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ABSTRACT
(Distribution Limitation Statemant A)

A pulsed 10.6 micron laser emitting 20 joules enerpy at a peak
power of 3 megawatts has been used to study laser-supported detonation
waves in air. The thresholds for igniting these absorption waves
have been determined for wvarious metals, plastics, and painted surfaces
{n air. It i{s found that the intensity thresholds vary from 6 x 106
watts/cm? for painted surfaces to 4.5 x 107 watts/cm2 for silica at
standard atmospheric pressure. Such a detonation wave is found to
change features late in the laser pulse becoming a subsonic absorption
wave with a long luminous column of plasma filling the laser beam.
Time-resolved interferometry with an argon laser and interferograms
with a pulsed ruby laser show the ignition, growth, and decay of both
the detonation wave itself and of the radial shock waves which are
produced. These interferograms have been transformed to determine
the spatial variation of the densities. Spectroscopic studies have
been made showing both time-integrated and time-resolved temperatures.
The most prominent lines are those of singly ionized nitrogeu and
oxygen when detonation waves are ignited from reflectivemetals. At
lower intensities, however, target species are observed. Impulse
ard pressure measurements were made with a linear velocity transducer
and an acousto-optic pressure transducer. These measurements indicate
the radial and time-dependence of the shock waves on the tarpet surface.
Theoretical calculations of the propagation of subsonic laser-supported
combustion waves have been performed using analytical techniques and
approximations to thermodynamic and transport properties of air.
Threshold laser intensities greater than 104 watts/cm? are needed in
order to overcome radiagtion losses, and in addition, higher thresholds
are fourd to be beam diameter dependent. The analysis includes the
decrease with distance of the intensity of the laser beam through the

plasma and considers effects of boundaries on the observed propagation

velocities,
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Laser-supported blast waves ignited from silica at
a power density of 3 x 1072watCS/cm2. Fnergy ° 14
joules, spot size * .04 c¢m*,

Laser-supported detonation waves

Cell for pressure dependence tests of laser-supported
detonation waves.

Pressure transients after a laser-supported detonation
wave: titanium specimen, air at 0.2 atmosphere

(upper trace 5 ms/div, 0.10 atmosphere/div, lgwer
trace 1 ms/div, 0.10 atmosphere/div) 346 J/cm®.

Laser-supported blast wave produced from a titanium
target at 0.0l atmosphere with 23OOJ/cm2 after
1Cuseconds. Specimen normal is 30" above horizontal

Laser-supported detonation wave and a blast wave
produced from a fused silica target at U,05 atmospt e
with 194 J/cm? after Suseconds. Specimen normal is
30° above horizontal

Reflected beam laser-supported absorption waves
produced from an anodized aluminum specimen at

one atmosphere and 87 J/cm? at 13pseconds. Specimen
normal is 30° below horizontal

Surface phenomena accompany laser-supported absorption
waves produced from an alumiaum specimen with 4

0.001 cm gloss black lacquer paint coating. One
atmosphere and 173 J/cm? st 1Suseconds

Laser-supported blast wave which developes after the
decay of a laser-supported detonation wave. Soada
glass specimen at one atmosphere is normal to the
incident beam with 233 J/cm¢ after 20usecs.

Laser ~supported absorption wave with a forked front
which developed from a Lucite specimen at one
atmosphere with 346 J/cm? after 10useconds.
Specimen normal is 30° above horizontal.

Double exposure showing laser-supported detonation wave
does not reach the specimen after ignition. 0.001

cm gloss black lacquer ou aluwinum specimen., 167

J/em< at one atmosphere. Surface is shown by low
intensity beam in second exposure. Specimen normal

309 above horizontal.
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Laser-supported detonation wave velocities as a funection

of laser beam intensity divided by medium density.
Lead specimen.
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Analytic function A+B fitted to Marx Bank Laser
power.

Theoretical laser-supported detonation wave motion
compared with experiment.
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apparatus.

Mrwer collected frum 80—100 annular cone.

10.6y power collegtedowithoannuéar acceptance cones
22" where & = 0°, 8%, 10°, 12°, 15° and 18°.

10.6u refracted energy/solid angle from a laser-
supported detonation wave.

viii

Fage

16

19

19

20

21

22

26

27

29

30

31

[P

Fa—

i i b




Figure Iitle Page
24 Ixperimental arrangement for measuring transmission
of a €Oy laser beam through a laser~supported
detonation wave. A is a mirror, B is a chopper
used in order to obtain zero level In the preseuce
of a fluctuating laser output. € is a germanium
fecusing lens, D is a 1 mm aperture, E is a narrow-

band filcer. 33
25 Transmission of COy prube beam through a laser-

supported detonation wave for two Marx Bank laser

energies. 34
26 Ruby Laser Hichelsor Interferometer used tc view

laser-supported absorption wave. 36
27 Ruby Laser Mach-Zehnder Interferometer used to view

laser-supported absorption wave. 41
28 Comparison of a double-pass interferogram with a

shadowgram for lascr-supported detonation waves
which are ignited at a 309 aluminum rarget by 13J
laser berms. 42

29 Growth of a laser-supported detonation wave. Double-
pase inrerferonsrams shiny three times af
ignition at a 30° aluminum target by a
beam.

ter its
157 laser
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SECTION I
INTRODUCTION

1.1 OBJECTIVE
The ultimate limit to the power densities which can be propagated

from a laser to a target is caused by air or particulate induced
breakdown, Recent experimental work(l) indicates that the cold air
breakdown threshold under standard conditions is about q = 2 x 109 watts/

cmL, and we will regard this as the ultimate limit for propagation

ot b 0 vl e e

of 10.6L. energy in the atmosphere. It appears, however, that the most

At il

serious limltation to laser energy transfer to targets is not caused
by breakdown but is, in fact, caused by the ignition of various types :
of laser-supported absorption waves. At high intensities (107<q<109 é
watts/cmz) supersonic laser-supported detonation waves are formed

while subsonic laser-supported combustion waves can propapate at even i
lower intensities (104<q<106 watts/cmz). The purpose of this investi- :
gation 1s to experimentally determine ipnition threshsids and to :
provide sufficient diagnostics on the spatial and temporal development '
of laser-supported detonation waves to allow a comparison between E
theory and experiment. In addition, however, a theoretical study :
is made of the propagation of laser-supported combustion waves. Laser-

supported detonation waves were first observed experimentally by

(2)

while laser-supported comoustion waves were

(3)

Ramsden and Savic
first observed by Bunkin as stationary optical discharges.
The importance of laser-supported detonation waves (LSD waves)
and laser-supported combustion waves (LSC waves) arises because
they can absorb a large fraction of the laser power incident on target.
When a high-power 10.6); laser beam interacts with a solid target,
however, it may or may not ignite such laser-supported absorption
waves. The determination of whether ignition occurs depends on many
factors including: (1) atmospheric pressure and species, (2) target
material and state of the surface, (3) laser wavelength and pulse i
length, and (4) laser intensity. In the absence of any significant ]
ionization in the vapor produced at the solid surface, the laser beam E

is transmitted without attenuation and reaches the solid. As pointed

e
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out by Raizer(4’5’6)

, however, a high~temperature plasma {such as
vaporized metal) can ignite LSD or LSC waves which then travel down

the collimated laser beam absorbing most of the power.

1.2 APPROACH

Because of the complexity of the physics of laser interaction
with solids, a number of experiments (several thousand laser shots)
were performed with the Bo elng Marx Bank Laser. After passing
through various optics, such as wedges, lenses, and mirror required
for beam diagnostics and steering, between 15 and 18 joules of laser
energy at 10,.6L wavelength is available for target interaction
experiments. Further data on characteristics of the beam and laser

reliability are given in Appendix A.

Section II discusses some of the general features of laser

interaction with solid targets and indicates the classes of waves

that exist. In particular, high-speed photographs of laser-supported

detonation waves are shown as well as certain slower waves. These

include various laser-supported vapor jets from the target as well as

6)

laser-supported combustion waves The dependence of LSD wave
velocity on both laser intensity and ambient pressure is determined

by use of streak photography and a vacuum system where absorption

waves are found down to pressures of 8 Torr. A cross beam absorption

experiment is described in which an auxiliary CO2 laser beam is

refracted and absorbed by the plasma produced by the LSD wave.

Section IIl discusses interferometric data and shadow graphs

of LSD waves and target jets taken with a ruby laser synchronized with

the Marx Bank high power CO2 laser. By counting fringes of these

interferograns, one determines, by an Abel inversion, the variation
of the index of refraction of the plasma with radius. Time-resolved
inteyferometry i{s also performed with an argon laser in conjunction

with the streak image converter camera.
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Section IV discussas both time-integrated and time-resolved

spectroscopy of laser-supported absorption waves. Varlous target

Sadowth

materials are examined as well as viewing the "wave' at various
positions from the target surfaces. DIy identification of spectral
lines, one can determine that LSD waves contain mainly singly ionized
air species. At lower intensities one can '"see' both tar, - svectra

and air spectra.

Section V discusses the laser intensity required to iguite
absorption waves from over twenty different targect materials including
metals, plastics, and painted surfaces. The laser ignition thresholds

are also determined as a function of ambient pressure.

Section V1 discusses measurements of target response in terms
of impulse, material removal, and target surface pressures. Impulse

i.. mevasured with a linear velocity transducer and it is observed,

(7,8) (9)

conf irming previou s measurements and theoretical predictions ,
that impulse is nearly proportional to target area when LSD waves
are ignited. Aa acousto-optical pressure transducer was used to make

pressure measurements in the vicinity of the LSD wave.

Section VII is a theoretical discussion of laser-supported
combustion waves (LSC waves) determining velocities of propagation

in the presence of radial conduction losses, optical emission, and

solid bourdaries.




SECTION II
GENERAL FEATUERCES OF LASER-SUPPORTED ABSORPTION VAVES

Different rv + laser-supported absorption waves (LSA

wa\'e:‘)(lc,f’,lo,ll)

are generated and account for luminous phenomena
whirlh occur near solid targets placed at the focus of a high-power
laser beam. At intensities an order of magnitude below the breakdowa
intwnsiCy(Lz) for the gaseous medium (usually air) traveling plasmas
propagate away from the tarpget along the incident laser beam and

are called laser-supported detonation waves (LSD waves). At even
lowver intensities, slower laser—supported combustion waves (LSC

waves) appear.

Several techniques have been used to analyze these LSA waves
and these are discussed in separate subsections below. The most
ieavily used technique of visible optical observation using the TRW
image converter camera with streak and framing capahility has

nroduced a wealth of data, some of which will be presented here.

2.1 OPTICAL OBSERVATIONS

Typically, one cobserves for high intensities a clearly def ined
isolated supersonic spark traveling up the laser heam., At lower
intensities near threshold, one observes with the imape converter
camera slower waves witha luminous column extending to the target
surface. These near-threshold conditions are probably some var iant
of an absorption wave. (PYerhaps a laser-supported combustion wave?)
In any case, the laser energy appears to be absorbed in the plasma

as discussed below.

Most of the photograpis have been made with an inclined target
which allowed a clear discrimination of an LSA wave from vapor jets
of target material as the latter move along a mormal to the target
surface. Spherical shock waves also appear with the vapor jets and
are called laser-supported blast waves (LSB waves). On the other
hand, [.SA waves move backwards along t:e beam, which makes ai: angle

{typlcally 30j) with the target normal. Figure 1 Lhows a typicel
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blast wave, while figure 2 shows a typical LSA wave.

Not all targets ignite LSA waves even at very high-power
densities incident on the target. The formation of a LSB wave, showmn
in figure 1, from a silica target occurred at 25 MW/cmz. Note that

the blast waves do not travel up the laser beam. The photos shown in

 fjgure 1 were made after z “praliminary" laser pulse was incident

‘on the target gurface and dic ignite a laser-supported detonation

wave cquivalent tn the one shown in figure 2, Apparently, the first
laser pulse "cleans” the target surface sufficiently that no surface-
iacuced breakdown cceurs,

¥.igure 2 shows the vropagation of a laser-supported detonation
weve traveling up the Laser bcam. This particular wave was ignited
from a metallic target and shows detonation waves for times less
thar avout 7-sec. These LSD waves are characterized by a narrow
supersonic absorption freut, As the LSD wave moves up the focused
beam, the laser intensity drops toth due to the increasing heam
area and due to the laser power decrease wit time. Ar some critical
laser intensity, the propagation malntenance conditions are not
satisfied and the LSU wave degenerates into a lonz lumirois column

eventually extending to the targer.

The tirst obeervations of detonation waves were performed using
a 40-cw focal length mirror. Toe materials to be examined were
atteched to an aluminum block eet so that the laser beam axis made
ar auglo of 30% with the taryet normal. The axial target position
vas adjusted so that the focal spot occurred at the «irface of the
tesced material. Under these conditiuns, an elliptical laser spot of
the 4 mm major axis by the 3 mm minor axis appears at the target.
When the specularly reflected laser light from the tarpet is collected
and focused on a gold-doped germanium detector, one can determine when
shielding of the surface exists. This kind of measurement of the
laser power reaching the target surface is very useful fn determin‘ng

the presence of absorbing plasmas since weakly absorbing laser
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sparks can also be produced at target surfaces. For our available
laser energy, the craters produced in either metals or opaque targets
are not deep enough to reflect the laser beam out of the collecting

optics.

When the laser intensity at the target is very high (greater
than threshold), LSD waves are ignited in less than .5 microsecond.
On the other hand, when the intensity is too low, one obtserves a
target reflected signal nearly ldentical to the incident laser
pulse. The detector that monitours the target reflected laser radiation
shows that, near threshold, the ignitionof a LSD wave occurs later
in the laser pulse. Because of this, it appears that target heating
is important and that either surface impurities or target material is
va~orized leading to ignition of a LSD wave. This obviously indicates

that metallic reflectivity is important,

The existence of LSA waves was confirmed by observing the
direction which the luminous fronts leaving the target material
traveled. There is no ambiguity concerning the exiastence of detonation
waves ignited at high laser intensities from metallic targets. For
absorbing targets such as Lucite, Lexan and otler plastic and organic
materials, however, a more complicated situation exlists. For laser
intensities below or near the threshold for igniting LSD waves, these
opaque materials are vaporized and tile vapor jets interact with the
background gas (air) to produce luminous blast waves. As mentioned
previously, these vapor jets tend to be ejected in the direction
of the target normal, Near threshold for ignition of LSD waves,
however, it becomes difficult to distinguish between the blast wave
and the detonation wave since both have similar appearanc=zs. The
image converter camera shows that both events can be present at

different times in the same laser pulse.

In order to observe laser-supported absorption waves at lower

pressures, a vacuum chamber was constructed and is showvn in figure 3.
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It has two NaCl windows, one to admit the incident beam and one to

allow a detector to monitor the reflected beam. A Kistler pressure
transducer was inserted to measure the pressure transients which

occur during and after the LSD wave ignition. Such transition pressure
measurements were studied in detail at 1 atmosphere for a titanium
specimen, and many multiple sound wave reflections are seen as indicated
in figure 4. The "DC" pressure rise of ,1 atm is consistent with

the chamber volume, specific heat, and laser energy and indicates

most of the laser energy is absorbed by the LSD wave.

As the air pressure in the vacuum chamber is reduced, the
boundaries of the LSD waves become increasingly less clear. At
pressures below .1 atmosphere, image converter photographs of the -
lagser-gsupported absorption waves gradually tend to appear more and
more like "blast waves' as seen in figure 5. 1In addition, one observes
by monitoring the specularly reflected beam, that coumplete plasma
blocking occurs for shorter and shorter times as the ambient gas

pressure decreases.

For a target such as silica, one can observe both laser-supporrted
absorption waves and laser-supported blast waves during the gsame
laser pulse. An example is shown in figure 6 for which the peak
laser intensity was 2.8 x 107 watta/cmz. During the initial high-
intensity part of the laser pulse, a LSA wave was ignited but also
quickly extinguished. By the time of 5usec, a silica vapor jet
has been formed and has produced a laser-supported blast wave as
indicated by the spreading of the luminous zone perpendicular to the

laser beam.

ton-highly absorbing plasmas can also be formed when lare. beams
interact with targets at peak intensitics less than 1.2 =x 107 waLte/cmz.
An example of such a case 1is shown in tigure 7 where one observes sul-
sonic laser-supported absorption waves traveling both in the uaual
direction (oppousite to the laser propagation direction) and in the

direction of the specularly reflected beam. These LSC waves, traveling 1in
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Figure 2 . PRESSURE TRANSIENTS AFTER A LASER-SUPPOR TED DETONATION WAVE: TITANIUK
SPECIMEN, AIR AT 0.2 AT/10SPHERES (UPPER TRACE 5 IS/D{V, 0.10 ATIAOSPHE. RES/DIV,
LOWER TRACE 1 14S/01V, 0.10 ATIIOSPHERES/DIV) 346 J/CI#-.
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Figure5: LASER-SUPPORTED BLAST WAVE PRODUCED FRGM A TITANIUM TARGET
AT 0.01 ATMOSPHERE WITH 230 J/CM2 AFTER 10 uSECONDS.
SPECIMEN NORMAL IS 30° ABOVE HORIZONTAL.
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Figure 6: LASER-SUIPPORTED DETONATION WAVE AND A BLAST WAVE PRODUCED
FROM A FUSED SILICA TARGET AT 0.05 ATMOSPHERE WITH 184 J/CM2
AFTER 5 uSECONDS. SPECIMEN NORMAL IS 309 ABOVE HORIZONTAL.
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Figure T:  REFLECTED BEAM LASERSUPPORTED ABSORPTION WAVES PRODUCED FROM AN

ANODIZED ALUMINUM SPECIMEN AT ONE ATIAOSPHERE AND 07 J/CM2 AT 13 uSECS.
SPECIMEN NORMAL IS 30° BELOW HORIZONTAL

LASER BEAM LASER BEAM

———e G

SPECIMEN NORMAL IS SPECIMEN NORMAL IS
30° ABOVE HORIZONTAL 30° BELOW HORIZONTAL

Figure 8: SURFACE PHENOMENA ACCOMPANY LASER-SUPPORTED ABSORPTION WAVES
PRODUCED FROM AN ALUMINUM SPECIMEN WITH A 0.001 CM GLOSS BLACK
LACQUER PAINT COATING. ONE ATMOSPHERE AND 173 J/CM2 AT 15 uSECS
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both directions, are evidence for low laser beam absorption. Additional
evidence for the formation of LSC waves 18 shown in figure 8 which
indicates the long absorption lengths that occur at lower laser
intensities. In this case, an LSD wave was initially ignited but

had degenerated into an LSC wave as the laser intensity decreased

later in time (1l5usec) during the pulse., One can clearly note

the luminous column tending to follow the contour of the tarpet.

This type of behavior is discussed in Section VII, where one notes

that heated air in a LSC wave accelerated in the beam direction.

Soda glass is an interesting example of a target which ignites

laser-supported detonation waves easily and also is very absorbing.

[

Figure 9 shows a late-time photograph of the luminosity produced

at such a target by a beam energy much larger than that required to
just reach the threshold of ignition. At this last time, the initially
ignited detonation wave has degenerated into > long luminuous column

of plasma extending to the target surface. This, in turn, indicates
that laser energy reaches the surface and can vaporize the target

material. In this case, the resultant vapor jet has produced a blast

e

wave by interacting hydrodynamically with the air. A blast wave
is again observable as the bright vertical line in figure 9.

A i s

Occasionally other anomalies occur in the appearance of laser-

supported absorption waves. As an example, one sometimes observes
a forked shaped appearance of the absorption front as seen
in figure 10. This may indicate some form of instability related to

the temperature or density profile,

SRR T VRO

As indicated previously in figure 8, the hot gas ejected in the
laser beam direction and toward the target, when LSC waves are ignited,
tends to follow the target contour. This effect 1s also shown in figure
11, but in addition, one observes that the ejected hot gas appears
not to actually reach the target surface. The smallest bright spots

on the target surface were obtained as the result of an earlier, short

14
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Figure 9: LASER-SUPPORTED BLAST WAVE WHICH DEVELOPS AFTER THE DECAY OF A LASER-
SUPPORTED DETONATION WAVE. SODA GLASS SPECIMEN AT ONE ATMOSPHERE IS
NORMAL TO THE INCIDENT BEAM WITH 233 J/CA2 AFTER 20 uSECS.
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Figure 10: LASER-SUPPORTED ABSORPTION WAVF Wi1H A FORKED FRONT WHICH
DEVELOPED FROM A LUCITE SPECIMEN AT ONE ATMOSPHERE WITH 346
J/CMZ AFTER 10 uSECONDS. SPECIMEN NORMAL IS 30° ABOVE HORIZONTAL. %
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Figure 11: DOUBLE EXPOSURE SHOWING LASER SUPPORTED COMBUSTION WAVE EXHAUST DOES
NOT REACH THE SPECIMEN AFTER IGNITION. 0.007 CM GLOSS BLACK LACQUER ON
ALUMINUM SPECIMEN. 166 J/CMZ2 AT ONE ATMOSPHERE. SURFACE IS SHOWN BY LOW
INTENSITY BEAM IN SECOND EXPOSURE. SPECIMEN NORMAL 300 ABGVE HORIZONTAL.
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Figure 12: REIGNITION. THE OSCILLOSCOPE Pi(, TIIRE ON THE LEFT SHOWS THE INCIDENT POWER
INVERTED ON THE UPPER TRACE ANi1 1 HE REFLECTED PG!'ER ON THE LOWER TRACE.

TRIANGLES SHOW THE TIMES WHEN TRW FRAMING CAMERA PICTURES WERE TAKEN.
THESE PICTURES ARE SHOWN AT THE RIGHT. THE LEAD SPECIMEN NORMAL IS 30°
ABOVE THE HORIZONTAL. REIGNITION OCCURS AT C. 302 J/CMZ AT 0.1 ATMOSPHERE.
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time-delay photograph. A double exposure was then made with a second
laser pulse showing the indicated structure of the luminous hot gas.

Apparently, heat conduction at the target surface causes this flowing s

gas to cool and, as a consequence, stop radiating.

Laser-supported detonation waves ignited and traveling away

from a solid target 'sce" a continually decreasing laser intensity. %
This is due both to the focused laser beam geometry which leads to ;
an increasing beam area as well as due to the decrease of the laser
power for times greater than 3usec. At some critical laser intensity,
the LSD wave will not be maintained as the absorption length of the
plasma becomes too great. This increase of the absorption length ;
is clearly observable by the increased luminosity of the plasma

(13)

column. This "bleaching" wave is the effect of heating the

plasma originally formed by the passage of the LSD wave.

When the laser intensity reaches the target surface for the
second time , a re-ignition of laser-supported absorption waves can
occur as shown by figure 12. This is observed by the time variation
of the reflected power from the target. This reflected power is
seen to first increase at about 3.5usec and then abruptly decreases
at about 4.5usec as re-ignition of the absorption wave occurs.
Re-ignition of absorption waves is more evident in the streak
photograph of figure 13. This re-ignition occurs
simultaneously with an increase in surface luminosity indicating that
either.target vaporization or desorption of atmospheric gases leads

to ignition.

2.2 LSD WAVE VELOCITY DEPENDENCE ON BACKGROUND PRESSURE

As mentioned previously, there is a clearly defined luminous
LSD wave shock front for intensities well above ignicion threshold.
A streak photograph (figure 14) taken with the TRV image converter
camera shows this narrow absorption zone. In addition, however, one
notes a number of striations in the luminosity which avre similar to
those observed by Alcock(la) in studies of gas breakdown by high-

17




intensity laser beams. From figure 13 one notes a nearly constant
velocity of the absorption zone of the laser-supported detonation
wave. Thus, slope measurement leada to an accurate determination of
velocity of the LSD wave. This approach was used to determine the
dependence on both intensity and ambient pressure. The tests were
conducted with both aluminum and lead targets because their ignition
thresholds were low and, hence, allowed observation of LSD waves
under wider variations in both laser intensity a..d ambient pressure.
Velocities were determined by the initial slope found on the streak
photographs. Streak photographs taken at lower image magnification
such as shown in figure 14 show both the initial fast velocity
(approximately Mach 10) as well as the final deceleration of the

absorption wave.

Re-ignition of laser-supported absorption waves 18 evident
in the streak photograph shown in figure 15 where one also notes the
appearance of a hot and luminous target surface. This indicates that

the plasma formed after re-ignition is of low absorptivity.

The velocity of LSD waves is plotted in figures 16
and 17 versus (I/p) where 1 is laser intensity and p is background
mass density in g/cms. Theory(a’s)
of (I/O)l/3

agreement wiin experiment. A move us:ful comparison between theory

predicts a velocity dependence

» and these predictions are Jicated, showing a good

and experiment can be obtained by numerically integrating the theoretical
dependence of velocity, v, as dependent on laser intensity as given
by Raizer(ls).

1/3 (1)

v(t,z) = gf" = [JI(YZ - 1)1/0]
In equation 1, 2z is the axial position of the LSD wave along
the laser beam, y is the ratio of specific hezcs, I 18 the laser
intensity, and p is the ambjent gas background density. Using
p =1.22 x 10-3 g/cm3 and vy = 1.17 for T = 15,000 K as discussed
by Zel'dovich and Raizer(l6), one obtaius

18
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Figure13: TRW STREAK CAMERA PICTURE OF A LASER-SUPPORTED DETONATION WAVE
DEVELOPED FROM A 7075 ALUMINUM SPECIMEN AT 311 J/CMZ ANG ONE
ATMOSPHERE. SPECIMEN NORMAL 1S 30° ABOVE HORIZONTAL.
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Figurei4: TRWSTREAK CAMERA PICTURE OF A LASER-SUPPORTED DETONATION WAVE
DEVELOPED FROM A LEAD SPECIMEN AT 302 J/CMZ AND ONE ATMOSPHERE.
SPECIMEN NOHMAL IS 30° ABOVE HORIZONTAL.
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Figure15: TRW STREAK CAMERA PICTURE OF A LASER-SUPPURTED DETGNATION WAVE WHICH
EXHIBITS REIGNITION AND LATER SPECIIMEN HEATING. LEAD SPECIMEN HAS ITS
NORMAL 30° ABUVE HORIZONTAL WIT!H 180 J/CMZ AT 0.05 ATMOSPHERE.
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%% - [6.05 x 1077 I(z,t)]1/3 cm/usec (2)

Il
"

where t ig time in usec, z is position in cm, and I(z,t) is laser
intensity in watts/cm. As noted from figure 2, the laser power versus

time consists of two pulses with peak powers occurring approximately :
at .5usec and 3.lusec. ;

Analytical approximations to the power versus time, P(t), are :
defined by o

P(t) = [A(:) + B(t)] Megawatts

where A(t) represents the earliest pulse with a peak of 2.6 at
.5use¢ while B(t) has a peak of 1.8 at approximately 3.lusec.

8.6 e1.2/: :
t2 1+ e1.Z/t)2

A(t) =

Megawatts (3)

194 e7.1.4/:

t2 1+ e7.44/t)2

B(t) =

The numerical results given in equation 3 are for a total delivered

energy of 15.4 joules. This result is shown in figure 18 and is used
only in solving equation 2.

This laser beam is focused on targets to produce LSD waves.
In our case, the beam converges from 7.6 cm to .24 cm diameter with
a 28-:m focal length lens. The focal area as a function of axial

position z from the minimum focal area is

beam area = (.045 + .058:2)cm2

and the laser intensity is

23
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I(z,t) = P ___ Megawatts/cm2 (4)

beam area B

|
M“ W]y
|
I
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Equation 2 has been numerically integrated for our laser pulse and
the result plotted in figure 19, where the experimental results are

also indicated. The initial LSD wave velocity is approximately

s ol

3.8 x 105 cm/sec showing good agreement with experiment.

et e

2.3 REFRACTION

Laser-supported detonation waves can produce a significant free -
electron density(ls). The local index of refraction will increase T3
with the electron density and may become large enough to cause
measurable refraction. If the absorption length is not too large
and 1f the front of the laser-supported detonation wave has some

radial curvature, some of the incident beam will be refracted.

We attempted to find if such refraction 1is important in the
detonation wave geometry used in our experiments. The focal spot
diameter of the Marx Bank laser beam is 0.24 cm when the beam is
focused by the 28-cm focal length KCl lens. A target was prepared
whose diameter is 0.5 cm and which was supported at the beam waisgt
(ninimum focal area) by a narrow arm. Laser-supported detonation
waves were formed in front of it in the usual way and the beam which
was neither absorbed nor refracted was blocked by the target. A
15-cm diameter focal length mirror was placed behind this target
8o that it imaged the target on a Au:Ge detector. As the laser-
supported detonation wave moved away from the target, ites image moved
closer to the mirror. The detector was placed to intercept the
entire beam which originates from the LSD wave for positions from

the target surface to 2 cm away from the target as shown in figure 20.

The beam can possibly be refracted in angle between 0 and 1800, 3
however, the 15-cm diameter mirror could collect only refraction O

angles between 0 and 22°. The maximum half-angle of the converging

25
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laser beam was 8°. A series of disks was prepared which masked
off the center of the mirror in steps of 8°, 10°, 12°, 15°, and
18°. This arrangement permitted the quantities of radiation

refracted between 0°-22°, 8°-22°, 10°-22°, 12°-22°, 15°-22° and

dul MJA\U [[PwERT

el b

18°-22° to be measured by the detector. A narrow-band filter
centered at 10.6p was placed in front of the detector which allowed
differention between the refracted laser beam power and the LSD

wave black body or line spectra.

Results, which have not been thoroughly subjected to tests
for systematic errors, showed refraction of laser beam power of che
order of a few percent within the 22° acceptance cone of our apparactus.
Temporal behavior in each angular zone was different from the other
zones but was repeatable. A contribution from black body or line
spectra was seen at all angles in addition to . he refraction 10.6u
radiation, Figure 21 shows both the total IR seen by the detector
and the radiation passed by the narrow-band filter when the mirror
annulus defining the acceptance cone has half angles of 8° and 10°.
The broad-band radiation peaked at 4-8 microseconds, but the 10.6u
radiation didn't peak until 10usec. This late refraction seems
sensible only if the refraction was occurring well in front of the
target and the actual angle was close to or less than the beam
convergence angle., Figure 22 shows the radiation passed by the
narrew 10.6p filter for each mask. In general, at higher angles
the peak occurred later. Note that the radiation seen inside the

8° cone is appreciable and occurs early in the laser pulse.

The incremental energy refracted per unit solid angle is
shown in figure 23. This 1s narrow-band, 10.6uL radiant energy,
and there is a falloff with increasing solid angle. Similar behavior
would be expected for refraction by a convex lens whose index of
refraction 1s always less than one and which as a function of radius
monotonically reaches a minimum at the center. This is equivalent

to a plasma core with a radial electron density which peaks at . = 0.

28
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2.4 TRANSMITTED LASER ENERGY

The plasma induced by the laser-supported detonation wave was
studied by an auxiliary laser beam from a CW CO2 laser. A schematic
diagram of the experimental arrangement 1s shown in figure 24. ThLe
€0, probe laser (Sylvania Model 648 with a power output of 2 watts)
was operated in a single mode and had an cutput beam approxima.ely
1 mm in d4iameter. Since the probe laser had some temporal fluctuation
it was necessary to continuously monitor 1its output. This was done
by placing a chopper (B) ir. the probe laser path and chopping at a
frequency of approximately 1 ke.

The Marx Bank Laser is then fired only when the gold--doped
germanium detector indicactes maximum probe power. Thus, one oscillo-
scope monitors the relatively slow chopped time dependence of the
probe laser and also sends a delayed tripger to the Marx Bank Laser.
The high-speed transmitted probe intensity is then monitored with a

separate oscllloscope.

Since the LSD wave plasma is cylindrical and is about 3 mm
in diameter, it acts like a diverging lens spreading out the probe
laser beam. The lens (C) was intended to direct the refracted beam
to the detector. The narrow bandwidth filter (F) greatly reduced
the amount of optical energy originating in the LSD wave itself
which reached the detector. 1In addition, care was taken to reduce

the scattered high-power laser energy from reaching the detector.

An example of the transmitted laser intensity jis shown in
figure 25. There is a small amount of scattered 10.6u laser
energy from the Marx Bank Laser. The time delay to the abrupt drop
in transmitted signal is caused by the distance of the probe laser
beam in front of the target plane, 2 = .64 cm. After the initial
delay, one notes that the transmitted signal is essentially zero for

a period of 35usec or more. Comparing figures 25a and 25b, one

notes a longer time delay before loss of transmission in the lower
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energy LSD wave. Figure 25c¢ shows that the transmitted signal
remains essentially unattenuated (ur unrefracted) for times greater

than 50usec.

From the time delay till probe signal cutoff, as observed in
figures 25a and b, onc can determine the imntengity variation of LSD
wave velocity, (Thi4 was done with a more appropriate sweep speed
of lusec/division.) These data indicates that the LSD wave velocity
V is

v g2 (5)

vhere E is the laser energy (or intensity). This result is consistent
with theoretical expectations of LSD wave theory indicated by equation
1.

lhe interpretation of the data of figure 25 is not completely

understood since refractive effects are not ruvled out. As seen

(7N

from the data of Hora

, an electron density of ng * 1018 at a

temperature of 1 eV(11,600°K) leads to an absorption coefficient k

e il

k . 10 cm-l (6)

Tiis means the transmitted laser iuteusity throvyy the 3-mm diameter
LSD plaswma would be about 5 percent, This 1s consiitent with throughput
observatioas given in figure 25. On the other hana, the "'piasma lens"

would cause a probe laser beam anguiar divergence € of apuruxinately




For n, = 1018 one would obtain a probe beam divergence of

6 = 0.1 radian (8)

. H\‘ "
N ‘1 Lo
1 st ot i i

ol et M, . el .ul

It is necessary, in our experimental arrangement, to place
the lens (C) at a distance of abnut 65 cm from the plasma in order

to reduce scatrered Marx Bank Laser energy and to reduce intense

optical radiation from reaching the detector. In this case, as

seen from equation 8, one expects that the probe CO2 beam (even
without absorption) would be completely-refracted away from the

aperture of the lens (C). For this reason, one cannot claim nearly

RN

100 percent attenuation of the probe laser in the LSD plasma., A

more careful experiment at higher frequency appears necessary in

order to accurately determine absorption.




SECTION II1
INTERFEROMETRIC PHOTOGRAPHY

An event with a nonuniform index of refraction will refract
~and change the phase of light which passes through it. Laser-supported
absorption waves are composed of plasma, compression waves, and
rarefaction waves accompanied by vapor evolved from the target
surface. Each of these alone will wmodify the initial index of

refraction distribution, and all taken together produce complex

changes.

Interferometry compares the phase of an unaffected reference
beam with the phase of a second beam which passes through the event.
In the limit of small changes and essentially no refraction, the
intereference pattern piroduced and recorded in a film plane can be
analyzed to reconstruct the index of refraction distribution., An
additional limitatiun to analysis is the possibility of twe competing
contributions to the refractive index since neutral species retard
the phase while excess electron densities advance it, The summed
refractive index can be determined in many cases where the individual

components of it cannot. For clectrons, the index of refraction, n,
(18)
is

where “p is the plasma frequency. For neutral species, on the other

hand, (n~l) is proportional to the species density.

In a single-pass interferometer, the phase change is seen as
fringe shifts, with one dark (or light) fringe for each 2n of phase
change between beams or for each differential change in path length

of one wavelength., For a single-species neutral disturbance, one
f inds

37
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P=py AAF

- —ALE (9
P L (no 1)

where equation 9 is strictly valid for a uniform plane slab of gas
of density p and an initial density Py In equation 9, X is the
vacuum wavelength, L is the slab thickness, and n, is the index of
refraction of a gas of density °o' (For air, at standard pressure,
(nc-l) = 2,9 x 10-4.) For a fully ionized disturbance, on the other
hand, one finds

w 2

2w2

I

>

AF -~ (no-l) (10)

where we have assumed that wpzlm2<<1. Equation 10 shows that the
addition of electrons to the perturbing media has qualitatively the
same effect as removing the neutral species. Equations 9 and 10
are approximations based on uniform density plane slabs. More

detailed calculatione(zo’21’22’23’24’25)

of realistic geometzies
and allowing density gradients have been previously considered

and these results have been used in the following analysis.

3.1 RURY LASER INTERFEROGRAMS

A ruby interferometer wae used to study laser-supported absorp-
tion waves and vapor jet interaction with air and a schematic
diagram of the experiment is shown in {igure 26. This is a double-
pass Michelson interferometer which doubles the fringe shift but
which also reduces the spatiil resolution since during only one of
the two passes through the event is it focused on the film. A
Pockels cell was used to Q-switch the ruby laser at a preselected
time during the LSA wave. A narrow-band filter and complete light
baffle shielded the £1lm from the intense light of the LSA wave.

38
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A modification of this setup produced a single-pass Mach-
Zehnder interferometer arrangement as shown in figure 27. Mirrors

1 and 2 were replaced by corner cube reflectors which separated the

\
\\ h

- beam in the target vicinity into one element traveling in each
direction. The nature of the ambient interference pattern of the
film changed from an adjustable fringe spacing to a pattern with
only one fringe which occurs when the reference and sample beams
are collimated.

In all the data discussed below, the beam area followed the

indications given in equation 4 with a minimum focal diameter of -

2.4 mm and with the target at that position. By use of appropriate
lenses and spacings, the interferometer was arranged to give a
magnification of 3.17 on the interferograms. Figure 28 1is an
example of a strong LSD wave propagating away from the inclined

target surface and up the laser beam. The appearance of these

1 s e S, . St o e e

interferograms is significantly different from ordinary photographs

which show only the luminous regions. There is clearly a conical

shape which shows the radial propagation of the shock wave created

by the LSD wave. This travels outward to the region beyond the

luminous core. DNear the target, some indication of vapor coming

from the surface is seen. Most of the fringe shift cccurs near the

shock wavefront, however, resolution is lost at the propagation front
of the LSD wave itself, and significant darkening appears as seen

in figure 28.

Additional features of the propagation of the LSD wave and
absorption of the ruby laser wavelength (.694u) are shown in the
shadowgram (figure 28) which was obtained by blocking
the reference arm of the interferometer. Further features of the
growth of the LSD wave firat shown in figure 28 are given in figures
29, 31, and 32. These interferograms were obtained on successive
Marx Bank Laser shots by varying the time delay to the Pockels cell
shown in figure 26. This process is useful here due to the high-
reliability of the laser.
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The method for converting fringe-shift data obtained from the
interferograms to plots of d2nsity versus radius is given in Section

3.3, however, a result of this analysis is given in figure 30. The

ratio (n-l)/(na—l) is equal to gas density ratio (p/po) when the

clectronic contrioution to rhe refractive index 1s negligible. The

date presented in figure 30 were obtained by counting fringes on the

interferogram taken at 5.5usec after ignition given in figure 29,
and at the axlal position of Z = ,98 cm, where Z is the average

T
heixht above the inclined target surface. The sharp dip at the

origin may be an artifact of the analysis procedure, but the picture
is clearly one of a radial cowmpression wave followed by i rarefaction.

T.ie quantity (n-l)/(no-l) is directly proportional to density in the

absence of competing electronic refractive index changes.

The total mass within the 0.5-cm radius disk does not seem to

be conserved if we look at this curve and consider only neutral

species contributions. Radial {ntegration over this volume would

require the peak in (n—l)/(no-l) to reach about 4 for mass conserva-

tion. Otherwise, there is a 30-~percent error in mass congservation.

This contradiction and the necessary resolution of the problem in

terms of electron densitiec and longitudinal mass flow is discussed
below.

A series of radial plots for different values of the average

longitudinal distance from the target is shown in figure 33. These

correspcnd to the four ~uts across the 1llpsec interferogram in figure

L e )
e b 0 i + i a8l A |t ik st Lt

32 at Z = .87, 1.14, 1.4 and 1.7 cm. These all are very similar and

again show the compression and rarefaction regions.

et it

When the Mach-2ehnder configuration of the interferometer as !
shown in figure 27 is used, one obtains high resolution data since

‘ the event is focused on the film and refractive edge effects are

thereby minimized. The overall appearance of LSD waves studied by

both the single-pass and double-pass interferograms is unchanged
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Figure 33: REFRACTIVE INDEX OF A LASER-SUPPORTED ABSORPTION :
WAVE 11 MICROSECONDS AFTER THE IGNITION OF A LASER~ :
SUPPORTED DETONATION WAVE AT A 309 ALUMINUM TARGET !
BY A 15/ LASER BEAM, THIS IS SHOWN AS A FUNCTION
OF RADIUS FOR FOURZ
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except that ~he number of fringe shifts 1s halved as shown by the
comparison presented in figure 34. The three lines 60° apart are
the prism edges of the two retroreflectors. The improved resolution
in the single pass picture allows the propagating end of the LSD
wave to be seen, indicating the complicated fine-grained absorption
and refraction processes which occur. Radial plots of mass density

or (n-l)/(no—l) are shown for these photographs in figures 35 and 36.

As the incident laser intensity is reduced on an aluminum
target, the sharp features of the LSD wave are lost and one obtains
a long luminous plasna column in the vicinity of the beam. An
example of thi, laser-supported blast wave is shown in figure 37
at an intensity level approximately .9 that needed to support a
strong LSD wave. This shock wave is clearly spherical and not
conical in shape and travels at relatively high velocity. On the
interferogram, the shock-wavefront is seen to be much wider than
the compression wave for a LSD wave. Assuming spherical symmetry
of this shock wave, one can analyze the density profile at any chord
of the sphere. Such an analysis has been performed for the cur at
Z = .51 cm and the results are shown in figure 38 as a plot of
(n«l)/(no—l) versus the radial coordinate perpendicular to the laser
beam axis. It is interesting to note that a numerical integration
of the mass density profile shown in figure 38 yields a total mass
constant to within 5 percent of that gas mass originally lying within
the .77-cm radiusc disk. At the present, no self-consistent interpre-

tation of this empirical observation is offered.

The LSA waves ignited from absorbing targets can also be studied
with interferometry and ovne clearly observes evaporated material
leaving the surface with 1its momentum nearly normal to the gurface,.
This can be seen in figure 39 which indicates that at times of 10
anc 20 microseconds, the evaporated silica material flows closely

behind the air shock-wavefront and has well defined boundaries.

The overall event has a spheroidal shape rather than a spherical

one, and the location of maximum negative fringe shift is found to




Figure 36a:00UBLE-PASS INTERFEROGRAM OF A LASER-SUPPORTED DETONATION WAVE
5.5 MICROSECONDS AFTER ITS IGNITION AT AN ALUMINUM TARGET BY A 15
LASER BEAM.

~-7=1.00cm
- ¥=083cm

Figure 34b:INTERFEROGRAM OF A LASER-SUPPORTED DEYONATION WAVE 5 MICROSECONDS
AFTERITSIGNITION AT AN ALUMINUM TARGET BY A 15/ LASER BEAM.
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Figure 36: REFRACTIVE INDEX OF A LASER-SUPPORTED DETONATION
WAVE 5 MICROSECONDS AFTER ITS IGNITION AT AN
ALUMINUM TARGET BY A 15J LASER BEAM. THIS IS SHOWN
AS A FUNCTION OF RADIUS FOR 2=.83CM.
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Figure 37: DOUBLE-PASS INTERFEROGRAM OF A LASER-INDUCED SHOCK WAVE WITH POSSIBLE
TARGET VAPOR 10 MICROSECONDS AFTER ITS INITIATION AT A 30° ALUMINUM
TARGET. THE INCIDENT LASER BEAM HAD 6.1 WHICH WAS SLIGHTLY SMALLER
THAN THE LASER-SUPPORTED DETONATION WAVE IGNITION THRESHOLD.
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10 psec

20 usec

Figura 39:. DOUBLE-PASS INTERFEROGRAMS SHOW A COMBINATION OF LASERINDUCED
TARGET VAPOR AND A LASER-INDUCED SHOCK WAVE AT 10 AND 20 MICROSECONDS
AFTER THEIR INITIATION AT A SILICA TARGET BY A 15 LASER BEAM.
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lie closer to the wave front than to the target. An analysis of the
lower picture at z=1.1cn in figure 39 leads to the radial plot
of (n-l)/(no-l) in figure 40 where, once again, one sees & large

-uniform rarefaction region following the compression wave.

Additional interferograms and a shadowgram of the target-
vaporized material and blast wave produced at a silica target are
shown in figure 41. This sequence of data were taken with a total
delivered energy of approximately 7.5 joules and indicates that the
maximum fringe shift region lies closer to the target surface than
the data figure 39 with a laser energy of 15 joules. The lower
interferogram, taken at 20usec and near the end of the laser pulse,
is analyzed at an axial position of Zz = .68 cm and the results shown
in figure 42.

In addition to silica, Lucite 18 another material which can
absorb very large laser intensities at 10.6u without igniting laser-
supported detonation waves. This is strictly true only after the

target is "cleaned" by a preliminary laser pulse. A series of
ruby interferograms showing the ejection of vaporized target material
from a Lucite target with a total delivered energy of 15 joules
is shown in figure 43. With this energy, the peak laser inteneity
at the target surface is approximately 4.8 x 107 watts/cmz. It
appears, as expected, that the amount of vaporized Lucite target
material is considerably larger than similar interferograms made for

a gilica target and shown previously in figures 39 and 41.

In contrast to the silica interferograms, the vaporized Lucite
material appears to come off at greater angles, and the region of
maximum negative phase change 1lie3s closer to the target than to the
wavefront, however, the overall spheroidal shapes are very similar
in the two cases. An Abel invzrsion of the lower interferogram taken

at 8usec and shown in figure 43, has been analyzed and the results

at z = .54 cm are shown in figure 44. This radial plot of (n—l)/(no-l)
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INTERFEROGRAM 4 usec
INTERFEROGRAM 10 usec SHADOWGRAM 10 usec
1em
Figure4l: INTERFEROGRAMS AND A SHADOWGRAM SHOW THE GROWTH OF LASER-INDUCED
TARGET VAPOR ANO A SHOCK WAVE DEVELOPED FROM A SILICA TARGET BY A
7.5/ LASER BEAM.
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shows two separate wavefronts, indicating that the inner one is
evaporated material. It is coincident with the apparent evaporated
material front in the interferogram. Strong absorption occurs near
the target; however, absorption is weaker near the evaporated

material frent.

Reducing the laser energy by a factor of two causes a reduced
vaporization rate as showr. by the sequence of interferograms of
figure 45. This data for a delivered energy of 7.5 joules should
be compared with the 15 joule data previously given in figure 43.

Little absorption 18 seen near the target, but the absorption
near the evaporated material front remains high. Figure 46 shows
shadowgraph1 which clearly display absorption and refraction regions.
The lower shadowgram was taken just before the lower interferogram
in figure 45. The upper shadowgram was taken earlier on a different
sample which has been exposed to enough shots to develop a noticeable
crater. A definite jet blow-off vffect 1s seen in the upper shadowgram
which 1s only suggested in the lower shadowgram. The lower interfero-
gram in figure 45 was analyzed along the cut at z = .57 cm, and the
corresponding radial ploc of (n-l)/(no-l) is shown in ffgure 47 which
shows a dip in density just inside the compressed region. Such
behavior may occur in figure 44, but be masked by the evaporated
material since there is a downward trend for increasing radius
beginning at the center. 1t should be noted that the plots of
(n-l)/(na-l) are proportional to gas density only when the electron
contribution to the refractive index is negligible and, in addition,
the refractive index ¢’ the gaseous vaporized material is the same
ar that of ailr. At this point, these asgumptions are not verified
and further work is required to obtgin more useful information.

This additionsl work invclves identificatinn of species in the

vanori~ed raterlas and use of two-wavelength interferometry.




e
i

8 ysec

Figure 45 INTERFEROGRAMS SHOW THE GROWTH OF LASER-INDUCED TARGET VAPOR AND
A SHOCK WAVE DEVELOPED FROMA LUCITE TARGET BY A 7.5/ LASER BEAM.
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7 usec

Figury 46

SHADQWGRAMS OF LASER-INDUCED TARGET VAPOR AND A
SHOCK WAVE OEVELOPED FROMA LUCITE TARGET BY A

7.5 LASER BEA/I SHOW PROMINENT ABSORPTION BY THE
LASER-INDUCED TARGET VAPOR.
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The above comments cuoncerning the interpretation of interfero-
metric data apply, as well, to the data on laser-supported detonation
waves. In this case, however, the species are known to consist of
singly lonized nitrogen, oxsgen, and electrons since LSD wave
properties are not dependent on the target material which originally
ignited the wave. This can be seen by comparing the Mach-Zehnder
interferograms of LSD waves ignited from a titanium target (figure
48) to those of figure 29 which show LSD waves ignited from an
aluminum target. This series of interferograms is analyzed at a
fixed distance of T = .32 cm, and the data is shown for the several
instants of time in figure 49. The radial plots of (n-l)/(no—l)
seem to vary with time in a somewhat irregular manner. It is

interesting to note the negative value of (n-l)/(no-l) for the one

microsecond curve which indicates an electronic contribution to the
1
index of refraction., After this time, the inner region shows a 3

low density similar to the previous aluminum data. This 1 microsecond

T

data occurs, of course, near the peak pouwer of the Marx Bank Laser

intensity.

il

A comparison of the radial density profile of LSD waves ignited

from botn aluminum and titanium targets 1s shown in figure 50. These

e il o L

data are both taken at nearly equal distances behind the LSD front
itself; however, the dara are actually taken at different times and

distances from the target. 7The aluminum data is taken from figure 34

st skl

at a distance z = 1,0 c¢m and at a time of Susec while the titanium
data is from figure 48 at 2 = .73 cm and at a time of 4usec. It

is apparvent from figure 50 that the target itsulf plays little role
in the actuai propagation of LSD waves. The target is important, ]
however, in the ignition of the LSD wave where such propertics as

reflectivity and thermal conductivity play a large role. 1

All of the analvzed inte;ferggrams w.jch have been previously
presented show rather small comprersions compared with what one

would expect based solely on predirtions of the shock conservation
(26)

i

equatjons These radial shock wave velocities, V_, as meauvured

R

W
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from the interferograms are related to the normal shock velocity

by Vn = VR cos O, where 6 is the conical shock wave angle. One

can then compare theoretical mass densities based on the shock LT
conservation equation with the interferometric data. This is done
using the interferograms of figures 29, 31, and 32 where data is
analyzed at z = 1.0 cm. The peak compression at the radial shock
waves are thus computed from measured radial expansion velocities.
Typically, the radial Mach number is M * 3 at a time of 5.5usec.

In this way, the peak compression (o/oo) is plotted versus time after
LSD wave ignition from an aluminum target., Figure 51 shows this
computation for y = 1.4 and for y =1.,17. It i1s evident that the
expected compressions of at least 4 are considerably greater than
those previously deduced from the Abel inversions of interferograms.
One possible explanation of this discrepancy is to assume that

there is an impovtant electronic contribution to the refractive

index in the shock wavefront. An estimate of the electron density
required to cause this effect may be deduced from equations 9 and

10, which indicate the opposite contribution to the sign of the
refractive irnde¥. Thus, the measured fringe shift AF is actually

vroportional to

o R 11)

while the reduced data has tacitly assumed a negligible electron

density. Assuming vy = 1.4 and using the data of figure 5], one

obtains

D/o0 = 3.5

at t = 5,5usec. The maximum ''conpression' as measured in fipure 641

is 1.35. The discrepancy between tlhese two results can be resolved
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by assuming an electron density of n, = 2.8 x 10l em °, The

ionization under these conditions is approximately 2.8 percent.

At the later time of 1llusec and agein referring to the results
of figure 51, one finds a calculated peak compression of 2.4 This
compression should be compared with the estimated data of figure 45
which indicates a compression of only 1.25. The apparent discrepancy
can again be resolved by assuming an ionizatior of 2.2 percent.

In this case, the electron density is 1.6 x 1018 cm—3 and (w 2/uz) 2
-4 p
6.9 x 10 .

3.2 TIME-RESOLVED INTERFEROMETRY

In addition to the interferograms previously discussed, which
have an overall view of the "event" at selected times, a Mach-Zehnder
Interferometer was set up using a CW argon laser at a wavelength
of .488u. The interference fringes along a line coaxial with the
high power CO2 laser bean were follcwed to yield time-resolved

interferometry as first demonstrated by Basov(zy).

When the fringe
shift can be followed across the shock front, (in some cases, there

are too many fringes and the photographic resolution is not good enough
to allow the required counting) this fringe-preofile or contour
map of the events' history can be analyzed in space and time to

determinz the index of refraction.

A diagram of this interferometer is showr in figure 52. The
4880 Z beam from the argon laser has only about 0.1 watt, so careful
arrangements were needed to produce usable interferograms. After
initial "beam cleaning', a cylindrical mirror focused the beam to a
line focus in the region in front of the target. Slits near the
target and at several points in the following optical train reduced
extraneous light, Twc prisms split and recombined the beams. The
event focus was in one arm where the CC2 beam was incident on a
target. These prism elements and turning mirrors were adjusted to
product straight fringes which were perpgndicular to the line focus.

After recombination, a unarrow-band 4880 A filter eliminated the unwanted
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LSD light from the event. A spherical lens focused the interference
Vripattern into a line on the image converter tube face. The TRW camera
operated in its normal streak mode to sweep the interference pattern

over a time interval of 1Ousec. An approximate estimate of the
fractional density change can be obtained from the interferograms

by using equation 9 to obtain Ap/po < . 8AF,

Even with great care, the fringe shift at the LSD wavefront

was sufficlently large that we could not count the fringe shift,

il

As a minimum, however, we found at least +2 fringes (and probably
much greater). Part of this problem is caused by both refraction
and absorption of the 4880 K laser beam Ly the high-density gas

at the LSD wavefront. This effect can be seen by observations made
by blocking one arm of the interferometer which leads to a form of
shadowgram. Follewing the large positive fringe shift occurring

at the front of the LSD wave, one observes a negative fringe shift

it &L e

observable in figure 53 for a laser energy of 6 joules., At later

times, slower waves traveling near Mach 1 can be seen, which probably

result from target material vaporization or gas desorption from the

Ak S e i i

target.

it

By making a series of interferograms which cover 40 micro-
seconds, one can observe a third wavefront which i{s very slow (Mach

number .5) and initially appears about 25 microseconds affrer ignition

of the L5D wezve (figure 5&4). In addition to LSD wave ignition,

these targets show interesting effects at laser Intensities below

bt 1 o AL

LSD vave threshold. When laser intensity is high, (7.5 joules) LSD

waves ignited from alumina look the sase as those ignited from

aluminum or other metallic targets as seen in figure 55. The transition
o

(28) at 4842 A 1s sufficiently near

B + X0>0 of aluminum oxide (Al0)
the 4880 g wavelength of the argon laser to be a good absorber of
the interferometer beam. Below intensities for LSD wave ignition,
the vapor comes off with a velocity which increases as laser intensity

increases up to about Mach 1. In this range of velocities, absorption
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Figure53: TYPICAL TIME-RESOUVED INTERFEROGRAM OF THE LONGITUDINAL AXIS OF A
LASER-SUPPORTED DETONATION WAVE IGNITED AT AN ALUMINUM TARCET,
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Figure55: TIME-RESOLVED INTERFEROGRAM OF THE LONGITUDINAL AXIS O7 A LASER-
SUPPORTED DETONATION WAVE IGNITED AT AN ALUMINA TARGET BY A 7.5J
LASER BEAM.
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o
of the 4880 A wavelength becomes progressively stronger, however,
above Mach 1 the air shock wave and vapor front begin to separate E

with the vapor velocity now just under Mach 1 when the air shock

speed reaches Mach 1.3. Under these conditions, the fringe pattern

R

indicates first a positive density increase at the front of Ap/p =
+1.3 followed a short time later by a negative fringe shift of

Ap/p = -1.7. This behavior is seen in figure 56a which also indicaces
that velocity of the vaporized material slows down as it moves

farther and farther from the target surface.

When the CO2 iiser intensity is increased so that the vapor
front velocity reaches Mach 2, a maximum volume of vapor appears
to be produced. This vapor reaches out to about 4 mm from the
target surface and then recedes as shown in figure 56b. As the shock
velocity reaches Mach 3, the vapor appears only out to 1 mm and lasts
for only 2 microseconds. At full intensity, a shock velocity of
Mach 10 is reached and no vapor effect is seen. The data from a
series of such time-resolved interferograms taken with Increasing
energy is shown in figure 57, Each curve i< taken at a different
laser energy normalized such that 9, represents 17 joules of delivered
energy and also the highest available laser intensity. As mentioned
above, at this peak intensity of approximately 5.3 x 107 watts/cmz,
LSD waves are always ignited and no target vapor is observed. All
the curves shown in figure 57 are at lower intensities where signifi-
cant vaporization occurs and show the outer boundary of the absorbing
AlO vapor. The density of the vapor must be high since the boundary
is very distinct and the absorption over the 2-3 mm path ls as much
as 90 percent. It appears that the vapor boundary begins to recede
when a L5SD wave is ignited and this LSD wave then shields the target

surface from the CO2 beam energy and the target surface then cools.

As the LSD wave moves away from the target surface, it sees
lower lar-i Liwn inteasity hecause of the focused condition of the

beam and because the C02 laser power decreases after the initial peak
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Figure 56a:TIME-RESOLVED INTERFEROGRA/A OF THE LONGITUDINAL AXIS OF LASER-INDUCED
TARGET VAPOR AND A PRESSURE WAVE DEVELOPED AT AN ALUMINA TARGET BY A
1.5J LASERBEAM. AIG ABSORPTICN IS SEEN AFTER THE WAVEFRONT PASSES.

- 10
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—_—— - - TIME
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Figure 56b: TIME-RESOLVED INTERFEROGRAM OF THL LONGITUDINAL AXIS OF A LASER
SUPPORTED ABSORPTION WAVE NEAR ITS IGNITION THRESHOL D WHICH WAS
IGNITED AT AN ALUMINA TARGET BY A 3.75) LASER BEAM. A0 ABSORPTION
ISSEEN AFTER THE WAVEFRONT WITH A BOUNDARY WHICH SHOWS THE
MAXIMUM EXTENT OF A10 AS A FUNCTION OF TIME.
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at 0.5usec and again after the second peak at J.lusec. As a

consequence, the LSD wavefront is initially very narrow but widens

as intensity drops. When the absorption boundary slows down appreciably,
the LSD absorption length becomes increasingly greater and appears

from optical data as a wave traveling toward the target surface.

(See Section 1! and 1V for additional details.) At the front of this
wave, Al0 is dissociated and can no longer absorb at 4880 R. At late

times when the Al0 recombines, its density is low because of diffusion

away from the target and little absorption occurs.

Silica is anocher abscorbing target whose vapor, however, does
not absorb at 4880 i. For a full laser intensity of 17 joules,
fractional dersity changes of lAp/p| * 4 occur with vapor induced
shock velocities of Mach 5. From data such as given in figure 58,
it can be seen that for the shock wave (or wavefront) velocities
greater than Mach 1, an additional slower wavefront also exists
wiiich 1s probably the target vapor. At very low incident laser
energies of approximately 1 joule, it is relatively easy and

upanbiguous to foilow these fringe paths.

3.3 ABEL INVERSION AND DETERMINATION OF THE RADIAL VARIATION OF
THE INDEX OF REFRACTION

The fringe patterns discussecd previously require mathematical

(29) in order to obtain the actual variation with radial

processing
position. This occurs because the optical path through the laser-
supported detonation waves samples a continuum of radial positions

on its path through the plasma.

The observed fringe shift as dependent on the linear cbserved

distance x is dependent on ar integral cf the form !

r
N(x) = 2 © n;r%r dr 12)
x r-x
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1.23)
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Figura58: TIIAE-RESOLVED INTERFEROGRAMS SHOWING THE CHANGES IN THE LASER INDUCED
TARGET VAPOR AND IN THE PRESSURE WAVES DEVELOPED AT A SILICA TARGET 8Y
LASER BEAMS WHOSE ENERGIES VARIED FROM 0.84J TQ 1.88J.




which has the inversion

1 /70 N(x) dx (13)
" Vr; -r

In equation 12, N(x) is the phase shift of the interferometer beam

at a distance x from the origin of a cylindrically symmetric
disturbance of maximum radius L The radial dependence of the index
of refraction is n(r) and the derivative of the measured fringe shift
in the x direction is Nl(x).

Our data have been analyzed by a numerical technique derived
in reference 29 which requires evenly spaced input data. This is
necessary since tables of coefficlents are used which minimize error.
The actual data derived from the interferograms is not evenly spaced,
however, and we have obtained such data by fitting piece-wise, cubic
curves to the data points and the interpolating to the required evenly
spaced data points. These data points were then utilized in the
numerical inversion routine along with estimated data points at

maxima.

A test case was devised in order to test the computer program
in which the gas in a cylinder of radius .5 cm was originally uniform
and at atmospheric pressure. This gas was then redistributed to

the following density profile

p/pO = .19 for o<r<.4 cm
(14)

p/po = 1.85 for .4<r<.5 cm
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This step function was then used to calculate the fringe shift AF

as a function of the viewing coordinate x.

AF = [gii \/,zs-x2 - é;%ﬁ V.ls-xz] (no-l) O<x<.b4em

aF

|
ETL Y PP (ng~1) J<x<.Sem P (15) f

A

AF = 0 x>.5cm

This exact fringe shift variation is shown in figure 59 as a function of
x for (no—l) = 2.9 x 10-4 (corresponding to air). This fringe shift
variation was then numerically re-inverted using the computer program

to obtain 8p/p, the fractional density change as a function of radius
which is shown in figure 60. The agreement with the assumed densities
is very good, except near the density step., Twice as many points

per division are used for the outer one-quarter of the radius and

this procedure was followed for all the inversions.
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Figure 59: CALCULATED FRINGE SHIFT ABEL INVERSION TEST CASE
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SECTION IV
SPECTROSCOPIC STUDTIES OF LASLER-SUPPORTED ABSORPTION WAVES

Light emissions from laser-supported absorption waves ignited
by the 10.6 micron CO2 laser pulse at several kinds of solid surfaces
have beer studled by both time-integrated and time-resolved spectro-
scopic techniques. The time-integrated emission spe.tra are
taken with a quartz prism spectrograph (Hilger-Watts) which ig of good
resolution in the near wultraviolet. lidentificat’on ¢t species is

done with the help cf standard reference books(30’31’32).

The time-
resolved spectra of low resclutfon in the visible are taken with a
transmission spectrograph (TRW 4ZA) and an iwa,e converter 2amera
(TRW ID). A correlation with the timz-1integra.ed spectrum yields
information concerning the time variation of the strong emission

lines,

A schematic for the time-rcczolved experiments is shom ia
figure 61. A moveable wmercury lamp is used for both distance and
spectral calibrations. TFor the time-integrated experiments, the
quartz sp2ctrograph is used iustezd of the transmission spectrograph.
The wavelength scales of the spectra are calibrated with reference
lights of hvdrogen, helium as well as mercuryv. The dispersions found

for the two spectrographs are summarized in Table 1.

Tanle 1

Dispersion cif Spectrescopic Instruments

(9] (€]
Wavelength (&) ispersions (A/mm)
Hilger-VWatts TRW &<A
2000 4.1 -~
2500 8.5 --~-
3000 15 —--
3500 Za -—-
4000 35 129
5000 5 144
6000 195 157
7000 145 —--
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Two types of absorption waves have been studied so far. They

are:

f (a) The laser~supported detonation wave which travels towards the
laser light source at a supersonic speed and consists mainly
+ + A+ + .
of N, 0O and a small fraction of N and 0 ; and
{b) The laser-supported blast wave which travels along the outward
surface norrnal of the tarpet at a slower speed and consists
mainly of molecular and atomic species derived from the target

materials.

In addition to the experimental studies, a theoretical calculation

of the equilibrium compositicn of air has been carried out. The
temperature and the electron density in the LSD waves are estimated
to be greater than 25,000°K and 1.5 x 1017 pEr cma, respectively,

Details of the results and analyses are presented below.

4.1 TIME INTEGRATED SPECTRA

Emission spectra of laser supported ahsorption waves generated
from targets of aluminum, copper, nickel, tungsten, soda glass, Teflon,
masking tape, boron nitride, alumina and others are recorded with
spectroscopic plates (Kodak type 1-F and 1-0). The intensity versus
wavelength trace is obtained by using a microdensitometer. Some

preliminary results have been described in an earlier paper(33).

We note that the preliminary experiments have been performed with
the axis of the spectrograph arbitrarily located at 300 from the
axis of the laser beam. The spectra obtained at 30° (the next five
figures) are of a greater light intensity but otherwise not muck
different from those obtained at 90° (the remaining figures in this }

seclion).
Figure 62 shows a section of the spectrum in the range from

o
2280 to 2620 A obtained from an aluminum target with a 7-joule

(o]
pulse. The carbon lines at 2296.9 and 2478.6 A establish the wavelength
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scale. The vertical lines in the figure designate the wavelength
and intensity of all nossible emission lines of N+, 0+, N++ and

0++ (obtained from a condensed electric spark through air) as listed
in Striganov(Bo). It 1s apparent that a large part of the spectrum

can be identificed as due to N+ and 0+, while a small vart can be

attributed to N++ and 0++. We have searched for neutral atomic
and diatomic speciee of air but have failed to find them. The
small amount of carbon present in the spectrum may be either due to
evaporation of the absorbed layer on the surface or due to some

carbon-containing magterials in air.

Figure 63 shows a section of the spectrum obtained from a
masking tape target in which a hole 1s burned through the tape for
each shot. Comparing with figure 62, we see that the carbon lines
are more prominent whereas the N+ and O+ lines are slightly weaker
in figure 63. Other featuvres in the spectrum include emission
lines of Mg ,2852.1 R), Mg+ (2795.5 and 2802.7 X ), the CN violet
band system (B+A, with 0, O ot 3883.4 g), etc. We note that the
spectrograph is aligned such that light emission from epecies
derived from target materials illuminates the entire slit. In
contrast, the N+, O+, C+ and C++ lines illuminate only a fraction
of the slit. It appears that some carbon evaporated from the surface
during the initial stage of laser irradiation 18 heated by the LSD

wvave.

Figure 64 shows a section of the emlssion spectrum in the range

o
from 2400 to 2700 A obtained from a soca glass target. In addition

+
to the N and O+ lines from the LSD wave, emiss'on lines from the

b s

target materials such as Na and S1 are vaery prominent. (The sodium i
D-1lines at 5890 and 5896 X are observed to a distance as far as

1.5 cm from the target.,) Of special interest is the 51" 1ine at
2541.8 g which 1lluminetes only a fraction of the glit similar to
the behavior of C+ and C++ discussed above. 1t is iikely that some

silicon evaporated from the surface during the initial stage of
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laser irradiation is heated by the LSD wave.

Under certaln conditions, the laser irradiation on a target
surface does not generate a detonation wave but a blast wave. The
emission spectrum in the latter case consists mainly of bands from
molecules at a much lower temperature (probably in the range fiom
3000o to 4000°K as observed in a flame).

Figure 65 shows the spectrum from an aluminum-black tu.rget
(which is very heavily anodized aluminum). The atomic lines
of Al and Na served to establish the wavelength scale. A well
developed band system is attributed to the Al0 (B-+X) transition.(32)

o
The Kodak 1-F plate 1is sensitive for wavelength shorter than 7000 A,

Figure 6 shows the emission spectrum from a boron nitride
target. Calcium is found to be a major impurity in the target.
A series of waves of bands with maxime designated by arrows can be
identified as the triatomic molecule B02(32). Note the LSD waves
have been generated with these strongly absorbing targets at high

laser energies.

Emission spectra have also been taken with the spectrograph
located at 907 from the laser beam. Figures 67, 68 and 69 show
three cections of the spectrum of an 1.SD wave generated with a 15-
joule pulse and looking at 7 mm in front of an aluminum target plate.

All possible lines of N+, O+, N++ and O++ from the reference book

by Striganov and Sventitskii(30) are designated. The arrows at the
bottom of figures 68 and 69 indicate the strong lines which show

up In the time-resolved spectrum. The four sections of the LSD

wave spectrum presented in figures 62, 67, 68 and 69 are typical for
all metallic targets which reflect the 10.6u light. Even for an
absorbing target, the same spectrum persists provided the laser pulse
energy is much above the threshold for the generation of an LSD

wave.
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4.2 EQUILIBRIUM COMPOSITION OF AIR AND TEMPERATURE ESTIMATES

In order to estimate the temperature and the electron density
in the LSD waves, a theoretical computer calculation (previously
developed) of the equilibrium composition of air has been carried
out. The basic assumptions are ideal gas behavior and instant
equilibrium. For each possible species, neutral or charged, the
total partition furction is written in terms of atomic or molecular

constants avallable from optical spectroscopy(Ba).

Thermodynamic
functions sucn as entropy and free energy are related to the partition
tunction by the standard formulae derived {rom statistical
mechanics(Bs), At a given temperature and pressure, the equilibrium
composition is found by an iteration procedure which minimizes the
free energy of the system subject to the cornditious of conservation

(36)

of charge and mass Earlier work and other methods for the

calculation of equilibrium composition cen be found in a review

(37;
paper .

Starting from a combination of 79% nitrogen and 21% oxygen, the
equilibrium composition of air has bteen calculated for pressures from
0.01 to 100 atm and for temperatures from 103 to }OSOK. Figure 70 shows
the calculated air composition at 1 atm for temperatures below
ZO,OOOOK. Tk~ number density n (per cm3) for a given species can be

calculated by

ne= 7.35 x 1021 F P/T (16)

where F is the mole fractica, P 1¢ the pressure (in atm) and T is
the tempevature (in oK). We gee that as the temperature increases,
the molecules dissociate into atoms which subsequently ionize.

For the convenience of discussion, a cross-over temperature, Tc’ can
be defined. At 1 atm, the TC for (Nz, N) and (N,N+) are found at
6600 and 14,7000K, respectively. On the other hand, the 02 mnlecule
15 not su strongly beund so that the Tc for (02, 0) occurs at 3400°K

(see f:gzure 70).
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Figure 71 shows the calculated air composition at a pressure of
100 atm for temperatures below 20,000°K. Comparison with the previous
figure shows a qualitative similarity except all the cross-overs
tend to occur at a high temperature for the high pressure case. A
summary of the TC for species in air is shown in figure 72. Our
results are in good agreement with earlier calculations on the

/
composition of air\38’39).

As mentioned previously, the emission spectrum of the LSD waves
consist mainly of N+ and 0+ with a small contribution from N++ and
0++ (figures 62, 67, 68 and 69). 1f local thermodynamic equilibrium
is assumed, then the temperature in the LSD waves is estimated to
be slightly lower than the T, for (N, 8y and 0, 0™). For LsD
waves at 1 atm, the estimated temperature is about ZS,OOOOK and the
electron density is 1.5 x 1017 per cm3. If the pressure in the
LSD wave is 100 atm, the temperature aud electron density are estimated
as 40,000°K and 1.0 x 1019 per cm3, respectively
(40)

According to Griem , a measurement of the relative line
intensities of subsequent ionization stages of the same element
yields information concerning the temperature of the species. Ve
find in figure 63 that the intensity ratio of the lines C++

(2296.9 X) and C+ (2509 to 2512 2) is 0.67 after correcting tor the
continuum background. This yields temperatures from 23,000 to
37,000°K for electron densities from 1.5 x 1017 to 1.0 x 1019 per
cm3, respectively. The line intensity can be measured quite accurately
by weighing the cutout of a spectral line from a chart paper. For
example, the inteusity ratio of the C+ (2509.1 Z) to C+ (2511.7

and 251:.0 X) is found to agree with the ratio of their transition

(31)

probabilities to within .03. However, the temperature is not

40
very sensitive to the intensity ratio( ).

Another estimate of the temperature is obralned from the intensity
(41)

b4

distribution of the continuum emission. For a perfect black body
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Lhe spectral energy density function exhibits a maximum at hv = 2,822kT.
The continuum spectral emission recorded from strong LSD waves

(at intensities well above threshold) exhibit two broad maxima

as a function of wavelength, however. The first one, between 4500

and 2600 X would correspond to a black-body temperature in the range
between 12,0000 and ZO,OOOOK. The second one, located at a wavelength
shorter than 2000 g would correspond to a temperature higher than
20,000°K (which could be the LSD wavefront temperatur. during the

early stage of the laser pulse).

For a target which absorbs light appreciably at 10.6u , a blast
wave is observed. 7The emission spectrum in this case consists
mainly of bands from molecules at a much lower temperature (probably
around 4000%K as occurs in flames). The results shown in figurcs
65 and 66 tend to confirm the theoretical work by Chang, Drummond,
and Hall(az) that the molecular species evaporated from an opaque
target may become transparent to the laser radiation when the vavor
is heated to around GSOOOK, provided the laser power density is

below the threshold for breakgown.

4.3 TIME-RESOLVED SPECTRA
Time-resolved emissjon spectra of LSD waves have heen obtained
from several types of targets (soda glass, carbon, sapphire, boron
nitride, aluminum plate, etc.) as a function of laser pulse energy,
distance from the target and delay time. A schematic of the
experimental arrangement is shown in figure 61. The transmission
spectroggaph yields a spectrum in the wavelength range from 3800
to 6200 A . Typical time-resolved spectra of LSD waves obtained at
7 mm in front of an aluminum plate during the first 10usec of the
laser pulse with energies of 15 and 7.5 joules are shown in Figure 73.
Mercury reference lines superimposed -n the spectra are also shown,
Each flgure 1Is a single exposure picture takern with Polaroid type
41C filme of speed ASA 10,000. We see in these figures that the ) ¥
velocity of tie wavefront, as expected, depends on the laser energy. .

in figure 73a, the light emission e.hibits a break in time, which
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occurs for a higher energy pulse and at a distance close to the
target. The spectrum is characterized by about a dozen emission
lines superimposed on a continuum., The LSD wave, once generated,
yields a spectrum which seems to be insensitive to the type of
target, distance, laser power and delay time, except for intensity

variations. For absorbing targets, emissions from target materials

o e Vo el

are observed following the 1.SD wavefront which contains air species
only.

Time-resolved spectra of LSD waves have also been taken with
Kodak Royal Pan film of speed ASA 400 for micro-densitometric
analysis. The results of 10 superimposed exposures at two-time larger
f-stop yields a spectrum of almost identical appearance compared
with the single exposure picture. Figure 74 shows the spectra at
3, 7 and 9usec after the start of the 15~joule pulse and looking
at 7 mm in front of the aluminum target plate (same conditions as
for figure 73a). Full widcth at half maximum of spectral lines as
small as 24 X has been observed in a helium reference spectrum.
(The inherent line width is 15 X.) However, the line widths in an
LSD wave spectrum are typically broader than 50 X due to the
necessary Intensity-resolution trade-off and unresolved features

in the spectrum.

Ve see in figure 74 that the emission spectrum at each instant
seems to be the same except that the intensity changes with time.
Identification of peaks in the time-~resolved specctrum is accomplished
with the help of the time-integrated spectrum (see the arrows at
the bottom of figures 68 and 69). Due to the response threshold of
the image convertor camera, the weaker features do not showv up in
the time-resolved spectrum. Thus, all peaks én figure 74 have been
assigned to N+ except the small peak at 4350 A which is attributed

+
to 0 . The LSD wave spectrum (N+ and O+) lasts for about 25usec,

which is the duration of the laser pulse.
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In order to demonstrate the temporal development of the LSD

o .

waves, we have chosen tie N+ 5005 A line (actualiy many unresolved _
lines plus the continuum background). Figure 75 shows the intensity _

variation of this line obtained with 15 joule pulses from an

aluminum plate target it distances from 1 to 20 mm. From the onset
of Lhe wavefront (arrows pointed downwards) an average forward speed - é
is estimated to be about 4 x 105 cm/sec. A striking feature of this 7
figure is that the light emisgsion 1s not continuous in time. At
distances ¢¢ 7 mm and smaller, there exists an interval within

which the intensity is essentially zero. The onsets of the second
luminous part (arrows pointed upwards) seem to indicate a wave
traveling back to the target. The average backward speeds are
estimated as 106 and 7 x 105 cn/sec between 7+4 mm and 4+1 mm,
respectively. These waves have previously been observed by image
converter photographs as indicated in Section II and in the interfero-~
metric data of Section 1II. These backwaru waves are the result

of the increased laser absorption length as the laser intensity

decreases at the frout of the LSD wave.

Figure 76 shows the temporal variations uf the LSD waves as
represented by the N+ 5005 2 line at several energies by looking
at a fixed distance of 7 mm in front of an aluminum plate. The
results shown in figures 75 and 76 suggest that the break in emission
intensity is related to the high electron density of the LSD wavefront.
After an alr breakdown has been triggered at the solid surface, the
plasma absorbs radiation by inverse Bremstrahlung and travels towards

the laser light source as a detonation wave.

From a time-resuvlved spectrum, one can measure the time it takes
for an LSD wave to travel a given distance. Results on five different
targets at three pulse energies and four distances are summarized in
figure 77, For targets which absorb the 10.6 micron energy, the
ignition of LSD waves is often delayed and the scattering of data
points in the figure indicates the difficult nature of the experiments.

The target samples were chemically cleaned but are typical of those
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found in a labvoratory with unspecified surfaces in which contaminations

on the suyrface may be important.

Flgure 78 shows the average forward speed of an LSD wave which
traveled Letween 1 and 4 mm plotted against the cube root of the
laser pulse energy for several targets. For an ideal detonation
wave(a), the speed is expected to be proportional to the cube root
¢f the power density. 1In the present experiments, the 10.6u laser
pulse exhibits two peaks at 0.5 and 3usec after the start of the
pulse (with maximum power densities of 5.0 x 107 and 3.0 x 107
V/cmz, respectively); it then decays to zero at the end of about 2Z>usec.
Since the surface cond tior and ignition delay may vary from one
experimenr to arother, the 'aser power responsible for each LSD wave
also varies. 1In view of this, the qualitative agreement with the

one-third power Jepenvence should be regarded as satisfactory.

It is perhaps evident from the results in Figure 78 that the
average speed of LSD waves generated from soda glass and alumina
are somewhat higher than that from the other two targets. One possible
reason for this may be because soda glass and alumina targets yield
metal vapors of sodium and aluminum which are easily ionized. We
ncte also that the threshold for ignition of LSD waves are also

lower for soda glass and alumina (see Section V).

For a <waple which absorbs the 10.6u laser light appreciably,
a blast wave propagating normal to the target is generated. The
vmission spectrum in such a case consists of target materials which,
in contrast to the air species, travel a shorter distance at a slower
speed and emit light lonrer, e.g., Ca (4226.7 2) and Ca+ (3933.7 and
3968.5 g) from “:oron nitride or glass: Al (3944.0 and 3961.5 X)
and AlO (BX, with zevc-cero at 4842.1 g) from alumina, etc. Thus,
with the laser veam perpendicular to the sample surface, one first
observes the LSD wave with a characteristic air spectrum followed

by evaporated materials from the tarpet.

n3




found in a laboratory with unspecified surfaces in which contaminations

on the surface may be important.

Figure 78 shows the average forward speed of an LSD wave which
traveled between 1 and 4 mm plotted against the cube root of the
laser pulse energy for several targets, For an ideal detonation
wave(a), the speed is expected to be proportional to the cube root
of the poser dunsity. In the present experiments, the 10.6u laser
pulse exhibits two peaks at 0.5 and 3usec after the start of the
pulse (with maximum power densities of 5.0 x 107 and 3.0 x 107
V/cmz, respectively); it then decays to zero at the end of about ZSusec.
Since the surface condition and ignition delay may vary from one
experiment to another, the laser power responsible for each LSD wave

also varies. 1In view of this, the qualitative agreement with the

one-third power dependence should be regarded as satisfactory.

It is perhaps evident from the results in Figure /8 that the
average speed of LSD waves generated from soda glass and alumina
are somewhat higher than that from the other two targets. One possible
reason for this may be because soda glass and alumina targets yield
metal vapors of sodium and aluminum whicli are easily ionized. Ve
note also that the threshold for ignition of LSD waves are also

lower for soda glass and alumina (see Section V).

For a sample which absorbs the 10.6u laser i1ight appreciably,
a blast wave propagating normal to the target is generated. The
emission spectrum in such a case consists of target materials which,
in contrast to the air speciecs, travel a shorter distance at a slower
speed and emuwt lighc lonpev, e.g., Ca (4226.7 g) and Ca+ (3933.7 and
3968.5 X) from boron nitride cr glass; Al (3944.0 and 3961.5 g)
and Al0 (B+X, with zerc-zero at 4842.1 X) from alumina, etc. Thus,
with the laser beam perpendicular to the sample surface, one first
observes the LSD wave with a characteristic air spectrum followed

by evaporated materials from the target.
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Figure 79 shows the emission spectra of laser-supported absorp-
tion waves excited by a 7.5 4oule pulse from an aluminz sample and
looking at 4 mm in front of it. At 2usec, the spectrum is very
similar to the air spectrum (N+ and 0+) shown in figure 74. The
emigssion intensity decreases to a minimum after 4usec and increases
again after about Susec (similar to the general behavior shown 1in
figures 75 and 76). At 15usec after the start of the pulse, the
snectrum exhibits emission features of Al and Al0 superimposed on

the "air' spectrum.

The emission spectrum of the B+X transition in AlO is of particular

interest because the separations of the vibrational energy levels

in the B22+' state are slightly smaller than tne laser photon energy.
Figure 80 shows the spectra obtained 1 mm in front of an alumina
sample with several different energy pulses. For the 13 and 7.5~
joule cases, strong emission from N+ and O+ is excited during the
earlier part of the laser pulse. At l6usec, however, the spectrunm
consists mainly of Al and AlO and a weak N+ 5005 g line. On the

other hand, the 3.8-joule pulse excites a weak emission from the air
species but the AlO features are quite strong. It is surprising to
find that the emissinn bands of 8v = 2 and 1 are much stronger than
the other bands of 4v = 0, -1, and -2 during the time of the laser
pulse. (Compare the time-integrated spectrum of the B+X transition

in A0 observed in an LSB wave as shown in figure 65.) Furthermore,
the 4v = 2 band is more intense than the Av = 1 band for lower energy
pulses. T ‘esumably, this ig due to less shieliing of the laser
radiation by the LSD waves generated at low energy. The preference
for simultaneous electronic and vibrational relaxations in the presence
of an intense laser radiation may be regarded as an evidence of a

kind of stimilated emiasion. However, further work on this subject

is needed.
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4.4 DISCUSSION

The emission spectra of sparks produced at the focus of a

glant-pulse ruby laser (hv = 1.78 eV) have been studied by several

(43—47)‘

authors Typically, the plasma consists of singly charged

atomic species from alr. Gas breakdown with pulsed CO, laser

radiation (hv = 0.117 eV) has been studied by Smith(l’ 8) and the

9 W/cmz,

depcnding on the focused spot size. With external sources of electrons

breakdown threshold in cold air was found tn be about 2 x 10

to initiate the cascade process, however, the threshold could be
lowered by a factor of five. This is similar to the theoretical
(15)

considerations and the present observations that the laser

intensity needed to maintain a laser-supported detonation (LSD)

wave is lover than that needed to igaite it. As noted in the first
(49)

paper on this subject breakdown effects were observed tu occur

at savple surfaces much more readily than in a gas.

Uur present studies described above show that air breakdown
and laser-supported detonation waves can be triggered by a solid
surface at a laser intensity much below the cold air breakdown
threshold. ‘“The gaseous plasma of N+ and C+ is probably a general
phenomenon related to laser-supported detonation waves, regardless

of the ignition process.

1t is of interest to consider the role of a solid surface in
lowering the threshold of air breakdown induced by a giant-pulse
laser. The two-step mechanism for gas breakdowsn 1is believed(as)
to be: (a) to obtain the firstseveral electrons Ly multiphoton
ionization and (b) to multiply the number of electrons in a cascade
process. In the present experiments, electron emissjion frow a hot
surface layer at the beginning of the pulse may have produced
the equivalent of mechanism (a), provided the surface layer abscrbs
appreciably at the laser wavelength. Other possibilities which may

have contributed to the threshold lowering include: (1) metal vapor

of a low ionization potential from the surface, (2) evaporated




el sl

materials of lower electron affinity than air, and (3) enhanced

electric field due to reflection of the surface and surface

19
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SECTION V
IGNITION THRESHOLDS OF LASER-SUPPORTED ABSORPTION WAVES

The determination of thresholds for ignition of laser-supported
detonation waves involves some degree of arbitrariness. The reason
for this difficulty is that there are a fairly large number of types
of waves that can be generated at solid target surfaces. Some of
these waves have bzen discussed in Section II and include: (1) vaporized
jets and thelr interaction with the air background, (2) laser-
supported combustion waves moving at very low velocity and exhibiting
a luminous [ lasma column extending ro the target surface, and (3)
laser-supported detonation waves with a very narrow absorption zone
traveling up the laser beam. A partial listing of various other

laser effects is given by DeMichelis(SO).

At the present time, there is no unified ipnition theory for
laser-supported absorption waves ignited at solid surfaces. The

results given here show that absorption waves are generated with

pulse lengths of approximately 10Uusec and peak incident intensities
of 5 x 107 watts/cm2 or lower. It is difficult to understand under
these conditions how vaporization can occur in such short times for

(51)

highly reflective aluminum surfaces Experimentally, however,
one obtains such waves on ail tested reflective surfaces. Other
mechanisms leading to ignition from solid target surfaces include
surface defects, desorption of gases on the surface, gas breakdown
induced by high intensities produced at reflective surfaces, and

highly absorbing surface defects.

L L e e e g ol

The actual surface reflectivity is extremely important in leading i
to vaporization., Both the initial cold reflectivity and the
temperature dependence of the absorptivity are needed in order to

compare a vaporization induced ignition theory with experiment,

Unfortunately these properties are not well known. Chun and Rose(sz)

(53)

and Bonch -Bruevich have considered some aspects of the variation

of surface reflectivity and material properties with temperature.

(54)

Basov hac also considered the reduction of surface reflectivity
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with laser iutensity. Additional theoretical considerations of the

metal reflectivity by Uhihara(ss)
(56)

and non-linear effects in the
surface have been discusged. It appears, however, despite these
works, that the determination of ignition thresholds for most common

materlals remains as largely an empirical study.

5.1 MATERIAL DEPENDENCE

One way of determining ignition thresholds is to use the TRW
image converter camera. At each laser energy and for each target
material, the plasma in front of the target 1s photographed. An
absorption wave traveling up the laser beam can then be distinguished
from vaporized material by mounting the target at an angle to the
beam. In our case, the target normal was at an angle of 30° to the
incident beam. We have performed such a sequence of measurements
involving many laser shots and many materials and & listing of these
tested materials and certain of their characteristics is given in
Table 2.

It 1s evident from this table that merely taking a given laser
target and repeatedly hitting the same focal sp-~ with a high power
laser and searching for absorptionwaves leads to erroneous results.
This occurs because the surface is either cleaned or 'dirtied" by
the hot plasma from previously ignited absorption waves. In the
case of silica, for example, the surface is cleaned and subsequent
ignition of laser-supported detonation waves is impossible. 1In
the case of tantalum, on the other hand, the surface is tarnished

after a single shot and the ignition thresholds are reduced.

It has been observed with certain metallic targets (aluminum
alloy, tantalum, copper and tungsten) that threshold determination
can lead to a hysteresis effect when using the same target (and
focal spot) and increasing (or decreasing) in steps the laser flux to
reach LSD wave ignition. That 1is, as the threshold was reached

by increasing the laser energy it was found that the ignition energy
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TABLE 2

MATERIALS TESTED FOR LSD WAVE THRESHOLDS

MATERIAL

Copper

Tantalum

Aluminum alloy
(7075)

Oxidized Aluminum

Nickel
Turgsten
Stainless Steel
(Alloy 321)
Silver
Titanium

Soda Glass

Polycarbonate

Lucite

Silica

Teflon

Fiberglass epoxy

Cork

COMMENTS

Tested with 4 different cleaning techniques.
Tends to become 'cleaned" by the laser
pulse.

Surface chemical reactions caused by high
surface temperatures caused tarnishing
and reduced reflectivity.

No easily observed surface damage.

o O 0o
Oxide layers 20 A, 200 A, and 2000 A thick

show no noticeable differences in thresholds.

Doesn't tarnish easily.

Becomes discolored after several laser
shots on the same spot.

Surface melting and tarnishing occurs

Multicolor surface discoloration occurs.
Surface melting and tarnishing occurs.

Ignites 1.SD waves with multiple shots
on the same spot.

Ignited LSD waves with multiple shots on
the same spot.

First pulse makes LSD waves but subsequent
pulses are absorbed at surface making a
vapor jet.

First pulse makes LSD waves but subsequent
pulses are absorbed at surface leading to
vapor jets.

First several pulses ignited LyD waves

but eventually ignition is not achieved
and vapor jets are produced.

Each shot on same spot ignited LSD waves

Each shot on same spot ignites LSD waves.
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TABLE 2 (Continued)

MATERIAL

Alumina

Painted aluminum

COMMENTS

Golden brown colored stain forms and
LSD waves are ignited.

Three types uf paint tested, absorption
wvaves form readily. ’
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was greater than that observed when the threshold was reached by
lowering the laser energy. A possible interpretation of this

effect is that the lower energies tend to clean the surface of the
target whereas the existence of the detonation wave tends to contaminate
the target. For both tantalum and aluminum, this effecr is very
pronounced leading to factor of two differences in threshold levels.

It thus was imperative that new samples be used on each shot and

a standard cleaning procedure adopted for determining thresholds.

The exact process of cleaning target surfaces docs
not appear to be too important. This is true at least for surfaces
wvhich don't have obvious sources of contamination, such as finger~
prints. For example, several materials were tested with different
cleaning techniques and no important differences in LSD wave thresholds
were found. These tests were done for stalnless steel (aloy #321)
where two surface preparation techniques were used which led to
visual differences in the two samples, but the thresholds tor ieniting
LSD waves were very close. For copper, four different cleaning
techniques were tested, and again little change in LSD wave thresholds
were found. For oxidized aluminum, with oxide layers approximately
20 g, 200 2, and 2000 Z thick again no important differences in
thresholds were obtained. There are move sophisticated sample
preparation techniques which were not used here., These include
vacuum heating at low pressure and electron and ion beam desorption
of gases. It was felt, however, that the most important threshold
determinations were for 'practical' surfaces exposed to atmospheric
conditions. In all cases, however, chemically clean samples were
used for each laser shot in the determination of ignition of LSD
waves. These samples were typically squares approximacely 1.2 cm
on a side and varying in thickness from .03 to .20 e¢m. 1In all cases,
the target was placed at the position of the minimum focal spot
area. Additiorally, the laser operating conditions were kept constant
for all shots. Thus the gas mixture ratios, pressure, and voltage

of the Marx Bank Laser were fixed. Energy density changes at the
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target were accomplished by the use of plastic attenuators (Handi-
Wrap, Tedlar) near the laser output mirror. In this way rhe energy
and power monitors of the laser beam indicated the true variations
actually incident on the target. These attenuators are described
in Appendix A where it is also shown that they don't significantly
change the power density distribution at the target.

On the basis of monitoring only the image converter photographs
of absorption waves ignited at targets, the thresholds indicated in
Table 3 are obtained. These thresholds are based only on the visual
appearance of image converter photographs of waves traveling up the
laser beam. In many cases, their appearance is of a rather long
luminous column extending to the target. Near threshold, however,

these waves do not have the appearance of the narrow-absorption

; zone of laser-supported detonation waves. In many cases, one can
observe weaker intensity sparks at the target surface at even lower
laser intensities than given in Table 3. These have not been classified
as igniting absorption waves, however, since there is no evidence

that they travel up the laser beam and away from the target. The

energy density thresholds, ET’ given in Table 3 were obtained by

i dividing the total laser energy incident on the target sample by the

beam area. The energy incident on the sample up until

time of ignition was not directly measured. Typically, however, the
tine of ignition was between .25 and .5pw.ec. The peak laser intensity,
9 ax (watts/cmz), wvas obtained by a numerical integration of the

laser power detected by the gold-doped germanium detector and comparison
with the laser energy measured by the calorimeter. The intensity,

Unax’ corresponds to the first laser peak occurring at approximately
.Susec. (We have utilized both q and I as symbols designating

laser intensity in this report.)
As mentioned above, the ignitlon threshelds for laser-supported

detonation waves can be determined by an analysis of the TRW image 2

converter photographs. Our attempts to use the former method alone 3
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TABLE 3

THRESHOLDS FOR IGNITION OF LASER-SUPPORTED ABSORPTION WAVES USING

A 28 CM FOCAL LENGTH LENS AND USING A NEW SPECIMEN FOR EACH TEST

AT ONE ATMOSPHERE. THRESHOLD DETERMINED BY IMAGE CONVERTER
PHOTOGRAPHS OF LUMINOSITY

Material ET(joules/cmz) qmax(wacfs/cmz)

Copper Foil 266 3.83 x 107

Lucite 258 3.72 x 107

Polished Tungsten 229 3.30 x 107

Copper Plate 192 2.8 x 107

Tungsten Plate 186 ’ 2.68 x lO7

‘unpolished)

Aluminum 176 2.53 x 107

(7¢75 alloy)

Aluminum Foil 160 2.30 x 107 1
Tantalum 128 1.84 x 107 i
Carbon 88 1.27 x 107 g
Aluminum Black 87 1.25 x 107

{very heavily
anodized aluminum)

i s el A

Lead Foil 64 .92 x 10’
(polished)
lLead Plate 43 .62 x 10/
(unpolished)
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have met with problems, however. This method cannot resolve the

difference between a very short-lived LSD wave ignited near threshold

and other plasma phenomena in front of the specimen. Sometimes a

blast wave, vapor jet, or even a hot specimen surface will look

the same as a LSD wave near threshold. In particular, measurements

at pressures less than 1 atmosphere made this decision about

ignition difficult. A monitor of the specularly reflected beam

power from the target provided a much sharper indication of the ignition
of laser-supported absorption waves by being abli to discriminate
between highly absorbing plasmas and only weaksurface sparks. Ir
somewhat the same manner used for determination of air breakdown
chresholds(l), a somewhat arbitrary definition of LSD wave threshold
was selected as occurring when the actual reflected power drops

to less than .1% of the expected unblocked reflected power as determined

from the incident power tempcoral shape.

The materials to be examined were attached to an aluminum block
set at 30° to the plane of laser beam. This provided an elliptical
spot at the target of 4 mm major axis and 3 mm minor axis when the
focusing mirror had a focal length of 40 cm. With a focal length
of 28 cm, the elliptical focal spot on target had dimensions of 2.4 mm
by 3 mm. The specularly reflected beam from the target was ccllected
by another mirror, attenuated and focused on a gold-doped germanium
detector. A narrow-band 10.6u fiiter on the detector eliminated the
intense light from the LSD wave. By comparing the incident power
shape versus time, obtained with a second detectcr, with the
reflected power one can determine the ignitior of the laser-supported

abgorption wave.

The detector which measured the reflected light showed tnat for
some metals, when the ignition threshold was approached, the
detonation wave could occur near the end of the laser pulse. This
effect is shown in figure 81, which indicates the time variation of

both the incident laser pov:er and the reflected laser power. In
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figure 8la, an LSD wave was ignited on a copper target early in the
laser pulse as indicated by the rapid losa of reflected power for times
greater than .5usec. The small spikes on the oscillograph traces
of the incident power were signals obtained from the image converter
camera indicating when image converter pictures were taken. There
are always a series of three such spikes and the first one
indicates when sufficient light was present from the plasma to
trigger the camera. In both figures 8la and 8lb, the total laser
energy was approximately 17 joules indicating an energy density at
the target of approximately 380 joules/cm2 and a peak intensity at
the first laser spike of 5.6 x 107 watts/cmz.

Figure B1b was obtained under essentially the same conditions
as those of figure 8la except that the laser beam was incident on the
same spot as hit previously. It is evident that ignition of laser-
supported detonation waves is delayed by approximately 2usec. This
is evidently due to a 'cleaning" effect caused by the hot plasma of
the first shot on the target. Because of this '"delayed ignition'
effect near threshold, it is useful to also indicate threshold
intensities in terms of energy density. This observed sudden decrease
of reflected energy from the target (or a su%?s; increase in
5

(58)

absorption) has been discussed by Vilenskaya and Nemchinov

in terms of surface plasmas.

Further measurements of ignition of absorption waves were performed
with a 28-cm focal length lens (and mirror). This produced a minimum
beam diameter of 2.4 mm with an elliptical focal spot on the target
normally inclined at 30° to the beam axis. (The major diameter on
target was 3 mm.) The results of Table 4 were determined by
analyzing both the image converter photographs and the reflected power.
(The reflected power technique is not feasible for highly absorbing
targets such as lucite, silica, and lexan.) The determination of
absorpticn waves for highly absorbing targets ls difffcult since

these materials can produce both blast waves induced hy vapor jets
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TABLE 4

THRESHOLDS FOR IGNITION OF LASER-SUPPORTED ABSORPTION WAVES USING
A 28-CM FOC/L LENGTH LENS AND USING A NEW SPECIMEN FOR EACR TEST
AT ONE ATMOSPHERE THRESHOLD DETERMINED BY MEASURING REFLECTED

SIGNAL

_Material ET(J/cm2) qmax(wntts/cmz)
Fused Silica 310 4.5 x 107
Lucite 310 4.5 x 107
Lexan (polycarbonate) 280 4.0 x 107
H,0 220 3.2 x 107
Teflon 195 2.8 x 10’
Copper 191 2.75 x 107
Painted Aluminum 173 2.5 x 107
(.001 cm gloss black lacquer)
Titanium 160 2.3 x 107 i
Fiberglars Epoxy 158 2.3 x 107
Cork 144 2.1 x 107 ]
Nickel 137 1.97 x 10 %
Tungsten 124 1.79 x 107 1
Soda Glass 106 1.52 x 107
Painted Aluminum 85 1.22 x 107
(.004 cm red enamel,
Aluminum Foil 84 1.2 x 107
Aluminum 7075 Plate 75 1.08 x 107 ;
Lead 68 .98 x 107 '
Alumina 59 .85 x 10 1
Painted Aluminum 42 .60 x 107 |

(.004 c¢m flat black lacquer)
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and absorption waves. Near threshold, it becomes difficult to
distinguish between the two classes of waves and indeed the image
converter photographs show that during a single laser pulse that

both types of waves can exist at different times of the laser pulse.
The laser intensities, Unax’ and the laser energy density, ET’

are defined, as in Table 3, using the first peak of the laser power

and the laser spot size on the target. It should be noted by comparing
the date of Tables 3 and 4 that threshold determinations using only
luminosity as a guide tend to indicate lower thresholds than when

the reflected target signal is used.

5.2 PRESSURE DEPENDENCE OF IGNITION OF LASER-SUPPORTED DETONATION
WAVES

A pressure chamber was constructed for these measurements and
is shown in figure 3. It has two NaCl windows, one to admit the
incident beam and one to allow a detector to monitor the reflected
beam, This pressure chamber was used with a 10-cm diameter 28-cm
focal length KC1 lens. A measurement of the focal spot on lucite
gave a diameter of 0,24 cm, in agreement with previous indications.
The experimenter sights through a cathetometer and the transparent
walls of the lucite chamber to position the specimen at the focal
spot. The target is usually inclined with its rormal 30° above the

incident horizontal bteam.

The theory of LSD wave propagation indicates a sustaining power
intensity that decreases as the background pressure decreases(z’s).
In our experiments, which of course include effects of both ignition
and propagation of absorption waves, no such decrease in intensity
was observed. In fact, the most interesting fact to come from
these measurements is the diversity of ignition threshold behavior
with pressure change as shown in figure 82. The three metals
do appear to follow the same negative pressure dependence and their
LSD wave ignition thresnoldsare found to be roughly in the same
proportion as their melting temperatures: Ti: 3.25, Al: 1.56, ;

Pb: 1(59). Nonmetale either show no variation with pressure or 5
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else show an increased threshold as the pressure increases.

Ir figure 82, error bars are shown only for ignition thresholds
for lead tergets. These error bars arise because there is a
statistical behavior of a given type of target material in igniting
LSD waves. That is, repeating a given laser energy on two different
samples of the same target material will not necessarily lead to the
same lgnition phenomena (especially near thresholds). In figure 82,
the top of the error bar represents the energy density, above which
LSD waves are always ignited. The bottom of the error bar represents
the energy density level below which no LSD waves were ever ignited.
The length of the error bar, at a given ambient pressure, then
represents the statistical behavior of the given target material
in igniting absorbing plasmas. These uncertainties were determined
by analysis of the specularly reflected laser beam from the target,
as discussed previously, and were approximately the same for all

types of materials.

Another feature of LSD waves, as pressure is reduced, is the
fading of any clear cut appearance in the photographs. Below 0.1
atmosphere, the/framing camera record of LSD waves gradually begins
to change to a more tenuous ''blast wave' as shown in Section II.

For this reason, the pressure dependence data in figure 82 should

not be expected to tell the full story below 0.1 atmosphere even
though it accurately reflects plasma blocking of the beam. It

should also be stressed that this plasma blocking becomes a phenomenon

with a shorter and shorter life as pressure is reduced.
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SECTION VI
TARGET RESPONSE

This section discusses the response of several selected target
materials to high-power laser beams. Target response includes such
eifects as melting, vaporization, and impulsive forces exerted on
the target. All these damage mechanisms require coupling of laser
energy either to the target surface or to the atmosphere surrounding
the target. Coupling is dependent on an extremely large number of
factors which can be divided into those effects that occur either
in front of the frarget surface or at the target surface itself.

In front of the target, laser-supported absorption waves occur which
reduce the laser intensity reaching the surface. 1In addition, the
vaporized blow-off material itself can interact both with the laser
beam and with the ambient atmosphere to produce blast waves. Thus
the gas-dynamic processes in front of the target are important in
determining impulsive target loads generated either by direct
reaction of the vaporized target or by the pressure disturbances
produced by the absorption waves. All these plasma-related
absorption effects alsc are crucial in determining the amount of

laser energy reaching the target.

At the target surface, a complex sequence of effects occurs,
including heating, vaporization and plasma generation. The energy
coupled to the target surface by direct absorption at the surface
depends on 31l the above factors as well as the surface reflectivity.
We have accordingly performed several experiments whose goal is to
determine target response as defined by impulsive forces, pressure

distribution and marerial removal.

6.1 MATERIAL REMOVAL

A sequence of several hundred laser shots was used in order
to determine energy requirements to remove target material at high
power densities. The materials tested were Lucite and Lexan and were
chosen because of their differences in forming LSD waves. As noted
previously, both Lucite and silica ignite LSD waves from the first

laser pulse incident on a chemically cleaned surface. Subsequent
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pulses on the same spot do not ignite any absorption wave traveling
up the laser beam. This indicates a plasma surface cleaning ability.
On the other hand, a material such as Lexan {polycarbonate) is found
not to be cleaned by the plasma produced at the surface and LSD

waves are ignited with each subsequent laser pulse.

Data given in the appendix show the cross sectional area of
holes produced in Lucite and indicate the relatively smooth energy
density profile of the Marx Bank Laser. For Lucite, single shot
craters are shown in figure 83, where one sees an increasing crater
dimension with laser energy. It is interesting to note that for a
laser delivered energy of approximately 15 joules that we can obtain
two crater shapes, dependent on whether or not LSD waves were ignited.
‘The extreme right hand crater in figure 83 was nroduced when a LSD
wave was ignited. It should be rnoted that the shape tends to be
square (instead of circular). This phenomena is not related tc

Lucite onlv but has been observed with several different materials.

Figure 84 shows the shapes of holes produced in Lexan at various
laser energies. The average energy denslity is found by dividing
the area of the laser spot (S I .045 cm ) and the peak intensity
(in watts/cmz) is obtained by multiplying the laser energy by 3.2 x
106). One potes a qualitarive change in the hole shape when 15D
waves are formed in Lexan. I[ur Lucite, on the other hand, (see appen-
dix) no LSD waves were ignited even at the highest power demsity

(after the first "preliminary' pulse).

For both materials, Lexan and Lucite, we have measured the laser
energy requirrd to remove material as a functlon of power density.
The basic data are shown in Tables 5 and 6. Crater vclume was measured
with a microsyringe filled with methanol. The mass densities were

assumed to be 1.2 and 1.25 grams/cm3, respectively for Lucite and

Lexan. The data given in Tables 5 and 6 are plotted in figure 85.

[T,
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TABLE 5

MATERIAL REMOVAL FROM LUCITE AS A FUNCTION OF POWER DENSITY

Joules
Per
Laser
Shot
1.1
1.9

3.5

16

Joules/

cm?
24.4
42.2
77.8
180

356

Maximum
Intensity
q (watts/

cmz)
3.5 x 106

6.0 x 106

1.1 x 107

2.6 % 107

5.1 x 107

Number
of
Shots
17

13

10

138

Maximum
Penetra-
tion
Depth
(Total)
(Mil14i-
Meters)

.87

1.09
1.47
1.52

1.7

Total
Volume
(Micro-
liters)
3.25
4.92
7.13
7.5

8.7

Kilo-
Joules
Per
Gram
4.75
4.15
4.1
5.3

6'15

ot

o d M+ P 9 o



TABLE 6

MATERIAL REMOVAL FROM LEXAN (POLYCARBONATE) S
AS A FUNCTION OF POWER DENSITY o

Maximum
Penetra- -
tion L
Maximum Depth Total Kilo- -

Joules Intensity Number (Total) Volume Joules

Per q gwattS/ of (Mi11i- (Micro- Per

Laser Joules/ cm®) shots *° *ers) liters) Gram

Shot sz

.31 6.87 .99 x 10° 27 .2 .5 13.5

1.1 24.3 3.48 x 10° 17 .56 1.85 8.1

1.65  36.7 5.25 x 102 20 1.2 4.95 5.4

3.89  86.4 1.24 x 107 10 1.35 5.4 5.8

8.05 179 2.6 x 10’ 10 1.14 3. 21.4

8.2 182 2.61 x 100 10 1.03 6.2 10.7

15 333 4.8 x 107 12 .98 2.1 66
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The energy required to remove mass is much greater for Lexan

(polycarbonate) than for Lucite (acrylic) for power densities greater

than 2 x 107 watts/cmz. This occurs, of course, because of the

formation of LSD waves from Lexan. From figure 85 one finds, for

qQ>l.4 x 107 watts/cm”,. that the joules per gram required to remove
polycarbonate increases as nearly the 1.5 power of intensitv due

to the ignition of LSD waves. Fcr Lucite, on the other hand, the

joules per gram increases as only the one-third power of intensity
which is due to plasma absorption in the blow-off target materilal.
It is interesting to note that the peak intensity at which the
energy removal rate decreases rapldly for Lexan (approximately

q = 1.4 x 10 watts/cmz) is approximately one-third the intensity

required for ignition of laser-supported absorption waves as indicated
in Table 4.

6.2 IMPULSE

| i i

The laser-delivered impulse to several targets was measured
with a linear velocity transducer (LVT) in the geometry shown schema-

tically in figure 86. The LVT (Trans-Tek model 100,000) had a
sensitivity of 48 miilivolts per cm/sec.

-

By neasuring tie peak

voltage response of the LVT after pulsing the target with the laser

3

£

beam, one determines the delivered impulse. This is done by é

measuring both the target and core mass and using the elementary ;

relation 1

where }
I =

delivered impulse (dyne-sec)

total target mass (grams)

<
]

i
target velocity (cm/sec) :

(In equatisn 17, 1 represents impulse and not laser intensity).

o,
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Figure 87 shows the variation of impulse delivery with energy
density to a Lucite tarset. The target had a square cross-sectional
area (.64 cm on a side) and a mass of .19 gram. One notes an

increase in impulse to a maximum I/E % 9 dyne-gec/joule.

Assuming all the laser energy was delivered in an area of
S = ,045 cm2 and an effective energy delivery time interval t = 15

microseconds, one finds an average pressure P of

- 1
P~ -~ 14) (9 -
ts (15) (. 045) 187 atmosphgres (18)

The results cf figure 87 should be compared with the results of

Rudder(8) where LSD waves were ignited and obviously greatly reduced

delivered impulse.

In the presence of LSD waves, the delivered impulse for a
Lucite target is greatly reduced as seen by the single point on
figure 87 at a delivered energy of 17.5 joules. This particular
case was obtained as the first shot on a fresh Lucite sample which
ignited a LSD wave. As ncted previously, such a first pulse

"cleans'' the target surface and subsequent pulses do not ignite LSD

waves.,

Aluminur. alloy targets, on the other hand, tend to ignite LSD
waves even with many laser shots on the same focal spot. As &
consequence, the delivered impulse is quite low as seen frem figure
88. The data here consisted of two different kinds of targets.

The smallest target was a circular disk of .42 cm diameter. The
larger targets had a square cross-sectional area with dimensicns
of .64 and 1.27 ¢m. It is evident, as previously noted(7), that the
delivered impulse does tend to increase as the area of the target

increases. This effect ls due to the existence of the radially
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driven shock wave sweeping across the target plane. This shock
wave 1s similar to a blaat wave with its energy source the laser
energy transferred to the gas motion behind the front of the LSD
wave(g). OQur present amount of date doesn't permit an accurate
determination of a scaling law for the dependence of I/E on target
area. However, one can see from figure 88, that to a first
approximation that I/E is nearly linearly proportional to target

area.

It should be noted that the total impulse delivered to targets
when LSD waves are ignited is considerably less than that when the
primary impulse is due to target vapor tlow-off. TFor this reason,
one expects less of a dependence of I/E on target dimensions for

Lucite targets than for aluminum (or other metal) targets.

6.3 PRESSURE MEASUREMENTS

An acousto-optical pressure transducer has been utilized to
make pressure measurements in the vicinity of laser-supported
detonation waves(so). This transducer is based on the principle
of an air pressure wave (or shock wave) coupling to an acoustic
wave in a transparent glass rod. The pressure wave induces
birefringence in the rod through the stress-optic mechanism. The
induced birefringence is monitored optically by measuring the intensity
variation of one of the components of a circularly polarized light
beam passing through the diameter of the rod. A thin rod is used
in order to obtain good high-frequency response. (In our case, the
acoustic wave transmitted down the rod is nearly dispersiornless

for frequency components less than one megacycle.)

Figure 89 shows an exploded view of the pressure transducer.

The laser (in our case, a He-Ne spectra-physics Model 119) emits

a Jinearly polarized beam of light which s changed into a circular
polarization by a quarter-wave plate. The beam is then focused

bv a lens at the center of the glass rod. An acoustic wave (or

pregsure pulse) Incident on the end of the glass rod will be
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transmitted down the glass rod as a one-~dirensional acoustic wave.

(A one-dimensional wave is produced for low enough frequencies(6l).)

In figure 89, the laser target 1s shown mounted directly to
the end of the glass rod, however, in most of our experiments this
was not done. The stresses generated in the glass rod by the
acoustic wave modify the state of polarization of the initially
circularly polarized beam. As a consequence, the beam exiting from
the glass rod is elliptically polarized. The change in polarization
of the beam can then be determined by mounting a polarizing filter
(Polaroid) with transmission inclined at 45° to the rod axis. For
small enough stresses, the variation of the detected signal at the
detector is then linearly proportional to the stress in the rod.
This device automatlcally provides a delay between the input
pressure pulse and the detector output and is useful in reducing

electrical interference (such as caused by the Marx Bank electrical

laser)

It is particularly of interest to determine the pressure
distribution excited in the planc uf a target from which a laser-
supported detonation has been ignited. This 1is important since the
pressure waves induced by the LSD wave interact with the target
to produce additioral impulse. To evaluate this mechanism, however,
one must also know the pressure time history at the surface.

Figure 90 shows a schematic diagram of the measurement scheme. The
pressure transducer is mounted on a moveable table constructerd from

a milling table head and can be moved relative to the fixed ignition
position of the LSD wave, The transducer glass rod of diameter 2 mm
is moved in the slot (of width 2.5 mm). By changing the distance

r (from the rod to the center cf the focal spot) and making a sequence
of laser shots, one can determine the pressure history in the target
plane. At this point, no estimate of the perturbing effect of the

slot on the measurement is available.
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An example of pressure histories taken at r = .51 and r = .89
cm is given in figure 91. The acoustic delay tA : 7usec is constant
for eacn laser shot and caused by the acoustic delay time from the
tip of transducer glass rod to the He-Ne laser beam. One can clearly
determine the additional time delay caused by the finite shock speed
across the target plane. This additional time delay is plotted
versus position in figure 92. One determines that the radial position

R of the front of shock wave 1s very clogsely approximated by the
empirical relation

.16
R=.26 &) 2% em (19)

1u

where L is the laser delivered energy (joules) and t is the time
from ignition of the LSD wave.

The corresponding Mach rnumber of the radial shock wave is
10 .
vo= -, A,
M= 5.1 ( . ) (17) (20)

As noted from f gure 91, the peak pressure in the radial shock
wave is also reduced in magnitude as the wave rezch:s larger distances
from the laser beam d%ls. This dependence of maximum preysure

in the radial wave {s shown in figure 93. JIn this case, oue finds

maximu. pressure : E'ler-]'27

(21)

where r is the distance to the center of the laser spot,
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r=.6lcun

ilmVI

Pressure {1 Millivolt/Division)

ta 5 pusec

TIME (6 psac/division)

r- B9cm

A 6 pvec

Pressure {1 Millivolt/Drvision)

TIME (5 fisec/division)

Figure 91: PRESSURE RESPNNSE OF TRANSOUCER AT TWO RADIAL POSITIONS
fr=51and: = .89)INTHE PLANE OF TARGET. TO OBTAIN PRESSURE
INATMOSPHERES MULT’L Y THE ORDINATE BY 6.6.
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2.5~

® 17 JOULES
2 8.5 JOULES

1.0
0.9
0.8

0.7
0.3

0.4

0.3

0.26 T

0.2 -

0.164 »

0.1 /N Y T R T |
2 3

Ll U DN S N
4 65 8 7 20

L.
8010 15

TIME_{MICROSECONDS)

Figure 92: RADIUS VERSUS TIME PLOTS FOR ENERGIES OF 17 AND 8.5 JOULES
SHOWING THE EXPANSION OF THE RADIAL SHOCK WAVE AT THE
TARGET SURFACE,
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The data given iIn figures 92 and 93 and in equations 19, 20,

and 21 are for an aluminum alloy target.

The calibration of this pressure transducer was performed by
comparing the pressure-time history of the transducer with the previously
measured impulse. In particular, a .64-cm diameter Lucite target
was attached to the glass rod transducer end. The 10,6u high power
laser was then focused c¢n this target as shown in fipure 89. The
transducer response of this target for a CO2 energy of 17 joules,
reached a peak of 30 millivolts at a time 15usec after firing the
laser. The pressure decayed nearly linearly in time to essentially
zero at a time of 44usec after start of the laser pulse. Since
Lucite relies only slightly on the air shock wave to preduce impulse,
one can assume that the pressure is distributed only over the laser
spot of area S = .045 cm2. From figure 87, the measured impulse in

this situation 1is approximately

I =(17)(8) = (136) dyne-sec¢ (22)

Since we know the pressure versus time, one finds the maximum PO

at the laser spot to be

P = — (23)

where t, = 44pusec is the maximum time the pressure existed. Evaluating

equation 23, one finds

- (2)(126) . )
Po = T.065) (44) 137 atmospheres (24)

151




The pressure given by equation 23 is delivered over the beam area of
. 045 cm2, however, the transducer area is smaller which means the
acoustic pressure in the rod is larger by the ratio of areas which
is 1,44, This means that the calibration of transducer voltage

(U millivolts ) versuvs rod pressure Pr is given by

P - 5]37%31.442 U = (6.6) U atmospheres (25)

Thue, one needs to multiply the scale of figure 93 in millivoles by
6.6 to obtaln shock pressure in atmospheres.

Another sequence of data was taken with the acousto-optic
transducer mounted so that the vadial shock wave hits head on toward
the gauge. A schematic dtagram of this setup is shown in figure 94,
Data were taken for various values of axial and radial positions
and an example of thesc pressure-time histories iw shown in figure 95,
One notes, by comparison with figure 91, that the transducer response
hes a much faster rise time. The data of figure 95 were taken at
an axifal pusitlion of Z ~ .15 e¢m ip front of the aluminum target and
with 17 joules of CO2 laser energy delivered to the target and LSD

waves were fgnfted In all cases.

The faster rive time shown in figure 95 48 due, in part, to
the finite dfameter of the glass ro! (D @ 7 um). One estimates from
equation )9 that the radial shock wave at a position r = .51 cm
takes approximately 1.7usec fro completely engulf the 2 mm glawas rod
tip. This delay time docs not completely accouni for the sl riss
time as shown 1in figure 91, however., Thise difference, perhaps, 1s
caused by the dynami: effect of reflected pressure waves in the cawe

shown in flgure 94,

A sequence of data taken with an aluminum target at several

axlal positions 1s given in figure 96. One notes a somewhat fanter
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RADIUS FOR THREE AXIAL POSITIONS.




Ty

fall-off of peak pressure with radial distance in this geometry

than with the transducer in the target plane. It is evident that
the axial decrease in peak pressure is much less than that in the
radial direction. This seems reasonable when one considers that

the LSD wave ifself travels in the Z direction and as a consequence,
should "drag along' its peak pressure. This is made somewhat more
visible in figure 97 which shows a three-dimensional plot of

the pressure variation given in figure 96.

Finally, a similar scan, shown in figure 98, of pressure versus
radial position was taken with Lucite as the target. 1In this case,

the CO, laser energy delivered to the target was 8.5 joules and the

2
axial position was again Z = .15 cm, One notes by compariscn with
the dara of figure 96 (aluminum target with 17 joules and ignition
of LSl wvaves) that the peak air pressures associated with the Lucite

target (where no LSD waves were ignited) are grcater than those air

pressures generated in the presence of LSD waves.
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SECTION VII
A THEORETICAL INVESTIGATION OF LASER-SUPPORTED COMBUSTION WAVES

7.1 BACKGROUND AND INTRODUCTION

The existence of high-frequency and high-pressure electrodeless
discharge is a well known phenomenon. These discharges include
induction discharges where a high-frequency current is used to create

(62). In these cases, the frequency

a gas breakdown inside a solenold
of the clectromagnetic field is of the order of 1 to 100 megacycles,
RF powers of the order of several kilowatts are used, and the gas
temperature reaches approximately lO,OOOOK. At microwave frequencies
(3000 megacycles), self-shielding plasmas are generated {n which

the absorption front travels toward the power source(63). This

phenvmnenon {s well known in the operation of high power wave guides.

[t is natural to expect, at the very high powers at which
lasers can operate, that similar discharges can be producéd.
Expecially with the development of extremely high-power CO2 lasers
these optical discharges have become observable. It is natural,
however, to expect that power densities needed to create and maintain
such optical discharges will increase as the frequency increases. This
cecurs cecause of the very rapid varlation of absorption coefficient

(6)

witih wavelength, Kalzer made calculations on the power require-
“eenits newded to maintain stationary optical discharges (plasmotrons)
and showed that, at small beam diameters, the requirements are
rndependent of radial dimensions. This occurs because thermal
conduction losses balance laser input lase:r energy. For stationary

aptical discharges {n alr, power requirements are several kilowatts.

These stationary discharges can be regarded as occurri..: at
the threshold intensity for maintenance of thes¢ classes of waves.
As the laser intensity 1s ralsed, these waves propagate up the laser
beam Ly a thermal conducti{on mechanism (or by some other mechanism
involving radiative transfer). Such wave propagation has been studied
theoretically oboth for high~pressure microwave dischargeéGa) and

for laser-supported combustion waves(65). In addition, various
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aspects of laser energy transfer to plasmas leading to various

related heating waves have also been studied(66’67). Additional

theoretical studies have been performed which predict the propagation
and threshold maintenance conditions of laser-supported

combustion (LSC) waves in the presence of transverse waves(68’69)'

The experimental observaticn of laser-supported combustion

3

propagating optical discharges witn a neodymium laser beam in air.
(70)
1]

waves (LSC waves) was first observed by Bunkin , who obtained
The first stationary optical plasmatron was obtained by Generalov
who used as low as 40 watts of CO2 laser power fccused to focal
diameters of approximately .l mm. Argon and xenon gases at high
pressures (2-40 atmospheres) were used in order to reduce thermal
cunduction losses and increase laser absorption and hence reduce
ignition thresholds. A similar experiment examining some aspects of
the maintenance condt}i;ns of stationary combustion waves wau

7

performed by Franzen Striking high~speed mction pictures of

(72)

intensities of 10S watts/cm2 and by Stegman, et a

propagating LSC waves were made by Conrad using cw laser

1(73) using

a 002 laser pulse of approximately 4 milliseconds duration. These
chotographs clearly show fast moving absorption fronts traveling

up the laser beam, Jn this case, the laser intensity was approximately
106 w.nts/cm2 and LSC wave velocltles as high as 10“ cm/sec were

fo.und.

Tie objective of this report {5 to perform analytical calculations
which can be nuded to predict the behavior of laser-supported combustion
wavets obtalaied in experimen:s. Of particular interest i{s the dependence
of LSC wave fntenslty thresholds on the geomstrical parameters of the
beam,  In nddition, propagation velocities as a function of laser
fotenslty ore {mportant as well av determining the actual energy

absorption {n the wave zonc.

The above ubjectives ond poals are approached by miking several

analytical appruximatfiovos to both the thermodynamic properties of
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alr and to the exact energy equation. These approximations allow
analytical calculations of this boundary value eigenvalue problem
which lead to LSC wave velocity, temperature, and energy absorption

from the laser beam,

In Section 7.2, the various approximations are discussed and
regults obtaired for radiation lossless one-dimensional LSC waves.
By adding a phenomenological radf{ation emission and reabsorption
effect as done in Section 7.3, one notes a possible LSC wave velocity
increase due to this {ncreased effective radlation convection.
Following the analytical approximation of Raizer(65), the combustion
vave velocity as dffected by radial losses is considercd in Section
7.4, Here we are able to dctermine thresholds and the power

transmitted through the LSC wave.

Scction 7.5 considere the one-dimunsional LSC wave with optically
thin radiation lusdes. It is shown that these losses, rentricted to
the expected magnitudes, affect only the snall velocity low luirenasity

conbustion waves.

The important effects of external boundaries is considerced In
Section 7.6 where we determine that the LSC wave velociticw observed
neat bcundaries shiould be much greater than those found in freo

8pace .

Section 7.7 determines the shape of the froat of large diarmcter
LSC waves as dependent on the radfal {ntensity varlation of the lasur

beam,

7.2  UNHE-DIMENSTULAL LSC WAVES KEGLECTING HADIATIUR LOSSLY

We convider here the steady ntale propagation of wubsonic laser-
supported combustlion waves. Theke weves an pr.pagate along high
fntenvity laver beaws by the thermal conduction mechantsm an discuswed

(6Y)

by Kalzer and we utillize many feutures of this treatment. Since

the flow velocitics V are subgonlc, one can neglect turms prupurtional
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to V2 in the energy equation. ‘The resulting coupled set of one-

dimensional fluid mechanical equations becomes

vl

P = constant

by * constant

(27)
$ oy -21L+ g -0
In equation 27, one Jdefines
p_ = mase density of the ambient gas (1.29 x 10_3 gm/cm3

under standard conditiore for air)
s LSC wave velocity (em/# &) ® constant
= enthalpy (joules/gm)
thermal conductivity (watts/cm OH)
= laser intensity (uattu/cmz)

* gaev temperature (1)

X = O >@$ T <
L]

= courdinate direction from the cold to hot gas (opponite
to wave propagation direction) (cm)

P = ambient pressure = constant

In addition to the above fluld aquations, it {8 necessary to define
tho lascr beam coupling to the gas, This i defined by

LU
kg (20)

whyre k 1 the temperature dependent auscrption coef{ficlent in afr,
This coefticlent s shown tn figure 99 where itn dependance on

tamperature is whown for @ constant pressure of one atmusphere,
The abmorption cuefficient k shown In fiyure 99 and the following

curves of enthalopy and tharmal conductivity are based un remnults

obtatned from a computery program designed to celculate hiph-
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(74)

temperature properties of air . Filpgure 99 also shows the variation

of the absorption coefficient as a function of the variable ¢ where
T
$ = Jf A dT watts/cm (29)
(o]

as defined by Raiier(65)

is sometimes a more useful variable. It
is interesting to note from figure 99 that the minimum absorption
length for 10.6u radiation in atmospheric pressure air is approxi-

mately 1.4 cm.

The above coupled set of differential equations has a real
solution only for certain velocities of the LSC wave with respect
to the velocity of the cold gas. These eigenvalues are determined
only by solving the differential equations subject to boundary
conditions on both the hot and cold sides of the LSC wave and by
specifying the incident laser intensity 9, coming from the direction

of the cold gas.

in general, completely analytical solution of these equations
is impossible because of the temperature variation of the thermo-
dynamic properties of the hot air. This rapid variation of the
laser absorption coefficient k was indicated in figure 9., however,
Loth the enthalpy h, and the thermal conductivity A also are
complicated functions of temperature as indicated in figures 100

and 101.

Dy making suitable analytical approximations to the actual
temperature variations gshown in figures 99, 100 and 101, one can
arrive at a tractable set of coupled differential equation. First
of all, from figure 99, note the extremely rapid variation of the
absorption ccefficlient k with temperature., The magnitude of k
increases several orders of magnitude in just several thousand degrees

tenperature rise, For this reason, Lt is felt that a valid first
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approximation to the abzorption coefficient is given by a simple

step function glven by

k = (O for T<T°
{30)

k =k em for T
[v] W)

tn equation 3U, To canvbe c?nsidered an ignition temperature
whicha is approximately 1.2 x 10'K. The peak absorption coefficient
<, s decermined from filgure 99 to be ko 2.7 cm-l. As seen from
Yigures 100 and 101,_hoth the enthalpy h and the thermal conductivity
Yoare complicated functions'of temperature,’but these shall be
approximated by the simplest reasonable functions which will allow
‘anaiy:!c sclutions. From the bhasic data obtained from reference

72 shicwn In figures 100 and 101 for air, one sets
w2 ,
h = aT™ joules/gm
and (31)
A = bT warts/em K

with the approxiﬁattoua of equations 30 and 31, one obtains a
lunear, coupled set of ordlnary differential equations which can be
analvtically solved. It is moat'useful to define dimensionless
varial,Jes and constraints in tha basic energy equation {(cquation 27)
and {a the laser equatfon (equation 28) in ordar (o makt the problem
solution vniversal, This is done by defining a dimensionlesa L5C
wave velocity with respect to the cold gas,

2a poV
ﬂ. -. “‘B‘l‘(;‘u (32)
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This relationship to the cold gas velocity is important to recoguize
since, in experiments, the gas ahead of the LSC wave can be set

in motion and affect considerably the apparent velocity. This

cold gas motion can result either from winds or from the initial

ignition process in whica gas motion is perturbed. As seen later

from Section 7.6, the presence of boundaries can also lead to a

significant apparent LSC wave velocity increase.

The dimensionless laser intensity 8§ 1s the remaining independent
parameter defined by

g

' (33)
bT zk
o o

where q, is the incident laser flux. The magnitude of € indicates

Lhe importance of the laser absorption relative to power transfer

by

thernal conduction, while B is the ratio of enthalpy power flow

to thermal conduction power flow over a laser absnrption length.

i s il il

Lith thesce definitions and also defining the dimensionless distance
2 (d:stance measured in absorption lengths

ot sl A "

z =k x (34) !
cne obtains z
) {
. , \
B%‘;—-——-d§=0 I
dz
for 2<0 (35)
a4
dz 0
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and

el S _gg=0 for 2<0

(36)

dq _

dz -4

In equaticons 35 and 3o, the dimensicnless enthalpy Vo is defineld

Y =T/ 2 (37)

and the variahle lascr intensity q is
9 = a/q (38)

From the form of equations 35 and 3b, it is evident that the urigin
of the coordinare s'stem (57 = 0) travels with the L3C wave and is
located where the local termperature | is equal to the ignition
temperature TO. Yrom -»<z<0, the temperature of the cold gas

(air) 1s brought up to the ignition temperature (Y=1) by the
process of tnermal conduction, For O<z-o, laser energy is absorbed

and the maximum temperature attained.

The solutions of equations 3% and 36, subject to the appropriate

boundary conditions at z = % gre
Y = exp {ee. for z<0
and (39)
, gl - exp {-
Y =1 +-ig"—ji:¥h--zl—-fur o0
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Since the slope of rhese two expressions is continuous at z = 0,

one obtalns the eigenvalue equation

8 = 8(1 + B) (40)

For large laser intensities(8>>1), one obtains

qO k )\O TO
oV = < (41)
2h 3
o]
in which
h o=h{T} =aT’
(o] O )
(62)
/O =y (lo} = b TO 1

The square-root dependence of LSC wave velocity was noted by Raizer 6),
who used the approximations of constant specific heat and thermal
conductivity and who obtained an LSC wave velocity greater by‘Vi{

than that given in equation 41. For relatively small laser
intensities, however, (0<l), one finds the LSC wave velocity to

be proportional to incident intensity

qO
OOV =i (43)
o]

It is irteresting to note from equation 39 that the maximum

temperature T(») occurs at z = « and is

T =Ty[1+8 (44)
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The temperature indicated by equation 44 appears, in many cases,
to predict excessive temperatures in LSC waves. It should be
recalled, however, that the results of this section are valid fou

lossless one-dimensional waves.

the resules obtained above are derived for the simplest
possible approximation to the actual absorption coefficient given
in figure 99. This approximation, given by equation 30, is a
simple step function and it is rcasonable to ask how model-
dependent the results obtained are. One way of answering this
quustlon {s to choose a more complex analytical model to the absorption

curve of figure 99. Such a model is presented in figure 102-1.

ihis is a two-step absorption process for which

k = 0 for T<T '
o
] ]

k =k for T <«T<T (45)
[o) o Q

k =k for T>T
o o

Equation 45 1s an attempt to model the initial rise of the absorption
coelficient to its maximum value of ko. The method of finding
solutions of the combined encrgy equation and laser equation is

very similar to that used previously. In this case, however, the
origin of the coordinate system, z = 0, is defined to occur when

the temperature equals TO'. The coordinate zy, on the other hand,

is defined as occurring when the temperature equals To (daf:~vd as

tie Ignition temperature previously used).
Al ter algebraic manipulations and solving simple differcntial

cquations, one vbtains the eigenvalue equation relating the
dimensionless LSC velocity B and the dimensionless laser intensity 6.
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——.

‘(14—8)(

l

In equation 46,

- %)' (1-r) (B-g) = 8 (6+r)Yl—r6 (46)

o]
"
=| =
c e
I | ——

and (47;
1

. 2

Y, = (T )

1 ( o} / o’
1t should be noted that in the limit r = \l = 1, one obtains the
previous result given by equation 40 for a simple one-step
approximation to the absorption coeflicient. ‘The distance 2,

(distance measured in !aser absorption lengths) between the positions
1

of temperature )Q and i) is found ro ve
8

2, - ; 2n [(BH) (%—é)] (48)

Equation 46 can be sclved by a numerical iteration and the
solutions are shown in figure 102 for r = 0.5 and To'/To equa} to
0.5, 0.6, 0.7, 0.8, 0.9 and 1.0. (It should be ncted that TO /To
equal 1.0 is equivalent to the previous one-step absorption result.)
The results given in figure 102 for a two-step model showing the
increase of the absorption cocfiicient leads to only a slightly
increased LSC wave velocity as compared te the one-step model. 1In

both models, however, the aaximum temperaturec reached is defined

by

T =T (% ) (49)
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The actual absorption coefficient shown 1in figure 99 decreases
7_w1th temperature for temperatures greater than approximately 16,000°K.
This decrease in the magnitude of k is due to the plasma becoming
nearly fully ionized. A similar two- step process in modeling this
decrease in absorption coefficient with temperature is shown in

figure 102-2 where one defines

x
[}

0 for T<T
(o]

LR

ko for TO<T<To (50)

=~
]

L} L}

k = k for T>T
o o

Sin lar algebraic manipulatfons and equation solutions lead
to eigenvalues relating LSC wave velocity and laser intensity for
the step decrease in absorption coefficient.

Y

1 1)l - \
}(r + B) ( n ‘3)‘ (1-r) (6-8Y)) =8 - 8 (B+1) (51)

In equation 51,

and (52)

[\
S -

Equation 51 is solved (as before) by a numerical iteration and the
solutions are again presented in figure 102 for r = .5 and values
of TOH/To equal to », 1.4, 1,2, and 1.0 It is evident that this
decrease in the absorption coefficient at high temperatures leads
to a slightly decreased LSC wave velocity when compared to the
results found for the ?fngle step model. The distance between

temperatures To and 'r0 is found to be
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The actual absorption coefficient shown in figure 99 decreases

with temperature for temperatures greater than approximately 16,000°K.

This decrease in the magnitude of k is due to the plasma becoming

nearly fully ionized. A similar two step process in modeling this

decrease in agbsorption coefficient with temperature is shown in

e i

figure 102-2 where one defines

=
"

0 for T«<T
o

1t

k for T <T<T (50)
o ) o

=
i

11 tt

k =k for T>T
o] o

Sin. tar algebraic manipulations and equation solutions lead
to eigenvalues relating LSC wave velocity and laser intensity for

the step decrease in absorption coefficient.

Y
1 1\ . . .
}(r + B) ( 5 "a'); (1-r) (8-8Y)) = 6 - 8 (8+1) (51

In equation 51,

and (52)

"t
[}
=
o
~
-~
N— Y

Equation 51 is solved (as before) by a numerical iteration and the
solutions are again presented in figure 102 for r = .5 and values
of TD“/To equal to », 1.4, 1.2, and 1.0 It 1is evident that this
decrease in the absorption coefficient at high temperatures leads

to a slightly decreased LSC wave velocity when compared to the

results found for the single step mcdel. The distance between
ot

temperatures TO and To is found to ke




lad

z, ﬂv-in [ (r + B) (

™ |1

- 3—)3 o (53)
while wquation 49 is again valid as the maximum temperature reached.

the results shown in figure 102 lead us to believe that the
onte~step nedel for variation of the absorption crefficient with
] e

temperature (equation 30) is failrly good since both To and To

canuut he greatlv different from To'

V.3 ol DIMENSTONAL LSC WAVES WITH EMISSION AND REABSORPTION OF
RADIATLION

Ihis section discusses a phenomenological approach to considering
tie efrfect of radiation emission on the propagation of LSC waves.
‘o vne limit to this problem, the radiation transport of energy can
Le connidered to be a diffusive process and one then obtains the
previvus results except that the correct radlation-conductivity
stiwnid Lo used. On the other nand, if the transport process
torr Ligh energy photons emitted from the hot LSC wave is not propor-
tiousi to the temperature gradients, one obtains a different result.
in guwera , the absorption coefficient, a, of ultraviolet radiation
is both tempurature and gas density dependent. We shall assume in
the fotlowing, however, that a 18 a constant, representing an average

absvrption coefficlient.

In addition, we assume that a certain glven fraction £ (0<f<l)
of tﬂc 1nc1dcn£ laser radiation is re-emitted back into the cold
gas where it I8 absorbed. This radiant energy, in this example, ie
considered to be absorbed with an exponential decay in the cold gas
and repee -cuts short wavelength ultraviolet radiation whose only
effuect is to aid in the heating of the cold gas. In general, one
expects f to be dependent on the (inal maximum tumperature of the
'or wave and Is a parameter to be determined from the results of

this section. Ve assume a general dependence of
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O s i - L

Yy Tm) i
(2 (50 %

where a9y is radiant intensity emitted by the plasma at a temperature
To and m is a ceoefficient defining how rapidly che ultraviolet
radiation depends on temperature. (The parameter m is not

explicitely evaluated in this report.)

Under the above assumptions, the energy equatlon (for z<0)

becunes

d oo, 4T - ax
T (po\n A s ) af q, @ (55)

which in dimensionless form is

“ 2, N
8&3;_5!._.1 = af® e{z (50)
z 2
A

wiwre v =a/k 1s the dimensionaless ultraviolet absorption length.

The solutien of equation 56 with Y = 1 at z = 0 is

fo
(B-v)

fe - -
exp (Bz) + o) exy (y2) (57)

For z>0, the normalized energy equation is again equation 3% with
q replaced by (1-f) a and which has the solution with ¥ = 1 at
2 =0

~

1-f)¢

w |




Equating the slopes of equations 57 and 58 at 2z = 0 pives the

eigenvalue equatiun

B+ D),

6= 1 + ¢f

(59)

which is displayed in figure 103 for cectain values of . In parti-
cular, the case t = 9 is jdentical to Lhe resuits of Section 7.20.

it should be noted that this radiation-aided heat addition to the
cold gas can appreciably increase the proepagation velovity of

the LSC wave.  Tuis is evident for large velccities which are

now found to be proportienal tu laser intensity (vhen £ is a true
constant). lt is nivresting to note that tliis mechanism for one-
dimensional waves does not depend on the magnitude of the abeorntion
coetficient 4. (L maximum temperature behiind the cowbustion front
is also found to be considerably reduced when rompared to the
radiationless casc for large wave velocities. This mnaxinun

temperature is

L ) (60)

whichh approaches T)//V/—f for large velocities.,
{
For larger laser intensities (which implies large values of
the dimensionless LS wave velocity), one finds the explicit

dependence of LSC wave veiocity on the laser intensity. From

equations 54, 59 and 60, cne obtains

and (61)

180




YILIWVHYL Y SY 0IFHOSIVIY NOILY TVl LSOT IHL S0 § NULIVY IHL HLIIM O ALISNILINI
O ~—— - YISVT QIZNIVIHON 'L 40 NUILINNS ¥ SY IAYM ISTV 40 & ALI20TIN GIZITYWHON - £01 a1nbi 4

I T T T I T T ™
om ow On oo om on. om om

¢ ALID0T3IA 3ZITYWHON




Cw gty o VTR T ARERRATETR, AR ATEEERRNEET I A 3 =

Z 3INVLSIO O3Z1TVi/HON IHL S0
NOILONNS ¥ SV INUM IST NV 40 A JYNIVEINTIL IHL S0 F8YNDS 0IZITVIIHON -20Tnb11

(z-21%m0xa = A ‘2. 2404
iz-yaxa v (28 axaly . izimaxaly: 4 tz5 20404
izbaaxa = A > 00" d02
2 b2 G
T
—————- L
J




2 q

uv
. Or = 3 (62)
K3 bT "k
. o o
R
AL
1
%\;” Equation 61 indicates that only for a very rapid dependence of the
g'él‘{ ultraviolet emissjion on temperature (m large) is the LSC wave
,& velocity nearly proportional to laser intensity.
L
Y
' l? 7.4 QUASI ONE-DIMENSIONAL LSC WAVES WITH RADIAL HEAT CONDUCTION
i\ NEGLECTING RADTATION LOSSES
“,}- lhe effect of radial heat conduction losses can ve annroximately
W
ol ) considered by appropriately modifying the one-dimensional energy
,‘u.!‘\
"’3{? ecuation as dome by Raizer(é). The dimensionless energy equation
1 which is valid for z>0 then becomes

1 X3
‘g:".‘ B%—i—f«ea+:—%r Y =0 (63)
Sl °
@iy,
‘ay where the vradial thermal conduction effect 1is approximated by the
}"" last term on the left hand side of equation 63. In equation 63,
‘k’ ¥ R is the laser beam radius and A 1s a numerical factor (0<A<2).
é t (As discussed by Raizet(f’s), we will use A = 1.45.).
o
b’;\;, The general physical behavior of the temperature is shown in
g;g’ figure 104, From -=<z<0, the temperature of the cold gas (air)
;’_’-’“‘?" is brought up to the ignition temperature (Y = 1) by the process
?ﬁgl of thermal ¢ nduction. For 0<z<zl, laser energy i{s absorbed and
g‘:‘,?‘ the maximum temperature 1is reached. Ffor z>zl, no further laser
;" energy is absorbed and the tenperature continually decieases due
“u’ .“! to radial heat conduction. Thus, one notes that z = 0 and z = zl,
‘;Igﬁ. define positlions where the temperature falls below the ignition
) \?" temperature.
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T ———

For 2<(Q and T<TO, the solution with Y =1 and z = 0 is

in which (64)

2 %
p = g [ ( y ‘- b-——
Kl 2 ‘1 + (1 + 2A ( Ra po \,-') ) ) ‘

Tt is agaln necessary to match solutions on both the culd and hot

sides of the LSC wave boundaries occurring at 2 = 0 and z = z;- Ve
include, in this analysis, the finite rate of laser absorption by
including equation 36 for U<z<zl. This was not done by Raizer in

(65)

his original anAalysis '

For O<zle and T>To, the solution of equation 63 vith Y =1

dy _ i
and iz - kl at ¢ 0 is

\
S o= - e em o e ——— e —_ ‘ ’
k (1 (] TR )""‘p | kL ?y

| b
| Bexp (-z] (65)

Hexp ;(B-kl) z
(1+ﬁ-ki)(2k1-8) (1+k])(l +8 - kl)

Outside the "hot' region for z>z, and T<r , one obtains

1

exp :(B - k) (z - z]ﬂ

and (66)

-
Y

exp -zl { = constant

Fal
]

By equating slopes uf equations 65 ard 66 at 2z = z,, one finds




2, = 2to (d-y)
17 T+ Kk

where (67)
(1+k1) (2k1-3)
y = _—“_3——_“-‘

It is evident from equation 67 that real solutions exist only
in the range (0O<y<l),which implies that required laser intensicies
for a given LSC wave velocity are always greater as the beam

radius decrecascs.

One nbtains the cigenvalue equaticn from equations 65 and 66

to be
— l = R’n -—-—ddv—_ -
1+k, [(1-y)-d -l] (68)
in (1 - y)
where
d= (1+ k2)/(1 + kl)
and (69)

ky = 8 -k ’

For most physically interesting situatfions, the values of y found
from equation 68 will be very cloge to unity. For this reason,
the most useful technique for generating velocity-intensity curves
i8 by arbitrarily selecting values of y and d and then using

equation 68 to evaluate k One is aided in this approach by

1
noting that |k2|<k1 which leads to

-1l<d- ) (70)
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We can thus generate a table of values of kl and k2 as a function of vy,
To determine the physical parameters of the LSC * ave, we then utilize
the definitions of k1 and k2 to determine the corresponding velocity
and radius. Similarly, the definition of y given by equation

67 determines the laser intensity. This procedure has been foilowed

lhere vielding rie vesults shown in figure 105 and 106 for the values

4.85 x 107 joule/gm (OK)‘

a:

b a2 x 10—0 watt/cm (OK 2
. _ (00. 4(1,

10 =1.3x 10 Kand 1.2 x 10 K (71)
ko = 0U.5/cm and 0.73/¢cm

A= 1.45

Oae should note that for each laser radius that an inteunsity
tiireshold exists for zero wave velocity which, for small vadifi,
is nearly a constant power conditfon. One should alsc note that
cach curve (for constant radius) assymptotically approaches the
infinite radius case as laser intensity rises. Lven though figures
soY% and 106 are drawn on different scales, one can see that they
are e slipghtly differont, Indicating that the c<zact numerical
paranscters used {og :'O and ko are not highly sensitive. ‘lhere fis
oalyoa slight chaige ia the intensity thresholds aad LSC wave
velovity,  Recalling that the analyvsis pervrmed here allowed
tinite laser absorption as indicate. by equatiur 44 ard, since the
resulting plasma is of finite lenzth, one determines e amount

ul lascr powver 4y getting through the plasma of the LSUC wave.

This ic Jone by use of equation 67 and noting ti:at the tran oiized

power q is
i
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The results of this calculation obtained by evaluating
equation 68 is shown in figure 107. Pere we plot transmitted power
versus incident intensity q, For incident intensities less than

threshold values one tinds q, At the threshold, there is an

r - Yo
abrupt drop in transmitted power which Lhen continually decreases
as ¢ increases further. 1t is interesting to note that the

threshold intensity (as V»0) is approximately determined by

q T*R = ——— (73)

which is the same as Raizer's(ﬁbl equation 16 and is equivalent to
a total power requirement -v maintain a staticnary combustion wave.
The results of rigure 107 are somewhat similar to those found

by Sziklas(75) using different avproximaticns feor high temperature

alr properties.

7.5 ONE-DIMENSTONAL LSC WAVES U'1TH RPADIATION LOSSES

This section determines the approximate effect of radiation
losses on the propagation of 1.5C waves. No radial heat losses are
taken into account nere and the radiation power loss is assumed

to be conpletely lust to the LSC wave. This is equivalent to an

- S g WP - e e

optically thin process with volume radiation of a magnitude given
in the ddata of Jnh-l76). In the spiric of the Raizer model(65),
one notes that optical radiation losses at one atmosphere pressure
are nearly independent of tenmperature for T>1.2 x IUAK. (Raizer(65)
actually assumes that these losses are proportional to temperature.)

In this section we assume thdt the power losses are

optical lo-ses (watts/cmj) = Rad. for T>T0 (74)

0 for T
0

These power lousses are expected to be approximately 8000 watts/cm3.
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- mqu

For z<0, in the cold gas, one obtains the same equations and

solutions as previously found, however, for 2z>0 one finds

2
dy d’y —
8 4z - 3 - €3 +R=0
dz
where (75)

R = 2 gad ;
b T k

o o

Because of the radiation losses, the temperature will always have
a maximum for z>0 and then decrease to Y = 1 at z = z). For z>zl,
neither laser absorption nor radiation losses occur, This determines

the boundary condition at z = 2, to be

= ﬂ:
Y = 1 and Iz 0 ' (76)

For O<z<zl, the solution of equation 75 is
Y = B eez-—‘%)zi»B——‘— (77)

where B. and B, are constanrs to be rdetermined from the boundary

1 2
conditions at both z = 0 and z = 2y At z = 0, one cbtains
0
1 = B1 + B2 TR T 1
(78)

R 0
= + —_— - ——— .
itttz TR YD
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For 2<0, in the cold gas, one obtaing the same equations and

solutions as previously found, however, for z>0 one finds

B & _dY 8g + R=10
dz
dz
where (75)
R = 2§ad2
bT"™ k
o

Because of the radiation losses, the temperature will always have
a maximum for 2>0 and then decrease to Y =1 at z = z,. For z>zl,
neither laser absorption nor radiation losses occur. This determines

the boundarvy condition at z = z) to be

= i—:
Y = 1 and qz 0 . (76)

Y=g eez—(g)z+3-—"e—- (77)

where Bl and 52 are constant.s to be determined from the boundary

conditions at both z = 0 and z = zl. At 2 = 0, one cbtains

tannis b st doanl

e b i s w1t i




which can ke manipulated to yield

[

ro)

t
+ 3 - —
B 3 (

~
L)
~

e

at ¢ = z e o Ladits o vquaticts 76 and 77

li
z
e
(24 i
L = b [ 1 - dl 4 JJ,) - s T
' £ Top+ !
(80)
[ cH( Ik ﬁv_zl
| I ¢
K B+l ]
the simultanescs sciut:on of equations 78 and BO determines BI, B, 1
: S _ : . B 3
z), and the relaticnship vetveen 6 and . (150 wave velocity ;
Uersus laser intensits.) Fren equaticn s30 one rinds i
BoR e,
(LS 4
. -2 (81) 3
L - !
Sunstitution of equations 78, 79, and 81 into equation 80 yields
the required eijpen-sclution of this radiation problem. 1
] S 2 -¢1 (R+l
R . ... ,LU*P,QfE_}LJ;&“i ¢ ).:ilw_ - (82)
2 -2 -bzy, | ~z1(B8+1) b
8 [G41) (e %51 O e by -+ 2, B(l-e “1L )] ;

An arbitrary choijice ol ) and 8 in vquatiou 82 defines 4 radiation

luss ter: . Gnd Lie »uuseqgtent use of viguation 81 determines the

laser intensity (torough the dimeasicnless parameter 6).

Figuie 100 slows one vesutt of thais calculation as a curve of
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LSC wave velocity as a function of laser intensity for fixed values

4
of radiation loss. There is again a threshold intensity below which ;
no ISC waves can propagate. (lhe resemblance to the case of :
radial heat conduction losses should be noted.) From John(73) ‘j

N

Raa <8000 watts/cm3 so that no LSC waves should ever propapate :
) .

Lele: g laser intensity of 4, SN vaLts/cml. Figure 109 shows the

fraction of the laser power absorbad in the finite length 1SC

tave as a function of the "radiation effectiveness" R/i. For

a4 fixed velocity of propagation (B = constant), the fraction ot

laser ¢nergy transmitted through the LEC wave {s found to increase

as tiw radiation losses increase. This occurs because the high

tenperature region of rhie LSC wave beconmes shorter and shorter

toaer conditions of high radiation loss. In additien, the laser

intensizy recuired to drive the LSC wave increases as the radiation

loss jncreases. This effect is seen In flegn,e 110, vhere the

cate q“/q* is plotted as a function of the radiation 1nss R, and

wivre o, s the laser intensitv reculred in the absence of radiation

lossen.  Ihe peak temperature reached in the LsC vave is also

tenra Lo decrease in a radiating LSC wave as shown in figure 111,

Vo + 0 (o radiation loss), the maximum temperature js given

crination 44 and in figorve 111 ve plot the ratio of rmaxirum

Lewspwidlitae 10 the 20 vave (Ima): = i()V[Y;;;) divided Ly T . 1t

i= sien that finite radi.tion loss alway: decrrdses the temyecature

cUotae vave . sctual variations of temperature in representative

Lut. taves versus distance are piven in tigure It2 and 113, jhese

radial tuh curves are shown for the approximate therrca, asic

prosertics tor alr

.

- 2
4.8% x 167" joule/pm (Y1)

&
[}

bh = 2 x 10-0 watt/em (OK)2

T
1.2 x 104 9

L}

=
It

.74/cm
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Figure 112 - DIMENSIONLESS SQUARE OF THE TEMPERATURE Y THROUGH A LSC WAVE AS A
FUNCTION OF THE DIMENSIONLESS DISTANCE ZWITH THE RADIATION LOSS
Rad AS A PARAMETER AND FOR V =8 cm/sec.
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Figure 112, tor v« 8 en/sec, shows o strong clamping of the
temperature te values near Ignltion  temperature Tn. For example,
curve 3 corrcsponding te a radiation loss ot 7020 watts/cm3,

{tndicates that the maxinum temperatuee in the LSC vave §s approximately
2,000 and the ol plasna core to llave g length of approximately
i, Un the ather funad, for V = 80 em/sec (as shown in figure 113)
one tinds that radiatton loss effects, for "reallstic" conditious

are small. Thus, unless these Tosses are larger than expected

they can be igpored when p <100 or preater.

7.0 DOUNDARY RESTRAINTS ON LSC UAVES

This section dlscusses one consequence ol {gniting LSC waves
near a soltd boundarv., ‘tor nne-dimensionaf LSC waves with the
laser bhean incident perpendicular to the wall, one requlres as a
boundary conditivon that the fluid velocity be zero at the wall.
In order to neet this requirement, additional pressure waves or
shoick waves must be emitted futo the cold gas ahwad of the L4C
vavefront, In this way, the cold pas is set Into motion in the
direction of the LSC wave, causing the observed propagation velocity
to be increased. Ao llustiration of the situation is figure 114
which shows schematically the fluid properties of density, velocity,
temperature, and Jaser fotensity as a functlon of distance. ILecause
ot the scelld boundary, one can assume that the fluid velocity
vanishes, {n laboratory coordinates, behind the combustion wave.
This requires that a -shock wave be generated that travels ahead
of the "slow combustlion wave in order to satisfy all boundary
conditions oit the L8C wave veleeitv 18 sufficiently large). The
regions of space shorn {n figure 114 are divided into three parts.
In region 0, the gas {s voperturhed and of ombient temperature,
pressure, and devslty.  The shock wave, of velocity D, separates
reglons 0 and 1. lhe gas In region 1 I8 compraeased and heated
dependent on the sheck mach number.  The combuxtion zone, shown
as the cross latehed area, separates regions 1 and 2. The analysis
aresented here Is expected Lo be valid vithin a few laser beam
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diameters of the target. For larger distances from the target,
radial spreading of the flow can be expected to reduce the flow
velocities (and hence the observed LSC wave velocities would

decrease).

e assume that the gas in region 1, behind the shock wave,
remains an ideal gas which implies that the shock mach number is

not too large. Under this restraint, one ob:ains(ze)

N

2+ (v-1) u%)

©
—

|

(84)

©
(o]

vhere

p = ambient gas densitv

oy = compressed gas density in region 1

Y = ratio of specific heats (85)
M = shock mach number = D/c0

¢ = ambient sound veleocity

ihe pressure behind the shock front Pl is given by

1,2 _ 2. (_J_;.l_) (86)

vhere Po is the ambient pressure. The shocked temperature Tl is

1 (2 2 - (y-1) {(y-1) M + 2}
T _ . > (87)
0o (y + D o

AN
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where T = {s ambient temperature. In the shock coordinate system,

the gas veloclity V is given by

1s

A (88)

while in laboratory coordinates the gas velocity VIL (in regioun

1) ls

>

o

vooo=D-V. =1D(l - ) (89)

11 1ls

A8
—

Since tie LSC wave zone moves with a laboratory speed of VL' the
o ld pgas in the coordinate system xl moves at a speed V
pl\
o= - 1 ;\‘I_ - —— 0
\ L \“‘ s D (1 p) (90)
1
Lecau-o i thie conacrvation of mass one obtailas
ol R
vo-u (=t =,V (91
I[L b ">] " 91)
4

where o is the mass density in region 2. Jue notes thdl .J’po and

£, naking the gas in region 1 the most densec.

I[f one assumes that the ambient molecular gas is couwpletely

disscciated in region 2 and partially ionized, one obtains

T
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where

g =2 (1 + xe) 1 :
for a molecular gas and (93) E

p= 1 +x

I

for a monatomic gas where the fractional ionization is given by Xy

The one-dimensicnal combustion wave heat equation is

. N ) S _
B oY) sE e @ 1) =0 \
waere
P - _ e
&, ‘“1[‘1. D (1 l)] a, >
I A (94)
1
Lo h
1, = -3 s
12 )
6]
and

o= L in V2
kl k (pl.p”)

is the laser absorption coefficient in the

;2069

In equation 94, kl
compressed and shocked gas where typically one expects a
The previously used laser attenuation equation is again used as

defined by equation 36.
For z<0

Y= YI + (1 - ‘xl) exp {ds z)}

)' (95)
oo $
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For 2z>0, the solution of 94 is

. v O _8¢e
"“1"3b 8+ 1 (96)

ST Tt i (97)

which along witu tiie buundary conditica at 2 = = leads to the final

temperature Tf as Jdeternined by

o

g
-
-

- =0 (- Y () g,) (98)

o

By combining equations 4G, vi, 92, 94 and 98, a cubic equaticn in

BS is obtained

2 2
. 9 v ’ g .

RN R T s U SN Gy
2 . s 2 , S 2, .
g (! \1) g (1 \l) g Q1 \1)

in which (99)
9 .

2ab (i -n ) hace p MGHT-1) (v ?

Koo - Lo e

T
bk {3+(y—1)M2)(2yM —(y—l))u
(9]

For a given Macl namber, tue asove cubic equation can be solved

for B explicitly bty numerical iteration and then equation 97
s

can be solved fur Y.

W



P

For z>0, the solution of 94 is

-Z
f sy 8 _8e
Y = Y,or g8 g +1 (96)
o S

Since Y = 1 at Z = 0, one obtains the ¢ondition

s 1 =¥ 5
CRECRESY ' 37

which along witn tiie boundary conditicn at 2z = » leads to the final

temperature Tt as Jdeternined by

2
I
f ) .
- = V- = - v )
= N LGy B (98)
1 s
o)
By combining equations wi, vi, 92, 94 and 98, a cubic equaticn in !
Bs is obtained
2, 5 v v .2
3 g, ) 2 \1 K \l K . 0
St T A T BT g T
g (1- g (LY g (1-y)
1
in which (99)
Zah(pl—n ) 43» K d(d —])((+])
K=o S5l ~—-~--——-———» - - ;
! ok D) (2 '(Y )
For a given Macl number, tue asove cubic equation can be solved i
El
for 8 explicitly by numcrical iteration and then equation 97 i

can be solved ter v,
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The solutions of equation 99 are shown in figure 115 for the
velocity VL of the LSC waves in the laboratory reference frame
and in figure 116 for the velocity V of the LSC waves in the
reference frame in which the shocked but relatively cool gas ahead
of the absorption zone 1s s:ationary. V 1s equivalent to the velovity
calculated in the previous sections while VL is more than two
orders of magnitude larger. The parameters used in figures 115
and 116 are those previously indicated by equation 83 except
curves are shown for three different values of the absorption
coefficlent, ko, in order to indicate the sensitivity of the
results to exact numerical values. In addition, the further

gas pruperties needed are

300°K

-
L}

co

1.4

<
[

©
1}

1.2 gm/cm3 (100)

3.47 x 104 cn/sec

[}
[}

g = 4

The value of g = 4 assumes the gas is nearly fully ionized.

It is evident from the results shown in figure 115 that the
observed LSC wave velocity in the presence of solid target boundaries
is not highly sensitive to either the value of ko or to the
magnitude of its pressure depundent exponent a. (Increasing
magnitudes of ko and a alvays increase LSC wave velocities.)
Experiments in which LSC waves are ignited from solid targets
do have initial velocities which are about a factor of 2 lower
than the results given in figure 115(77). The asymptotes in
figures 115 and 116 are obtained by solving equation 99 in the

limit of weak shocks.
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(101)

where ‘

By substiturion ¢t veuatice 100 ioto cquaticn 99 aud performing

various manipulation-, cire obtaius

gbh” ‘L (ot ) \/2 U )

€ - - T s s T I LT (\10.’)
e ac 1 1+ J45 + i
O o0 0o
wvivich leads to oo v b rebsling LU weve veloecity and laser
flux
[ O N
N [B] ~ .
‘\} - T-o . ---‘-—“-'*—_‘__‘.':Z;:..‘.;L__':_‘__' (J(}j) :
: Yo a1+ Jae v {
) it ]
H
i
For large laser intensities (A--1), one fiuds :

il

’ bk 1/4 3/4
v o= (bﬂh-'l'm iz)_ q, (104) :

whlle tor smaller inteasitics woal), the resualt

is found.
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The numerical relationship between the shock Mach number,
LSC wave velocity, and the required laser intensity 1s determined

to be (using the previously indicated gas properties

473
9, = 399 (—g‘) watts/cm2

(106)

for ko = 1.0 cn_l. The general dependence of LSC wave velocity

at high laser intensities (#<<1) is found to be

1/4 qo3/4 em/sec (107)

VL = 6.5 ko

which is indicated on figure 11>. One concludes that the asymptotic

relationship (equation 107) is valid over a wide range in laser
intensity until tone shock Mach number becomes appreciable. This
terndency can be seen in figures 115 and 116 by the constant Mach
number curves drawn for M =1.01, 1.1, 1.5 and 3.0. The curve

iaueled, YI = 1,8 4. in figure 115 corresponds to the low laser

intensity assymptote (&<l.

/.7 SUAPE OF THE FRONT OF AN LSC WAVE

In general, one doesa't expect that LS waves will propagate
with their surfaces perpendicular to the laser beam. Thi~ occurs
in actual experimental situations in which there is alwvays a
radial dlstribution of laser intensity and from which one expects
a vorresponding variation of the normal LSC propagation velecity.
Our calculations below are based on the assumption of g small
laser absorption length compared to the beam radius for which
otic can use one-dimensiovnal calculations to compute approximate

two-dimensional effects. It should Le noted that most present
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experiments do not necessarily fulfill this analytical requirement

and hence the obtained results may not be directly appliceble

An LSC wave, propagating at an arbitrary angle to the laser

beam direction, 1s shown in figure 117 where the x, cuordinate

1
s.untem is normal to wavefrort. Vhile the laser beam propagates
i the x direction, the continuity and energy equations are
evaluated across the 'LSC wave boundary (in the X direction).

aoting thet
= x =in ¢ (108)

- |

i ol laing from equation 36

d«;__ L B k__‘_ )

dxl - ( Sin ¢ ) “ (109)
liv oo pendicular component of velocity is similarly

‘.’n =V sfn ¢ (110)

tue Lhus viserves that tihe previously determined eigenvalue equation
i made valid for LSC waves propagating at an arbitrary angle to

the lesur beam merely by replacing k¥ by (k/sin ¢) and V by V sin $.

o= g (8, + 13 (111)
LIS !
\.'hc.-ru
2 q siu ¢
0, = —-9-
b To kU )
||i_)
. - 2 a Lo V' sin ¢
b bk
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INCIDEN " LASER-BEAM

Frgure 117. SCHEMATIC OF AN OBLIQUELY INC!DENT LASER BEAM ON A LASER-

SUPPORTED COMBUSTION WAVE.

Figure 118 .

SCHELIATIC OF A LSC WAVEFRONT.
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b

For large laser intensities (8,>>1), one obtains

¢
bV = - ;/7_ — (113)
sin™ 7 ¢
while for small laser inten ities (E¢<<1)
G .-
by e ()
sin ¢ hu

Equation 1! all.s us te determine the shape of the front
of large diuwnctoer ¥t waves in vhich the Jaser intensity is a
function of 1adius aind tor thosce cases in which the Leam radius
is larger than tie aoso.ption lengtih. Yor most existing laser
beams, Lhis requircirent is not met since L0 vave have ireen

obtained by fucusing doun Lo very suwall dinensions.

A portion of thy 140 wave front 1s st in tiguie 118.
The radially soaametric conbustion front has a local radius © which

is a function oi v, the axial distance. e notes tiat

(115)

1f cne consider: tae Jarge intensity combustion wave def ined

by equa' i< 113, vme notes that ar all radif (QU is the axfal iIntensity)

R £ g = constdant (l16)
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Substitution of equation 115 into 116 leads to the differential
equation determining the shape of the LSC wavefront.

(117)

dx _ - _
ar \/(q (r)) B
o

Equation 117 is difficult to solve for a Gaussian laser beam,

however, a useful approximaticn to such an intensity profile is

-3/2
q (r) 2
© .11+ (r/h) (118)
%o b (r_)%“
! ch /i

where, of course, the radial distance r is restricted to values r<ch.
The approximation given by equation 118 is compared with a Gaussian
bean defined by

2
(r) 3r
il I El (119)
o 2h
in fipure 119 where no discernable difference is to be found, (The
paramcter ¢ = ¢ 82 was chosen for a best fit,)
for the above laser intensity, one nbtains from equation 117 the
shape of the front of the combustion wave,
2
(L
X 1 h )
h 2 ( )

214




WV3E IHL NI 2 SNIGVY 0 NOILINNS V S¥ (4) °b ALISNIINI 43SYT 61T anbry

SNIAvY SSITNOISNINIQ

rAN | 0l g0 90 0 (A1) 0
" L 1 3 1 J 1
- 20
:
-~ v0 S s
& =
m
D ]
z |
= y
<
v
- 90 2 g
A ,,
i
ﬁQANALUv\NuI—v . Q i
Y/ 4 Q - 80
A A H.m!v axa - 2P
i N.T A‘_v b
L 01




This profile is plotted in figure 120 where the parabolic front
is evident. lote that the above determined profile is valid
only in the part of the las»r beam such that 8¢<<1. When the
angle ¢ becomes tou small, a different differential equation

determines the combustion wave profile. For B¢<<1, one finds

qu(L)
—-- < Siu ¢

(121)

A full solutivn of this problem would 'connect” smoothly to the

previous solution tor é¢>>l.

Tne direction » ot the hot gas behind the combustion wave can
be determined from the continuity of mass and from the tangential
continuity of fluw velocity., From tigure 117, one obtains

%

Tan ¢ = fi Ccot ¢ (122)
"1

where (u,/v) 15 dependent on both gemoetry and the zigensolutions

]
of equation lil. Assuming cunstant pressure, nearly full
ionization, an initially diatomic gas so that g = 4 and large

laser tluxes (8,--1), oune ovibbtains

¢

Tan =\/rib‘(u C052¢ (123)
ait v 3a e,V sin ¢ :

216

e

s o

b < ibmie e atstbie lmbn. _simar iba,

W !




JERT T

FUSOUS ALISNILINT LIVIR HIS 7T NVISSIVI
L LVINIXOYIdY NV HLIM INOSSIAVM IST ¥ 40 IdVHS d3LvINITYI - DT ainbiy

<=

Wv38-43sv1

217

1l
)

8




7.8 SUMMARY

One-dimensionai calculations on an analytical model show that
the velocity of the laser-supported absorption zone (LSC wave)
is proportional to the 3/4 power of the laser intensity when
boundaries are present. Under these circumstances the temperature
of the hot gas behind the absorption zone is proportional to the

1/4 power of the laser intensity.

Both heat conduction in the radial direction and radiation
loss from Bremsstrahlung and recombination decrease the thickness
of the absorption zone, decrease the maximum temperature, and
decrease the velocity of propagation of the absorption zone up the
laser beam. They both give a critica. laser intensity below
which the combustion wave cannot be supported. If some of the
lost radiation is reabsorbed immediately ahead of the absorption

zone, the velocity of propagation increases.
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APPENDIX

In order to determine laser-supported detonation wave thresholds,
it is necessary to have an adequate knowledge of the laser power
density profiles as a function of time. This appendix describes
those measurements made on the output of the Boelng !larx Bank

Laser.,

Measurements have been made on both the incident laser beam
as 1t leaves the laser mirror and on the focused bean. Tlesc
Mvasateecits included energy density profiles aud power density
prutilcs obtained with a five-detector array. In addition,

Liwe tetal beam energy and power-time history have been obtained

Ly use of a4 calibrated beam splitting technique, The results of
Lo~ casurements indicate that focal diameters of 3 nm are
“lained with a lé~inch focal length mirror. A 28-cm foval length

airrur or lens has a focal spot diameter of 2.4am. The peak laser
l.iea=ily at the beam center has corresponding values of 2.5 x

lUi and 3.8 x 107 watts/cmz, respectively at a time of 3.lusec
aites 1o Leginning of the laser pulse. The enecrgy density profiles
indicated that no local hot spots of significant size exist and
i the perk laser intensity is near the beam center, From the

sbeven 10 a!l dinensions, one calculates that the laser has a

teoas Hivevgenge of GLdox 10—3 radians - equivalent to 28 times

gitfraction limited.

1., nn Nt VROV LLE HEASURIZIENTS

Jecwiate buam profile measuremenls are requivteo 10r courrect
asscenswent i the detonation  wave characteristics, part. alarly
Lor coenaitions near threshold,  There are two extroeme coudicions
dieve it is posesible to vbtain the minimum spoL diameters o ju.red
tor tine Jetonatien wive experiments.  These arve the neac-{ .14 and
tie tar-field.  The near-field profile appears at the crit @ croure
ol the laser and at any image of the laser aperture, ‘ihe pattera
(s> 1agnified or diminished by tne vatio of image distance to

uhiuect distance. The far-field patiorn appears near the tocal

oot sl

| i
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APPENDIX

In order to determine laser-supported detonation wave thresholds,
it is necessary to have an adequate knowledge of the laser power
density profiles as a function of time. This appendix describes
those measurements made on the output of the Boeing !larx Bank

Laser.,

Measurements have been mude on both the incident laser beanm
as 1t leaves the laser mirror and on the focused beamn. Thesc
Measitenciats Lncluded energy density prorfiles aund power density
proliicy obtained with a five-detector array. In addition,

Lhe total beam energy and power~time histury have been obtained
Lo use of 2 calibrated beam splitting technigue. The results of
Lire se easurements indicate that focal diameters of 3 wm are

Suained withh a 16-inch focal length mirror, A 28-cm focal leugth

wirror o1 lens has a focal spot diameter of 2.4mm. The peak laser

i.tcnsity at the beam center has corresponding values of 2.5 x

Y nd 5.8 x lU7 watts/cmz, respectively at a time of 3,1lusec 3

aitee tne beginning of the laser pulse. The energy density profiles ;

fandicatad that noe local hot spots of significant size exist and i
Lot werk laser intensity is near the beam center., From the

wivieoan 1oca! dimensions, one calculates that the laser has a

teai. Blvotaeohee O G4 X 10—3 radians ~ equivalent to 28 times :

ditfractica linited.

t. BEAT VROFILE DFPASURIZIENTS

cwidte buam profile measurenents are requivtec 1or corredt
dssussitent i the detonation wave characteristicy, part uajarly
tor conaitcons near tureshold,  There are two extireme coundicions
dieve iL is pussible to obtain the minimum spot diameters ¢ ,u.red

or tres Jdetonaticn wive experiments.  These ave the neac-f.0d and

Ui tar-field.  ‘the near-{ield profile appears at the carit o vrture
sl Lie laser and at any imag.e of the laser aperture. The pattera
‘a» tmguified or diminished by tne vatio of iwmage distance to

Jhivet distance. The far-field patt.rn appears near the iccal




point of a leus or mirror. .The dimensions of the pattern are
propurtiocnal Lo the crtective focal ratio (focal distance to beam

diameter) of the focusing system. In these measurements, the

grotietry was chosen so that the near-field and far-field patterns
were quite large, of the order of 6 ¢m diameter. ,The data can 3

vastly be extoapabatod to other spot diameters.

tigure 123 ds o plan view ol the setup used for measuring

beam prefile characteristices, The figure shows the pulsed laser
and turning micrror i the screen room.  The laser bearm passed

thirough a it prisw bear splitter, then was focused with a 10-

meter tocad Teagts siivror. fhe five-elemunt gold-doped germanium

deteoctor arcav wos fecated at the position of minimum spot diameter.

his position vas aisu the location of the far-field pattern of

ti: laser bea:. It s7onld be noted that the far-field pattern
was approximately 3 meters inside the focal point of the 10-meter
wirrer, Jue to oo osihight convergeace in the main beam as it exited

v
H

from the laser tube.

The RKUL bean splitler prism is wedged at 8 = 13°,  The prism
vas oriented tu cause mininum deviation in the incident beam. In
this position, the first and second surface veflections made approxi-
mitely equal angles of magnitude n 9 - 19 with the incident beam,

as shovn ja ligure 122 (0 is the KC1 index of refraction).

Ihe Tirst surface reficotici was focused at the entrance
dpecture ot a IRG thermopile calorimeter which was used to monitor
the pulse cnergy.  The calorimeter output was amplified with a
Reithley tode! IS0y icrovelt ammeter and tuen recorded on a chart
recorder. il second surfiace reflection was focused on a l-cm
thick diffuser cell rfilled with table salt. ‘Ihe diffused radiation
was senued withe a fast gold-doped germanium Jelector coupled to an

uscillescope whren munitured the pulse shape.
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The germanium detector array consisted of five detectors
optically coupled to a copper plate with five 1/4-inch OD copper

tubes, 'The arvay of entrance apertures is shown in figure 123,

the following measurements were made with the array

1. ihe array was masked with copper tape, then cach nole was

individually uncovered and the laser was pulsed. All
channels were monitored to check for cross-talk, vhile ;
3
the optimum level of the uncovered channel was set on the )
vscilloscope amplifier.
2. Cicasutements were made at both the near-field and far- [
11eld positions (as shown in figure 121) with the S-elene.at
arvay centered in the beam,
3. the center detector only was used to obtain a horizontal
scan across the far~-field pattern. In this test, the 4
1

detector assembly was moved O0.2-inches between laser shots,

mask ¢ the array aperture was alipgned in tront of the

array and tihe germanium detectol assembly removed. A

|t sl

warion bloce’ thermopile was then used to sequentially

medarife Lite eneryy passing through each hole.

S0 LNLRGY DELSHTY OF T TuIND LASER BlaM
Phe energy density prorfile oi the incident laser lLean was
medasured as a function of radius o5 shicwn scihematically in figure 124,

lhe ©ariable aperture allowed a circular bear to e o liected at

the calurtiwter.  In Lthis experiment, we relied on laser ceopeatability
te obtain data a= we did not have a suitable bam monite: Poprlae,

tater data shown helow validate ttis technique. tigure &7

alaws the results oi plotting energy reaching the calorimcter us

g st

a tunctivn of uoerture arci.  1f a Gaussian prufile ot wiore

density is assumed
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Figure  125: INCIDENT LASER ENERGY AS A FUNCTION OF AREA
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and experiment and theory are fitted at an aperture area of 10 cmz,

one obtains the data also indicated in figure 124 and the value

§ = 3.7 ¢m, which is close to the actual "burn" radius of carbon -
paper placed in the laser beam path. These measurements indicate

that the beam is relatively well behaved on the ''average'.

3.0 LNERGY DENSITY PROFILE OF FOCUSED BLAM
The energy density measurements of the focused laser were
verfvrined in several ways. The methods descrived here indicate

a reasonable agreement with each other.

The first method emploved is snown in figure $2€a. & T
thedrupile was masked with a .06-inch aperture and noved horizontally
actoess the diameter of the focal plane of a 78-inch foucal length
mivrur. ‘easurements were obtained cvery .030 inch, yielding
Lhe results shown in figure 127. The points where the energy had
Jropped to 1/2 the maximum value indicated & heam diameter of 1,31
vin,  Using this beam diameter and the focal lcugth of the mirror,

we tound 4 beam Jdivergence of 3.2 milliradians,

The Lecond set of measurements were made in the focal plane
w1 Ly meter focal lengli mirror in the experimental setup shiown
in tigure lZeb. These measurements were made by masking the focal
slane with circular apertures and then focusing the transmitted
liaser beam into a FRG thermopile with a lo-inch tocal length mirror.
e eiergy delivered through rhe various apevtuces 15 plotted as
a tunction of the diameter of the aperture. The result. ore
cuipited tu the energy content of a Gaussian Tiser beam [ ofile
in tigure 128. ‘lhe best fit for the Gaussian gives a bean diameter

vf 6.42 cm corresponding tu a beam divergence of 3.2 milli. . wdrans.

ihe third set of measurements of laser energy were obtained
Ly sweeping a small aperture acruss the focal plane of the lU-neter

fucu) length mirror as shown in figare 126c¢. ‘The 3perture was o
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126. EXPERIMENTAL SETUP FOR MEASURING LASER ENERGY DISTRIBUTION




RELATIVE TRANSMITTED LASER ENERGY
(NORMALIZED TO LASER-ENERGY INCENTRAL POSITION)

(4] A A L J

0 .25 50 .75
TRANSLAT!ION DISTANCE (INCHES)

Figure  127: LASERENERGY MONITORED THROUGH A 0.06 “ CIRC'/LAR
APERTURE MOVED HORIZONTALLY THROUGH THE FOCAL FLANE
OF A 78" FOCAL LENGTH MIRROR
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RELATIVE TRANSMITTED LASER ENERGY
(NORMALIZED TO TOTAL ENERGY IN THE BEAM)}

Figure

1.0

0 ] 1 -1 1
0 1 2 3

OIAMETER OF APERTURE (INCHES)

128 LASER ENERGY MONITORED THROUGH A VARIABLE CIRCULAR APERTURE
AT THE FOCAL PLANE OF 1041ETER FOCAL LENGTH MIRROR
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1/4-inch circular hole drilled through an aluminum plate which was
attached to a carbon blotk thermopile. The thermopile was mourted
on a X-Y translation stage so that the aperture could be moved
across the focal plane. A TRC thermopile was used to monitor the
tetal energy in the laser beam is reflected by a salt wedge with

a4 S.o-percent reflectivn coefficient. A series of 100 measuiements
were mude with 1/4-inch i.tervals throughout an area of 2-1/4 x
2-1/4 iuches square. It was found during this series of measurements
that the average energy in the laser beam was 17.5 joules with

35 pervent of the shots having laser energies between 17 and 18
Joules, A three-dimensional plot of these measurements is shcwn

tn figure 129, The beam diameter as measured at the points wvhcre
tive cnergy Jdensity has dropped to 1/2 is approximately 5.5 cm

«wrresponding to a beam divergence of 4.0 milliradians,

ihe three values for beam divergence agree reasonably well,
The two-dimensional scan probably gives the most realistic value
es it Jdoes not depend critically on how well the beam is centered
Lo the cvoergy wonitor. The laser beam appears tu decredse more
rapiaty th.an a pure Gaussian profile which also makes the third

fera e o enlt more reliable.

the focal fliameter of the lager hoas witiv this beam divergence
ot ccternined by o 16-inch focar Tength wirror is estimated Lo

ne 3 oaum wnich is close to burn impregiiong ot in facite,

.0 TLILGSLTY PRotiLE OF Thih FOCAL KLGTGL

e tive element detector array (in thoae tests onty o oar
deles tors were working buecause of the failure of detestor . 3)
wids va.) to determine the temporal and spatial vehavior ol tin
e the first sequence of tests, however, utilized a sine .
detcotur which was positioned at vardous stations with respoct
Lo Lo stationary focal spot., 1i.¢ total laser energy wds Wwonito i

for cach of these shots and data nerwaildzed to account for v
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variation. (Over a sequence of approximately 20 laser shots,

the energy had u maximum variation of ~10%.)

Figure 130 shows the [ntensity varlation In the focus of the
10-meter focal length mirror. For this data, the laser energy was
very nearly 12,5 Joules and one can determine the actual intenslity

at the target. A relative intensity of unity [s found to correspond

to
4.4 x lU“ wat.Ls/cmZ

Since this tocus was /7 meters trom the mirroe, one calculates, for

a le-inch Loca! leaptn mirror, @ peak Intensity of
. ! 2
2.0 x L0 watts/em

for times less than 4psce.  Figure 130 indicates that off-axis
laser modes, in this laser, are the flrst to decay in time. [Ihe

"focal" area decrennwes later in the pulse.

Simultancous power jatensity data taken with the Jetector
array are showa i fipgace 131, This data shows nearly uniferm
behavior of the beam as a function of time, indicating that no

local hot spots wecur.

Figure 1132 shows Jata taken by moving the entire array 1 inch
to the right. [fhat Is detectur 0. 4 was now in the same place
as detector lo. 2 wias fa the data of figure 131. Comparison of
these data shows cousisteney and in addition clearly shows fast
decay of the ut o chergy at [ts boundaries as mentloned above.
It shouid be nuted that the total beam power (labeled beam monitor)
had a somewhat smoother time history than dfd the intensity at

1 glven radial puaition,
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A FUNCTION GF RADIUS 3300 !

LASER ENERGY =~ 26 JOULES O = 9.3m8c

PEAK INTENSITY =~ 1.8 x 105 WATTS/CM2 O = 13.4usec 3
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Figura  130: INTENSITY PROFILE AS A FUNCTION OF RADIUS
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Data has also been taken of the intensity profile vf the
unfocused beam by sweepiag a single detector across the beam.
Data taken at a single lustant of time are shown in figure 133,
There appears, by comparison of figures 130 and 133, to be a

somewhat different intensity profile in the focused and unfocused

beam.

The foucused beam profile was also determined from laser burn

impressions in lLucite targets shown in f.gure 134.

The fast detector, monitoring the entire laser pulse, is
capablie of "seiing' U nsee pulses, however, we ol served no fast

viaristivon of elther beun lintensity or beam power with time.

5.0 MARX BAMGD IATLER OWAVELENGTH

The rrevious beam Jiagnostic data were all taken with unfiltered
gold=-doped germanium detecturs. Thils technique led te some
arbigaity in knowing the actusl total power versus time uistory
vf the laser pul-c vucause of the dependence of detector
sensitivity of wavelvniotin, In order to resclve this question,
we placed a LO.n-mrcron filter in front of the detector. The
filter used nau a pdass baud only (24 micreon wide centered at 10.75-~
micron wavelength., In addition, for wavelengths less than 9.7
micron less than 1 percent transaission veccurred. The power versus
time oscilluscopic data obrained were essentially identical to
tiose obtained 1n the absence of filtering., A filter centered at
9.6-micrun wavelength on the other hand, In front of the dertector

elenent coused no suwer to be indicated.

As a third licgnostic, we used a copper doped germanium high-
speed detectur Ly menitor laser power s.nce it is less frequency
(wavelengta) u: peadent than gold-doped ddetectars.  Again, we
sbtain power ver us time data in agrecnent wilth our previous work,

These rosalts Live us conlidence the the energy and power measure-
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ments are bouth

6.0 RISE-TIML
At a Marx

laser spike is

easily iunterpretable as 10.6 micron laser radiation.

OF LASER PULSE
Bank charging volrage of 42 kilovolts, the initial

approximately 1.4 _imes the maximum intensity of

the slower luser transicant, In addition, the laser pulse has a

rise~time of aboul .) nmicrosecond followed by a 25-microsecond

decay as jadicuate ] approximately in figure 135,

It is fouud, in general, that as the Marx Bank charging voltage

is increased,

tue iutensity of the initial laser spike rises.

ALl of €« cxperiments discenssed In this report were at s fixed

voitage (leawing to i coastant laser pulse shape) of 42 kv,

YO0 ATTENUATCNG

In order to acourately deternine the intensity thresholds for

ighlting detonation waves, we maintaincd constant as many parameters

of tie laser beain aad rarpet gecinetry as possible. This required

the use ot variable otieruators tirat reduced only the amplitude

of the laser pulsc i did net change its shape, Both absorption L

Aand relioclliob

made of Ge-inci

cunstone led and

tcenuiques were investigated, A SF6 absorption cell
Siwmeter pyrex and with Handi-Wrap windows was

tested.,  although the technique worked, we found

some difficulty in making a practical variable attenuator which

conld e vdried vasily over a wide range. All experiments used

a reflection attenuation schieme using both multiple sheets of Handi-

‘.‘."Llrp, ciach sheve

t reflecting about 10 percent of the beam energy,

and multiple shicets o1 tediar, vach siheet reducing the energy

by SU percent,
Jhe uttcuualur

i and the laser

le this wav, we have good control on beam power.

is placed between the beam diagnostic KC1 wedge

onutpul o aperture. For cach shot then, "exact"

calilitaticon and positiening of the altenualors is not necessary.
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An examination of the far-field pattern of the focused beam
with various numbers of sheets of Handi-Wrap beam attenuators
showed no serious degrading of the beam quality. These measurement

were similar to those reported in Appendix, Section 3, using a

detector array.
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