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FREQUENCY SPECTRUM OF LASER-GENERATED ULTRASONIC WAVES 

B. Betz and W. Arnold 

Fraunhofer-Inst i tu te  for  Non-Destmetive Test ing,  BZdg. 37, Univers i t y ,  
6600 Saarbrilcken, F.B.G. 

R6sum6 - Le spectre des ondes u l t rasonores produi tes grace ?I 1  ' e f f e t  
thermoelast ique par de courtes impulsions laser  a i t 6  mesuri  dans 
l ' a lumin ium p o l y c r i s t a l l i n  e t  dans l a  ceramique Si3N4. Le spectre e s t  
maximum 2 1 / 2 n t  s i  l a  forme de 1 ' impuls ion en fonc t ion  du temps e s t  
gaussienne (2  r e s t  l a  largeur  de 1 ' impuls ion) .  Pour l e s  friquences i n f 6 -  
r i e u r e s  2 1 / 2 n r  l e  spectre e s t  determin6 par 1 '6paisseur de peau thermique 
e t  l a  longeur d'onde u l t rasonore a l o r s  que pour l e s  hautes fr6quences il 
est  l i m i t 6  par l e s  composantes de Four ier  de 1 'enveloppe des impulsions 
du laser .  Les va leurs absol ues des amplitudes de v i b r a t i o n  6 las t ique  sont 
de 1 l o r d  e de 1 'Angstrom pour des i n t e n s i t i s  opt iques de 1 'o rd re  de h 10 MW/cn . 

Abstract  - The frequency spectrum of u l t r a s o n i c  waves generated by shor t  l aser  
pulses due t o  the thermoelast ic e f f e c t  has been measured i n  p o l y c r y s t a l l i n e  
a1 uminum and i n  the ceramic mate r ia l  s i l i c o n  n i t r i d e .  The spectrum e x h i b i t s  
a  maximum a t  1/2rcr i f  the temporal l aser  p r o f i l e  i s  gaussian ( 2 t  i s  the 
pulse width) .  For frequencies smaller than l l 2 n r  , the r a t i o  o f  the thermal 
sk in  depth t o  the sound wavelength determines the  frequency spectrum, whereas 
a t  h igh frequencies the spectrum i s  l i m i t e d  by the Four ier  components o f  the 
laser  pu lse envelope. The absolute magnitudes o f  the sound amp1 i tudes  are o f  
the order o f  A f o r  o p t i c a l  i n t e n s i t i e s  o f  = I 0  MW/cm2. 

Because o f  thermal expansion a per iod ic  heat i n p u t  a t  a  s o l i d  or l i q u i d  i n t e r f a c e  
i s  accompanied by the generat ion o f  sound waves. This i s  c a l l e d  the thermo-elast ic 
e f f e c t  and i t  has f i r s t  been described ex tens ive ly  by White / I / .  Experimental ly t h i s  
e f f e c t  has been v e r i f i e d  by var ious groups /2-5/. Whereas q u i t e  l a r g e  o p t i c a l  
i n t e n s i t i e s  are necessary t o  produce s i g n i f i c a n t  sofind amplitudes i n  so l ids ,  thermo- 
e l a s t i c i t y  i s  more e f f e c t i v e  a t  l i q u i d  i n t e r f a c e s  /6-9/ mainly due t o  the l a r g e  
thermal expansion o f  l i q u i d s .  However, f o r  p r a c t i c a l  app l i ca t ions  such as i n  non- 
des t ruc t i ve  tes t ing ,  the generat ion o f  sound waves i n  so l ids  i s  o f  greater impor- 
tance. As a heat source laser  pulses o r  chopped e l e c t r o n  beams are used i n  most 
cases. I n  order t o  e x p l o i t  the rmoe las t i c i t y  e f f i c i e n t l y ,  i t i s  necessary t o  under- 
stand the generat ion mechanism on the bas is  o f  a  physical model and t o  v e r i f y  i t s  
consequences experimental ly.  Ear ly  experiments were r e s t r i c t e d  t o  show the feasi-  
b i l i t y  o f  thermo-elast ic sound generat ion /2,3,4/. Later  on the importance o f  
mechanically cons t ra in t  or unconstra in t  surfaces has been demonstrated /5/. Fur ther-  
more, f i r s t  experiments were c a r r i e d  ou t  i n  which the d i f f r a c t i o n  pa t te rn  of such 
sound sources has been examined / l o / .  There i s  l i t t l e  knowledge about the frequency 
components o f  thermo-elast ic sound sources although t h i s  in format ion i s  necessary 
f o r  p r a c t i c a l  appl icat ions.  We have there fo re  undertaken such measurements i n  
a1 uminum and i n  the ceramic mater ia l  s i l i c o n  n i t r i d e  as t y p i c a l  representat ives 
o f  good and poor thermal conductors, respect ive ly .  

The experimental set-up i s  shown i n  F ig .  1. As a laser  source we used a Q-switched 
ruby laser. The temporal p r o f i l e  o f  the pulses were gaussian w i t h  a ha l f -w id th  
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T = 25 ns. The l a s e r  pulse i n t e n s i t y  impinging on the  surface could be varied by 
i n s e r t i n g  f i l t e r s  of known opt ica l  density i n t o  the op t ica l  path. We measured the  
power of the pulses with a  ca l ib ra ted  photodiode. The beam w i t h  a  diameter of 5 mm 
was not focused onto the sample. In t h i s  way we obtained opt ical  i n t e n s i t i e s  up t o  
300 MW/cm2. The l a s e r  in tens i ty  was r e l a t i v e l y  homogeneous over a  width of 3  mm. 
This was checked by measuring the  l a t e r a l  p r o f i l e  with a  small s l i t  of 21 pm width. 
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/ 
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Fig. 1  : S c h e m a t i c  e x p e r i -  
m e n t a l  s e t - u p .  T h e  p i e z o -  
e l e c t r i c  t r a n s d u c e r  h a s  a  
c e n t e r  f r e q u e n c y  of 6 0  M H z  
a n d  a  6 d B  b a n d w i d t h  o f  
8 0  M H z .  

The samples were rectangular  cubes with typical  dimensions of 3  x 3  x 3 cm3. On one 
face of the  sample a  p iezoe lec t r ic  transducer was qlued on. The receiving t rans-  
ducer, e i t h e r  s e n s i t i v e  t o  the longi tudinal  o r  t ransverse po la r iza t ion ,  was always 
aligned along the  opt ical  ax i s .  I t s  o u t ~ u t  was fed i n t o  one channel of a  f a s t  
d i g i t i z e r  whose sample width was 5 ns. The data  were then handled by a  computer. 
In t h i s  way we obtained accurate Fourier transforms of any echo desired out  of the  
echo sequence. A typical  pulse-echo t r a i n  generated in  s i l i c o n  n i t r i d e  i s  shown 
in Fig. 2. In t h i s  case a  transducer f o r  longitudinal waves was used and t h e  
absorbed opt ical  i n t e n s i t y  was = 50 MW/cm2. 

The signal-to-noise r a t i o  of the f i r s t  echo i s  about 40 dB. For weaker s igna ls  the  
output of the t ransducers  was f i r s t  amplified by a  broadband amplif ier .  The echo 
t r a i n  of Fig. 2 cons i s t s  mainly of longitudinal waves. The t ransverse po la r iza t ion  
i s  suppressed a t  l e a s t  by 25 dB even a f t e r  taking i n t o  account the reduced sensi-  
t i v i t y  of the  transducer f o r  the t ransverse polar izat ion.  This a l so  holds f o r  
aluminum. Figure 3 shows the  frequency spectrum of t h e  f i r s t  echo in the  s i l i c o n  
n i t r i d e  sample. The spectrum was corrected by t h e  inverse inser t ion  l o s s  I1 ( o ) 
of t h e  transducer and by the at tenuat ion a ( w )  of t h e  sample 1121. As can be 
seen from Fig. 3, the spectrum f i r s t  increases,  passes through a maximum and then 



decreases rapidly.  A s imi la r  behavior can be observed f o r  a l l  successive echoes 
as  well as  in  aluminum. 

SlUCON NITRIDE 
F i g .  3 :  F r e q u e n c y  c o m p o n e n t s  o f  t h e  

I - EXPERIMENT s t r a i n  p u l s e  i n  s i l i c o n  n i t r i d e  o b -  

C 
t a i n e d  e x p e r i m e n t a l 1  y ( s o l i d  l i n e )  a n d  ---- THEORY 

z t h e o r e t i c a l l y  ( d a s h e d  l i n e ) .  A s  c a n  b e  
c l e a r l y  s e e n  there  i s  a  m a x i m u m  a t  
1 / 2 r ~  . T h e  o p t i c a l  i n p u t  p o w e r  w a s  
s u f f i c i e n t l y  s m a l l  s o  t h a t  o n l y  t h e r m o -  
e l a s t i c  s o u n d  g e n e r a t i o n  p l a y e d  a  r o l e .  

Our experimental f indings can be explained qua1 i t a t i v e l y  qu i te  simply. The thermal 
expansion is  confined t o  a small l ayer  a t  the surface of the sample. The extension 
of t h i s  l a y e r ,  a1 so c a l l e d  thermal skin depth, depends on the  thermal p roper t i es  
of t h e  material under consideration and on the  frequency 0/2n of t h e  periodic  
heat input  / I / :  

(1) 

Here, K i s  the thermal d i f f u s i v i t y  K = K / p C ,  K i s  the  thermal conduct ivi ty ,  
p is  the densi ty,  and C is  t h e  s p e c i f i c  heat.  Typical magnitudes of 6 a r e  1.8 um 
f o r  s i l i c o n  n i t r i d e  and 4.4 pm f o r  aluminum a t  0 /2  TC = 10' Hz. This i s  much smaller 
than the corresponding sound wavelengths h . Thus the  s i t u a t i o n  is  s imi la r  t o  
dr iving p iezoe lec t r ic  transducers not in  resonance which reduces t h e i r  e f f e c t i v i t y  
considerably. For 0 M = v ~ / 6  a maximum i n  the  e f f ic iency  should occur ( V L  i the 
longitudinal round ve loc i ty ) .  Since = 7 . 1 0 ~ ~  s - l  f o r  aluminum and = 101$ s-I 
f o r  s i l i c o n  n i t r i d e ,  the  l a s e r  envelope contains no Fourier components of such 
high frequencies. Hence t h i s  maximum remains unobservable a t  our experimental 
condit ions.  Therefore we a r e  l e f t  with t h e  explanation t h a t  the maximum or ig ina tes  
from two competing processes: the increase of the  e f f ic iency  of the  thermoelastic 
e f f e c t  because the  r a t i o  6 /  h increases with increasing frequency, and the  decrease 
of the  Fourier  components due t o  the  f i n i t e  width of the  l a s e r  pulse. This can be 
wr i t t en  in  a more quant i t a t ive  way: 

In t h i s  equation @ is  the  thermal expansion c o e f f i c i e n t  and 0, i s  the  i n i t i a l  
temperature increase a t  the  surface ( 0, = P, &/KG ).  The second f a c t o r  in  Eq.(2) 
i s  the  Fourier transform of the  l a s e r  pulse envelope, whereas the  f i r s t  f a c t o r  
corresponds t o  the  or iginal  expression derived by White f o r  thermoelastic sound 
generation a t  unconstrained surfaces / I / .  Inser t ing  t h e  proper parameters f o r  
s i l i c o n  n i t r i d e ,  we obtain the  dashed l i n e  shown in Fig. 3. I t  reproduces the  
maximum and the  frequency spectrum a t  high frequencies q u i t e  reasonably. The low 
frequency p a r t  of the  spectrum, however, var ies  t h e o r e t i c a l l y  a s  a J 3  whereas t h e  
experiment y i e l d s  r a t h e r  a w . A t  present  we do not have an explanation f o r  t h i s  
behavior. 
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It i s  s t r a i g h t f o r w a r d  t o  d e r i v e  f rom Eq. (2 )  t h e  frequency a t  which a maximum 
should occur.  One ob ta ins  w=  l / t  independent o f  m a t e r i a l  parameters 
p rov ided  o<< v 2 / 2 ~  . A t  l e a s t  f o r  t he  two m a t e r i a l s  examined, t h i s  c o u l d  be v e r i -  
f i e d  expe r imen ta l l y .  It should  be noted t h a t  i t  i s  d i f f i c u l t  t o  c a l c u l a t e  the  ab- 
s o l u t e  magnitude o f  t h e  s t r a i n  curve versus frequency because S ( o  ) con ta ins  t h e  
abso lu te  power d e n s i t y  Po absorbed a t  t h e  su r face  Since we o n l y  cou ld  es t imate 
t h i s  q u a n t i t y ,  we can say a t  p resen t  t h a t  t h e  experimental  abso lu te  magnitudes 
( ~ 8 ,  f o r  e l 0  MW/cm2 absorbed o p t i c a l  i n t e n s i t y )  are  rouqh ly  a f a c t o r  o f  5 sma l l e r  
than the  t h e o r e t i c a l  ones. We w i l l  d iscuss t h i s  p o i n t  i n  a for thcoming p u b l i c a t i o n  
i n  more d e t a i l  /12/. I t  i s  obvious t h a t  a one dimensional d e s c r i p t i o n  l e a d i n g  t o  
Eq. ( 2 )  can on l y  e x p l a i n  the  generat ion o f  l o n g i t u d i n a l  waves because shear waves 
are  caused by l a t e r a l  thermal expansion a t  t he  surface. Apparent ly,  i f  the  l a s e r  
beam i s  n o t  focused onto  the  sur face,  l o n g i t u d i n a l  waves a re  predominant ly  generated. 

A new f e a t u r e  appears when t h e  l a s e r  power i s  increased so t h a t  a b l a t i o n  o f  su r face  
m a t e r i a l  se ts  i n  ( =50 MW/cm2). Then the  s t r a i n  l e v e l s  become so l a r g e  t h a t  second 
harmonic generat ion caused by l a t t i c e  anharmonic i ty  /13/ becomes no t i ceab le .  
A t y p i c a l  s t r a i n  curve versus frequency obta ined under such c o n d i t i o n s  i s  shown i n  
F ig .  4. A t  t w i c e  t h e  frequency o f  t h e  maximum i n  S( w )  a shoulder  appears. Fu r the r -  
more, l a t t i c e  anharmonic i ty  leads t o  a d i s t a n t  dependent bu i l d -up  o f  t h e  harmonic 
wave S2, because t h e  fundamental s t r a i n  wave S l ( x )  i s  a t tenua ted  by abso rp t i on  as 
w e l l  as by the  n o n l i n e a r  process. We can e x p l a i n  t h i s  bu i l d -up  q u a n t i t a t i v e l y  by 
s o l v i n g  two coupled d i f f e r e n t i a l  equat ions f o r  S l ( x )  and S2(x) which takes t h i s  
i n t o  account /12/. The main parameters i n  these equat ions a re  c3 and cp which a re  
the  app rop r ia te  t h i r d - o r d e r  and second-order e l a s t i c  constants ,  r e s p e c t i v e l y .  

11  \ SILICON NITRIDE 

,SECOND HARMONIC 

\ 

30 SO 70 
FREQUENCY I MHz1 

F i g . 4 :  F r e q u e n c y  c o m p o n e n t s  o f  
t h e  s t r a i n  p u l s e  i n  s i l i c o n  n i -  
t r i d e  a t  l a r g e  o p t i c a l  i n t e n -  
s i t i e s  a t  w h i c h  t h e  l o n g i t u d i n a l  
w a v e  i s  e n h a n c e d  b y  t h e  r e c o i l  
m e c h a n i s m  c a u s e d  b y  a b l a t i o n  o f  
s u r f a c e  m a t e r i a l .  A s h o u l d e r  
a p p e a r s  a t  t w i c e  t h e  f r e q u e n c y  
o f  t h e  m a x i m u m  o f  S ( w ) . L a t t i c e  

1  
a n h a r m o n i c i t y  i s  a t  t h e  o r i g i n  
o f  t h i s  e f f e c t .  

Sunmarizinq, we should l i k e  t o  p o i n t  o u t  t h a t  t he rmoe las t i c  sound generat ion ex- 
h i b i t s  a pronounced frequency spectrum determined by t h e  F o u r i e r  components o f  
t he  l a s e r  pu l se  envelope, and by t h e  frequency-dependent thermal p e n e t r a t i o n  depth. 
Avo id ing  t o o  h i g h  l a t e r a l  thermal expansion a t  t he  sur face,  on l y  l o n g i t u d i n a l  
waves a re  generated. A t  l e a s t  i n  t h e  o v e r a l l  behav ior  t h e i r  f requency spectrum 
and abso lu te  magnitude can be exp la ined by a s imple  one-dimensional t h e o r e t i c a l  
desc r ip t i on .  
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