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Abstract 

The highly stable, slpall and readily con- 
stsucted  ultrasonic probe, developed and i n  me 
at  this  laboratory  for the past  f ive years, is 
discussed from the  point of vim of  construction, 
calibration and operation. 

This transient type thermoelectric  probe 
yields information concerning the pressure ampli- 
tude, particle velocity  amplitude and intensity 
of the ultrasonic  field in which  it is placed. 
If the field  characteristics  are  known, the prin- 
ciple of operation of the probe  provides a method 
for determining the absorption coefficient of 
minute  quantities of material. 

Introduction 

Kutnledge of the following sound f ie ld  var- 
iables i s  suff ic ient   to  completely specify the 
characteristics o f  an acoust ic   f ie ld   a t  a single 
position by making observations a t   tha t   pos i t ion  
only: the  particle  velocity amplitude, the di- 
rection of the  particle  velocity,  the  pressure 
anplitude, and the phase relationship between 
the  pressure and the  particle  velocity. In gen- 
eral,  ultrasonic probes fo r  use in   l iqu ida  re- 
spond to only a single  field  characteristic. An 
example of  this i s  the piezoelectric tppe probe 
which responds to the pressure. It would, of 
course, be highly  desirable to have available a 
&vice which  would respond $0 a suff ic ient  nlmrber 
of   f ie ld   character is t ics   a t  a point t o  completely 
describe  the  field  at  the  point. A t  the  present 
time t h i s  does not appear feasible. 

For some applications  the  thennoelectric 
probe described i n  t h i s  paper  has some dis t inc t  
advantages over the  piezoelectric probe i n  that 
it fields  directly  values of the  particle veloa- 
i t y  amplitude and the  pressure amplitude in 
acoustic  fields  of any configuration  including 
both free and standing wave fields.  For the 
traveling plane wave f ie ld ,  the probe ylelda  the 
acoustic  intensity. A most important  aspect o f  
t h i s  probe i s  the  precision  rith  lhich results 
can be obtained. It is possible,  with th i s  de- 
r ice  t o  obtain  values for the  pressure amplitude 
and particle  velocity amplitude w i t h  an uncer- 
tainty of not more than t2%. Indeed, one can 
8buQ the fine structure-of  an  ultrasonic  field 
i n  a l i qu id ,   r i t h   t h i s  instrument i n  the mega- 
cycle  frequency range. 

We dll discues further advantages and die- 
advantages  of this  thermoelectric probe a f t e r  
presenting design and constructional  details, 
methoda of operation, t h e  type of data  obtain- 
able, and the  precision  nith which this instru- 
ment can be used. 

Ihe detailed  theoretical  analysis of the 
thermoelectric probe behaviour i n  a sound field 
has been given by Pry and Fry.l 

Probe Construction 

!he probe is constructed  as f ~ l b w s : ~ r 3  
A thermocouple junction is  imbedded i n  a liquid 
sound absorbing medium. The absorbing msdim is 
separated from the medium i n  w h i c h  the sound 
f ie ld  is to  be examined by thin polyethylene 
sheets (0.003 in. thiclmeas). 'he thermocouple 
Wire ( 0 . m  in. diam. i n   t h e  neighborhood of  the 
junction) and the polyewlene windows are 
supported by a stainless  steel   cylindrical  frame 
which has an inner diameter (or, aperture) large 
enough to admit the passage  of the sound beam 
through it without producing diaturbance to  the 
beam. See  Fig. 1. 

The acoustic absorbing material is chosen t o  
have a density and acoustic  velocity which closely 
match those of the  liquid i n  which the sound 
f i e ld  i s  to be examined. For investigations of 
ul t rasonic   f le lds   in  water  and various s a l t  BO- 
l u t b n s ,  castor o i l  i s  a suitable imbedding m- 
ter ia l   s ince it has the proper combination of a 
relatively high acoustic  absorption  coefficient 
and a density and sound velocity which closely 
match those of dilute  salt   solutions.  The per- 
centage of  incident sound energy re f lec ted   a t  
the  interfaces is, therefore,  negligibly snnrll. 
I n  the neighborhood o f  the thermocouple junc- 
tion,  the thermocouple wires m e  etched down to 
O.OOO5 i n .   i n  diameter (or 0.013 m). For a 
frequency o f  one mc/s i n  water, the wavelength 
i s  approxbitely 1.5 m, i.B., the  thermcouple 
junction i s  of  the order of 1/100 of a wavebngtb. 

Ihe output of the probe, b., the thermo- 
electr ic  emf produced by the  temperatme change 
a t  the thermocouple junction  resulting from ex- 
posure to an acoustic  disturbance,  can be ob- 
served by a number of  different matho&. TWO 
such methods are  i l lustrated  schematically  in 
Fig. 2. Figure 2a shorn the probe conmcted 
directly to a magnetic oscillograph. The de- 
flection of ths l i gh t  beam i s  recorded 
photographically. Figure 2b shows the probe 
connected t o  a low noise amplifim w k d c h  ie i n  
turn connected t o  an  oscilloscope. The deflec- 
tion  of  the  oscilloscope beam is  also  recorded 
photographicaUy. 

fouodng manner: The sound source is excited 
ta produce a single square wave acoustic  pulse 
of one second duration.  Figure 3 is  a 

'he thermcouple probe functions i n  the 
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photographic  recording,  indicated by the  deflec- 
t ion of the  oscilloscope beam (see Fig. 2a),  re- 
sult ing from the  thermoelectric emf produced by 
the  temperature change experienced  by  the thermo- 
couple  junction due to  an  acoustic  pulse  of one 
second duration. A re la t ive ly   rap id  rise occurs 
just after  init iation  of  the  distwbance.  This 
is followed  by  an  "almost  lineartt  rise  for  the 
remainder of the  pulse. After cessation of the 
sound, a r a p i d   f a l l   i n  temperature  occurs  follow- 
ed by a slm return of the  temperature  to i ts  
value  preceding  the  disturbance. The i n i t i a l  
rapid  increase  in  temperature results from the 
conversion of acoustic  energy  into  heat by the 
viscous  forces  acting between the  wire and the 
f l u i d  medium.l This phase  of the temperature 
events  approaches  equilibrium  rapidly. The 
second phase  of the temperature sequence, the 
"linear"  part, is caused by absorption of sound 
i n  the body of   the  f luid medium.  The closeness 
of approach of this phase to l inear i ty  during 
i r radiat ion is dependent upon the  acoustic ampli- 
tude,  the form of the  variation  of  the  acoustic 
absorption  coefficient  nith temperature,  the  heat 
conductivity  coefficients  of  the  fluid and the 
wires,  the  duration  of  the  acoustic  disturbance 
and the  acoustic  f ield  distribution. With a 
suitably  designed  pobe this second  phase enables 
one t o  compute the  absolute sound intensi ty  for 
the  plane  traveling wave case i f  the  absorption 
coefficient o f  the imbedcting medium i s  knonn or 
i f  the  absolute sound intensi ty  i s  knm the 
acoustic  absorption  coefficient can be calculated. 
The relatively  rapid  decrease  in  temperature 
immediately  folloning  termination  of  the  period 
of radiat ion  resul ts  from the removal of the vis- 
cous  force mechanism which contributed a heat 
source  confined  to  the immediate neighborhood of 
the  wire. The subsequent slow phase of the de- 
c l i n e   i n  temperature is a consequence of the 
cooling  of  the  inbedding -dim previously heated 
by absorption i n  the body of the medium. 

The tenpera twe  r i se  of the thermocouple 
junction  resulting from abeorption  of sound i n  
the body of the inbedding medium is, of  course, 
independent of the  direction  of  propagation of 
the sound relat ive to the  direction  of the w i r e .  
However, the  temperatme rise result ing from the 
action  of the viscoue  forces  betueen u t r e  and 
f l u i d  medium is a flmction of the  angle  betreen 
the direction  of  propagation of t h e   s c u d  and 
the  direction  of  the  wire.l 

In  designing a probe of the  type  described 
herein, r e  first note  that  it is, of  course, de- 
s i rable   to  choose an absorbing  material  for the 
imbedding medium d i c h  closely matches i n  veloc- 
i t y  and density  the Corresponding quantit ies 
characterising  the mdium i n  which the sound 
f i e l d  is t o  be  eramined. For cas to r   o i l  and 
nater  the  densit ies  differ about 3% and the 
veloci t ies   differ  by about &. The intensi ty  
of a plane  ultrasonic nave r e f l e c t e d   a t  normal 
incidence from a water, c a s t o r   o i l  boundary is 
thus of the order of 0.05% of the  incident in- 
tens i ty  i f  the  frequency is low enough so that 
viscous  forces  are  not  of primary  importance i n  

determining  the  reflection  coefficient. Such is 
the  case  for a castor  oil-water boundary a t  a 
frequency  of one megacycle. 

The relat ion  basic   to   the design and oper- 
a t ion  of this probe for  plane  traveling wave 
f ie lds  i s  

where p designates  the  acoustic  intensity ab- 
sorption  coefficient of the imbedding medium per 
unit path length, I represents  the  acoustic  in- 
tensity,  the  product pc designates  the  heat 
capacity of the imbedding fluid  per unit volume 
and (dT/dt)o  indicates  that  fraction of the  time 
rate   of  change of  the  temperature of the imbed- 
medium resul t ing from absorption i n   t h e  body of 
the medium a t   t h e  time of   in i t ia t ion  of  an acous- 
t i c  disturbance of rectangular envelope. If the 
thermocouple wire  diameter, i n  the neighborhood 
of the  junction is of the order of 0.001 in. or 
l e s s  and i f  the beam diameter a t  half intensi ty  
is of  the order of  a few mill ineters or more, 
then it i s  permissible to  identifg  the  quantity 
(dT/dt), of Eq. (1)  with  the initial time ra te  
of change of  the  temperature  caused by absorption 
in   t he   bo@ of the medium. 

From  Eq. (l), it i s  readily  seen  that  i f  
the  acoustic  intensity  absorption  coefficient  of 
the imbedcting medium is known suff ic ient ly  accur- 
ately,  the thermocouple  probe system consti tutes 
an  absolute measurement method for  the  plane 
traveling wave case. Conversely, i f  the sound 
intensi ty  is h m n   a t  a thermocouple junction  of 
suff ic ient ly  small s iae  imbedded i n  an absorbing 
medium, then  the  acoustic  intensity  absorption 
coefficient  of  the  material can  be calculated. 
The method therefore makes possible  the  determin- 
ation  of  absorption  Coefficients of minute quan- 
tities of  material. 

Calibration  of Probe 

The probe  cannot be used as an absolute 
measuring device in accordance  with Eq. (1) i f  
sufficiently  accurate  data for the  absorption 
coefficient  of  the imbedding material   are  not 
available. Under such condit  om,  the  follcm- 
ing  radiation  pressure method f is adopted for 
calibrating  the probe. The calibration  takes 
place i n  a free  plane wave field.  'he  radiation 
pressure  detector  comprises a small s t e e l  sphere 
suspended i n  the sound f ie ld .  !he unidirection- 
a l  force due t o  radtation  pressure  deflects  the 
s t e e l  sphere from i t s  equilibrium  position. 
'&e measured deflection is then  used t o  compute 
the  acoustic  intensity  at   the  posit ion  of  the 
sphere,  as  well  as,  the  pressure  amplitude and 
par t ic le   veloci ty  amplitude. %is  arrangemnt 
consti tutes an absolute  deterndnation  of  the 
acoustic  intensity. B e  thermocouple probe i s  
then  placed i n  the sound f i e l d  and  the thermo- 
e lec t r ic  response t o  a one second pulse is 
observed.  Consider the probe display system 
of =g.  2a.  The deflection  amplitudes of the 
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initial response, the  linear response and the 
t o t a l  response, a s  observed by the  OscillograFh 
camera, can now be related  to  the previously 
detenrdned  values of the  particle  velocity 
amplitude, pressure  amplitude and intensity, 
respectively. This is accompliehed, for example, 
f o r  the  intenaity by specifping  the  intensity  in 
matts per  square  centimeter  corresponding t o  a 
specified open circuit  voltage a t   t h e  pmbe 
terminals. 

?he second Nase (or linear  portion) o f  the 
thermocouple probe response,  deviates from lin- 
earity  as  the  acoustic amplitude  increases. 
This i s  a cansequence of  thermal conduction,var- 
ia t ion of the  absorption  coefficient of the im- 
bedding medium with  temperature and acoustic 
Ron. Therefore, i n  practice, it i s  convenient 
to calibrate  the  overall  electraacoustical system 
against  the  thermoelectric probe a t   r e l a t ive ly  
l m  sound levels and then  extrapolate to higher 
sound leve ls .   %is   requi res   tha t   the   e lech-  
acoustical system possess a component  which in- 
dicates  relative sound levels. 'his method will 
be i l lus t ra ted  by the following example. Con- 
sider  that i t  is desired t o  determine the acous- 
t i c   f ie ld   charac te r i s t ics  o f  a  Free  plane rave 
f i e l d   a t  a particular  point  in the field. The 
sound source is an X-cut quartz plate  and a 
fixed fraction o f  the  voltage  applied  to the 
quartz  plate is metered. The themcouple probe 
has previously been calibrated  against  the rad- 
iation  pressure  detectar  discussed above. !be 
probe display system i s  that of Fig. 2a. The 
probe sensi t ivi ty  is expressed i n  term of the 
magnetic oscillograph  output  for  practical  we, 
i.e., 12.30 watts/cm2/cm. deflection of the 
oscillograph  light beam. zhe voltage  applied 
to  the  quarts  crystal i s  sucaessively  set to in- 
creasing  values and the deflection of the  l ight  
beam of the magnetic oscillograph i s  observed 
simultaneously  with the  voltage  indicated on the 
vacuum tube voltmeter which monitors  a fraction 
of the  crystal  voltage. Figure & is a typical 
e m p l e  of the  resulting  calibration curve. It 
i s  seen from th i s  curve that thermocouple probe 
response i s  l inear up t o  a galvanometer deflec- 
t ion of 0.8 cm. and a voltmeter  deflection of 56 

volts. It then  follows  that a  Poltmeter  deflec- 
tion  of, for example, 200 -Its corresponds t o  an 
acoustic  intensity d 126  ratts/cmz, assuncLng 
that the  intensity remains woportional  to  the 
square of the  quartz crystal voltage. 

h analysis of the procedure wed to deter- 
mine the  sensi t ivi ty  of the thermocouple probe 
based on the method of leas t  squares yields  an 
uncertainty of &.S%. A sidlar analysis of the 
calibration of an unknown f ree  plane wave sound 
f i e ld  (e.g., the  data shorn i n  Fig. b) yields an 
uncertainty of ~1%. Ihus, the  overall  uncertain- 
ty in determining the  acoustic  intensity f o r  this 
f i e ld  is +3.5%. The above uncertainties are the 
calculated standard devlations  (determined by the 
method of l eas t  squares) of the observed point8 
from the  straight Une of  best fit. 

C O n C l U a i O M  

'Ib conclude, it may be apropos to list ad- 
vantages and disadvantages  of the  thermoelectric 
probe. The advantages are  (1) the probe pields 
diracbly values of the peprticle velocity ampli- 
tude and the  pressure amplitude, (2) it i s  small 
in   s ize ,  (3) it is highly stable, (4) it is a 
primary standard  for determining absolute sound 
levels ( 5 )  it i s  insensitive  to stray rf f ie lds  
and (63 it has a lorn input  electrical  impedance. 
The disadvantages are  (1) the sensit ivity is low 
when the  temperature  sensitive element is a 
themcouple  constructed from aetals commercially 
available i n  d r e  form and (2) it cannot be used 
for determining wave shapes. 
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Fig. 1 
Schematic  diagram of a thermoelectric  probe. 
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A 

Fig. 2 
Block diagram  illustrating two methods of 

observing  the  thermoelectric emf 
produced  by  the  thermocouple 

junction. Fig. 4 
A typical  acoustic  field  calibration  curve. 

Fig. 3 
A photographic  recording of the  deflection of the 
oscilloscope  beam  resulting  from  the  thermo- 
electric emf  produced  by  the  temperature  change 
experienced by the  thermocouple  junction due to 

an  acoustic  pulse. 
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