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Picosecond  Holographic  Grating  Generation of 
Ultrasonic Waves 

MICHAEL D. FAYER 

Abstract-The  picosecond  holographic  grating  generation  and  detec- 
tion of ultrasonic  waves  are  described.  Two  mechanisms, a heating 
mechanism  and  a  stimulated  Brillouin  scattering  mechanism,  are  de- 
scribed.  These  permit  the  generation of tunable  ultrasonic waves  in  the 
MHz  to  GHz  range. It is demonstrated  that  the  two  mechanisms  can 
be  distinguished by the  distinct  time  dependences of the  diffraction of 
a  variably  delayed  probe  pulse  from  the  acoustic  gratings.  In  addition, 
the  acoustic  waves  can  be  optically  manipulated, i.e., amplified,  can- 
celled,  and  phase  shifted.  The  use  of  the  technique  for  the  detection of 
weak ground  state  absorptions  and  excited  state-excited  state  absorp- 
tions is illustrated.  Mixed  excited  state  and  acoustic  gratings  are  dis- 
cussed.  The  phase  grating  contribution  to  diffraction  from  an  excited 
state  grating  is  displayed,  and  the  interference  between  the  acoustic 
phase  grating  and  the  excited  state  phase  grating is described  and  ex- 
perimentally  illustrated.  Contributions  to  the  acoustic  grating  diffrac- 
tion  from  spectral  shifts  when  the  probe is near a strong,  narrow  tran- 
sition are  considered.  Grating  experiments  on  various  phases  of  liquid 
crystal  thin  films  are  presented.  It is shown  ttiat  in  addition  to  an 
acoustic  grating,  a  Kerr  effect  grating is produced.  The  Kerr  grating 
can  be  separated  from  the  acoustic  grating  using  polarization  grating 
excitation.  The  Kerr  grating  reveals  nonexponential  relaxation of ori- 
entation  order  in  liquid  crystals  on  a  short  time  scale (< 1 ns). 

0 
I.  INTRODUCTION 

PTICAL  generation  of  ultrasonic  waves  has  been of 
interest  to  workers in nonlinear  optics,  acoustics,  and 

condensed  matter  spectroscopy  for  some  time [ i ]  , [2].  The 
interaction  between  light  and  material  acoustic  fields is of 
interest  in  its  own  right;  furthermore,  efficient  light  to  ul- 
trasound  conversion  holds  promise  for  a  variety of sci- 
entific  and  practical  applications. In  particular, it has  been 
recognized for  over  a  decade  that  four-wave mixing  tech- 
niques  can be useful  in  the  investigation of the  acoustic 
properties of condensed  matter  [2]. 

In  this  paper,  a  convenient  method  for  optical  excita- 
tion of coherent  acoustic  waves  in  transparent or light- 
absorbing  liquids  and  solids is  described  [3]-[5].  The 
acoustic  frequency  can  be  continuously  and  easily  varied 
from  about  30  MHz  to  30  GHz  with  the  current  experi- 
mental  apparatus,  and  a  considerably  wider  range  should 
be  possible.  The  method  can  be  extended  to  the  excitation 
of optical  phonons in the THz frequency  range  [6].  Once 
generated,  the  ultrasonic  waves  can  be  optically  cancelled 
(turned off),  amplified,  or phase  shifted  [3].  In  aniso- 
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tropic  media  (crystals,  liquid  crystals,  stretched  films, 
etc.), any  propagation  direction  can  be  selected. 

In  addition,  acoustic  wave  grating  experiments  used  to 
measure  a  wide  variety  of  physical and  spectroscopic 
properties of systems in condensed  phases  are  discussed. 
The  technique,  which  is  called  laser-induced  phonon 
spectroscopy  (LIPS).,  is  used to  detect  very  weak  ground 
state  absorptions  [7]  and  to  detect  excited  state-excited 
state  absorptions  [8].  The  influence of an  acoustic  wave 
grating on the  diffraction  from  an  electronic  excited  state 
grating  is  considered [9].  LIPS  is  ideally  suited  for  the 
measurement  of  optoelastic  constants,  elasticity  parame- 
ters, and  acoustic  attenuation  [7].  In  particular,  measure- 
ments on liquid  crystals  are  discussed [ 101 , [l 11 . In  the 
liquid  crystal  experiments,  it  is  demonstrated  that  a  Kerr 
effect  polarization  grating  can  be  separated  from  the 
acoustic  wave  grating,.and  thus  both  translational  and ro- 
tational  dynamics  can  be  studied. 

The LIPS  technique  is  illustrated  schematically  in  Fig. 
1 and  works as  follows.  Two  picosecohd,  time-coincident 
laser  pulses  intersect  inside  the sample,  setting  up  an  op- 
tical  interference  pattern, i.e.,  alternating  intensity  peaks 
and  nulls.  Energy  deposited  into  the  system via optical 
absorption  [3],  [4] or stimulated  Brillouin  scattering  [3], 
[5] results  in  the  launching  of  counterpropagating  ultra- 
sonic  waves  (phonons)  whose  wavelength  and  orientation 
match  the  interference  pattern  geometry.  The  acoustic 
wavelength d is given by 

X 
2 sin (0/2) 

...l d =  

where X is the  wavelength of the  excitation  pulses  and 0 
is  the  angle  between  them  (see  Fig.  1). 

The  acoustic  wave  propagation, which  continues  long 
after  the  excitation  pulses  leave  the  sample,  causes  time- 
dependent,  spatially  periodic  variations  in  the  material 
density,  and  since  the  sample’s  optical  properties  (real  and 
imaginary  parts  of  the  index of refraction) are  density  de- 
pendent,  the  irradiated  region  of  the  sample  acts as  a Bragg 
diffraction  grating.  This  propagation  of  the  optically  ex- 
cited  ultrasonic  waves  can be optically  monitored by time- 
dependent  Bragg  diffraction of a  variably  delayed  probe 
laser  pulse. 

The mechanism by which  LIPS  ultrasonic  waves  are 
generated  depends  upon  whether the  sample  is  optically 
absorbing or transparent  at  the  excitation  wavelength.  If 
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Fig. 1. Schematic  illustration of the LIPS transient  grating  experiment. 
The crossed  excitation pulses  generate  counterpropagating acoustic waves 
(phonons)  with  the  wavelength  and  orientatioh of the  optical  interference 
pattern.  Phonon-induced  charges  in  the real or imaginary  part of the in- 
dex of  refraction create  a diffraction grating which  Bragg  diffracts the 
delayed  probe  pulse. The phonon  frequency is continuously  tunable by 
varying  the  angle  between  the  excitation  beams. 

the  excitation  pulses  are  absorbed  into  high-lying  vibra- 
tional or vibronic  levels,  rapid  radiationless  relaxation  and 
local  heating  at  the  interference  maxima  (the  transient 
grating  peaks)  occur.  Thermal  expansion  then  drives  ma- 
terial in phase  away  from  the  grating  peaks  and  toward 
the  grating  nulls,  setting  up  counterpropagating  waves. 
The  acoustic  response  to  absorbed  excitation  pulses, in 
terms  of  relative  material  displacement  (strain),  has  been 
shown to be  [3], [4] 

S,, = A (cos ky - ; [cos (wt + ky) + cos (ut - ky)) 

= A cos ky(1 - cos ut) (2) 

where S,, is the  compressional  strain  along  the y direc- 
tion, A is  the  amplitude  of  the  acoustic  disturbance, k is 
the  grating  (phonon)  wave  vector,  and w is  the  acoustic 
frequency. (wlk = u,, the  longitudinal  speed  of  sound 
along  the y direction  in  the  medium.)  The  excitation  ge- 
ometry is as  shown  in  Fig: l .  The  acoustic  disturbance in 
(2) can  be  viewed  as  a  steady-state  expansion  (the  dc  term) 
plus  a  transient  response  (the  counterpropagating  waves). 
For  simplicity,  we  assume  propagation  of  a  single,  lon- 
gitudinal wave,  although  we  have  demonstrated  and  will 
illustrate  below  that in anisotropic  media,  quasilongitu- 
dinal  and  quasitransverse  waves  can  also be  generated  [3], 
[4].  Local  changes in material  density p are  given by 

where po is the normal  density 

The  excitation  pulses  are  taken  to  be  instantaneous  and 
cross  inside  the  sample-at t = 0. At  this  time, 6p = 0 
everywhere, i.e.,  the  density  is  uniform.  Material then 
moves  away  from  the  peaks  and  toward  the  nulls,  causing 
the  density  at  the  peaks  to  decrease  and  the  density  at  the 
nulls  to increase.  The  density  excursion is largest  at t = 

n/u (and t = 3n/w, 5n/u, etc.),  and  returns  to normal  at 
t = 2n/u, 4n/u, etc.  (after  each  acoustic  cycle).  Thus, 
the  density  at  the  grating  peaks  oscillates  between  normal 
and  a  reduced  value,  while  the  density  at the grating  nulls 
oscillates  between  normal  and  an  increased  value.  The 
variably  delayed  probe  pulse  undergoes no diffraction  at 
t = 0, 2n /w ,  etc.  (uniform  density),  and is most  strongly 
diffracted  at t = n/w, 3n/w,  etc.  (maximum density  ex- 
cursion). 

In  samples  which  are  transparent  at  the  excitation wave- 
length,  optical  energy  is  coupled  directly  into  the Sam- 
ple’s  acoustic field via stimulated  Brillouin  scattering  [3], 
[5] .  This  process  takes  advantage of the  inherent  spectral 
linewidth in the  picosecond  excitation pulses.  Higher  fre- 
quency  photons from  each  pulse  are  annihilated  to  create 
lower  frequency  photons  in  the  opposite  pulse  and  pho- 
nons of the difference  frequency and  wavevector  in  the 
medium.  Counterpropagating  waves (a standing  wave) are 
thus  produced.  The  acoustic  response  has  been  shown  to 
be ~31 ,  VI 

B 
2 

SJ,, = -- [sin (ut + ky) + sin (ut - ky)] 

= - B  cos ky sin ut (4) 

where B is  the  acoustic  wave  amplitude.  Experimental  ob- 
servations  of  this  acoustic  response  are  presented  below. 
Notice  that  since  there is no  radiationless  relaxation  or 
heating, no static  thermal  expansion  occurs.  [Compare  to 
(2) .]  The  density  at  any  point in the  sample  oscillates  both 
above  and  below  normal,  and  the  density  is  normal  every- 
where (6p = 0) at t = 0, T/W, 27r/w, etc. (twice each 
acoustic  cycle).  Thus,  the  variably  delayed  probe  pulse 
undergoes  no  diffraction  twice  each  acoustic  cycle.  The 
different time  dependences of the diffracted  signal  arising 
from  the  two  acoustic  wave  generating  mechanisms  al- 
lows  simple  determination of the  mechanism of phonon 
excitation in a LIPS  experiment. 

In  the next section, a  typical  experimental  setup  to per- 
form  LIPS  measurements  is  described.  In  Section 111, ex- 
perimental  results  illustrating  the  two  mechanisms of 
acoustic  wave  generation  are  presented.  It  is  then  dem- 
onstrated  that the excitation  wavelength  dependence of the 
LIPS effect can  be  used  to  measure very weak  absorp- 
tions.  In  this  case,  the  highly  forbidden u = 0 to u = 6 
C-H stretch  absorption of liquid  benzene  is  examined. 
Additional  data are  shown  which  demonstrate  that  the  op- 
tically  excited  ultrasonic  waves  can be optically  manipu- 
lated  (amplified,  cancelled, or phase  shifted). An illustra- 
tion of LIPS  effects in anisotropic  media is also  presented. 
In  Section  IV,  the  problem of mixed  acoustic  wave  and 
electronic  excited  state  gratings  is  considered  for  a  probe 
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Fig. 2. Transient  grating  experimental setup. A single 1.06 pm  pulse  is 
selected  from  the Nd : YAG mode-locked  laser  pulse  train  and  frequency 
doubled to 532 nm, then split  into  the two excitation pulses  and  recom- 
bined  at  the  sample  to  generate  the  counterpropagating waves  and  tran- 
sient  grating.  The rest of the  pulse  train is frequency  doubled  to  syn- 
chronously  pump a tunable  dye  laser whose  output  probes  the  grating 
after a variable  delay.  The Bragg-diffracted part of the probe  pulse is the 
transient  grating  signal. PC E Pickels  cell, P = polarizer, PD = pho- 
todiode, DC = dye  cell, E = etalon, BS = beam splitter. 

wavelength  on or near  a  strong  electronic  transition. An 
approach  for  the  measurement of electronic  excited  state- 
excited  state  absorption  is  demonstrated.  In  Section V, 
the  study of the  physical  properties of liquid  crystals  is 
discussed.  The  separation of acoustic  gratings  from-Kerr 
gratings  is  demonstrated.  Finally,  Section  VI  contains 
concluding  remarks. 

11. EXPERIMENTAL  APPARATUS 
A  LIPS  experimental  setup  is  illustrated  in  Fig.  2.  This 

is a  typical setup.  Variations  will  be  mentioned  in  con- 
nection  with the various  experiments.  The  laser is a  con- 
tinuously  pumped Nd : YAG  system  which is acoustoop- 
tically  mode  locked  and Q switched to produce  high  rep- 
etition  rate (800 Hz), high  power  infrared  (1.06  pm) sub- 

nanosecond  pulses. The  laser  output  is  a train of about 40 
mode-locked  pulses, 5.7 ns apart, with - 1.4 mJ total  en- 
ergy [ 3 ] ,  [12]. A  large  pulse  from  the  train is selected  by 
a  Pockels  cell  with  an  avalanche  transistor driver. (In 
some  experiments,  the  Pockels  cell  window  was  widened 
to  select  two  pulses, 5.7 ns apart.)  The  single pulse  is 
frequency  doubled  using CD*A to  give  a 10 pJ, 50 ps, 
transform-limited TEMo  pulse  at  532 nm.  This  passes 
through  a 50 percent  beam  splitter  to  create  the  two  ex- 
citation  pulses  which  travel  equal  distances  and  are fo- 
cused  into the  sample. 

The unused  IR  pulse  train  comes off a  reflecting  polar- 
izer  into  another CD*A  doubler  crystal,  and  the  532 nm 
light  is  used to synchronously pump  a  dye  laser which  is 
spectrally  narrowed  and  tuned  by two intracavity  etalons. 
The  dye  laser is cavity  dumped  using  another  Pockels  cell 
with  an  avalanche  transistor  driver  to  give  a  5-30 pJ 
pulse  (depending  on the dye and  wavelength)  with  a  spec- 
tral  width of - 1 cm-' and  a  duration  of 20 ps [3], [ 131. 
Synchronization of the  two  Pockels  cells is obtained by a 
single  avalanche  transistor  which  itself  is  triggered by the 
IR pulse  train.  The  dye  laser  output  travels  a  variable  dis- 
tance  controlled by a  motorized  delay  line  consisting of a 
corner  cube  drawn  along  a  precision  optical  rail.  It  probes 
the  grating  at  an  angle  satisfying  the  Bragg  diffraction 
condition.  Excitation  and  probe  spot  sizes  are  typically  in 
the  200  pm  range. 

The  diffracted  probe  intensity  was  measured with a 
p-i-n  photodiode  and  lock-in  amplifier  which  drives  the y 
axis of an x-y recorder.  The x axis  is  driven by a  variable 
voltage  derived  from  a  ten-turn  potentiometer  connected 
to  the  delay  line  motor,  providing  the  time  scale.  When 
the  delay  line is run,  the time-dependent  diffracted  signal 
is recorded  directly on the x-y recorder.  Frequently,  a 
small  computer is used  to  record  the  signal for subsequent 
data  analysis. 

In  other  experimental  arrangements,  the  tunable  dye 
laser is used for  the  excitation  beams  and  the 532 nm beam 
is used  for  the  probe.  Other  YAG  frequencies are  also 
used. In the  liquid  crystal  experiments  (Section V), ex- 
citation  is with the 1.06  pm  YAG  fundamental.  The  dye 
laser can be used to generate  all  wavelengths  from - 700 
to 280 nm with  dyes  only  pumped by doubled  YAG. The 
UV is obtained  by  doubling  the  dye  laser output.  The near 
UV is  generated  by  summing  the  red  dye  laser  with  the 
1.06  pm  YAG  fundamental.  The  blue  and blue-green  part 
of the  spectrum is obtained by quadrupling  the  YAG  out- 
put to 266 pm and  subtracting  the  tunable  dye  output.  For 
example,  using  this  procedure, 3 p.I were  generated  at 
490 nm. 

111. ACOUSTIC  WAVE  GENERATION  MECHANISMS 
Fig.  3  shows  LIPS  data  from  pure  ethanol  and  from 

solutions  of  malachite  green  in  ethanol [ 3 ] .  The  532 nm 
excitation  light  is  absorbed  by  malachite  green,  but  not by 
ethanol.  The  grating  fringe  spacing is 2.47  pm and  the 
speed  of  sound  in  ethanol  is 1.16 x lo5  cm/s [ 5 ] .  The 
acoustic  frequency is  therefore w = 2.95 X lo9 s- ' ,  and 
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