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S U.INA RY

This report presents results of experimental effort utndertaken

in the study of the initiation of laser-supported absorption (LSA) waves

on solid surfaces irradiated in air with pulsed laser radiation. LSA

waves may be classified as either supersontc, so-called laser-supported

detonation (.ID) waves, or as subsontc, so-called laser-supported Mcnbustion

(LSC) waves. In etti.-r case, a hot-air plas"a (1-2 eV) is formwed which pro-

pagates back up in the laser bexa away from the target surface and absorbs

most of the laser-beam energy. Vie objective of this study was to provide

an It-proved understanding of the process of LSA wave initiation. The experi-

"mento dealt exclusively with initiation tf LD waves; however, diagnostic

techniques developed and experinental results obtained may be applicable to

tb#,LSC initiation problem.

During the first year of study, experiments were eirected toward

understanding the rlechanisms of initiation of [SD waves produced on

practical aluminum surfaces in air with the Battelle 80-Jou!e TEA CO2

laser. Re4qilts Indicated that the initiation occurred at a large number

of local surface features (laminae and pits) on a very capid time scale

(10-60 nsec). Thermionic emission at these surface features followed

by air breakdowcn was found to be a viable mechanism for initiation of

the local LID-wave plasmas. Initial studies of nonmetallic LSD-wave

Initiation showed that the initiation process is also local for "first

shot" Irradiations of acrylic plastic and fused silica.

During the second year of restarch, the universality of the

el.?ctron etmision mechanim was investigated in experimental studies of

nittiarion at the 10.6% wavelength on additional metallic materials

having practical surfaces, including tungsten, lead, copper, and rtnc.

Electron eminsion and prompt (<100 nsec) Initiation times for [SD-waves

were ohservtd for all metals investigated. Time-integrated and time-

rei~olved emission spectroscopy studies were conducted which yielded

iI



--esults consistent with the electron emission mechanism. A limited

number of #xperI'ents were condicted with 1.06-" la1e" 'ulges iacident

on pr.sctical alumint" surfaces in normal density air. ReAults of these

experiments indicated that LSD-'wave initiation at 1.06 L occurs by

breakdown of the metal vapor. A simplified theoretical model was

developed to estim,-te LSD-wave initiation times on metals for both

laser waveltgths. The model includes the effects of defect end bulk

metal heat#.ng and air breakdown processes. Theoretical predictions and

experimental results for LSD-wave initiation times cmr aluminum were

found to be in good agreement for the 10.6 1 case.

Additional experimental studies of LSD-wavt initiation on ion-

metallic materials at 10.6 u were conducted durtn3 the second yeir. Three

distýio:t mrcd.i of initiation were observed for the riaterials investigated.

Acrylic plastic, fused silica, and pol1'7tid, were found to initiate at

local sites on the surface believed to be sites of embedded metallic

debris particles. Purposely embedded aluminum particles in acrylic

plastic were found to produce this type of initiation. Vapor bhr-;'-down

waw found to dominate initiation on cellulose acetate, phenolic resin,

and alumina. Initiation on polished silicon was found to be similar to

that occurtIng on a polished metal surface.

Also during the second year, an extensive series of pre.,sure

response measuterents were performred to directly assess the effects of

LSD-wave initiation on response of metals and plastics to 10.6 ,

radiation In norm.al and reduced pressure air. Met.:.llc response was

found to be dominated by the LSD-wave/blast-wave pressures above the

air pressure threshold for initiation of LSD-wavc's. Reaso•.•ble

agreement of the pressure data with blast-wave theory predictions was

obtained vhen variations from ideal irradiance cnrittions and the local

initiation phenomenon were conoldered. Pressures recorded for the

cellulose acetate samples were rn order of magnitude higher than those

observed for aluminzmi as expectf.d for a vaporirat ion-dnminated response.

Initiation of an LSD wave was found to reduce the peak shock presoure

in this case, presumably by blockago of laner radiation and resultant

reducl:lon in vaporization.

2
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AN INVESTICATION OF W!ClaNISIS OF INITIATIO'
OF LASER-SUPPORTED ABSORPTION (LSA) WAVES

by

C. T. Walters, R. H. Barnes, and R. E. Beverly, III

I - INTRMOUCTION

Thiý' is the final technical report of an experimental investi-

gotfon of initiation of laser-supported absorption (LSA) waves in gases

irt, front of solid surfaces. Contract efforts were limited to experimental

study of initiation of absorption waves generated by short pulses, i.e.,

laser-supported detonation (LSD) waves; however, results ray be applicable

to laser-supported combustion (LSC) waves in some cases. During the first

year,(1,2)* extensive studies of initiation of LSD waves in air in front of

practical aluminum surfaces with TEA CO2 laser pulses revealed a viable

mechanism of initiation. The experimental data were found to be consistent

with Inverne-bremsstrahlung heating of surface-emitted priming electrons

in the air. Thermionic or field emission at surface features such as pits

and laminae is believed to be the process for production of priming elec-

trons for the air breakdown. During the second fear of research, the

universality of this mechanism was studied in experiments designed to

reveal initiation mechanisms on a variety of metallic and nonmetallic

materials. Metallic materials studied included aluminum, titanium, tungs-

ten, copper, stainless steel, lead, and zinc. Nonrctallic materials in-

cluded acrylic plastic, fused silica, cellulose acetate, phenolic resin,

polyimide, and silicon. Initial results of LSD-wave initiation experi-

ments with some of these materials were presented in the last semiannual

report. (3) Results of more recent experiments with metallic materials and

a review of theoretical models for metallic initiation processes are pre-

sented in Section II of this report. Section III presents additional ex-

perimental results for nonmetallic LSD-wsve initiation. In addition to the

References are listed on page 95.
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initiation experiments, pressure measurements were performed in air and

partial vacuuim to directly assess the effects of the LSD-induced blast

wave on metallic and nonmetallic target reaponse to the TEA-laser pulse.

Results of these experiments and a correlation with theory are presented

in Section IV. Section V sur'arizes conclusions which may be drawn frow

the research and recovmiendations for future areas of investigation.

.I
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The phencrenolcgy of laser-supported detonacion (1.SD) waves

propagating in air and other gases and been knewn for some time; (4-6)

howver, only in the past few years have the mechanirms of initiation of

these waves on solid surfaces core under intense experimental Investiga-

tion. (1-3) Several mechanisms which might be involved in the initiation

process have been proposed. These iechanisms include

s Uniform target vaporization

e Metal oxide vapor absorption

9 Chemical reaction

4 * Thermionic emission

a Planar reflection-enhanced fields
* Local target heating
a Contaminant and gas desorption

* Field emission

* Shock heating of the air by cold vapor piston

• Nonequilibrium ionization of vapor

* Defect-enhanced fields

* Shock heating of air by front surface spalled layer.

* Vaporization of impurity dielectric layer.

Uniform vaporization followed by equilibrium vapor heating was first con-

sidered by Nielson and Canavan(7) and was found by them to be inconsistent

with the experimental data for initiation thresholds for aluminum and tungs-

ten. By assuming resonance absorption in the vapor species (ALO) of the

normally present aluminum ox 4 A!e coating, better agreement was achieved in

the case of aluminum. Several additional mechanisms were proposed by

Walter.(8) which included chemical reaction of the aluminum vapor with the

oxygen, thermionic emission of priming electrons, and the local electric

field enhancement resulting from the reflected wave. Local plasma phenomena

were observed in experiments at Bactelle(9) and local target heating at sur-

face defects was propoed. tall0 proposed a mechanism wherain blown-off

6
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contaminants or desorbed gases could initiate a plasma. Additional mecba-

niess suggested by others included field emission in the enhanced normal

component of electric field at surface protrusions,(11) shock heating of

the air via a cold vapor piston expansion, (12 n electric field enhance-

ment in the air by concentrated reflection in the vicinity of surface

defects. (13)

More recently some Initiation mechanisms have been suggested in

tho published literature. These mechanisms include shock heating of the

air by a thin layer of molten metal which is apalled from the front sur-

face (14) and heating of a vaporized impurity dielectric layer.( 1 5 )

To some extent, several of the above mechanisms may be operative

or dominant in various regimes of laser beam parameters which initiate

LSD waves on metals. However, research conducted during the first year of

the contract shortened considerably the list of mechanisms applicable to

the restricted case of LSD initiation on practical aluminum surfaces in

normal density air at 10.6 p with a TEA-laser pulse shape.( 1 " The concept
of uniform vaporization of target material and heating in the vapor was

found invalid under the conditions studied beccuse measured plasma Initia-,
tion times (30-60 nsec) were found to be an order of magnitude shorter than

calculated bulk vaporization times. Results of the initiation timing mensure-

ments performed using different techniques are presented in Figure 1. The

dat^ follow a curve corresponding to constant energy deposition prior to

breakdown (dashed curve) rather than one correspondiog to the time required

to achieve a constant (critical) power density (solid curve). This implies [
that the initiation process may depend upon heating a small amount of

material (such as a lamination-type surface defect) to a critical temperature.

Furthermoze, local initiation was ebserved photographically as illustrated

in Figure 2. In this figure, plasma initiation on an aluminum surface is

viewed from the surface normal with simultaneous streak and framing photo-

graphy. The beam is at 450 incidence from the right. The slit orientation

is indicated by the dark line in the framing photographs which are sequenced

from top to bottom. Figure 2(a) shows the luminosity for peak intensity

7i
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-1.G(t6)dt 1.7 j /cm -

C" -

"G(t 4.9 x 107 watt/cm2

EIO Legend
,

c 0 Pinhole Transmission Data
0 Av Ring Probe Data
a + Target Voltage Data
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C14
L JLi

4-i ---- 4

2 cm 1cm

(a) Framing and Streak Photographs Viewing Normal

to the Surface (e- - 45 degrees,
7 2

G - 7.1 x 10 watt/cm2, frame separation = 1.8 psec)
p

K .... [j lIc

2 cm 1 cm

(b) Framing and Streak Photographs Viewing Normal

to the Surface (0i - 45 degrees,
=7 L 2

G 3.4 x 10 watt/cm , frame seapr tion - 1.8 4sec)

p

FIGURE 2. STREAK AND FRMING RECODS FOR LSD-WAVE INITIATION

ON ALUMINUM 2024 ALLOY AT 10.6 • (LASER INCIDENT

FROM RIGHT)
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vell above threshold (Op - 7.1 x 10' watt/cm2 ), and of particular intfrest

a.:e the numrprous individual luminosity sites within the slit tirnge area.

These are believed to be individual initiation sites for wnves which Join

up to form a front which moves off to the right, the eirection of beam inci-

dence. For comparison, Figure 2(b) shows the saoe arrangcrent wizh the

beau attenuated to provide a peak intensity below LSD-wave initiation

threshold (Gp - 3.4 x 107 watt/cm 2). From the streak rhotograrph, it is

evident that only one or tvo plasma fronts initiated in or near the slit

imge area aý,d these did not move up the beam. Postirradiation examination

of targets with the scainning electron microscope (SF24) showed numerous iso-

lated damage sites associated with surface features.

ResonaTice absorption in the ALO vapor layer was found to be

uni.portant when it was observed that LSD waves are easily generated on

a practical aluminum surface freshly coated with pure aluminim and irradiated

in pure nitrogen. This result is in agreement with Maher et al. (16) who

found no effect of aluminum oxide layer thickness (20-2000 4) on LSD-wave

initiation threshold. Initiation txperiments perfort'ed in pure nitrogen

1aso revealed that chemical reactions of vapor with oxygen play no signifi-

cant role. Irradiations of freshly deposited aluminum ourfAces and other

"clean surface" experiments demonstrated that contaminants are not essential

to LSD-wave initiation, although it is obvious that they can affect the pro-

cess. No experiments were conducted which could isolate the effects of gas

desorption; however, absorption of the laser radiation 1-v the desorbed layer

is believed to be insufficient to initiate the plasma on he observed time

scale. The fact that aluminum is highly reflective at 10.6 P gives rise to

an enhanced electric field at planes of constructive Interference between

the incident and reflected wave. Tlis results in a lowering of the clean-

air breakdovn threshold by a factor of four for planar reflection and perhaps

more near surface defects. While this effect most likely dominatea initia-

tion at peak power densities greater than 6 x 108 watt/cm2 , it was not found

to be significant in the lower intensity regime studied. It should be noted

that the reflected component would be reduced considerably over the hot "ur-

face associated with a local surface defect. The notion of shocking the air

10
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up to plasmi temperatures by the cold vapor or a spalled layer appears to

be inconsistent with the observed short initiation times. An apparent error

in the assumed radiation absorption depth in Reference (14) calls into

question the possibility of front surface spallation in this case.

The observation of local plasma initiation and target electron
(I)

emission in irradiations of practical aluminum surfaces at 10.6 1 was

found to be cousistent with surface defect hesting and associated ernission

of priming electrons either by thermionic or high field emission processes.

However, it wa3 also shown iii a detailed one-dimensional calculation by

Edwards et al.(17) that if the initial absorptance of the aluminum surface

were adjusted to a value of 0.10, initiation on the observed time scale

could occur by a nonequilibrium breakdown in the vapor and subsequent shock

heating of the air by hot vapor ions. Further, their results of two-dimen-

sional calculations revealed that initiation can occur at a l0-k-diaveter

initiation site on a surface. These being the likely initiation mechanisms

operative at 10.6 0, additional experimental effort was devoted to deter-

mining their role in initiating LSD waves on practical aluminum surfaces

and other metals of interest possessing differing physical properties. The

following subsections present an outline of the theoretical modeling of the

initiation process and additional experimental results for metallic surface..

Theoretical Models of Initlation

of LSD Waves on Metallic Surfaces

Theoretical modeling of the initiation of LSD waves on metallic

surfaces has been reported by Walters and Barnes,(l Th.7mas and Muaal,(18-21) j ".

and Edwards et a). (17 In Reference (1) it was shown that surface defects

could heat to temperatures at which thermionic emission of electrons would

be expected on a time scale consistent with observed initiation times. It

was further shown that the electrons would ditfuse into the air a distance of

the order of the Debye length and provide a local priming electron densityS114 el rn/r3.
near the surface of the order of 10 electrons/cm3 . This priming density

was believed to be sufficient to cause cascade breakdown in the air within

I I-



the observed initiation times. This assuvption will be substantiated sub-

sequently. The thermionic emission model waa developed further by Thomas

and Musal( 2 1 ) and excellent aorecment was achieved with our initiation

tirA data ovwr a range of peak paver densities. This agreeunnt was achieved

with only one adjustable parameter, d, the characteristic thickness of the

model lamination defect. The value of d providing a good fit was

d - 3 z 10' cm, a value consistent with sarple examination data.

in earlier work, Thomas and Kusal (19) also developed the field

emission model of LSD-wave initiation, in which a protrusion-type defect

with a height-to-diameter ratio of 10 to I is found to create sufficient

enhancement of the nonrmal component of the larer radiation electric field

(at 450 beam incidence angles) to cause fild emission of electrons. These

electrons may be directly accelerated to energies sufficient to ionize

air molecules or may serve as priming electrons for a breakdown in a manner

similar to %:he case of thermlonically emitted electrons. In the initial

form of the model( 1 9 ) they predicted a very strong dependence of the initia-

tion time on peak power density which yielded agreement with the experi-

nental data only at high peak power densities (2 x 108 watt/cm2 ). More

recently, inclusion of protrusion heating in the model( 2 1 ) has permitted

a better fit to the experimentally measured initiation times. Other experi-

ments, however, tend to rule out field emission as a dominating imchanism.

Because the norral component of electric field is predominantly the compo-

nent inducing field emission at a protrusion, an anomalous effect would be

expected wherein a lower threshold for initiation would occur at off-normal

incidence than for normal incidence. This anomalous effect was not observed

in experiments conducted with practical aluminum surfaces.0() Furthermore,

the extent to which the high aspect-ratio protrusions must be present on a

surface for LSD-wave initiation in inconsistent with our scanning electron

microscope (SEM) examination of samples. Attempts to resolve the issue

regarding the nature of the emitted electrons are repcrted in Reference (3).

In these experimenta, emitted electron energies were measured in vacuum;

however, the strong background of electrons apparently resulting from plasma-

u.v.-induced target-photoeminsion PAsle the results inconclusive with respect

to the origin of priming electrons.

12
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As noted previously, a detafled calculation of the initiation and

propagation of LSD waves has been perforned by Edwards et al. (17) Computer

calculations were performed using the com.puter code LASN7X which accounted

for detailed aluminum and air equations-of-state, hydrodynnmics, energy

exchange between plasma components, thermal energy transport, thermal

radiation transport, and laser radiation transport. No electron emission

from the surface was assurv.d. The electron population was determined from

a detailed equilibrium ionization model. In calculations with electrons

and ions in equilibrium (for both the air and the metal vapor), initiation

of an LSD wave in air was not achieve* with the TEA laser pulse at 7 x 107

watt/cm 2 peak power density. However, when the electron te=perat•sre was
allowed to separate from the ion temperature, an LSD wave was initiated

following breakdown of the metal vapor. By adjusting the initial laser

radiation absorptance to a value of 0.10. an LS)-wave initiation time was

calculated which was in agreement with our experiments' value. While this

mechanism appears to be viable, no evidence of breakdown in the aluminum

vapor for atmospheric pressure irradiations has been observed In extensive

time-integrated and time-resolved spectroscopic experiments with 10.6-&&

TEA laser pulses. For longer pulse rise times and fihorter laser wave-

lengths, breakdown in the metal vapor may dominate the thermionic emission

mechanism as will be discussed subsequently.

The following subsections present a brief discussion of the

various phases of the LSD-initiation process for aluminum and relevant

simple theoretical resultr which may be used to correlate experimental data.

Surface ReatinZ

Simple models for surface heating by the laser radiation can be

utilized to yield approximate times to achieve emitting and vaporization

temperatures at surface defects and for bulk material. From extensive

examination of SEN data on target samples befere and after irradiation,

lamination-and pit-type defects were found to be the most conmon potential

initiation sites on practical aluminum surfaces. Figure 3 presents a

13
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schematic representation of these typon of defects, In both csses, a layer

of iraterial is therin-lly isolated from the bulk material and can heat quite

rapidly relative to the n',r3l surface which is cooled by conduction. A

characteristic thickneep, d, can bt ascribcd to the defect layer to permit

simple calculations of tLhrmal response. While a distribution of such

thicknesses exists, a value of 10 - 10 cm appears to be consistent with

SEM data. It is Important to note that the defect model is still valid on

second and subsequent shots on a surface Although less rmitting area is

available. This latter effect is consistent with the observation of less

emission current on second shots and offers an explanution for the "cleanup

effect" wherein the initiation threshold is raised slightly on second and

subsequent shots on a practical surface. For the purpoes of estimating

heating times, a simple one-dimensional isolated layer of thickness d is

assumed in the defect calculations that follow.

The temperature rise at a surface with constant properties and

constant heat input is easily calculated.(22) For a semi-infinite region

the gurface temperature rise is

AT [ J Gt , (1)

wf.ere k is thermal conductivity, i s density, C is specific heat,
p

is absorptance, C is power density, and t is ti"e. For constant power

density heating of a finite region (defect) of thicknems d the surface

temperature rise is simply

T =CT d cGt , (2)

provided d << rkt/ 0 cp] for the times of interest. This condition holds

for the postulated defects and they may be assumed to be isothermal. For

a linearly rising incident power density with rate of incran.e G, the

surface tevrperature rise is

151



For the sare ri3in3 power density Incident on a finite layer of thickness d,

T (4)
2 ppCpd

Values of thermal properties for aluvinum 2024 alloy used in the calculations
3

wcre 2.7 qta/cm3, Cp .9 J/gm, and k - 1.6 watt/cm C. The melt terpers-

ture and vaporization temperature were assumed to be 660 C ard 2520 C,

respectively. The laser radilation absorptence, a, was fouad experimentally

to be 0.029 at room temperature and 10.6 u. This value was uied for the

bulk material and was assumed ti be constant up to the welt temperature.

A value of 0.05 was used for a e.!nect layer below the melt temperature.
(23)

Data on metallic reflection above the melt point are sparse;* however,

absorption valuas are belleved to increase with temperature after a Jump

i.crease at the mlt point. An assumpt.on of a high average value over the

melt region is believed to be more realistic than ,ising the room-temperature

value. A value of 0.48 for absorptarce was found bv Oer~el'son et al.(241

to provide good agreement of their theoretical response model with experi-

mental inpulse data at 1.06 •. This value was used for the present calcu-

lations at 10.6 1 and 1.06 , above the melt temperature. Below the melt

temperature, a - 0.12 was used for both defect and bulk Eestins at 1.06 •.

Figure 4 presents representative surface heating curves for a peak

incident power density of 108 wstt/cm2 at 10.6-L4 and 1.06&- wavelengths

for a TEA laser pulse shape (40-nsec risetime) calculated using the simple

models for defert and bulk material response. At 10.6 u it is noted that

the bulk surface temperature does not reach the melt temperature while the

defect temperature rises to emitting and vaporization levels within 30 nsec.

This is consistent with th% observation of negligible surface damage at

10.6 1. At 1.06 p, both the defect and bulk surface temperaturo reach

vaporization1 evel• prior to tl;e pulse maximum at 10 watt/cm2 peak power

density, whlh is also consistent with experiment as will be shown sub-

"-equently. It should also be noted that under the assumptions of the Model

most of the time prior to vaporization is accounted for by the time required

to reach the melt temperature,

16
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To illustrate the therr.al effects over a broader range of con-

ditions, the time to reach the vaporization teperature is presented in

Figure 5 as function of peak power density for pulse shapes which rise

linearly for a period T to the peak value and remain constaut thereafter.

Results for both models are presented for 10.6 L (solid curves) and 1.06
(dashed curves) with values of . = 40, 400, and 2500 nsec. The four power-

law dpendencies which are given by Equations (l)-(4) are revealed by the

four limiting slopes of the curves appearing in the figure. Only the
6 2regime of peak power densities Sreater than 10. watt/cm is shown'in the

figure. Below 106 watt/cm2 initiation times have been correlated very

well with the vaporization time calculated with a bulk material beating

model. (21) While the times calculated using the defect model are orders

of magnitude less than those calculated with the bulk heating model in

this region, at some point lateral conduction in the defect layer invalf-

dates the one-dimensional defect heating assumption and the model does ot
-4

apply. If lateral dimensions of the order of 3.x 10 cm are assumed, 'hen

at times greater than a few hundred nanoseconds (for aluminum defects), the

2 defects can lose heat by conduction and the initiation process'becomed

dominated-by bulk heating effects. As can be seen in the figure, this

leads to breakdown of the defect- model for peak power densities less than

about 3 x 106 watt/cm2 and a transition tO bulk heating occurs. A transi-

tion curve has been drawn schematically in the figure for the 10.6--p case.

Also noted in the figure is the important effect of pulse risetime on surface

heating. It is this effect which is likely responsible for considerable

differences in initiation times and thresholds reported by investigators

u&tng different laser devices.. It should also be noted that for the 40-nsec

risetime case at 1.06 V, little difference between bulk and defect vaporiza-
9 2tion times is predicted and, in fact, at 10 watt/cm the defect heat transfer

becomes conduction limited (crossover,'point).

While the times discussed above are those required to reach vapori-

zation, it is clear from Figure-4 that the times raquiredto reach thermionic

emitting temperatures are not much different. In the following subsection,
the additional time required to breakdown the air is estimated so that the

total time for plasma initiation can'be correlated'with experimental data.

18
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Air Bronkorwn by rrffnf E loctrons

In Reference (1), it was shown that thermionic emission of elec-

trons from an alumnintm surface into normal density air could result in a

significant buildup of free electron density in an air layer having a thick-

ness of the order of the Debye length. The electron density was of the

order of 1013 to 101 5 cm= 3 depending on the work function selected and the

surface temperature. These electrons are beated via the inverse brems-

strahlung mechanism in the field of neutral and ionized atoms. Estimates

of heating times have been made using :he absorption coefficient used in

LAShNEX 1 7 ) with the exception- that a Gaunt'factor of 1.0 and only singly ion-

ized species are assumed for the ion component. This results in the coeffi-

lent

4'(RdlI d1 r
-,K=2.61 x 10" -jx- 1RpI 1 x

+ n n <Z g ] m , (5)

oI where Rd - 13.59 eV, hv ii the laser photon euergy in eV, kT is the elec-

tron ten;pcrature' in eV, n is electron dansity in'c~n , na is th .e neutral
e 

2atom density in cm- 3 , and <Z g> is tabulated in Reference (17) for various

kT . The reduced absorption coefficient, K/no, is presented in Figure 6
e

as a function of electron temperature. A differential equation for growth

of the electron density at constant power density can be written for the

case where all of the absorbed energy goes into ionization and heating of

electrons.

I dn K G0

n dt n0 .('I [ kT (6)e ne kTe + 1 1 3 k'e+

0 2 e kT +Il

where G is a constant power density and I is the effective ionization
0

potential or air, assumed to be 14 eV. Since the temperatures reached in

the breakdown are of order 1-2 eV, it is a good approximation to let

dn K G

Sdt ne 1

20



0-6

NL

Uo

I'

C/
E X ~10.6/ IL,

N.

4--

Total inverse bremsstrahlung
Neutral inverse bremsstrahlung

0.
0

"-o

FIGURE 6. IWERSE DREMSSTRAIILUNG ABSORPTION
COEFFICIENT FOR NORMAL DEN:SITY AIR

21

/.

"I III , /I 1 11

-o I . /0•



,hich sr'ply says tt~i-t almost all of the absorbed energy is used to ionize

tLe g,•. Using Equation (5) and assuming Saha equi)ibrium, Equation (7)

uran integrated nt':..'rically. R•:tults for 1.06-qnd 10.6-, laser wavelengths

are pre'ented in Figure 7 for an initial electron temperature of 0.25 eV.

Tiie quantitative tcoults should not be taken as being rigorous because of

thn gross assumptions of the vodel. Departures from a Maxwellian energy

distribution and the Saha equilibrium and the loss of energy by several

rcchanisms are known to occur. The results do show, however, the very

rapid breakdown of the air which occurs for priming electron densities ofodr114 - 32
order 1014 Also noted is scm departure from exact ),2 wavelength

scaling of absorption which apparently occurs because of a significant

sti-mulated emisaion component at 1.06 •.

Correlation of the Si,'ele Xo.lol with
E;:,,rinrýntal Pta for L,5D-W Xvn Initiation Tmires

Results of the simple model have been used to predict LSD initia-

tion times for various pulse risetimes assuming the initiation time to be

the sum of the tire required to achieve emitting temperatures and the time

"" for the electron density in air to go from 1014 to 1018 cm 3 . These

results are presented in Figure 8 for aluminum at 10.6 p in normal density

"air. As was found by Thomas and Ilusal, (21) the model for thermionic emis-

sion at a lamination defect yields very good agreement with the experimental

"values measured at Battelle with alu'ninum. The observed small disagreement

in within the error inherent in the model. Very few additional data have

been found on LSD-wave initiation times. Maher et al.(16) report initiation

near the peak of their laser pulse (0.5 Lsec) when the intensity is well

above threshold. flarchukov et al. (15)report initiation on magnesium in

the range 0.5-1.5 t~aec for their slowly-rising pulse. They note an approxi-

vnte inverse relationship between initiation time and peak power density.

Tim unadjusted data for magnesium have been plotted although corresponding

values of initiation tire for aluir..nim would be about a factor of two higher.

Even with these corrections, the data appear to be well below the bulk

heating predictions as is the case for the data of Maher et al. This

22
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discrepancy may result from operation in the regime of travsition from

defect heating to bulk heating. Initiation data in this regime should

be particularly sensitive to the first-shot "cleanup effect" as has been

noted in Reference (16).

Similar results for aluminum at 1.06 p are presented in Figure 9.

The two data points are from, the work of Rudder( 2 5 ) and our work discussed in

iia subsequent section of this report. Since the times to vaporizotion in

defects and in the bulk are about the sare and both very imch less than the

air breakdown time, no effect of the heating model is observed in the

theoretioal predictions. The experimental values are substantially lower

than predictions based on breaking down the air by priming electrons. As

will be discussed in a subsequent section, breakdown in the vapor is be-

lieved raspor.sible for initiation at 1.06 ,.

Linkup of LSD Waves I

The models for LSD-wave initiation diecussed in the previous

sections apply to the very early stages of the initiation process whent,"

1-2 eV plasmas are first formed in the air. At 10.6 1, these miniature

LSD waves do not cover the surface, but exiit only at the defect initiation

sites. An exhaustive theory of LSD initiation should account for the propa-

gation and growth of the miniature LSD waves and the "linkup" process

wherein they merge to form a continuous front which completely blocks the

surface. The linkup process is shown vcbematically in Figure 10. This

theory has not been developed, but the effect is noted here because of its

importance in initiation on surfaces having various initiation site densities.

Measurement of LSD-WAve Initiation Times on Metals

As noted in the previous sections, the time of LSD initiation is

an important measure which is useful in understanding the process of LSD-

wave initiation. In the second year of the contract, techniques developed

for study of initiation on aluminum were applied to the study of LSD initiation
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FIGURE 10. SCHEMATIC REPRESENTATION OF THE LIN KUP PROCESS
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on "etallic surfaces in general. These techniques include observation

of changes in the target electron emission signal and electrostatic probe

detection of the u.v. radiation associated with initiation. These techni-

ques are discussed in detail in Reference (3). Irradiations of several

ma•stal in the so-rcceived and cleaned condition were conducted with the

10.6-U TEA laver pvlse fccused to provide peak power densities in the

range of 5 x 107 to 5 x 108 watt/cm2 in normal density air. Metals

studied included aluminru 2024, tungsten, lead, iopper, and zir.c. Target

electron emission and electrostatic probe records were obtained in separate

experiments.

Measured LSD-wve initiation times for these experiments are

presented in Figure 11 (curves drawn in the figure are for reference

only). As in previous work, good agreement was achieved for measurements

4 ~made by the two techniques. Most of the metals had LSD initiation charac-

teristics simtlar to those observed previously for aluminum, with the

2i exception of tungsten. A significant delay in initiation on tungsten rela-

tive to inittation on other metals was observed. Using the property dAta

of Table I and the boilk heating model discussed in the previous sections,

it was found that the tima to ieach melt on a tuugsten surface was much

* igreater than the measured initiation time as was the case for aluminum.

Again, it Is believed that defects on the tungsten surface served as LSD-

wave initiation sites. The only other significant deviation from the

aluminum data was the observation of very fast initiation on lead suriaces

in the lower intensity regime. Rapid heating on lead surfaces results from

thi low melting tewperature and the low volumetric heat capacity (see Table

1). -The bulk heating model prdicts surface melt for lead at 24 nsec for

7 x 107 watt/cm 2 peak powez density and 7.4 nsec for 4 x 108 watt/cm 2 peak

power density. In each case, the vaporization temperature is reached within

a few naoseconds of meltitis. It is believed to be significant that LSD-wave

initiation does not occur oai luad earlier than about 27 n3ec in the hig,•er

intensity regime. If the Initiaticn were occurring in the lead vapor, it

would likely occur within 5 nsec of vnporization at 4 x 108 watt/cm2 peak

power density. The fact that the initiation time for lead does not decrease

slgnificzntly with increasing pemk power denoity m•y be a result of soe
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inhibition of electron emission caused by the fast vaporization or by the

presence of vapor. The prediction that bulk vaporization does occur for

lead is confirmed by SEM examination of samples.(3) Of the metals studied,

bulk vaporization was observed only for lead targets. As will be noted in

a subsequent section, no ionized lead species were observed at atmospheric

pressure.

For all metals studied, significant emiasion of electrons was

observed prior to initiation of the LSD wave. All surfaces were covered with

natural defects as in the case of aluminum and the initiation time data are

consistent with local initiation at these defect sites, except in the case

of lea': at the higher values of peak power density.

Spectroscopic Studies of
LSD-Wgve Initiation on Metallic Surfaces

Both time-integrated and time-resolved spectral measurements were

performed for targets irradiated at different gas pressures using several

different intensity levels from the 10.6-L (0.118-eV) CO2 TEA laser. One

of the primary objectives of the spectroscopy effort was to look for evi-

dence of aluminum line emission adjacent to the target surface during the

early time regime which could be used to discriminate between the vapor

breakdown and thermlonic emission initiation mechanisms for LSD waves. j
The time-resolved measurements dealt only with aluminum targets in nitrogen

and helium, while the time-integratad studies also included aluminum targets

in dry air along with copper, zinc, tungsten, and lead targets which were

irradiated in nitrogen. The pressure covered ranged from below I x 10-5 to ".1
1 atm.

Earlier spectroscopic studies are presented in the previous

reports( 1 ','3)" on this program In the earlier work, time-integrated spectra

were obtained for irradiations of type 2024 aluminum alloy, fused silica,

cellulose acetate, acrylic plastic, zinc, tungsten, lead, copper, titanium,

graphite, and type 304 stainless steel targets in air at various pressures i

between one atmosphere and vacuum. In general, the time-integrated spectra

at atmospheric pressure were characterized by spectra associated wfth oxygen
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1

and nitrogen from the air and sooe vaporized target materials. At pressures

below abont 10 torr, the apectra were characterized by emissions from target

materials. These observations aleo hold true for the work reported here.

In the case of the earlier time-resolved measurements with

aluminum-alloy targets, the bremsstrahlung radiation typically appeared

first at the target surface about 40 nsec after the arrival of the laser

pulse. Atomic and ionic radiation was observed at the target surface i

about 170 naec after the brcmsstrahlung appeared. Neutral aluminum radia-

tion appeared about 700 naec after the bremsstrahlung. This late appearance

of aluminum vapor may result from material boiled off, blown off, or

sputtered by the hot air left by the LSD wave. These facts appear to be

4 consistent with the initiation mechanism based on emission of electrons

from the target which then couple to the laser field and increase in

energy through inverse bremsstrahlung processes. Ion pairs are then

created through electron-impact collision with the neutral gas molecules

generating additional electrons, which in turn are pumped by the laser

beam as discussed previously. Many of the excited atomic and molecular

species produced require excitation energies in excess of 20 eV. Additional

spectroscopic experiments were conducted to confirm this mechanism and inves-

* tigate its general applicability to other metals.

Time-Integrated Measurements

Spectra were obtained with type 2024 aluminam alloy targets in dry

air, nitrogen, and helium, and with copper, zinc, tungsten and lead targets

in nitrogen over the spectral ranges from 2450 to 3350 k and 3450 to 4350 •.

Representative spectra are presented in Appendix A in Figures Al through A14.

The spectrometer slit was oriented perpendicular to the target surface with

the viewing direction transverse to the bean azis. For these laser irradia-

tions, the targets were tilted with respect to the line of sight viewed by

the spectrometer so as to ensure sampling of the emission at the surface.

The lower portion of the spectra shown in Figures Al through A14 corres rnds

to the target surface region. The spectra were calibrated using lines from

a small mercury lamp.
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Prominent lines noted on the spectra are listed in Tables 2

and 3. At I atmosphere pressure, the spectra are dominated by brcmastrah-

lung and a few lines from gas species. In the case of all targets, excited

target species were observed at 1 atmosphere, and in most cases the first
+

negative bands of N2 at 3914.4 1 and the second positive bands of N2 at

3371.3 1 were also present. Typically, the spectra for pressures of 100

torr and 10 torr were dominated by gas species while at 2 torr and <1 x 105

torr, i.e., below the pressure threshold for LSD waves, only lines associated

with target materials were identified. The Cl carbon line at 2478 1 was

observed with all gases and target materials indicating carbon contamination,

possibly from the vacuum system. Evidence of carbon contamination was also

apparent with copper, zinc, and tungsten which showed strong CN bands at

3883.4, 3871.4, 3861.9, 3854.7, and 3831 1 at atmospheric pressure. All

target materials also showed evidence of atomic copper emissions. This

would be expected with the type 2024 aluminum alloy which contains copper

(4.5% Cu, 1.5. Mg, 0.6% Mn, 0.55% Si, 0.5% Fe, 0.1. Cr, and 0.25% Zn); how-

ever, the other targets such as tungsten would not be expected to contain

copper. The source of the copper is not known, but may have been the I]
target holder or hold down screws which consisted of brass. Sputtering

of copper by the blast wave might be directly responsible for the radiation

or deposited copper from a previous blast wave might be excited by the

laser beam. J

In general, spectral lines from target atoms involved excitaticn

energies less than 10 eV while the lines from the nitrogen and helium

atoms were associated with excitation energies well above 10 eV. Except in

the case of tungsten, as the lasez beam intensity was increased to the

emission threshold at a given pressure, the first spectral lines to appear

in the wavelength regions recorded were three lines at 2803.3, 2802.5, and

2796.1 j. With increasing laser intensity two other lines also appeared

near 2800 1. These five lines were observed with all the target naterials;

Al, Cu, Zn, W, and Pb. In the case of tungsten, however, W lines were the

first to appear near threshold. The wavelengths and tentative identifica-

tions for these lines are given in Table 4. A strong candidate to associate
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TABLE 2., riOe4 INENT EMISSION LINIES 03SERVMD IN ,.
TUtE-INT.EGRATJD SIECTRA NEAR 3000

Energy of Energy of
,h Fitter Lower¢ Level. eV Upper Level, eV

S3331.310 N II(a) 20.64 24.38

3330.314 N II 20.61 24.38

3329.705 N II 17.88 21.60

3328.730 N ii •U.•o .

3006.830 N II 20.41 24.53

2885.273 N II 23.14 27.44

2709.837 N II 21.60 26.17

2522.227 N II 21.16 26.07

2520.791 N 11 21.15 26.06

2520.222 N II 21.15 26.06

3187.745 He I 19.82 28.71

3203.104 He II(b) 48.37 52.24
2733.32 He II 48.37 52.40

2478.556 C I 2.68 7.68

3092.8386 Al I 0.01 4.02

• 3092.7099 Al I 0.01 4.02

3082.1529 Al I 0.00 4.02

2852,127 mg I 0.00 4.35

3273.957 Cu I 0.00 3.79

3247.540 Cu I 0.00 3.82

2882.934 Cu I 1.39 5.69

3282.33 Zn I 4.01 7.78

3302.59 Zn I 4.03 7.78

3302.94 Zn I 4.03 7.78

"3345.02 Zn I 4.08 7.78

3345.57 Zn I 4.08 7.78

3345.93 Zn I 4.08 7.78

2770.88 W I 0.37 4.84

2573.53 W I 1.65 6.46

2613.65 Pb I 0.97 5.71

2614.18 Pb I 0.97 5.71

2663.17 Pb I 1.32 5.97

2801.99 Pb I 1.32 5.74

2823.19 Pb I 1.32 5.71

2833.07 Pb I 0 4.37

2873.32 Pb I 1.32 5.63

(a) The ionization energy of N I 19 14.548 eV.
(b) The ionization energy of lie I is 24.586 eV.
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TABLE 3. PROMINENT EMISSION LINES OBSERVED IN
'rnTE-INTEGRATED SPECTRA NEAR 4000 j

Energy of Energy of
WUvelen th, Em. t t e r Lmoer LeveleV t .pper Level, eV

4224.74 N I 10.33 13.26

4223.04 N I 10.34 13.27

4241.784 N I1 (a) 23.24 26.17

4237.05 N 11 23.24 26.17

4236.91 N II 23.24 26.17

3994.998 N II 18.50 21.60

3437.147 N II 18.50 22.10

4026.1912 He I 20.96 24.04

3888.648 lie I 19.82 23.01

3961.5200 Al I 0.01 3.14

3944.0058 Al 1 0.00 3.14

3964.16 Cu I 5.69 8.81

3933.027 Cu I 5.78 8.93

4095.70 W I 2.11 5.13
4102.70 W I 0.77 3.79

4234.35 W I 2.39 5.31

4241.45 W I 1.92 4.84

3572.73 Pb I 2.66 6.13

3639.58 Pb 1 0.97 4.37

3683.48 Pb I 0.97 4.33

3739.95 Pb I 2.66 5.97

4057.82 Pb I 1.32 4.37

4150. 138 Al III(b) 20 .55 23.54

4149.917 At III 20.55 23.54
4149.897 Al III 20.55 23.54

(a) The ionization energy of N I is 14.548 eV. I

(b) The Ionization energies for Al I and Al 'I are 5.985 and 18.827 eV,
resppctively.
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these lines Is copper. It is difficult, however, to unequivocally identify

these as copper lines because thtey are usually less prominent relative to

the strong resonance lines in conventional arc and spark spectra. Similar

lines at 2802.7 and 2795.5 A were observed by Wei and Ball( 2 6 ) for a masking-

tape target irradiated with a 10.6-• CO2 TEA laser. They identified these

lines as Mg II lines. The good wavelength correspondences with copper lines

and the presence of the 2803.3-2802.5 A doublet do tend, however, in the pre-

sent case, to lend weight to the suspicion of copper. The res-alts may in-

dicate that something common to all sample materials such as the brass

target holder way be pleying a role in the radiation observed at low intensity.

It is certainly interesting to note that spectral lines with lower excitation

energies did not appear first.

Time-Resolved Measurements

Results of the time-resolved measurements are presented in Figures

12 through 18. The time-integrated measurements involved only aluminum

tArgets with nitrogen and helium. These measurements were performed using

the SPEX 3/4-meter Czerny-Turner spectrometer with an EMI Type 6256 photo-

multiplier as a detector. Output from the detector was displayed using a

Tektronix 7704 oscilloscope and recorded photographically. The transient

curves in the figures have been corrected for a photomultiplier delay of .

55 nsec and a scope trigger delay of -50 nsec. Specific spectral lines were

monitored by setting the grating angle to pass the desired wavelength. The J
bremastrahlung in the region of a line was determined by measurements per-

formed on both sides of the line. The bremsstrahlung contribution was then A

subtracted to give the corrected line radiation which is given in the figures.

Targets were used for multiple irradiations and were not replaced for each

irradiation as was done in some of the earlier studies.

In general, the initial rise of the atonic nitrogen and helium

emissions came after the rise of bremsstrahlung. Both the Al I and Al III

showed a delay in their appearence after the rise of the bremsstrahlung.

No Al I line radiation was found to precede the bremsstrahlung or to appear

within the first microsecond following the arrival of the laser pulse at the
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target surface as shown in Figure 15. The C I radiation and the radiation

at 2803 1, tentatively associated with Cu I emission, did appear less than

100 nsec after the rise of the bremsstr~hlung as shown in Figures 17 and

18, although their appearance is still well after plasma initiation.

Al III line radiation at 4150 j was observed at a pressure of

2 torr. This line emission as shown in Figure 16, followed the appearance

of the bremsstrahl-,ng by about 700 nsec a3 observed earlier for the neutral

Al I line emission at the target surface.

Conclusions Drawn from the Spectroscopy Experiments

Time-integrated arectra obtained with type 2024 aluminum alloy

targets in dry air, nitrogen and htilium, and with copper, zinc, tungsten,

and lead targets in nitrogen all showed evidence of excited target vapors

at both atmospheric and reduced pressures. Spectra involving pressures from

10 torr to one atmosphere were dominated by lines associated with gas species

while only target lines were observed at pressures below 10 torr.

Time-resolved spectral measurements with type 2024 aluminum alloy

targets in air showed that the bremsstrahlung radiation at the target surface

preceded in time radiation from the nitrogen which in turn preceded the radia-

tion from excited aluminum vapor. At pressures near 2 torr, i.e., below the
LSD-wave pressure threshold Al III ( AI4-+) radiation was observed which fol-

lowed the same temporal response as the neutral Al I emission. No aluminum

radiation was detected, however, during the early initiation period at times

of less than 100 nsec after the arrival of the 10.6-L, TEA laser pulse at the

target. The results indicate that the laser field couples with the free

electrons which then excite, dissociate, and ionize the nitrogen species.

This is then followed by excitation of the target material. Aluminum could

be present in the vapor at early times, but not excited. However, this does

not seem likely, as the excited nitrogen species observed require considerably

more excitation energy than the aluminum transitions that were observed.
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Initiation of LSD W.aves on
Alt-inum Alloy at 1.06 Micron

While the major effort uder this contract was devoted to

the study of LSD wave initiation at the 10.6-u wavelength, a series of

irrudiations were performed at 1.06P to preliminarily assess some of

the effects of laser wavelength on the initiation physics. A six-

Joule, Q-switched, neodymium-glass laser having a 40 nsec pulse width

was used for the irradiations. The output pulse history is very ,

similar to that of the TEA-CO 2 laser on the rising portion of the

pulse as caýn be seen in Figure 19. This feature enables convenient

comparison of LCOD-initiation results for the two lasers, however, the

fast fall of the 1.06p laser pulse leads to the disadvantage of

limited propagation distance for the LSD wave. The beam was focused

with a 100-cm-focal-length lens onto an alumintm alloy (2024) target .l

17 placed in front of focus in laboratory air and tilted to provide a
20" incidence angle. The target was supported in the target emission

sample holder in a geometry identical to that used for target emission

measurements at 10.618 The beam profile was approximately gaussan/

with a l/e erea of 0.18 cm2 .Intensity was varied by introducing

* ~calibrated attenuators and, in some cases, by reducing the spot size.

A fast photodiode and calorimeter monitored a reflection from a glass

beam splitter placed in the beam. The photodiode was used to trigger

the oscilloscope which recorded the target voltage response. The plasma

luminosity was recorded by open shutter photography through a broad-

bond green filter (maximum transmission 2.5 percent).

The target emission records for irradiations with peak power
densities in the range of 1-8 x 108 watt/Cm2 and constant spot size

are presented in Figure 20 (laser beam on target at 40 nsec). As

can be seen, a positive-going signal is observed Inidicating electron

emission from the target surface. The signal risen much earlier in

the pulse than was obser-ved in the 10.6- experiments, which is con-

sistent with the higher absorption at 1.06 p. The target voltage /

levels are considerably lower than those measured at 10.6 1 on
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aluminum 2024. This may result, in part, from fewer emitting

sites being active with the smaller spot size of the 1.06-U experiment.

No "break" in the target emission signal was observed in the lower

intensity irradiations, however, at 8.3 x 10 watts/cm peak power

density, a well-defined drop in the signal was observed 78 asec after

laser pulse arrival. In the 10.6-U experiments, this characteristic

"break" in the target emission signal has been correlated with the
(3)

plasma initiation time or breakdown time determined by other means.

In all cases, plasma luminosity was observed photographically; however,

the short LSD-wave trajectory, if present, was indistinguishable from

the aluminum vapor cloud which was oriented normal to the target

surface. Sample examination revealed that the threshold for bulk

vaporization occurred at 108 watts/cm2 and darage got progressively

worse with increasing intensity until peak power densities on the

order of 1.5 x 1010 watts/cm2 were attained. At this level presumably

the initiation occurs sufficiently early to provide some radiation I
blockage and reduction in damage.

"hile additional experimental work is needed to confirm the

breakdown timing measurement, the present data appear to fit into a

consistent picture of LSD-wave initiation as discussed in a previous

section. For the pulse rise time and peak power density regime

investigated, the breakdown is expected to occur in the metal vapor.

From Figure 4, it is noted that both defect and bulk metal vaporization

are predicted to occur prior to the pulse maximum at 108 watts/cm2 which

is consistent with the experimental observation of bulk vaporization

at this level. For a peak power density of 8.3 x 108 watts/cm2 , the

predicted times for a model defect vaporization and bulk vaporization

are 8 and 9 nsec, respectively. If the plasma breakdown time is

78 nmec as inferred from the target emission probe, then the metal vapor

betting time is of order 70 nsec under these conditions. According

to the LASNEX calculation for the TEA laser pulse (17), the time to heat

the metal vapor from the vaporization temperature to 1.0 eV at 10.6
7l0 2and 7 x 10 watts/cm peak power density is approximately 2 nsec for a
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high-density Mott transition (p 1.0 gm/cm 3 and 7 nsec for a low-

dpnsity Mott transition (p -' 0.1 gm/cm 3). Corrected for wavelength

scaling and intEnsity, these times are 34 and 118 nsec, respectively,

at 1.06pand 8.3 x 108 watts/cm2 . These values bracket the heating

time of 70 nsec inferred from the experiments. It is important to

note that electron emission did occur in the experiments and, according

to the model discussed in Reference (1), it is reasonable to assume

that primary electron densities on the order of 1014 cm 3were produced

in the air in front of the target. However, according to the air

cascade heating results presented in Figure 7 (scaled appropriately to

the present case), the time to achieve 1018 cm-3 electron density in

air with a priming density of 1014 cm would be 230 nsec. Since this

time is much longer than the pulse length, it is reasonable to

conclude that the initiation process in the regime studied at 1.06 p

is dominated by breakdown in the vapor. Furthermore, the short times

for both defect and bulk metal vaporization infer that initiation is

not particularly defect oriented.

/
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III - LS')-WAVE INITTATION ON VOIMTALLICS

A limited number of experiments were conducted in the program to

assess mechanisms which might be operative in the initiation of LSD waves
(2,27) -

on nonm3tallic materials at 10.6 p. In early work, fused silica and

acrylic plastic were found to initiate LSD waves in a similar way. Initia-

tion was found to be local as in the case of practical aluminum surfaces;

however, the initiation site density was two orders of magnitude lower.

The sites of initiation were easily identified by small protected areas on

the surface where the "miniature" LSD waves blocked the laser radiation and .

prevented vaporization. Associated with the sites were characteristic inter-

ference-fringe damage patterns indicating the existence of an embedded debris

particle acting as a scattering center. If the embedded particles are metal-

lic in nature, then the metallic initiation mechanism might apply in this

case. Irradiations of cellulose acetate revealed much more uniform damage

patterns with no evidence of protected regions.

Several additional nonmetallic materials were irradiated in atmos- 4

pheric pressure air at 10.6 p to survey the extent to which local initiation

occurs in other nonmetallic materials. Sample materials irradiatod included

phenolic resin, polyimide, high-density alumina, and silicon. Time-integrated

photography and post irradiation sample examination were utilized to assess

LSD-wave initiation behavior. The approximate thresholds for LSD-wave initia-

tion (as determined by photography) and the damage characteristics are pre-

sented in Table 5 along with data obtained previously for other nonmetallics.

Only the polyimide samples exhibited isolated protected areas similar to the

initiation sites observed for fused silica and acrylic plastic. It should

be noted, however, that all of the luminosity records revealed a considerably

more coarse structure (miniature LSD-wave trajectories) than occurs for

metallic irradiations. This is consistent with the low initiation site

density observed for fused silica, acrylic plastic, and polyimide, but may

also infer a localized breakdown occurring in the vapor or on unvaporized

ejected constituents. The silicon samples exhibited quite different damage

characteristics as shown in the Nemarski photomicrograph of Figure 21. The
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TABLE 5. APPROXIMATE LSD-WAVE THRESHOLDS
FOR NONMETALLIC MATERIALS

LSD-Wave Threshold
Peak Power Density

MAterial (108 wett/cm2 ) Damnge Characteristic

Acrylic Plastic 0.8 Protected areas

Fused Silica 1.5 Protected areas

Phenolic Resin 1.5 Extensive uniform vaporization

Polyimide 0.6 Protected areas

Alumina <1 Uniform vaporization

I Cellulose Acetate 1.5 Uniform vaporization

Silicon (polished) 0.6 Local spots
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damage shown is for a peak pover density well above threshold (3.2 x 108
watt/cm 2) and ccns.ats of isolated areas approximately 20 • in diameter which

have melted or vnporized. As can be seen, the regions between the damage

site% are very smooth, but do have submicron-sized surface features. Heating

may initiate at these defects and lead to the observed damage in a manner

similar to that occurring in metals. This may be contrasted to the plastic

materials which heat move uniformly and are protected locally by debris-

inita.ted LSD waves in some cases. Because of the high electrical and ther-

mal conductivity relative to the plastics and the observed damage characteris-

tics, silicon is believed to initiate LSD waves in a manner similar to that

occurring on a metal only with a lower initiation site density. The initial

stages of defect heating are quite different, however, because che silicon

is fairly transparent to 10.6-V radiation at room tempertt,bre. Near 500 C,

the absorption rises and thermal runaway followed by "metalization" occurs.

The two basic types of initiation process observed on the plastic materials

were investigated further as discussed below.

LSD-Wave Initiation Time for Cellulose Acetate

It is somewhat surprising that the LSD-initiation threshold for

cellulose acetate is 1.5 x 108 w&att/cm 2, while the threshold for damage is

6 2
of order 7 x 10 watt/cm . It is videly believed that breakdown in organic

vapors is relatively rapid because of low ionization potentials. All of

the experimental evidence for cellulose acetate indicates vapor heating and

subsequent breakdown of the vapor; however, the threshold intensity is h~gh

and the initiation time is much longer than observed for metallic and debris

initiated LSD waves. The initiation time waa measured using the electrostatic

probe technique,(3) which records the time of first appearance of strong brems-

strahlung radiation, i.e., the u.v. precursor photoionization of air around

the probe. The initiation times recorded for cellulose acetate at 2.1 and
8 2

3.2 x 10 watt/cm were 55 and 53 nsec, respectively, which were the longest

initiation times ever measured by this technique a. tese intensities. Below
8 22.2 x 10 watt/cm some precursor signal was recorded but it was uncharacteris-

tic of full initiation. The peak of the precursor signal occurs about 70 nsec
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after laser pulse arrival. Its magnitude is related to the intensity of the u.v.

radiation produced. For LSD waves which initiate early, there is time for the

miniature LSD waves to grow significantly and provide more u.v..euitting arca

than in the case of late initiation. This effect is shown in Figure 22 which

presents peak precursor signals observed under the sa.e conditions for several

metals and cellulose acetate. The differences in the metallic behavior

appear to be completely consistent with observed differences in initiation

times. The low signal for cellulose acetate confirms the weak developrnt

of LSD waves in the vapor. These data also tend to confirm the importance

of surface-emitted electrons in prompt initiation on metal surfaces.

Debris Initiation on Kmrnetl1lic.

In the previous studies of LSD-wave initiation on fused silica

and acrylic plastic,(2,27) it was conjectured that embedded metallic debris

might be the source of the scattered-wave interference-fringe damage pattern

associated with the local LSD-wave initiation sites. Further, it was

suggested that the prompt initiation mechanisms might result from thermionic

emission from these particles. To assess whether metallic debris particles

could cause the observed effect, acrylic samples were prepared with purposely-

embedded aluminum particles. Particle size distributions were not measured,

but average diameters were estimated to be of order 1 k and 20 ; for the two

conditions studied. The particles were mechanically embedded and the non-

adhering particles were. removed with a gas jet. The specially prepared sur-

faces and normal acrylic surfaces were irradiated with the 10.6-L laser

pulse in air under identical conditions at 2.1 x 108 watt/cmA Post irradia-

tion NomArski micrographs tiken near the center of the irradiance areas

of these samples are presented in Figure 23. The untreated acrylic surface

exhibited several isolated protected areas as observed previously. A

typical protected area is shown in Figure 23(a). For the case of nomlal

incidence in these experiments, circular incipient damage fringes would be

expected rather than elliptical fringes observed earlier on acrylic. At

the particular site shorn, there appear to be several debris particles on

the surface which may have destroyed the coherent pattern. Figures 23(b)
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and (c) present corresponding Nomarski micrographs for surfaces with embedded

aluminum particles having 1 and 20-• diameters, respectively. The dark

areas are the heavily vaporized regions and the light rippled areas are

protected regions. The Nomarkski technique enhances the surface topography

and enables identification of the incipient damage fringe patterns. These

fringes do occur and are observed to be circular and apparently centered on

aluminum debris remnants. The effect of the debris-initiated LSD waves is

dramatic, with very little damage visible to the unaided eye. It is con-

eluded that embedded metallic debris particles are likely responsible for

one observed type of nonmetallic LSD-wave initiation.

ii
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IV - PPSSI!ME RESPOPSE FMASU1e.rINTS

The prediction and measurement of momentum transfer and shock

pressure associated with laser irradiation of solid surfaces has received

much attention in recent years. Experiments have been performed with a

variety of target materials under ambient pressure conditions ranging from

hard vacuum to atmospheric pressure and with various laser systems and wave-

lengths. Th, earliest experiments utilized either ruby(28"30) or neo-

dynium (31-38) lasers, although interest in CO2 -laser experiments( 3 9 - 4 7 )

has increased dramatically with the development of large electron-beam and
(48)TEA-type devices. One recent paper describes the impulsive loading on

* aluminum targets when irradiated by an electron-beam-initiated HF laser.

* A critical issue not addressed in the previous studies is the direct effect

of LSD-wave initiation on pressure response as assessed by varying ambient

pressure and peak power density through the threshold levels for LSD initiation.

This section describes the first measurements of pressure profiles

*. induced by a TEA CO laser. The experiments employed both metallic and non-
2

metallic targets, and the irradiations were conducted both above and below

the thresholds for initiation of laser-supported detonation (LSD) waves.

Aluminum alloy (3003) and two plastics were irradiated with TEA laser pulses

S having a peak power density of 3.2 x 10 7-5.8 x 108 watt/cma2 with ambient

pressures ranging from hard vacuum to 760 torr dry air. Both back-surface

and in-material pressure measurements were performed for each set nf data.

We note that of all the CO2 -- aser experiments referenced above, only Ready( 4 0 )

employed a TEA-type laser havfrg a submicrosccond pulse duration. In most

of his eyperiments, no nitrogen was used in the laser gas mixture, resulting

in pjlse lengths of order 100 nsec and hence, short-lived LSD waves. The

experiments were restricted to impulse measurements which were found to

differ considerably from results obtainzd using long-pulse CO2 lasers. In

the present experiments, long-lived LSD waves were observed, often with

the cylindrical plasma column exceeding 5 cm in length. Apple laser energy

and peak power were available for the initiation end propugation of LSD

waves from both metallic and nonmetallic surfaces for a relatively large

spot area (t--0.3 cm2 for an effective spot diameter Ds 0O.61 cm).
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The shock pressure and resultant impulse imparted to a solid surface

which initiates an LSD wave have been successfully predicted by cylindrical
(49-51)

blast wave theory, and nurerous computer simulations"5 2 "57) have been

based on this approach. Ready modeled his experimental TEA-laser results

with a spherical blast wave originating a few millimeters above the target

surface. Because of the short duration of the LSD wave in his experiments,
(40)

this approach is justifiable and reasonably accurate. Ready could not,

however, obtain agreerent with the expermental results using the cylindrical

blast wave theory of Pirri.• 4 9 " We huve compared our results with the theory

of Pirri, 49) and believe that the adjustments required by the spherical

blast wave theory are artificial and not descriptive of the physical pro-

ceases dominant in our experiments. The need for explicit treatment of the

temporal and spatial characteristics of the laser beam in any analyticVl

theory of short-pulse CO2 -laser interactions is confirmed by our experiments.

Description of the Experimental Confi!uration /

The general arrangenvent of beam optics, target, and diagnostics

is shown schematically in Figure 24. the laser beam is focused by mirrors

1 H2 and transported into the target chamber through a KCl flat whose

surface normal is tilted with respect to the beam axis. The two reflections

from the KC1 flat are incident on a photon drag detector (Rofin model 7411)

for triggering the oscilloscope used in the pressure measurements. A cone

calorimeter may be substituted at either the photon drag or target location

for energy measurement. The target chamber is of stainless steel construction

and can be evacuated to 10-7 torr by a standard mechanical pump/diffusion

pump arrangement. The target and pressure gauge assemblies were placed near

the centev of the chamber and were attached to a translatable holder which

is externally controllable. Open-shutter photographic diagnostics were set

up at the indicated port. Addition:l ports (not shown) were used for elec-

trical feedthroughs, ambient pressure gauges, and visual observation.

Both quartz piezoelectricland carbon piezoresistive gauges were

employed in the experiments, and since precise timing relationships are

required, considerable care was exercised in the electronic triggering
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circuitry. Massurerents Involving the quartz hsuges were relatively straight-

forward as they did not involve the use of a guae power supply; the signal

cable was terminated by 50 0 at the oscilloscope (TEK 7704) which was trig-

gered by the photon drag detector as previously described. The carbon

gauge measurements involved the use of considerably more circuitry as shcwn

by the block diagram in Figure 25. When externally triggered, the laser has

a delay of 3.9 psec until peak ootical output, with a Jitter of •-0.3 jsec.

Furthermore, the pulsed constant-voltage power supply (Pulsar Associates

model 151) has a "settling time" of c.4 ,sec. To avoid having any laser energy

on target during the power supply settling duration, a fixed electronic delay

of 2 1 sec was introduced in the laser trigger cable. The oscilloscope was

again triggered by the photon drag detector giving the same timing relation-

ships as with the quartz gauge measurements; in this manner relevant timings

are unaffected by laser trigger jitter. The pulsed constant-voltage power

supply employs a balanced bridge circuit with the 50 0 carbon gauge forming

one arm of the bridge. The change in gauge resistance under stress unbalances

the bridge and gives an output signal proportional to the instantaneous

pressure. To minimize gauge ohmic heating, the 100 V supply was crowbarred

after 60 •sec. Under these conditiona the gauge dissipates 3 mJ of elec-

trical energy and regligible baseline drift was observed.

Laser Beam Parameters

All experiments were performed with Battelle's 80 J-TEA CO2 laser
8which has a peak power of 1.7 x 10 watt. The pulse shape (see Figure 19)

is characterized by an intense spike of width 80 nsec (FWM) followed by a

N2-deexcitation tail lasting several microseconds. The spot size and inten-

sity distribution for the present experiments were the same as reported pre-
2viously.in Reference (2). The effective I/e area was 0.29 cm and the peak

power density, G , ranged from a maximum of 5.8 x 108 watt/cm2 to

3.2 x 107 watt/c2.

Of particular importance is the delay time between laser light

first on target and oscilloscope trigger. Because of the particislar experi-

mental arrangement using the photon drag detector as an external trigger source,

63



C.1.

0
aa

'a V

ct 4

0 0
06

0: C7 :

o

So oN

64



delay time is not constant, but is rather a function of peak power density,

as shewn in Figure 26. This delay was accounted for in analysis of the data.

Gauge Package Designs

Back-surface and in-material pressure measurements were performed
(58,59) (60)

with quartz piezoelectric and carbon piezoresistive gauges,

respectively. Quartz gauges are well-matched acoustically (6)to aluminum

alloys, give fast response, and do not suffer from baseline shift problems

encountered with piezoresistive devices due to ohmic heating. They are,

however, limited in usefulness to their characteristic writing time. When

a back-up plate is not employed, this writing time is equal to the single-
pass acoustic transit time. Carbon gauges may, on the other hand, have long

writing times limited in principle only by the target dimensions in which they

are embedded. Although slower in response time than quartz gauges, (43 ) they

are especially well-matched acoustically 61  to most plastic materials. We

have attempted to strengthen our confidence in these data by performing both

back-surface and in-material measurements. Gauge package materials used in

the experiments with relevant properties are listed in Table 6.

The quartz gauge and target package are shovn in Figure 27. Right-

circular cylindrical disks of X-cut quartz are employed as the active elements

in a shorted guard-ring design. The discs are 0.70 cm in diameter x 0.127 cm

thick with an inner electrode diameter of 0.318 cm. Reference (59) shows that

shorted gauges do not respond in an equivalent manner to the more widely-

used shunted gauges until w ;:3.0 £ is achieved, where w is the guard-ring

width and I is the disk thickness. For these gauges w/1 - 1.5, a necessary

compromise to obtain useful output signals for low-pressure shots whi!e main-

taining the inner electrode diameter less than the characteristic laser focal .

spot size. For this configuration, a writing time of 220 nsec was obtained.

Targets were gently held against the gauges by a three-point spring-loaded

holder as shown in Figure 27 with a thin layer of Dow Corning high-vacuum

silicone grease applied to the interface.

Carbon gauge packages are shown in Figure 28. The carbon gauges

have active elements 1.3 x 1.5 mm square which are bonded between Kapton

Insulating films 0.01 mm thick giving an overall thickness of 0.036 r~
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The gauges are epoxied into a 0.1--m deep groove on one end of the backup

discs (5 cm dia. x 3.2 cm thick) such that the active carbon elements are

centered with respect to the axis of the cylindrical disc. The backup discs

are then lapped smooth and the target overlays are mated with a thin layer

of Dow Corning 710 silicone fluid or epoxy in the case of packages used at

low pressures. The carbon elements are within 0,08 vo of the target overlay-

backup disc interface. The assembly is then installed in a shielded holder.

Both aluminum and plastic gauge package% were prepared in this manner. Gauge

responses were found to be identical for packages with the target overlay /
epoxied or mated with silicone fluid. Only at low ambiont pressures was it

necessary to use the epoxied target overlays due to bubble formation at the

silicone fluid interface in the gauge packages with replaceable target overlays.

Pressure Response of Aluminum Targets

Representative pressure histories in aluminum measured with carbon

gauge packages are shown in Figure 29. Above LSD-wave threshold [Figure 29

(a-c)), the pressure response is charecterized by a large compressional stress A

followed by a tensile relief vaie and then an overpressure response as the

blast wave pressure decreases to the ambient pressure. For these data, the

width of the compressional wave is -600 nsec (FWHM) for the 0.406"uz targets
8 2at 760 torr ambient pressure and 3.48 x 10 watt/cm peak power density; for

the sawm conditions and G - 1.39 x 10 watt/cm, the width is -800 nsec (FMMM•).
P

For the quartz gauges under sirilar experimental conditions, the peak pressure

is barely reached before the writing time (220 nsec), which implies that the

carbon gauges have a response time of 50-100 nsec. This estimate is consistent

with the observations of Lowder and Pattingill.( 4 3 ) We performed one experi-

ment using a 0.025-r= foil target with a quartz gause to assess the effect

of pressure wave attenuation in the target on the peak pressures recorded.

For en aubient pressure of 760 torr and a peak power density of 1.39 x 108

2watt/cm , the peak pressures were in close agreemant with those obtained with

0.406-imm thick targets [see Figure 31 (a)); however, the recorded width of the

ccpressional wave was only 190 neec (FWfl1). In general, the width decreases
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vith decreasing ambient pressure and with increasing peak power density.

For irradiations below LSD-wave threshold, the pressure is generated by

hydrodynamic blooff of target material. The pressure spike li of much

shorter duration then observed above LSD-wave threshold, and the output

of ths carbon gauge pachAge rings due to the acoustic miamatch of the em-

bedded carbon element and surrouniding plastic insulation with respect to

the aluminum host. A typical pressure history in aluminum at 2 torr

ambient pressure is shown in Figure 29(d).

The direct effect of LSD-wave initiation on aluinum piessure

recponse is seen more clearly in the quartz gauge records for 2 an4 10
82torr ambient pressure at 3.48 x 108 watt/cm , i.e., below and above the

pressure threshold for initiation, respectively. These data are pre-

sented in Figure 30. Below threshold, the pressure rises rapidly to half

maximum on a time scale of order 20 nsec astd exhibits a double maximum which

is characteristic of vacuum irradlations. Above threshold, the pressure

rises gradually to half maximum at 90 nsec. The change in pressure signa-

ture is believed to result from reduction in vaporization by LSD-wave blockage

of the laser radiation.

Analyses ot these data are shown in Figure 31 where the peak

shock pressure is shoen as a function of ambient pressure for Gp - 1.39 x 108
8 2 p

and 3.48 x 10 watt/cm . Both quartz and carbon gauge measurements are

showa, but because of the limited response time of the carbon gauges, the

peak pressure is not well-resolved and the carbon gauge measurements lie

below those which employed quartz gauges. At low pressures, the carbon

gauges are completely inadequate for resolving the peak pressure which

results from the short-duration metal-vapor blowoff. Since very little

material is removed for shots above the LSD threshold, repeated use of the

same target introduces negligible scatter in the data. Below LSD threshold,

ho%.iver, the surface condition influences the coupling of laser light. The

repeated use of targets when below LSD-wave thresholds may exrPain the scatter

in the quartz data in this regime.

An effort ;as made to relate these data to simple theoretical models

based on a cylindrical bl'.^t wave. According to the theory of 'irri, 4 9) the

maximum surface pressure occurs when the laser pulse is on and the flow
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gccrztry is one-di m:•nstonal. This surface pressure, P, is related to the

pressure behind the detonation wave, PDW' by

P - [(y+l)/( 2 )j 2Y/(Y" 1) (8)

where

PD v ¢' D2/(yr+l) "(9)
P DW - o VDW /Y

The velocity with which the detonation v-ve moves away from the surface was

first derived by Raizer (62) as follows:

VDW - [2('12-i)G/p 01 (10)

where y is the ratio of specific heats of the air behind the detonation,

G is the laser power density, and ° is the ambient gas density In front

of the wave. Performing the algebra and setting f - 1.1814, we find that [
the surface pressure (bars), ambient density (gm/cm 3), and laser power

2
density (watt/cm2) are related by

P - 6.43 x 10 3 Pol/3G2/3 (11)
IC,'

The results of Edwards et al.(57' ,btained by a parameter study employing

the LAS1NEX coee in one dimension with constant power density may be

stmmarized by

o ,

where the units are Ja.antical to those in Equation (11). Equations (11) and

(12) are prlt._ed in Figure 31 with G - Gp and po (760 torr) - 1.29 x 10-3

F.....•A for conditions above LSD-wave thresholds.

The cylindrical blast wave theory overpredicts the measured surface

pressure. We note that the measurement of peak pressures with small but

finite thickness targets is repreoentative of the peak surface pressure, and

Lanimal attenuation is observed as evidenced by vomparisons using 0.025-

and 0.406-m- thick targets. Implicit in the theory(49) are the assumptions
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of an ideal squzre-iave laser pulse (constant intensity for the pulse width

r ), uniform intensity over the focal spot, and uniform surface initiation.
p

None of these conditJons hold in our experiments, but it is probably the

latter assumwption -hich causes the greatest discrepancy for the ezpericents

discussed here. It Is now well established by LSD-initiation studies that

initiation is highly lcal on a practical aluminum surface at defect sites.

Individual "micro-LSD vavcz" propagate out fron the surface, spread laterally,

and presumably "linkup" to form a front at a small, but finite distance

from the surface. While the local pressure behind each micro-LSD wave front

might be veil-characterized by theory, the average surface pressure (that

hlich is ultimately recorded by the gauge) vould be expected to be lower

than in the case of uniform initiation on the surface because of the larg'.

fraction of unheated air in the forwr case. This effect also appears to

explain the slow rise of pressure to its maxiwtca value which occurs at 200-

.300 nsec at atmospheric pressure vell after the laser pulse maximum at 55 nsec.

Information about the blast wave can be obtained also by an analysis

of the pressure histories measared as a function of radius. Surfaca pressureb

should be generated by the expanding cylindrical Itast wave outside of th-2

focal spot region, for instance. The effect of power density distributions

within the focal spot should be observed. Maps of the peak shock pressure

as a function of radial positivn are shown in Figure 32, where the entire

carbon gauge package and alumintuz target were translated horizontally across

and beyond the focal region. The procedure was begun at the origin, and, /

once the radial translation for given conditions Was completed, the micro-

meter setting was returned to the origin to check for positioning accuracy.

Within a very small exrerimental error, the pressure histories were identical.

To confirm the alignment procedure for locating the origin, the gauge

package vas translated 0.635 mm in the opposite direction. Shots taken

in this position gave less peak pressure than when located at the origin

thus lending credibility to the alignment. At 1 atm, these data show large

spatial pressure gradients within the focal region behind the LSD wave and

an almost constant peak pressure for the surface outside of the focal spot

due to the radially expanding cylindrical blast wave. At lower ambient

pressures, the peak shock pressures and their spotial gradients are lower
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than those at atao'pheric conditions. The nzed for accurate spatial charac-

terization of the laser focal spot when usin3 computer simulation models is

confirmed by these data.

A•ditional diagnostic Information regarding the cylindrical blast

wave can be obtained from the tet@oral characteristics of the preesure

histories as a function of radius. In particular, we have plotted the arri-

val time of the peak compressional wave relative to the oneet of laser

radiation as a function of radius in Figure 33. Data were analyzed from

the same shots as in Figure 32, and since the symbol usage in Figures 32

and 33 is the same, data from one figure may be readily related to the

other. A couparison of these data and predictions based on simple, analytical

cylindrical blast wave models was again sought. Nielsen (51,56) has derived

a simple expression for the time at which the blast wave arrives at the

radial coordinate r, namely

tb (r)- (r 2 .-ro 2 )/(2cro) r>r (13)

where r is the focal spot radius and c is the acoustic speed behind the

detonation wave, i.e.,

c - (YPDW/PDW)l , (1/)

where PDW and PDW are the gas pressure and density behind the wave. PDW

is given by Equation (9), and the density behind the detonation wave and the

unshocked density are related by(
62 )

PDW = (Y+l)P/Y (15)

Now we have plotted the time of the peak compressional wave, tc, and not

the blast wave arrival time, so we assume that

t (r) - tb(r) + to ti>r (16)

where to is the experimentally measured delay between laser onset and the

peak compressional wave at r - 0 measured at the surface for given conditions

of ambient pressure and peak power density. To first approximation, the
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response tine of the carton gauge does not affect the comparison between

theory [Equation (16)] aid experiment since this additional delay is accounted

for in the value of to. As shown in Figu-e 33, the agreement between theory

and experiwent is good only when values of the laser focal spot radius

smaller thrn the effective l/e radius are assumed, i.e., r <D /2 where
05a

D /2 0.31 cm. If we set r - 0.31 cm in the calculations, thei expansion
velocities much larger than experimentally measured are calculated for

r>r, and the agreeiuent is poor. Because of the spatial distribution of

laser radiation, it is reaaonable to assume that the effective radius of the

cylindrical plasma column is less than the effective l/e radius of the laser

beam at focus. Inclusion of the spatial characteristics of the laser beam

into theoretical models is again seen to be necessary. It is Interesting

to note that since the target overlay is of finite thickness, a small shear

wave precursor should be detected for measurements taken outside of the

focal region. This was observed, in fact, and the arrival time as a function

of radius did behave temporally as would be expected for a shear wave with

velocity c, - 3.2 nw/hsec. (61) Hence, the compressional wave histories were

due entirely to blast wave effects, and no interference with shear wave

signatures was observed.

Pressure Response of Plastic Targets

The pressure response of plastic targets is expected to be different

from aluminum tazgets in air because of significant surface vaporization even

under conditions which generate LSD waves. Lowder and Pettingill(43) observed

a 3/2 power dependence of peak pressure on peak power density with PMMA

targets and atmospheric pressure for long-pulse CO2 -laser irradiations.

This may be contrasted with the 2/3 power dependence expected for a pure LSD-

wave response as shown in Equation (11). For the data presented here, a

fresh target was used on each laser shot unless otherwise noted. Noticeable

surface ablation was observed for all conditions of ambient pressure and

peak power density reported.

Representative pressure histories recorded with carbon gauge

packages are shown in Figure 34. The rise time of the compressional wave

is probably limited by the gacge response time, but is considerably faster
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FIGURE 34. REPRESENTATIVE PRESSURE HISTORIES WITHt PASTIC TARGETS Ah')

CARBON GAUGE PACKAGES: (a) AND (b), CELLULOSE ACETATE TARGETS,
8 2, D1

C - 3.48 x 10 watt/cm2, AND AMBIENT PRESSURES OF 760 AND 125F
TORR, RESPECTIVELY; (c) and (d), RIA TARGETS, 40 TORR AMBIENT

PRESSURE, AND G - 3.48 x 108 watt/cm
2 AND 1.39 x 108 watt/cm 2

RESPECTIVELY. TRACE (c) SHO[JS THE SECOND STIOT ON THIS TARGET,

AND NO WELL-DEFINED LSD WAVE WAS OLSERVED. TPRACL (d), ALTHOUGH

THE SIXTH SHOT ON TILE TARGET, WAS TAKEN FOR CONDITIONS WHlICH!

DID PRODUCE AN LSD WAVE.
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than with alutAnum targets for the se. conditions. Although the width of

the copressional wave is less than obs.erved in aluminum, tensile relief

and blast wave overpressure effects are still esiily recognizable. Tlere

is transient behavior In these records which occurs too early to be ronlis-

tically interpreted as shock effects. Furthermore, this prozr signal is

reduced In the second shot and is virtually absent in subsequent shots

IFigure 34(cd)]. Occurring only in the plastic Irradiatimas, this prcrpt

sigvzl is thou,-ht to be electr agnotic in origin, possibly in the u.v. or

r.f. wavelength regions. Why the transient is positive going at higher

ombient pressures and negative going below & certain ambient prensure is

unclear (it should be noted that carbon gauge pressure histories are dis-

played inverted since a co-presaional wave produces a negative-Coing signal).

Interestingly, a first-shot prcct bias effect(3) was seen in the electro-

static probe data for nomii-tallic targets which was not se-n for totallic

trge•ts.
A comparison of carton and quartz gsu•e measurements of the pres-

sure histories in cellulose acetate targets is sho,,a in Figure 35. Care

must be exercised in the Interpretation of results from the quartz rlu.e

measurements when plastic target overlays are used due to the acoustic

mis=atch of the two dissimilar materials. If a stress wave is propagating

through one material having an acoustic ispedance Z1 toward an interface

with a second material having an acoustic inpedance Z2 , then reflection and

transmission of the incident stress wave will occur at the boundary. If

the duration of the stress wave is much less than the characteristic transit

tines through the twe materials and if the wave is pr-wpagating neorr-. to the

interface, then the transmitted and reflected stresses, ot and or, are

related to the incident stress, col by( 6 3 )

t ho - 2 Z2 1/(ZiZ 2 ) (17)

ar/ho - (Z2 -ZI)/(z 1 +Z2 ) + (18)

where the relevant acoustic impedances are specified in Table 6. For our

case of a wave propaating from cellulose acetate into X-cut quartz,

a t/00 1.7 and ar /0 - 0.7; hence, a compresiional wave in cellulose
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QUARTZ. GAUGE PACKAGES FOR TIIESE SA.-E CONDITIONS
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acetate vill be trans=-itted Into the quarzz puge at a higher presrure, and

the vidth of the waw viii be noticeably deceased.

The peak 6hock pressures in celluloa acetate and •P•A. are shavm

as a function of the a:lNcrt pressure In Fii;re 36 a'i as a function of the

peak power &onity in Figure 37. Also presented in the figure are LSD thres-

holds deteriited by r'htographic caer-vation. It is imortant to note that

at 1.39 x I0 watvu/c 3, t".re i "n uP,-sr-linit pressure threshold for LSD

waves. This isp1ieo tast the LSO•.ave threshold peak power dcwity d¢crer s

with azbie~t pressare In the case of cellulaze acetate as also observed by

Maher et al.(16) for fused silica. The q~ustz ge$,e results have been left

msc:orrected for iLe4nce us1-match and are pr.ented for reference only.

While discre~orn lea betveen tho quartz guae and carbon gauge results for

plzatics are not fully ui~erstocd, the carb-n gauge results alene a-pmar

to provi±ee a valid rce:=ti,:o of the response. The vagnitude of tht

peak pressure resp•s•ae in all czers Is --try su-ch greater than that vhich

can be Cenrated by LSD-v'av prestures. This i:plies that the peak pres-

sure rtespone in the c&te of the plzitlcs is doIrnated entirely by va-o¢'

bloweff. At C " 1.39 x 10 Wttl/c, the dptntlece of the pealk slhicP
pressure on a=biemt density has aearly a cylindrical blast wawve proportiornality

of 1s3 alth~h strogn L!D vaves were not observed. At C - 3.48 X 10\0 * p
vatt/cz,4 the dendence Is 007e complex, presusably due to itterference o!

the LSD wave vith the target surface vaporization process. Likewise, the

&,kndcnce of the penk shock pressure with 1-*er peak rov~r density at an V

ambient pressure of 760 tort a•pears to saturate at high intensities as

show• in Figure 37. This saturation effect is also presu-=Sly a result of

L.5>-'ave i terkrencvr with vaporizatict,. As ••y be noted in thr figure,

the highest value of ptak pressure (2.2 kbar) occurs at 1.39 a 10 •tt/c,

_.Ast below tthe L-T, tl-resald lev*'. &*is result is co.tirwed by tie observa-

tion of the greatest extent of backsurfacm Spallatlon occurring at this level.

These short--pulse nasurenmnts thus give a dif lerent povWer dependence than

observed in the larg-pulse (1-5 tsecl experiments of Lowder, and Pettingill(•']

ventione.d above. Foz both D 8 0.32 and 0.8 ca, their data a+re accurately

fitted by a 3/2 power dependence with peak power density; howxever, peak
(43) 82pressures of KO.2 kbar were trasured for C < 5 x 10 watt/cn, vhereas

83.. . . . ... . . .]



0 Cý,C~rlz C.~~c'z CCzz~ ~v-trL Ccrtf~ C z1 72(CO: 'ecc tc~i

ort

CCL$

0-1

0 ~ ~ i Irci c6, oecetfq
5- cfbn G--Le ,Cc oseaclat igl

C:tonGa4 (P2 -e t fqet0 00

0 Cc ~ P A cre)l
U I

0 .
0 too10

AmbenfPresur. or
(b R~cr

F:-''R 3. E-k~ ;l(YN S R 1 ELLS C-ATT -!
AS OFAMBENT rESS1-!Fo

0 .3 0 wt/M a N

3.48x Io wat/cr.2 (b



3.0\

3.0 ~ Cniz I IIci -wI ie
N 2.5 0
.X 0 Corbon Gcu;- o

- 0

02.011

0

2 .0 -- + -

U,'.-

SLLSD Region

""o"

Peak Povier Density (G,),W/cmz

F UR'E 37. FIA;: SIEXJK PRYSSLURF IN CELLUL.OSE ACETATE AS A Ft',NCTIO.
OF PM:AK PCFTR DENSITY FOR AN Ak'BIENT PRESSURE OF 7b0 TORR

85



2i

our data indicate peak pressures of :'2 koar for G p 5 x 108 watt/cm2 andP
the short-duration TEA-laser pulse.

The effects of multiple shots on cellulose acetate targets are showni

in Figure 38 for several expcrimental conuitions. We have observed an increase

in the peak shock pressure with the number of shots, especially at higher

peak power densities and ambient pressures. After 3-5 shots, the peak shock

pressure approaches an asymptotic limit with no further increases with

additional shots, and the pressure histories become very reproducible.

LSD-Wave Initiation Times on
Metallic and Nonmetallic Surfaces

We define the LSD initiation time as the delay between laser light

arrival at the target and production of a plasma close to the surface.

This protoplasir.j then launches an LSD wave under certain conditions of peak

ptwer density and ambient pressure. An initiation time can be calculated

on the basis of pressure m>asurements as follows: the acoustic transit time

through the target overlay and the laser trigger delay are subtracted from

th.e time at which the first shock wave arrives ar the gauges as recorded

on the oscilloscope traces. These data are shown in Figures 39 and 40 for

metallic and nonmetallic targets, respectively. ln Figure 39, data points

a;,d error bars give the mean initiation values and standard deviation for

several shots, while in Figure 40 the points are for single shots on fresh

tar.ets.

A corparison was made between initiation time measurements of

Walters and Barr,es( 1 ' 2,) based on photometric, electronic, electrostatic, and

spectroscopic techniques. These data confirm thit initiatioi1 is prompt

(30-60 nsc at atmospheric pressure) for practical aluminum targets with
2breakdown coming after a constant energy deposition of l.E,7 i/cm2. 111e

initiation time at 760 tort as inferred from quartz gauge pressure measure-

mcnts Is 10-20 nsec faster than observed by Walters and Barnes 1,2) as

shown in Figure 39. The initiation times at lower ambient pressures are

longer and represent a significant fraction of the laser pulse rise time.
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FRMI 4•JARTZ GAUGE MEASUREIMENTS
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The change in initiation ti,.w with decreasing pressure is consistent with that

observed in Reference (3). The disagreement between the absolute values of

initiation tire determined by the presoure records and previous methods is

not understood, but may have resulted from uncertainties in property data

used in the delay calculation. For nonmetallic targets, the initiation times

are approximately 20-30 nsec longer than with aluminum targets for the same

experimental conditions as shown in Figure 40. For the case of cellulose

acetate, this result is consistent with the previous section (55 nsec at

2.14 x 108 watt/cm2 ). Differences between carbon and quartz gauge measure-

ments for an avbient pressure uf 760 torr are also shown. As with metallic

targets, the initiation tines increase with decreasing ambient pressure.

Most interesting is the behavior of initiation time with peak power density.

The time of arrival of the pressure pulse actually increases slightly with

increasing intensity until the LSD-initiation threshold is reached
8 2

(-1.6 x 10 watt/cm for cellulose acetate). The initiation time then drops

rapidly with irerasing intensity. This may indicate breakdown in the very

early stnacs of vaporization.
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V - CONCLUSIONS AND RECC}NrZNPATIONS

The primary conclusion from the research conducted in this program

is that the experimental data on practical aluminum surfaces irradiated with

10.6-• TEA laser pulses are most consistent with an initiation model wherein

surface-evitted priming electrons are heated by inverse-bremastrahlung absorp-

tion in the field of the neutral air molecules to the point where a r.onequili-

brium air-breakdown cascade occurs. Thermionic emission (or field enission

at high peak-pouer density) at surface features is believed to be the process

of free electron production at a large number of local initiation sites

tI04 per cm 2). The individual LSD plasmas are believed to "link up" as they

move away from the surface and spread laterally although the latter process

has not been studied extensively. Specific conclusions drawn from the re-

search are listed below under the various areas of investigation.

LSD-Wave Initiation on Netallics

* LSD-wavo initiation for 10. 6-,A TEA laser pulses is a local

phenomenon apparently occurring at surface features such

as laminations and pits.

a Initiation on practical aluminum surfaces at atmospheric

pressure is prom.pt (30-60 nisec) with breakdown coiing

after a constant energy deposition of order 1.7 J/cm2

"* Contaminants and oxide layers are not necessary for

prcmpt initiation.

o A significant negative-charge emission, presumably electron

emission, occurs prior to breakdown.

* There is no anomalous incidence angle effect on LSD-wave

initiation.

a LSD-wave threshold at 10.6 1 for a smooth (but nonideal)
8 2copper surface was found to be 2.3 x 10 watt/cm , which is

considerably higher than that for a practical copper surface

(.8 x 108 watt/m 2 )
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o Breakdown time is longer for a emooth copper surface

than that for a practical aluminum surface.

R Hot spots occur on smooth surfaces, but are relatively

few in number.

* On practical aluminum surfaces first appearance of bremr-

7trahlung radiation is consistent with other measurements
I of breakdown time.

* Nonequilibrium heating procesues occur at early times

• - as indicated by a delay between appearance of the brems-

strahlung and the Nil radiation (130 nsec).

a No evidence has been found for the presence of ionized
aluminum at atmospheric pressure, but a late-time neutral

vapor cloud forms which radiates for as long as 200 micro-

seconds.

*Ionized aluminum species (Al II and Al III) have been

observed to appear 300-700 nsec after the beginning of the

pulse for irradiations in air at pressures below the pres-

sure threshold for LSD-wave initiation (410 torr), but are

not detectable at higher pressures.

• The initiation mechanism operative for practical aluminum

surfaces is generally applicable to practical metallic

surfaces (including tungsten, lead, copper, and zinc),

although initiation times vary.

Small amounts of neutral target vapor have been observed

(without time-resolution) for all metals in atmospheric

pressure irradiations.

o LSD-wave initiation on aluminum at 1,06 p is dominated

by breakdown in the vapor, although emission of electrons

is observed and may play some role.
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LSD-Wlva Initia.tion on Vorr-ritallics

Initiation of LSD-waves by 10.6-0 TEA laser pulses on

acrylic plastic, fused silica, and polyimide occurs at

local initiation sites with site densities to orders of

magnitude less than that for metallic surfaces.

e The initiation sites are characterized by unveporized

"protected" areas often having embedded debria rEcmnants

and interference-fringe daamege 1.4t.erns. Purposely,

embedded aluminum particles wer4 found to produce the

same type of pattern and a metallic-type LSD-wave initia-

tion mechanism is believed to be operative.

e The initiation time for acrylic plastic was found to be

similar to that for aluminum.

e Experimental results for cellulose acetate, phenolic

resin, and alumina were found to be consistent with

vapor heating and breakdown.

9 The initiation time measured for cellulose acetate was

considerably longer than that for aluminum at the same

intensity (55 nsec as opposed to 33 nsec at 2.1 x 108
2watt/cm ).

LSD-Wave-Induced Pressure Response

"• At low ambient air pressure, the effect of the introduction

of an LSD wave on aluminum is an increase in pressure pulse

risetime and a decrease in peak pressure. As ambient pres-,

sure is increased, the peak pressure response rises

approximately in accordance with the blast-wave theory.

" Measured peak pressure levels are lower than predicted as would

be expected for local initiation and a short pulse width.
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"* Radial pressure profiles measured for aluminum are in

reasonable agreement witi blast wave theory provided an

appropriate effective spot radius is selected.

"* Kilobar level pressures were produced in celiulose

acetate targets by a vaporization contribution to the

response. LSD-wave initiation at high intensity reduced

the peak pressure significantly by retarding vaporization.

"* LSD-wave initiation times tnferred from the pressure data

were in reasonable asgreement with values determined by

other methods.

While a fairly good understanding is in hand for initiation of

LSD waves on metallic mterials with 10.6-11 TEA laser pulses, a broader

understanding of the varioui phenomena occurring at early times is be-

ij• lieved essential to the develcpment of the total picture of response of

materiala to pulsed lasers. In particular, it is recoumended that future

"research efforts on LSD-wave initiation be directed tcvard additioval de-

tailed studies in the following areas.

* Wavelength and pulse risetime effects on inibtation time

* Physics of metal vapor breakdown

* Liquid state reflectivity of metals

* Physics of thermicnic emission into a background gas

o Nonmetallic initiation.

It is further recommended that existing theoretical models be utilized over

a broader range of laser beam parameters and that the output be adjusted to

provide predictions of variables which can be measured eAperientully.
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APPEL[NDIX A

TIl!- ITNTEGRATD S"ICTRA

Time-integrated spectra are presented here for emissions from

type 2024 aluminum alloy targets irradiated in air, nitrogen, and helium,

and from copper, zinc, tungsten, und lead targets irradiated in nitrog,ýn.

Gas pressures ranged from one atmosphere down to vacvu=t pressures of lass

than 1 x 10-5 torr. The irradiations were performed using a 10.6 p CO2 TA

laser at peak Intensities ranging from 5.35 x 108 down to about 2.94 Y 107

2
watt/cLI

ii



r

*14A-Z

(a)
1 atm

Gp 7. 9 x 107 watt/cm2

(b)
100 torr

24

G 1.28 x 108 watt/cm2

r- ~(c)

2 torr

8 2

Gp 3.21 x 10 watt/cmZ

,, (d)
2 torr

Gp 2. 14 x 108 watt/cm 2

p
t - (e)

I x 10"5 to rrGp =3.21 x 10• watt/cm2

FIGURE A-1. SPECTRA COVERING RANGE FROM 2450 TO 3350A

FOR ALUMINUM TARGET IN DRY AIR



A-3

[ atm

G 5.35 x10 Avva~I~

100 torr2

.<. ~j........., ~ G 2. 14 x 108 watt/cm

............ ~ 10(c)

G 1. 28 x 108 watt/cm2

2 2torr

.. ,G p.~.' 3.21 x 108 watt/cm 2

7~] (e)
1 x 10-5 torr

G 3.21 x 0watt/cm2

FIGURE A-2. SPECTRA COVERING RANGE FROM 3450 TO 4350Ak
FOR ALUMINUM TARGET IN DRY AIR
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(a)
I atm

G 5.35 x 108 watt/cm2

p

• I

(b)

10 torr
"Gp =5.35 x 108 watt/cm2

S... .(c )

] 2 torr
S.. Gp 5.35 x 108 watt/crn 2

(d)

<1 x I0-5 torr
G= 5.35 x 10 8 watt/cm 2

(el
1I atm

.Gp= 4.92 x 107 watt/cm2

FIGURE A-3. SPECTRA COVERING RANGE FROM 2450 TO 3350A
FOR ALUMINUM TARGET IN NITROGEN
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A-5

10 torr

AGp G~ p ! 2. 14 x 1089 watt/cmn2

(g)

3.21 x '108 watt/cm 2

~~< x 10 ! I--5 torr
G 3.. x 108 watt/cm 2

., (j)
I at

£ ~ j2 torr
Gp G2. 14x 118 watt/cm2

FIGURE A-3. (CONTINUED)
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S~(a)

I atm
G =5.35 x 108 watt/crn?

ip

S(b)

1 10 torr
j Gp= 5.35 x 108 watt/crn 2

(c)
2 torr S.p 5.35 x 108 watt/cm 2

(d)
S<1 x 10-5 torr

.p=5.35 x 108 watt/cmz

I atm

.. j Gp 7.49 x 10? watt/cm2

/,

/~ FIGURE A-4. SPECTRA COVERING RANGE FROM 3450 TO 4350A
FOR ALUMINUM TARGET IN NITROGEN
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:.I10 torr
:Gp 1 . 23 x I08 watt/ic rnq

2p

(g)

10 torr
G 3.21 x 108 watt/cm 2

ip I I (h)

'' "•• r •<1 X 10-5 tort
Gp 3.Zl x 108 watt/cm 2

I atm

i Gp- Z. 94 x107 watt/cM2

2-- i? tor r

i Z. 3.14 x 108 watt/cm2-

FIGURE A-4. (CONTINUED)
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(a)
lat

G 5.35 x 108 watt/cm2

(b)
1 100 torr

G = 5.35 x 10 8 watt/cmZ

(c)
10 torr

Gp 5.35 x 108 watt/cmn

(d)

2 torr
Gp z 5.35 x 108 watt/crnZ

FIGURE A-5. SPECTRA COVERING RANGE FROM 2450 TO 3350A
FOR ALUMINUM TARGET IN HELIUM
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A-9

~~~~~~~~~. ..... ... ..... ...... .........• s

, "100 torr

GL, 2. 14 x 18",t/ n,

(g)

, i !:" i:I10 tort
Sp =3.21 x 108 watt/crr-

2

-J

(h)

"12 torr

Op= 3.21 x 108 watt/crn2

• " - ,. . ..

.FIGURE A-5. (C""ITINUFD)
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100torr
Gp = 7.49 x 107 watt/cm2

• -•: ,,'i ']13 torr
iGp =2. 14 x 108 watt/cm 2

(k)

2 toreG p =2. 14 x 108 watt/cm 2

FIGURE A-S. (CONTINUED)
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3.21 x108 2
Ix io watt! cm

(b)
100 torr

0p S. 535x 103 watt/cm 2

p

(d)

G1 S. 35 x 10rjwatt/cm2
I . ~p

FIGURE A-6. SPECTRA COVERING RANGE FROM 3450 TO 4350A
FOR LUMNUMTARGET IN 1HELIUM
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a1 "tm

G= 4.92 x 107 watt/cm2
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. G = 2.14 x 108 watt/cm2
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10 torr
Gp 3.21 x 108 watt/cm2

j (Iii

2 torr

Gp- 3.21 x 103 watt/cmz

FIGURE A-6. (CONTINUED)
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100 torr
S Gp 1.28 x 10 8 watt/cm2

! •:100 torrI 7. 49 x 10 watt/c
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rIGURE• A-6. (CONTINUED)



A-14

i ~(a)

-I a tr
S p= 5.35 x 108 watt/cmZ

/ .-. ,(b) ] S.. .. . ... . . . .. .. .... .. .. . ... ... . .... . .. ... . . .. . . . ... . .. . .. . . . .. .•1 0 t o r r

1" G 1.28x 108 watt/cm 2

p

.. ....... (c)S2 torr

G p= 5.35 x 10 8 watt/cm2

(d)K j2 torr
.Gp 3.21 x I013 watt/cin2

FIGURE A-7. SPECTRA COVERINIG RANGE FROM 2450 TO 3350A
FOR COPPER TARGET IN NITROGEN
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1 I atm
G, 5.35 xl0~ watt/cm2

(b)
100 torrJ p- 1.28 x 108 watt/cm,2

(c)

10 torr

S~.. .~Gp 1..Z8 x 10watt/c 2

I (d)
5.35 x 108 watt/cm~

FIGURE~ A-8. SPECTRA COVERING RlANGE. FROM 3450 TO 43150A
FOR COPPER TARG ET IN NITROGEN
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I atm

G 5.35 x 108 watt/cm2

j (b)
1100 torr

G -7.49x 107 watt/cm

(c)

12 torr

G. p .3ox18 watt/cm2

FIGURE A-9. SPECTRA COVERING RANGE FROM 2450 TO 3350A
FOR ZINC TARGET IN NITROGEN



A-17

(a)

G 5.35 x 108 watt/c~n-i
.1 p

10torr
k~G~ 1 .38 x 108 watt/cm2-

fl~~~~~~~~.. .......................

(d)

10 torr

- ~G~ 5.35 x 108 'vatt/cr~nz

FIGURE A-10. SPECTRA COVERING RANGE FROM 3450 TO 4350A
FOR. ZINC TARGET IN NITROGEN
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(a)
latrn

Gp =5.35 x 108 watt/cm2

(b)
i i1 10 torr

Gp = 5.35 x 108 watt/cmZ

(c)
2 torr

GiI 5.35x 10 8 watt/cm
2

(d)
<1 x 10-5 torr

G =5.35 x 108 watt/cm2

.......777](e)
<1 x 105torr

Gp 3.21 x 10 watt/cm 2

Ala

FIGURE A-11. SPECTRA COVERING RANGE FROM 2450 TO 3350A
FOR TUNGSTEN TARGET IN NITROGEN
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(a)
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(a)
I atin

S G 5.35 x 108 watt/cm2 -
p

(b)
10 torr

Gp 2. 14 x 108 watt/cm2

(c)1 10 torr

f G~ 4. 92 x l0t watt/cm2

(d)
<1 x 10-5 torr
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FIGURE A-13. SPECTRA COVERING RANGE FROM 2450 TO 3350A
FOR LEAD TARGET IN NITROGEN
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FIGURE A-14. SPECTRA COVERING RANGE FROM 3450 TO 4350A
FOR LEAD TARGET IN NITROGEN
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