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, SUMMARY

v

The influence of ‘aerosols, or particulates, on thermai blooming and gas break-
down of 10. 6 ‘micron wavelength radistion has been measured. When particles asre
irradiated uith high intensity pulsed COé'laser beams, gas breakdown is initiated
and the plasma forméd limits the propagetion. of the beam. Experimental measure-
ments of the threshold for ionization of single particles electrodynamically suss<
pended at the focus of a beam have~been measured. For alumina particles the thres-
‘hold wgs independent Of particle size from 1 to 70 micron dismeter and was C.4 -
l1x10 w/cn?. 'The threshold was found to decrease with increasing background pres-
sure, epparently the result of retardation of the perticle vapor expansion. -Streak
photographs of the plasma expansion and schlieren studies are also reported. A
theoretical analysis of solid particlés laser radistion interaction indicates thati
the mechanism leading to bréakdown is superheating of the particle material with
subsequent ionization of the solid or of the material directly adjacent to the
solid. [ Experimeiits were carried out to examine the thermal blooming of a cw 0
laser beam propageting in a carbon dvst ladened gas used to simulate aerosols and
this blooming was compared with that caused by a molecular rbsorber. Measurements
were also made of the time required to heat single electrodynamically suspended
particles to incandecence in a cw CO2' laser beam; this timé is a measure of the
rate of energy absorption. Transient thermsl blooming of a pulsed CO05 laser beem was
examined in the time regime where the laser pulse was comparable to the acoustic
transit time across the neam, Ta The results show the advantage of reduced thexmal
distortion for lasser pulses whose duration is short c¢ompered to Ty.
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CHAPTER 1

INTRODUCTION

The two main non-linear propagation problems associated with high power laser
radiation in the atmosphere are thermal blooming and gas breakdown. These two
effects can occur in clean: air but they can be an even more severe limitation
if atmospheric asérosols or particulate matter are present. The subject of this
report is the influence of ‘particles on the non-linear propagation of high power
laser radiation.

Gas breakdown is the ionization of air by the interaction of high power
laser radiation with the gas and is generally associated with pulsed laser
sources. When breakdown occurs the plasme- produced attenuates the laser radiaticn

and shields the intended target. For laser pulses that are longer than 107 seconds

the threshold at 10.6 micron wavelength for clean atmospheric air is predicted to
be 3 x 109 W/Cm? (Refs. 1, 2). If sufficient care is taken to filter the air

and reduce the dust amounts to a low level this i5 the observed value (Refs. 3, 4).
However if atmospheric aerosols are present the threshold can be several orders
of magnitude lower than the clean air value. During the: present contract,
experimental and theoretical investigations of the breakdown threshold in the
presence of particulate matter have been carried out. A unigue aspect of this
study was the use of an electrodynamic suspension apparatus which allowed the
study of 2 single particle interaction with the laser radiation. The particle

of known size and material, was suspended at the focus of a pulsed CO, laser and
the threshold for ionization of the air was studied as a function of particle
material, size, background air pressure, laser spot size and laser pulse duration.
The results of thege experiments are presented in the next chapter as well as a
theoreticel model rxich aids in interpreting the data. In addition to the thresh-
old measuremenbs, disgnostic measurement of the laser plasma expansion time
history were made and schlieren photographs of the shock wave were taken.

Thermal blooming, or self-induced thermal distortion, is the degradation of
the lasor beam caused by the thermal lens formed in the atmospheric path by the
energy absorbed from the luser beam (Refs. 5, 6). The energy absorbed is
normelly associated with that due to molecular transitions or the absorption by
rotational transitions of water vepor. The time required to transfer that
absorbed energy into heating, of the gas is generally fast and can be considered
instantaneous. (This is not true in the case of kinetic cooling which in dry
air can occur for times of the order of milliseconds.) Another source of absorp-
tion is that due to aerosols or particles present in the alr. The aerosol con-
tribution to absorption and subsequent heating is particularly important in the
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3 to 5p atmospheric window. It has been found that molecular absorption of
atmospheric constituents for some selected laser lines of DF is extremely low

(of the order 10"8 cmfl) and is potentially very attractive for atmospheric pro-
pagation because of the reduction in thermal blooming (Ref. 7). However if the
aerosol absorption leads to heating of the air path, this would also cause blooming
and would make the DF laser less attractive. The amount of absorption and relative
merit of the different/ASFRS would depend on atmospheric conditions of aerosol con-
centration and other absorbing constituents in ocder to compare the different

laser sources. Experiments have been carried out on a laboratory scale to compare
the thermal blooming which results from particle heating to that caused by mole-
cular gbsorption. An aerosol cloud was introduced into a cell and the thermal
distortion of a‘@Oé bean passing thwough this cell was measured. The particle
density and size distribution was measured as well as the transient response of

the laser beam to the thermal distortion. In addition, single carbon particles
were suspended at the focus of a cw COp laser and ‘the time required for the
particles to heat to incandescence was measured.

In Chapter &, the transient thermel blooming problem is examined. The
analysis and potential adiantage of using laser pulses whose duration is short
compared to the acoustic transient time across the laser beam, t,, were discussed
in Ref. (8). Briefly, the formation of the thermal lens requires that the density
gradients have sufficient time to establish :ne self-induced lens; this requires
a time on the order of the, Ty+ EXperiments were carried out using a specifically
designed pulsed CO, laser whose pulse duration was ~ 3 usec. The relative advan-
tage of a pulse short comparci to, Tgs Was demonstrated experimentally by propa-
gating the laser pulse in a high pressure cell seceded wit] absorbing gas with
nitrogen and also with helium as the vackground gas. The change in background

gas allowed a comparison of propagation under conditions of variable To*

- tadn
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CHAPTER 2
PARTICLE INDUCED GAS BREAKDOWN

2.1 Theory of Particle Induced Gas Breakdown

As mentioned previously, particulates have various effects on a propagating
10.64 laser beam, ranging from particle-induced thermal blooming in moderate
intensity cw beams up to particle-induced gas breakdown in high-intensity pulsed
beams. The present analysis deals with the problem of particle-induced gas break-
down in pulsed beams. Experimental evidence indicates that particulates can
significantly lower the breakdown threshold of air, and that particulates may
account for the dependence of the breakdown threshold on the laser spot size.

As cutlined in (Réf. 8), in order to understand the effects of particulate
matter on the breakdown threshold, it is necessary to investigate three phases
in the laser-particle interaction: (1) the laser energy absorption process ah
the surface of the particle or in the particle volume, (2) the particle vaporlzaulon
kineties, and (3) the interaction of the vapor with the ambient air,

The absorption of radiation by a particle (Ref. 9) depends on the complex

index of refraction of the particle at the wavéelength of interest (n = ny - 102)

and, for a spherical particle, on the quantity x = 2na/)\, where a is the particle
radlus and )\ is the wavelength. The energy absorption cross section is equal to

na? Qabss where Qgng is the efficiency factor for absorption. For particles such

as carbon (n = 1.95, ny = 0.66), Qgpe varies from being nearly proportional to

a (i.e., volumetrlc absorption) at small values of x, to being 1ndependent of x

(i.e., optically thick absorption) for large values of x (Qabs for x 3 1 for carbon).

Thus, we would expect that at A = 10.6p, the absorpticn process at the surface
of particles of ~10u diameter or larger would be similar to the absorption process
at a solid surface. In (Ref. 8), the results of previous studies of laser-surface
interactions were summarized and curves, based on the work of Chang, et al, (Ref. 1)
were presented showing the vapor velocity, vapor density and vapor temperature vs.
the laser intensity for 10.6u radiation and an infinite quartz surface in vacuum.

If one assumes that the ambient air has a negligible effect on the expanding vapor,
one can then estimate the shock strength in air corresponding to the vapor velocity
so obtained. As indicated in (Ref. 8), the results for quartz, et intensities over
the range lO6 108 W/cm , lead to shock heated air temperatures as high as ~ 5000°K,
with corresponding ionization fractions (ne/n of 10

2-1
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While this level of ionization is probably sufficient to initiate gas break-
down via cascade ionization, thé siock heating process appears to have one feature-
which is not consistent with experiment. In (Ref. 8), it was shown that the vapor
expansion velocity and hence the vapor driven shock strength are relatively weak
functions of the incident intensity. On the other hand, as mentioned in (Ref. 8),
the experiments with 504 particles show a very sharp threshold for breakdown.
Thus, based on the above arguments, it would appear that che breakdown threshold
for optically thick particles is determined by heating and ionization of the
particle material rather than vapor-driven shock heating of the ambient air.

Since the majority of the particles in a typical aerosol laden atmosphere
are less than 10p in diameter (Ref. 8), a second analysis has been carried out in
an attempt to understand the heating and vaporization processes for optically thin
particles. 1Initially, calculatiors were carried out for a Sedov-type model similar
to that used by Nielsen and Canavan (Ref. 10). For these initial calculations, the
particle was assumed to vaporize in place at the vaporization temperature T, , defined
as the temperature at which the vapor pressure was equal to the ambient gas pressure
(typically 1 atm). It was assumed that the vapor expanded with uniform temperature
and pressure and with a velocity that varied linearly from the center tc the outer
edge of the vapor sphere according to the equations

% npr3 =M = const , (1)
2
pnr® dr =1 (3 M) d .2
and i 2 ( 5 ) a o, (2)
3.4 2 . |
p ik gp = - bmprv W, (3)

where p is the vapor density, r is the coordinate of the outer edge of the vapor
sphere, M in the total vapor mass, p is the pressure, v 1s the velocity at the
outer edge of the vapor shell, N is the total number of vapor particles, T is the
temperature, and W is the rate of energy input to the vapor from the laser., The
vapor was treated as an ideal gas with the equation of state

_ 3NKT

e (1)

¥ The results of Nielsen and Canavan for the same initial conditions, but using a
hydrodynamic code showec that for the optically thin case, the Sedov model is good
approximation to the hydrodynamic model,
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and the energy input term had the form

W= ML, (5)

-where p is the mass absorption coefficient and I is the incident laser intensity.
The mass absorption coefficient was assumed to have the form

n-1l

b=, (o/p,) (6)
where R is the mass absorption goefficient of the solid, and n = 2 is a typical
value based on the theory of pressure broadening applied to quartz vapor (Ref. 11). g

These equations can be written very simply in terms of the dimensionless f
var}ables X = r/ro, wnere r, is the radius of the particle, z = T/To, Vo = (5% TO/
m )%, where W is the average mass of a vapor molecule, y = v/vo, and w = tvb/ro as i

%E=‘;V s (7)
\"

a -z

Frl (8)

, (9) E

K v.T (10)

is a paramet.r which, for a given particle material and size, is proportional to the
inei’snt laser intensity. The equations have the initial conditions x (o) = 1,

y (0) = 0, and 2z (o) = 1, and, when integrated, reach a quasi-steady solution in
whick. z ceaches a maximum and then decays asymptotically to zero and y asymptotically
reaches a steady state value y_ on a time scale w = 1.
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Plots of z and y, Vs Gl are shown in Fig. 1. For values of G. less than 1,
the vapoxr starts at the temperature T and a density equal to the soJ%d denszty
and reaches the velocity v , with no further heating. At higher values of Gl for
which vapor heatirg is important, the vapor reaches a peak temperature greater
than To and a velocity greater thannvo.

For a spherical particle, the parameter Gl can be re-written in terms of the
absorption efficiency factor mentioned previously as

= Q&bs I/o

2 n kT v
o oo

(11)

Taking Qabs = 1(the largest value for whizh an optically thin analysgs would apply),.

and using the properties of quartz, givss Gy = O. 4 for I,=1.0x10 W/cm

These results can be used to estimate the strength of & vapor driven shock
wave in a manner similar to that for the optically thick case outlined in (Ref. 8).
For the case of quartz described &above, oue obtains a shock Mach number in air of
5 (vased on plane shock relations). This value is somewhat low for shock heating
of air; however, the major conzlusion to be drawn from Fig. 1 is that the vapor -
expaniion velocity is only weakly sensitive to the incident intensity, particularly
at the low values of G, corresponding uvo the experimentally measured values of
aerosol-induced air breakdown. This fact, coupled with the fact that strong shock

heating, based on the theory, would raquire much higner intensities than those measured

experimentally, indicates that the Sedov model described above is not capable of
explaining the serssol-induced breakdown data.

In an attémpt to obtain a better model of the wvaporization process, the above
formulation was extended to include the vaporlzation kinetics of the particle and
to start with self consistent initial conditions.™" The golid was assumed to absorhk
the laser energy uniformly (i.e., the particle was taken to be optically thin as
beforé) and to vaporize from its surface at a rate given by

(12)

b

* Note that this implies on initial pressure in the vapor of the order 10" atm.

*% The previous model ignored the vaporization kinetics, and instead started with

the somewhat arbitrary initial condition of a fully vaporized particle at solid
density.

2.l
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whe;-e-A9 is the surface area of the solid particle, T is the temperature of the
partiélé;~anénpv is the vapor pressure at the tempera%ure Ts'

The solid perticle was -assumed to conduct energy to the vapor (taken to be
auniform in temperature’) via an effective conduction term, written

Khs (Tg-Ty) s (13)

We = o i

¥

where W 1is the rate cf energy conduction kv is the thermal conductivity of the
vapor, ﬁv is the vapor temperature, and T is an effective cohduction length to
account for the spherical geometry (¥ ~ 0.1 r typically).

The governing equations can then be non-dimensionalized as before, and the
equations for x and y written as in Egs. (7 and 8) above. The equations for the
vapor temperature (z,, = Tv/To)’ the vapor fraction (x = MV/M), and the sclid
particle temperature (zs = Ts/To) can be written symbolically as

g%‘y £\ +Vp - Vg, (14)
where V1 is the energy transferred to the vapor via conduction, and V, and V

- S ; 3
are the vapor absorption and e.;pansion energy terms appearing in Fq. %9),

dx
X _a
aw }

where A is the non-dimensionalized form of the vapor production term in Eq. (11),
and

dzg
EF_Gl-Sl-SQ’

(15)
where 8. is the energy lost from the solid due to vaporization and 82 is the energy
lost from the solid via thermal conduction.

Typical solutions for condjtions corresponding to a 10 diam quartz particle
with an incident flux 6f 5 x 10 W'/cm2 are shown in Fig. 2. For these conditions,
w = 1 corresponds to t = 3 nsec. From Fig. 2 it can be seen that when the vapor
begins to expand, the vapor temperature tends to drop (at this intensity, vapor

absorption is negligible), whereas the solid temperature continues to rise to a
rather high superheated value.

Data analogous to those in Fig. 1, but based on the modified Sedov model

described ahove, are shown in Fig. 3. At the lower values of intensity (i.e., of Gl),

2-5
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superheating of the solid is the dominant heating mechanism, whereas, at high
values of intensity, vapor absocption and heating dominate.

Similar results, but for conditions corresponding to a carbon particle, are
shown in Fig. 4. Because of the slower vaporization rate for carbon, compared tc

quartz, the superheating is much more pronounced, and thé solid reaches very high
temperatures even for relatively low intensities.

The general conclusions to be drawn from Figs. (1-U4) are as follows:

1) For the laser intensities corresponding to the experimentally measured
aerosol laden air breakdown thresholds, the vapor expansion velocity is not high

enough to cause ‘shock heated air ionization and is therefore not the likely
explanation of the low threshold.

2) For these same intensities, laser energy absorption in the vapor is too

low to significantly heat the vapor, and thus, direct ionization of the vapor is not
the likely cause of breakdown.

3) It appears that the most likely cause of breakdown (for the short laser
pulses being considered in this study) is superheating of the particle raterial,

due to the finite vaporization kinetics, with subsequent ionization of the solid
or of the material directly adjacent to the solid.

2-6
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2.2 Particle - Irduced Gas Breakdown - Experimentel

The experimental studies of particle induced breakdown during the final
vhases of this contract were concerned with determining the dependence of the bresk-~
down threshold on particle size, laser spet size, and background gas pressure. In
addition diagnostic measurements of the plasma expansion velocity using streak
photography as well as schlieren photography have been carried out.

A brief review of the previous data will be given; the détails are contained
in Ref. (8). During the first six months of the contract, the experimental inves-
tigations involved the setting up of the particle suspension apparatus, and inves-
tigating the threshold for vaporization end ionization as a function of particle
material and pulse duration. The particle suspensior apparatus consisted of a cubical
array of six electrodes with each pair of opposite electrodes connected to one
phase of a three-phase ac supply with a variable voltage of up to 3 Kv. Particles
were dropped through a high voltage discharge, picking up sufficient charge so to
be captured in the AC field. DC bias was applied to each pair of electrodes in
order to position the particle at the focus of a geyrmanium lens. This technique
allows single particle-laser radiation interaction studies where the size and par-
ticle material can be made experimental variasbles. The laser used in these studies
was an electrically pulsed TEA configuration CO2 laser with an output of approxi-
mately one jcule with a 0.2 psecleading spike and a 2 psec lower intensity tail.

The laser counld be operated without nitrogen producing a well defired pulse of

0.2 psec full width at half meximum and no tail., This pulse was used in the majority
of the experiments because the pulse was more well defined. The studies showed that
the threshold for plasma production depends on the peak intensity of the pulse and
not the energy flux for laser pulses of 0.2 to 2 psec duration. The threshold was
independent of particle material for wide variety of materials including salt,
carbon, clay, germenium, aluminum and silica. The threshold value was in the range
of 1 -2 x lOé watts/cma. When a breakdown occured, the plasma produced attenuated
subsequent portions of the laser pulses. The time required for the plasma to
expand and fill the laser spot was consistent with that caleculated for a laser
supported blast wave. At intensities below threshold, some of the particles could
be shattered or vaporized, and this threshold for particle elimination was found

to be dependent not on the peak intensity but rather on the energy flux contained
in the pulse. The threshold for elimineting the particles ranged from 5 joules em™?2
for carbon and clay to 50 joules/cmz {or germanium; salt particles did not interact
with the laser radiation without breaking down, i.e., the salt could not be elimi-
nated without plasma production., During the first part of the contract only parti-
cles of 50 i diameter were used; during this report period the diameter dependence
of the threshold was examined and reported below.
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Particle Size Dependence

The particle size dependence of the threshold was examined using alumina par-
ticles (Aly03). The size range was from 1 te 70 microns diameter and the threshold
data is shown ih Fig. 5. The number next to the data refer to the number of break-
Jdowns observed out of ten shots. The threshold appears to be independent of
particle size for the material and size range. This is somewhat surprising in view
of previously reported results by the Lincoln Iaboratory (Ref. l4) which showed a
size dependence for particies smaller than 10 ymicrons. This dependency has not
been resolved.

The particle sizes were determined by micro photographing a slide containing
a sample of the particles. The large size particles were spherical in shape and
were within 10 percent of the specified size. The smaller particles, (< 8 microns)
were irregular in..shape and some variation in size was observed. The one micron
size particles hed a tendency to adhere together and form clusters which could
affect the measurement of the threshold. From the microscopic photos it appears
that the one p micron particles formed clusters of two or three particles. This
probably would not have a significant effect on the breakdown threshcld since the
bonding must be weak and the laser interaction would break the bond at a low laser
beam intensity and therefore the interaction of the high intensity beam would
be between the small particle and the laser radiation rather than with the cluster
of particles. '

Laser Spot Size Dependence

The laser spot size in the previous experiments was fixed at 500 microns
diameter. Sincé the laser interaction involves an expanding vapor it was felt
important to determine if the threshold depended on the relative size of the par-
ticle compared to the laser spot size, The focal spot size was varied by using
different focal length lenses for the small spot diameters and spherical mirror
were used to produce the largest spots.

The data for the breakdown threshold intensity of the various alumina particles
as a tunction of laser beam diameter are shown in Figs. 6-9. Each Fig. shcws
date for a fixed sized particle from 3 micron up to 50 miecron diemeter. The laser
spot size was varied over the range from 2.5 x 10~2 em up to a maximum diameter of
0.15 cm. The data shows some scatter with the threshold vaerying from 2 tc 5 x 107
watts/cm2. No systematic trend in the data is observed and it is concluded that
the breakdown threshold is independent of the laser beam diameter for these experi-
mental conditions.

It should be noted that earlier preliminary data had shown an apparent laser
spot size dependence and this data was presented at an ARPA/STO meeting held at
Mitre Corporation in June 1973. This data was found to be in error. The apparent
diemeter dependence was caused by deflection of the beam by the germanium attenua-
tor. For small beams the deflection of the beam by the wedged attenuatc~ shifted
the beam and tnerefore showed an apparent higher threshold. For the data shown in
Figs. 6 through 9, the deflection of the beam was accounted for by realigning the
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bean on a wire located et the telescope cross-hairs when each attenuwator was in-
serted in the beam. The error introduced was greatest for the small beam dimseters
(= 10'20h) and little error was introduced for laser beams of 500 microns diameter
which was used in the previous experiments on material dependence. For future
experiments, a better technique for atternating the beam should be determined;
perheps germanium flats with no wedge would eliminate the tedious jot of realigmment
of the beam for each attenuator.

Background .Gas Pressure

The ges breakdown threshold of laboratory air had shown a pressure dependence. ik
This threshold was cu *rolled by the presence of aerosocls but the pressure depen-
dence was -not well understoul: The pressiure dependence could be related to the ﬁ

probability of finding an aerosol in the laser beam or coulé be associated with the
dynamice of the interaction of the expanding particle vapor with the laser radia-
tion. By studying the pressure dependence of the threshold of a single solid
particre che mechanism can be identified.

A pressure tight suspension cell was built for these tests. It was found
that the pressure could only be lowered to 170 torr because of electrical breakdown
between the suspension electrode at lower pressure. It also was not possible to
charge the particles at low pressures and so it was necessary to suspend the par-
ticles at atmospheric pressure and then reduce the pressure by slowly evacuating the
chamber. The pressure dependence of the threshold of aluminum and carbon particles
as a function of background air pressure is shown in Fig. 10, The aluminum particle
breakdown has a slight pressure dependence on background pressure while the carbon
has a somewhat stronger pressure dependence. This pressure dependence is consistant
with that observed for laboratory air. The conclusion reached is that the background
pressure retards the vapor expansion and leads to a lower breakdown threshold.

Particle Plasma Expansion

P

. The expansion of particle induced breakdown plasma is of interest both in
aiding in determining the mechanism causing the plasme productiun and also to |
examine the rate at which the laser beam is extinguished by the expanding plasma.
An STL image convector camera was used to examire the particle plasma expansion.
The camera was used in the streak mode to examire the expansion. Two types of :
particles were examined, both salt and aluminum and for compsrison, a 250 micron
diameter wire.

OO AT

-

A
The streak photograph for a 50 micron diameter aluminum particle is shown
in Fig. 11. A sketch of the lens and position of the focus is shown at the top
and the streak photograph of the plasma luminosity growing toward the focusing
lens. The initial position of the particle is also shown in the photograph. The
lower photograph is an oscilloscope trace which shows the laser pulse (upper trace)
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and the ramping voltage pulsé of the STL streak unit (lower trace) and shows the
relationship of the laser intensity and the streak photograph. As closely as can
be measured the plasma luminousity is first recorded at the peak of the laser pulse
and the expansion velocity is 7 x 307 cm/ sec. A streak photograph of the plasma
produced off of the surface of a 250 micron diameter wire is shown in Fig., 12.

The plasma appears to be formed eariier in the julse but has the same initial
expansion velocity. This velocity increases with {ime when the laser pulse

reaches its pedk value. Longer duration streak pnotos were also taken to determine
the plasma lifetime. Fig. 13 is a long duration streak photo which shows that the
plasma luminosity lasts for times on the order of 5 psec. A streak photograph of
a 50 pmicron diameter salt particle is shown in Fig. 14. Qualitatively, the expan-
sion velocity and plasma lifetime for the salt is the same as that observed for the
aluninum particle.

Schlieren Studies

As discussed in Ref. 8, extensive measurements have been made of the vapori-
zation end breakdown threshold of a single particle using the output pulse from
2 £0o TEA laser. During the second half of the contract period, schlieren photo-
graphs were taixen of the vaporiza*ion and breakdown processes in order to gain
further insight into the basic mechanisms controlling the threshold.

A diagram of the experimental apparatus is shown in Fig. 15. The spark source
emitted a light pulse with a 50 nsec halfwidth allowing the observation of high
Mach number shock waves in air, and the viewing optics provided a 20 x magnifica-
tion, allowing the cbservation of particles down to 5 p in diameter. Because of
spatial and temporal resolution limitations, the system was not intended for use
during the laser pulse; i.e., attempts were not made to photograph the particle
during the time in which it was actually being irradiated by the laser pulse.
Instead the system was used primarily to study the following two questions:

1) Whether the particle could be vaporized sufficiently to generate a shock wave
in air, without causing actual breakdown and 2) whether the particle was vaporized
first and then ionized, causing breakdown; or was only partially vaporized when
breakdown oczcured.,

A typical set of schlieren photographs is shown in Fig. 16. In these pictures,
the lasexr pulse consisted of a 200 nsec halfwidth spike with no tail, and the
schlieren spart source was fired 500 nsec after the peak of the laser pulse. The
particles were 50 p diameter carbon suspended in STP air and the laser fucal dia-

meter was 650 p. The first picture shows that a vapor-driven shoch wave was generated

at the particle at a flux below that required for breakdown. The second photograph
corresponds to an intensity very close to threshold. It should be noted that

the luminosity due to tle breakdown plasma is time integrated (there was no shutter
on the schlieren camers) whereas the shock image corresponds to 2 given instant of
time. The striations in the breakdown plasma may be due to self mode locking of
the TEA laser. The final photograph in Fig. 16 is for aa inbensity well above
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threshold and clearly shows that the breakdown was initiated at the front surface
cf the particle, leaving the particle more or less in tact. It appears that the
breakdown region expanded t¢ Till: the laser focal volume, and then propagated
back toward the laser.

A1l of the data taken in this series. of tests were for the optically thick
case (i.e., x =2 7w a /A > 1) and as expected, the results indicate that breakdown
occurs at the froat surface of the particle. While insufficient tests were carried
sut to determine whether shock heating of the air or direct surface heating initia-
ted breakdown one can counclude that breakdown occurs prior to complete vaporization
of the particle.

2.3 Summary and Conclusions

Results have been presented regarding the initiation of gas breakdown by a
single particle suspended in air. Approximate theoretical models have been
rresented (in this report and in Ref. 8) for the two cases of optically thick and
optically thin particles. Experimental results have been presented concerning the
effects of particle material, particle size, laser spot size, and background gas
pressure on the thresholds for vaporization and for particle initiated gas break-
down. The results of these studies can be summarized briefily as follows:

Theoretical

1) The theoretical study for optically thick particles, based on the results
of Chang, et al (Ref. 11) for quartz and extended approximately to the case of
vapor expardion into a background gas and subsequent shock heating of the gas
vields an ionization fraction of 107" at intensities in the range 106 - 10 W/cm2.
This value of electron density could lead to gas breakdown. However, the results
show only a weak Gependence on the incident intensity, and consequently do not
provide a good explanation of the experimental data. It is possible that & more
rigorous treatment of the vapor-gas interacticn would resolve this question,
however, such an analysis is beyond the scope of the present study.

2) The theoretical study for optically thin particles, based on & modified
Sedov model, indicate that vapor-induced shock heating requires very high inten-
sities (> 107 W/em@) to produce ionization fractions of 107+, and again shows a
weak dependence on the intensity. Therefore, for optically thin particles, the
most likely cause of the low threshold is direct surface heating,

Experimental

1) The threshold for vaporization/ shattering of the particle (i.e., no
breakdown) depends on the energy flux of the pulse, rather than on the intensity.
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2) 'The tareshold for breakdown, i.e., ionization depends on the peak
intensity of the laser pulse.

3) The breakdown is initiated at or very near the surface of the particle and
expsnds to £ill the laser focal volume on a 10-30 nsec time scale. From then on,
the plasma propagates toi ird the laser as a laser-supported blast wave.

4) The breakdovm threshold is independent of particle size, for particles
in the 1-7C p ronge. For particles of 3 i diameter or greater (i.e., x = 2ma/A>1),
this is nct too surprising, since these particles would all tend to he optically
thick, and the laser-solid interaction would tend to be similar to that at an
infinite surface. However, based on theoretical considerations, one would expect the
one micron particles to have a higher threshold. This discrepancy is presently
unexplained.

5) The threshold for vaporization/shattering was dependent on particle
material; however, the breakdown threshold was almost independent of particle
material and was in the range 1 - 2 x 1,08 W/em? for most particles studied and

was lovest for alumina ac a 0.4 x 108 W/cme.

6) The breakiown threshold appears to be independent of the laser spot size
for particles in the 3 to 50 micron diameter range and laser spot diameter in the
2.5 x 1072 cm to 0.15 cm range. This is consistent with a breakdown mechanism in
which the, laser~particle interaction is predominantly a surface effect and occurs
on a dimension small compared to the laser spot size.

7) There appears to be a slight dependence of the breskdown threshold on the
background gas pressure similar to that for laboratory air breakdown. This behavior
is probably related to. the vapor-gas interaction, but, as mentioned above, is beyond
the scope of the present analysis, and has not been explained theoretically.
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CHAPTER 3
CW LASER~AEROSOL INTERACTIONS

3.1 Incaridescense of Carbon rarticles with cw COo Laser Radiiation

In order to gain a better understending of the absorption of laser radiation
by particulates, .ind to study the transfer of this energy to the surrounding air,
experiments have been carried out with single carbon particles suspended in air
at the focus of a cw COy laser. The experimental setup for these measurements
was the same as that for the pulsed studies as shown in Fig. 15 with the exception
that a 10 W cw laser was substituted for the TEX laser. The particles were
suspended electrodynamically as before and the laser radiation was switched on
with a high speed shutter (~ 3 msec risetime). 1n thése experiments, the
Schlieren spark was fired at various delay times, 73, with respect to the opening
of the shuttér. Typical results are shown in Figs. 17 and 18. As with the pulsed-
laser photos, there was no shutter on the Schlieren camera, so that the bright
flash observed at the focus of the laser was integrated in time, whereas the
Schlieren field and the corresponding dark image ~T the particle occured at a
single instant in time. From the sequence in Fig, 17 it can be seen that *he
particle reached incandescence and was very quickly knocked cut of the suspension
cube. In each picture in the sequence (with a new particle on each shot), a
bright flash was c¢bserved visually at the time the 10.6u shutiter was opened.

In Fig. 18, a 100p particle is shown before being irradiated and is shown again
20 msec after the shutter was opened. -Since the particle has moved out of the
incandescent region at the time of the schlieren photo, this ricture clearly
shows that the particle reached incandescence on a time scale less than 20 msec.
The general conclusions from these and other similar pictures are as follows:

1) Carbon particles of 50p diameter or greater, in STP air, heat to incandescence
at a flux of 3 x 103 W/cm2 , 2) This heating occurs in time on the order of 10
msec. 3) The particles do not reach the vaporization temperature (particles
outside of the incandescent region do not appear to have lost any mass), 4) The
100p particles reached a higher temperature than the 50u particles (as expected
based on the energy sbsorption, and thermal conduction processes).

3.2 cw Thermsl Blooming Caused by Aerosol Heating
Under typical atmospheric conditions, the absorption of 10.6p radiation by

various molecular species results in an absorption coefficient of approximetely
1.5 x 107° cm™), and leads to various non-linear propagaticn problems (Ref. 12).
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For somé lasers the molecular abscrption in the air is small < 10"6 cmfl) and

the heating due to aeroéols can dominate the heating cf the air path. For a
typical atmosphere, this aerosol absorption corresponds to an attenuation
coefficient -of approximately 10~ cmfl, but could be higher if the aerosol con-
centration were umsually high {Refs. 13, 15). In general, it is not the lirear
loss in power which §s important but rather the non-linear effects which result
from the heating.

The héating of air due to particulate absorption differs from that due to
molecular absorption in that the heating occurs at discrete centers in the gas,
and for typical aerosol concentrations (5000 particles/cm ) these centers are
quite widely-spaced. Thus, an important consideration in determining the effect
of serosol heating on the laser propagation is the time evolution of the temper-
ature profile. A typical set of profiles, for the case in which the intensity
is turned on at time z = O is sketched in Fig. 19. Initially the thermal dis-
turbancesg are concentrated in regions close to the particles, but after the pro-
files from individual particles have merged, the average temperature of the gas
rises at a rate determined by the heat capacity of the gas and the macroscopic
absorption coefficient associated with the particles. The time for the individual
profiles to merge can be estimated from the thermal diffusion time associated
with the mid-point distance between particles ap shown in Fig. 19. This time
Tep is given by the relation

2
rey = %20 (16)
b x

where p, and k are the density, specific heat and thermal conductivity of the
gus, and, for air at STP and a particle concentrstion = 5000 cmf3, has the
value Top ~ 1 msec.* Since for many cases of interest his is shorter than the
other pertinent times (e.g., the transit time across the beam for the case of
thermal blooming in the presence of a wind), we would expect the thermal blooming
effects due to aerosols to be similar to those for molecular absorbers.

In order to obtain a direct measure of the beam distortion due to a perticu-
late laden atmosphere, experiments weve carried out in a cell containing air
and fine carbon dust. The carbon particles were introduced through a small
hole in the side of the cell and were blcwn into suspension using a swirling
air jet., A portion of the experimental arrangement is shown in Fig. 20. In the

*This expression applies to a colléction of particles of the same size (i.e., with
the same absorption cross section). For an aerosol with a distribution of
particle sizes, an effective thermal diffusion time could be estimated by taking
a welghted average over the particle size distribution and the corresponding
absorption cross section.
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upper photograph, the He-Ne beam (which is co-linear with the €0y beam) can be
seen as scabtered light from the particles in the cell. The lowsr photo shows

a closeup of the particles in the He-Ne beam (the bright spots at the left in
the picture are reflections from the beam splitter and NeCl window faces). In
the experiments, the beam distortion varied slowly with time as the particles
settled out in the cell, with the attenuation over the 1.5 m cell length varying
from ~ 90% immediately following suspension of the particles to ~ 0% approximately
two minutes later. This allowed measurement of the beam distortion for various
particulate concentrations. The present experiments were carried out with nc
transverse wind, and consequently show the affects of particulate induced
blooming in the presence of natural convection.

Typical photographs of the beam profile with various degrees of distortion
are shawn in Fig. 21. The profiles are qualitatively similar to those observed
with molecular absorption. The second photograph in Fig. 21 corresponds to a
linear attenuation of ~ 35%.

Quantitative measurements of the particle-induced beam distzrtion were made
using an integrated irradiance analyzer, which measured the integrated power out
to a radius r in the beam, as & function of the radius r. Typical results are
shown in Fig. 22. Data for molecular absorption with conditions chosen to give
nearly the same overall beam attenuation foe the particles and for the moleculars,
are shown for comparison. It can be seen that in both cases, the centerline
intensity is reduced by approximately a factor of four, whereas the total power
is only reduced ~ 30%, indicating a fairly strong non-linear distortion effect.
In these measurements, part of the particulate attenuation was due to scattering
(see discussion below) rather than solely to absorption, as with moleculars,
and this is reflected in the smaller amount of distortion for carbon particles
versus that for COo shown in Fig. 22.

In order to measure the time response of the particle induced blooming, the

centerline beam intensity was measured with a point detector, with the beam switched

on at time t = 0, Typical results are shown in Fig. 23. The intensity rises
initially to its undistorted value and then begins to drop as energy is transferred
from the particles to the gas, causing thermel lensing. This process stops when
natural convection establiishes a steady state energy balance in and out of the
beam. The response times of the shutter and detector system (~ 50 msec) were

not fast enough to examine the inter-particle temperature profile evolution

effect described above, but the measurements do show that the effects with
particulates are qualitatively similar to those obtained with pure molecular
absorption.

The paxrticle concentration and size distribution at a given instant of time

were determined by drawing e small sample of the particulate laden air through
a O.1p millipore filter and photographing the particles through a microscope.
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A typical photo, corresponding to a total particle density of th cmf3 is shown

in Fig. 2k. By counting particles ir various size ranges, the particle size dis-
tribution shown in Fig. 24 was obtained.

In order to measur. the fraction of 10.6p radiation actually absorbed by the
carbon particles versus that scattered, measurements were made of the pressure
rise in a sealed off absorption cell. The cell consisted uf a 1.5 m long x
3.8 cm ID copper tube with the inner wall painted flat black to absorb any
scattéred radiation. Since the heat capanity of the copper walls was much
greater than the air in the cell, the walls acted as a heat sink for scattered
radiation., It can be shown that for times short compared to the thermal dif-
fusion time from the 10.6) beam along the cell centerline (~ 0.5 cm beam
diameter) to the cell wali, the rate of energy absorption in the gas is related
to the rate of pressure rise by the equation

Qs = _V (p/as) (17)

o
y-1

whera V is the cell volume, dp/dt is the slope of the pressure curve at the
time the laser shutter is opened, and vy is the ratio of specifc heats for air,

The rate of pressure rise in thée cell was measured with a type 1023 Barocel
Eléctronic Mauometer with the signal displayed on an oscilloscope, and the laser
power values at the entrance and exit of the dell were measured with a CRL laser
power meter. Figﬁre 15 shows the relative absorption cross section (ncormalized
to the total extinetion cross section) for various values of total attenuation.
The data were taken by blowing the particles into suspension and taking measure-
ments at various later times (~ 3 minutes for the entire process). Thus, the
data at large attenuations (i.e., earlier in the sequence) are with a higher
fraction of large particles (since these particles settle out faster) and
hence show a higher fraction of scattering versus absorption. At an attenuation
of ~ 35%, corresponding to the data in Fig. 22, approximately 60% of the
radiation was absorbed, with the remainder being scattered.
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In- sumary, the absorption cell measurements with particulate laden air
have show. that pure particulate absorption does lead to thermal blooming, and
that for conditions of the present experiments, this distortion is qualitatively
similar to that for molecular absorption.
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CHAPTER U
TRANSTENT THERMAL BLOOMING

4,1 Intrcduction

One potential advantage of short CO> laser pulses as compared to cw, is a
reduction in the thermal blooming. In order for distortion to occur, the density
of the air path must change which takes some fraction of the acoustic transit

time across the beam. For times short compared to the acougtic transit time the
thermal distortion will be less and this may offer a solution to the therma.
distortion problem. Previous research in th.s area has already chown that there
is an advantage to operating in this time regime. Experiments performed at Lincoln
Laboratory1 showed the decrease in distortvion for pulse lengths short compared to
the acoustic transit time and the theoretical model of UlrichlT predicts a reduction
in the blooming. 1In reference 8 a detailed discussion of the non-dimensiona.
parameter involved in laboratory simulatior @f the transient blooming were given.
These are briefly summsrized in the next sc¢ stion. The experimental program was
carried out using a modified TEA laser where the modificaticns produced an output
pulse of sufficient duration to perform the experiments andé also eliminated the
leading spike of intense radiation normally associated with TEA lasers. The
experimental data demonstrates the potential advantage of using laser pulses whose
duration is short compared to the acousiic transit time across she beam.

k.2 Transient Thermal Blooming Theory

Here, only the perturbation expressionsfor the on-axis intensity are given
to aid in interpfetihg the experimental data. More detailed discussions of the
transient theory are given in Refs. 8, 16, and 17. Simple analytical expressions
for the transient bloomed on-axis iniensity can be obtained using perturbation
theory for pulse lengths t tha* arz both short and long compared to the acoustic
transit time ty, = a/cg, whfre a is the 1/e intensity beam radius and cg is the
acoustic velocity. Thus, the bloomed on-axis intensity relative to the undistorted
value for a pulsed collinated beam uniform in time is given by

I = exp -N ’ (18)

where for the short time limit (tp <<bh)
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i. and for the long pulse case (tp >> th)

:

E N, = c (t/t 20
o

i

‘e and, assuming oz << 1,

N

H

i

7 5 -n o z2 E

1 - c = - —nl-—c-aT . (21)

14 K o %p

Here, n,, n., 00sCp and ¢ refer, respectively to the refractive index; the
index change with respect to temperature, the density, specific heat at constant
pressure 'gnd absorption ccefficient of tne gas, 2 is the pathlength, a is the l/e
Gaussian beam radius and E_ 1s the total pulse energy. The relative on-axis inten-
sity is plotted versus time in Fig, 26 for the three cases: t, = 0.1 %y, tp = ty,
and tp >> ty, with ¢ = 2, The advantage of pulses with regard to reductions in
thermal blooming are clearly shown by Fig. 26 to be obtained in the short time E
Limit, where the distortion parameter Ny is reduced by the factor (tp/th)2 below 1

%

the long pulse value Ny for the same pulse energy. Also, the short and long-time P s
bloo.ing regimes are readily distinguished in Fig. 26 by the t3 and linear time i
deperence Tor Ng and Ny, respectively, Thus, early in the pulse the blooming §;
effects are reduced significantly in the short time limit case as compared with ?2
the same pulse energy beam in the long time limit. b

Ao 5o

To account for focusing, the distortion parameters Ng and Ny in Eqs. 19 and 20
must simply be multiplied by the respective correction factors

h
q F ~LlL+4sF (22)

8(1 - 1/F)° :
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and

F2 -1l+24n7F

2(1 - 1/f)2

g, = (23)

A

2
where F = ka™/z is the Fresnel number with k = 2n/A and ) is: the wavelength. As
the Fresnel number becomes large there is strong focusing of the beam and g5 and
qq reduce, respectively, to ~ F¥/8 and ¥2/2,

k.3 Experimental Arrangement

The laser used in thesé experiments was a 25-cm long transverse finned-cathode,
double-discharge, TEA laser, Three modifications were made to give a long output
laser pulse: (1) the circuit parameters in the pulse forming network were chosen
to give a long current pulse (~ 10 ysec); (2) the laser was operated on a nitrogen
rich mixture (1:3:8;C05:No:He); and (3) a relatively high laser output mirror
reflectivity of 90% was used, together with a relatively long cavity of 3m, giving
small output coupling per pass. The gain-switched spike, more-or-less characteris-
tic of TEA lasers, was not seen, Instead, the laser pulse has a 0.25- psec rise-
time, a full width at half maximum of 0.8 pusec, and an overall duration of approxi-
mately 4 ysec. The 3-m long laser cavity is formed by a flat, 100% reflecting copper
mirror and a 10-m radius of curvature, 90% reflecting germanium output mirror.
Limiting apertures of 1.8 and 2.l-cm diameter are placed adjacent to thé mirrors
to encourage fundamental mecde operation. A pulse energy of 0.16 J is obtained under
these conditions. Focusing the -output beam with a l-m focal length mirror gives
a focus~d: Spot having a 1/g=beam diameter 0.17 cm. The focus occurs 1.8 m from
the face of the mirror due to the curvature of the beam leaving the 10-m radius
of ¢urvature output mirror.

The experimental arrangement used to study the transient blooming with these
output pulses is shown in Fig. 27. The laser output is focused with the l-m radius
of curvature mirror into a l-mn long gas cell, the focus occuring at the exit window
of the cell. Part of the exit beam is deflected by a salt-flat bteam splitter into
& fast Au:Ge detector, the remainder collected by a powsr cone used to record the
transmitted pulse energy. Part of the input beam is deflected by a salt-flat
beam splitter and a turning mirror and travels an equal path length to a reference
monitor, a fast Au:Ge detector, allowing pulse-to-pulse differences in the laser
output to be recoreded for normalization. Pin hole apertures of 0.08-cm dismeter
are mounted in front of the sample and reference detectors and centered on the
beams to record differences in the on-axis beam intensity. The gas metering system
contains the valves and meters required for evacuating (~ 0.3 torr base pressure)
and pressurizing (up to 150 psig) the gas cell. Anti-reflection coated germanium
windows could not tolerate the focused intensity at the exit window (a.lOJ/cme,
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.;107 W/cm?); and, as a result, 0.9-cm thick polished salt flats of 2-cm diameter
are used as cell windows. They withstand the 10-atm pressure differential and the
high focused intensity without damage. ’

For each firing of the laser the transmitted energy is measured and the sample
and referencés traces are taken with a dual beam Tektronix 555 oscilloscope. This
information is recorded first with the cell evacuated for normalization purposes.
Then, a small amount of SFg is added to the cell and diluted with air or helium.
The transmitted energy is measured at pressures of L atm and 10 atm. A higher
transmission is seen at atmospheric pressure, indicating that at this pressure the
absorption is saturated. Generally with a few torr of SFg the absorption at 10 atm
is so strong that no transmitted energy is recorded. By successively pumping the
cell down to 1 atm and pressurizing to 10 atm data c&n be taken with & range of
transmission values.

b
§
N
1‘5

&

k.l Experimental Data

1.

In Fig. 28 oscilloscope traces are shown of (a) the undistorted and (b, ¢)
bloomed laser pulses obtained by monitoring the on-axis focal plane intensity. The
characteristics of the laser pulse and -other pertinent experimental parameters
required for the quantitative analysis of the thermal blooming data are given in
Table I. The pulses used Were nominally of ~ 0.16 J energy and ~ 3 usec duration
as can be seen in Fig. 28-a. 1In parts t and ¢ of Fig. 28 the blooming is produced
by the addition of small amounts of SFg to air and He, respectively. Siwce SFg is
a very strong absorber at 10.6 y (e.g., o ~ 35 m-L for 1 torr SFg in air at 1 atm
total presmrelg) only small quantities were required leaving the properties of the
background gases (air or He) essentially unchanged. To avoid saturation of the
SFg absorpticn the totsl cell pressvre was increased to ~ 150 psig. The use of air
and helium as background gases provided a convenient method of changing the time
regimes of the blooming while using the same ~ 3 sec pulse since the sound veloci-
ties differ by a factor of ~ 2.92 in the two gases. Thus, taking the 1/e beam radius
of 0.85 mm at the cell exit window we obtain for the acoustic transit times the values
of tp ~ 2.46 and 0.8k sec for air and He, respectively. The blooming in the air
case is then largely in the short time regime while with He the long time blooming
case should be observed.

ok

- Ll ¢ o R
R L Gl ot AT S o el Bty BN et AR st mednged
-

[N

wai,
ome-or e

e der <.

L

Evidence of the thermal blziming or beam spreading, which reduces the on-axis
intensity after sufficient energy has been absorbed by the gas, is shown by the
narrowing or decrease in amplitude of the later portions of the pulses in Fig. 28-b,c
relative to the undistorted case in a., In Fig. 29 the relative peak intensity versus
time is plotted for the two bloomed pulses in Fig. 28. The data was obtained by
normslizing the bloomed pulse amplitudes with the undistorted values at 0.25 ysec .
time increments and the absolute values were than determined by extrapolating the £
curves to Igpr = 1.0 at t = 0. The results in Fig. 29 show, as expected, that the
bloomisg in air and helium are characteristic of the short and long-time limit cases,
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respectively. The differerices between the shapes of the measured I curves

and the theoretical curves in Fig. 26 are, no doubt, at least partially due to the
temporal pulse shape which was far from being uniform as assumed in the theory.
Also, in the so-called short-time blooming case in air, the pulse width tp is
comparable with the acoustic time th’ vhich is certainly outside the region of
validity for the perturbation solution and requires the complete numerical solution
for the results to be accounted for.17

In summery, the transient thermal blooming experiments have shown qualitatively
the advantage of the reduction of thermal distortion for pulses short compared to the
scoustic transit time across the beam. The experimental parameters given in Tsble I
along with the temporal histoiry of the laser pulse can be used for comparison of the
numerical solution of the transient thermal blooming with the experimental data.
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TABIE 1
Bxperimental Parameters
Cell Length L = 101 om
Total Pathlength to Detector z = 108 cm
Absorbing Medium:
(Fig. 28b) SF, + Air at 11.2 atm; oL = 1.4
(rig. 28c): SF6 + He at 7.8 atm; aL = 1.3

Focused Beam ife Spot Diameters:

Cell Entrance 0:5 em
Cell Exit 0.17 cm
Pulse Energy 0.16 J

Pesak Power 0.2 W

*
Plecewise Pulse Times

Risetime t1 0.25 ysec
to 0.8 psec
Total Duration t3 3.0 ysec

*
Piecewise Pulse

1.0
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12,

13,
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FIGURES

Maximum vapor‘velocity,y; and maximum vapor temperature zﬁax vs., intensity
parameter Gy for properties corresponding to quartz - Seédov model.

Expanding vapor properties vs. dimensionless time w for quartz - modified Sedov
model. x = coordinate of outer 2dge of vapor sphere, y = vapor velocity, zg -
solid temperature, z,, = vapor temperature, o = vapor fraction.

Maximum vapor velocity, maximut vapor temperature, and ‘maximum surface tempera-
ture vs. intensity parameter G; for quartz - modified Sedov model.

Maximum vapor velocity, maximum vapor temperature, and maximum surface tempera-
ture vs. intensity parameter G, for carbon - modified Sedov model.

Bredkdown Threshold as a Function of Alunina Particle Diameter. Iaser Radiation
is 10.6 micron wavelength and a pulse duraticn of 0.2 psec full width at half

maximunm,

Breakdown Threshold as a Function of laser Beam Diameter. Alumina Particles
of 3, diameter.

Breakdown Threshold as a Function of Laser Beam Diameter., Alumina Particles
of 8§, diameter.

Breakdown Threshold as a Function of Laser Beam Diametér, Alumina Particles
of 15, diameter.

Breakdown Threshold as a Function of Laser Beam Diameter. Alunina Particles
of 70, diameter.

Pressure Dependence of Particle Induced Gas Breakdown.

Streak Photograph of the Plasma Luminosity from a 50, diameter aluminum particle.
The oscilloscope trace shows the relative times between the laser pulse and the
ramping voltage for the streak photograph.

Streak Photograph of the Plasma Luminosity from a 250 micron diameter steel wire.

Stresk Photograph of the Plasma Luminosity from a 50 micron diameter Aluminum
Particle.

Streak Photograph of the Plasma Luminosity from a 50 micron diameter Salt
Particle.
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FIGURES CONTINUED

15. Particle suspension apparatus and schlieren system.

16. Vapor driven shock waves and breakdown for pulsed .aser-psrticle heating.

17. CW laser - particle heating, 50, diameter carbon.

18. CW laser - particle hesting, 100, diameter carbon.

S s

19. Temperature profile development in the atmosphere with particle absorption of
laser radiation,

20. Particle-induced thermal blooming experiment,

21. Beam profile photographs for particle-induced thermal blooming.
22, Beam profiles for particle-induced thermal bloomiag.

23. Laser centerline intensity in the absorption cell vs. time.

2L, Carbon aerosol size distribution.
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25, DNormalized particle absorption cross section for various concentrations and
distributions of carbon particles in air.

26. Theodretical on-axis intensity versus time.

T e T &

27. Experimental arrangement used to study transient thermal blooming.

28. Oscilloscope traces of transient blooming laser pulses, a) no thermal distortion
b) thermally distorted pulse propagating through a gas mixture of SFg and nitrogen o
c) thermally distorted pulse propagating through a gas mixture of SFg and helium, !

29. Relative on-axis intensity versus time. 5
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FIG. 1

MAXIMUM VAPOR VELOCITY AND VAPOR TEMPERATURE VS INTENSITY PARAMETER
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EXPANDING VAPOR PROPERTIES VS DIMENS!ONLESS TIMEw — MODIFIED SEDOV MODEL
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M921503-3 FIG.3

MAXIMUM VAPOR VELOCITY, MAXIMUM VAPOR TEMPERATURE, AND MAXIMUM SURFACE
TEMPERATURE VS INTENSITY PARAMETER G4 FOR QUARTZ -~ MODIFIED SEDOV MODEL
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FIG. 4

MAXIMUM VAPOR VELOCITY, MAXIMUM VAPOR TEMPERATURE, AND MAXIMUM SURFACE
TEMPERATURE VS INTENSITY PARAMETER Gy FOR CARBON — MODIFIED SEDOV MODEL
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BREAKDOWN THRESHOLD AS A FUNCTION OFBACKGROUND AIR PRESSURE
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STREAK PHOTOGRAPHOF PARTICLE INDUCED GAS BREAKDOWN

50 u DIA ALUMINUN PARTICLE

M
:.?égs 0.5CM
———r —
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LASER
BEAM

LASER PULSE INTENSITY
Tmax = 0.8x109 WATTS/CM2

STREAK CAMERA
RAMPING VOLTAGE
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1 STREAK PHOTOGRAPH OF WIRE INDUCED BREAKDOWN
250 DIA STEEL WIRE

13¢cm 0.5 CM
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STREAK PHOTOGRAPH OF PARTICLE INDUCED GAS BREAKDOWN

. 504 DIA ALUMINUM PARTICLE
1
;
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PULSED LASER — PARTICLE HEATING
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CW LASER — PARTICLE HEATING

SINGLE 100 u CARBON PARTICLES

IN STP AIR, 3x103 W/em?

LASER OFF

T4~ 20 msec
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TEMPERATURE PROFILE DEVELOPMENT IN THE ATMOSPHERE WITH PARTICLE
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M921503-3 FIG. 20

PARTICLE—INDUCED THERMAL BLOOMING EXPERIMENT
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BEAM PROFILES FOR PARTICLE-INDUCED THERMAL BLOOMING

(NATURAL CONVECTION CASE}
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INTEGRATED POWER — ARBITRARY .UNITS

16

FIG.22
BEAM PROFILES FOR PARTICLE-INDUCED THERMAL BLOOMING
{NATURAL CONVECTION CASE)
I 1 1 M T T T — T
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CARBON PARTICLES -4
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CENTERLINE INTENSITY VS TIME

(BEAM SWITCHED ON AT t = 0)

CARBON PART.CLES IN STP AIR

ARB UN!TS

0.5 sec/div
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CARBON AEROSOL SIZE DISTRIBUTION

a) PHOTOGRAPH OF PARTICLES (50x MAGNIFICATION)
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NORMALIZED PARTICLE ABSORPTION CROSS SECTION
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FIG. 26

RELATIVE PEAK INTENSITY VS. TIME
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