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SIMMARY

Thia report preseats results of experimental effort undertaken
in the study of the {onfitiation of lamer~supported absorption (LSA) waves
on s0lld suriaces {rradiated in air with pulsed lasger radiation., LSA
waves vy be classified as either supersonic, so-called laser-supported
detonation (L5D) waves, or as subsonic, sc-called laser-supported combustion
(L3€) waves, In eitiar case, a hot-air plasna (1-2 eV) is formed which pro-
pezates back up in tlie laser besm away from the target surface end absorbs
wost of the laser-beam energy. 1The objective of this study was to provide
an improved understeénding of the process of LSA wave inftiation, The experi-
mento dealt exclusively with initiation of LED waves; however, diagnostic
techniques developed and experi{mental results obtained may be applicable to
the LSC inttiation problem,

During the first year of study, experiments were dfrected toward
understanding the mechaniems of initiatfon of 13D waves produced on
practical alumfinum surfaces in air with the Battelle 80-joule TEA CO2
laser. Reaults fndicated that the infitiation occurred at a large number
of local surface features (laminae and pits) on a very capid time scale
(20-60 nsec). Thermionic emission at these surface features followed
by air breakdown was found to be a viable mechanism for {nitistion of
the local LSD-wave plasmas. 1Inftial studies of nonmetallfc LSD-wave
fnitfation showed that the inf{tiation process is also local for "first
shot” frradiations of acrylic plastic and fused silica.

During the second year of rescarch, the universajity of the
eleczron emfssfon mechanism was investigated {n experimental studies of
inftiation at the 10.6~y wavelength on add{tional metallic materials
having practical surfaces, including tungsten, lead, copper, and rinc.
Electron emfzssion and prompt (<100 nsec) {nitiatlion times for LSD-waves
wrre ohserved for all metals investigated. Time-integrated and time~

resolved emission spectroscopy studies were conducted which yfelded
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results consi{stent with the electron emiszsf{on mechanism. A limited
number of experiments were conduvcted with 1.06<; laser pulses facident
on practical aluninmm surfaces in normal density air. Reaults of these
experiments indicated that LSD-wave inftiatica at 1.06 ;| occurs by
breakdown of the metal vapor. A simplified theoretfcal model was
developed to estimste L3D-wave i{nitiation times on metals for both
leser wavelangths, The model {ncludes the effects of defect and bulk
metal heat’ng and air breakdown processes. Theoretical predictions and
experimental results for LSD-wave {nitiation times cu aluminum were
found to be {n good agreement for the 10,6 | case.

Additional experimental studies of LSD-wave {niti{ation on ton-
metallic materials at 10.6 |, were conducted during the second year. Three
dist.oce mcles of {nitiation were observed for the raterialy tnvestigated.
Acrylic plastic, fused silica, and polyt~ide were found to {nitiate 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 tinis type cf inftiation. Vapor hreaxdown
va-vfound to dominate fnitiation on cellulose acetate, phenolic resin,
and alumina. 1Initiation on polished silicon was found to be similar to
that occurting on a polished metal surface.

Also during the sercond year, an extensive series of pressure
response neasurements were performed to directly assesa the effects of
LSD-wave initiation on response of metals and plastics to 10.6
radfation {n normal and reduced pressure air. Metallic response was
found to be dominated by the LSD-wave/blast-wave pressures above the
air pressure threshold for initiation of LSD-waves. Reasonsble
agresment of the pressure data with blast-wave theory predictions was
obtained vhen vartations from {deal irradiance coniftions and the local
inftfation phenomenon were conoidered. Fressures reccorded for the
cellulose acetate samplea were an ozder of magnitude higher than those
observed for aluminum as expected for a vaporization-dominated response.
Inftiation of an LSD wave was found to reduce the peak shock prescure
in this case, presumably by blockage of laser radiatfon and resultant

reductiion in vaporization.
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AN INVESTICATION OF MECHANISMS OF INITIATION
OF LASER-SUPPORTED ABSCRPTICN (LSA) WAVES

by

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

I - INTRODUCTION

This 48 the final technical report of an experimental fnvesti-
gation of initiation of laser-supported absorption (LSA) waves in gases
in front of solid surfaces., Contract efforts were limited to experimental
study of Initiation of absorption waves generated by short pulses, i.e,,
lagser-supported detonation (LSD) waves; however, results may be applicable
to laser-supported combustion (LSC) waves in some casea. During the firat
Year.(l'z)* extensive atudies of initiation of LSD waves in air in front of
practical aluminum surfaces with TEA CO2 lager pulses revealed a viable
mechanism of inftiation., The experimental data were found to be consistent
with inverse-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 year of research, tne
univergality of this mechanism was studied in experiments designed to
reveal initiation mechanisms on a variety of wmetallic 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., 1Initfal results of LSD-wave initiation experi-
ments with some of these materials were presented in the last semiannual
t6p0rt.(3) Results of more recent experiments with metallic materials and
a review of theoretical models for metallic initiation processes are pre-
sented in Section 11 of this report, Section III presents additional ex-

perimental results for nonmetellic LSD-wave initiation, In addition to the

References are listed on page 95.
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initiation experiments, pressure measurements were performed in air and
partiel vacuum to directly assecss 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, Scction V summarizes conclusions which may be drawn from

the research and reconmendations for future aress of investigation.




11 = LSD-WAVE INITIATION ON METALLIC SURFACES

The phencmenolegy of laser-supported detonacion (LSD) wavaes
prepagating in air and other gases and deen kncwan for some time;(a-ﬁ)
howaver, only in the paast few years have the mechsniems of initiation of.
these waves on solid surfacec come under intensze experimental investiga=

1-3) Several machaniems which might be involved in the initiation

tion,
process have been propesed, These mechanisms include
9 Uniform target vaporization

Metal oxide vapor absorption

Chemical reaction

Thermionic emission

Planar reflection-enhanced fields

Lcecal target heating

Contaminant and gas desorption

Field emission : -
Shock heating of the air by culd vapor piston

Nonequilibrium ionization of vapor

Defect-enhanced fields

Shock heating of air by front surface spalled layer

Vaporization of impurity dielectric layer.

Uniform vaporirzation fellowed by equilibrium vapor heating was firsat con-
sidered by Nielson and Canavan(7) and was found by them to be inconsistent
with the experimental data for initiation thresholds for saluminum and tungs-
ten, By assuming resonance absorption in the vapor species (AL0O) of the
normally present aluminum ox¢de coating, better agrecment was schieved in
the case of aluminum, Several sdditional mechanisms were proposed by
Walte:,(a) 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 obsarved in expariments at Buttelle(g) and local target heating at sur-

face defecta was proposed, Hall(lo) proposed a wechanism wher2in blown-off

e | .
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contaminants or desorbed gases could initiate a plasma, Additional mecha-

nisms sugpgested by others included field emission in the enhanced normal

(11)

component of electric field at surface protrusions,

(12)

ment in the air by concentrated reflection in the vicinity of surface
(13) ,

shock heating »f
the air via a cold vapor piston expansion, end electric field enhanca-
defects,
More recently some initiation mechanisms have been suggested in
the published literature, These mechanisms fnclude shock heating of the
air by a thin layer of molten metal which is spalled from the front sur-

fﬂC&(ll‘) (15)

and heating of & vaporized impurity dielectric layer,
To some extent, several of the above wechanisms may be operative
or dominanﬁ 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 sluminum surfaces in

(1)

of uniform vaporization of target material and heating in the vapor was

normal density air at 10,6 4 with a TEA-laser pulse shape, The concept
found 4nvalid 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 initiatisn timing measure-
ments performed using different techniques are presented in Figure 1. The
data follow a curve corresponding to constant energy deposition prior to
breakdown (dashed curve) rather than one corresponding to the times 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,
Furthermors, local initiation was chserved photographically as fllustrated

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 {a at 45° inctdence from the right, The slit orfentation

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
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vell above threshold (Cp = T.1x 107 vatt/cmz), and of particular intrrest
ace the numerous individual luminosity sftes within the alit frage avea,
Theae are balieved to be individual initiation sites for waves which join
up to form a front which moves off to the right, the direction of beam inci-
dence, For comparison, Figure 2(b) shows the seme arrangcment wiih the
beam attenuated to provide a peak intensity below LSD-wave {nitfation
thresiold (G, = 3.4 x 107
evident that only ovne or tvo plasma fronta initiated in or near the slit

vatt/cmz). From the streak photograph, it (s

fmage area &.d these did not move up the beam, Postirradiaticn examination
of targets with the scanning electron microscope {5F) showed numerous iso-
lated damage sites associated with surface features,

Resonance absorption in the ALO vapor layer was found to be
unirportant when it was observed that LSD waves are eas{ly pgencrated on
a practical aluminum surface freshly coated with pure aluminum and irradiated
in pure nitrogen, This result is in agrecment with Maher et al.(l6) who
found no effect of aluminum oxide layer thickness (20-2C00 A) on LSD-wave
initiati{on thrzshold, Initiation (xperiments perforired fn pure nitrogen
also revealad that chemical rcactions of vapor with oxygen play no signifi-
cant role, Irradiations of freshly deposited aluminum surfaces 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 radistion kv 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 ,, gives rise to
an enhanced electric field at planea of constructive interfcrence between
the incident and reflected wave, This results {n a lowvering of the clean-
air breakdown threshold by a factor of four for planar reflection and perhaps
more near surface defecte, While this effect most likely dominates initin-

8 watt/cmz, it was not found

tion at peak power densities greater than 6 x 1C
to be significant in the lower intensity regime scudfed, It should be noted
that the reflected component would be reduced considerably over the hot sur-

face asgociated with a local surface defect. The notion of shocking the amir

10
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up to plssma temperatures by the cold vagor or a gpalled layer appears to
be fnconsistent with the observed short initiation times, An apparent error
in the asaumed radiation asbsorption depth i{n Reference (14) calls into
questicn the poaafbility of front surfsce spallation in this case,

The observation of local plasma initiation and targer electron
emjssion in irradiations of practical aluminum surfaces at 10.6 u(l) vas
found to be cousistent with surface defect heating and associated emission
of priming electrons either by thermionic or high field emission processes,
However, {t waa elso shown iu a detalled one-dimensional calculation by
Edwards et a1.<17) that if the initial ebascrptance of the aluminum surface
were adjuated 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 10-,-dianeter
initiation site on a surface, These being the likely initiation mechanisms
operative at 10,6 ,, 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 &n outline of the theoretical modeling of the

initiation process and additional experimental results for metallic surface.,

Theoretical Models of Inltfation
of LSD Waves on Metallic Surfaces

Theoretical modeling of the initiation of LSD waves on metallic
(1

surfaces has been reported by Walters and Barnes, ’ Thomas and Musa
and Edwerds et al.(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 conaistent with cbserved initiation times, 1t

was further shown that the electrons would diffuse into the air 8 distance of

the order of the Debye length and provide & local priming electron density
near the surface of the order of 1014 electrona/cmj. Thia priming densicy

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

11
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the obeerved initiaticon times, This assuxption will be substantiated sub-
sequently, The thermionic emission model wau developed further by Thowas
and Husnl(Zl) and excellent agrecment was achieved with our infitiatfon
tima data ovur & range of peak power densities, This agreecument was achieved
with only ona adjustable parameter, d, the characteristic thickness of the
model lamination defect, The value of d providing & good fit was
d=3x10°
In earller work, Thomas and Huaal(l9) also developed the field

cm, & valve conaistent with sample examination data,

emisaion model of LSD-wave initiation, in which a protrusion-type defect
with a height-to-dismeter ratio of 10 to 1 is found to create sufficient
enhancement of the normal cooponent of the laser radistion electric fleld
(at 45° beam incidence angles) to cause fivld emiszion of electrons, These
electrons may be directly accelerated to energies sufficient to ionize

air wolecules or may serve as priming electrons for a breakdown in a manner
similer to vhe case of thermionically emitted electrons. In the initial
form of the model(lg) 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/cmz). More
recently, inclusion of protrusion heating in the model(ZI) has permitted

a better fit to the experimentally measured initiation times, Other experi-
ments, however, tend to rule out field emission as a dominating mechaniam,
Because the normal component of electric field ia 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.(l) Furthermore,
the extent to which the high aspect-ratio protrusions must be present cn a
surface for LSD-wave initiation {s inconsistent with our scanning electron
microscope (SEM) examination of samples, Attempts to resolve the issue
regarding the natur® of the emitted electrons Are repcrted in Reference (3).
In these experimentz, emitted electron energlies were measured in vacuum;
however, the strorg background of electrons apparently resulting from plasma-
u.v.-induced target-photoemisnion made the results inconcluaive with respect

to the origin of priming electrons,

12



As noted previoualy, a detsiled calculation of the initfsticon end
propagation of L3D waves has been performed by Edwarda et ‘1'(17) Computer
calculations were performed using the computer code LASNEX which sccounted
for detailed aluminum and air equations-of-state, hydrodynemics, energy
exchange between plasma components, thermal energy trangport, thermal
radiation transport, and laser radiation traneport. No electron emission
from the surface was assumed, The electron population was determined from
a detailed equilibrium fonization model, 1In calculations with electrons
and fons {n equilibrium (for both the air and the metal vapor), initiation
of an LSD wave in air was not achievea with the TEA laser pulse at 7 x 107
watt/cmz peak power density., However, when the electron temperatnre was
allowed to separate from the ion temperature, an LSD wave was initiated
following breakdown of the metal vapor, By adjusting the initizl laser
radfation shsorptance to a value of (0,10, an LSD-wave inftiation time was
calculated which was in agreement with our experimental value, While this
mechanism appears to be viable, no evidence of breakdown in the aluminum
vapor for atmospheric pressure irradiations has been otserved in extensive
time-integrated and time-resolved spectroscopic enperiments with 10,6y,
TEA laser pulses, For longer pulse rise times and shorter lascr wave-
lengths, breakdown in the metal vepor may dominate the thermionic emissicn
mechanism as will be discuased subsequently,

The following subsections present a brief discussion of the

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

simple theoretical resulte which may be used to correlate experimental data,.

Surface Heating

Simple models for surface heating by the laser radistion can be
utilized to yleld approximate times to achieve emitting and vaporization
temperatures at surface defects and for bulk material. From extensive
examination of SEM data on target samples befere and after irradiatfon,
lamination.and pit-type defects were found to be the most common potential

initiation sites on practical aluminum surfaces. Figure 3 presents a

13
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achepatic representstion of these typea of defects. In both cases, & layer
of waterial {s therrvally isolated frem the bulk waterial end can heat aquite
rapidly reiative to the normal surface which 1s cooled by conduction, A
characteriastic thickness, d, cen bn ascribed to the defect layer to permit
sirple calculations of thermal response, While a distribution of such ;
thicknesses ex{sts, 3 value of 10-4 - 10-5 cm eppears to he consistent with N
SEM data, 1t is {wportant to note that the defect mndel is still valid on :
second and subsequent shots on & surface although leas emitting area {s J
avsilabla. This latter effect is consistent with the obuservation of less ;
emissfon current on second shots and offers an explanation for the “cleanup .!
effect"” wherein the inftiation threshold is raised slightly on second and
subsequent shots on a practical surface., For the purposes of estimating
heating times, a simple onz-dimensional isolated layer of thickness d is

assumed in the defect calculations that follow,

The temperature rise at a surface with consteant properties and

B constant heat input is easily calculate For a semi-infinite region

the surface temperature rise {s
AR
AT = ﬂkpc aGt » QY]

where k {s thermal conductivity, o i density, CP is specific heatr, o
13 absorptance, G is powver density, and t {s time, For constant power
density heating of a finite regfon (defect) of thickness d the surface

temperature rise is simply

1
T = ~—=— qGt 2
A Dcpd ’ ()
provided d << [kt/gcp] for the times of interest, This condition holds

for the postulated defects and they may bs assumed to be isothermal., For
a linearly rising incident powar density with rate of incrense 6, the

surface tevperature rise {s

r ]
- 16 . 3éa
AT l—-———ﬂ-‘, o CP] Gt (3)
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For the sare rising power density incident on a finite layer of thickness d,

aT = 5% ¢ %)

Values of thermal properties for aluminum 2024 alloy used in the calculations
vere o = 2,7 gm/ch. Cp ® .9 J/gm, &nd k = 1.6 watt/cm C, The melt tempera-
ture and vapcrizatior temperature were assumed to be 660 C ard 2520 C,
respectivaly, The laser railiation absorptance, o, was fouad axperimentally

to bs 0,029 at roowm temperatuve and 10,6 ,, This value was used for the

bulk waterial and was assumed tn be constant up to the welt terperature,
A value of 0,05 was uned for a 2sfect layer below the melt temperature,
Data on metallic reflection sbove the melt point are nparae;(23) however,
absorption valuzs are believed to increase with tewperature after s jump
facrease at the malt point. An sssumption of a high aversge value over tha
melt fcglon i{s bdelieved to be more realistic thaa nsing the room-temperature
. value. A value of 0.48 for absorptarce was found by Rergel‘son et al.(2M
; . to provide good agreement of their theoretical response model with experi-
mental inpulse dats at 1.06 ;. This value was used for the present calcu-
P lations at 10,6 , and 1.06 ,, sbove the melt temperature, Below the melt
P temperature, ¢ = 0,12 was used for both defect and bulk heating at 1,06 .,
Figure 4 presents representative surface heating curves for a peak
incident pover density of 108 watt/cm2 at 10.6-, and 1,06+, wavelengths
for a TEA laser pulse shape (40-nsec risctime) calculated using the simple
models for defect and bulk material response, At 10,6, {1t 1s 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 {s consistent with the observation of negligible surface damage at

10.6 ,. At 1,06 ,, both the defect and bulk surface temperature reach
vnporlzation\levela prior to ti:e pulae max{mum at 108 vntt/cm2 peak power
denaity, whiéh 13 also consistent with experiment es will be shown sub-
~equantly, It should alaso be noted that under the assumptions of the modlel
most of the time prior to vaporization is acccunted for by the time required

to reach the melt temperature,

16
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To {llustrate the thermal effects over a broader range of con-
ditions, the time to reach the vaporization temperature is presented in
Figure 5 as function of peak power density for pulse shapes which rise
linearly for a perioé 7 to the peak value and remain constaut thereafter,
Results for both models are presented for 10,6 u (solid curves) and 1,06
(dashed curves) with values of ¢ = 40, ACQ and 2500 nsec, The four power-
law dﬂpendencien which are given by Equationa (1) (4) are revealad by the
four limiting slopes of the curves appearing in the figure, Only the
rvegime of peak power densities greater than 10? watt/cm2 is shown {n the
figure, BRelow 106 watt/cm2 1nifiation times have been correlated very
well with the vaporization time calculated with a bulk material neating
model, @1 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~iayer invalf-
dates the one-dimensional defect heating assumption and the model does .ot
apply. If lateral dimensions of the order of 3 x 10_4 cm are assumed, 'hen
at times greater than a few hundred nanoseconds (for aluminum defects), the
defects can lose heat by conduction and the initlation process -becomed
dominated by bulk heating effects, As can be seen in the figure, this
leads to breekdown 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-, case,
Also noted in the figure is the important effect of pulse risetime on surface
heating, It is this effect which 13 likely responsible for considerable .
differences in initistion times and thresholds reporfed by 1nvcstiéatora
using different laser devices,. It‘should also be noted that for the 40-nsec
risetime case at 1,06, litéle difference between bulk and defect vaporiza-
tion tiﬁcs is predicted and, in fact, at 109 watt/cm2 the defect heat transfer
becomes conduction limited (crossovhrfpoint).

While the times discussed above are those required to reach vapori-
iacion,'it is clear from Figure'4 that the times raquired- to reach thermionic
emitting temperatures are Edi,much differehf. In the follqwing subsection,
the addiciona} 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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Alr BRreakdown by Priming Flectrons

In Reference (1), it was shown thact thermionic emission of elec-
trons from an aluminum surface into normal density sir 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 1012 to 10! em™3

surface terperature, These electrons are beated via the inverse brems-

depending on the wdrk function selected and the

strahlung mechanism in the field of neutral and ionized atoms, Estimates
of heating times have been made using .he absorption coefficlent used in

LASNEX(17)
ized species aye assumed for the fon couponent, This results in the coeffi-

vt () [ o]

] :
x [ne +nena<z g>] cm ’ .. . (5)

with the exception that a Gaunt factor of 1,0 and only singly fon-

cient

where Rd = 13,59 eV, hy 1a the laser photon energy in eV, k'l‘e is_the elec-
tron tenperature in ev, n, is electron dznsity in'c@'B, n.'ia the neutral
atom density in em3, and <Zzg> iz tabulated in Reference (17) for various
kTe' The veduced absorption coefficient, K/ne, is presented in Figure 6

28 a function of electron temperature, A differential equation for growth
of the electron density at censtant power density can be written for the
case where all of the abscrbed energy goes into fonization and heating of

electrons,

1 dl'le

e (sz +1) [1+3(3H+I” ©

where Go is a constant power density and I ‘{8 the effective ionizetion

potential or air, assumed to be 14 eV, Since the temperatures reached in
the breakdewn are of order 1-2 eV, {t 18 a good approximation to let
1 dn K G

T 7
e e
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vhich simply saya that alwost all of the sbsorbed energy is used to {onize
the gae, Using Equatlon (5) and assuming Saha equilibrium, Equation (7)
was integrated nurcrically, Rasults for 1,06-and 10.6-, laser wavelungths
are presented in Fijure 7 for an initial electron temperature of 0,25 eV,
The quantitative recults should not be tsken as being rigorous because of
the gross assurptions of the vodel, Departures from a Maxwellian energy
distribution and the Ssha equilibrium and the loss of energy by several
rochaniems are known to occur, The results do show, however, the very
rapid breakdown of the air which occurs for priming electron densities of
crder 1016 cm-3. Also noted is scome departure from exact X2 wavelength
scaling of ahsorption which apparently éccurs because of a significant

stimulated emission ccmponent at 1.06 .

Correlation of the Sirnle Model with

Fuperimantal Pata for 1S5D-Wava Initiation Tiwes

Results of the simple model have been used te predict LSD initia-
tion times for various pulse risetimes assuming the initiation time to be
the sum of the time required to achievg emitting temperaturcs and the time
for the electron density in air to go from 10‘6 to 1018 cm-a. These
results are presented in Figure 8 for aluminum at 10.6 u in normal denafity
air, As was found by Thomas and Husal,(ZI) the model for thermicnic emis-
sion at a laminaticon defect yields very good agreement with the experimental
values measured at Battelle with aluminum. The observed small disagreement
1s within the error inherent in the model, Very few additional data have
been found on LSh-wave initiation times, Maher et al.(IG) report initiation
near the peak of their laser pulse (0,5, sec) when the intensity is well
sbove threshold, IDlarchukov et al.(ls)_report initiation on magneaium in
the range O.S-I.S‘Lnéc for their slowly-riasing pulse, 71They note an aéproxi-
mate inverse relationship between initiation time and peak power density.
The unadjusted data for magnesium have been plotted although corresponding
values of initiation time for aluminrum would be about a factor of two higher.
Fven with these corrections, the data appear to be well below the bulk

heating predictions &s is the case for the deta 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. Inftiation 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 j are presented in Figure 9,

(25) and our work discussed in

The two data points are from the work of Rudder
4 subsequent section of this report, Since the times tn veporization in
defects and in the bulk are about the same and both very wuch less than the
air breakdown time, no effect of the heating model 1is observed in the
theoretical 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 rasporsible for iInitiation at 1.06 .

Linkup of LSD Waves

The models for LSD-wave initiation discussed in the previous
sections apply to the very early stages of the initiation process when
1-2 eV plasmuas are first formed in the éir. At 10,6 4, these minfature
1L.SD waves do not cover the surface, buf exiit only at the defect initiation
sites. An exhsustive theory of LSD initiation should account for the propa-
gation and growth of the ministure LSD waves and the "linkup" process
wherein they merge to form a continuous front which completely blocks the
surface, The linkup proceéa 18 shown ¢chematically in Figure 10, This
theory has not been developed, but the effect is noted here because of {its
importance in inftiation on surfaces hsving various initiation site densities.

Measurement of 1SD-Wave Initiation Times on Metals

As noted in the previous sections, the time of LSD initiation is
an important measure which 18 useful in understaunding the process of LSD-
wave initlation, In the second year of the contract, techniques developed

for study of initiation on aluminun were applied to the study of LSD inftiation
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on matallic surfaces in general, These techniques include obeervation
of changes i{n the target electron emiasfon signal and electrostatic probe
detection of the u.v, radiation associated with initiation. These techni-
ques are diascussed in detail in Reference (3), Irradiations of several
mutals in the ss-rcceived and cleaned condition were conducted with the
10,6+, TEA larer puvlse fccused to provide peak power densities in the
range of 5 x 107 to 5 x 108 ua:t/cmz in normal density air, Metals
studied included aluminum 2024, tungsten, lead, copper, #nd zinc., Target
electron enission and electrostatic probe records were obtained in separste
experiments, S

Measured LSD-wava initistion times for these experiments are
presented'ln Flgﬁte 11 (cutves drawn {n the figure are for reference
only). As in previous work, good sgreement was achieved for measurements
wade by’thl two tachniq&es. Moat of the metals had LSD initiation chsrac-
teristics aimilar to those observed previously for aluminum, with the
exception of tungsten, A significant delay In initiastion on tungsten rela-
tive to initiation on other wmetals was observed, Uaing the property data
of Table 1 and the bulk heating model discussed in the previous sections,
ft was found that the tima to reach melt on a tungsten surfiace was much
greater than the measured initiation time as was the case for aluminum,
Again, 4t is believed that defectez on the tungsten surface served as LSD-
wave initiation sites, The only other significant deviation from the
aluminum data was the obsarvation of very fast inftiation on lead surraces
fn the lower intensity regime, Rapid heating on lead surfaces results from
tha low melting tewperature snd the low volumetric hcat capacity (see Table
1). The bulk heating model prsdicts surface melt for lead at 24 nsec for
7 x 107
power density. In each case, the vaporjzation temperature {s reached within

watt/c:n2 pesk power aenuity and 7.4 nsec for 4 x 108 vntt/cmz peak

a few naroseconda of melting, It fs believed to be significant that LSD-wave
initiation does not occur oa lead earlier than about 27 naec in the higaer
intensity regime, I1f the initiaticn were occurring in the lead vapor, it
would likely occur within 5 nsec of vnporization at &4 x 108 uatt/cnz peak
powzvr density., The fact that the in{tiation time for lead does not decresse

significently with increasing peak power dencity may be a reault of some
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inhibition of clectron emission caused by the fast vaporization or by the
presence of vapor, The prediction that bulk vaporization does occur for

3 Of the metals studied,

lead i3 confirmed by SEM examination of samples,
bulk vaporization was observed only for lead targets. As will be noted in

a subsequent section, no fonized lead specles were observed at atmospheric
pressure,

For all metals studied, significant emission of electrons was
observea prior to initiation of the LSD wave, All surfaces were covered with
natural defecta as in the case of aluminum and the initiation time date 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-Wa2ve Initiation on Metallic Surfaces

Both time-integrated and time-resolved spectral measurements were

performed for targets irradiated at different gas pressures using seyveral
different intensity levels from the 10.6~; (0.118-eV) CO2 TEA laser, One
of the primary objectives of the spectroscopy cffort was to look for evi-
dence of aluﬁinum line emission adjacent to the targer surface during the
early time regime wnich could be used to discriminate between the vapor
breakdown and thermlonic emission initiation mechanisms for LSD waves,
The time-resolved measurements dealt only with aluminum targets in nitrogen
and helium, while the time-integrated studies also included aluminum targets
in dry air along with copper, zine, tungsten, and lead targets which were
irradiated in nitrogen., The pressure covered ranged from below 1 x 1()"5 to
1 atm,

Earlier spectroscopic studies are presented in the previous

1,2,3) on this program 1In the earlier work, time-integrated spectra

reports
were obtained for irradiations of type 2024 aluminum alloy, fused silica,
cellulose acetete, acrylic plastic, zinc, tungsten, lead, copper, titanium,
graphite, and type 304 stainless steel targets in air at various pressures
between one atmosphere and vacuum, In general, the time-integrated spectra

at atmospheric presesure were characterized by spectra associated with oxygen
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and nitrogen from the air and sowe vaporized target materials, At pressurex
below about 10 torr, the apectra were characterized by emissions from target
materiala, These observations alzo hold true for the work reported here,

Ian the case of the earlier time-resolved measurementa with
aluminum-alloy targets, the bremsstrahlung radiation typically appeared
fivat at the tsrget surface about 40 nsec after the arrival of the laser
pulse, Atomic and ionic radiation was observed at the target surface
about 170 nsec after the bremsstrahlung appeared. Neutral aluminum radia-
tion appeared about 700 naec aftar 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
consistent with the inftiation mechanism based on emissicn of electrons
from the target which then couple to the laser field and increase in
energy through inverse bremsstrahlung process2s., Jon 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 aluminum alloy targets in dry
air, nitrogen, and helium, aqd with copper, zinc, tungsten and lead targets
in nitrogen over the spectral ranges from 2450 to 3350 } and 3450 to 4350 }.
Representative spectra are presented in Appendix A in Figures Al through Al4,
The spectrometer slit was oriented perpendicular to the target surface with
the viewing direction transverse to the bean arsis. For these laser {irradia-
tions, the targets were tilted with respect to the line of sight viewed by
the spectrometer 8o as to ensure sampling of the emission at the surface,

The lower portion of the spectra shown in Figures Al through Al4 corres snds
to the target surface region, The spectra were calibrated using lines from

a small xercury lamp,
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Prominent lines noted on the spectra are listed in Tables 2
and 3, At 1 atmosphere pressure, the spectra sre dowminated by bremsstrah-
lung and a few lines from gas species, 1In the case of all targets, excited
target apecies were+observcd at 1 atmosphere, and in wost cases the first
negative bands of N2 at 3914.4 } and the second positive banda of N2 at
3371.3 } 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 CI carbon line at 2478 } 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 § at atmospheric pressure. All
target materials also showed evidence of atomic copper emissions., This
would be expected with the type 2029 aluminum alloy which contains copper
(4.5% Cu, 1.5% Mg, 0,67 Mn, 0.5% si, 0.5% Fe, 0.1% Cr, and 0,25% Zn); how-
ever, the other targets such as tungsten would not be expected to contein
copper. The source of the copper is not known, but may have been the
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, '

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 laser beam intensity was increased to the
emission threshold at a given pressure, the first epectral lines to appear
in the wavelength regions recorded were three lines at 2803.3, 2802,5, and
2796.1 . With increasing laser intensity two other lines also appeared
near 2800 }., These five lines were observed with all the target materfals;
Al, Cu, 2n, 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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3331.310
3330,314
3329,765
3328,730
3006,830
2885,273
2709,837
2522,227
2520.791
2520,222
3187.745
3203.104
2733.32
2478,556
3092,8386
3092.7099
3082,1529
2852,127
3273.957
3247,540
2882.934
3282,33
3302,59
3302,94
3345.02
3345.57
3345.93
2770,.88
2573.53
2613,65
2614.18
2663.17
2801,99
2823.19
2833.07
2873.32

d
T
TABLE 2,  TIROMINENT EMISSION LINES OJSERVED 1IN
TIME-INTEGRATED SFEICTRA NEZAR 3000 A
Enexgy of Energy of

z
-
[

zZ =z 2 =2 Z 2z o=
[
-

He 1
e 11(?)
He II

(]
4

(2]
[
Lo B B o B o o T B . B - B B~ R < R O S ey

&
L T o B B I T T ]

Lowet Level, eV

20.64
20.61
17,88
4U,50
20.41
23.14
21,60
21,16
21.15
21.15
19.82
48,37
48,37
2,68
0.01
0.01
0,00
0.00
0.00
0.00
1.39
4.01
4,03
4,03
4,08
4,08
4.08
0.37
1.65
0.97
0.97
1.32
1.32
1.32
0
1.32

Upper Level, eV

24,38
24,38
21.60
24,30
24,53
27.44
26.17
26,07
26,06
26,06
28.71
52,24
52.40
7.68
4,02
4,02
4,02
4,35
3.79
3.82
3.69
7.78
7.78
7.78
7.78
7.78
7.78
4.84
6.46
.71
5.71
5.97
5.74
3.71
4,37
5.63

(a) The lonization energy of N I 1o 14,548 eV,
(b) The ionization energy of He I is 24,586 eV,
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PROMINENT EMISSION LINES OBSERVED IN
TIME- INTEGRATED SPECTRA NEAR 4000 }

TABLE 3,

Energy of Energy of

Wavelength, § Emitter Lover Level. eV tpper Level, eV
4224, 74 NI 10.33 13.26
4223,04 N1 10,34 13.27
4241,784 N 1) 23.24 26.17
4237,05 N 11 23,26 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
4926.1912 He 1 20,96 24,04
3888.648 He I 19,82 23.01
3961.5200 Al T 0.01 3.14
3944,0058 Al 1 0.00 3.14
3964.16 Cu 1 5.69 8.81
3933.027 Cu I 5.78 8.93
4095,70 w1 2,11 5.13
4102.,70 w1 0.77 3.79
4234.35 W I 2.39 5.31
4241,45 w1 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 1 1.32 4,37
4150,138 a1 111® 20,55 23,54
4149,917 AL 111 20,55 23,54
4149.897 A 111 20.55 23.54

(8) The lonization energy of N I is 14,548 eV.

{
(b) The {onfzation energles for Al I and Al ?I are 5,985 and 18,827 ev,

resprctively,
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these lines 18 copper, It is difficult, however, to unequivccally fdentify
these as copper lines because thuy are usually less prominent relative to
the strong resonance lines in conventional arc and spark spectra, Similar
lines at 2802,7 and 2795.5 } were observed by Wei and Hall(zs) for a masking-
tapa target irradiated with a 10,6, CO2 TEA laser, They fdentified these
lines as Mg II lines, The good wavelength correspondences with copper lines
and the presence of the 2803,3-2802,5 | doublet do tend, however, in the pre-
sent case, to lend weight to the suspicion of copper. The results may in-
dicate that something common to all semple materials such as the brass
_target holder may be playing a role in the radiatfion observed at low intensity,
It 1s certainly {nteresting to note that spectral lines with lower excftation

energies did not appesr first,

Time-Resolved Measurcments

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 uaing
the SYEX 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
bremsstrahlung in the region of a line was determined by measurements per-
formed on both sides of the line, The bremsstrahlung contribution was then
subtracted to glve the corrected line radiation which is given in the figures.
Targets were used for multiple irradiations and were not replaced for esch
1fradiation as was done in some of the earlier studies,

In general, the initial rise of the atomic nitrogen and helium
emissions came after the rise of bremsstrahlung, Both the Al I &and Al III
showed a delay in their appearince after the rise of the bremsstrahlung.
No Al T line radiation was found to precede the bremsstrahlung or te appear

within the first microsecond following the arrival of the laser pulee at the
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target surface as shown in Figure 15. The C I radiation and the radiation
st 2803 1, centativély associated with Cu I emission, did appear less than
100 nsec after the rise of the bremsstrehlung as shown in Figures 17 and
18, although their appearance is still well after plasma initiation.

Al III line radiation at 4150 | was observed at a pregsure of
2 torr. This line emission as shown in Figure 16, followed the appearance
of the bremsstrahlung by about 700 nsec a3 cbserved earlier for the neutral

Al I line emission at the target surface,

Conclusions Drawn from the Spectroscopy Experiments

Time-integratéd spectra obtained with type 2024 aluminum alloy
targets iu dry air, nitrogen and h¢ \ium, 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 ( Af++) radiation was observed which fol-
lowed the same temporal response as the neutral Al I emission, No aluminum
radiation was detecéed, however, during the early initiation period at times
of less than 100 nsec after the arrival of the 10,6, TEA laser pulse at the
target. The results indicate that the laser field couples with the free
electrons which then excite, dissociate, and fonize 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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Initiacion of LSD Waves on
Alvminum Alloy at 1.06 Micron

While the major effort under this contract was devoted to
the study of LSD wave initiation at the 10.6-, wavelength, a series of
irradiations were performed at 1.06u to preliminarily assess some of
the effects of laser wavelength on the initiation phyeics. A six-
joule, Q-switched, neodymium-glass laser having a 40 nsec pulse width
wag used for the irradiations. The output pulse history is very
similar to that of the TEA-CO, laser on the rising portion of the
pulse as can be seen in Figure 19. This feature enables convenient
comparison of LSD~ianitiation results for the two lasers, however, the
fast fall of the 1.06u 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 aluminum alloy (2024) target
placed in front of focus in laboratory air and tilted to provide a
20° incidence angle. The target was supported in the target emission
sauple holder in a geometry identical to that used for target emission
wmeasurements at 10.6u53) The beam profile was approximately gaussian
with a 1/e ereca of 0.18 cnz. Intensity was varied by introducing
calibrated attenuvators and, in some cases, by reducing the spot size.

A fast photodiode and calorimeter monitored a reflection from a glass
beam splitter plarced in the beam. The photodicde was used to trigger
the oscilloscope which recorded the target voltage response. The plasma
luminosity was recorded by open shutter photography through a broad-
band green filter (maximum transmission 2.5 percent).

The target emission records for irradiations with peak power
densities in thc range of 1-8 x 108 watt/cm2 and constant spot size
are presented in Figure 20 (laser beam on target at 40 naec), As
can be seen, a positive-going signal is observed inidiceting electron
emission from the target surface. The signal rises much earlier in
the pulse than waa observed in the 10.6+, experiments, which is con-
sistent with the higher absorption at 1.06 4, The target voltage

levels are considerably lower than those measured at 10.6  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-, experiment,
No "bresk" in the target emission signal was observed in the lower

8 watta/cm2 peak power

intensity irradiations, however, at 8.3 x 10
density, a well-defined drop in the signal waes observed 78 asec after
laser pulse arrival. In the 10,6~ experizents, this characteristic
"break" in the target emission signal has been correlated with the
plasma initiation time or breakdown time determined by other means.(J)
In all cases, plasma luminosity was observed photographically; however,
the short LSD-wave trajectory, if present, was indistinguishable from
the aluminua vapor cloud which was oriented normal to the target
surface. Sample examination revealed that the threshold for bulk
vaporization occurred at 108 watts/cmz and damage got progressively
worse with increasing intensity until pesk power densities on the
order of 1.5 x 1010 watts/cm2 were attaired. At this level presumably
the initiation occurs sufficiently early to provide some radiation
blockage and reduction in damage.

"hile additional experimental work is needed to confirm the
breakdown timing meagurement, 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 pesk power density regime
investigated, the breakdown is expected to occur ia the metal vapor.
From Figure 4, it is noted that both defect and bulk metal vaporization
are predicted to occur prior to the pulse maxinum at 108 watts/cm2 which
is consistent with the experimental observation of bulk vaporization
at this level. For a peak power denaity of 8.3 x 108 watts/cmz, the
predicted times for a model defect vaporization and bulk vaporization
are 8 and 9 nsec, respectively. If the plasma breakdown time is
78 ngsec as inferred from the target emission probe, then the metal vapor
herting tiwe 13 of order 70 nsec under these conditions. According
to the LASNEX calculation for the TEA laser pulse(17)
the wotal vapor from the vaporization temperature to 1.0 eV at 10.6

end 7 x 107

, the time to heat

watta/cmz peak power density is approximately 2 nsec for a
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high-density Mott transition (p = 1.0 gm/cm3) and 7 nsec for a low-
density Mott transition (p = 0.1 gm/cm3). Corrected for wavelength
scaling and intenaity, these times are 34 and 118 nsec, respectively,
at 1.06y and 8.3 x 108 watta/cm .« These values bracket the heating
time of 70 nsec inferred from the experiments., 1t {s important to

note that electron emission did occur in the experiments aud, according
to the model discussed in Reference (1), it 18 reasonasble to assume

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

in the air in front of the target. However, according to the air
cascade heating resulta presented in Figure 7 (scaled appropriately to

the present caﬂe), the time to achieve 1018 m-3 electron density in

14 ~3
time is much longer than the pulse length, it is rnasonnble to
i 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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111 - LSD-WAVE INITIATION ON NOMTTALLICS

A limited pumber of experiments were conducted in the program to
assess mechanisms which might be operative in the initiation of LSD waves

(2,27) fused silica and

on nonmatallic materials at 10.6 4. In early work,
acrylic plastic were found to initiate LSD waves in s similar way. Initia- .
tion was found to be local as in the case of practical aluminum surfaces; ,
however, the initfation site density was two orders of magnitude lower, .{
The sitees of initiation were easily identified by small protected areas on 'I
the surface where the "miniature” LSD waves blocked the laser radiation and o
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-
1ic 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, i
Several additional nonmetallic materials were irradiated in atmos-
pheric pressure air at 10.6 , to survey the extent to which local initfation
occurs in other nonmetallic materials. Sample materials irradiated included
phenolic resin, polyimide, high-density alumina, and silicon, Time-integrated ..

f
|
photography and post irradiation sample examination were utilized to assess :
LSD-wave initiation behavior, The approximate thresholds for LSD-wave initfa- l
tion (as determined by photography) and the damage characteristics are pre- -
sented in Table 5 along with data obtained previocusly for other nonmetallics. ;I
Only the polyimide samples exhibited i1solated protected areas similar to the

initiation sites observed for fused silica and acrylic plastic. It shquld {
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
aleo 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 Nomarski photomicrograph of Figure 21, The
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TABLE 5. APPROXIMATE LSD-WAVE THRESHOLDS

v

v
.

% FOR NONMETALLIC MATERIALS

LSD-Wave Threshold
Peak Power Density

Material ' (108 watt/cng) Damsge Characteristic

l_.'
Acrylic Plastic 0.8 Protected areas
Fused Silica 1.5 Protected areas
Phenolic Resin 1.5 Extensive uniform vaporization
Polyimide v 0.6 Protected areas

¢
Alumina : <1 Uniform vaporization
Cellulose Acetate 1.5 Uniform yaporization
Silicon (polished) 0.6 Local spots
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NOMARSKI M. CROGRAPH OF DAMAGE SITES ON
POLISHED N-TYPE SILICON (1.3 ohm-cm)
IRRADIATED AT 3.2 x 108 watt/cm?
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damage shown is for & pezk power density well above threshold (3.2 x 108

watt/cmz) and ccns.sts of {solated areas approximately 20, in diameter which
have melted or vaporized, As can ba seen, the regions between the damsge
siten are very smcoth, but do have submicron-sized surface fecatures, Heating
may initiate at these defects and lead to the observed dswmage i{n & manner
eimilar to that occurring in wetals, This may be contrasted to the plastic
materials which heat more uniformly and are protected locally by debris-
initieted LSD waves in aome cases, Becsuse of the high electrical and ther-
mal conductivity relative to the plactics and the observed damage characteris-
tics, silicon is believed to initiate LSD waves in & minner similar to that
occurring on a metal only with a lower initiation site density. The initisl
stages of defext heating ave quite different, however, because che silicon

is fairly transparent to 10,6~, radiaticn at room temperatnre. Near 500 C,
the absorption rises and thermal runaway follcwed by "metnlization" occurs,
The two basic types of initiation process observed on the plastic materials

were Investigated further as discussed below, ,

LSD-VWave Initiatinn Time for Cellulose Acetate

It is somewhat surprising that the LSD-initiation threshold for
cellulose acetate {3 1.5 x 108 vutt/cmz, while the threshold for damage is
of o;der 7x 106 watt/cmz. It is widely believed that breakdown in organic
vapdrs is relatively rapid because of low fonization potentiala, All of

the experimental evidence for cellulosc acetate indicates vapor heating and

subsequent breakdown of the vapor; however, the threshold iutensity is high |
and the {nitiation time is wmuch longer than observed for metallic and debris
initiated LSD waves, The initiation time was measured using the electrostatic
probe technique,(a) 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 initiaticn times recorded for cellulose scetate at 2,1 and

3.2 x 108 watt/cm2 wvere 55 and 5] nsec, rva2spectively, which were the longest

initiation times ever measured by this technique a. these intensities, Below

2.2 x 108 watt/cm2 gome precursor signal was recorded but it was uncharacteris-

tic of full initiation., The peak of the precursor signal occurs about 70 nsec

i g oKl i < b



after laser pulse arrival, Its magnitude is related to the intensity of the u.v,
radiation produced, For LSD waves which inftiate early, there is time for the
minidture LSD waves to grow significantly and provide more u.v. euitting arca
than in the case of late initistion, This effect {5 shown in Figure 22 which
presents pe&k precurscr signals observed under the same conditions for several
metals and cellulose acetate, The differences in the metallic behavior

appear to be completely consistent with observed differences in injitiation

times, The low signal for cellulose acetate confirms the wesk development

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

of surfsce-emitted electrons in prompt fnitiation on metal surfaces,

Debris Infitiation on Nonmetellics

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

2,27) ft was conjectured that ewbedded macallic debris

and acrylic plaztic,
might be the source of the scattered-wave interference-fringe damage pattern
associated with the local LSD-wave initfation sites, Further, it was
suggested that the prowpt infitiation mechanisms might result from thermionic
emiasion from these particles, To assess whether metallic dgbris particles
could cause the observed effect, acrylic samples were prepared with purposely-
embedded dluminum particlea, Particle size distributions were not measured,
but average diameters were estimated to be of order 1, 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 acryllic surfaces were irradiated with the 10.6-, laser

pulse in air under identical conditions at 2.1 x 108 watt/cmz. Post -irradia- i
tion Nomarski micrographs tiken near the center of the irradiance areas -
of these samples are presented {n Figure 23. The untreated acrylic surface l

exhibited several fsolated protected areas as observed previcusly, A

s ma—

typical protected area is shown in Figure 23(a), For the case of normal
incidence in these experiments, circular incipient damage fringes would be
expected rather than elliptical fringes observed earlier on acrylic. At
the particular site shown, there sppear 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 204, diameters, respectively. The dark
areas are the neavily vaporized regions and the light rippled sreas are
protected regions. The Nomarkski technique enhinces 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 remmants., The effect of the debris-initiated LSD waves is . _ o
drawatic, with very little damage visible to the unaided eye. It is con-

cluded that embedded metallic debris particles are likely responsible for

one observed type of nonmetallic LSD-wave initiation,

59 PR




IV - PEESSURE RESPONSE MEASUREHENTS

e+ i

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 materfals under ambient pressure conditions ranging from
hard vacuum to atmospheric pressure and with various laser systems and wave-
lengths, The earliest experiments utilized either ruby(28'3o) or neo-
dymium(31-38) lasers, although interest in Coz-laset experiments(39~47)
has increased dramatically with the development of large electron-besm and
TEA-type devices, One receant papcr(as) describes the impulsive loading on §--~ﬁ

eluminum targets when irradiated by an electron-beam-initfsted HF laazer.

A critical issue not addressed in the previous studies is the divect 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,
f This section describes the first measurements of pressure profiles
induced by a TEA C.O2 laser, The experiments employed both metallic and non-
5 metallic targets, and the irradfations were conducted both above and below
the thresholds for initiation of laser-supported detonation (LSD) waves.
Aluminum alloy (3C03) and two plastics were irradiated with TEA laser pulses
having a peak power density of 3.2 x 107-5.8 x 108 uatt/cm2 with ambient

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

and in-material precssure measurements were performed for each set ~f data, :
We note that of all the Coz-lascr experiments referenced above, only Reldy(ao) i
employed a TEA-type laser havirg a gubmicrosccond pulge duration. In most
of his eyperiments, no nitrogen was used in the laser gas mixture, resulting
in pnlse 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 obtainsd using long-pulse C02 lesers, 1In
the present experiments, long-lived LSD waves were observed, often with

the cylindrical plasma colum exceeding 5 cm in length, Ample laser energy
and peak power were available for the initiation and propugation of LSD
waves from both metallic and nonmetallic surfaces for a relatively large

spot area (~0.3 cmz for an effective spot diameter Dy »0,61 cm),
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The shock pressure and resultant impulse imparted to a solid surfsce

which initiates an LSD wdave have been successfully predicted by cylindrical

(49-31) 4nd numerous computer simutations*2737) have been

(40

blast wave theory,
based on this approach, Ready ) modeled hia experimental TEA-laser results
with a spherical biast wave originating a few millimeters above the target
surface. Because of the short duration of the LSD wave in his experiments,

(40)

this approach 18 justifiasble and reasonably eccurate, Ready could not,

however, obtain agreerent with the expermental results using the cylindrical

(49) We have compared our results with the theory

blast wave theory of Pirri,
of Pirri,(69) and believe that the adjustwents required by the spherical
blast wave theory are artificial and not descriptive of the physical pro-
cesses dominant in our experiments, The need for explicit trestment of the
temporal and spatial characteristics of the laser beam in any &nalyticsl

theory of short-pulse Coz-laser interactions is confirired by our experiments,

Description of the Experimental Confisuration

The general arrangement of beam optics, target, and diagnostics
is shown schematically in Figure 24, The laser beam is focused by mirrors
4
surface normal 1s tilted with respect to the beem axis, The two reflections

and M2 and transported into the target chamber through a KCl flat whose

from the XCl flat are incident on a photon drag detector (Refin 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 ceén be evacuated to 10"7 torr by a standard mechanical pump/diffusion
pump arrangement. The target and.presaure gauge assenblies were placed near
the centey of the chamber and were attachad to a translatable holder which
1s externally controllable. Open-shutter photographic diagnostics were set
up at the indicated port, Additioﬂpl ports (not shown) were used for elece
trical feedthroughs, ambient pressure gauges, and visual observation.

Both quartz plezoelectric and carbon piezoresistive gauges were
evployed in the experiments, and since precise timing relationships are

required, considerable care was exercised in the electronic triggering
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circuitry. Mzasurements invulving the quartr gauges were relatively straight-
forward as they did not involve the use of a guage power supply; the signal
cable was terminated by 50 () at the oscilloscopa (TEK 7704) which was trig-
gered by the photon drag detector as previously described., The carben

gauge measurcments involved the use of cona;derahly more circuitry &s shown
by the block disgram in Figure 25, When externally triggered, the laser has .
a delay of 3.9 psec until pesk ootical output, with a jitter of =0,3 ,sec.
Furthermore, the pulsed constant-voltage power supply (Pulsar Associates

model 151) has a "s2ttling time" of =4 ,eec. To avoid having any laser energy
on target during the power supply settling duration, & fixed electronic delay
of 2 ysec was introduced in the laser trigger cable, The oscilloscope was
again triggered by the photon drag detector giving the ssme 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 () carbon gauge forming
one arm of the bridge, The change in gauge resistence under stress unbalances
the bridge and gives an output signal proportional to the instantaneous
presaure, To minimize gauge ohmic heating, the 100 V supply was crowbarred
after 60 .sec, Under these conditions the gauge dissipates 3 mJ of elec-

trical energy and negligible bsseline drift was observed,

Lager Beam Paramecers

All experiments were performed with Battelle's 80 J-TEA CO2 lager
which has a peak power of 1.7 x 108 watt. The pulse shape (see Figure 19)
ie characterized by an inteuse spike of width 80 nsec (FWil{) followed by &
Nz-deexcitltion tail lasting several wmicroseconds. The spot size and inten-
sity distribution for the present experiments were the same as reported pre-
viously.in Reference (2), The effective 1/e area was 0,29 cmz and the peak
power density, G_, ranged from a maximum of 5.8 x 108 watt/cmz to
3.2 x 107 vace/c?,
Of particular importance is the delay tima between laser light
first on target and oscilloscope trigger., Beceuse of the particuler experi-

mental arrangement using the photon drag detector as an external trigger source,
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delay time is not constant, but is rather a function of peak power density,

as shcwn in Figure 26, This delay was accounted for in analysis of the data,

Gauge Packagze Designs

Back-surface and in-material pressure measurements were performed

(58,39) 4nd carbon piezoresiative(eo) gauges,

(61)

with quartz piezoelectric
respectively, Quartz gauges are well-matched acoustically 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

& back-np 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

(43) they

are embedded., Although slower in response time than quartz gauges,
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 shown 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 23.0 ¢ 18 achieved, where w 18 the guard-ring
width and f§ is the disk thickness, For these gauges w/ L= 1.5, a necessary
compromise to obtain useful output signals for low-pressure shots while 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 agatnst the gauges by a three-point spring-loadec
holder as shown in Figure 27 with a thin layer of Dow Corning high-vacuum
silicone grease epplied to the interface.

Carbon gauge packages are shown in Figure 28, The carbon gauges
have active elements 1.3 x 1.5 wm square which are bonded between Kapton

insulating films 0,01 mm thick giving an overall thickness of 0.036 mm,
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The gauges are epoxicd into a 0.l-tm decp groove on one end of the backup
discs (5 cm dia, x 3,2 em thick) such that the active carbon elements are
centered with respect to the axis of the cylindrical disc, The dackup 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 pickages used at
lov pressures, The carbon elements are within 0,08 mm of the target overlay-
backup disc interface, The assembly is then installed in a shielded holder,
Both sluminum end plastic gauge packages were prepared in this manner. Gauge
responses wvere found to be identical for packages with the target overlay
epoxied or mated with silicone fluid. Only at low ambiunt pressures was it
necessary to use the epoxied target overlays due to bubble formation at the
silicone fluid interface in the zauge packages with replaceable target overlays.

Presaure Response of Aluminum Tarpets

Representative pressure Listories in aluminum measured with carbon
gauge packages are shown in Figure 29, Above LSD-wave threshold [Figure 29
(a-c)], the pressure response i{s characterized by a large compressional stress
followed by & tensile relief wave and then an overpressure response as the
blest wave pressure decreases to the smbient pteasure.y For thesge data, the
width of the compressional wave is =600 nsec (FWIM) for the 0,406 mm targets
at 760 torr ambient pressure and 3,48 x 108 uatt/cmz peak power density; for
the same conditions and Gp = 1,39 x 108 watt/cm, the width is =800 nsec (FWilM).
For the quartz gaupges under similar 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 eatimate {8 consistent
with the cbservations of Lowder and Pettingill.(ba) We performed one experi-
went using a b.OZS-mm foil target with a quartz gauge to assess the effect
of presgure wave attenustion in the target on the peak pressures recorded,
For &n ambilent pregsure of 760 torr and a peak power density of 1.39 x 108
vatt/cmz. the peak pressures were in close agreemoent with those obtained with
0.406-em thick targzts [see Figure 31 (a@)]; however, the recorded width of the

corpressional wave was only 190 neec (FWlM). In general, the width decreases
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with dwcreaaing ewbient pressure and with increasing peak power density,
For irradiations below LSD-wave thyesheld, the pressure is generated by
hydrodynamic blowoff of target material., The pressure spike iv of much
shorter duration then observed sbove LSD-wave threshold, ané¢ the output
of ths carbon gauge packsge ringe due o the acoustic migmstch of the em~
bedded carboﬁ element &nd surrounding plastic inszulation with respect to
the aluminum host, A typical pressure history in aluminum at 2 torr
axbient preasure is shownm in Figure 29(d).

. The direct effect of LSD-wave initiation on aluminum pressure
recpeonse is scen more clearly in the quartz gsuge records for 2 and 19

8 watt/cmz

torr sxbient pressure at 3.48 x 10 , 1.e., below and egbove the
pressure thresholéd for initistion, respectively. These data are pre-
gented 15 Figure 30, Below threshold, the preassure rises rapidly to half
maximum on & time scale of order 20 nsec aud exhibits a double maximum which
is characteristic of vacuum irradfationz, 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 vaporizaiLion by LSD-wave blockage
of the laser radiation,

Analyses of these data are shown in Figure 31 where the peak
shock pressure is showvn as a function of acmbilent pressure for 6 = 1,39 x 108
and 3,48 x 108 vatt/cmz. Both quartz &nd carbon gauge measu:em:nts sre
showa, but because of the limited response time of the carbon gauges, the
peak pressure i3 not well-resolved and the carbon gauge measurements lie
below those which employed quartz gauges. At low pressures, the carbon
gauges are corpletely inadequate fcr resolving the peak pressure which
rasults from the short-durstion metal-vapor blowoff, Since very liztle
wmaterial is removed for shots above the LSD threshold, repeated use of the
same target introduces negligible scatter in the data. Below LSD threshold,
hov ever, the surface condition {nfluences the coupling of laser light. The
repeated use of targets when below LSD-wave threshcelds may exriain the scatter
in the quartz data in this regime,

An effort wes made to relate these data to simple theoretical models
based on & cylindrical blsagt wave, According to the theory of Tirri,(hg) the

maxirum surface pressure occurs when the laser pulse is on and the flow
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FIGURE 30,
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REPRESENTATIVE PRESSURE HISTORIES WITH
ALUMINUM TARGETS AND QUARTZ GAUGE PACKAGES

FOR GP = 3,48 x 108 watt/cmz ABOVE (10 torr)

AND BELGW (2 torr) THE AMBIENT PRESSURE
THRESHOLD FOR LSD WAVE INITIATION
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grometyy 18 one-dimeansional. This surface pressure, P, 13 related to the

pressure behind the detenation wave, PDH' by
2 -
P = [0/ @) O D (8)
vhere
2
Py ™ P Vpu fO41) - | €}

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

(62)

first derived by Raizer as follows:

vy, = 2626 )3 10)

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

G i3 the laser power density, and G is the ambient gas density in front

of the wave. Performing the algebra and setting y = 1.1814, we find that
the surface pressure (bars), ambient density (gm/cmj), and laser power

density (watt/cmz) are related by

-3 po1/302/3 (11)

P=6.43 x 10

5N sbrained by a parameter study employing

The results of Edwards et al.
the LASHEX code in one dimension with constant power density may be

surmarized by

- [
P =5.83 x 107 001’302/3 (12)

’
where the units are fdzatical to those in Equation (11). Equations (11) and
(12) are pltied tn Figure 31 with G = G, and p (760 torr) = 1.29 x 1073
gm/cs”’ for conditions above LSD-wave thresholds.

The cylindrical blast wave theory overpredicts the measured surface
pressure. UWe note that the ineasurement of peak pressures With small but
finite thickness targets is representative of the peak surface pressure, and
tinimal attenvation is observed as evidenced by romparisons using 0.025~

(49)

and 0,406~mm thick targets., Implicit in the theory are the assumptions
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of an ideal gquare-wave laser pulse (constaat intensity for the pulse width

rp ), wniform 1ntahaity over the focal spot, and uniform surface initiation.

None of these conditions hold in our experiments, but it is probtably the

latter assurption which causes the greatest discrepancy for the experiments

discussed here. It 1s pow well estsblished by LSD-inftiaticn studies that

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

Individual "micro-LSD wavos" propagate out from the surface, spread laterally,

end presumably "linkup" to form a frout at a emall, but finite distance

from the surface., While the local pressure behind each wmicro-LSD wave front

might be well-characterized by theory, the aversge surface pressure (that

vhich 1s ultimately recorded by the gauge) would be expected to be liver

than in the case of uniferm initiation on the surface hecause of the large

fraction of unheated air in the former case. This effect also appears to

explain the slow rise of pressure to its maximwua value which occurs at 200-

300 nsec at atmospheric pressure well after the laser pulse maximum at 55 nsec.
Information about the blast wave can be obtained also by an analysis

of the pressure histories mesasured as a functicn of radius. Surface pressures

should be generated by the expanding cylindrical Flast wave outside of the

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 radlial positiua are shown in Figure 32, where the entire

carbon gauge package and aluminu: target were translated horizontally across

and beyond the focal region. The procedure was begun at the origim, and,

once the radial translation for given conditions was completed, the micro~

meter setting was returned to the origin to check for positioning accuracy.

¥ithin a very smsll exrerimental error, the pressure histories were identical,

To confirm the alignment procedure for locating the origin, the gauge

package wss transiated 0,635 mm in the opposite directicn, 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 radislly expending cylindrical blast wave. At lower ambient

pressures, the peak shock pressures and their speatial gradients are lower
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then those at atmospherie conditions. The veed for accurate spatial charac-
terization of the lsser focal spot when using computer simulation sodels ia
confirmad by these data.

Additional diagnostic information regarding the cylindrical blast
wave can be obtalned from tha temporal charecteristicas of the pressure
histories as a function of radius. In particular, we have plotted the arri-
val time of the peak compressional wave relative to the onset of laser
rediation as a function of radius in Figure 33. Data were analy:zed frona
the same shots as in Figure 22, 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 comparison of these data and predictions based on simple, anelytical
¢ylindrical blast wave models was again sought. Nielsen(SI’sa) has derived
a simple expression for the time at which the hlast wave arrives at the
radizl ccordinate r, namely

6, (1) = (ePer D)/ (2cr ) e, (13)

whare r, is the focal spot radius and ¢ is the acoustic speed dehind the

detonation wave, i.e.,

ce= (wrf'w:"om',)”2 (1%

]
vhere PDw and Ppw 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(sz)

oo = (r+1) o /v (15)

.

Now we have plotted the time of the peak compressional wave, tc, and not
the blast wave arrival time, so we assume that

tc(r) - tb(t) + t, 2r, (16)
where t, 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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respoase tine of the carton gauge does not affect the comparison between
theory [Equation (16)} ard experiment since this additional delay is accounted

for in the value of to. As shown in Figu-e 33, the agreement between theory
and experizent is good only when values of the laser focal spot radius
smaller chea the effective 1/e radius are assumed, i.e., r°<DBIZ vhere

DaIZ = 0.31 cm. If we set I, - 0.31 cm in the calculaticna, thean expansion
velocities much larger than experimentally measured are calculated for

r>ro. and the agreetwent 1s poor. Because of the spatial distribution of
laser radiation, it is reasonable to assume that the effective radius of the
cylindrical plasma column i3 less than the effective 1l/e radius of the laser
beam at focus. Inclusion of the spatial characteristics of the laser beam
into thecretical wodels 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 cbserved, in fact, and the arrival time as a function
of radius did behave temporally as would be expected for a shear wave with
velocity ¢, = 3.2 mm/usec.(SI) Hence, the compressional wave histories were
due entirely to blast wave effects, and no interference with shear wave

signatures wae observed.

Pressure Response of Plactic Targets

The pressure response of plastic targets is expected to be different
from aluminum tacgets in air because of significant surface vaporization evan
under conditions which generate LSD waves. Lowder and Pettingill(b3) observed
a 3/2 power dependence of pesk pressure on peak power density with PMMA
targets and atmospheric pressure for long-pulse Coz-laser irradiations.

This may be contrasted with the 2/3 power dependence expected for a pure LSD~
wave response as shcwn in Equation (11). For the data presented here, a
fresh target was used on each laser shot unless otherwise noted. Noticeable
gurface 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 WITH PLASTIC TARGETS AND

CARBON GAUGE PACKAGES: (a) AND (b), CELLULOSE ACETATE TARGETS,
GF = 3,68 x 108 watt/cmz, AND AMBIENT PRESSURES OF 760 AND 125
TORR, RESPECTIVELY; (c) and (d), PMA TARGETS, 40 TORR AMBIENT

8 uatt/cnz,

PRESSURE, AND G_ = 3.48 x 108 vate/em? AND 1.39 x 10
RFESPECTIVELY. TRACE (c) SHOWS THE SECOND SHOT ON THIS TARGET,
AND NO WELL-DEFINED LSD WAVE WAS OLSERVED. TRACL (d), ALTROUGH
THE SIXTH SHOT ON THE TARGET, WAS TAKEN FOR CONDITIONS WHICH

DID PRODUCE AN LSD WAVE,
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than with aluminum targets for the same conditions. Although the wideth of
the compressional wave 4s less than observed in aluminum, tensile relief
and blaat wave overpressure effects are still eazfly reccgaizable., There
is transient behavior in these records which cccurs too early to bz realis-
tically interpreted ss shock effects. Furthereore, this prozpe signal is
reduced in the second shot and is virtually ebsent in subzeguene shots
{Figure 34(c,d)]. Cccurring only ian the plastic trradiaticus, this prospt
gignal 1is thouzht to be electrcmaghétic in origin, possibly in the u.v. or
r.f. wavelength regicas., Uhy the transient 13 positive going at hizher
smhieat pressures and negétive going below a certzin axbient pressure s
wmelear (it should be noted that carbon gauvge pressere histories are dis-
played inverted since a compressional wvave pro?g;es a negative~going signal).

Interestingly, a first-shot prox=pt bias effect vas sech in the electro-
static prube data for noametallic targets which was not seen for motallie
targets.

A comparison of carton and quartz gauge measurements of the pres-
sure histories in cellulose ecevate targets is shown in Flgure 15. Care
rust be exercised in the interpretation of results from the quarts gzuge
mrasurencnts when plastic target overlays are used due to the scoustic
miszatch of the two dissimilar materfals. If a stress wave is propagating
through one material having an acoustic ispedance Z1 toward an interface
with & second paterial having an acoustic irpedance 2, 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
tizes through the twc materials and if the wave is prapagating wnormal to the
interface, thep the transzmitted and refiected stresses, o, and O,s are

(63) ¢
related to the incident srress, oo, by

o l1, = 2 22/(21+22) ; 7)

orloo - (Zz“zx)/(zx*zz) . {18)

vwhere the relevant acoustic impedances are specified in Table 6. For our
cese of a wave propassting from cclluluse acetate into X-cut guartz,

ct/oo = 1.7 and arloo = 0.7; hence, a compressional wave in cellulose
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FICURE 35,

COMPARISON OF GAUGE KESPONSE WITH CELIULOSE ACETATE TARGETS

FOR C = 1,39 x 108 \mtl/cuz: (a) a%D (b), PRESSURE HISTORIES
TAK!:NPUXTH CARBON GAUGE PACKAGES AT AMBILNT FRESSURES OF 760
AND 125 TORR, RESPECTIVELY; (e) AND (d), HISTCORIFES TAKEN WITH
QUARTZ CGAUGE PACKAGES FOR TUESE SAME CONDITIONS
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acerate will be trensmitted into the quariz gauge at a higher preszure, and
the width of the wawve will be noticeably dscreased.
The peak shock preasures in cellulose acetate and PN are shown

a2 a function of the avbicat pressure f{n Figure 36 exd as a function of the
pesk power deneity in Figure 37, Also presented in the {{gure are LSD thres-
holds determined by plotographic chservatfion. It is fzportant to note that
at 1,39 x 10B vattlcmz. there i 20 upper-limit pressure threshold for LSD
vaves. This tzolies that the Lil.wave threshold pesX power density decresses

vith azbient pressore in the casze of celluloce acetate as aleo olserved by

(16) for fused silica. The quastz goruge results have been left

Meher et al.
wmeorrected for {rmedsnce mizmatch and are presented for reference eonly.

thile discrepancies between the quartz gaunze and cardon gavge resuits for
plastics are mot fully underatocd, the carbom gauge results alone appear

to provide a valld representaticn of the gvesponmse. The magnitude of the

peck pressure respoase in all cagfes $s »ry wuch greater than that which

can be generated by LSDewave pressures. Ihis {zplies that the peak pres-
sure response in the case of the plastics s demipated entirely by vapon
blowoff., At CP = 1.3% x 108 ua:!lcaz, the dependeace of the peak shock
pressure ca azhient density has wearly a cylindrical blast wave proporticnality
of ;olif slthough strong LD vaves were not observed. AL GP » J.643 x 108
watt/ce®, the dependence is more cozplex, presamadly due to interference o!f
the LSD wave with the target surface vaporization process. Lizewise, the
dvpendence of the peak shotk pressure with Veeer peak power denaity at an
azhicnt pressure of 760 tory appears to saturate at hizh intensities as

showun in Figure 37, This saturation effect is also presumably a result of
L50-wave interference with vaporizatton., As tay be noted in the figure,

the highest value of peak pressure (2.2 kbhar) occurs at 1.39 x 103 va:tlcnz.
rust Selow the LSD threshold level, This result is confirved by the observa~
ticn of the greatest extent of hacksurface spallatfon occurring at this level.
These short-pulse maasurenrats thus give a 4if ‘erent power dependence than
obaerved in the long-pulse (1-5 vsec) experizments of Lowder and Fetz!ngill(é})
eentioned above. For both D. = 0.32 and G.8 cm, their data are sccurately
firted by a 3/2 power dependence with peak powver density; howewver, pezk

pressures of <0,.2 kbar were mgasured(éz) for Gp <5 x 108 watt/cmz. whereas
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our data indicate peak pressures of ~2 koar for Gp ~ 5% 108 watt/cm2 and

the short-duration TEA-laser pulse.

The effects of multiple shots on cellulose acetate targets are shown
in Figure 38 for several cxperimental conaitions. We have obscrved an increase
in the peak shock pressure with the number of shots, especially at higher
peak power densities and amblent pressures, After 3-5 shots, the peak shock
pressure approaches an asymptotic limit with no further increases with

additfonal 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 protoplasma then launches an LSD wave under certain conditions of peak
power density and amblient pressure. An initiation time can be calculated
on the basis of pressure m2asurements as follows: the acoustic transit time
through the target overlay and the laser trigger delay are subtracted from
the time at which the first shock wave arrives at the gauges as vecorded
on the oscilloscepe traces. These data are shown in Figures 39 and 40 for
metallic and nonmetallic targets, respectively. 1ln Figure 39, data puints
and error bars give the mean inf{tiation values and standard deviation for
several shots, while in Figure 40 the points are for single shots on fresh
targets.

A cenparison was made between initiation time measurements of
Walters and Barnes(l'z) based on photometric, electronic, electrostatic, and
spectruscopic techniques. These data confirm that Initiation is prompt
(30-60 ns2c at atmospheric pressure) for practical aluminum targets with
breakdown coming after a constant energy deposition of - 1.67 J/cm®., The
initiation time at 760 torr as inferred from quartz gauge pressure measure-
ments {s 10-20 nsec faster than observed by Walters and Barnes(l’z) 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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The change in initlation time with decreasing pressure s consistent with that
observed in Reference (3). The disagrecement between the absolute values of
initiation time determined by the pressure records and previous methods is
not undctatood, but may have resulted from uncertainties in property data
dﬁed in the delay calculation. For nonmetallic targets, the initiation times
are epproximately 20-30 nsec longer than with aluminum targets for the sace
experimantal 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/cmz). Differences between carbon and quartz gauge measure-
ments for an srhient pressure uf 760 torr are also shown. As with metallic
targets, the initiation times 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

(=1.6 x 108 watt/cm2 for cellulose ecetate), The {nitiation time then drops
rapidly with irccreasing intengity. This may indicate breakdown in the very

ecarly stages of vaporization.
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V - CONCLUSICHS AND RECCITENDATICHS

The primary conclusion from the research conducted in this progrem
is that the experimental data on practical aluminum surfaces irradiated with
10,6-, TEA laser pulses are most consistent with an initiation wodel wherein
surface-emitted priming electrons are heated by inverse-bremsstrahluny ebserp-
tion in the field of the neutral air molecules to the point where a ronequili-
brium air-breakdown cascade occurs. Thermionic emission (or field emissien
at high peak-power density) at surface features is believed to be the process
of free electron productfon at a large number of local initiation sites
G°10& per cmz). 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 becn studied extensively, Specific conclusicns drawn from the re-

search are listed below under the various areas of investigation.

LSD-Wave Initiation on Metallics

e LSD-wave infitiation for 10.6-, TEA laser pulses is a local
phenomenon apparently occurring at surface features such

as leminations and pits,

e Initiation on practical aluminum surfaces at atmospheric
pressure 1is prowpt (30-6C usec) with breakdown coming

after a constant energy deposition of order 1.7 J/cmz.

o Contaminants and oxide layers are not necessary for

proxpt initiationm,

e A significant negative-charge emission, presumably electron

emission, occurs prior to breakdown,

e There is no aromalous incidence angle effect on LSD-wave

initfation,

e LSD-wave threshold at 10,6  for & smooth (but nonideal)
copper surface was found to be 2.3 x 108 watt/cmz, which 1is
considerably higher than that for a practical copper surface
(.8 x 10% vate/en?).
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Breakdown time is longer for a8 smooth copper surface

than that for a practical alumirum surface.

Hot spots occur on smeooth surfaces, but are relatively

few in number,

On practical alumirum surfaces first appearance of bremrs-
strahlung radiation is consistent with other measurexnents

of breskdown tice.

Nenequilibrium heating processes occur at early times
as indicated by a delay between appearance of the brems-

strahlung and the NII radiation (130 nsec).

No evidence has been found for the presence of ionized
&lunimm at atmospheric pressure, but a late-time neutral
vapur cloud forms which radiates for es long as 200 micro-

geconds,

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 é10 torr), but are
not detectable at higher pressures.

The initiation mechanism oparative for practical aluminum
surfaces is gonerally applicable to practical metallic
surfaces (including tungeten, lead, copper, and zinc),

although initiation times vary,

Small amounts of neutral target vapor have been observed
(without time-resolution) for all metals in atwospheric

pressure irradiations,

LSD-wave initiation on aluminum at 1,06 ;, is dominated
by breakdown in the vapor, although emission of electromns

is observed and may play some rcle,
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- Experimental results for cellulose acetate, phenolic

LSD-lznve Initiaticn on MNornmatallics

Initiation of LSD-waves Sy 10,6+ TEA laser pulses on
acrylic plastic, fused silica, end polyimide occurs ni
local initiaticn sites with site densities two orders of
magnitude lesa than that for metallic surfeces,

The i{nitiation sites cre characterized by unvaporirzed
“"protected" areas often having ernbedded debris remnants
and interference-fringe damage‘};t:etns. Purposely,
enbedded aluminum particles were found to produce the
sama type of pattern and a metallic-type 1SD-wave initia-

tion mechanism i3 believed to be operative,

The initiastion time for acrylic plestic was found to be
similar to that for aluminum,

resin, and alumina were found to be consistent with

vapor heating and breakdown,

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 %

watt/cmz).

LSD-Wave-Induced Pressura Response » i

At low ambient air pressure, the effect of the introduction i
of an LSD wave on aluminum {8 an increase in pressure pulse
risetime and a decrease in peak pressure., As ambilent pres-
sure is increased, the peak pressure response rises ;
approximately in accordance with the blast-wave theory. g

Maasured peak pressure levels are lower than predicted as would
be expected for local initiation and a short pulse width. f
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e Radial pressure profiles measured for aluminum are in

reasonable agreement with blasgt wave theory provided an

appropriate effactive spot radius is sclected,

Kilobar level pressures were produced in celiulose
acetate targets by a vaporization contribution to the
response, L1SD-wave initiation at high intensity reduced
the peak preasure significantly by retarding vaporization,

LSD-wave initi{ation times inferred from the pressure data
were in reasonable agreement with values determined by

other mathods,

While a fairly good understanding is in hand for initiation of

LSD waves on metallic waterials with 10.6-, TEA laser pulses, a broader

understanding of the various phenomena occurring at early times is be-

lieved essential to the davelcpment of the total picture of response of
materials to pulsed lasers. In particular, it is recormended that future
research efforts on LSD~wave initiation be directed towzrd additional de-

tailed studies in the following arezss,

Wavelength and pulse risetime effacts on inii‘ation time
Fhyaics of metal vapor breakdown

Liquid state reflectivity of metals

Physics of thermicnic emission into a background gas

Nonwetallic initiation,

It is further recoumended that existing theoretical mcdels be utilized over

& broader range of laser beam parameters and that the output be adjusted to

provide predictioas of variables which can be measured esperimentilly,
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APPERDIX A

TINE-INTLCRATED STECTRA

Time-integrated aspectra are presented here for emisgiona from
type 2024 aluminum ailoy targets irradiated {n air, nitrogen, and helium,
and from copper, ziuc, tungsten, and lead targets irradiated in nitrsgon,
Gas pressures ranged from one atwosphere down to vacuur pressurcs of less
than 1 x 10.5 torr. The irradiations were performed using a 10.6 COZ TEA
lager at pesk intensities rarging from 5.35 x 108 down to about 2.94 x 10

2
watt/ca .
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