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SUMMARY 

It was found that a pulsed laser of ordinary commercial design could be used to 

fracture icc of th icknesses less than 2 em if the opt ical beam could be foc used on the 

interface of the icc and the struc ture to be de-iced. It was shown that inexpensive 

simple convex lenses arc sufficie nt for a focus ing system but th at a practical de-icing 

system would require the design of a mounting system that wou ld be capable of ad­

just ing the position of the foca l point so that it would scan the surface to be de-iced 

at a rate commensurate with th e degree of fr acture propagation nceded to remove 

ice or prevent its accretion. 

Advances in design have made the helicopter a key clement in tactics requiring 
exceptional mobility. Consequently, the need for helicopters 1O be operable in a ll 
types of weath er has become acute. This stu dy tested th e feas ibility of usi ng a laser 
to combat icing probl ems (such as those of a hel icopter's ro tor blade) not amenable 
to conventional methods. A laser system already used ror target acquisition and 
analys is or navigat ion might be redesigned to include a de-icing capabili ty. A single 
system would be made to do the work of two without additional weight and space 
consumption. 
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DE-ICING USING LASERS 

Jean W. Lane and Stephen J. Marshall 

INTRODUCTION 

It has been demonstrated 20 
23 that intense monochroma tic optical beams can interact strongly 

with materials that, at lower energies, arc transparent to light of opti cal frequencies. Icc is a trans­

parent material at optical freq uencies and low cnergics, lO Arc optica l beams of sufficielltly high 

energies capable of damaging icc? The commercial production of lasers has opened this possibility 

[0 study. 

Optical damage to normally transparent materials such as quartz has been observed 10 consist 

largel y of cracks, both on the sur face and in the bulk,' 7 so this is the type of optical damage to 

expect in ice. The currentl y accepted mechanism for fracture specifies the ini ti ation of microcracks, 

j,e. the "Griffith cracks," as a prerequisite for a material to fractu re at a stress lower than its theo­

re tica l elastic limit. '2 2S A laser cou ld initiate microcracks in ice and indu ce it to fracI.urc at low 

slress. 27 This could be used to aid in the removal of ice from surfaces where icing is a problem. It 

is the purpose of this work to investiga te this possibility.1 7 

EXPERIMENTAL WOR K 

Study of literature o n the environmental conditi ons that produce icing l led to the select ion of 

_20°C as the ambien t temperature a t which to prepare and irradiate samples. 

Several types of samples were studied in an effort to determine which aspects of a sam ple's 

physical state affected its interaction with the optical beam. Natural accret ions of ice con tain air 

bubbles, impurities, mechanical deformations, and internal stresses. The surface of such icc is 

irregular, an d, in general, the bulk is polycrystaliine. The substrate upon which the ice forms may 

affec t the growth of the acc retion and interact with the optical beam. This implies that any compre­

hens ive li st of parameters relevant to opt ical study of icc adhering to a substrate must include su r­

face structure of the icc and the substrate, thickness of ice paraliel to the o pt ical beam, concentra­

tions of impurities and a ir bubbles in the icc, crystallographic or ientat ion, grain sizes, and type of 

substrate. (In this work, unless otherwise indicated, "thickness" will refer to the dimension of a 

sample that is parallel to the optical beam and will measure only the ice.) These experiments were 

limited to considerat ion of surface structure of the ice, thickness, crystallographic orientation of 

the ice, and type o f substrate. Each type of sampl e is identified and described below. 

SC R samples 

The first type of sample was a single crysta l that had been cut from the Mendenhall Glacier. 

The crystallographic orientation of these samples was determined by a technique that has been 



a. Separate components - mold, sub· 
strates, and gasket assembly . The fourth 
hole in the mold was intended to provide 
unobstructed passage of the optical beam 
when the mold with samples was inserted 
in to the optical system. Removal of the 
samples proved to be more feasible so 

this feature was never used. 

b. TRICIA assembled except for top 
gasket and ready for filling. 

Figure I. TRICIA (the rubber, insulated, confined ice apparatus). 

developed by Itagaki. 13 Each sample was mounted upon a glass sl ide; the average th ic kness was 

1 cm. The sur face of each sample was rendered opticall y nat (by a techn ique due to Tobin and 

Itagak i26 ) immediately before insertion in the optical system. There were no visible bubbles or 

impurities. Samples prepared in this manner will be called SC R (for "single-crys tal" ) samples. 

CAG samples 

The second type of sam ple was a polycrystal prepared from distill ed wa ler in the fo ll owi ng 

manner. A cylindrical mold of Dow Corni ng Silastic, an RTV moldmak ing rubber, to be hereafter 

known as T RIC IA ([or " the rubber, insula ted, confined icc apparatus" ), was used (Fig. 1). TR ICIA 

contained three cylindrical holes, each of which was fitted wi th a removabl e, snugly fi tt ing 5·mm­

thick disc of a material selected as substrate. These discs were made of three di fferent materials­

alumi num, brass and steel. The holes were 1, 2 and 3 in. (2.5, 5 and 7.5 em) in diameter. TR ICIA 

was sealed on each face by rubber gaskets. With the bOLtom sealed and the substrates pressed 

firm ly agains l the gas ket, water was poured into each hole, and the top scaled with a rubber gasket 

under the pressure of lead weights. After freezing, the gaske t were removed and the samples 

pressed [rom the holes. Since the flexible wa ll s and gaskets o[ T RICI A allowed expansion pressures 

and surface tension to be relieved during freezing, the samples were strain-free and smooth·surfaced 
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Figure 2. Preparation of VAG samples. The six identical plastic 

containers are shown with the six samples that were prepared. 
The black markers on the containers indicate depth of filling. 

The six substrates - aluminum, steel, brass, asphalt, concrete, 
and porous stone - are frozen into (he bollom of (he samples. 

relative to any natural accretion of ice upon the same substrate. Thicknesses of 1,2 or 3 in. (2.5, 

5 or 7.5 em) were available with thi meth od of preparation. There were no vis ible impurities but 

the center of the ice was rendered translucent by visible bubbles. Samples of this type will be called 

CAG (for "confined·a ·grown ") sam ples. 

CMS samples 

The third type o f sam pl e was a polycrystal prepared from disti ll ed wate r in the same manner as 

the CAG samples. Immediately before insertion into the optical system , the surfaces of these sam­

ples were further smoothed by use of a microtome with a steel blade. Samples of this type will be 

called CMS (for "confined microtomed su rface") samples. 

UAG samples 

Th e fou rth type of sample was prepared from distilled water by use of flexib le plastic containers, 

the 3-in.·diam (7.5-cm·diam) discs used with TR ICIA, and three additional discs of Ihe same thick· 
ness as th ose used for TRICI A bu t varying in diameter and material (Fig. 2) . The additional discs 

were concrete of 3·in. (7 .5-cm) diam, asphalt of 5.3·cm diam, and porous stone of 6.4-cm diam. 

The plastic containers were rectangular pint-sized containers produced commercially for the storage 

of food. The six substrates were placed on the bottoms of six containers. Water was added to cover 

the substra tes to depths of 0.5,1 .0, 1.5,2.0 or 3.0 cm and this depth was taken as the thickness of 

the resulting sam ples. No constraint was placed upon the water's surface during freezi ng. After 

freezing, the samples were removed by flexin g the containers. As the water was unconfined on one 

sur face during freezing, surface tension and expansion pressures caused the central region of the 

surface to rise into a cracked hump. Differen tial rates of thermal contraction for ice and substrate 

caused other la rge fissures and crac~s 10 ex tend Ihrough the bulk of Ihe sample. The size of the 

container's cross section was selec ted and the substra te positioned so as to make the samples fit into 

the optical system with the undamaged portions of icc aligncd in the beam. The th ickness of these 

portions was within a millimeter of the original depth of fi lling. There were no visible impurities. 

Visibl e bubbles were evenly distributcd throughout most of the volume, rendering all of the ice 

(except the region immediately adjacent to the interface with the substra te) translucent. This type 

of sample will be called UAG (for "unconfined·as·grown") samples. 

3 



r;;"' 

r 
, lAIC Om r;==?;1 U! s ~ Iii' 

L./ 

10, 
~ 

I 
c" " T -, 

L-.J -

Figure 3. Schematic diagram o f the optical system. Laser L, beam splitter B, ballistic 

thermopile T, main optical bench 0 ml secondary optical bench OSI converging lens C, 
focol spot F, sample 5, holder H, energy meter M. The dashed line indicates which 

components were at room temperature and which at _20°C. 

5 1 samples 

The fifth type of sample was prepared from sea water collected from the coast of Maine in 

August 1973. The salin ity of the sea water was measured as 29 g/ kg. With the exception of the type 

of water, these samples were prepared exactly like CAG samples. These samples appeared uniform ly 

translucent, very nearly opaque. This type of sample will be called 5 1 (for "sea icc") samples. 

Optical syst em 

The configuration of the optical system is shown in Figure 3. The laser L produced a monochro· 
matic pulse of light. This pulse impinged upon a beam spliner 6 , which diverted 10% of the intensity 

into a ballistic thermopile T (mounted on the secondary optical bench Os) and allowed 90% of the 

intensity to continue parallel to the main opt ical bench Om to a converging lens C which focused the 

light so that the focal spot F fell upon the sample 5 (mounted in the holder H) in one of three 

positions - surface, center of the bulk, or interface between ice and substrate. The output of T was 

sent to the energy meter M. Light-absorbent paper, placed a t F with the sample removed, allowed 

th e diam eter d of F lO be measured. The energy density W of the pulse at F could then be calculated 

from d and the reading € of M by use of 

W = 36€/nd'. (1 ) 

The dashed line dividing the components in Figure 3 indicates that all of the components excep t L 

and M were mainta ined a t the temperature of _20° C at which the samples were prepared and stored. 

Equ ipment 

The laser was a Hadron /TRG Modell 04A laser system with interchangeable rods, one of ruby 

and the other of Nd:Glass. A Hadron /TRG Mode1104A·3 rotating prism Q-switch allowed the laser 

two modes m of operation. For the normal mode of operation (m = N) the Q·switch was disengaged 

and the pulse·width was 0 .8 to 2 milliseconds. For th e Q·switched mode of operation (m = Q), the 
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Q-switch was engaged and the pulse-width was 30 to 50 nanoseconds. A Hadron/TRG Model 

OI04A-l lase r power suppl y provided power to the laser and a means to vary the energy in a given 

pu lse by variat ion o f the input to th e laser. When the ruby rod was used, the lase r produced pulses 

of 6 joules (maximum) for m = Nand 1 joule (maxi mum) for m = Q at a wavelength of 6943A. 

With Nd :Glass, the laser produced pul ses of 5 joules (maximum) for m = Nand 0.9 joule (maxi­

mum) for m = Q at a wavelength of 1.06 micrometers. 

Th e bali is t ic thermopile was a Hadron/TRG Modell 01. The energy meter was a Hadron /TRG 

Mode1102C. The main optica l bench was a Hadron/TRG Model 120A precision laser bench, which 

was modified to usc Oriel Model 8-23-62 and Oriel Model 8-23-52 carriers. The secondary optical 

bench was fabr ica ted to anJch to the main optical bench at right angles and to use the Oriel car ri ers. 

Sali nity measurements were made with an Industr ial Instruments Model RB2 Sol u Bridge . 

The lenses were of two types. The firs t, obtai ned from Ed mund Scienti fic Com pan y, was an 

inexpensive biconvex lens wit h 2.4-em diameter. Focal lengths were 1.5, 3.5, 5 .8, 6.4, 7.4, 10.2 

and 18.1 em. The second type was an Eal ing glass biconvex lens with 1.52 index of refraction and 

2.5-cm diameter_ Focal lengths were 10,15,20,25,30 and 50 cm. 

Procedure 

An individual experimental run lasted two hours and was designed to acquire a specific type of 

information. Therefo re, all runs were not conducted identically. Generally, a run began with checks 

on the posi tion and alignment of the lens. Th is was followed by a dctermination of d. The sample 

was inserted in to the optical system and the lascr opera ted in the modes and at the settings of the 

power supply dictated by the objectives of the run. The sample was exam ined for damage after each 

pu lse or ser ies of pul ses and the reading of th e energy meter was recorded for each pulse. When the 

requi red irrad iations had been completed, th e sa mple was removed from the optical system and, if 

damage had been produced, an attemp t was made to photograph this damage. Once all work on the 

sample had been completed, it was placed on a shelf in the same environment in which it had been 

prepared and studied until its subs trate was needed to prepare new samples. Used samples were 

melted. The substrates were then dried, degreased with acclOne, cxamined fo r any damage due to 

irradiation, and reused. Until needed in the optical system, samples were kep t in pro tect ive coverings 

to retard sublimation. Except for SCR samples, the time that elapsed from the beginning of freeli ng 

to insertion in the optical system ,vas recorded and called the "age" of the sample. In general, many 

samples were used in a run so that a specific sampl e did not remain in the optical sys tem for more 

than 15 minutes. 

PHOTOGRAPHI C WORK 

Th e damage to be photographed varied in size from pits of the order of millim eters in diameter 

to fissures of th e order of a few centimete rs long. In add ition, th e damage displayed a var iati on of 

shapes dependent upon the po int from wh ich it was viewed so tha t a si ngle ph o tograph could not 

record the three-dimensional shape of the struc ture. Cracks and pits that were localized at the 

interface or in the bulk of the sample could not be pholOgraphed wi thout some al teration o f the 

sam pl e, and any alteration of the sample risked the introduction of artifacts or the destruction of 

the sample. It was th erefore necessary to use several methods of photographing damage . These 

methods, dnd the type of damage for which they were used, are described below. For more detai ls, 

consult the work of Marshal1. 1s 

5 



ICE 

SAMPLE ~ \ 
SUBSTRATE I \- DA MAGE LAMP 

----. (yJ 
----------

Figure 4. Photographic system for large-scale damage. 

FOCUS 
ADJU STMEN T 

DAMAGE 

GR OU N D GL ASS 
SLID E 

LENS 

I'?iza I CE /CON~:~iER 

~_I\:~MP 
M I RRO R - .b 

FILTER 

Figure 5. Photographic system for small-scale damage to the surface, 
method I. 

Large cracks and fissures 

I f the damage was clearl y visible without magnification, the photographic system shown in 

Figure 4 was used. The sample was illuminated obliquely with a 1 DD·watt floo dlamp. Th e camera 
was a Nikkon-F with a 55-mm Micro Nikkon lens having a 1:2 size ra tio. The camera was mounted 

on a tripod and adjusted so that the damaged area of the sample fill ed the fie ld of view. No altera· 
lion of the sample was necessary . The perspective from which photographs were taken was the 
direction of the laser 's beam . 
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P Photogra phic plate holder 

R Ring stand supporting illuminating lamp 

B Bellows for camera 

E Binocular eyepiece 

L Illuminating lamp mounted to supply oblique, 
incident illumination to the sample 

o L Objective lens 

F Focusing controls 

CL Condenser lens attached to illuminating lamp 

SL Substage condenser lamp (not being used) 

S Sample mounted on unive rsa l mount (see 
Fig.7e) 

SC L Well for substage condenser lens, which has 

been removed to allow use of universa l mount 

SB Substrate discs used in preparation of sam pl es 

H Hypoderm ic needl e 

Figure 6. Photographic system for small-scale damage to the surface, method II. 
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SAMPLE 
SUBSTRATE 

SIMPLE FIXED 
MOUNT 

,--- . 

I 

A) 
ADJUSTMENT II 

KN OB 

A 

I CE 

B 
Ii 

(\ 

\ f)--- - --,... 

/1 
,j 

c 
, r -, 

~ : I 

r1 1 

, 
Figure 7. Options for mounting samples in photographic system. The microscope from the photo­
graphic system shown in Figure 6 can be fitted with: a) a simple fixed mount (fabricated from 
pieces o f aluminum to provide the desired sample position), b) a universal mount that will allow 
360 degree movement of the sample, or c) the fixed stage commonly found in microscopes used to 

work on thin sections. 

Small damage to the surface 

If the damage was localized at th e surface and too small to be photographed directly, one o f two 

methods was used. In both methods, photomacrographs were made with a Po laroid La nd Film 

Holder no. 500 attached to a Leitz-Weitzler microscope; the magnification was of the order of lOX 

and the perspective was the direction of the laser's beam. 

In the first method, the substra te was removed and the photographic system was in the configu ra­

tio n shown in Figure 5. This allowed the photomacrographs to be ta ken by transmission . 

The second method was used if it was not feasib le to remove the substrate . The ph otographi c 

sys tem was in the configura tion shown in Figure 6, which allowed the pholomacrographs to be 

!<Iken by reflec tion . 

Small damage to the bulk 

If the damage was localized in the bu lk of the ice and required magnification, one of two methods 

was used. Bo th methods made use of the same camera and the same microscope as the methods 

used for photographing small damage to the sur face. The magnincation was again of the order of 

lO X. Bo th methods allowed pho tomacrographs to be laken by transmission. 

In the first method, the substrate was removed . The sample was furth er reduced in size to isolate 

the damaged volume without altering it. The resulting surfaces were smoothed so as to leave the 
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damage sandwiched between smooth, paral lel surfaces sui table for use in the microscope. The 
sys tem shown in Figure 5 was then used. The perspective from which photomacrographs could be 
taken was dic tated by the configurat ion and ex tcnt of th e su perfl uous icc that wou ld have to be 
removed. 

The second method was used when it was no t feasible to remove the substrate. The photograph ic 

system was modified by the substitut ion of a universa l joint (or sim ple al um inum mount) for th e 

microscope's stage (Fig. 7). The sam pl e (with the substra te still atldched) was prepared by removing 
su perfl uous icc as in the first method. The mod ified stage made it possible to accommodate the 

substrate. The perspect ive from which pho tomacrographs could 'be takcn was limited by the need 

to remove superflu ous ice and the presence of th e substrate . In particu lar, the latter limitation elimi­

nated all perspect ives but those from direc tions perpendicu lar to the laser 's beam. 

RESULTS 

As no quantitative measure was available for charac terizing the type and degree of damage, the 

standard data collect ion sys tem described in Table I was uscd throughout the experimental work to 

provide a means o f record ing a qualitative description of the rcsu lts of irradiation. When the key 

words defin ed in Tab le I are used , they are used in that context. The numerical code n ass igned to 

a specific mode of damage was chosen in an attempt to award the largest number to the mos.t severe 

damage. The concept of "most sevcre damagc" was influenced by the objectives of this work, so 

damage considered most useful in the removal of ice from a substrate was judged as most scvcre. 

Thc actual proccss of recording da ta on damage was as follows. As damagc was observed, the key 

word and corresponding val ue of 11 which most nea rly described the damage were recorded. Then, 

sketches of the damage si te were made from two perspect ives - fro m the di rcc tion of, and from a 

direction perpendi cular to, the laser's beam. Any re levant comments as to special circumstances that 
accompanied the event that crea ted th e damage were recorded. If photographic work was possible, 

the ske tches were augmented by photographs taken from one of the same two perspectives as the 

sketches. 

The description of the results wi ll be given in six subsect ions below. The first five subsections 
are primaril y concerned with the resul ts of the earlies t exper imental runs o f which the ob jec tive 

was to determine the parame ters that were most importanl. The sixth subsection presents sys tematic 
data in which the parameters to be investigated are those indicated by the earl y experimen ts. In the 
discussion of these six subsections, the numerical code for damage n will be ex tensively used. In 
addition, it will be useful to introduce the concept of "percentage cracking" p, which will be defi ned 

as 

no. of irradiations of as ecified t e that ie ld n > 2 102 
p = 

tota l no. of irradiati ons of the specified type 
(2) 

where "specified type" implies a se t of restrictions on either the configu rat ion of the op tical sys tem 

or the nature of the sample or a combination of both . The res trictions arc chosen to suit the aspect 

that is to be studied. 

Damage as a func tion of the position x of the focal point ;n(x) 

Three setti ngs of x were studied - the surface of th e icc, the cen ter of the bul k of the ice, and 

the interface between the ice and the substrate. For brevity, these positions will be referred to as 

<lsurfacc," "bu lk," and OCinterfacc," respectively. 
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Key word 

None 

Discoloration 

Pit 

Crack 

Fissure 

Chip 

Hole 

Melting 

It was found that : 

17 

o 

2 

3 

4 

5 

6 

7 

Table I. Standard data collection system. 

The numerical code n and the given definition 

were used to describe damage produced by the 

interaction of an opti cal beam with icc . 

Definition 

No discernible damage by visual inspection. 

Visual inspection reveals a change in color but no discernible me­

chanical damage. 

Visual in spection reveals mechanical damage having all dimensions 

approximately equal and not extendin g through the thickness of the 

icc and not appearing to involve any macroscopic removal of mass. 

Visual inspection reveals mechanical damage having one dimension 

considerably larger than the others and not extendi ng through the 

thickness of the icc and not appearing to involve any macroscopic 

removal of mass. 

Visual inspection reveals mechanical damage extending through the 

thickness of the ice but not appearing to involve any macroscopic 

removal of mass. 

Visual inspection reveals mechanical damage involving macroscopic 

removal of mass but not extending through the thickness of the ice. 

Visual inspection reveals mechanical damage involving macroscopic 

removal of mass and ex tending through the thickness of the icc. 

Visual inspect ion reveals macroscopic disruption of the surface due 

to the formation of water that can not be attributed to condensation. 

for CAG, CMS and UAG samples: 

n(x = surface) = 1 or 2; n(x = bulk) = 0; n(x = int erface) = 2 to 4 (3) 

and for SCR samples: 

n(x = surface) = 2; n(x = bulk) = 3; n(x = interface) = 3 or 4 (4) 

and for S I samples: 

n(x = surface) = 5 to 7; n(x = bu lk) = 0; n(x = interface ) = O. (5) 

Relations 3, 4 and 5 make it clear [hat, for all sam ples other than 51, th e optimum setting for x is 

the interface if the objective is to maximize damage. For 5 1 sa mples, the optimum setting for x is 

th e surface. 
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( = II 

a. Ootic axis parallel to the direction of irradiation. 

( =1 

b. Optic axis perpendicular to the direction of irradiation. 

Figure 8. Typical fissures produced in SCR samples. Photographs taken in the direction 
of irradiation of SCR sample. 

Damage as a fu nction of the number of irrad iations # ; n(#) 

Th e val ue of # was varied from 1 to 15 fo r the same position of the same sample and this proce­

dure was repea led for a variety of samples an d opt ical configurat ions. It was fou nd that , if damage 

occurred, it was produced by the first irradiation and the subsequent irrad iations neither ex tended 

the damage nor introduced new damage. Repetitive irradi at ion of the same positi on with the same 

optica l con fi gura tion was therefore ineffec tive in propagating damage. Therefore, the opt imum 

va lue of # is uni ty. 
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Damage as a function of crystallograph ic orientation C, n(c); p(c) 

The symbol c will represent a unit vector in the direction of the optic axis of a single crystal o f 

icc. Th ree types of o rienta tions were stud ied by usc of the SCR sam ples - with c parallcl to the 

laser 's beam, with c perpendicu lar 10 the laser's beam, and wi th c neither parallel nor perpendicular 

to the laser's beam . For brevity, these three orientations wit l be indicated as II, 1 and not. 

It was found that p was greater for c = II than for C ::: 1 and that p was zero for c ::: not. The maxi· 

mu m value of n that was observed was 4 for both of the orie lllations for which damage was observed. 

The configuration o f the cracks and fissu res that were produced was d istinctive for a given orienta· 

tion. This result is shown in Figure 8, which shows photographs of fissures observed in SC R sampl es. 

It can be seen tha t for c ::: II, the fi ssure consists of six lateral cracks intersecting (at the poin t where 

the beam entered th e sample) at nearly equal angles (F ig. 8a). For c = 1, the fissure consis ts of four 

la tera l cracks in tersec ting at unequal a ngles (Fig. Bb). In the former orienta tion, the damage usua ll y 

consisted of exact ly six intersecting cracks. In the laller o rientation, the number of in tersec ting 

crac ks var ied bu t was never marc than four and, usually , at least two cracks intersected at 90°. 

Damage as a fun ction of surface structure 

The five types of sam ples could be ordered with respect to the relat ive smoothness of their 

surfac es. Such an ordering wou ld give UAG, CAG, 51, CMS and SCR in the di rection of increasing 

smooth ness and would span the range from a surface like that on a na tural accre tion of icc (UAG ) 

to an opt ically fl at surface (SCR). Su rface smoothness could be expected to influence the optical 

in teract ion wi th the icc because the electric field of the irradiating beam is known to in teract strongly 

at projectio ns on a rough surface, thereby dissipat ing energy and concentrating any damage upon the 

surface .9 

Since the objec tive was to damage icc enough to aid in its removal from the substrate , the questi on 

to be answered was whether a naturally grown surface of icc would be too rough to allow more than 

ineffectual surface damage to be produced. Therefore, p was calculated for each type of sample with 

the res tric tion th at th e position of the rocal point be the interface. In order of increasi ng smooth­

ness, the va lues of p were 25, 12,20,20 and 35%, which implies that it is alma t as easy to produce 

cracks in the bu lk ofa UAG sample as in an SCR sample.' It was concluded that natu rally grown 

surfaces of ice wou ld no t be sufficiently rough to render the optical me thod of in troduci ng damage 

in feasib le. 

Damage as a fun cti on of age A; n(A ) 

As ice accu mulates upon a substrate, it may incorporate internal strains due to air bubbles, 

impuri t ies , and interac t ion with the substrate. As the icc ages, some of these strains cou ld relax 

th rough the action of rhe ordinary processes of the microstructure of the icc . Such phenomena have 

been observed before in ice 2 1 and were observed but no t studied in these experiments. 

In these experiments, A averaged 0.25 day, varied between O. '16 and 1.25 days, and was less than 

0.5 day for the most re liable data. Since both the Iiterature2 1 and first-hand observations indicated 

that a time period of more than 0.5 day is needed to observe aging effects, it was thought that the 

available data did not warrant any conclusions as to the possible effects of aging . 

• These vl lues o f p indica te th at CAG sa m ples are abo ut three limes mo re difficu lt 10 damage Ihln the o the r fo ur 
ty pes o f snmples. This a pparent d ifference nl:lY be due to the no nuniform distr ibut ion o f bubb les in CAG sa m· 
pi es as co m pared to o ther ty pes or to the fac t t ll a l the nexible mold in which CAG samples we re grown se rve d to 
relax in tern al strains d urin g the freezing procJ;':ss. However, the data are insufficien t to de termin e whe lh er th is 
apparelll d ifference is real or a statistica l artifac t. For UAG, CAG, SI . e MS and SCH samples. the respective 
va lues o f p we re com pu ted fro m the following populations of samples: 806 UAG samples, 17 CAG samples. 20 
5 1 sa m ples. 5 eMS sa mp les, and 73 SC lt samples, 
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Damage as a function of wavelength A; ptA) 

Insufficient data were taken to allow the effects of wavelength to be rigorously separated fro m 
the effects of o ther parameters. However, p for each of the two wavelengths can be compared with 

p for all irradiations. The resul t is 

o 
ptA = 6943 A) = 28%; ptA = 1.06 micrometers) = 20%; p (a ll ) = 22% (6) 

which implies that no significan t difference in the probability of producing cracks was observed . 
However, such a conclu sion is premature until add it ional experiments are perfo rmed both because 
of the possible masking in flu ences of o ther parameters and because it is well -known that ice 

exhibits stronger absorption of light at 1.06 micrometers than at 6943 A, 'O 

Sys tematic study of damage as a function of W, t, m and 5; n( W, t, m, 5) 

Experience gleaned from the ex periments described above led to the narrowing of the lis t of 
parameters to be studied in detail to energy 'density W, thickness t, mode of operation of the laser 
m, type of substrate 5, age, and foca l length of the converging lens. This list was further shortened 
by the deletion of age and focal length , which it was decided shoul d be stud ied in fu ture experiments. 
In performing work to study n(W, t, m, 5), it was decided to usc only UAG sa mples, se t x = interface, 
# = 1, A = 0.25 ± 0.05 day, and i\ = 1.06 micrometers; and to perform at least three runs for each 

setting of W, t, rn and 5 . This was done and the resu lts are given in Table II. 

Th e descri ption of the laser in the discussion of ex perimental procedure ma kes it clear tha t m 
and W arc not strict ly independent var iabl es. In general, the lowest va lue of W obta inable for m = N 

(normal mode) is larger than the highest va lu e of W ob tainable for In = Q (Q-switched mode) . Also, 
di ffi cu lt ies in controlling the value of W for a specific setting of m made it impossible to secure 
enough data to separate variables rigorously. With these reserva tions, the data in Table II appear to 
suggest the following conclusions: 

1. The energy density at which ice first shows visible damage is fro m 4 to 8 times greater for m = 

N than for m ::; Q and th is is true for all the thicknesses and substrates observed. 

2. Th e energy density at which icc first shows visible damage increases with increasi ng thickness 

for all substrates and bo th modes of operation of the laser. 

3. Th ere is no co nclu sive evid ence that th e energy density at which damage is firs t observed 
depends upon substrate but the data suggest that any such dependence will be different for the two 
modes of operation of the laser and may also be strongly dependent upon thickn ess (of th e ice) for 

some substrates. 

4. For all substrates except concrete, the increase in damage for an increase in energy densi ty 
at a given th ickness is larges t for m = Q. For concrete, the reverse is true. The change in damage 
du e to a change in energy density tends to increase as the substrate is cha nged from stone to can· 
crete to brass to aluminum for m = Q. The behavior for steel and asphal t is too dependent upon 
thickness to display any consis tent ranking of these substrates relative to the others. For m = N, 
the increase is for a change of substrate fr om alumi num to stone to steel to concrete with brass and 
asphalt behaving essentially like alu minum . Th is indicates again that any dependence of the rcla· 

tionship between damage and energy density upon su bstrate may be different for different modes 

of operation and thicknesses. 

5. For both modes of operation of the laser and all substra tes and energy densities, the degree 
of damage eith er decreases or remains the same as the thickness is increased; the amount of change 
in damage with a change in thickness is greater for m = N than for m = Q. 
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Table II. Experimental results from the st udy of n(W, t, m, s). 

Conditions: x = interface, # = 1, A = 0.25 ± 0.05 day, A = 1.06 
micrometers. UAG samples. The focal length of the condensing 

lens was 10 em. 

m =N-mode 

W W 
n (}fern') s n (jfem ') s 

I=O.5em 1= 1.0 em (coni 'd) 

0 37.2 Stone 3 49 .0 Asphalt 
0 57.3 3 82.75 
4 78.6 

1= 1.5em 
4 104.4 
4 149.0 0 17.2 Stone 
0 44.6 Steel 0 46 .15 
3 49.0 3 74.5 
3 91.7 0 48.7 Steel 
3 143.2 2 51.6 
0 43.0 Concrete 2 57.3 
0 50.0 2 98.7 
4 51.6 2 100.3 
4 94.5 3 145.8 
4 150.9 3 151.8 
4 156.3 0 36.0 Concrete 
3 44.6 Brass 3 39.8 
3 90.1 3 74.5 
3 140.7 3 94.5 
0 43.0 Aluminum 3 126.0 
0 106.7 3 139.1 
3 136.2 0 40.1 Brass 

3 45.8 Aspha lt 0 60.5 
3 47.1 35.9 
4 51.6 2 95.8 

2 153.4 
1= 1.0em 0 33.4 Aluminum 
1 40.1 Slone 0 175.1 
3 93.3 0 38.8 Asphalt 
3 137.5 0 43.9 
3 151.8 3 77.7 
0 43.6 Steel 3 129.9 
3 47.1 

1=2.0cm 
3 88.8 
3 94.5 3 49 .3 Stone 
3 46 .15 Concrete 0 44.6 Steel 
3 146.1 3 57.3 
4 154.7 0 43.0 Concrete 
0 41.4 Brass 0 91.7 
0 85.9 3 141.6 
1 89.1 0 46.8 Brass 
0 43.0 Aluminum 0 157. 5 

146.4 0 43.0 Alumin um 
0 43.0 Asphal t 0 154.7 
0 45.8 0 43.0 Asphalt 

0 149.6 
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Table II (cont'd). 

m = Q-mode 

W IV 
11 (}IC/n' ) 5 11 (}Ieml) 5 

t = 0.5 em t = 1.0em (eoll t'd) 

4 12.4 Slone 0 10.0 Asphall 
4 15.9 3 12.9 
4 16.9 3 15.0 
4 22.0 t = I.Sem 
3 11 .8 Sleel 
3 12.4 0 5.4 SlOne 
4 14.3 0 23.55 
4 18.8 0 6.0 Slee l 
4 22.9 0 13.05 
3 6.0 Concrete 3 13.7 
4 12.4 3 24.8 
4 23 .9 3 8.6 Concre te 
3 8.4 Brass 3 17.8 
3 12.4 3 18.1 
4 12.7 0 2.5 Brass 
4 17.5 0 18.5 
4 24.5 3 23.2 
3 7.95 Aluminum 3 25.1 
3 9.2 0 4.1 Aluminu m 

4 12.4 0 6.4 
4 21.5 2 7.95 
0 1.3 Asphalt 3 19.1 
3 11.8 0 1 2.1 Asph alt 
4 13.05 0 12.7 

t = 1.0em 3 12.9 
3 23.1 

3 8.6 Stone 
3 10.5 t=2.0em 

3 12.4 0 7.95 Stone 
3 24.2 0 24.8 
0 3.2 Steel 0 6.4 Sleel 
0 9.9 0 12.9 
2 12.4 3 l3.0 
3 12.7 3 l3.4 
3 18.S 3 17.8 
3 22.6 3 27.05 
0 8.6 Concrete 0 6.0 Concrete 
3 12.7 0 14.6 
3 18.1 3 7.0 Brass 
3 25.8 3 8.6 
0 1l.l Brass 3 13.05 
3 13.05 3 15.6 
0 10.2 Aluminum 0 6.7 Aluminum 
3 12.4 0 12.7 
3 12.7 3 13.4 
3 16.9 0 7.0 Asphalt 
3 23.2 0 22.9 
3 25.8 3 26.1 
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nA (W,t,m,s);4(73.a5 j jcm', a.5cm, Q, asphalt) 

n 8 (W,t,m,s);4(51.6jlcm', a.5cm, N, asphalt) 

nc(W,t,m,s); 3(8.4 j lcm', 0.5 cm, Q, brass) 

Figure 9. Photographs representative of damage to VA G sam· 
pies. The damage is described numerically in Table II. In a·f 
the direction of the optical beam that created the damage was 
perpendicular to the plane of the photograph. In g the direc· 
tion of the optical beam is given by the arrowhead insert. All 

other inserts show point of impact of optical beam. 
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c. 

n D (W,I,m,5) ; 4{78.8 / /em 2, 0.5 em, Q,5leel) 

d. 

ndW,I,m,s); 3{72.4/lem 2, 1.0 em, Q, aluminum) 

Figure 9 (conI 'd). 
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3 eM 

ndW,t,m,s) = 4{754.7 J/cm' , 1.0 em, N, concrete) 

/ () , 1 eM 

nG(W,t,m,s) = 2{7aa.3 J (em' , 7,5 em, N, steel) 

Figure 9 (cont'd). Photographs representative of damage to 
VA G samples, The damage is described numerically ill Table 
I!, In a-f the direction of the optical beam that created the 
damage was pelpendicular to the plane of the photograph. In 

g the direction of the optical beam ;5 given by the arrowhead 

insert. All o ther inserts show point of impact of optical beam. 
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g. 

nH(W,t,m,sj = 3(74.5 j jem2, 1. 5 em, N, concrete) 

Figure 9 (eon t'd). 

Although the data in Table II do not displ ay any consistent differences between the behavior of 
icc grown on nonmetallic substra tes and that grown upon metallic substrates, the appearance of the 
damage may be correlated with the metallic or nonmetallic character of the substrate. This is shown 
in Figure 9, whi ch is a series of photographs representa tive of the data recorded in Table II. Figures 
9a and e may be compared to Figures 9b·d. The fo rmer show damage in icc grown on nonmetallic 

substrates and the latter damage in icc grown on meta ll ic substrates. It can be scen that the cracks 
and fissures are morc irregular in st ructure fo r the non metallic substrates. 

In Figure 9, all of the photographs except Figure 9g were taken with the camera ai med in the 
direction of th e laser 's beam . Figure 9g was taken with the camera aimed perpendi cular to the laser's 
beam . Compare Figure 9g with Figure ge; th e curved, irregu lar outlines of th e fissure in Figure ge 
correspond to the traces in th e top surface of a crack similar to thar shown in Figure 9g. Note, in 
the crack in Figure 9g, the curved surfaces radiate from the focal spo t at th e interface so that the 
crack resembl es a bowl si tting upon the interface. This type of structu re was ty pical of cracks that 
were observed in nonmetallic substrates and was very seldom observed in metallic substrates. Cracks 
in ice grown on metallic substrates usua ll y were flat su rfaces perpendicular to the surfaces of the 
specimen and parall el to th e laser's beam. 

Figures 9f and g displ ay what may be th e stages of damage. Th at is, it may be that fissures are 
generated by the in it ial creation of a pit on the interface at the foca l poi nt. (Figure 9f shows such 

a pit. ) Then, if conditions are favorable, the interac tion of the initial damage with the rest of the 
ice may generate a smal l crac k such as that shown in Figure 9g. This crack may develop further into 
a large crack or fissure that is visible at the top surface of the ice or which shatters th e icc. 
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ANALYSIS 

In this section, an attempt will be made to compare some of the implications of the observations 

reviewed in the precedi ng section with what is known abou t the physical properties of ice and the 

current speculations as to the mechanisms by which optical beams induce damage in transparent 

materi als. 

Fracture in ice 

When a stress is applied to a crystalline sol id, the solid may deform by the motion of characteristic 
systems of dislocations or "slip-systems." If the stress is sufficientl y high, appl ied too rapidl y, 
direc ted in a direction in which plastic deformation is difficult, or otherwise applied in such a manner 
that it cannot act ivate the available systems of disloca tions, the solid may fail by fracture. 

Ice a5 ordinarily encountered is characteri zed by a hexagonal unit cell con taining four molecules. 

The oxygen atoms are arranged in the Wurzite structure but the hydrogen atoms are not in an 
ordered configuration . IS This type of ice has two independent sl ip-systems. The first slip-system is 

slip on (0001 )-planes by disloca tions with Burger's vector (0 /3)<1120>. The second is slip on (1010)­

or (1011 )-planes by disloca tions with Burger's vector (0 /3)<1120>." 27 In general, the first sl ip 

system is more easily activated than the second . 

Experimental work has shown that when a compressive stress is applied to a polycrystalline sam­
ple of icc, any cracks that form lie in planes parallel to the direction of the stress and involve only 

one or two grains. A majority of such cracks arc parall el or perpendicular to (0001 ). If the crack 

involved only onc grain, the crack's edge was usuall y located at the boundary of the grain. If the 
crack involved more than one grain, the crack 's edge changed direction at the boundary between the 

grains so that it remained either parallel or perpendicular to 100011 or else curved into the (0001)­

plane and terminated. When a thermal shock was applied instead of the com pressive stress, a pattern 

of cracks characteristic of relat ive grain orientation was observed - a triangular array of cracks paral­
lel to (1010) where [0001 J was perpendicular to the surface, a rec tangular array of cracks parallel to 

(1010) or (1011) where [00011 was paral lel to the surface, and, for other or ientatio ns, an irregularly 

curved pattern of cracks. These observations are interpreted to imply that when stress is applied in 

an essentiall y two-d imensional manner, ice has onl y one independent slip-system available to re­
spond, so many of the grains of a polycrystal can not maintain constant volume while deforming 
under the influence of the stress. Internal stresses are concentrated at grain bou ndaries. If the 

grains are oriented in such a manner that the deformation of a grain interferes with the deformation 
of the adjacent grains, any concentration of stresses at the grain boundary will be relieved by the 

formation of cracks instead of deformation . At a temperature of _20°C, ice is observed to fracture 

a t tensile stresses of the order of 106 newtons/m'2 . 27 

Mechanisms for opticall y generated damage in transparent dielectrics 

The mechanisms that have been proposed to explain the production of damage (i n transparent 

materials) by in tense optical beams arc 1 ) absorption of light a t defects in the material, 2) stimulated 

Brillouin scattering, 3) mu lti photon absorption, 4) intraband absorption, 5) generation of high tem­

peratures due to the creation of microplasmas, and 6) superposi ti on of stress waves.13 The experi­

mental work seems to ind icate that no one of these mechanisms explains all the damage that is 

observed. Combinations of these mechanisms assisted by self-focusing of the optical beam may be 

the true explanation. It also scems li kely that differcnt mechanisms are operative in different mate· 

rials. 

Ice is known to exh ibit Bjerrum defects (de fects in the orientation of the hydrogen atoms such 

that the Bernal-Fowler rules are violated), ionic defects, and di slocations.8 Since there are four 
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molecules per unit ce ll , it has at least 12 branches in its acoustic dispers ion. The disorder of the 

hydrogen atoms cou ld affec t the interaction of the lattice with an optical beam and the hydrogen 

atoms themselves could interact with an optical beam. It is therefore possible that any o r a ll o f the 

mechani sms that were li sted above could be effective in creating optical damage in icc. 

Self-focusing of th e optical beam by th e material can be important in concentra ting the intensity 

of the optica l beam such tha t stresses high enough to produce damage are generated in a localized 

area . This phenomenon depends upon a change in refract ive index produced by the electric fie ld o f 

the optical beam (Poc kels and /or Kerr effects) and the distributio n o f the intensity of the electric 
field in the cross sec tion of the optical beam. (Usually, this distri bution is Gauss ian for lase rs.) Very 

little work on the effec ts of intense elec tr ic fields on ice has been done and it is no t clear whether 

ice exhi bits se lf-focus ing to any sign ifica nt degree. In discussing non linear op tical interac tions, it is 

customary to define a set of elec trooptic coefficients by ex panding the energy stored in a unit 

vo lume of a die lectric in powers of the applied elec tric fie ld. The linear term of this power ser ies 

has a third ran k tensor as coeffic ient, th e quad ratic term has a fourth rank tensor as coefficient, and 

so forth. The linear term describes wha t is known as the Pockels effect and th e quadratic term 

describes the Kerr effec t . [6 The form that these two tensors assume depends upon the crystalline 

structure of the material they charac ter ize. Ice belongs to one of the 11 crystal c lasses that possess 

a center of inversion 15 and therefore can no t exh ibit a Pockets effect as the re levant thi rd rank tenso r 

must vanish . However, the fo urth rank tensor that describes the Kerr e ffect must have the five inde­

penden t components Tllll , T1122 , TIIJ J , TJJJJ and T2J 2J .1 6 This implies that at leas t some se lf­

focusi ng shou ld occur for a sufficiently in tense optical beam traveling through icc. It also implies 

that such an effect shou ld be dependent upon the orientat ion of the crys tal re lative to th e di rec ti on 

of the optical beam. 

For stimu lated Brillouin scattering to be the sale mechanism for the damage in ice, pressures of 

the order of the threshold for tensile fractures (10' newtons/m' = 107 dynes/em' ) or greater" 
would have to be generated by the electrostr iction produced by the sca ttering. Under the ex peri­

menta l cond itions in this work, the electri c field a t the foca l poin t (assuming x =: interface) in the 

ice would be approxi mate ly 1 .7x ·1 OJ statvolts/cm for an opt ical pulse delivering a power density of 

4 .4 5x lOiS erg/cm 2 sec . An estimate of th e rela tionship between the stiffness C, the electrostriction 

G, the electric field E, and the pressure P, ge nerated by G is (for CGS units)" 

p. = CE'G. (7) 

This implies tha t, fo r the condit ions of th ese ex periments, G wou ld have to be o f th e order of 

3x 1 0-" cm 2 /statvolt2 if C is taken as 1.2x 1 al l dynes/cm2 . 11 This va lue for G is two o rders of 

magnitude higher than tha t for glass 2J so it is doubtful that stimulated Br il lou in scatter ing alone 

cou ld account for the observed damage. However, if self-focusing effec ts are significan t in ice, it 

would be possible for th e elec tric field to be enhanced so that it would be much greater than that 

assumed in the calculation above. 

Until more is known about th e relevant properties of ice, such as the size of the dynamic fractu re 

stress o r the electrostric tion, it is no t possi bl e to di stinguish qu antita ti ve ly between the poss ible 

mechanisms for damage. 

Discussion of the results 

Th e results for damage as a fu nct ion of position of the focal po int may be compared wi th results 

in the literature for polymethyl methacry late an d glass." These resulls showed that the size of the 
damaged area increased as the foca l point was moved toward the rear of the sampl e, reached a li mit­

ing value in the bulk, maintained this value unt il the rea r sur face was reached, and decreased as the 
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focal point passed out of the sample. The samples were a ll free-standing. that is, not attached to a 

substrate as for the sam ples in the experiments reported here. The fac t that for free-standing samples 
damage did not increase at the rear surface, whi le for sam pl es that included substrates the damage 

increased with distance into the sam ple an d reached a maxi mum at the interface ind icates first that 
th e confinement of the beam in the bulk increases damage and second that the process of re fl ec ti on 

and absorp tion of the beam by the substrate ac ts to further increase the damage. Thus, ice adhering 

to a substrate is more easily damaged than free-standing ice. 

Since the 51 sam ples were not transparent, the structure of the bulk ac ted to scatter the beam an d 

diss ipate rather than concentrate the optical energy unless the beam was focused at the front surface. 

The fact that the optimum va lue of # was found to be unity agrees with results reported for 

alka li halides22 but cumu lat ive effec ts have been observed fo r polymethyl methacrylate. 23 

The results observed for SC R sam pl es correspond with the crystallograph y of ice and the fac t 

th at differing patterns of cracks were observed for different orientations of the optic axis agrees with 

the data for the fracture of ice that were discussed above. The fac t tha t despite some dissipat ion and 

scattering of the beam by rough surfaces and air bubbles, UAG samples were almost as easily damaged 
as SCR samples indicates that the damage in the UAG samples may be in terpreted in terms of stress 

concentrations at boundaries between grains in incom patible or ientations as explained in the dis­

cussion of fracture. 

In general, results repor ted in the literature for other transparent materials agree with the result 
that operation of the laser in the normal mode is less effective in producing damage at a given energy 

density.519 The essent ial difference between operation in the two modes is the power delivered by 

the resulting pulse . Therefore, an increase in power density is more effective in increasi ng damage 

than increasing the energy densi ty without increasing the power density. This suggests that the more 
powerful pul se generated for m = Q, even though it is lower in total energy, applies a stress to the 
sample too rapid ly for the normal mechanisms of stress relief to o perate an d therefore induces local 

failure of the material by fracture . 

The decrease in damage as the thickness of the ice is increased (observed for UAG samples) can 

be understood in terms of the increase in scattering centers such as air bubbles that must occur as a 

UAG sample becomes thicker. These scattering centers effectively decrease the transparency of the 
sample and partially defocus the beam so that the actual energy densi ty delivered to the interface is 

less than tha t calcu lated from eq 1. 

The substrate can affect the degree of damage in several ways. The smooth ness of the substrate's 

surface can affect the nucleation of the ice in the early stages of growth. The strength of the adhe· 
sion between substrate and icc is a func tio n of the state of the substrate's surface, the surface ener­

gies of icc and the substra te, the temperature during growth of the ice. and a variety of other param­

eters? 14 The therma l coefficient of expansion 8 is different for ice and the substrate and so it is 

possible for the resulting diffe rent ial rates of contraction during freezing to produce stra ins in the 

ice that would act as concentrators of internal st ress and preferential sites for damage when irradi­

ated. If!>B is defined for a given sample as 

!>B ; B(substrate) - B(ice) (8) 

damage due to this effect wou ld be largest for the sample with the largest value of !>B. If the sub­

strate was a single crystal, then th e periodic potential o f its lattice at the interface could produce 

epi tax ial effec ts in the ice.24 Already mentioned is the fact that the subs tra te can hea t the ice at 

the interface by absorbing the beam or else further concentrate the beam in th e ice by reflect ing the 
beam back upon itself. Therefore, the optical properties of the substrate could playa role in the 

interaction that produces the damage to the sample. 

22 



Table III . Thermal coefficient of expansion 8 

for ice and various substrates. 

B 
Material tc- ') Source 

Aluminum 6061 ·T6 23.6 x 10-6 Aeronautical Vest Pocket Handbook, 

Steel A1S1101E·1020 11.7 x 10- 6 Pratt and Whitney Aircraft, United Air· 

Brass (free machini ng) 20.3 x 10- 6 . craft Corporation, 9 th ed. , 1959. 

Stone (granite) 7.2 x l0- 6 Standard Handbook for Mechanical 

Stone (san dstone) 9.9x 10- 6 Engineers, Baumeister and Marks, 

Concrete 14 x 1 0- 6 7th cd., McGraw.H ill, 1967. 

Ice 50.9 x 10-6 

For the samples that were studied in this work, it is cl ear that the substrate's interaction with the 

beam does have some effec t. The d ifferent results for the structure of the cracks formed in ice that 

was grown upon meta ll ic as opposed to nonmetalli c substra tes can be ex plained by the differences 

in smoothness and optical properties of these two categories of substrate. That is, all of the non­

metallic substrates had rough surfaces com pared to the metallic substrates and the latte r were better 

reflectors of optical rad iation. It is not d ear whether any effect due to the di ffe rences in 68 was 

observed. Table III gives approx ima te va lu es of 8 fo r ice and five of the substrates that were used. 

The data for which th e effec ts of the su bs trate cou ld be stud ied indicate that a larger va lue of 68 

is not necessar il y associated with more damage. It is possible that effec ts such as refl ec tion and 

absorpt ion of the beam mask the effect of differential rates of contraction. However, probably no 

additional internal stresses were generated in the UAG samples. This is because the va lu es of 6.8 

for the UAG samples cou ld be expec ted to generate stresses in excess of 10 6 newtons/m2 and there­

fore lead to fracture o f the sample's ice during freezi ng. Large cracks and fissures in the ice of UAG 

samples were observed befo re ir rad iation a nd areas of the sample that were not marred by these 

aberrations were chosen for irradiation. Therefore, th e stresses generated by differential rates of 

contraction were probabl y relieved by fracture before the sample was irradiated, leavi ng the port ion 

of the sample tha t was irradiated free of this type of internal stress. 

Comparison of the structures of large and small damage suggests that the damage may begin as a 

pit at the in terface created by the product ion of a high tem pera ture at the focal poin t and consequent 

vaporization of a portion of the icc. As the expand ing vapor wou ld then be confined in the bu l k of 

the sample, it cou ld generate add itional stress an d pro pagate th e damage in the most favorable crys­

ta ll ographic direc tions leading to the formation of large damage about the or igina l pi t. 

SUMMARY AND CONCLUS IONS 

Th e results indicate th at it is feasib le to fracture accumu la tions of ice on a surface by irrad iation 

with a single optica l pul se of energy 1 to 5 joules at a wavel ength of 1.06 micrometers if the pu lse 

is focused to a poin t of diameter less than 0.2 cm at the interface be t ween the ice and the substrate. 

This Cdn be accompl ished with lasers of commerci al des ign and inexpensive glass lenses. 

Th e meth od is limited by the thi c kness of the ice; the thic kness should be less than 2 cm for a 
laser operated in the Q-switched mode and less than 1.5 em for operat ion in the normal mode. The 
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Q-switched mode of operation is more efficient in producing fracture . The type of substrate is not 

significant in the production of fracture but may be important in facili tating fina l removal of the 

ice from the subst rate after frac ture as a rougher surface may make it more difficult to remove the 

ice by fracture of successive segments. The size of the fractu re that can be obtai ned with a single 

pul se is of the order of a few centimeters in cross section for ice of the order of 1 cm thick. Care­

ful focusing of the pulse is the most critical clement in the procedure. Allowances must be made 

for the wavelength of the light and the refractive index of ice in adjustment of the position of the 

focusing lens. 

Data for opticall y induced damage to transparent materials other than ice indicate that th e degree 

of damage may depend upon the focal length of the lens" and this shoul d be investigated along with 

any possible dependence upon wavelength of the light an d the age of the icc . 
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