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FOREWORD

This repor t presents results of a two- year experimental stud y of

earl y heating processes on metal and alloy surfaces under pulsed laser irra-

diation conditions which are kn~~ n to give rise to so-called laser-supported

detona tion (LSD) waves at 10.6 p.m . The results are applicable to the under-

standing of LSD-wave initiation as well as to the understanding of pu lsed
heating of metals in general. The approach consisted of stud ying the time-

resolved specular reflectivity of me tal samples subjected to intense TEA CO
2

laser radia tion (50-100 ns pulse width) in a vacuum. The experimental con-

f i guration was seiected to give a high degree of beam homogeneity on the

sample surface. Metallographic examination of samples was performed to cor-

rela te changes in the surface structure with reflectivity results . Metals

studied inc luded aluminum , copper , iron , nicke l , titanium , Al  2024 , and

Ti-6-4.

The data obtained were the first of their kind recorded at 10.6 ~m

and revealed an anomalous effect in the specular reflectivity transient . The

e f f e c t consis ted of a sharp drop in ref lec tivi ty m idway in the pulse to a

low value (5-407~) followed by recovery to near ly the ini tial value la te in
the pulse . The effect was studied most extensively with aluminum , but was

found to occur genera l ly  in the other ma terial s irrad ia ted . Considerable dif-

ferences in thresholds and details of the effect were found which were attrib-

utable to materials effects and alloying. In most cases metallographic exam-

ination revealed characteristic damage associated with samples which had

exhibited the anomalous reflectivity effect. Implications of the anomalous

effect for hea tirg processes in metals are discussed in the report.

The authors thank Mr . Warren B. Nicholson for technical assistance
in the laser irradiations and Nomarski microscopy, Mr. Lee Dill inger for pro-

ducing the taper sec t ions , and Mr. George A. Wheeler for performing the scan-

ning electr on microscopy. The authors also thank Dr. Raymond W. Conrad of

MIRADCOM for hel pful discussions and Drs . George May r and John C. Hurt of

the Army Research Office for their support and encou gement in this work.
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EARLY HEATING PROCESSES IN LASER-SUPPORTED
DETONATION (LSD) WAVE INITIATION ON METALS AND ALLOY S

by

C. T. Walters and A . H. Clauer

INTRODUCTION

When pulsed laser r a d i a t i o n  is i n c i d e n t  on a solid surface in air ,

a plasma may be initiated in the air at the surface for power densities well

be low those req uired f or ord inary a ir breakdown . The hot plasma (T
e 1-2 eV)

is almost totally absorbing and propagates at supersonic speed back up the

laser beam for power densities in the range io
6_ 10~ W/cm

2
. This laser-

driven shock or laser-supported detonation (LSD) wave completel y alters the

nature of the interaction of the laser radiation with the target. Generall y ,

for metals in the absere: of the LSD wave , the mechanical response of the

material is dominated by vaporization effects , while in the presence of

LSD waves , the pressures caused by the air blast-wave dominate the response.

Furthermore , the presence of an LSD-wave plasma can increase or decrease the

effective thermal coup ling of the laser radiation to the material depending 
‘1

upon the las er pu ls e shape and peak power density. For these reasons , LSD-

waves became the subject of intense investigation in recent years . Whi le

most research efforts to date on LSD wave s have been devoted to study of th~
LSD waves and their effects after they have been initiated , a two- year re-

search program was conducted at Battelle under DARPA sponsorship to isolate
(1,2,3)

mechanisms of initiation of these waves . The primary conclusion from

this research was that the experimental data on practica l aluminum surfaces

irradiated with 1O. - —, ni TEA laser pulses (with peak power density greater

than  5 x IO~ W/cm 2 ) are c o n s i s t e nt  w i t h  an i n i t i a t i o n  model , wherein surface-

e m i t t e d  p r iming  e l i ’c t r o n s  are heated b y i n v e r s e - b r em s s t r a h l un g  a b s o r p t i o n  in

the field of the neutral air molecules which results in initiation of a non-

e q u i l i b r i u m  a i r - b r e a k d o w n  cascade.  Thermion ic  emiss ion  (or field emission

at  h igh  peak-power d e n s i t y )  at p r e f e r e n t i a l ly hea ted  s u r f a c e  f e a t u r e s  such as

l a m i n a t i o n  and p i t  d e f e c t s  is be l ieved  to be the process  of f r e e - e l e c t r o n  pre-

duction at a large number of local initiation sites (.... lO~~ cm
2
). The

~~~~~~~~~~~~~~~~~~~~~~ I ~~
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individual LSD plasmas are believed to “l ink up ” as they move away from ILL

surface and spread laterally. At lower peak-power densities , breakdown in

the metal vapor is believed to play a role .~
4
~

It became apparent in the LSD-wave initiation research that the

deta i ls of the earl y heating processes on the meta l surface were critical to

an understanding of the initiation process which is apparentl y thermally

dr iven.
(U 

In particular , the optical absorptivity of metals as a function

of temperature is not well understood and unusually h i g h  values of absorptiv-

ity were required to force agreement of results of simple heating theury with

experimenta l values of LSD-wave initiation time . The research reported here-

in was undertaken to obtain basic data on the optica l absorptivity of metals

a t 10.6 ~ m which would be relevant to the LSD-wave initiation problem as well

as to the general area of interaction of intense laser beams with metals .

Some previous research on absorption of intense laser pulses on

metal surfaces has been conducted , h owev er , most of this work has been per-

formed at short wavelengths (.� l.O6-~ m). The earliest work was that of

Bonch- Bruevich et a1.~~
5
~ who examined the time-resolved reflectivity during

individual spikes (500 ns FWHN) of a norma l mode 1.06 ~ m laser pulse inter-

ac ting wi th metal surfaces  in an in tegra t ing sphere arrangement. The laser

beam intensity profile was claimed to be uniform , but the target plane profile

was not discussed explicitl y. The temperature dependence of the optical ab-

sorptivity was extracted from the reflectivity data and heat-trans fer ana lyses.

A jump in the absorptivity of silver at 1.06 ~ rn (from .25 to .60) was found to

correspond to the melt transition . Peak power density was reported as 6 x 1O 7

W/cm
2 Similar experimen ts were repor ted by Chun and Rose~

6
~ howev er , no attempt

to ex trac t the tempera ture dependence of absorp tiv ity was mad e. Levinson and

Smilga ’7~ studied the optica l reflectance of thin films of noble metals irradi-

ated at 337 nm . The reflectance measurements were made during the laser pulse

(8 ns FWHN) with a continuous He-Ne laser probe beam (632 nm). While the experi-

ments were carried out below the melt temperature only,  a temperature-depen-
dent absorptance was observed and correlated with the Drude theory for this

temperature range . Zavecz et al.~~
8
~ recentl y performed irradiations of bulk

copper and tantalum samp les with 1.06-:. m Q-switched pulses (60 ns FWHM) where-

in they measured reflectance of the laser-radiation within the specular cone

for conditions yielding temperatures below and ;ih~ vi the melt transition.
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Below the mel t transition , their data for reflectance as a function of time

show a r eproduc ible , anomalously low plateau with recovery to full reflec-

t ivity at the end of the pulse . Above the melt threshold , their cesults

are s imi l a r  to the r e s u l t s  obtained by Bonch-Bruevich et al .; however , th ey

attrib ute their additiona l drop in reflectance to formation of a dielectric-

like layer in the molten zone ra ther than a change in absorptance at high

tempera ture . This theory was invoked by Batanov et al.~~
9
~ to explain the

Bonch—Bruevich reslts , although not without disagreement . 
0 , 11) 

It should

be noted that the laser pulse investigated by Bonch-Bruevich et al. was an

• order or magnitude longer than the Q-switched pulse and more time was avail-

• able to establish an ablation wave~~
2
~ and associated dielectric-like layer.

Wh ether or not this effect occurs on a scale of several tens of nanoseconds

is not understood . In more recent work by Bonch-Bruevich and potapov ,
U3)

the transition of a 3O-~ m thick layer of mercury to a transmitting dielectric-

like state has been observed directly for long l.O6—~ m pulses (I ms) incident

at intensities below that required for vaporization .

An alternate explanation for the initial reversible reflectivity

transition to anoma lously low values is provided by the work of Koo and

Slus:ler
(14) 

who postulated the existance of temporary grading-like structures

on the surface which scatter the radiation out of the specular cone. Their

large ang le scattering measurements at 1.06 ~m confirm some transient increase

in the diffuse reflectivity; however , this increase is at most a factor of

three over background , wh ich is exceedingly smal l  fo r a mi r ror sur face .
In summary, da ta taken at 1.06 ~m indicate that there is a trans-

ient decrease in reflectivity of u~etal surface s subjected to intense pulses

wh ich is anomalo usl y large and unexp la inable by classical theory. The causes

of the anomaly are no t well  unders tood , par ticu la r ly  for the short pulse case .

Almost no transient reflectivity data exist for l0.6-~ m laser pulses. Some

da ta were ob ta ined by ReadyUS) but tempora l resolution of the measurement

was limited to 100 ns , far too slow for observation of effects relevant to

LSD—wave initiation . The data reported herein are believed to be the first

results of fast-response measurements of transient reflectivit y of metals

subjected to intense lO.6-~ m pulses. Reflectivity data wer obtained for

both thin film and bulk pure metal targets and as well as bulk alloy targi ts.

T~~~~1 — - --• — ~• 
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EXPERIMENTAL APPROACH

The bas ic approa ch selec ted for study ef the optical absorption of

me tals subjected to IO.6-~ m las er pu lses fol lows , t some extent , the earlier

work at shorter wavelengths in that reflectivity transients are measured and

information regarding absorptivity is inferred from the da ta . A major d if-

ference in the current measurements , howev er , arises from attempts to insure

that the reflected signal is representative of the reflectivity of material

a t subs tan t ially uniform surface temperature . It is not clear that that is

the case in much of the prior work at short wavelengths. In the previous

work , the targe t samples were always spot-loaded , i.e. the laser irradiance

area was always much smaller than the target. This method will give meaning-

f ul r e f l ec t iv ity da ta only if the target plane energy dens ity pr of ile has a
“top-hat ” shape (constant inside of a given radius and zero outsida o~ that

radius) or elaborate precautions are taken to ensure that only the central

portion of the irradiance area is imaged on the reflectivity detector . Ob-

viously onl y the former method works for in tegra ting sphere measurements.

As an examp le of the difficulty that can arise if the target p la ne

irrad iance is not uniform in the spot-loading case , consider the reflected

signal f rom a gaussian prof ile irrad iance area . If the reflected signa l is

simp ly collected and directed to a detector without imaging , it will be a

spat ial average over surface regions of widely differing power density and

temperature . If the reflectivity were such that locally on the surface at

some instant in time

0 for  r < r
R(r) o , ( I )

~~l fo r r > r

where r
0 

is the gaussian spot radius , then the measured reflectivity at that

instant would be the spatial average

*Ir 2 2J R(r) exp(-r /r ) r
R
m 

= 
~~~~ 

° 
, (2)

$ exp(-r
2/r 0

2) r

where  r* is a t r u n c a t i o n  r a d i u s .  U s ing  the example  of E q u a t i o n( l ) , the

measu red  r e f l e c t i v i t y  is

~Fiii_ 
~~~~~~~~~ J~~~ 1 i ~~~~~~~T ~~~• - - - - 
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t *2 2
exp(-l) - e x p ( - r  / r  )1

R
m 

- 

[I - exp (~ r
*2

/r
2
)~ 

. (3 )

If the truncation radius is r~ 2r , R = 0 .36 , which conveys little informa-
0 ci

tion about the true reflectivity as indicated by E quation (1). As noted above ,

this difficulty can be avoided by carefully imaging the central portion of

the irradiance area on the detector , but maintaining alignment may be quite

difficult , particularl y for small spot sizes , such as those used by Zavecz

et al.~~
8
~ ~ 20 pm). Maintenance of alignment of such a system would be more

difficult in the far infrared region of the spectrum .

In the presen t work , these difficulties were eliminated by employ-

ing a so-called “flood- loaded” targe t arrangement , wherein the target is much

smaller than the beam focal spot and nearly uniform irradiance conditions are

achieved. The main disadvantage of such a system is increased difficulty in

sample preparation and handling . This disadvantage is offset by increased

rel iability of the data . The details of the experimental apparatus and pro-

cedure are outlined below .

Experimental Apparatus

The experimenta l apparatus used for all measurements of transient

reflectivity is illustrated schematically in Figure 1. The l0.6-,~m laser

beam was focused by a 105-cm foca l length germanium lens and sampled by a

KC1 optical flat which served as the vacuum chamber entrance window . The

window reflections were directed to a CILA S 17-mm aperture carbon cone calo-

rimeter for diagnostic purposes . The target samp les consisted typ ica l l y  of

0.16-cm diameter by 2.5-cm long polycrystalline elemental metal (0.99999 pure)

rods having one end ground flat and mechanicall y polished. Samp les were ir-

rad iated at a plane slightly behind the foca l plane of the germanium lens.

The target rod was arranged so that the polished surface was located in a

fairl y uniform irradiance region of the beam area. The sample was mounted

so t h a t  i t  could p ivo t  for  a l i g n m e n t  and was o r i e n t e d  such t h a t  t he  beam ax i s

was incident on the flat end of the rod at an angle of approximate1~’ 10° rela-

t i v e  to the  s u r f a c e  n o r m a l .  The s p e c u l a r l y  r e f l e c t e d  beam was d e t e c t e d  ~ i t h

a p h t o r i  drag detector (Rofin Model 7410) mounted on a goniometer within the

I
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10.6 ~ m laser beam

Germanium lens

Calorimeter

KCI flat

Vacuum deposition Photon drag detector
feed throughs

Deposition Diagnostic
thickness gage ports

Vacuum
chamber

Vacuum deposition
Target shield
sample

Overflow Beam
reflector dump

FIGURE 1. SCHEMATIC ARRANGEMENT OF APPARATUS FOR MEA SURING
TRANSIENT REFLECTIVITY OF BULK AND THIN-F1LN SAMPLES
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vacuum chamber as illustrated in the figure . The de t ec tu r was connected

• J through a terminated 5O—~ line to a 150-MHz bandwidth , 2.4-ns ri~~~tim e oscfl—

loscope (TEK-7704). The radiation overflowing the targe t sample was Li ve r te d

by a reflector to a beam dump in a manner which precluded significant inter-

ference with ihe specularly reflected signal detection . Tht chamber was evac-

uated with a six-inch oil diffusion pump with cryogenic cold trap. Provisions

for vapor deposition of metal films were arronged as indicated in the fi ga rt

and included a quartz film thickness monitor .

• The laser employe d in the stud y was a Lumonics Model 301 which pro-

vides 75 J (multimode) in a norma l TEA- laser pulse. For this research , t h e

laser was operated without nitrogen gas in the laser mixture and the ma x im u m

energy was approxim ately 20 J in a gain-switched pulse of width 50-100 ns

(FWHM). Beam energy vas  varLed in the experiments by introduction of poiv-

• ethylene and metal screen attenuators near the laser . For a fixed position

within the focal sp~ t area , shot—to- shot reproducib iJitv of pulse shape was

• 
• 

better than 5- 1O~ dependin g on the portion of the pulse examined . Pulse

shape did vary as a function of position within the focal spo t and this limited

I the usefulness of a window reflection for monitoring the incident pulse shape

for the rod samp le. The incident pulse shape for each hig h intensity shot

was inferred , therefore , from the reflected pulse shape from a previous low

intensity irradiation where the reflectance did not change with ti r e .

I 
________________________________
Beam Diagnosis

Since the laser emp loyed was a multimode laser , the irr ad iane ’. pro-

file at various target positions in the beam was not predictable [r’rr theory .

To determine the target surface energy density and degree of h.’me~~e n e j t v , i t

I was necessary to measure the energy density profi le . This wa s do n e u s i n g a

previously developed technique employing calibrated attenuat er and a m a tt r i:~l

I at the targe t p lane having a well-defined damage thr e shold , cellulos e acetate .~

Iso-energy-density contours we re constructed from a ‘quence of irr ad iations

J of va ry ing total energy and these contours were measured to p r e v i d e  p r e l i l e s

as illustrated in Figure 2. Profiles are given for t w o  positions behind the

focal p lane at which two series of reflectivity experiment s were condoc ted.

Also give n are approximately fitted functions used to c. lia r ac t u ri ~ e IL’. pre-

I files . Effective areas which may be used to relate th~ total beam energy to

_ _ _ _  - - ~~~~~~~~~~~~ . - • •
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the  peak ene rgy dens i ty  were found t o  be A 1
(d = 114 cm) = 0.58 cm

2 
± lO7~

and A
2

(d = 107 cm) = 0.25 cm2 ± 107,, where d is the l ens - to - t a rget d i s t a n c e .

Also  shown in the f igure  is the diameter of the meta l  rod samp le f rom which

it can be seen that a 57. variation in energy d e n s i t y  across the target  sur-

face would be expected for an aligned samp le (d = 107 cm) and as much as 4O7~

for  a misal igned sample . In the larger spot p r o f i l e , the alignment sensi-

t i v i t y  was much less. 

~~~~~~~~~~~~~~~~~~~~~~~ : I• . .JT~~~~~~ _ _ _—  T
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EXPERIME N TA L RESULT S

Using the apparatus and approach discussed in the previous sec-

tion, irradiations were performe d to obtain basic data on the transient re-

flectivity of metals subjected to intense lO.6~~ m laser pulses . Initial

exper iments were conducted with the metal in the form of a thin film depos-

ited on a smooth quartz substrate. The smooth , thin film approaches ideal

geometry conditions and simulates , to some extent , the thin lamination-type

defects important in LSD—wave initiation . The most fruitful experiments

were conducted with pol ished so l id r ods of severa l  pure meta ls . Anomalous

reflectivity transients were discovered wh ich are highly material depend~~ t.

A limited number of alumimum and titanium alloy irradiations were also per-

formed and definite alloy effects were observed . The details of these ex-

periments are discussed in sequence in the following subsections .

Thin-Film Aluminum Irradiations

In this series of experiments , quartz rods of 0.22-cm-diameter were

ground flat and pol ished on one end to serve as substrates for production and

irradiation of thin aluminum films . Prior to each irradiation , a fresh

polished-quartz rod was cleaned ultrasonicall y in detergent for 12 minutes ,

rinsed with distilled water , dr ied in a dry helium stream , and placed immed-

iately in the vacuum chamber with the fla ’ end facing the tungsten neposition

boa t. The system was pumped and discharge cleaned at 0.1 Torr argon for 5

minutes . Aluminum films were deposited at pressure levels near 5 x i0~~ Torr

with deposition rates in the 40-60-nm/mm range . Typ ical total thicknesses

were in the 115- 125-nm range . The samp le holder was then rotated into the

irradiation position by means of mechanical feedthroughs and the irradiation

sequence was begun immediately under vacuum conditions .

Typically the irradiation sequence began with 3-7 pulses at low tar-

get energy densities (< 1 3/cm 2 ) to establish the baseline pulse shape for

the particular targe t alignment. These pulses were followed by a s ingle pulse

at an energy dens ity for wh ich the reflectivity transient was desired , Typ ical

aluminum film reflectivity data are presented in Figure 3. To the left of the

f ig ure , graphs of the incident anr’ r e f l e c ted laser  pu lse sh apes drawn f r om

• ____
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FIGURE 3. REFLECTIVITY RESULTS FOR ALUMINUM FUll WITH PEAK
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d i g i t i z e d  osc i l loscope  records of sample  QA- 9 i r r a d i a t i o n s  are  p r e sen t ed . j
The dashed line is the pulse shape recorded for a low- intensity nondamaging

irradiation and the solid line is the reflected signal for an incident energy

dens ity of 4.4 3/cm
2 (4 . 4 x lO~ W / c m2 peak power density) . The reflected

s ignal  has been m ul t i p lied b y a s i n g l e  c o n s t a n t  which  was s e l ec t ed  to match

the rising portion of the reflected signa l to that of the incident pulse

shape. In most cases , this constant was within 5-lO7.~ of the ratio determined

from calorimeter readings. To the righ t of the figure is the computed ratio

of the adjusted data which is the inferred time-dependent re lative specular

reflectivity. The fluctuation from unity near the beginning gives an indi-

ca tion of the 5~ pulse-to-pulse reproducibility.

From examination of the specular reflectivity transient of Figure 3,

it is clear that no significant structure exists which would be indicative of

a finite jump in absorptivity at the melt transition . Rather , it appears as

though the film reaches a critical condition and the heating rate becomes

anomalous ly  large , i . e .  n e a r l y  t o t a l  abso rp t ion . The r e f l e c t i v i t y  t r a n s i e n t

expected from classica l theory is shown qualitativel y by the dashed line in

the f i gu re . Under  such c o n d i t i o n s , the  f i l m  would be expected to vaporize

and this  was conf irmed b y the very bri ght luminosity observed with open-

shutter photograp hy.

It was the intent of the stud y of thin aluminum films to investi-

gate the de tails of the jump in absorptivity and the temperature dependence

of absorptivity in the melt region for vary ing conditions of incident energy

density. Because of the appa rentl y anomalous jump in absorptivity, however ,

it was not possible to produce a film which had achieved melt , but not been

vaporized or blown off the surface . In 12 separate samp le irradiations con-

ducted at various beam intensities , the reflectivity data consistentl y indi-

cated an anomalously large drop in specular reflectivity for energy dens ity

above a we l l - d e f i n e d  t h r e s h o l d .  These d a t a  are  summar ized  in Figure  4 wh ich

presents the timing of the falling portion of the reflectivity transient re-

lative to the beginnin~ of the pulse. The dark filling of the circles m di-

cat~~s the approximat e fraction of tile alum inum film remaining on the quartz

s u r f a c e .  Because the  t h i c k n e s s e s  of the films vary somewhat from sample to

sample , all valtn s of incident energy density have been adjusted slightl y to

those values which wou ld correspond to equivalent heating in a 120- nm- thick

film. A threshold for the anomalous reflectivity effect is noted which

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Damage threshold for 120 nm thick aluminum film
3.1 J/cm2 ( 3.1 x l0~ W/c m 2 )

Note: Percent filling of circles indicates
— • • fract ion of film remaining after shot

~ 0 Time of reflectivity cut off

~~~, Time of departure of reflectivity
from near unity

200 —
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Incident Energy Density, J/cm 2

FIGURE 4. TIM I NG OF REFLECTIVI TY CUTOFF FOR ALUM INUM FILM
IRRADIATIONS (DATA ADJU STED FOR EQUIVALENT ENERGY
DENSITY AT 120 mm THICKNESS) 
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corresponds well to the observed film damage threshold , 3.1 J/cm
2
. The

film melt threshold for a 100-nm film calculated from heat-transfer theory

(accounting for conduction into zh~ quartz) is 2.3 3/cm2 . If th~ correction

for film thickness is nearl y linear , the p redict~ d threshold for the 120-nm

film would be 2.8 3/cm
2
, which agrees with the observed dania~~ th reshold

within experimental accuracy.

Two of the thin film samples (QA-5 and QA-8) were examined micro-

scopically after irradiation . QA-5 was irradiated at an energy density very

near threshold , 2.3 3/cm
2 

(3.2 3/cm
2 

equivalent energy density for 120-nm film)

and QA-8 was irradiated at 1.8 JIcm
2
. Sa mp le QA-5 was affected mor e by the

laser i r r ad ia t ion  w i t h  more than  50~/. of the aluminum removed from the quartz

as shown in Figure 5(a). The pattern of film removal is indicative of the small

scale (5-10’!,) variation in beam intensity which is superimposed upon the beam

profile and illustrates the sharpness of the damage threshold . The surface.

of Q~-8 showed very little overall effect of the irradiation with onl y a f ew

possible localized areas of disturbance , as no ted in Figure 5(b).

The sur face  of Specimen QA-5 W3S also examined by scanning electron

microscopy (SEM). The general features included small circular regions in

which the film had been ruptured and “rolled back” outward from the center of

the circle . These areas are marked “A” in Figure 6(a). Many of these holes had

a small speck of material in the center which appears globular at high magni-

fication . These migh t be a glob of malted aluminum from the film or possibl y

an A 1
2O3 

particle retained on the surface of the quartz rod after mechanical

polishing of the end of the rod . Other disruptions in the film appear as slits

or tears  as see n in Figure 6(b) with the edges just laid hack instead of rolled

back . These are marked B in Figure 6(b).

These circular regions of rolled back material appear to initiate

f i r s t  as b l i s t e r s , a local lifting of the a luminum film from the surface of

the quar tz rod. A trail of blisters along a scratch in the quartz surface

is 3een in Figure 6(a). The blisters are evidentl y able to lift quite a dis-

tance from the quartz surface without rupturing because the aluminum film is

hot and has good ducti1ity. Howev er , they eventuall y reach a point where they

rupture near the top of the blister as shown at A in F igure 7. The location

of the rupture at the top of the blist e r may be ~art ly because the temperature

of the film mus t increase rap idly  if it li ts away from the surface during the

pu l se .  The temperature would be highest at toe t r  of the blister , farth est

L . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.
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‘p. .
’

50X
(a)  Samp le QA5--Peak Power D e n s i t y ,  2 . 3  x l~~ W/ cm 2 ,

Film Thickness 87 nm

(b )  Samp le QAS--Peak Power D e n s i t y ,  1.8 x 1O 7 W / c m2 ,
Film Thickness , 126 nm

FIGURE 5. LOW MAGNIFICAT iON VIEWS OF THE LASER-IRRADIATED SURFACES OF
ALUMINUM FILMS DEPOS ITED ON POLISHED FUSED QUARTZ
(NOMARSKI L I G H T I N G )
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f r om the ‘ cooled” perimeter. After the top of the blister toa rs , it appea rs

that the edges of the film then usually roll back , cxposint the quartz sur-

face. These rolled-up edges , hav ing los t thermal contact w it! the substrate ,

become hot enough to melt as clearl y shown at B in Figure 7. The rolling up

must  occur rap id ly  since in some areas where melting was observed the droplets

are thrown forward some distance in the direction t h e film is being thrown

back , Figure 8.

The detailed reasons for and timing of the 1iftin~ of the aluminum

f i l m  f rom the q u a r t z  s u b s t r a t e  is not  unders tood . The lifting appears to

be caused by gas pressure under the film . This could be caused ny heat con-

ducted into the substrate or deposited directl y during a transient dielectric

trans ition of the film. Attempts to determine b’~ netallogr ap h ic me thods

whe the r  or not the  f i l m  r e m a i n i n g  i n t a c t  had undergone m e l t i n g  ~ere~ unsuccess-

ful because of the small film thickne5~;es . Foc~ use ot  t h e s e  u n c e r t a i n t i e s ,

the remaining exper irronts in th e program we re conducted with buL K metal samples .

~rjli. Alui’ir. iini irraujat ions

To f u r t h e r  exp~ ore th e t r ar ,~ H - n t  re f  lect ivi l y lit l~~vI or of pure

a luminum subjected to intcn~ e IO .o-1irr ser p u l s e s , hulk alum inum samples were

subjected to substantiall y th e :~aIre iLradiation proc .Jures c S those used for

the thin—film experiments . Th - samples were cut fr ’m 1.6-mm—diame ter wire of

deposit ion-grade polvcrvs tal line a luminii,n (0. ~ 9 ( ~~ 0 pure I . L~no end of each

sample was ground flat an ! merl ani ca ]Iy i olisli ~ d h r  s t a n d a r d  m et a l l . o g ra ph i c

techniques . Ultrasonic cleaning was not used tar the bulk samples as this

was found to damage the 4urface . A detcr :oent was h , fo l lowed by a distilled water

rinse and dry ing in a helium streatr was the only cleaning procedure employed .

Fo llcw ing clean ing , the sarple was mounted i.n th c reflectivity apparatus and

op tical ly  al igned . The cha rho r was 1 umped ~ p r e s s u r e s  in the i-s x io~ Torr
range for all irradiations .

Reflect ivity Resul ts

A series of ei gh t  a l r t n u m  samp les ‘ i i ’ . irradiated using various levels

of beam intensity and - l i e I C~ s of ~uIses . m t  j u t  result ~~~~ revealed an

*
A minor difference was thu. et tective pu 1st ’ !engtl ‘th ich was In the 50- 70 ns
range fo r  the bulk saT t ie irra i in i ns

L ~~~~~ — 
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anomalous drop in specular reflectivity during the pulse followed by nearl y

complete  recovery ot r e f l e c t i v i ty  a t  the  end of t he  p u l s e .  This  e f f e c t  is

illustrated in Figure 9 which presents reflectivit y results for Samp le A-4.

To the left of the figure the digitized oscilloscope records are presented

for the first pulse on the sample which was well above the threshold for

reflec tivity change. Prior to this irradiation , the surface was “conditioned”

by severa l irradiation at intensities below the melt threshold and two ir-

radiations at intensities very near this threshold . The threshold for aci iev-

ing melt on the surface has been calculated numerically to be near 3.0 x io
8

W/ctn
2 

as discussed in a subsequent section. As can be seen in the figure ,

the reflected signal drops sharp ly to zero near the peak of the incident ra-

diation and remains low until late in the pulse , whereupon the reflected sig-

nal rega ins near l y the shape of the incident pulse . The comp lete cutoff of

reflected rad iation is a reproducible effect for irradiations in wh ich a con-

ditioned surface is firs t exposed to peak p ower densities well exceeding the

melt threshold . Very faint luminosity on the samp le surface was correlated

with the reflectivity cutoff phenomenon. Second and succeeding irradiations

at the same power dens ity produced no luminosity and no complete cutoff of re-

flectivity, al though an anomalously large reduction in reflectivity was observed .

It should be noted that the loss in specular reflectivity here is not like ly

a result of diffuse scattering , because the sample exh ibits only very subtle

surface damage and no significant decrease in low- intensity specular reflectiv-

ity from shot to shot. The ratio of the reflected signal to incident signa l

for this irradiation (Shot No . 9) ~nd a subsequent irradiation (Shot No . 10)

were calculated from the digitized data and are presented on the righ t side

of Figure 9. As can be seen in the figure , the reflectivity for Shot No. 10

drop s as low as as 357 during the’ pulse , but recovers to nearl y full reflec-

tivity late in the pulse. The effect is reproducible once an initial “stabi-

lizing” shot has been made which greatl y exc~’eds the melt threshold . lt is

believed thr~. Shot No. 10 is representative of the rrue reflectivity behavior

of the bulk aluminum s u r f a c e  fo r  t e m p e r a t u r e s  above the  m e l t  p o i n t .  The cut-

off effect on the first shot is not well understood , but may be triggered by

absorption at impurities (imbedded in the surface during polishing).

Also presented in Figure 9 is the reflectivity transient for the

firs t pulse on the sample which produced a deviation from unit y reflectance

(Sho t  No .  7 , p eak powe r d e n s i t y , 3 .1  x 108 W/ c n~ ). As noted in the figure ,

- --- -~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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FIGURE 9 . SPECULAR REFLECTIVITY TRANS iENTS FOR
BULK ALUMINUM SAMPLE A-4
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the r e f l e c t i v i t y  drops at a l a t e r  t ime in the pu l se  ( c o r r e s p o n d i n g  to the

lower intensity) but achieve s a low value near 0.35. The “over-recovery ’

late in the pulse may be a noise effect. It should be no ted  t h a t  t h i s  t rans-

ient was not reproduced on the subsequent pulse at t h e  same i ’ e ns lty , but

a “curing ” effe ct was noted wherein the reflectivity did not deviate nearl y

as much from u n i t y.

From these results , it was clear that both a distinctive reflectiv-

ity cutoff effect and an anomalous reflectivity transient were being observed ,

but the effect of repeated pulsing required additional stud y. Several addi-

tiona l samples were irradiated in an attempt to understand these effects .

Tab le 1 summarizes the conditioning sequences and reflectivity results for the

aluminum samples. Samples A-8 and A-9 were removed from vacuum for examina-

don and were subsequently reirradiated , hence the designations A-8(a) and

A-8(b). Consideration of these results leads to the following conclusions.

• The threshold  for the c u t o f f  phenomenon is s t r o n g l y  d e p e n d e n t

upon the conditioning sequence , but almost always was above

the melt threshold  (note A-7 e x c e p t i o n )

• The cu tof f  e f f e c t  is always “cured”  by a seco nd pu l se  a t

the same peak power density

• Cutoff can be observed more than once on the same sample

if the beam i n t e n s i t y  is raised

• Cutoff is essentially a base material effect as opposed to

gas desorp t ion  or oxide a b s o r p t i o n  as no ted  f r o m  the  f a c t

that Sample A-8 did not e x h i b i t  c u to f f  a f t e r  exposure  to a i r

between the A - 8 ( a )  and A-8(b )  ser ies  i r r a d i a t i o n s

• The anomalous r e f l e c t i v i t y  t r a n s i e n t  is r ep roduc ib le  for  a

given set of conditions once the surface is “stab ilized”

b y a pu l se  producing the c u t o f f  e f f e c t

• Accumula t ion  of a number of pulses at h igh  i n t e n s i t y  w i l l

degrade  the t r a n s i e n t  r e f l e c t i v i t y .

The l a t t e r  e f f e c t  is i l l u s t r a t e d  in Figure 10 w h i c h  shows r e f l e c t i v i ty  da ta

fo r  Sample A - 8 ( b )  near the  end of a sequence of pu l se s  a t  h i g h  i n t e n s i t y .

The min imum r e f l e c t i v i t y  is in the 0,05 to 0 .20 range  and r ecovery  is incom-

p le te  d u r i n g  the  p u l s e .  Nea r l y comple te  recovery must  occur  a f t e r  t he  pu l se

as t h e r e  is l i t t l e  d e g r a d a t i o n  in l o w - 1n t e n s i t ~ r~ I ic - c tance.
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Sample 4—8 Ib), Bulk aluminum 1.2 — 

8

200 — Incident pulse shape — Shot No.l2 ,G p~~3.5 x 10 W/cm

Reflected pulse shape Shot No. 15, G~ 4.4 x 10
8 W/cm2

Shot No. 12 G~ 3.5 xlO
8

W/cm2 1.0 — —

150 — —

.2’ 0.8 - -

0.

o

~~Q 6 —  —

Shot 15

- 

Shot l2~~ 

:15

0 100 200 0 50 100 150 200
Time , ~ Time , ns

FIGURE 10. SPECULA R REFLECTIVITY TRANSIENTS FOR

BULK ALUMINUM SAMPLE A-8(b)
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M e t a l l ogr a p h i c  E x a m i n a t i o n

Some of the aluminum samp les used in the experime nts were examined

microscopicall y to assess changes in surface conditions arising from the ir-

radiations . The surfuce condition of a typ ical samp le A-5) before irradia-

tion is shown in the Nomarski micrograph of Fig. 11(a). There is some surface

relief of the grains and some residual scratches from polishing . Irradiation

of the sample at peak power density above the threshold for the anomalous re-

flectivity transient produced features in’4 I~ dtjvC ot mel t on the surface as

shown in Fig. 11(b). This figure presents a Ni ma rskl micrograph of the same

surface area after a single irradiation 5- it 3.1 x io
8 

W/cm2 peak power density.

One feature indicative of melt is the circular structur e which appears at

severa l points on the surface . These structures some t ime s contain one or more

particles in the center , sometimes have a smooth center , or less often , they

have a s m a l l  p i t  in t he  c e n t e r . The c e n t e r  of the s t r u c t u r e  or “ b u l l s e y e ”

c r a t e r  is o f t e n  on a g r a in  b o u n d a r y .  S i m i l a r  f e at u r e s  have  been observed

r e c e n t l y  b y Decker  et  a l .~~~
7
~ on copper  s a m p l e s  s u b j e c t e d  to lO. 6-~~m radia-

t ion . These f e a t u re s  are a p p a r e n t l y  c e n t e r s  of a b s o rp t i o n  due to imbedded

debris or perhaps subsurface porosity. It is conjectured that the surrounding

ring structure of a bullseye crater is caused by a radially-propagating sur-

face-shear wave which is preserved by the rap id quenching of the surface melt

layer. The characteristic wavelength of the oscillations was typically 2-4 m

which indicates that t h e structure did not arise from optical interference

e f f e c ts .~
2
~ From multi p le irradiation experiments , it was found that these

f e a t u r e s  are s l o w l y  o b l i t e r a t e d  a f t e r the  f i r s t  p u l s e .

Other features seen in Fig. 11(b) i n c l u d e  e n han c e d  s u r f a c e  r e l i e f  of

grain boundaries , slip banding , random undulation of the su rf ace , ~nd a t e n d e n c y  
C

for differentiation in the surface texture of individual grains. The enhanced

sur f a c e rel ief of grains was observed also for samples irradiated at peak power

d e n s i t i e s  w e l l  i n to  the  m e l t  r eg ime . This  f a c t  and ti le clear indication that

gra in  b o u n d a r y  r e l i e f  l ines  are  observed  to c u t  across  the  b u l l s e y e  c r a t e r s

suggest that ep itaxia l regrowth followed by therma l etching at t ht- grain boun-

dary or even possibl y grain boundary sliding under th~ influence of therma l

stress occurs upon cooling of the surface. Additional eV idi nc 4 1) s t r e s s  Is

seen i n  s l i p l i n e s  wh ich  a l so  cu t  a c ro s s  t h e  h t i l l u e v t . c r a t e r s  when p r e se n t .

Si ip - h a n d i n g  in l a s e r — i r r a d i a t e d  a lun i i nu m s i n g l e  c rvs ta is has been obst- rved
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(a)  Before  I r r a d i a t i o n

500X

(b) After Irradiation

F iGUR E 11. A PPEARANCE ~F AL [~ lNUN SAMPLE A-5 BEFORE AND AFTER IRRADiATION
AT 3 .1 x 10 ~ / c m~ PEAK POWER PENSITY (1 PULSE)
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previousl y by Porteus et ai .;(18) however , in the ir case , evapora tive com-

pressive stresses were cited as the cause of slip. The random undulat ion

of the surface and absence of pol ishing scratches suggest that homogeneous

melting has occurred . The characteristic wavelength for undulation in-

creases for increased peak power dens ity above the mel t threshold , indi-

cating thicker melt layers.

In an attemp t to confirm melting and determine the heat-affected

zone , samples which had been exposed to many pulses above the theoretical

melt threshold were examined in more detail. Samp le A-B , which was ir-

radiate d above the melt threshold 12 times , was mounted , taper sectioned ,

and examined by light microscopy. The taper section gives a 10:1 increase

in apparent depth of features below the irradiated surface . Evidence of sur-

face melting was sought, but because of the difficulty of etching pure alum-

inum to bring out the grain microstructure , the results were not definitive .

It was not pos sible to iden tif y melted reg ions based on grain structure dif-

ferences . There were other interesting observations , however. Figure 12(a)

shows a low magnification view of the tapered specimen section encased in a

nicke l p la te. The irradiated surface is intersecte by the taper p lane , at

the straigh t edge. In the figure , it is noted that there is an uneven distri-

bution of voids (dark points) below the laser irradiated surface . Most of

these were observed to be voids or pores when examined in the as-polished con-

di tion , although some of them appear to be etch pits . The dark points around

the curved periphery of the section (unirradiated surface) are etch pi ts and

were not visible as voids in the as-polished condition. The higher magnifi-

cation view given in Figure 12(b) shows these voids and the void-free region

just under the surface more clearly. The thickness of the void-free region

is approximately I p.m which is consistent with the anticipated melt depth
for these short pulses (1-4 p.m).

The taper section also showed in profile features previously ob-

served by surface examination. Wha t appears in the cross section as one or
possibly two overlapping craters is shown in Figure 13(a). The low points

are indicated at A . Another crater , or pi t, in the irrad iated surface
appears in profile at B in Figure 13(b). These areas are also indicated by

A and B in Figure 12(a).

Sample A-9 was also examined microscopically. Figure 14(a) presents

a low-magn ification view of the irradiated surface . A high-magnification view

of a 10:1 taper sec tion through the same surface (unetched) is shown in

~~ - - ~~~~~~ = ‘— ~~~~~ - -~~~~~;~~ ~ - -



- — - - -‘---

~~~

-- - - -i 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -  - - - ----—--- - - ----5-5-- -

~~~ 

-5---- - - -‘1

28

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~

~~

4J769 75X
(a) General View Showing a Pore-Free Zone Just Under the

Irradiated Surface and the 1-heavy Concentrat ion of Pores
Below It.

_ _  
_ _c.’ ~

. 
_ _

43770 250X
(b) View of Pore-Free Zone Near the Irradiated Surface

FIGURE 12. TAPER SECTION THROUGH A LASER-IRRADIATED ALUMINUM SURFACE
(SAMPLE A-8). THE SECTION INTERSECTS THE IRRADIATED SURFACE
ALON G THE FLAT E DGE . THE SAMPLE WAS PLATED WITH NICKEL BEFORE —

METALLOGR.APHY.
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4J771 1500X
(a) Irregularity Profiles in Irradiated Surface Which Nay be

C r a t e r s  Narked b y A .

‘1
. 

~~~~~ .

- - -~~

-4-

1

4J772 1500X
( b )  P r o f i l e  of What  A p p e a r s  to h~ a Pore in t he  I r r a d i a t e d

Sur t a c e  a t  B.

F I (;L’RE 13. PR OI- 1 1I - ~S 0!- T Il E iRRA DI ATE D SUR F A CE ~‘ hi \ \ 1 N (  CPA IN ROV N D AR I ES
AN!) P ORO StT Y (SAM PLE A - 8 ) .
The reg io ns marked A and B re a l s o  i n d i c a t e d  in  F i g u r e  12(a).
M i c r ogr  ~ taI< ~-n w !  t h Non :ski d i f f e r e n t i a l  i n t e r f t r e n c ~ cont r a s t .
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(a) Irradiated Surface (Nomarski Lighting)
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800X
(b )  A s - P o l i s h e d  View of 10: 1 Taper  S e c t i o n  Thr au ~z l

I r r a d i a t e d  S u r f a c e . N e l t  L ay e r  is Seen Et 1 1W
Dark Band .

FIGURE 14. VIEWS OF SAMPLE A-~ AFT ER 1RRAD1AT I ’N 
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Figure 14(b). Evidence of a melt layer is seen below t ie dark band r-o u i1t in~

m a t e r i a l ) .  This layer does not  e x t e n d  over the  e n t i r &  - II r fnL ~ of t he s a n p i c ,

but appears in several pat ches . The maximum t h i c k n e s s  of t h e  U i ,  r i s  ~~~~ -~

I r r a d i a t i o n s  of O t h e r  M e t a l s  and A l l o y s

To c o n f i r m  the u n i v e r s a l i t y  of the anoma lous  r e f h c t i v i t y  t r an s i~~n t s

observed for aluminum , irradiations of other pure metals and two alloys in

bulk form were conducted . The pure metals were cut from 1.6-mm -diameter depo-

sition-grade polycrystalline wire and were pr -pared , for the most part , in th~
same manner as were the aluminum samples . It was found necessary to electr a-

pol ish the copper samp le after mechanical polishing in order to e l i m i n a t e

scratches . The a l loy  samples  were t repanned  f rom shee t  s tock , p o l i s h e d , and

mounted on support rods. These samples were 2.4-mm in diameter and did not

receive as uniform irradiance as did the other samp les. Al l samp les were

condi t ioned w i t h  l o w - i n t e n s i t y  i r r ad ia t ions  in sequences s i m i l a r  to those  in-

dicated in Table 1.

All samples exhibited a transient change in reflectivity, but the

nature  of the t r a n s i e n t  and t h re sho ld  levels  were h igh l y m a t e r i a l  d e p e n d e n t .

Results for the various samp les are summarized below .

Pure Copper Results

The reflectivity transients for copper were similar to those of

aluminum in that they exhibited a complete cutoff of reflectivity on the first

shot at a given leven (above a fixed threshold) which was “cured” on the sub-

sequent shot at tha t leve l. The curing effect in copper , however , was com-

p lete in the sense that no deviation from unity was observed in the reflectiv-

i t y  s ignal  on the second shot at each leve l. The cutoff effect followed by

c u r i n g  was observed in copper a t  three  successive i n t e n s i t i e s  3. 4, 4.2 , and

5.4 x i08 W/cm2 , the latter being the upper limit of the optical arrangement .

Local damage was observed on the  s u r f a c e  in seve ra l  i s o l a t e d  r eg ions . The

damage features consisted of surface undulation , sli p-banding, bullseye craters ,

and loss of residual scratch marks .

These r e su l t s  are c o n s i s t e n t  w i t h  the p i c t u r e  t h a t  the  c u t o f f  e f f e c t

is t r i gge red  b y i m p u r i t i e s  (wh ich  are ha rd  to avoid in  s o f t  m a t e r i a l s )  or vo ids

which are centers of absorpti on and are self-healing. The fact that unif orn-

_________ --- 5-— - -5-- —- - -— 5- - -— —  -~~~~~~~~~~--- -----—---- -- - --—--- — —5- — --—-—-—- -—-----—--—-- --—-— - —5--.—----
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melting and a stable reflectivity departur e from unity were not achieved

is consistent with the anticipated high intrinsic damage threshold for copper.

The fact tha t local absorption can trigger complete cutoff of reflectivity i s

not understood .

Pure Ir on Res u lts

Reflectivity transients for an iron sample (F-i) are presented in

Figure 15. These transients are from three successive pulses at nearl y th e

same intensity. Shot No. 11 is the first pulse on the samp le to exhibit the

anomalous reflectivity effect and it is noted that complete cutoff does not

occur in this case. There is an unusual dip in reflectivity near the minimum

similar to that observed at 1.06 p.m ,~~
5’8

~ however , no plateau is observed .
The second and third pulses (Shot Nos . 12 and 13) at almost the same intensity
are nearly identical to each ether and exhibit a slightl y higher minimum re-

flec tivity than seen in Shot No. 11. No strong curing effect occurred as did

for aluminum. No luminosity was observed on the targe t surface dur ing any

of the irradiations and it is clear that vapor plasma absorption did not cause

the anomalous drop in r e f l e c t i v i t y .

Fol lowing the three pulses  d i scussed  above, the sample was removed

and examined microscopica l ly. A low m a g n i f i c a t i o n  viev of the su r face  is

shown in Figure 16 (a ) .  The dark spots are bullseye craters. The fringe

damage pa t t e rn  near the upper ed ge has a f r i n g e  spac ing  of about  10 ~~~ and

probably r e su l t s  f rom in te r fe rence  of a sur face  wave sca t t e red  f rom the ed ge

w i t h  the incoming beam .~~
2
~ Figure  16(b ) p resen t s  a high m a g n i f i c a t i o n  view of

the same surface and evidence of mel t  is seen in the u n d u l a t i o n  of the  s u r f a c e .

As in the case of one of the a luminum samples , th is  apparen t  m e l t i n g  was not

confirmed def ini tively by examinat ion of the sample in cross sec t ion .  A taper

section through the i r r ad ia t ed  sur face  at nomina l ly  a 10:1 taper  is shown in

Figure 17. The as-pol ished cond i t i on  shows tha t  near the su r face  many of the

grain boundaries  are def ined  b y f i n e  preci p i t a t e s  or voids (Figure  17 ( a ) )  corn-

pared to the in ter ior where onl y inc lus ions  and p r e c i p i t a t e  p a r t i c l e s  are

visible. In the etched condi t ion , th i s  p r e f e r e n t i a l  d e l i n e a t i o n  of the g ra in

boundaries is not as v i s ib l e  (F igu re  1 7( b ) ) .  In both F igures  17 (a)  and 1 7 ( b ) ,

some of the  c ra te r s  v i s i b l e  on the i r r a d i a t e d  s u r f a c e  are v i s i b l e  in p r o f i l e  as

shown b y the arrows . However , there  is no d is c e r n ab l e  s u b s u r f a c e  e f f e c t  in the

v i c i n i t y  of these  c r a t e r s  to i n d i c a t e  m e l t i n g  occur red . It is not clear wh, ti le r
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250 Sample F-I , Bulk iron Shot No. II , G~: 2.0 x l0~ W/cm2
— — — — — Incident pulse shape Shot No.12, G~= 2.0 x 10

8 W/cm2
Reflected pulse shape Shot NO. 13,Gp:I.9 x. 108 W/cm 2
Shot No If , G~~2.0x ~~W/cm 2 12 — —

200 — -

I\~~~
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‘ I
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Shot 12
02 —  —
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0 0~00 100 200 0 50 100 150 200
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FIGURE 15 . SPECULA R REFLECTIV iTY TRANSIENTS FOR
BUL K IRON SAMPLE F- l  
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the  grain boundary  e f f e c t  jus t below the s u r f a c e  is caused by melting or a

the rmal l y induced grain boundary p r e c i p i t a t e .

Pure Nicke l Resu l t s

Da ta from nicke l i r rad ia t ions  provided some unexpec ted  r e su l t s .

The first nickel sample to be irradiatd exhibited no anomalous reflectivity

t r a n s i e n t , b u t  did appear  to be mel ted  on the su r face . A second sample ir-

rad ia ted  at somewhat higher peak power densities exhibited a stable reflec-

tivity transient as noted in Figure 18. These transients were for the third

and f o u r t h  p u l s e  above the  th reshold  for the effect which was found to be

4.4 x io8 W/c m2 or 5O~ greater than the aluminum threshold . This is sur-

prising because nicke l was expected to damage at lower peak power rjensjties

than those for aluminum . No surface luminosity was observed in tnese irra-

dia t ions .

Both samples were examined before and after irradiation at 500X

with Nomarski lighting . Before irradiation , the surfaces were practicall y

f e a t u r e l e s s  which is charac teristic of poli shed nickel . Af ter irrad ia tion
relie f of g r a i n  boundar ies  and su r face  u n d u l a t i o n  was noted . Sur face  undu-

lation was greater for the sample irradiated at higher peak power densities .

Pure Titanium Results

Pure t i t a n i u m  a lso  e x h i b i t e d  somewhat d i f f e r e n t  behavior  in the

r e f l e c t i v i t y  t r a n s i e n t  measurements . A r e f l e c t i v i t y  c u t o f f  e f f e c t  was ob-

served f o~ peak-power density above 2 x 108 W/cm
2
. This effect was different

from that observed in copper and aluminum , however , in that the reflectivity

did not recover dur ing  the pulse and the fall time was observed to be extrern-

eley sho r t .  In essence , the su r f ace  behaved as a f a s t  s e l f - a c t i n g  o p t i c a l

switch . The e f f e c t  is i l l u s t r a t e d  in Figure 19 which  shows the origina l

osci l loscope records for  four successive pulses  on Sample T-l , one below the

th resho ld  f o r  the effect , and th ree a t near l y the same peak power dens ity

above the t h r e s h o l d . The sho r t e s t  f a l l  t ime is observed in Figure  19(d)

and app ears to be less than S ns . As noted in the  f i g u r e , the re  is no cur ing

e f f e c t  as observed w i t h  a l u m i n u m  and copper .  Br igh t l u m i n o s i t y  was observed

on the s u r f a c e  in each i n s t a n c e  of c u t o f f , bu t  t he re  was no i n d i c a t i o n  of a 
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Sample N-3, Bulk ns’ckel Shot Nc~ 35, Gp 4.7x K~ W/c,T~— — — — —— Incident pulse shape I 2 Shot No. 36~ G~’4.7~ l05W/cm2
_________ Reflected pulse shape

200 — Shot No. 36,G~’4.7~I08 —

W/cm 2

1.0— —

~~I50 — 
11’ 

—

I Il’ 0.8 — —

a,
.2’ I l l1 ~~0.6 — rn—Shot 35 —

lao — i l l — a,
4) 1 1 %

J I ai Shot 35
I I’
I Shot 36 Shot 36

J 0.4 — —

— 5 0 —  —

0.2 — —

0 c.o I I
0 100 200 0 50 100 150 200

Time ,ns Time ,ns

FIGURE 18. SPECULAR REFLECTIVITY TRANSIENTS FOR
hULK NICKEL SAMPLE N-3 
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(a)  Shot N o .  10 , C = 1.8 x io8 W/cm2 (b) Shot ~a . 11, G ~~ 4 x io8 W/ crn2

ii .
(c)  Shot No.  12 , C = 2 . 3  x 100 W/c m2 (d) Shot No. 13 , C = 2 .~ x I O B 

W/cm
2

FIGURE 19. OSCILLOSCOPE RECORDS FOR BULK Tl f1\N1UN S1\YPLE ( T -l )
SHOWING SHARP CUTOFF OF REFLECTIVITY WITHOUT RECOVERY
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vapor p lume extending from the surface as seen in aluminum film irradiations .

Microscopic examination of the surfaces of Sample T-l revealed rel it f i

grain boundaries , but limited indication of nielti~ig.

Aluminum Alloy (Al 2024) Results

Three aluminum alloy samp les w~-re irradiated using conditioning

sequences  s i m i l a r  to t h o s o  used for pure aluminum , only for the alloys l ower

peak-power densities were used. Reflectivity transients for Sample A~ 2O- 1

are presented in Figure 20(a). The first pulse to show a deviacion from

unity reflection was Shot No. 25 at 1.8 x 108 W/ cm2 which exhib ited a mini-

mum of 75~ reflectivity. On the next pulse (2.1 x 10 
8 W/cm2) the rt flec-

tivity dropped to a very low value , but did not exhibit complete cutoff as

occurred with pure aluminum. There was a “curing ” effect , however , as is

illustrated by Shot No. 28 in the figure which was typical of three pulses

taken at 2.1 x io
8 

W/cm2 following Shot No. 26. Ve ry faint surface luminos-

ity was observed for Shot No. 26 , but none was observed on succeeding puis t s.

The fact that the alloy sample was larger than optimum may have prevented

obse rva t i on  of comp le te  c u t o f f , i . e .  comple t e  c u t o f f  may have occu r r ed  on

a p o r t i o n  of the samp le .

Samp le AA2O-2 was subjected to a s i m i l a r  sequence of p u l s e s , b u t

h igh er levels  of peak power density were achieved . Incomp lete cutoff of

reflectivity followed b y curing to a stable anomalous reflectivity ~-ff ~ c t

was observed at three successive levels of peak powe r density (1 .9, 2 .1 , and
8 2 . . . . . . .2.4 x 10 W/cm . Following this sequence , a low-intensity irradiation was

taken to check the pulse shape and then a single irradiation at each of these

three levels was performed for the stabilized surface. Reflectivit y trans-

i en t s  fo r  these  i r r a d i a t i o n s  are p r e sen t ed  in F igure  2 0 ( b ) .  As the peak pow-

er d e n s i t y  was increased , the  m i n i m u m  r e f I~~ctivity decreased and the duration

of the “valley ” portion of the transient increased. The i n i t i a l  drop in re-

flect ivity was observed to be sharper for these results than in the case of

pure aluminum . Incomp lete recovery of reflectivity during the puls e is noted .

One additional pulse ~~t 2 .7 x io8 W/cm2 was incident on the surface prior t o

examination of t h e sample . Increasing intensity oi surface luminosity was

observed in the latter sequence of pulses .
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1.4 , —~~
-———---- .4

Shot No.25,G~~l.8xl0
8W/cm Shot No 19, G~~ I 8x I0 8 W/cm2

Shot No.26 , G~~2.l x108 W/cm 2 Shot No 20, G~~2.l x 108 W/cm2
Shot No 28 ,G~~2 .lx lO8 W/cm2 Shot No .2 1 , G~ r2 .4~ I08 W/ cm2

1 . 2 —  — .2— —

— l _0 —

0. 8—  — a, 0.8 —

Shot 25
o

Ua, .~~
*5-a, a)

~ 0.6 — Shot 28— 0.6 — —

0.4 — — 0.4 — Shot 19 —
Shot 26

0 2 —  — 0.2 — —
Shot 20

Shot 21
0.0 I I I 0.0 I I

0 50 100 150 200 0 50 00 150 200
Time ,ns Time , ns

o Sample AA 2 O -l b. Somple AA 20 2 ( After three
pulses of 2.4 x 0~ W/cm

2)

FIGURE 20.  SPECULA R REFLECTIVITY T R A N S I E N T S  FOR BULK
ALUN INUN ALLOYS (2024) SAMPLES AA2O- 1 AND AA2O- 2
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Samp le AA 2O-3 was exposed to maximum beam intensities which were

intermediate between those used for AA2O- 1 and AA2O-2 . Similar results were

ob tained and a stable anomalous reflectivity effect was observed on four suc-

cessive pulses at 2.3 x io8 Wfcm2 peak power densi ty.

The three 2024 aluminum samp les were examined microscop ically af ter

irradia tion. Nomarski micrograp hs were recorded at 500X for each samp le be-

fore and af ter irradiation . The appearance of the irradiated surfaces is

shown in Figure 21 in the succession of increasing irradiation intensity from
Figure 21 (a) to Figure 21(c) at low magnification . In addition , taper sec-

tions at a nominal 10:1 taper were made throug h the irradia ted surface of
each sample (intersection with surface is vertica l in Figure 21).

In Figure 21 minor damage is observed on Sample AA2O- l and AA2O-3

(G < 2.3 x io8 W/cm2) and extensive melt is observed on Samp le AA2O-2
p 8 2

(G = 2.7 x 10 W/cm ). At 500X , Samp le AA2O- l exhibi ted melting and vapori-

zation of inclusions , grain boundary relief , bu t little surface undulation

characteris tic of alloy melting. Samp le AA2O- 3 exhib ited vaporization of

inclusions , grain boundary relief , slip banding , and limi ted local undula-

tion of the surface (see Figure 22). Sample AA2O-2 exhibi ted bullseye cra-

ters and heavy undulation of the surface .

A taper section of AA2O- 1, polished and e tched , is shown in Figure

23. There is no sign of melting at the surface. The taper section is nom-

inally a t a 10:1 ratio so that a distance of l-~.&m depth below the surface

would appear a t 10 im below the surface in Figure 23. A t 500X , this 1-p.m

dis tance would appear as a distance of 5 mm in Figure 23. No me lt ing of

this magnitude was seen in either Sample AA2O- l or in Sample AA 2O-3 which

was g ive n a higher level of irradia t ion. The surface sec tions were similar

for bo th samples.

A t the highest irradiation leve l , there was substantial interac-

tion of the laser beam with the specimen surface (Figure 21 (c). The taper

sec tion shows both the undulation on the surface and the section through the
*surface (Figure 24(a)), bu t shows no sign of surface melt layer . However ,

*

Because of the small size of the specimens , an elec troless nickel plate
had to be used instead of an e lectrolytic plate . The adherence of the
elec troless p la te was not good and it pulled away from the surface in
Figure 24 exposing the irradiated surface (out of focus) .
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I ~
500X 500X

(a) Before Irradiation (b) After Irradiation

FIGURE 22. NOMARSKI MICROGRA PHS OF SAME AREA OF SURFACE OF
SAMPLE AA2O-3 (SUBJECTED TO 2.3 x 108 w/cm2)

6J385 500X

FIGURE 23 . TAPER SECTION AT 10:1 Ti-IROUGII THE IRRADIATED
SURFACE OF SAMPLE AA2O- 1. ARROW INDIcATES
BLOWN OUT INCLUSION.
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6J389 500X
( b )  The Edge Between the Taper  Sect ion and the

I r r a d i a t e d  S u r f a c e .  The Arrow P o i n t s  to a
Serrated Grain Boundary on thu Origina l
Irradiated Surface.
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on t h e e t ch ed i r ra d i a t e d  p o r t i o n  of t h e  s u r f a c e  w h i c h  can be seen dir ectly

in F i g u r e  !4 ( a) ,  many of the grain boundaries snu’w t i n y  ser r at i o n s  as shown

by the arrow in Figure 24(b). This would indicate that there has been some

grain boundary migration which night have resulted from melting of a very

thin film followed b y e p i t a x i a l  regrowth . A te a t i v e l y ,  this serration mig ht

resul t  from rap id grain boundary  mi g r a t i o n  near the melting temperature. If

this limited melt occurred , it is expected it would have to be much less than

l-~~m deep to have shown no in—depth indication of melting, such as a preferred

orientation of the g ra in  boundar ies  near  t he  s u r f a c e  or change in e t c h i n g  re-

sponse. This result may be consistent with the extreme ly short duration of

the pulse and resultant rapid quenching . Longer pulse durations will produce

a clea r l y defined melt zone in aluminum alloys . In another program , 7075 alum-

inum alloy surface was irradiated with a norma l TEA laser pulse with nitrogen

in the laser  (400-ns pulse width). A well-def ined melt layer approximatel y

lO pm thick was observed after irradiation in that case.

Titanium Alloy (Ti-6-4) Results

A titanium alloy sample was subjected to a series of irradiations

of i nc reas ing  peak power d e n s i t y .  An anomalous  r e f l e c t i v i t y  t r a n s i e n t  was

f i r s t  observed at 1.5 x io8 W/cm2 . This transient is displayed in Figure 25.

A drop to 507 reflectivity followed b y incomp lete recovery is noted . Up on
8 2increase  of the  i n t e n s i t y  to 1.7 x 10 \K /cm , the min imum r e f l e c t i v i t y  drop-

ped to 5~ as no ted in the figure . Subsequent irradiations at the same in-

tensity produced complete cutoff of reflectivity followed by sligh t recovery

during the pulse. A puls e at 2.2 x io
8 W/c m2 caused complete cutoff with

no recovery during the pulse. In essence the titanium alloy results were

very  s imi la r  to those  f o r  pure t i t a n i u m , e x c e p t  t h a t  t he  t h r e s h o l d  for  t h e

effect was slightly lowe r for the alloy and t h rate of fall of the reflec-

t ivity was not as great.
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I I -Th I
Sample T64 1 , Bulk Titanium alloy 

12  
Shot No.14 , G~ ~l.5x 08 W/cm2

— — — — — Incident pulse shape SP~c~ No 6, G~~ 1 .7 ~ 10
8 W/cm2

200 — Reflected pulse shape —
Shot No. 16 , G~~O 7x I 0 8
W/cm 2 A

l.0 /

150 — —

0.8 — —

4-

I l l a)
o I 0

C06 _
I- — — 0 -

*5- (J
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I Shot I4 /
‘

0.4 —  —

~ 50 — 
Shot I6

0 :: I 

—

0 0 100 200 0 50 100 150 200
T i me , ns Time , ns

FIGURE 25. SPECULA R REFLECTIVITY TRANSIENT FOR BULK
TITANIUM ALL OY (T i-6-4 )  SAMPLE T64- l
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DISCUSSION OF RESULTS

I t  is clear  from the preceeding sec t ion  t h a t  a new e f f e c t  has been

observed in the specular  r e f l e c t i v i ty  behavior of me ta l s  and a l l oys  s u b j e c t e d

to in tense  pulses  of l0 .6-~~m rad ia t ion  in vacuum . A nomalous decreases in

specular  r e f l e c t i v i t y  to levels t y p i c al l y  less than 40/ of the initial va lue

fo l lowed  b y complete recovery dur ing the laser pu l se  have been obs erved .

The e f f e c t s  are reproducib le and h ighly  m a t e r i a l — d e p e n d e n t  in t he i r  d e t a i l .

In t h i s  sec t ion , the  important  exper imenta l  r e su l t s  are summarized , hea t -

transfer predictions are disc ussed , and implications for the LSD-wave initia-

tion problem and ma terials processing applications are addressed .

Summary of E x p e r i m e n t a l  O b s e r v a t i o n s

The anomalous r e f l e c t i v i t y  e f f e c t  observed consisted typ icall y of
a very sharp drop in specu la r  r e f l e c t i v i t y  mi dw a y in the laser  pulse to a

minimum value lying in the 5-40”- range f o l l owe . !  b y n e a r l y  comple te  recovery

to the in i t i a l  r e f l e c t i v i t y  l a t e  in the  p u r s e  The du r a t i o n  of the devia-

tion f rom un i t y  r e f l e c t i v i t y  was in the  30- 80—ns range .

The genera l  shape of the  r e f l e c t i v i t - ,- t r a n s i e n t  was s im i l a r  f o r

most ma te r i a l s  wi th  dura t ion  and minimum value bein g dependent upon laser beam

peak-power dens i ty  and m a t e r i a l .  No r e p e a t a b l e  s t r u c t u r e  on the t r a n s i e n t s

was observed which could be d e f i n i t e ly r e l a t e d  to the  p l a t e a u  effects observed

at  1.06 ~ m .~~
5 ’8

~ The thresholds  for  the s table anomalous r e f l e c t i v i t y  e f f e c t

for  the various mate r ia l s  s tudied are presented  in Table  2 .  Some m a t e r i a l s

are noted to behave s i m i l a r ly in some of the  d e t a i l s  of the anomalous r e f l ec -

t i v i t y  e f f e c t .

The so f t  ma te r i a l s , a luminum and copper (and to some e x t e n t  the

2024 aluminum a l loy) , e x h i b i t  a complete  c u t o f f  in specu la r  r e f l e c t i v i t y  w i t h

recovery du r ing  the  laser pulse for irradiations above a fixed threshold in-

tensity. The cutoff effect is always “cured” on a succeed ing  p u l s e  a t  the

same in tensity , i.e . either no d e v i a t i o n  f rom u n i t y  w i l l  occur  or a s t a b l e  non-

zero transient will be observed . Cu toff will again occur for each first pulse

a t a h igher intensit y with curing £ollowing~ The eff ect appears to be trig-

gered by impurities , voids , or inc lusions which act as absorption centers .
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TABLE 2. SUNNA RY OF ANOMA LOUS REF LECTIVITY
BEHAVIOR IN METALS AND ALLOYS 

Stable ~nomalous Recovery from
Reflectivit y Effect Cutoff Cutoff Curing Ligh t Slip BuI l’~-v~Material Threshold (108 W/cni2) Effect During Pulse Effect Emission Banding C r dtt r s

- ~a)Aluminum 3.5 yes yes yes faint yes ye s

Copper >5.4 yes yes yes faint yes yeS

Iron 1.6 -2 . 0 no - - -- no no y es

N icke l 4 .4 no -- - - no no a f e w

Titanium 1.8-2.4 yes no no strong no n o

Al 2024 1.8 incomple te  yes yes yes yes  v~~s

Ti-6-4 1.5 yes no no s t r o n g  no no

• (a) V ery faint compared to the brillian t plume created b y
v a p o r i z a t i o n  of 120-nm layer of aluminum at 0.6 x 108 W/ cm2.
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There is a p p a r e n t l y a range of th resho lds  fo r  these absorption centers which

are purged from the su r f a c e  a t  d i f f e r e n t  i n t e n s i t i e s . I t  is not believe d

t ha t  abso rp t ion  in m e t a l  vapor  p lays  a role  in e i t h e r  t i e  cut’~ f~ ctt ~~ct or

the an omalous  r e f l e c t i v i t y  e f f e c t . Only weak s u r f a c e  Iu iuiriosit v is observed

which is u n c h a r a c t e r i s t i c  of the b r igh t p lume which  woulJ be c:- :pected for

v a p o r i z a t i o n  of even a t h i n  100-nm layer  of a l u m i n u m .

Except for thresholds , the reflectivity behavi or ot ni c ke l and iron

was very similar . The anomalous reflectivity effect was ohi~i-rved , but no

cutoff effect occurred . No surface luminosit y was observed confi rnu1 n~ th at

metal vapor absorption is not a necessary factor in t i e  anomalous ret1ec- ti~ -

ity effect .

Pure t i t a n i u m  (and to some extent the titanium alloy Ti-b--4~ b~hav~ d

somewhat  d i f f e r e n t l y than  a l l  of the  above m a t e r i a l s . A sha rp  c u t o f f  e f f e c t

was observed which was not “cured” b y repeated p u l s in g .  In the  case of pure

titanium the reflectivity dropped from unity to zero in a time interval less

than 5 ns.  No recovery of r e f l e c t i v i t y  during the pulse was observed , ex-

cept in the case of the alloy. Bright surface luninosity observed with open-

s h u t t e r  photograph y indicated that vaporization may have occurred for these

samp les.

G e n e r a l l y ,  the microscopic examination of samples inuicated surface

a l t e r a t i o n  in cases where the  anomalous  r e f l e c t i v i t y  effect was observed .

Sur face  r e l i e f  observed in Nomarski inicrograp hs was indicative of melt in

the  case of pure aluminum and examination of a taper section confirmed a l-~ m

melt layer for one multip le-pulsed aluminum samp le. The aluminum alloy , hoy-

ever , exh ib i t ed  the anomalous r e f l e c t i v i t y  e f f e c t  and little evidence of melt

(o the r  than inc lusions)  in the su r face  appea rance  or m icrostructur e as seen

in taper  sect ion . The absence of d e f i n i t i v e  ev idence  max ’ be a r e s u l t  of the

shor t  laser  pulse  emp loyed.

Comparison of E x p e r i m e n t a l  D a t a
With Theoretical Predictions

To s u p p o r t  t he  i n t e r p r e t a t i o n  of the  e x p e r i m e n t a l  r e s u l t s , t l i e or e t i -

cal p r e d i c t i o n s  of the  ther m. i1  response  of samp les su bj e c t e d  to laser  p u l s e s

wer e per f o rmed . Heat- transfer calculations were performed with an exp licit

f i n i t e - d i f f e r e n c e  compute r  code , TRAHT 2 , w h i c h  s o lv e s  th e  t r a n s i e n t  h e at

- ~~~~~~~~~~~~ - -
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conduct ion  equa t ion  in two d imens ions  for  mu lt i r e g i o n  g e o m e t r i e s  w i t h  a

wide variety of boundary conditions . For correlation of the current ex-

perimental results , one-dimensiona l calculations for aluminum were performed .

The model for absorptivity of the laser radiation was based upon the work of

~J i et i n g  and Schr iempf ~~~
9
~ who employed a D r u d e - L o r e n t z  model  h a v i n g  a tem-

perature-dependence determined from d.c. conductivity data . The results of

t h e i r  c a l c u l a t i o n s  are approxima ted in Figure 26 by the solid line. The

dashed l ine is s imp ly a l i nea r  extrapolation froir the value of absorp t ivi t y

j u s t  above the m e l t  p o i n t , T .  The behavior of absorptivity in the melt is

not well unders tood , but the linear dependence should provide an upper limit

if the temperature dependence is determined by d.c. conductivity variation

alone. The absorptitivy above the vaporization point , T , was assumed to

be 1.0.

Results of surface temperature calculations for a 100-nm- thick

aluminum thin film are presented in Figure 27 for a narrow range - f peak

power densities near threshold for melt. The dashed lines present results

for the case of an insulated thin film wh i le the solid lines show results

at  the same i n t e n s i t i e s  for  a c a l c u l a t i o n  i n c l u d i n g  the  e f f e c t  of conduc-

t ion in to  the q u a r t z  s u b s t r a t e .  Even though the q u a r t z  has a r e l a t i v e l y

low therma l c o n d u c t i v i t y ,  the  the rma l c o n d u c t i o n  d u r i n g  the p u l s e  is ob-

v i o u s l y s i g n i f i c a n t .  If  the f i l m  behaved  as mode led , t he s o l i d  c u r v e s  ~~ t

Figure 27 indicate that the quartz could quench the melted film for peak
7

power densities as much as 20~/. g r e a t e r  t h a n  th e  r - ie l t  t h r e s h o l d , 2 . 3  x 10

W/cm
2. The experimental results tend to indicate that this may not be the

case . The ea rl y portion of the heating curve (and hence the threshold for

melt) are probabl y modeled quite well. If the therma l contact with the sub-

strate is reduced b y film lift-off during the pulse , the heating rate would

rise more sharply as indicated by the insulated film temperature histories.

This would exp lain the observed binar y nature of the fi lm damage . Wheth er

or not the film lifts off , however , the mode l predicts structure in the re-

flectivity transients as noted in Figure 28, which pre sents calculated re-

flectivity transients for the temperature histories of Fi gure 27. Predicted

structure in the transient associated with the melt transition was not ob-

served in the t h i n - f i l m  e x p e r i m e n t s . The e x p e r i m e n t a l  d a t a  are  more consis-

tent with either a much sharper rise in ~hsorptivity with temperature above

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~.
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the melt point than assumed in the model or a transition to a transparent

( d i e l e c t r i c - l i k e )  sta te  in the f i l m  at  the  m e l t  po in t  and a s soc ia t ed  d i r e c t

a b s o r p t i o n  in the q u a r t z  s u b s t r a t e .

Surface temperature histories were also calculated for the bulk

al uminum sample a t pe ak power densities near the melt threshold for this

case. Results are presented in Figure 29. The melt threshold for bulk

aluminum is seen to be near 3.1 x 10
8 W/cm

2 
which is in reasonable agree-

ment with damage observations . For two of t~
- e transients the melt is pre-

dicted to be quenched during the pulse . The predicted reflectivity tran-

sients resulting from these temperature histories are presented in Figure

30. Comparison of these transients with those which were measured indicates

a cons iderable disagreement with the model. It is noted in the figure that

the pr edic ted time interva l from initial drop in reflectivity to recovery

( r e s oli d i f i c a t i o n )  increased d r a m a t i c a l l y  w i t h  i n c r e a s i n g  peak power d e n s i t y .

A much weaker dependence of this intereva l on intensity was observed experi-

mentally. The greatest disparity, howeve r, was the magnitude of the measured

reflectivity minimum compared with that predicted , 0.2-0.4 vs . 0.85. If it

is assumed t ha t  all incident energy is either specularl y reflected or absorbed

in a thin surface layer (assumptions of the model), then it is clear from the

curves of Figure 29 that if the reflectivity drops to values of order 0.4 when

the surface melts (instead of dropping to 0.9 as predicted), then the surface

temperature will rise to the v a p o r i z a t i o n  po in t  in a m a t t e r  of severa l  nano-

seconds even for peak power densities only slightly above threshold for melt .

In other words , the reflectivity data cannot be reconciled with the simp le

h e a t - t r a n s f e r  theory in a s e l f - c o n s i s t e n t  way in the absence of su r f ace  vapori-

za t ion  which was not  observed for a luminum .

Hea t transfer calculations were not made for all metals studied ,

but estimates of the expected materials effects on damage threshold were made

by comp ar ing va lu es of a damag e f igure of mer it bas ed on op tic al and th ermal

proper ties. This figure of merit is essentiall y the threshold peak power

densi ty for melt with a linearl y r isi ng pu lse o f r ise t ime t t ,

•~T 9r~k~C 
1/2
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where ~T is the temperature rise to melt , 
~ 

is the room temperature absor-

t ivity, k is therma l conductivity, p is dens ity ,  and C~ is specific heat .

Properties used to calculate values of this figure of merit for the materials

studied are presented in Table 3. Figure 31 sh ows a grap h of experimentall y

determ ined threshold values for the stable anomalous reflectivity effect as

a function of corresponding predicted damage thresholds based on the simple

figure of merit . It should be noted that the figure of merit overpredicts

the damage threshold as indicated by comparison of the detailed heat-trans-

fer results for aluminum (G 3.1 x io8 W/cm 2
) with the aluminum figure of

merit corresponding to the same room temperature absorptivity (Cf 
= 8.4 x

W/cm
2
). The di scr epa ncy is a result of the co~nbined effect of variation of

~ below the melt temperature and significaat deviation from linearity in the

actual pulse shape . if the correction fot thi s effect were the same for all

metals , then a good corre lation of the anomalous reflectivity effect with

damage would be indicated in Figure 31 by proximity of all data to the dashed

lined drawn through the aluminum result. Only iron correlates well in addi-

tion to the aluminum . A lower bound only is shown for copper since a stabil-

ized anomalous reflectivity effect was not observed in that case . The nickel

threshold for the anomalous reflectivity effect is well above the damage . -

threshold , as was confirmed in the experiments. The aluminum alloy , howe ver ,

exhibited little damage at the effect threshold which is somewhat inconsistent

with the implicati ns of Figure 31. The titanium alloy shows the greatest

discrepancy arid indicates that perhaps a minimum power density is required

fo r  the anomalous r e f l e c t i v i t y  e f f e c t  in a d d i t i o n  to the m e l t  c o n d i t i o n .  This

minimum power density would be in the 1-2 x io8 W/c m2 range , but additiona l

data would be needed to c o n f i r m  th is  aspect  of the e f f e c t .

lrnp l i c a t i o n s  of t he  Anomalous  R e f l e c t i v i t y  R e s u l t

It is clear from the previous section that a simple temperature-depen-

dent absorptivi ty function cannot be extracted from the experimental ref lec-

t ivity results in a self-consistent manner using only the surface-driven therma l

model , if the limited experimental evidence showing no vaporization (for alu rn i-

nun , n i cke l , and i r on )  is accepted , t h e n  t h e  a p p a r e n t  h i g h  s u r f a c e  a b s o r p t i o n

leads to c o n t r a d i c t o r y  therm a l p r e d i c t i o ns . Hence , i t  is i m p o r t a n t  to reexam-

ine the  pos s ib l e  op t ions  fo r  the u l t i m a t e  f a t e  of the  beam e n e r g y  and p o s s i b l e

- —
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origins of the anoma ly. It is believed that the ene rgy partitioning is

among the following :

• Specular reflection

• Diffuse reflection

• Vaporization

• Electron emission

• R e r a d i a t i o n

• Substrate conduction .

As noted before , it is not likely that diffuse reflection can account for

all of the anoma ly because of the extreme ly rap id recovery of specular re-

flectivity observed during the pulse , i.e. a heavily ripp led sur face  wou ld

not be expected to recover to a specular surface , particularly on the time

scale observed. Vaporization also is not believed to carry away much of the

beam energy, based on the abs nce of a characteristic luminous plume for

irradiations exhibiting the anomalous reflectivity effect.

The remaining processes are believed to be the ones most likely

to account for the anomaly. It has been suggested by Nusal~
20
~ that therma l

decoupling of the electrons from the lattice might occur at beam intensities

ab ove 108 W/cm2. This would certainl y lead to surface electron emission which

could carry off some of the energy. Intense surface emission of radiation

might be expected under such conditions , but none was observed in the visible

region of the spectrum. A slightly different mechanism was suggested by

Karas et al .~
2 1
~ to exp lain electron emission timing. They propose that

the electron distribution function is distorted in the presence of a strong

source (laser radiation) and sink (emission current) in momentum space ,

which leads to high-energy electrons . The fact that large emission currents

do indeed occur has been confirmed experimentally for aluminum at 10.6 m
( 2 ’)in vacuum , but th e magnitude of the total energy emitted was not com-

parable to that incident on the surface .

The remaining process , substrat e conduction , is believed to be a

viable mechanism for dissipation of the anomalously absorbed energy , even

though the simple thermal model emp loyed in this stud y contradicts this con-

t&ntion . In the simp le theory, it was assumed that the optical absorption

d epth was much less than the the rma l penetration depth corresponding to the 
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shor tes t  cha rac t e r i s t i c  t ime of i n t e r e st  ( f o r  ~~t = 10 10 
s, -

~~ 
= ~~~~i

l/2

1O~~ cm) and the laser heating was treated as a surface flux . While this

assump tion holds for low-temperature absorptivities , it may not hold under

condi tions of anomalous absorption . In particular , optical penetration of

1.06 ~,m radiation through a 30-p m layer of mercury (without vaporization)

has been observed under intense i r rad iat ion .’~~
3
~ This metal- to-dielectric

trans iti on has also been observed for  a luminum by detection of ultraviolet
radia tion transmitted through a l7-.~ m foil.~

23
~ If optical penetration of

this magn itude occurs fo r 10.6 ~m , the heating of the me ta l would be dis-

tributed over a greater volume and the maximum volumetric heating rate would

drop dur ing the anomaly by two orders of magnitude. This wou ld prevent sur-

face temperatures from reaching the vaporization point while still pe rmit-

ting diss ipation of the increased laser energy absorbed. The recovery of

reflectivity observed during the pulse may simp ly be an indication of quench-

ing of the d ie lect r ic  s ta te .

Wh ile the detai led mechanisms operative have not  been isola ted , the

experimenta l resul ts  of this program confirm that the early heating processes
in LSD-wave i n i t i a t ion  on me tals does en tail  anomalo usly h igh absorption
as pos tu la ted  in ea rlier work .~~

1
~ In addi t ion , a possible alternate source

of priming elect rons for i n i t i a t i n g  the LSD-wave plasma has been identified.
If the elec tron distribution function is altered in the course of the anomalous

reflectivity transient , an enhanced thermionic emission of electrons might be

expec ted. An additii nal imp lication of the results relates to the use of

pu lsed lase rs in processing of metals by surface heating. If the ultimate

fate of the anomalously abosrbed energy is conduction to the substrate , then

an increase in e f f e c t i v e  coupling coeff ic ient  can be rea l ized  u s i n g  pulses.

In addit io n , b y carefu l con t ro l  of the pulse length , i t  should be possible  to
use the in i t i a l  port ion of the pulse to create  an absorbing surface and the

remaining por tion of the pulse to efficientl y ad d ene rgy  to produce a melt

laye r of control led th ickness .  Accurate  p r e d i c t i o n  of the temperatures and

quench-rates  wi l l  require meas urements to improve our understanding of the

spa t ia l d i s t r i b u t i o n of the deposition of laser energy in addition to the tem-

pora l da ta acquired in this program •

_ _ _ _  ~~~~~~~~~~~~ .---- — -- — -—— -  - — -  — - — -  -
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CONCLUSIONS AND RECOMIIENDATIONS

Conc lusions which may be drawn from the research reported herein are ;

• An anomalous effect has been observed in the specular reflec-

tivity of smooth aluminum surfaces subjected to intense 10.6 . m

pu lses . The effect on stabilized surfaces is reproduci t-le and

cons is ts of a ve ry sharp  drop in specular reflectivity midway

in the pulse to a minimum value ly ing in the 5-40/. range followed

by near ly comp lete recovery to the initial reflectivity la te

in the pu lse. The duration of the deviation from unity ref icc-

tivity was in the 30-80 ns range .

• The threshold for the effect in aluminum correlates well with

the predicted and observed melt thresholds .

• A special variant of the effect exists for aluminum (and copper)

where in complete c u t o f f  of r e f l e c t i v i t y  occurs on a f i r s t  sho t

a t  levels well above the melt threshold . This cutoff effect

is apparen tly tr iggered by surface impurities and is “cured”

on a subsequent  pulse a t  the same i n t e n s i t y .

• The anomalous reflectivity effect occurs generally in several

other pure  me ta l s  (copper , iro n , n i cke l , titanium) and two

alloys (Al 2024 , Ti-6-4); however , Lhe details of the behavior

varies strongly with material and alloying .

• The measured thresholds for the effect indicate a genera l trend

r e l a t ed  to the me l t  t h r e sho ld  provided that a minimum peak p ower - 
-

density is ex ceeded ~~ 
io8 W/c m2).

• A pure titanium surface subjected to intensities above threshold

for the effect behaves as a fast , self-acting optical switch ,

i.e . cutoff of reflectivity with no recovery during the pulse.

The e f f e c t  does not  cure on s u b s e q u e n t  p u l s u s ;  to  the contrary,

the fall time was f ound to d er . ,e-,t t o  less than 5 ns .

• Vaporiza t ion plays no essential role in the anomalous reflec-

tivity effect ‘or aluminum , iron , and n li- t- 1 ,
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• If the nonre f l ec t ed  energy is absorbed on the surface , simple

heat- transfer theory leads to c o n t r a d i ct i o n s  w i t h  obst r\-~-d

results . The theory can be reconciled with the experiment ,

however , if optical penetration is allowed (as mig h t ~ccur

with a metal-to-dielectric transition).

• The most like ly partitioning of the nonspecularly reflected

energy is among electron emission , reradiation , and substrate

conduct ion .  The l a t t e r  appears  to be mos t  c o n s i s t e n t  w i t h

e x i s t i n g  da ta .

Based on these conclusions  and results of the program in general ,

i t  is clear tha t  certain additiona l measurements are in order to c l a r i f y

de tails of this new effect . It is , therefore , recommended that future

i nves t iga t ions  of the anomalous r e f l e c t i v i t y  e f f e c t  be d i r ec t ed  a long  the

fo l lowing  lines of i n v e s t i g a t i o n :

• Determine energy partitioning by measurement of coup l ing

c o e f f i c i e n t , vuv radia t ion i n t ens i t y , e l e c t r o n  emiss ion

current , ion emission current , vapor  f l u x , and d i f f u s e

r e f l e c t a n c e .

• De termine the importance of m e l t i n g  in t r i g g e r i n g  the

e f f e c t  b y measurement  of r e f l e c t i v i t y  t r a n s i e n t s  w i t h

samples preheated  to var ious  t e m p e r a t u r e s  be low m e l t .

• Determine the role of metal-to-dielectric transitions

and associa ted  o p t i c a l  p e n e t r a t i o n  b y measurement  of

f o i l  t r ansmiss ion  dur ing  i r r a d i a t i o n .

• Determine  e x p e r i m e n t a l l y  the e f f e c t  of pu l se  shape

and l eng th  on the therma l p a t t e r n s  achieved as evidenced

b y mel t  layer th ickness  and u n i f o r m i t y .

LL. . 

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _
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