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SECTION 1

INTRODUCTION AND BACKGROUND

This report  describes work performed on a cont inu ing  program of’ i n v 4 ’ s t i ~~:I-

tiu ns of ’ the interact ion of hig h powe r pulsed CO9 laser radi ation with ta rget
ma te r i a l s,  This program has as its goal to develop an unders tand ing  of the

coupling of laser energy into m at e r i a l s  An accura te  d e s c r i p t i o n  of the

ph ys ics  of this i n t e r ac t i on  is necessary to ( — v a lua t e  a p p l i c a t i o n s  ot h igh

power CO9 lasers , In th is  work we have deVeh)ped quant i tative data on th e
inte raction of the hi gh powe r laser beam in a r eg ime  of laser pa ramete r s
which previously had not been wel l  explored , Using the q u a n t i t a t i v e  nu-a -
sur ( ’ments  as a base , we have provided ph ysical  model ing  of the i n t e r a c ti on

processes.

For our  work we use a pulsed CO , TEA laser operating at a wavelength of
10 . h ~-trn , The laser emi ts pulses wi th  peak po we r up to 10 megawat ts . which
can lead to a powe r dens i ty  at the target  of up to 10~ w/ c r ,~~ in the  1’oc~t l spot .
The pulse shape can he var ied  by chang ing  the gas m i x . Wh en the gas t i i i x
is dt .- f i c i e n t  in n i t rogen  - the o u t p u t  is a s i ng l e  sp ike  of hal f width  100 nano-
seconds . When n i t r o g e n  is added to the  gas rni~~, a longer l o w e r — p o w e r tai l

of dura t ion  several microseconds is present , in addition to the i n i t i a l  short
spike - The initial spi kt ‘ is unchang I ‘(1 i i i  ; i i n p l i h i de  and du r a t i o n  wh ~‘n n i t  r I I —

~ ri is added , Throug h out  this report we shall characterize m e u s u r e n ie n t s
as being taken with °nitrogen otf” or ‘ n itx ’ I l g c -n  on ” to describe these two
d i f f e r e n t  pulse shapes.

Work carried out in ear l ier  portions of this program has been desc r ibed  in

pre~~ r >u s reports - 
- 2 , ~~ To make  the  p resen t  r’e port r asonab ly  S ‘ i f —

con t a in e d  and to show the r e l a t i o n s h ip  0f the cur r ent iv reported WI t r k  to
pr’( ’vi oUs work , we shall  b r i e f ly  descr ibe  this background of previous exper i —

menta l  inves t iga t ions  Spec i f i c  m e a s u r e m e n t  tasks  have inc lud e d :

—a

-
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• Measuring the impulse delivered to target mater ia l s  by th e
focussed laser pulse. This part  of the work used a l i n e a r
velocity transducer to measure the motion of the Oflt ii ’( ’
target when it was struck by the laser. Measure ments were
obtained as a funct ion  of target mater ial , ambient  air  pre s-
sure , target diameter and laser power density . The im-
pulse decreases with decreasing air pressure down to about
10 torr . For pressures below 10 torr , a smal l  residua l
component of impulse is still present because of target  P1’-
coil fro m vaporized m aterial . This value is approximatel y
0. 4 dyne-second. At one atmosphere pressure , the quant i -
tative value of the impulse is approximately 5- 10 dyne-
second , The results are interpreted successfull y by a
model in whi ch  the k i n d l i n g  of the laser-supported absorp-
tion wave above the surface is re spons ib b— for t in e observed
impulse. Complete results of this task have been reported

(2 )  
‘ (4 )in a previous report and in a pub l i she d pape r

• M easur ing  the re f l ec t iv i ty  of ’ the target sur face  as a f u n ct i o n
of t ime during  i r r ad i a t i on . These measurements  can be use-
t’ul  in d e t e r m i ni n g  coupl ing 1)1’ the laser energy to the ta rget
The specular r e f le c t i v i t y  is prnl)ed by a beam f r o m a corn-
tiniious laser . The trmpura l  va r i a t ion  of l ight  specular l y
reflected from the area s t ruck  by the TEA laser pulse yields
the t ime—reso l ved  specu la r  re f lec t iv i ty . For the probing
laser we used both a low powe r h e l ium-neon  laser and also
a continuous CO2 laser with wavelength controlled by an
internal  grat ing.  This probing laser was tuned to a wave-
length of 9 . 6 p.m , so tha t  f i lter ing could be used to distin-
guish between probe l ight  and l igh t  scattered out of the TI -~ \
laser beam . The temporal  va r i a t i on  of the specular  rcfh ’c-
tivi ty was measured as a funct ion ot ambient  air  pressure , 

a
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TEA laser power densi ty . pulse shape and accumula ted  num-
ber of pulses on the same area , \ l e a s u r em e n t s  as a func t ion
of ambien t  air  pressure ind ica te  tha t  the change due to a s i ng le

laser shot is sma l l e r  at h igher  va lues  of ’ the ambient  air ’  pre s-
sure , i n d i c a t i n g  the e f f e c t  of t i re  l a se r—suppor ted  absorption
wave in sh ie ld ing  the tar -get  sur face .  Resul ts  at the two d i f f e r-
ent probing laser wavelengths have been usefu l  in d i s t inguish-
ing the mechan i sms  by whi cii the sur face  r e f l e c t i v i t y  is changed
Quanti tative desc r ip t ions  ot these  resul ts  h ave been g iv l  fl in
p rev ious  reports L 3 )  and io a publ i shed  paper .

• i\ lea su i ’ t t i ~ the  iou cut  I ’ L \  sp ect  r u m  in [lie h i o w u f t ate n i t ]  ~ nih

a t i u f l e — o t — f l i L d i t  m a ss  ~ pI .~~~i t ’ ) m n e t c r ’ . l’ i ’ & ’~ io ii~ i’e f ) ’ ) i ’ t ~- I ia ~ e

(lesi’  r ibed t h i s  sp eet I ’  I I I  ~‘i e I’  ari d 1U i’ u u i i q  ue method data me —
- ( 1 2 )  -d u c t i o n i  . e 1ia~ e u s  I p r e s e nt e d  U at a  f o r  the  t i f i i  e— ‘ es l iVed

s p e c t r u m  10115 (.‘ n U t F e U  f i ’ u n i a u n i m u b e r -d ’ d i f t e r e u i t  t y p e s  I t

t a i ’~~ets , l f l  ‘l ’ l u ’s t ’  i’ I’~~ iI1t5 t i e  ii  p i l l - t a u t  ho ’  u n d e r s t a u i d i n ~ t h e

cou p l i i i r  & t  l a ser  ( ‘ t I e 1 ’ ~j \  i l i h I  t i i t ’  h l I i \ \ , i l  ~ a~ ei’ ia l. \ \ I ’  I l ) t , L I l f t ’ ( )

h a ’  t h a !  e l i & ’ i ’i.1\ ; I i t e t i t  I t  t h e  LI]~~a it m i - a i i . ’ m’ ia l  as bCi f lL ~ - i  l e \ v

p e r ’e l .’ r l t  F1IC L i t .  1(1( 01 las ’ n ’  c u i e  cv ,

• \ I I’ as l I r ’i ng  t in e  j ’ i ’s~~u r ’ e p u lse  coup led 111th the t a r g e t . lii

t h i s  I ’ f t o r t  we measured  the  dyn a m i c  r e sponse  (Ii the ta rget

sin r lace ;  th i s  vie I deil the de ta i l s  of the tempo ral dove Iopm ent
of the pressure  pulse . Th is  is done t h rough  in ter !  e ron ie t r i c
m easu rements  of ’ the mot i on  of the back su r face  ot t h e  ta rg ( ’t

u s ing  a h e l i  nuf l l  —neon  i r i ser ’  r ind a d i s p l a c e m e n t  in t ( ’r t e r ( I m e t ( ’r .
in which  the back su r face  of the target  forms one of the in te r—

fe rome te r  mi r ro r s . At  the end of the last  report per iod we
had measured  t h e  response of ’ s t a in l e s s  steel target s . obtain-

ing Peak p r e s s u re s  ~,f the order  of 100 bars  ~~ r laser  powe r
dens i t i e s  around 3 x b R w / c n n 2 , ~~
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In t h i s  report .  we w i l l  d iscuss  measurements  wh i chi  have extended ari d b u i l t
upon these previous resul t s .  \ l u c h  of th is  cu r ren t  work has been devoted t (I
measur ing  pressure pulses under  a variety of condi t ions .  Thus , we w i l l
describ e me a s u r i n g  the magni tude  I f  the p r e s s u r e  pu l s e  as a f u n c t i on  of a
nu m b e r  of the va r i ab l e  p a r a met e rs of i r r a d i a t i o n , and com pare the r e su l t s
to a model of the physical  processe,~ which was descr ibed in a previous
report~~~ and which has been ex t end ed  to inc lude  the Var i a t ion  of ambien t
air  pressure . These m e a s u r e m ents arc d e s c ri b ed  in  d eta i l  in seCt ion 11.

In add i t ion  we hi r iv e  p er f o r med  I l lu a su  rI t l i e nt s  ti ch a ra ct ex ’ i  ze t h e  su r ’face of
the targets  ~vhi i cli are i r r a d i a t e d . These ( ‘ \~~~ ( r i au nts  , which  involve both
;\ t iger spectros copy and s ca t te ri  I I L ~ I ’ l l ’  5 1 1 1 1 ’ i r i t s  . i’ e h ‘sen bed in ~‘( C t i ( 1 fl

‘II ,

Sc cth n IV pr esents  acidi t i  m a !  : , r ri I ‘s ’ .~ ‘V I lii  r e s u l t s  ob t a in e d  l r() in the t ime  —

( l i — f l i g h t s pec t rome te r’ , in  ur ’d~ ’ r ’ I I l I t r i l I l  1~~L \‘~~~‘ j t  ion  I I I ’ the  al l ’I O U f l t  of

energt coup led into the b b o v t t  n a t  r - i a l  wi l r i s e r -  p I ’ ’v f r density

In ~eCt io fl  \ , WI ’ di sc t t s s  p l a n n ed  ~t 1 1 5 m m  mm t h i  . r i  ‘f ’l e c t i v i  tv work  to invo lve
m e a s u u r ’ i n ie nt  of t i m m u ’ - r e s ( I l v c l h  d t f t i ~.~~- r 1 m ’ t i v i l v  h r ’  ii 1 ; s m ’ m ’ -j r r a d iat e d
s t i i ’ t a t c~~. W I ’  s h a l l  a l so  1 h r 5 e m 1 s ~ f ! ~~~ ‘ h m u m s l r L m h l m l i i  I f  ‘ ‘q u I i J ) n l t ’ n l  f o r  these
r i leas t  r em en t s

4

I-. ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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SECTION II

MEA S tJ RE \ IEN T  OF P R E S SU R E  P U I . Si ’~S

A majo ’ por t ion of ’ the c u r r e n t  (‘ff0 r’t has h) eefl devoted to rnC ’aSu i ’ ing  the
p r e s s u r e  pu lses  delivered to var ious  targets  t inder vary ing  conrl i  t i on s  of

laser i r r a d i a t i o n . This  work has involved me asuri ng the p ressure  as a

func t ion  ut ’ a m b i e n t  a i r  p r e s su re , l a se r  powe r dens i ty , I r i s e r ’  pu l se  shape .
and in terpu l se  t i m e  to n two Success ive  l a se r  pulses .

The e x p e r i m e n t a l  a r r angemen t  was d e s c r i b e d  p revious lv , b u t  f r i  r purposes

of comp leteness we shal l  repeat  the de s c r i p t i o n  here.  The in t e r f e r om e tn i c

a r rangemen t  is shown in  l ” i gure  I l - I .  The TEA laser  pu l se  is fo c u s s e d  on

the f ron t  su r face  ( If  the t arge t .  The r e s u l t i ng  laser ’ — supported absorption
wave  p roduces  a p r e s s u re  pu l se  w h i ch  pr ’op r igat es  i n t o  t h e  t a r get  as a shock

m ont. W h e n  the shoc k f’ m’ont I’( ’aches  t h e  r ea r  sur’t ace ( I t  the  t a rget , i t  is

reflec ted .  The r ’e ar  s u r f a c e  moves in response to the r e f l e c t i o n  of t h e  shock
front ,  The mot ion  is me asu red  by det e rn i  i ni ng the  veloci  tv of ’ the  f r i n g e s  in

the intc r i m ’  I’L l  mete r , 1( 1 U v,’hi i ch tilt’ i’e a r s u r f a c e  of the ta i’~~ ct  Sm ’ eve s as rifle

o t t h e  r n r rors . The t e a r  su r face  is pol ished to a spe cu la r ’lv  rl ’f l e c t i n ~
f i n i s h .

Tin e h e l i u m - n e o n  laser’ is a Sp e c t r a - P h y s i c s  \I odel 120 laser , which  has an
output  (i f 5 mil l iwat t s  d i s t r i bum ted among several lon~ i tud ina l  modes l I e —

‘ r i I m s m ’  t i l l ’  pa th  d i f f ’e re mn ces in  f i n e  I w o  ‘ i t ’  us of ’ the j n t e r i’I ’ r ’o l l l e te r  can i l l ’

m atched close ly ,  i t  is rio t n m c i ’ S  Sri i v  to employ  a s i n g l e — f  r’t ’q u e r i c y  h e l i u m —

neon laser .  T h e  detector is a t ’ n i t m .’d i)et ector Technology P I N —  31) r ie t ect rl r ,

a p l a n a r  di ft’used si l i  con pho todiode w i t h  a quoted response t ime  of I S nano-
seconds - This s m a l l — a r e a , h i g h — i ’ r equ encv diode ha s  a r ise t ime  l i m i t e d  by

the c a m ’  r’i i t ’  l i f e t i m e  , bc -cause i t  opera tes  as a cur - r e n t  genera tor .  The
d i v e r g i n g  lens . 1 2 ,  is ad jus ted  so th a t  onc f r i n g e  of t h e  i n t e r f e  rence pat tern
t r I l  is ic  f l  1.5 .5 tI n  ‘ d iode ape u ’t ur e  to n m a x l u u  t i e  the . - L ii r I , u l  l e v e l. V~ hi e u i  the t ea - ’
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h ’ i L ~u 1’e [ 1 — 1 .  I m n t e r ’ t ’e m ’ o u i m c ’ t i ’ i r  ..L m’ r ’~. ( r L L ~i l u e i lt  t o t ’  r l1C , u 5 U r ’ i f l t~ i r ’ e e  s u r f a c e
‘l’ he l I , , \  l a se r  h ear t  is i i i e i d t ’n t  V m ’ o n m  t i m i ’  l e f t .

15 t i l l ’  l e m i s  ~‘ l i i u li t ( ) ( ’ U Sl,’S t h e  l a ser ’  IR ’dfl’i OIl t h e  t i t r ’ct’ t
‘1’ , ‘[li e lie I ium — I l l ,’ in  Li. Sc I’ i t e a r u  passes  Ii i  u ’ou ch be..i.n

~ i m l 1 t t i ’ m ’  IL  ‘I ’he t i  1 m’ I l i m ’ I ’ I r ’ s  in t h e  \ I I I ’h e l s o m l  i m i h e m ’ f ’e i ’ r i —
f l i e t e r ’  a m ’e i n d ic a t e d  as t h e  i i i i m ’ m - ~~m ’ .\ l ar u .h t i l e  rca r ’ su i ’ t ace
of t h e  t a l ’ l ~t ’t ‘I . ‘l i m e  I c i r i s  1 ,9 ( iN ( ‘ t ’ c ( ’ s  t I l e  bea m so t h a t

lIm e t m ’ i n g e  t a i l s  on t h e  a p e r t u r e  I l l  t h u  d e t e c t . i .m m - I ) .
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su r face  of the ta rget  moves by one— hal f ’ the w avelength  of the heli U fll — fl( ‘on

laser l ight , one comp lete f ri nge il l  t h e  i n t e r f e r e n c e  pa t t e r n  wil l  rm ve across

the face  of tile detecto r , y i e l d i n g  an amp l i tude  modula te d ou tpu t  s igna l  Th’~
target  surface velocity can be d e t e r m i n e d  f r o m  the speed of the am p l i t u de

m o d u l a t i o n  of ’ the f r i nges as sensed by the de tec tor,  T h e  compo nen t s  are

r l l o u m n t t ’d on m i c r o m e t er ’  d r iven  p ed e s t a l s .  Th is  al lows p rob ing  of ’ t h e  sur-
face mot ion  as a f u n c t i o n  of t r ansve r se  pos i t i on  on the target , and  a ls o

al lows p r e s e n t a t i o n  of f r e s  Il areas f ’or’ beam irracl i a t ion.  The f r equency

r e s p o n s e  of ’  t i le de tec to r is s u f f i c i e n t l y  h i g h  to resolve ti le f ll o t i o f l  o f  t he

f r i  0 g m  s produ cod h the ta r ’ c m ’t n l o t i  ( i n .

Because the i n t m ’ r ’ r m c t i o m ’  . p r o p a g a ti o n ,  and at t e n u a t i o n  of the  pressu  r’e pulse

m e c u r s  in a m i c r o sec o n d  ti t u e  I ramlle . l o w — f r e q u e n c y  m o t i o n  of the  f r i n g e s

prcicluced by f ac to r s  such as b~m i l d i  rig v m b r a t i o n  do no t  i n f l u e n c e  the r e s u l t s

I )u r i n g  th m ‘ CU r i ’t ’nt  r epl)  r t  per ’u Id , t h i t ’  a p p a r atus  wa s  nod I f l e d  to a l low

i r r a d iat i o n  an ti r iie~i s m i r ’ m ’u’i i ’n t  in  v f l C i l I l L t l  I n  t h i s  i i  r m a t  tile t a rge t  is en-

closed in a bell  j a r ’  An  I t -  t r a m  11 w i n d o w  adm i t s  t h e  TE!\ laser’ b eam and a

g lass  w in d o w  a d m i t s  the h e l i u m  — n e o n  b e a m . T ile m n t i  r’ l ’ h e l l  j a r -  can be

m v r t e L m: L t e c i  to a r l l i m m i t l l u rll p r e s s u re  ( I f  ~ O 01 t o r t ’ . H m ’ b ’~ lv , t i n ’  m e a s u r e —

ill - t i t~-’ m a de  U S  a f u  n c tu  10 of ’ R o h l m i e n t  ai 1’ P 11 ‘Ssu r i ’  sho v ~n gi lt ’ rn , t h a t

t in ’  p t a  ‘sSut ’ l ‘ dm ’c r e a s  cs wi th l  dec re ; .I S I n g fl i  r pr i  ‘ . 5 . 5 1 1  t~( - , ( I I ) Wfl t I m  a p p rox i  f lla te l \’

1 0 t o r t ,  Be low 10 tort’ . h o w e ver . t i mi ’ p r m ’ s s I m r ’ e  r eaches  a m i n it i l tmfi l  v a l u e

‘dii eh dl i ’s not change  s i g n i f i c a n t l y I mve r the l a n g e 0 . 01 to 1 0 tor ’i ’

I ‘ i g u l r ’ l ’  1 1—2 p r m ’ S I ’n t s  da ta  f ro m a r l l e a s u l r e r l m e n t  m a d e  as a J u n c t i o n  ( I f  an l h i e n t

U i  t ’ ~~t ’ ‘ s s u r m ’  for ri I ase r powe r (Je l l s  ty of a p p r ox i m a t e l y I - 2 ( 1 x 1 0~ w/ crll ,

Th i s  i l l u s t r a t e s  the ge n e r a l  l’ea t tmr’es  d e sc r ibed  above . The r e s u l ts  are il l  m-

an a l u m i n u m  20 17 sam p le , of t h i ckn e s s  0. 025 m d l .  l ) a t n  arc shown b r  tWO

di ff 1 ’ r en t  pu lse  s h i r i p  ‘S - ( len  I t I  oh ni  t r ogm n nfl and  ri I t rogerm o if .-\ s desc ru led

i n  Se ct i on 1 n i t r o ) g - r I  1- i l f  re f e r s  tn a s h o r t  p imis i ’  of ’ h a l f  w i d t h  100 n a n o s e c o nds .

\~ jt i i t u b  r’m I L J ( ’ f l  Ofl , t i i i ’  i n i t i a l  s p i k e  is  u n c h a n g e d . h u n t  a lm -m n g e r ’ , l o w e r — p o we u ’
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tail  wi th  dura tion  of s m ’v l ’r a l  r l l i C r os eCor u d S  is a l so  present , and th ( ’  en er gy

in the pulse is increased by a fac to r a r o u n d  3. The a d d i t i o n a l  i - n m ’ r g v  d e —

l ivered by the ta i l  increases the peak  p ressure , at least  at  v a lu e s  of’ a i r
pressure above 10 torr . A t  1 atmosphere p ressure  the i nc rea se  is approxi-

rnate lv  a fac tor  of 2 .  Th i s  i m p l i e s  tha t the absorp t ion  of  f i l m ’  ‘ n ’  r’gy in  the

lase r— supported absorpti  I rn wave  is e f f ec t i v e  i rl c o u p l i n g  a. In  rg~’ r p r ( ’ssu  rI

pulse in to the t a rge t  m a t e r i a l .  T lue Sl ’  r e su l t s  a r e  cons i s ten t  w i t h  ea r ’l i e m ’

results  on the i m p u l s e  c le live  red by l a s e r  pu lses  Witb l  these same shape s 
( 2 )

A t  values  of a m b i e n t  p r e s s u r e  be low 10 torn . the re is l i t t l e  d u i ’fe m ’ence

imet ween  the two pulS ( ’ shapes . The a d d i t i o n a l  energy de l ivered  at  lowe r
powe r is i ne f f ec t i ve  in p r o d u c i n g  i n c r e a s e d  p m’e -~sure  in th i s  r e g i m e  wh it r ( ’
the lase n — s u p p o r t e d  a i) sorpt i  on IV aV I ’ is 11(1 t pm’ m ‘ s en t

Till ’ dec rease w i t h  decr ’ens ing  an l i l i e n t  a i r  p r ’ m ’s su  r~’ ends ne ar ’  1 0 tort ’ , n ea r
tile Sanle value at wh i c lu  t i l l ’  l a s e r — s u p po r t e d  ab s o r p t i o n  wave has  d i m  i n i s h ~~d

Th is  also I i luu s t ra tes  t u e  t ’ ( 110 ( ‘I f t u e  I aSe r’ — S upp ( m t ’ f m  ‘ m l  ai m s (  l r ’pt i o l l  wave in
pr ( I C I I I C I  ng the obsm ’r ’V m ti I’ m ‘sul  ts

) )at a  ( I n  t hu  shock p r e s s r m r e  as a f’u r i c t i m r m of la s e r  ~~~w~’r d ( ’r l s i I \ ’  a t e  gi~’ cmi  ill

b i g ’ , l r ’ t ’  1 1 — 3 , foy  s e v m ’ t ’r i l  c o n d i t i o n s  ol’ i r r a d i a t i o n .  The t h r e s h o l d  near

0 . 4  x i0 8w / d t l l  d I l y ’ t ’ l ’ . 5 1) o r l d s  to the ihr ’e sl io ld  for  i g n i t i o n  of ’ t i n ’  laser-
I I ’t ( ’d L1l ) 5 ( l  r ’p t i i i n  wave The d l ’( ’ t m  ‘asl ’  in  t h u i ’  shock pP m ‘S’S U t m  - U S t i l l ’

n i t r ’ o g i ’n  i n  t i l l ’ l a s e r ’  is  i i l t ’ t l m - ( l  o f f  ‘ I I ’  ZIS t i me  an’I i ) i e n t  a i r ’  p r e s sur e  ar o u n d  thle

t~ m r ’gi ’t 15 ( lm ’er ’( ’a sed  is CII ’  i t ’  I I I  m m  th( ’Sl ’  r esul t s  -

I n  a d d i t i o n , da ta  has hu ’i ’rl  oh ta i  rued a t  constant laser  powe r’ but  w i th  v a r i a b l e

ln~ i ’r  i’ocal d i a n l e t m ’r ’ , by c ha n g i n g  blu e dis tance  f ro lll th ( ’ f o c u s s i n g  opt iCs  to

t h e  t a t ’ L l ’ t  I h W  m i a t a  p l ’ e~— e r m t e m 1  i l l  I- igur ’e Ii— . W i N ’  m l b t aj i l e d  .,t  e m n u s t a n f

~ )ea l - O m l i f I t l o l t S  bu t  w i t h  ~a r i a h l e  l . m ..—~e m ’  p o w e r .  Th e  r ’esu lL’. m u ’  ~a n ’ i a b j e

- ‘ p i m i  ( h t a r l m e t c m ’  t m e  sh i m u ’, t i  i i i  I ’ i g u m ’c ’ Il— -i , These data W m , ’ t’t ’  ob t a in e d  i l l  o r ’ r h e r ’

to mci . e ..i.vailabft’ sc a l in g  r ’ C l i t t L m m I i . -~ in. w h i m - l i  t i l l .’ ( ‘u i m ’ I ’ t ’ l l t r e su l t s  ( ‘ m ) U l d  be

11-0: 1 t I )  p m - e ( l i r t  i’ cs u I l i —  If  [ r ’ r - . t I I J . I I O I I  ni  1 J u L1 1’ a r - l a s , a n d  aL- i l l  n l r l i p a m ’ e  t i
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predictions of the physical modeli ng of the processes. In this f i gu re  it can he
no ted that the pressure decreases with increasing spot diameter and hence

with decreasing laser powe r density , A cu rve indicating an inverse square

dependence on the spot diameter is sketched in .  The curve is normal ized
so as to pass through the points representing the condition of best focus.  We
will return to a discussion of this curve later .

It should be noted that the irradiation results depend on whether the lens li es
inside the position of best focus ( i . e . , closer to the target) or outside the

posi t ion of the best focus .

The q u a l i t a t i v e  f o r m  of this var ’iation may he unders tood  b c o n s i d e r i ng  t h a t

when t lu ’ lens l ies outs ide  the posi t ion of best focus , the expanding b l o wof f

ma te r i a l  is moving into a region of ’ i nc reas ing  laser powe r dens i ty ;  t hu s ,

there Is fllorc absorpt ion  of ene r gy in  the h lowof ’f and therefore  a hig her
pressure . ~~hen the lens is ins  ide t h e  p o Si t i o n  ( I f  best  focus , the l)lOWOff

m a t e r m a  expands into a regio rl of dec rea s ing  po we r d e n s i ty ;  hence there is

less absorption in the blowof’f .

\~le  aI’e tl )\~ in a pos i t ion  t O ir l v c S ’t i g at e  the  ~ca 1mg r ela t ions, based on the

data p r e s ent e d  ill l- ’ i gu i ’es 11—2 , 11— 3 and 11— 4 ,  ‘l’iie p h y s i c a l m o d e l i n g  ( I f  the

process  leads t m l  s ca l ing  l aws  f i n ’ t i le dependence  m m f  the peak 5111 ) 1.1k p r e s s u r e

on the pa m’a rm ) e tc  rs of t u e  ii’ m ’ a d i a t i m n . l i m e  d e v e l o p men t  of ’ the iii odd was

desc r ’ibed in the  last r epor t .  ~~~~ ‘i’ iie nlodel  y i elds  a depeu lde i lce  of the  l’ol’Iil :

0. 6 1 p -2
A o s

where P is the  peak shock p r e s s u r e, P~ is the a m b i e n t  a im ’  p r ’es sum ’e , P ) is

the laser power  dens i ty  and u ’ iS t h e  t m ) c , i l  spot diam eter ’ . ‘I bis scal ing would

be va l id  for ’ anlhi ent air ’ pre ssures in tile reg ion above 10 t or r , v. h er e  the

l a s e r-s u p p o r t e d  absorp t ion  wa~ e is the  dom inant  f a c t or ’  p i ’oducing  the

()bs crve (l r e su l t s , A least .~qu a r - e s  p m m w e m ’  law f i t  t m l  t i m e ’  ex ç ) e r i l l l e l it a l  m ’ e su l t s

i nd ica te s  s - a l i r lg  as:

— 12
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0 . 5 1  0 . 8 f f  , 2 . . h m
( 1

‘l’his scal ing holds  f u r ’  v a lues  I f ’ p r e s s u r e  abov e 10 t o m ’ r ’  and t o t ’  l aser  power

t i e m i s i t v  ab ove  a t h r e s h o l d  lev~’l of . 1  Ip  r -u \  iirci tel \ 0. 4 x i a / i t  ‘l’he

s h o w i n g  ~‘ at ’ n a t i o n  w i t h  t i me  i n v e rse  sq u are  ut t u e  foca l  spot dianieter’ has a1

m - e a o \  bt ’erl sk t ’t m , -h ied  i i i  l ” i g u r ’ e  1 1—4 , II I m ’n i a l i z l ’ d  t o  pass t l l r ’OU gIl  the po in ts  of

bes t  focus , I t  f i t s  t h e ’  l . m , t a  n b t , m . i m m e m , I w h e n  t h e  l e m m s  is irlside tile bes t  f o c u s

i’easonab l\  w e l l .  T h u s  the  i l io m ~~’l  1 1 ) 1 5 f )  r ’e d ict  r e s ul f . s a h ij r h  a i-c m’easonab lv

c omp a t i b l e  w i t h  t h e  c x p e m ’ i ’~u erm t aI data . i - ~s t abli sbing  scal ing 1a~’. s such  as

these  is an Lnlj )ortamm t part m f th is a I I r k , beca use it p r o v i d e s  t ime capabi l i ty  of
seal  l u g  lu m’ r e s u l t s  t m  I It i le  i’ c oml d it  i o i l s  of l a se m ’  i r r a d i a t i o n ,

I -  m oc t  t r O l  l ime  the  ct ’ t e m , ’l m f a f ini t e  ta i - g e t  t i u i c k m l e s s , we m e a s u r e d  shock p r e s—

s i m m ’ & ’  a~~ a f  U r l e t l o n  of I !l ir k l i c s s  f o r  v a m ’ i o u S  a lU i l l i i lu f l )  t a r g e t s .  I his was done

t I  d d e  f u r  i r l ( . ’ t h e  p os s i b l e  a t t e n u a ti on  of tile p r e s s u r e  pulse  t ha t  Occu r s  as it

pa s-~cs t i l l ’  m u g h  t i m e  i l i a t e r ’ la l . 1- ’ i g u m ’ c  IL— S illustrates the results f o r  three dit’—

t ’e r ’e ( l t  t 1 ) I i : k r l~ ’s- ~(’ - mt 2 0 17  L i l u I l i j r l u r l , 0 , 0 2 5 , 0 , 0~ and 0, 2 i nches , Ihe re—

sult i- ’  S l lO\ ~ t i h~t t  t he pea k ( .)b ,— ie r ’ved  p m ’ e s s u m ’ e  dec ‘eases w i t h  isl e r ’easing ta rget

1 b i I l - k m l e s -  . This  a~ s e x p e c t e d , ber -ause  of a t t e n uat i o n  of t i m e  s h uck  f r o n t  as it

passed  t i i  r oug h t i l l ’  m l l a t e  n a!. In a u d I t i o n , as t i l l ’  ta rget t h i ck i i e s s  b e com e s

g m - e a t e r -  t h a n  t i m e  I i s c r -  ~m le, i 1 spot m i i a m e t e  I’ , a p p r ’ I m x L n  iat e1~ 0. 04 inch , the  p r o —

.ig .  L t l m n l  I f ’ t h e  sI 1 m m  - k f m ’ u n t  can r u o  l u n g e r ’  be c u n s i d e  r e d  one— d ln ’I e r l  -i L or la l .

,\ t t  i ’nuat iur l  t l l i ’ o U g ll radia l c xp an s i o m l  wi l l  a lso o c cu r ’ . A l inea i’  e x t rap o l a t i o n

UI  r ough  the 2 po in t s  of s r ’I ’I a l l e s t  t h i c kn e s s  i nd i ca t e s  tha t  a t  t i me  su i ’ t ’ace the

peak p r e s s u r e  may  exceed 100 bar’s. it ’ til e d e p e n d e n c e  on t h i c k n e s s  is g r e a t e r

t a i l  l inea m ’ , t h e  p m ’ e s s u m ’ c  at the s u m - f a c e  ~vi 11 be somewha t  h i g h er ’ .

I )ata  lot ’ t i t a n i um  a u n .  ( 4 %  a l u n l i n u r i l , 4~ i f l l a f l ga l l e se)  ta r g e t s  0. 05— i l i C i l  t h i c k

a r e  -.~l w w r I  in i ” i g u m ’ e s  11—6 and 11—7. l” igur ’e 11—6 s i I m ) \ ~ s the data for  shock p r e s —

su i t ’  as i func t i on  m , f ambien t  air  pr ’essu re under  va m’ io u s  c on d i t ion s  of i r r a d —
c it i  oil . ‘I ’iie r e s u l t s  a m e  qua l i t a t ive ly  Sinlila I ’ t I )  t i l m ) s ( .’ obtained p r e v i ou s l y .
h h m e ’~ . s i l ow  a sin unl a r dec r ease of s i m m m ’k p r ’ess um ’e wi th  dee l e a s i ng  ar l l i ) i e i lt  a im’
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p r e s s u r e . ‘I’he air’ pr’essure below a hi jcii con stai l t s h uck  p r e s s u r e s a r e  ob-

s e r v e d  is 25 t o r t ’ , somewhat  h i g h e r ’  t han  in t h e  ease of a l u n l i m m u n l  . in a d d i —

t iOll , the  n h i r m l l l l u n l  v a l u e  at low p r e s s u r es  is l o w e r  b’, a t a ( ’ to r  of a p p i ’ u x i —

n i a te l v  3 than  the  com’ r e spond ing  v a l u e  lot ’  a !imi l l  i l lu I l l  . I b i s  ir I d i c a t es  t h a t  at

m l  1’ L i l d i c at  ed Ia s e n  p o w e r ’  den sit is’s , le.’ss t i t a i l i r, i m n  is evap  I rat ed  th an

a l u n u r m  ur n

l’ ia’ v a i ’ i a t i m rl mt 511 11 k p i ’ e s s u r ’ e w i t h  l a— o r - Il I a c  r - d eml s i t ,\ - I r -  I l t e  t i t a n i u m

ta r ’ get  is sb m w r l  i ii  I - i gu  m e  I l— 7 , I f ’  an  am b i e m i t  ,ti r ’ r’ m ‘5 5 c r - c  of ’ 1 a tm  ospbe i’e .

To compare d i f f e rent  mate r i a l s  on a consis tent  b a s i s . Tab le  11-1 presents

data for all the  m e t a l  I i  c r l m a t e  r ’ ia ls  fm r w b l i c h  pr’ ( ’ssir  re hias  been n leasu  red ,

reduced to a cons tan t  va lue  of ’ l aser ’  power’  d e n s i ty  of ’ 1 2 x I 0 3
w / cn l

Values  had been ob t a i ne d  f o r  t h i ’ ee d i f f e r e nt  t 1lickn~ sses of a l u m i n u m  targets

us i n d i c a t e d . T i m e z ( ’ r m l  t h i c k ne s s  va lue ’  is the m ’x t r ap n la t e d  v a l ue  as d i s c u s s e d

u i ) ( m V ( ’ . The va lu e ’ f ’m m t ’  s t a i n l e s s  steel i n  a 0 043 — inch  th ick  s ample  was de —

r i v ’ m i  f r o r i l  d a t a  Pt’1. ’S ’t l t t (l e ’ a r ’ 1 i e ’r ~~~ . These r e s u l t s  are a l l  I’or i r r a d i a t i o n

at one ’ ~m trnosp i l m r ’  ;(rrlim j e ’n t p r - m ’ s.s ur e ’ . \\ e observe tha t  the  va lues  do not vary

g f ’ ( ’ .1t IV l ) ( ’ t W l ’ m  ti d r  t h e re ’ nt ‘ r r a t ( ’ r i  al s u n d e r  con lpa rah l  C condi ti(l!l5 of i r r ad i  a—
tio rl , m d i  (‘a f in g m oire again the donii nant r’ole of tile laser—supported ahsorp—

tI 1)0 wav e ’ il l p r ’or i t i  Ci ng tile shocks

Tab le II — I - \ a l i u ’s  of Peak Pressu r’e (Ba rs)
( 1 - 2  x 10 8w / c m n 2 )

r \ Ia t er i a l  
______________  -- - -  

Thickness 
——_____________

0 - 0. 025 in  0 043 i n . 0, 050 in ,  0 , 2  i n .

A l u m i n u m  1 1 2 -  64 (1 u

~ t ai n 1ess 70
~‘ f m ’ e ’ 1

T i t an ium f i R

~1’~x t rapo l a ted  
- -

~ 
- - _________
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~\ e  have obtained s on m e  p r e l i m i n a r y  r e s u l t s  on the e f f e c t  of j u te  r ’pu lse t in re  fo e
two success ive  laser  pulses  de l ivered  to the  same area . I ” i gu r ’ e  11-11 illus-
t r a t es  soni c r e su l t s  fo r  a t i taniunl  t a rge t  i r rad ia ted  at 1 atn iu sp iier ’e p r ’e s sur ’e .
\~ hat is p lo t ted  is the ra tio  of the peak pr e s s u r e  p r o d u c e d  h ) V  th le  second pu l se
to  the pea k p r e ssu re  p roduced  b~ time f i r s t  pu l se , in a Sem’ ie s  of ’ t a m ,  p u l se s .

e had pr ’ev iou s ly  obse rved  that  t h e  p r es su r ’ e  p m ’ I ) d U c e d  when a second  p u l se

aa s  i n cid e n t  on a p m -ev ious !y i r r a d i a t e d  a m’ea d id  (lot -
~ a r - ~ sig n i f i c a n t  lv f r om

the p r’essui ’e p ro duced  by the f i rs t  pulse , f o r ’  long inte r ’pulse t i n es .

l o t ’ these data the pulse  h e ig h t s  of tile t~V o lase r  pu ls es  we m’e m u m l r t m m l ’ e d , to

a s s u r e  that  t he  se( ’or ld laser pu l se  d e l i v e  m e d  t i le  sam e’ p o w e r  as t h e  t i m ’ s t .
)n l v  da ta sa t is f y ing  t h is C m ) i l d i t i u l m  we r e  acceptec .

In h - igur ’e  11—8 , ae see t h a t  f o m ’  in t e m ’p u l s e  t in i e s  gr ’e a t t ’(  tha n  one S e e m m I l u , tile

peak p r ’ e ssU n ’ e  15 t ’sseiit . ial l~ tile Saille h I t ’  eal ’ hl  l l i e rn h l ’i ’  oh ’ a g ive l l  p a i r ’  ( I f

pulses . ‘l ’h ii s  is t r u e  to  w i t i l i r l  a f e w  i~~ ” cen t , w h i c h  m ~ w i t h in the m ’an ge m t ou r

e x p e ’ r - L m n l ’ r l l a l  u f lc~~r - 1 a i m I l  l e s ,

I ’ m  I t ’  i r i t  e m ’ p u l s e  t i n  I I ’S less than  I I r I c  second , the peak p r’essur’e due to t i i t ’  sec .’ —

I m r l u  pL I l se  l I1 . ’c m i n e~ less than  t i le  peak pn’esslI re due to tile f i r st p u l s e’ . I o n  an

m Ite  r ’p u l -~c t i l l  - e of 1 -10 Ill il li seconds , tile p r’cssum’ e due to t i m e  secm ind p u l s e  is

r e d u c e d  ~u a b ou t  ~ S pe i ’Cdr lt  0! t h l a t  due  to  t h e  f i r st  p u l s e . ‘I bis  d ec r e a s e  i l  I i—

t i r lues  de wn t m  t ime 70 fll i l l i s eco n d  i ’ e g i n i e , ~vh le re the i’atiu is ss p e r - c e n t . I hie

i i  i r i lm u n i  i i lte’  r ’pu lse tu l l e  tha t  cou ld  he ob ta ined  for ’  t a n  equa l p u l s e s  W aS 70
ri-m i l l i seconds , when  these  data a er ’e ob ta ined .  o n l y  ni le  p a ir ’  of f u l s es  could
h ) e ob t ami l e ’ d w i t h  t h is separation , so the  exact f o r m  of the c u m’~’e in thu 5 t’egiorl

15 n o t  c e r t a in . It does appea r’ definite that the p r es s u r e  in ti le secon d pu lse

c on t i n u e s  to d e c r e a s e  to ti-me lowe’i’ limit l)f in ter ’pu lse  t in ie  a( ’i ) i e\ ’ab le .

‘I I m i s  l o w e r  l i n m i t  was set by time stability of ti -me laser’ discha r g e . W i t h  tile

a-, a i l a b l e  laser’  it was  r u m ) f  p o s s i ble to pene t rate  t o  sh o r t e r ’  m ite r p u l s e  t i m e s .

V t orn t he  f or m  of the data in I ” i gu  n e  11—It , it seei l l  s tha t  f u r t h e r ’  r e d u c t i o n  m e l
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the  in ten ’pu lse  t ime w o u l d  be des i rab le , since ti - me e f f e c t  was s t i ll  I ’ im a n g in g
i’apidl~ at OUr’ lower’ linuit . This wi l l  be one of the  P r i m e  ob j ec t ive ’ s m i  o u r

cont in ued w o r k .  \3~e’ will  obtain a second (‘09 TE A  lase r on loan and wi l l
pulse t he t w o  laser’s sepa ratel y.  l’h us we wil l  be able to obtairm in te r ’pu l se
t i f l l  ~‘s I t ime  s u b m l - m  i ll i second m ’egi on .

The results in Figure 11-8 are somewhat di f f i c u l t  to re concile with  the re-
sults of othe r workers , who measured the total impulse  delive re d to le ad tar-
gets by two laser pulses in sequ ’nce~

7
~ In th is  w o r k , a n n a x i m n u n i  in  the

total impulse  was observed at an in te rpu l se  t ime between 10 and 10 sec-
onds. The resolution of this  apparent  d i sc repancy  must  awa i t  the ex tens ion
of our work into the time regime less than ori~ m i l l i s e c o n d.

:\ccording to one t r e a tmen t  of l a s e r - i n d u c e d  shock~
8
~ , the shock pressure

should vary  with  the na tu re  of tile a m b i e n t  gas . The v a r i a t i o n  was p r ed ic ted
to) be of the form:

pa I ~~~ (~~ i ) ~~~’ r l / 3

w h e r e  P is  t h e  s l i - n  k p r e s s u r e , ~.‘ is t h e’ r a t i o  - m l ’ t I r e  sp e c i f i c  h e a t s  m l

P a r t i c u l a r ’  cas a r l u  L~- C d e n s  i t ’, ml t u e  g t

i r l Vm ‘ s t t g r m  te ‘1 t i m e ’  ‘t he - - f  ( I f  c i m a n g i  ng tile a m b i e n t  gas to argon or h e l i u m
ins te ad of ’ ai m’ . I~ e ’ s i n I t . ’- a n - - 1 ) r ’ ’ s m . t l t m ’ m I  i n  Tabl e ’  1 1 — 2 .  T h r s  tab le  presents
data t’o r’ the r a t i o  ( I t ’ 

t he  - pe ak p r e s s u r e  ob served in  ti -me s pe c i f i ed  gas to the
peak ~)r ’~’ s s r m r ’ e ’  o i m s e  ‘ n - v - i  ni a i r  The f i r s t  co lumn l i s t s  the gases fo r  w h I c h

th e ’ r a t i o ,  is r’ e ’ I e ’ v a t r t  ‘15 1 -  Se cond co lumn  g ives  tile values  ca lcula ted  f rom
the a I ~m V I ’  e ‘ q m r  a t m  on T i m e ’  t in  rd col u ill fl g ive ’s t h e  measu  red v a l u e  fo r  the
ratios - .\ l l  n u m b e r’s a r’e re levant  to one a tnlosphe  re press l I r m ’  - The ohserv—
e d  resul ts  we re obta hnie ’ d  by e v a c u at i n g  the bel l  j a r  and then b a c k f i l l i n g  to
one a t ( o ( I s p her ( ’ w i t h  e ’ i t h ’ m ’  a r ’gomi or’ h e l i um . The genera l  v a r i a t i o n  of t h e
r ’atio wi th the a m b i e ’n t  gas is as m ’\ p e c t e d . a l t h o u g h  the ob served values  ar e ’
s o m e w h a t  lowe r than  the ca lcula ted  values .
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I . m .b le 11 2.  i t . t  I in s  m I t ’ Peak  1’ r ’e’ssu m’cs  lot’  l t ’ n ’ a d i a t iu r l
j im I ) i f ’le m e r i t  \ r i o b i e i i t  ( a~— I ‘5

Ex pecte ’ J ~ L .’ C ~cd
V a l u e  V al u e

1. - tO 1,  l~
[ I c / A i r ’  0. 60-1 0. 45

h r  c:onipa r ing  t hese  r e s u l t s  n s l i o m :  k i I .e ssu m e  to  m a  t iL l ’  r ’  m c  s ul ts~ 
2 )  

on i m p u l s e ,

a ’  f i r l d  a e ’a s o r m a b l e  e m l m ~~l S t c ’ l 1 c ’y i t I  r i m e  l r ’ ( r l ’ r s  ) t  O I , c i j n l l t L i d e , i r l  t i le’  a n r k  pr ’ c

sei i ted  i r e n e , at  n i l e  a t r n l .) sp ll e ’ r - e  a n i b l e ’ r l t  p r e s s u r e , t i n .’ p e c k  s l i m m u k  p r e s s u r e  r s
-I

., h IUt  10 m i \ r i e S / c m i i , l a s i n i g  a b ou t  I os , u v m ’ I ’  an  a r - c  m l  . t~~- j r r m o d  0 , U l c r i i . ~~r m

t E a s  t m a ~~i~ - m m - m e  w m u l u  e’ X ç m I I t  a t .~~al  L r l I I I U I S C  a m  ~u I n m i , r l e - -  ~ C’ m - I I1 U , L I I  - e a s l i l —

a i m i e  a g r ’e t ’c c’f l t  \ v L t h l  t i l e  I p p I  ~~ O - ~ ch ’  v a lu e s  a r o u n d S , r \ i i c — s e r u n r obtain ed

1- a r t i e r f o r ’  t m .m t a l  in p u E ~~e . Ia ac  U U r : r  ( < l ( )  l o r ’ r - i , a m -  - m E l ~~e r - ; 1 ’u  a peak shi m1 k

p r ’c~~sU n ’e  i t  u w i d  10 ’ t \ n i e / C  
2 l i s t i N g  a b ou t  -1 ( I S , I I ( m ’ r  , i t l  a n - ca m l  a r ’ m u i i d

d . 01 ci i i , l e ad ing  ¶ I I  ~i H  m \ E m t ’ L : t e m r  i f l i p . m l ~- ) ’ a r ’ O Un u  0 . m t \ m l e  s c m : o r i m i . Th is con m

pa res a e - l l  w i t h  t h e  v i l u e  m l  0 , 1 m l \ m r e — s e ~~~ ) r l ~ i - m E m ~~e m ,  i’d a t  F l r c ’ 5 ~~u e 5  ) e ’ I I O \

10 1 1 C r ’ .

H m ’ e r m n s( ’  of g r e a t  i n t e r e s t  i n  a l k a l i  h a h i d l ’  l aser’  a’i r d o a ’  m a t e r i a l s ,  a nd b m ’ —

m ’ r O l i S m ’  ( I t  t hi  - i 1 m m  m r ’ t t m r m c m - of hi  g i l  ( m ’ S si a m -c 1 m m  r h r t t t a g m  - f m  m r  h i m - s m ’  Wi  nc iows  - we

n i m - a s t r r m ’ d  l a s e r — i t ~~i o ~~’ m - d  s h o c k  p m’ m ’ s S o I r ’ m - i n  i .) n I t a S S t m l l i  c h l o r i d e , a l m ’z i d i r l g

( ‘ - e n o i n d a t e  t o n ’  l as  ( ‘ ( W i n d o w s . I ’ o m a s s i u r l i  m ’ i l l o r ’ i o l e  i s  n o r r i i n a l  l v  t r ’ an i sp a t ’ en t

a t  l I t . Ii ~i - In n I i t  i s  sU b l I  ‘ (‘t to cal  as t r op i i~ c darn  age when  the  l a se r ’  power’

iv  h ‘con ies high . W e ’  h o m i n i d  ~n m’ o t ’ n c ’ I a t i o n  be twee n ( i a r ’ni~’I ge t h r e ’ s h old  and

5 h ock p m ’ e ’ s S tm n ’

T m  - i m t ; m i n  E a f a  w i t i m  t h i s  t r a r o s p t m n ’ n t  r o a f m ’ r i a l , t i l t ’ r e a r s i m  r ’ t a o ’ m - cli t h m ’ t a r g e t

was  p I l l is  l r - m i  a r o d  v : m e, r u u r l l  e m m a  h I d  a r  th gold to fot ’r l l  t i lm ’ rh in ’  r’o n ’ ~n i t i l e ’  w h ’i’ —

t e r r om c ’t c n ’ , I ) a f a  10 f I l m ’  am - a s u r e ’n i  ~~ (‘~ S( u’(’ as a f ’i m n c t m m  11 of I i  n in e i’or a

V m f a s S i u m l l  h b e i ’ r i ~ s t e t m r p l ’  i n - r ’ a d m a t l ’ d  at  7 . 15 x l~) w / c n i  a m -  s E i m m ~v m o  in

I’ ’ i L t m l i  n - I - II  — I - ml  I, - I ’ l l  u rpa  n ’ - the se ’  r ’ m -s ru Is t i m those ( l i l t a  i n c -cl  w i t h  rile ’ Ia 11 i r
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s u r f a c e s , we’ f i n d  seve ra l dl f ’fe n’e l l ce t— , i on ’ a conl ip a  m ’ah l e  l eve l  oh ’ l a s em ’  p ower ’
d e ns i t y ,  th e peak shock i ’ess un ’e ls ( r m m n i s i ie . - r ’ab l \  l m l W e ’ n’ f m > t ’  pota~~5i uni chlor ide .
A 1:-i a , t i m e  d u r a t i o n  of tile shuck  is lonn c e m’ . by a f a c t  o r ’  of ’ 5 . ‘l ’hese di f f ’ em ’er l ce ’ s
may be due to d i f f e rences in  e l a s ti c  p r o p e r t i e s  fo r  the di ffe rent types of

iliaterl al - T u e  a l k a l i  hal ides are m n re 1) n i  t t le and n~o r’e s ub 1 ect to damage
by l’r ac tur ’e  than are meta ls . When the  mate r ia l  t’ r ’actu r’es , the an-mount 0)1

energy d ss ipated in p roduc ing  the f r ac tu re is no longe r ava i l ab le  for  tuie
p ropaga t ing  shock fr’ont .  The f’i ni te ti ni - mi ’  fo r  f r a c t u r e  and p o s s i b ly  greater’

dispe r’S i( cr1 f o r  t im i ’ h ock ye Ic I C~ by n l l av  ac e m l im i t  h o  r t i l e  b Il ge r te rn  p( I r a l  dii ra—
tio ni iii peetas siuni c h l o r i d e  -

F igure 11—10  i l l u s t r a t e s  tile power (I(’pefld(’nc(’ of t i l l ’  s i -mock i l l  po t a s s i u m

chloride,  There is a threshold around 4 x 10 ‘ WI crll . below wh i ch the shock

pressure  decreases to a very lem w value - T h i s  tilre shold ~ : mI m e  f(lr pr’oduci ng

a shock coincides wi thi t i l e ’  t h r e s h o l d  t’or ’ ign i  t i r m g  a v i s i b l e  sp a r k  m mo the sur-

face. Thus  a’hl(’n the laser—supported ai .)sorptior ) wave is i g n i t e d , till ’ pm-es—

sure that it t r ansmit s  into) h u m ’  m r l ateri al is h i g h  o’mlclimgll to cause damage by

fract u nm - -

I’ilotogt’ap ilS of’ time dariiage prm Iduced on the sim r f’ ace ’ of putass iu u u  ch ior i  ch ’

t:o r-ge fs are shown in l ” i g u r ’ m ’ s  l i — I l , 1 1 — 1 2  and 1 1 — 1 3 .  I ” i g u r ’ e  I l — I l  ~ i m m m w s

o i z m m a g e ’  o m h s m ’ m ’ v e o i  i lear ’  th r ’ m ’s h o l d  T i - m i s  t b l r ’ e s }m o l ( i  d an l l a g e  t akes  th e ’ h ’o m ’ n i m  of ’

cr ack ing  along the su r face , along w i t h  sma l l  su r ’ f ’ ace pi ts . pr ’ o ’ su r i i a i i l v  at  the

si f . m - s  t mf  s u r f ace  impe r f ect ions . The c racks  are i n i t i a t e d  at the s m a l l  s i t e s
mf mate  r ial  m e  rnoval -

Figure  11-12  shows heavy da m ’mi age and mate r ia l  re ’rmi ova l at  a level wel l  above
thr ’es hol e 1 . The damiltlge ‘ take  S the ’ fo t ’r ii ~ef a p i t  wm t ii i ) o l l  r id an (‘s t’or’ ru ed by

cry s t a l l i n e  cleavago ’ p l a n e s .  This  i m p l i e s  tha t  l a s e r — p r o d u c e d  shocks  pro —
0111 c c tr’amitu me along crystal I i r u p1 anes  . f o l l o w e d  1w expu l s  ion of ti ll ’ r e s u l t in g

r i i i  i ic  li’
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i” igur’e 11-13 shows more detail fu n ’ a h eavi ly  da nlm a ged region , giving a clear’
view of ti-me sharp  edges arid con-mp licated patterrls of cracking and materia l

r’eill oval.

We mentioned above ti-mat the threshold for surface dam age of a potassium

chloride sample with a gold-coated rear surface was around 4 x 107w/cm2
.

This is a value lower than that observed on samples with no coating. We

investigated this discrepancy, with results as presented in Table 11-3, TI-me
first column of numbers gives results observed for damage threshold in

potassium chloride sanlples wi th  no coating on the rear surface.  The next
column gives results when there is a gold coati ng, These numbers  are the
values for threshold specified in terms of the raw incident laser powe r den-

s itv They are syste’r’natically lower than those in tile first column , by more

than the experimental uncertainty, which is around 10 percent. We con-

sidered the possibility that  l ight  reflected fronl  the gold-coated rear surface
adds to tile incident light , so as to increase the effective power density,

The beam is focussed near  ti-me front surface . T h ’  beam’n dive rges from its

focus , travels through time sample , is reflected f ron i i  the rear surface , and

traverses the sample again- The resultant power density at the front surface

due to this reflection may be derived from simple geormu ’trical considerations .

This value w as added to the incident value t o ) ob t a in  a corrected e f f e c t iv e
power density at the front surface. The nume rical results are presented in

the final column of’ Table 11-3, The y agree reasonably well with the numbers

in the fi m’st column , within our experimental uncertainty of 10 percent. Thus

the apparently ,in I ,n l a le  eu s r (’Sult (11’ (I (‘c rc’ r i se ’i i  danllage threshold when the

rear surface is gold-coated can i i e  i n t e r p r e ted s im l i p ly. It results fr om an
increase of’ effective power density through light reflected from the coating .
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Table 11-3. Threshold for Front  Surface Damage on KC1

No Coating Au Coat ing Au Coat ing
on Rear on Rear  on Rear  Surface
Surface__- Surface (corrected)

First Shot 5, 5x1O 7w / cm~ 3. ( i x 1 O~~w/ cr n~ 5 . 9x1 0~w/cm~at Full Powe r

With Pre- 1. 2x108w / c m2 6. 4x107 w/cnu2 9, 8x10
7
w/cm 2

Cond it ion ing
at Lower Pow er
m
~mA u coating partially re ri-moved du m’ing precondi tinn ing

\ \T~~ als o stud ie d the ef f ec t of pt’ e ’Cotldl i t i o n i i r l g  the p ( m t a s s iu n l  c h l o r i d e  s u r f ac e

at lower values of laser powe r density . Other workers have found that this
technique increases the danìage thresho1d~~~.

The technique involves fi ring the lasem’ a n u l i l i ) ( ’r  oh ’ ti mill ’s at ti-me surface ,

at values below time damage tiir’ eshol d . Time.’ power is increased gr a d u a l l y ,

until the damage t h r e s h o l d  is reached The va ln Im ’ 5 m i i t a i n e d  in this way
exceed values t’otmnd when the first pulse on an area is at full power .

Our measured results are shown in t i r e  botto m row l It Table 11-3. The effect
is clearly demonstrated. TiII’se results a g r ’ e m -  with the results of the other
investigators~

9
~ Als o, note that when we p re cond i t ioned  a ta rget w i th  a gold

coating . the gold coating was pan tally clami iaged These results , n-marked with
an asterisk , must be considered as less certain than the other’ values

These results arc consistent with the phenornonology obtaine d from Fig-

ure l I—il , which shows that fracture lx’gins at the sites of i mpur i t i e s,  If the
impuriti es can he r’e’moved at relatively low powe r density, without producing
a shock f ront wh ich wi ll f r act ure the m ater ia l , ti-me damage threshold increases
markedly.

29
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These results are of considerable inte rest , bec ause of the importance of
alkali halide materials as windows for high powe r lasers . The damage

- mec hanism for failure of the windows at high laser power densiti es is demon-
- strated and te chnique s for improving the damage th reshold are demonstrated .

The results described in this section have been accepted for presentation at
the 1977 IEEE /OSA Conference on Laser Engineering and Applica tions ,
Washingto n . D . C . , June 1-3 , 1977 .
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We have used two dj f f e l ’ e ’n t  t e c l l r i i c ) U e s  to char’aeterize the  meta l l i c  su r f aces  of
our ta rge t  ‘‘~:it er ’ i a i s , It is i m i i p n m ’ t  an t  to do this so that we’ can effectively
e va l u a te  t b ’  rol e ’  pLi ed N v  t h e ’  Ph r t i c u l a  r ’ su r f a c e -  in p roduc ing  the  observed
re su l t s , [he t w o  techni ques en op i o ve d  w t ’r ’ ’ ( I )  -\uger  spect roscopv and ( 2 1
( 2 1  s c rm t t e ’r ’ e d  l igh t  n!e ’ : l  son r’ ( ’ n b ( ” l t  to  o b t a i n  the  spec t r a l  d e n s i ty  func t ion  cha r - ac—
te r i s t i c  of the su r f a c e ,

Auger spec’t r’osropv w a s  car’r ied out  with a Phy sica l  Elect r’onics (‘orpor’ation
Auger  n)icrop roi)e’, located at t h e  h ’ niversitv of \hinnm ’sot a in i \ li n ne ap o l i s .
‘[his equipnlerm t is av a i l a b l e  for ’  b c ’ml ta ]  . F i gu re s  rrr— I , [[1— 2 ari d [[1—3 show
profiles for stainless steel t a r get  su r f a c e s . 1- ’i gur’e 111—1 is f or’  ‘an un ir ’ rad ia ted
t a r g e t  su r f a c e . I - i~~un’ e ’ 111— 2 is fom’ I I  s t a i n le s s  s teel  s u r f a c e  ir n ’ac l ia t ed  in
v l ( ’ U U f l  ( l e s s  t h a i  or-m e t o r ’ m’ ’) a n )  I i gu r e  i i i —  ‘

~ is  for  1 s u r fa c e  i r r ad i a t e d  in a ir .
The p r e s ’nce of on oxyg en I n y m ’ r  on t h e  s u r fa c e  is a p p a r en t . ‘I’he ori gin of
th i s  l a y e ’  r is U nl ’e r’ ~ a ii , h b ’ c ] l  i i ~~e t h e  samp l e s  h a d  been  I xpo sed to a i r  between
im’ n ’ad i a t i o n  and \ugem ’ a n a l v ~~is , \‘e v e r t h el e ss  t h e  s ample  i n ’ m ’ ad ia ted  in a i r
showed c ’on s ic l e m ’ a i i l v  f l i O m ’ e  oxy g e n , I ’ xt en d i ’ ig  t o  a g m ’ e a t m ’ r ’  depth , than the other-
samples. [he ’ u l i f f ’ e ‘ ‘ m ~i - I ’ s  ar e  su f f i c i en t ly  g r e a t  to in fe r t h a t  t h i s  is caused by
o x i d a t i on  of t h e  su n ’ t ’ace d u r i n g  the  period t h a t  it is hot f o l l owi ng  the  t : i sc ’  r
irradiation ,

l)ata on ti-me e st im l i a t e d  c o m p e b s i t i o n m s  oh ’ the s t a i nl e s s  st ee ’l ta rgets  as a t’unc t i on
e~ t depth are ’ give n in Table 11)—I - These r e s u l t s  are obtainer) from the Auger
analysis . A l t h o ug h  A u ger  spectm’nseopy is not a c on lp l l ’t e lv  q u a n t i t a t i v e
tt’chn ique ’ . the ’ r e s u l ts  at depths ( I t  a few hundred angs tror-ml units are in
t m  ‘ a s o n m a i ) l i ’  ag re e ’n hc  n t  w i t h  r i o r i m  i n a l  va lues  for  the di f fe rer l t c o n s t i t u e n t s  -
Thi s  in im p l  i c ’ S  t h a t  t i l e ’  nun  r ime  ri cal va lues  i n  Tab l e  I l l — I  can he in te rpre ted  as
r easnnal)  lv accur ’a h e ’ , at l eas t  f o r  the  mn a ~o t’ consti tuents  - At  a d ep t h  of
appr oesi  ma te ly  40O~ u n i t s , the m a t e r i a l  has composi t ion si r i i i l a r  to the
no r - m m u na l  compos i tion  and oxygen has decreased to a few percent .

-
~ 1

___________ 
- - ‘  -‘ ., ~~~~~ ,

~~ ~~~~~~~~~ - I - ‘ ‘~~~~~~~- —  - _ ~~~~~~ - _ -—._, ‘ . ~~~~ 
— ~~~~~~~~~~~~ ,,

. —- — —  , ~~~~~~~~~~~ -- - _
~~~

_ _L___ _L ,,. -



_ _ _ _ _ _  

STAINLES S STEEL
U N I R R A D I A TED

‘lee

O ( X I )

G r ( X 2 )

F e ( X I )

) 
~~~~~~~~~~Ni ( X 2 )

0 100 200 DEPTH (A °)

l”igu r’e 111-1 . (‘ornposition as a function of depth for’ a stainless steel
t a rge t  as ob t a in ed i - m v Auge r  sp ec t roscopv . (‘he t a rge t
had not been laser  i r r a d i a t e d .  ‘(‘he ver t i ca l  scale is
arbitrar y .
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STAINLESS STEEL
IRRA DIATED IN VACUU M

‘lee

Fe (X2)

Cr ( X 2 )

Ni ( X 2 )

0 ( X I )
I , I

0 100 200 300 400 500 DEPTH (A ° )

I” i gu ‘c [11—2 . Composition as a ftu ’ie t ion of d ep t h  fo r’ a ~ t a i rless  steel
t a rge t  as obtained Nv \ o m g e ’ r  spel t r ’oscopv . T h e  t a r g e t
had been l as er  j r ’ t ’ a d i ; u i m ’ d  ii \‘: m - i i I r f l -  ( h e ~‘e ’r ’tj c a 1 scale
is n r h i t r a r v .
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STAINLES S STEEL
0FF~ ~ IRRADIATED IN AIR

SCAL E

0 ( X I )

Cr ( X2 )

Fe ( X I )

Ni (X 2 )

I I I

0 100 200 300 400

i • igurc? [[[- ‘1 . ( omnpositio n as a function of depth f or’  a s t a in l e s s  steel
t a r g e t  as obt~~iri ed by -\u gc ’r’ sp ec t ro scopv , ‘J ’he ta rget
had been lasem ’ irr;I (Tiated in air’. T h e  v e r t i c a l  scale is
a n’h i t  t’a r ’~ ’~
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Table 111-1 . Composit ions (percent)  for Stainless Steel Targets

- ‘ Irradiated IrradiatedUnirradmate d ‘ ‘ Nominalin  Vacuum mn A i r  _________

D ep t h ( .~) 0 167 0 438 0 371
Fe 25  69 14 66 13 70 -‘~70

Cr  7 20 6 18 3 25 17-19
N i  4 , 5 7 . 5 2 . 5 7 5 2 7 .  5 8—10
C 7 1 . 5  35 3. 5 25  2 . 5  < 0 . 1 5
C) 38 1 12 011 

—

Scale
4 “-‘0 ~ O ““0 “-‘0 ~ 0 “—‘0

One impor t an t  c o n c l u s i o n  is t i -mat  a l u r i l i n o m n i  is p resen t  on ti -me oute r su r face
of the u n i r r a d i  ated san lp les - It is not  d e t e e t a i m l l ’  m I n  the sur face  oh’ s amples
i r r ad ia t ed  e i the r  in v a c u u m  or in a i r .  I t  is n ( m t  pr ’m - s m ’ n t  at a depth of 167 ~
in tile r m n i r r a d i a t e d  Sar l lp le  - Ti - m is  i r o i p l i e s  t ha t  s u r f a c e  po l i sh ing , w h i c h  w as

carr ied out  wi th a l u m i n a , for  sa r i ip lcs  used in  ou r  m ’ a r l i e r  r e f l e c t i v i ty m e a —

s l m r m ’  r n m ’n t s  , d id  l~’ ave a t’i Irn of a lu m i n u r i i  ( ( x i  cli ’ on ti - me sur face  - This f i l m

~-‘as leh ’t as a r e s i d u m -  fr o m  t h m ’  p o l i sh ing  and w a s  removed by the i rr ’adi  a t i on .

To d m ’ t m ’ r ’ r r l i r l l ’  i f  t h i s  f i l m  p lay s  an~- r o l e  i n the r r o e a s m ,i r’enie nt of s u r fa c e

re f lec ti vi t v  , we v i i I  c a r r y  out  h’u tum ’ m ’ o i e ’a s u r e n ~~’nts wi th  target  sur t ’aces

pre pared  i n t N  - r -  W ay s  and  p o l i s h e d  w i th l I t t l e r  compounds  - Thus , we w i l l

II - able’ ( ( I  r i m  t m  - r - m i  ri~ - t i i m ’  P1 )ssii)le ( ‘ t f l ’ C t  of t h e  alum -m i in iuri i on the oute r s u r f a c e  -

The - se cond t m - c N n  o q m l m - h’or s o t  m ’t ’a c ’m ‘ c h a r a c t e r i z a t i o n  invo l ves n ae asu r i  ng th e ’
s p - - t r a l  rlc ’n~ it v f l o r o m  lion . accor’dirig N m  a m e t h o d  proposed Nv Stover’~ 

10 , 11 , 12)

Th e ’ 5 1 ) 1 m b  m ’ al  ( Ic ‘nsi tv func t ion  is a rr -t a th em a t i c al  characterization based on

t im e concept  I If i ’ m  m o o  r i m ’  r ’ c o m p o s i t i o n .  If ti -me d i s p l a c e r n e r l t  - Z , of the su r f ace

f r o m  i ts  mean t position is g i v e n  by / (\ ) , where  \ is t h e ’  t ransve m - s c ’  coordinat e ,
m m  - may  ‘“ :pr’ m ’ s ’ ~ i~(\ )  as a F o u r i er  s m - r o e s :
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Z(X ) ~~ a. s in (2’ - ’- f .X  + ~ .)

where a. and 
~~~~

. represent the amplitude and phase, respectively, relevant

to t’requency f~. The spectral density function , then , is proportional to a2

\Ieasurements of t h m m ’  laser’ ligh t diffusely s catte mccl t r o m  the surface as a

tunction of scattering angle.’ c a r l  he ’  used to m e a sm ir ’ m - the  spectr’al  de n s i t y

f u n c t i o n , .-\ s c h e m a t ic diagr’a~ c of’ the appa ra tu s  u sed for  t i -mis  measuremen t
is shown in Pig ’ure 1 1 1— 4 .  L igh t  is incident on the s u r f a c e  at an angle  cv fro m

ti -me s u r f ace  normal . Ti -me ’ scatte red l i g h t  is measured  as a funct ion  of the
angle ) . Nv rotati ng a detecto r- so as to va cv (1 . The sp -ctr’al  der l si tv func t i on
is given by :

_____ 

l ’
~

( o)  \ 2

a~~( O )  = -)

4- P cos () Cos
()

1 - c m  - P 1 i s  the  de tec ted  po \ve r inc as ur ec i  at ang le 9 , ~s the powe r me a—

sure ’d  at t i e m ’  S J ) eCUia t ’  angle and \ is t h e  ~va v e l en g th  ( m f  the li gu t.

e S m - f U[) a p p ar a t u s as ~ b owm i i i  [‘igu re 111 — 4 and r i e a s ur ’ e ’d tile sc~i t t - r ’ e ’d

l i g h t  as a h’u r o e i i r r oh a m l u i m ’  l ’m r ’  su r faces  oh ’ i n t m ’ r m ’ - .l . J ) i f f e r m -n t  ftp -s II

s i r r ’ f h R a ’ s  ii~ v i n m g  d i t ’fI ’ r’ent h i s b o t ’ i e s  s l o wed c h a m ’ a m .’t I ’r ’ i s t i c n l l v  ( l i t  h e l m ’  ‘i t  s i c n a —
tu r’m - s  when  the sp m ’c t r a l  d e n s i ty  f u n c t i o n  was p lo tt ed as a b u r n t I m l O  ( I t  I

Tb is is sho wn in Fi giire 1 11—5 , I n i r r adi a ted  s u r f a c e s  show l o r n e . ’ t i l  I n s  -.v j eN
have a peak at the spa t ia l  h n ’equen cv  cor r’e spm r i d in g  to ti l l ’ j f l V m ’ r ’ s e  m ml the

dianie t e ’r  of the p o l i s h i n g  g n t ,  T i -mi s  accounts for ’  t i m e ’  peak w !o i e. ’hi is I m e c e m i n g

ap par m nt at a spa t ia l  f r e q u e n c y  of I - Ii inverse ’  m i m i c r o in e t e r s .  Ti-mi s was  the

m a x i m u m  spat ial  f r e q uen c y  w h i c h  could be p m ’ oI ) ( -d  w i th  ti m e he l i  u r n —  nel )ri laser
( I t  wavelength 0, N 32 8 m ic r or n e te  m’s - ( I  T s ing  a l i e l i u m - m i — c a d u ’m ’i i u n m  laser  would
have ’  a l lowed m ( ’r l so i  r ’ e ’me r i t s  to he h i g h er  spat i  h i l  h’ t ’eq irenc y ) On l a s e r —

i t ’  r’a di ated surfaces ti-mis peak has l)een smn ppr ’ e ’  sse ’d , i nch e a t i n g  t i lhI t lase  r ’ —

ir idir c ‘(I flOe ’ lting has s i i ioo t im e d s ma l l  scratches produced Nv t h e  poli  shi  r ig -\ n

rinirrac ljatctd area wt  ti m ve r t ical  s e . ’ r a t c lom ’ s  shows a pronounced peak near 1 - 4

I r o v I  ‘m’ s I ’ u ’n m c ’r m r i i e ’ l  - r ’s , d r ue  to the’ S C ra tchi (‘5 .
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STEEL TARGET

• UN IRRA DIATE D AREA
x LASER - DAMAGED ARE A
o UN IRRA DIA TED AREA WITH VERTI CAL

100 - SCRATCHES
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l- ’i gure  111—5 , \h ’;i su r e d  values  for’ spec ’tral  d e ns i ty  f u n c t i o n  (norn i a l i z en i l
as a function of spatial frequency , for’ various surfaces ,
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The ’ me l t ing  and flow of the mate r ia l  induced by the laser radiation produces
sir r f a c ’e ’s wi th i r regu la r i t i e s  with a scale around 2 to 3 microme ters~

2
~ , This‘

~e

increases the sca t ter ing  of he l ium-neon  laser l ight  relative to that of the
long er wav elength CO9 lase r l ight , Thus , our ref lec t iv i ty  measurement s
ind ica te  that  the r e f l e c t i v i t y  decreases more strongl y f or visible l igh t  than
for CO., laser light , Ti-mis ms consistent with the measurements in  F i g u r e
111— 5 , where  the l a s e r -i r r ad i a t ed  surface  shows a relat ive ly high value of
the spectral densi ty  func t ion  at a spat ial  f requency of less than 1 inverse
m ic ro m eter ,

In summary.  measur ing  the spectral density func t ion  of the scattered lig ht has
proven to be a valuable tool for  probing ti-me characteri stics of ti - me target  su~”-
faces -
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SECTION IV
COUPLING OF LASER ENERGY TO BLOWOFF ~1ATER IA I ,

In a previous report~
3

~ we described measurements  of the coupling of laser
ene rgy to the laser-produced blowoff material , as derived from measure-
ments in our time-of-flight mass spectrometer. Data were presented for the

distribution of’ erie r ’gv in the various degrees of freedom in the blowoff mate-
rial , including the kinet ic  energy ot’ expansion , the heat of vaporizat ion
required to produce the observed am ount of blowoff mater ia l , and the amount

of energy needed to produce the observed mi xture  of ionization states , The

fraction of ti-me total laser energy coupled into the blo woff was 6 percent when

ti-me laser was operated with nitrogen on and 4. 2 percent when ti-me laser was

operated with ni trogen off , We have flOW obtained data giving the var ia t ion
of these nun ’nbers w i t h  laser  power dens i ty . These data  are presented in

I” ig imre IV- l , w h i c h  gives the f r ac t ion  of’ the ’ i n c i d e n t  laser  e n m ’ r ’ r~v car r ied
away by the b l ow of f  as a f u n c t i o n  of l aser  po we r dens i ty , for an a l u m i n u m
target  The f rac t ion  is higher  for the longer pulse , imp lying ti-mat absorption

in the b lowoff ma te r i a l  continues d u r i n g  the lowe r’ powe r tai l  of the pulse .
These. ’  results show that  even for the thw ambient  air -  pressures  in the time-
of—flig ht mass spe.’ ctrorne ter , t i m e . ’  r ’e i s  a s i g n i f i  c a n t  ab s ( em ’pt i o  n of laser  energy

in ti-me blowoff material , TI-me l’raction of ti-me total energy absorbed in the

blowoff material is consistent with values measured for t ransmiss ion  of the
b low ot t  mater ial  at low ambien t  a i r  pressure~’~~,

Thus , we have obtained values for the energy -require d to produce the 1)10w-

off ma te r i a l  in its observed state . \Ve have found that  the largest  contr ibuto r
is the kinet i c energy of expansion , and that the total amount of energy is just
a few percent of the ene rgy delivered by the laser , Some fraction of the

en ergy remai ns w i t h i n  the sam ple as thermal ene rgy which increases ti-me

sample t empera ture, and the r e m a i n d e r  is reflected , e i the r d i f f u s ely  or

speculrt r’ lv ,  These measurement s  are impor t an t  f ( er  determining ti -me total
p a r t i t io n  of the ene rgy delive red by the laser to the’ target surface.

Th ’se results have been submitted for publication to A ppl ied Physics 1,etters .
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SECTION V
R E F LE C-r iv i  TV

Only one m easure m ent relative to the effect of laser irradiation on target

reflectivity was perform ed during this contract period . This cons isted of
m e a su r ing  the change in specu lar reflectivity produced by two pulses , w i th
va r i ab le in t e rpulse  l i m e s .  These  measurements were taken relative to the
permanent change in specular reflectivit y produced Nv the laser irradiation .

They were measured by ti-me method described previotzsly~
2
~ using a h e l i u m -

neon laser as a probing beam. M e a s u r e m e n t s  were carried om it  in  am l ) i en t

air under conditions where the specular reflectivity at 0. 6328 ~ ni was

considerably reduced N v  one single laser’ shot, ‘[‘he results are shown

in Figure V — i .  \Vhat is presented is the specular reflectivity after’ a series
of two lasc m’  shots  at the  i n d i c a t e d  i uterpulse time. The results are nor-

malized to the i n i t i a l  va lue  as unity . For a laser power density of 1.2 x i08

w/ cm n  , the r e f l e c t i v i t y  is i’educed to around 15 percent of its pre— rradiatiori

value by ti-me ser’ies of I wo  shots . Thus , each data poi n t represents ti-me final

reflectivit~ after t h e  two  shots have ’  been delivered . The data have some

scatter , h u t  i nd i ca t e  c-mo sy s t e m a t i c  dependence of ti -me f i na l  r e f l e c t i v i t y  on

interpulse ti m im e , down I o approx I m at e iv  20 mii i l l i  seconds. Th i s  r e s u l t  u s

di ff1 cult to r - e e or m c  i le’ w i t h  the I’esu lt shown i n  I ’ m gmm re II— 13 , m n w i m i  ch s i g n i f i c a n t

effects were observed for interpulse tm mimes of 70 milliseconds . If ti-me earl ier

results ( l- ’igure (1— 8) are caused by ii  m s e i r l ) t L O n m  of laser  I i  gh t  i n  b lowoff mate-

rial r e m i i a i n i n g  f rom the f i r s t  si ot . it is difficult to understand the indepen-

dence of the f ina l  r e f l ec t iv i t y  on i n t e r p u lse  ti m e .

The on in c m m  i nt er p u l se  t i m e  of 20 mvi i iliseconds could be obta l tied o n ly  on a

few h-diet S . Most of time data was taken at interpulse ti cues of 80 m i l li sec o n ds

or greater. When the data in Figur e 11—8 were obtained , we could not produce’

pairs of pulses of (‘qual amplitude with an interpulse tirii e of less than

70 m illr seconds. A s wi th the other data , only pairs of pulses of equa l  a m p h —

tude were accept-ed.
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Continued work in this area will involve using two TEA laser’s which can he’
pulsed independently at times variable down into the microsecond regime .
We antici pate that the apparent discrepancy between F ig u r e  V-i amid Fi gure
( 1— 8  can be resolved wi th  more measurements  at shorter in terpuise  t i m e s .

Our previous resu l t s  on measurements  of t i r - m e—r e so lved  reflectivit y have’

led us to a s i m ple method of e x t e n d i n g  the rr’c.easure!iiemlts on specular reflec—

tiv itv to include both specular reflectivlt\ am-md d i f f us e  r e f l e c t i v i ty  measure-
ments . \Ve rioted that n-mon —t i n-me—re-solved m easuremen ts of specular and
diffuse reflectivity amid absorptivity after ti-me end of the ’ laser Pul se added me
imni tv . 

(2) Th is,  of course , is  true timrouglmou t the pu l s e  but the conclusion
is that our measu r ing  t e c h n iq u es  have sufficient cI’c ’dibilit \ to m easure two

of ti-me three parameters on a I i  i i i  e—re so lved  has is arid t o  d e r i ve  the third by

subtraction from eunitv . Accordi nglv , we are s e . ’ t I  1 m m ~ i mp i ns t rumenta t ion  to

extend ti -me prev i ous m e a s u r e m e n ts  en specmmlar ref lectmv m t v . Ti-me (-xte’nsion

i nvol~ es u s i n g  an i n t e g r a t i ng  clii psoidal m i r r o r . l i m e  e l l i p s o i d a l  m i r r o r

collects all the prohm n~ I iglit i - e l i  ected I ’i ’ oomi  t i - m e  I ~u ’v H amid  t hu s  a l l o w s t im ne —

resolved measuremen t s  of l otal m’efle.’cti’, i t v .

In this experummie nt ti 1e sample and the  dete ’et or  a r ’ e - I ) I h m c (  d a t  Iwo  foci of’ t ime

el l ipsoid . As is we l l  known , a l i gh t  ray i 1 , i s s i m l c -  1rom ~i o n e ’  fe R b m i , ~ of m o m  e l l i p -

soid will reach the other f’ocim s r’e-c:i rdle ’ss of ( Ii  r eet  ion of tra’,,’el . Thus , the
profile of the probing  beani on the taI’C( ’t ~S I ’ C - — I ITLm C (’d on ti-m e detector. .-\ 11
the diffusely scattered probe r’adi a t ion  reaches t i m e  del ector~ r ’e~ a rdless  ol
the direction at wh ich  i t  le aves the t a rg e t  surface . Thus . elm f Iu se ’i  v reflected
radiation cacm be collected and measured with a hi gh fr equenc~’ defector .

The ellepsondal mirror has the adva~ tagc over a i m e ’ c i m i  s p h e r i c a l  m i r r o r  of

reduced i mnage s i z e ’  ar id con v e n i e n ti  large spatial se paration of sample  and
detector,~~

3
~ Separat i on of components is impor tant  for accommodatinig

s u i t a ble moun t s  for the target and the detector .
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Small changes in the configuration of this experinrient will allow us to measure

either specular , tota l or diffuse reflectivity on a time-resolved basis, The
total reflectivity can be n-measured on a time—resolved basis if ti-m e probe

bea m is incident on the target surface at a small  angle f rom the surface
norm ’na i .  Then the specularly reflected beam wi l l  reach the detector , along
with diffusely scattered light . If a small opaqu e beam stop is inserted i n
from -m t of the detector with a small a p e r t u r e  th roug h wh ic h the specularly
reflected bea m can pass , we can obtain measurem ents of ti-m e specular reflec-

tivity , s imi lar  to our earl ier  resul ts .

If the probe bea m str ikes the target along ti - me n or m al to the ta rge t  sur face ,

specularl y reflected light w i l l  be directed back out th e entrance hole in time
el l ipse and wi l l  not reach the detector. I n t h i s  c o m i f i g u r r a t i o r i  t i - me detector w i l l
see only diffusel y scattered light . Thu s , we can measure ac n e - r e s ol v e d

dif fuse  r e f l ec t i v i ty  separate ly  d u r i n g  i r r a d i a t i o n .

The el l ipsoid is cast of a l u m i n u m — f i l l e d  epoxy ar -md has a coa t i n i g  of vacuum —
depos i ted a lum i num. Ti-me ma jor an-md min or axes  are 24.  85 amid 23. 85 cm ,
respectively , and the separation between foc i is  7 ccvi . Th is  a l low s adequate

~- oom for mounti  mw the I ;u i ’ i ~et and detector .

The two laser hea ri-ms enter ’  ti ie e l l i pse ’  t h rough  a hole i i i  the  mi r ro r  w a l l .

Rn-mowing tl’ie size of the imnage is im portan t, hecaurse ti-m e engrarmce aperture

of the detector m ust  he lar ge enough to admi t  all  ti -me image flux . For an

d li psoid , the m a g n i f i c a t n o n  is f ixed by ti-me length  of the s e m i —  major ax is an -md
the separatio n of the foci . By keep ing  the i r radiated area on the  t ar g e t  s m a l l

and centered on one focus , ti -me i m age s ize  is small  arid collection loss is

n-n i n c  m iz ed . I mage s izes  of the order of 1 m i l l i  meter cani he ohta ined .U 3)

Calibration is  needed to establish the magnitude of f lux  loss from - m i ti - me e l l ip-
soid. l ,osses can be expected fro cn flux heim ig ref lected o m it  the entran ce hole
and fr o m -m i a hh ~orpt ion in scat t e ’m ’ i n g  at  the ni irror surfac e.  The mirror
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efficiency usefully expresses the loss. Eff ic iency is the ratio of detected

signal with and without the ellipsoid. The signa l wi th  time el l ipsoid is obtained
h\ hr i nging flux in to  a standard reflect ion target at One foc m m s wh m Ic ’  t h e
detector is at the other focus . The signa l without the ellipsoid is measur ed

N v removing the standard target and placing the detector in  the target  po s i t ion .
The ratio of signals so obtained is units’ for a perfect clii psoid an -m d less than
uni ty  for a real ellipsoid .

(~a librat ion is also possible i) v  CO m npa r i son w i t h  s ta t ic  \ a l u m e s  for total specular
an - m d d i f f u se  r e f l e c t i v i t y  for ti -me sa m e surface s .  Thes e q u a n t i t i e s  can be det er-
mined ii~ ti - m e methods used in previous m e a s u r e  mi -meri ts , I h at  i s , in tegrat ing
spheres and ca Ion nietri  c methods ,

To he ’ able to carr y out mn eas m nrc mneni t h — as a fur - m et  io n of a mb i emit a m ’  pre s sure ,
a v a c m i  urn sta ti  on i has been com ist r u ic ted  for the ( ‘ l i i  psoi d. :\ t e l l  j a r  \v iii ~‘o n i —

p le t e lv  contain time e l  ii p soid , t a r g et  amid detector .  Ti-me t a rge t  m i m e n u r t  w i l l
a I hey, ’ r emote’  movement  of a target  th rough a v a c u u m  bel low s assern i  I \  , so

t h a t  a m w  area on th e t ai’ne t can he presented for successive lw-a m ’ —die ts ,

\ l e a s t m r c ’ i i i e m i t  S v:h th t h i s  appara tus  w i l l  allow mi s t o  obta in  ti - me t i m ’ — re solved
co u npim h g  of laser energ y into ti - me target su rface . The co nm s t ruc t i o m - m of t ime
apparatus has 1 ) 1 - e m ]  C Ofll l) lct ed and we i n i t i c i  p a l e ’  tha t  in i t  ia I m n e a s t n r e  m i i e nm t s
us inm g this sv st em  w i l l  be carr ied out  m u  t u e  near fu tu re .

- ~~~~~ - --~~~



SECTION V I
CONC I ,U SION A N D  F U T U R E  PLANS

This  report has described several exper imenta l  accomplishments , in which
we have  used a pu lsed ( ‘ i. ) ., TEA laser to gather data on the in te rac t ion  of hi gh

~io~ ’e ’n’ l a s t - n ’  r ’ a d i j t i e m i  w i t h  t a rge t m a t er i a l s .

\Iuch of - l i e  report has b e e nm conmcerned with  m easuring ti -me pressure pulse
ee m l p I e - ( I  L n t o  t i m e  I i i ’ g e ’ t , ~ p e ’ e i t ’cc  r e ’su lt s  are:

• \ey,- d a m i  em~ !a.s~ -r — induced pressure as a fun c t ion  of

c o m m d i t  m u r i s  of m m ’  m’ ’ e d i  a t  I cci

• Smi pport  of 1 1 u ’ - v i  0m m sI~ dcv - loped ni odd by the experi ma cr i ta 1
da ta

• l d e n t i f m c a t i o n  of ti -m e role of the laser — s uppor ted a b s o rpt i o n

wave ’  m m  tran smitting shock 1)ressul’e to so l id  t a rge t s

• Q m i a m m l  i t  a t m  y e ’  r e ’ s m m  I t s  for shock pvc - s s m m r e s  i ni a l k a l i  hal ide
\ V c m m d o w cvia ter iah -

• R e l a t i o n  between shock Pr essure ’  anml d a m i m a g e  in  a l k a l i  h a l ides

I n add it ion , we have described i-mew results related to cha rac te r i za t ion  of
Ia rge ’ !  su rfaces Nv Aug e r  spectroscopv amid by s m m m ’ f a e ’ e ’  s c a t t e - r i  n - mg measure—
n -c-merits . We have detern-i  ir ed ti-me fract ion of m c i  denit laser energy coupled
i n t o  the  blowoff mi -material , as a f u n c t i on i  of’ laser power dens its’ .
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Some unresolved i ssu ie s  r e mn ain i  to be dealt wi th  in fut mn r -- ~v ork , The effect

of Vani a i ) le  m n t e r p u i l s e  firm - me on our results is a prim -c-me remaining is-ace , as
described in Section I I .

Our fu tu re  plans m n c lude  t ime  fo l lowing  i t e m s :

• Measu r ing  d i f f u s e  r e f l e c t i v i t y  and specular  r e f l e c t i v i ty  as a
func t ion  of t im e  d u n  r ig  i r r ad i a t i on , u s i n g  the in teu i ra t i  r ig ch ip—

soc d d e s c r i b e d  m i  Sec t ion  \ . These m -m i e a s u n r e m n e c i t s  w i l l  lie
carr ied omit as a f m m n c t m  on of amb len i t  a i r  pressum m e , laser power
de n s i t y , p r o b i n g  la ser  \v i \ e le n g t h  and in t erpu l s e  ti me . We
w ill use the r e s u l t s  to oht i i i i  the a h sor p t i v  i tv  as a f u n c t i o m i  of

ti mi - me and thus to dc ’i ’ive the laser power a c t u a l ly  absorbed by

the t a r g e t  su r fa a’ as a f u m n i c t i o n  of I l i a c .

• We w i l l  ext  c - m i d  the  s i c  ‘a sum 1, 1’ i e m m t s  on m em ihanced  thermu al  couphi cit
by b o r r ow i r m g  a ~- e r o m i d  T i - \ lasc ’c ’ amid m i - m e a s u r i n g  the effect  of
t - ~’,-o sum cc -ss ftc l , i -a-v pur l se’s as a f’m m m m c t m  ou of u m m t e r p u l s e  I i mae i ml

t i m e r e g i m e of t e n s  of ii  ieo ’o-a ’r onds .

• We w i l l  C:IrI’\ out I a - a s u m r ’ m i n t s  on m ca re fu l ly  cha rac ter i zed
ta rget  si m i’t ’a ces prepared Nv d i  ife  - P c  ‘n it t e e i m n m  i qi me ’ s i n  order to
d e t e r m i n e  the immf l u  ‘rice ol sui’I ’ac- char ’aci ep i s t le s  a rm the

oi)served r e s u l t s . ‘rhe c h a r a c t e r iz a t i o n  w i l l  e m ploy the  tech—

n i qmm r’ s described in Sect ion  I I I .  The effect of target  sur face
oxida t ion  ~vi II also he m m i v e s t  i g a t e d . This  w i ll he carried omit
by i rradiati n-mg t m i t  H ,s in  a t’u m r n m a c e  , wm t h t he  samiip le s  N e - i  n - mg
held at He ‘v~~t e  (1 te m n p e r a t m m r e s  for var ’  i c i g  l eng ths  of t i m e

prior to i rradiation. The amomnnt of ’ ox ida t ion  w i l l  be mvio i i i —
tored Nv A n ig er  spec tr ’ osceep \
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1. I m ive s t i m ’ i t m e m  t e f  \ l i t e - i ’ m a l  I ) , I m - a : i t e ’ , i m m t e ’ m ’ i c ’t m e n - - of ‘l’ i~:\ l aser ’ R a d i a t i u n m
wi th Si i i ’ I ’ t r e ’ s . . 1 , I , f - ~ m d v , c i t e ’ r i m i  U t - pe m i oi l  ( e m i I . i ’ ~~~’I 1’’4 4 6 2 0 — 7 3 — C —
0022 , ( ‘ e y e - I ’ m  ii ~ p -m ’ i o d  t i ’ o ~~m 15 I ) e ’c c - ’ s l c e r  1 7 2  to 14 I ) e - e e m i i h e r  IP? 3
( l - ’e l i mu ar v  1 e 7 4 ) ,

2 , l m ~y e s t i t a t i onm of ’ \ 1 i m - c ’ i a l  h ) a m i a m j e ’ , 1st -n i e ’ i o m m s  c i t  I I - I i - e m ’  R a d i a t i o n
w i t h  Supt ’a r c - s . .1 . i ’ . I~ e - c c I ’ ~ , i m m l e - m ’ i c n  he ‘ em ’  em ( ‘ e m m l m ’ ,~~-t i~4 4 6 2 0 — 7 3 — C —
0022 , c o \ — ( ’ r m i m g  per i od 1 0 ] ’ ]  1. )  I ) e - c c - m n i  ‘ c - n ’  1 s7 3 cc 14 I ) c ’ c c ’ m i i i ~ - 1 -  L Ie 4
(F e b r u a ry  1~~7 5)

3 . Inv e - ; t i c i t i o n i  of \ l a t e - c ’ m i l  H mas - , i ’ n ’ e s 5 m i m - - I ’ u l — a - s  I ’ i ’ o d i i re ’d Nv ( ‘ an1 )  en
I ) i  oxide I . a — ~c ’ I -  h i d  i i i  c o n , , I , i- ’, ~c - m d v , i N  i ’ i m i i  I ‘port. on ( ‘ e nt r ac t
l - ’4 4 6 2 0 — 7 3 ~~~’— U O 2 2 . ‘ t t ’ , - m ’ i n l g  pe r i od  t ’r o i m 1-5 1 ) - s m  i f lh e ’i’  1 7 4  l~~
14 I ) e c e m h e - c ’  1 7 5  ( l - b r m m i c ’ ~ 1 7H ,

4, 1 , I- , I~~-ae 1’ - \pp li i i  I 5 m~ so’s l e ’ t t c - t ’~ 25 , SSd  ( 1 7 4 ) .
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