laboratory a series of recent experiments has been reportedL2]

indicating for a Nd-glass laser and normal density air, the dependence

of speed on laser power density. Data are available on the frontal

speed in normal density air using a CO2 laser at the Naval Research
[3]

Laboratory. 3  Earlier data on frontal speed in air corresponding to

a range of values of air density and laser frequency have been

summarized. [4]

The theoretical basis for the LSR wave is more limited. EstimatesF-I

were made by Raizer -L - that, under conditions permitting lateral

energy loss, the LSR frontal speed is not greatly different from that of

the corresponding LSD. Subsequently, Bergelson, et. al.,[ 5] carrieo

out finite difference calculations for a ND-g' ss laser in air with 0.1

times normal density and a planar interaction ceometry. After initial

transients, these calculations showed propagation speeds more strc .,-.

dependent on power density than the LSD. They also developeo a theor 'i-

cal explanation of the speed dependence on laser power aensity.
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MA Mn ' oftewveraton n'

In this paper a mocel of the wave propagation, genera zrc ,nat

of Reference 5, is evaluated in order to relate wave speec tc laser

power aensity, laser frequency, and air density. The mocel is :asec cr

a steady state frontal motion associated with a constant power aersit)

beam. To eliminate effects of plasma multi-aimensionality the tearr is

assumed to be uniform over lateral distances much larger than the

distance the front propagates. The wave profile is qualitatively as

follows:

C Regio n , I Region
2 14 2-----

>I -
3 0

Wave Position
Figure 1.

and is characterized by the four regions of Figure 1:

(1) a uniform region at a distance behind the front,

(2) a region in which the air is cooled by emission of radiation,

(3) a region of intense heating by the laser beam,

(4) a radiation precursor region heated by the photons from

region (2).

While the wave-form of Figure I is assumed to be steaGy in the front-

following coordinates, a neglected sonic disturbance lagging behina the
1F67wave is generateo by the interaction of heated air with the target. 6 -

This interaction affects the pressure experienceo by the target.
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The moael is simplified for calculation by assuming

(1) the laser beam absorption zone is narrow encucr tc :e trea'ec

as a discontinuity in the radiation emission calculation;

(2) there is no spontaneous emission in the precursor recicr;

(3) the speed is determined by equating the air heating rates cue

to self radiation and laser beam absorption at the interface

between regions (3) and (4).

Steaoy Wave Conservation Conditions

The wave must satisfy the conditions of conservation of mass,

momentum and energy in a steady state frame of reference moving with

the front. These equations are

OU P 0 U 0

P OU2  P u2  (2)P u =PO o 0

12 1 3a
F ou (H + u2) a 1 PO Uo o ' k3)

where P - density

u - velocity in frame moving with the front,

P - pressure

H - E + P/p enthalpy

E - specific internal energy

F a radiation flux (laser plus thermal).

The subscript "o" denotes upstream conditions unperturbec by the wave

where the pressure ana enthalpy are taken to be negligible. in the

35
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right-facing wave convention of Figure 1, u0 a -0 anc F . -r -
C

where

0 - speed of frontal motion

FL a inciaent laser flux

F n thermal raaiation flux component normal tc target

escaping from the wave.

Equations 1-3 can be evaluated in region 1 where F * C ano be

rearranged to give

G -14;

A

['. P D2 ,
. - - c ( l - C ) , ( 5 ) ,

o F - F .
where C 1--,G an we use 1)E.0 P

0

Solving (4) ana (5),

G ] - - (6)

which is shown in Figure 2.

Go

0 0.5 1.0 -

Figure 2.
3i
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G has a maximum value, G 0 at c ccrresponoing
2(y -1)

2
to the LSD solution. The maximum value of c is -I which is the

strong shock solution. The curve in the range 0 - 5 -c 5 i is

obtainec for waves which have greater than sonic speed with respect tc

the gas behind the front. Consequently, these solutions corresponc tc

radiation ariven waves having frontal speeds greater than that of the

LSD.II

Solving for this branch of the quadratic,

+ T 1) (

, (8)

E + ( (9)

The temperatire of the gas, which is a more useful state variable to

discuss radiative processes, can be obtained from an equation of state,

e - e(E, p). For air in the range of temperatures and densities of

interest (e - 10 eV, - oo a 1.29 x 10-3 n3 a
gmc an approximate

power law equation of state is

E - 4.0 x 1011 e1"45 (P/Poo)0"1 ergigm, (10)

where e is measured in eV.
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Se'f Radiation aia Precursor

In Figure 1 we indicate that the beam absorption zone \regio 3

is smaller than the cooling zone (region 2). We also Assume that the

temperature of the toe of the precursor is considerably smaller than

that behind the wave. If these conditions are met we expect:
P

(1) precursor self-radiation to be negligible compared to

self-radiation from the main wave, POO

(2) a reasonable approximation to the self radiation to be
4

F x s, where a is the temperature of region 1. (The

flux is increased aue to the temperature increase of

region 2, but decreased by absorption in region 3.)

t is also a good approximation in this problem to:

(3) neglect the radiation emitted into the air transparent "

window region which escapes to large distances (see

appendix),
(4) neglect compression in the precursor (the compression in

the main wave is also small for a strongly supersonic

wave).

According to the above model the energy equation (9) applied to the

toe of the precursor becomes

44
E0 -F F 0- (1

where it was assumed that G - 3 <G < 0 and f.- --r.
P0 -,

Using the equation of state (10), the precursor toe temperature

0 is determined.
p

38 2
- .-... y . - .'.



in the precursor the raciation flux aecreases D,, acscr-t'r.

The spectral intensit) I at a aistance x aheac of the toe .:re

precursor is

I B exp(- /I,),

where the black body intensity associatea with temperature e is

2hv 3 1

C e -v7 I."

the optical depth is -v - ax, the absorption coefficient

correctea for inouced emission is u' w (1 - e , ana = cos e .

where a is the angle between the ray and the normal of the slab. The

normal component of the flux F(x) associated with (12) is

F(x)= 2wf dv 8v B exp(-T./U) 2, dv B E3 (v), (13) .,

where the integroexponential En (x) = e-  y-n dy.

At x a T - 0
v

C 4
F(x 0) a W B dv e, as required.

0

Associated with the flux in the precursor is a rate of heating of the

air, which will be required in the determination of the frontal speea.

In the absence of precursor compression and assuming no laser heating

of the precursor

!I 4

dE dF 1 4
.~m. *2v Jdv u'i B E(4

.0
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Evaluatea at x 0 0, the heating rate becomes

dt 2ca 1A(125)d Is

where u dv M ' O)9 B(/.dv B (9),

is a mean absorption coefficient similar to the Planck mean, but having

greater generality. It depends on the source temperature e, in acci-

tion to the material temperature op and ambient density oo .

Some of the thermal radiation emitted by the main wave will not

be absorbed by the precursor and will be effectively lost from the

wave. This energy is a small fraction of the total energy, which can

be neglected in the dynamics (f * 0). The energy loss from the wave

is discussed in an appendix.

Laser Beam Heating Rate

According to our model, the precursor is transparent to the beam

until the toe temperature is attained. The laser heating rate at the

toe, by definition, is equal to that from self radiation:

dE _ dFL - u "  F° ' 16)
dtI L o

where F is the unattenuated laser flux and ul is the absorption
0L

coefficient for the laser radiation taking into account the stimulateo

emission correction. The latter depends on the laser frequency vo,

the precursor toe temperature e and the ambient density o

40
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Optical Properties of Air

In equations (15) and (16) above, absorption coefficients of air

for temperatures of a few electron volts and ambient densities are

required.

For the laser beam our initial application is to a Nd-glass

laser having photon energy hv - 1.16 eV where the absorption coeffi-

cient results from-free-free and high-lying bound-free transitions.

We have evaluated the absorption coefficient for cases of interest in , PIN

the absorption of the laser beam. The problem consists of two parts:

the evaluation of (equilibrium) concentrations of species, and the

calculation of the corresponding absorption coefficients. We have

employed results of calculations of the composition of low temperature

equilibrium air kindly provided to us by F. Gilmore (private cormmuni-

cation). These data include molecular, atomic and ionic species and

employ a detailed description of excited states in the partition

functions. Using these data as input, a computer code was written to

evaluate the contributions of:

(1) free-free transitions in ions,

(2) the correction to account for absorption in high-lying

bound states,

(3) free-free transitions in the field of the predominant

neutral species (which are important below -1.5 eV).

This calculation employs the fornulation b) Dalgarno and Lane [7 ] for

neutral free-free absorption and the correczions to the ionic free-free

absorption of N and 0+ by Peach.J8] Data fcr non-hydrogenic

corrections to more highly ionized species -,e not available; we

expect the corrections to be smaller for -hem and, in any event, to

make a smaller contribution to the absorption coefficient in the toe

transition region. Molecular band absorption, which may contribute to

the absorption coefficient at temperatures less than I eV, is currently

neglected; the desirability of adding this term will be considerec at

a later time.
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The total absorption coefficient uL evaluated at hv a 1.16 eV

L*

is shown as a function of * in Figure 3 for standard air density ano

in Figure 4 for 0.1 times standard density. This quantity is a

strongly increasing function of temperature, a property which decreases

the sensitivity of the final result to its accuracy. It will be seen

below that the most important temperature range for the supersonic

wave at standard air density is 1.5 - 2.0 eV. It is also possible to

calculate uL for other choices of laser frequency and density.

The self-radiation mean absorption coefficient - of equation

(15), a function of 9, e and p, is obtained by integration over the

frequency spectrum. As noted above, the main wave temperature a is

expected to be substantially larger than the precursor toe temperature.

Under the conditions of interest the low frequency absorption will be

sensitive to p but the absorption coefficient at higher frequencies

around the peak of the Planck spectrum will be substantially inaepen-

dent of e . Since the absorption coefficient is also large in this

range, due to strong photoelectric and line absorption, u is a weak ,.

function of ep. Line transitions make an important contribution to

the opacity since they lie in the UV region where the source is intense

and they are fully weighted in the Planck-like mean absorption

coefficient.

In order to estimate the dependence of u on the source tempera-

ture, calculations were made using the cold (9 - 0) absorption
S [9]coefficient. We used the data of Stewart and Pyatt for Nitrogen,

which includes line transitions. The merged lines effectively

extrapolate the absorption to a lower energy than the corresponding

photoelectric edge. The quantity u /P (cm2/gm), shown in
V0

Figure 5, does not depend on density. The resulting I/0 as a

function of source temperature is shown in Figure 6; it displays a

broad maximum at e = 6 eV. The corresponding curve for air would be

expected to be slightly higher. The low-temperature end of the curve

will be lowered for increasing ep due to ionization.

pQ
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Estimates of Wave Speed

Using the above prescriptions, an estimate of the dependence of

frontal speed on system parameters (air density and laser power ana

frequency) can be made, provided an additional relation is aoed to

the conservation equations, (1)-(3). In concert with the model of

Figure 1, we require that the toe of the precursor, having temperature

e, be defined through the equation:

dE dE (17)
IL "dts

the terms of which are defined in equations (15) and (1.5).

In addition to the laser flux, laser frequency and ambient

density, they depend on e and e. The latter temperatures can be
p

evaluated from equations (9) and (11), using equations (10) and (8)

for the material energy and wave density. The resulting equation

depends on the frontal speed 0, in addition to the system parameters;

it can be solved for 0.

Evaluating these equations for hv = 1.17 eV (Nd-glass laser

frequency) and for (o /p.) a 0.1, 1.0 the wave speed aependence on

laser flux is shown in Figure 7 (long-cashed curves). Shown for

comparison are the corresponding relations for a steady LSD wave (full

curves). Also shown (open circles) are data from the experiments of

Reference 2, using a Na-glass laser. The trend of the high-fluence

data is reproduced by the model not only in slope but also in magni-

tude (i.e., there are no adjustable constants within the model;

however, the aata have been plotted, somewhat arbitrarily, against

peak power censity). The slope of the theoretical curve for stancara

density is almost identical with that proposed in Reference 5 on the

basis of numerical calculations and a partial theory applied to air of

one-tenth normal density. Our calculation for this density displays a

steeper slope and is not in good agreement with the calculations of
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Reference 5 (open squares). Furthermore, in contrast to the normal

density case, examination of intermediate results indicates that,

especially at the lower flux levels, the assumptions within the model

are not well satisfied (the precursor temperature becomes comparable

with the main wave temperature). Consequently, the model cannot be

confidently applied for Nd-glass at densities of 0.1 normal or less.

The apparent agreement between numerical calculations and this type of

model in Reference 5 should be regarded with reservations.

The model can be applied at other laser frequencies as well. We

carried out a calculation at CO2 laser frequency (10.6 um) for

standard density air; the result is shown in Figure 7 as the short-

dashed curve. The model indicates that the wave speed curve is

shifted with aproximately the same slope to somewhat lower power

densities. Under these conditions the range of validity of the theory

will also extend to somewhat lower densities, because the precursor

temperatures are smaller.

For comparison with the CO2 calculations we have also plotteo

data from NRL experiments £3] in Figure 7. These points (open

triangles) represent the maximum frontal speed as a function of peak

laser power density deduced from streak camera records. The data,

taking into account a large variance about a mean value, are located

at much smaller power densities than the model predictions. It is

interesting, however, that the slope of the mean curve of speed vs.
power density is substantially the same as that of the model.

The source of the discrepancy may lie in our neglect of another,

faster, mode for the CO2 laser wave propagation. The clean-air

breakdown threshold in CO2 (- 3 x 109 watt/cm 2 )is located near

the model-predicted laser flux at which the radiation wave is initi-

ated. While the data points lie below the cold thresholo, it is

quite possible that the precursor preheating of the air could lower

it. While we have not investigated this mode of propagation, it is

clear that the radiation wave mode for CO2 will be supercecec by
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some type of breakdown wave. In the case of Nd-glass raoiation tne

threshold for cold-air breakdown (- 3 x 1011 watt/cm 2 ) is substan-

tially higher than the flux range of the data and calculations. Conse-

quently, the comparison of the data with model predictions in this

case is meaningful.

The laser-supported radiation wave results in lower temperatures

for a given laser flux than for the LSD mode. The model predicts

these temperatures; they also have a weaker dependence on flux than

for the LSD mode. For the case of Nd-glass and standard air density

we obtained

e(eV) - 0.30 (18)

These calculations could also be compared with luminosit measurements,

:uch as those carried out in the Battelle experiments.

The theoretical curves of Figure 7 are based on an assumed

steady state frontal motion; this theory does not indicate how much

time is required to establish the steady state. When two modes of

propagation are under consideration we expect that the one having the

higher propagation speed will ultimately be predominant. Near the

intersection of the characteristic curves of the two modes transient

behavior is likely to last for a longer time; consequently, in a

time-dependent pulse there may not be time to approach a steacy state

under these circumstances. Questions regarding transiency and model

validity are expected to be resolved by planned finite difference

calculations.

The model is also inapplicable if the geometry departs appreci-

ably from planar. The most serious non-planar effect is associatea

with a small beam radius. Given the high observed speeds of frontal

propagation and typical pulse durations, a beam diameter of < I cm

will result in strong lateral perturbations. The laser-heatec air

will have time to expand, thereby reducing the density and beam

absorptivity behind the front.
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The omission of molecular absorption appears to be satisfactory

for the cases presently considered; higher ambient air density or

lower laser frequency might require their inclusion.

SUMMARY

A model of the laser-supported radiation mode of frontal

propagation in air has been developed. The model, based on several

assumptions about the shape of the wave, has been evaluated and

compared with recently obtained data. In the case of Nd-glass

frequency and standard density air the assumptions are justified and

the predictions of the model explain the magnitude and trend of the

data. In the case of Nd-glass and one-tenth standard air density the

assumption of no precursor emission is not satisfied, and the preoic-

tions deviate from the results of more detailed calculations. In the

case of a CO2 frequency laser the predictions deviated markedly from

measurements.
C,

We speculate that another propagation mode, associated with air

breakdown, is responsible for the CO2 discrepancy; breakdown should

not affect the validity of the Nd-glass application of the model. For

low density air the model requires modification. Questions regarding

the suitability of a steady-state model and of the accuracy of the

data have not been resolved. A finite difference formulation of the

propagation of the radiation mode wave (under development) will

resolve several of the above questions, but do not address th question

of effects of deviations from local thermodynamic equilibrium.
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RADIATIVE ENERGY LOSS

Noe

A wave traveling in air having a high temperature, such as the

laser-supported radiation (or detonation) wave, will radiate some of

its energy into a relatively transparent spectral window. Energy in

this band will be lost from the wave and will not contribute to the

interaction impulse. Similar considerations apply in the case of the

nuclear blast wave and in the shock wave associated with hypervelocity

objects in air, as well as in HE-driven shock tubes.

What constitutes energy lost from the wave depends on the

spatial and temporal scale of the problem. The energy deposited in a

precursor having a one meter characteristic length will be recaptured

by a nuclear blast wave (length scale >> 1 meter), but is effectively

lost from the high-energy laser-target interaction, where the length

scale is of order 1 cm.

As an example of the radiative structure of a strong wave in air

it is instructive to examine a detailed calculation of air shock

waves. [ 10] These show that, for waves into air having standard

atmospheric density, and frontal velocities < 8 x 106 cm/s, the

radiative precursor has components with several characteristic

lengths: a component with length scale O.1 mm due to photoelectric

and line absorption of photons with hv Z 10 eV; a component with

length scale - 1 mn, due to absorption of the 02 Schumann-Runge (SR)

continuum (7eV < hv S 9.7 eV); and a component with a larger

characteristic length for photons with hv < 7 eV, which exceeds a 1

meter mean free path for hv 6 eV. The low frequency (or window)

part of the absorption spectrum is sensitive to the air temperature;

heating will reduce absorption in the SR continuum, but the window

region will become more opaque. At T - 15,000 K, for example, the

mean free path is -e an for 2 eV s hv 1 10 eV.
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The air shock wave calculation[ 10 1 shows that at low shock

temperatures, es s 10 eV, the emitted radiation intensity is approx-

imately that of a black body at the shock temperature; at higher

shock temperatures the intensity is reduced by emission from the

precursor itself. This result is not strictly applicable to the case

of a laser-supported radiation wave because the wave speed for a given

temperature is not the same. As indicated by Equation (11), the

precursor temperature will tend to be lower, due to a higher wave

speed.

Based on the above considerations, an estimate of energy loss in

normal density air is obtained from the radiation into the 0 hv 7 eV

spectral band. Our calculations for this case indicate that the wave

temperature increases slowly from - 7.5 eV at threshhold (intersection

with the LSD-wave), to - 11 eV at D - 1.5 x 10 cm//s. The corres-

ponding precursor temperature decreases from - 2.0 eV at threshhola to

- 1.5 eV. Consequently, the assumptions discussed above should be

applicable. Carrying out the indicated calculation, we find that the

fraction of incident laser energy lost by reradiation aecreases from
7

0.45% at threshhold to 0.06% at D - 1.5 x 10 cm/s. The decreasing

fraction with increasing laser power is due to both a decrease in
4

ce /FL and a decrease in the fraction of black body flux escaping

in the window. An estimate of this kind of energy loss for the case

of 0.1 times the standard air density is not accurate because precursor

temperatures exceed 5 eV for the cases considered.

Based on the above estimate, the energy lost from the wave by

reradiation for standard air density is negligible in the energy

balance. Similarly, the reduction in wave pressure and in pressure on

the target are also negligible. It should be kept in mind that

radiative losses due to small beam diameter have not been considered

in this discussion.
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