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P I E Z O E L E C T R I C  P U L S E  T R A N S D U C E R  W I T H  M A T C H E D  

A M P L I F I E R  F O R  M E A S U R E M E N T  O F  F A S T  V A R Y I N G  P R E S S U R E  

V .  I .  Z a g o r e l ' s k i i ,  N .  N .  S t o l o v i c h ,  
a n d  N .  A .  F o m i n  

UDC 533.6.011.72 

A p i e z o e l e c t r i c  t r a n s d u c e r  wi th  an e l e c t r o n i c  m a t c h i n g  c i r c u i t  ha s  b e e n  bui l t  and t e s t e d  for  
m e a s u r i n g  the  p r e s s u r e  beh ind  a shock  wave  wi th  a h igh  t i m e  r e s o l u t i o n ,  t t e r e  i t s  c o n s t r u c -  
t ion  is d e s c r i b e d  and the  t e s t  r e s u l t s  a r e  r e p o r t e d .  

I n t e n s i v e  s t ud i e s  of shock  w a v e s  have  in r e c e n t  y e a r s  been  s t i m u l a t e d  by  a t r e m e n d o u s  i n t e r e s t  in shock  
wave  d y n a m i c s  in l i qu ids  and g a s e s  a s  w e l l  as  in h y p e r s o n i c  g a s d y n a m i c s ,  h i g h - t e m p e r a t u r e  t h e r m o p h y s i c s ,  
c h e m i c a l  k i n e t i c s ,  and m a g n e t o h y d r o d y n a m i c s .  Many s t ud i e s  have  dea l t  wi th  the  m e a s u r e m e n t  of a b s o l u t e  
p r e s s u r e  and of  p r e s s u r e  v a r i a t i o n  p r o f i l e s  beh ind  a shock  w a v e .  In m o s t  of t hose  s t ud i e s  the  a u t h o r s  used  
p r e s s u r e  gauges  which  t hey  t h e m s e l v e s  had  bu i l t .  F o r  such  m e a s u r e m e n t s  one w i d e l y  u s e s  t r a n s d u c e r s  w h e r e  
an e l e c t r i c  s i gna l  i s  p r o d u c e d  by d e f o r m a t i o n  of an e l a s t i c  e l e m e n t  l ike  a p i e z o c e r a m i c  one [1-10].  P i e z o -  
e l e c t r i c  p r e s s u r e  t r a n s d u c e r s  a r e  w i d e b a n d  d e v i c e s  (with a high t i m e  r e so lu t i on ) ,  i n a s m u c h  as  d e f o r m a t i o n s  
of a few m i c r o n s  a r e  su f f i c i en t  fo r  p o l a r i z i n g  the  p i e z o e l e c t r i c  c e l l  and,  c onse que n t l y ,  i t s  i n e r t i a  i s  not invo lved  
wi th  l a r g e  d i s p l a c e m e n t s  of t he  c e n t e r  of  m a s s  but d e t e r m i n e d  by  the  t i m e  in which  i t s  s t e a d y  s t a t e  of  s t r a i n  
is  r e a c h e d .  

T h e s e  au tho r s  have  d e v e l o p e d  and t e s t e d  a p r e s s u r e  p u l s e  t r a n s d u c e r  wi th  a m a t c h i n g  a m p l i f i e r  which  
e n s u r e s  a m i c r o s e c o n d  t i m e  r e s o l u t i o n  in m e a s u r e m e n t s  of f a s t  v a r y i n g  p r e s s u r e s .  The  p i e z o e l e c t r i c  t r a n s -  
d u c e r  i nc ludes  a m a t c h e d  a c o u s t i c  a b s o r b i n g  r o d  (waveguide) ,  as  h a s  been  p r o p o s e d  [1-3], fo r  e l i m i n a t i n g  the 
e f fec t  of the  shock  wave  r e f l e c t e d  by  the  f a c e s  of  the  p i e z o c e r a m t e  c e l l .  Th i s  t r a n s d u c e r  and the  m a t c h i n g  
a m p l i f i e r  a r e  s i m p l e  in c o n s t r u c t i o n  and e n s u r e  a high t i m e  r e s o l u t i o n .  

The  c o n s t r u c t i o n  of  the  p r e s s u r e  gauge  i s  shown s c h e m a t i c a l l y  in F ig .  1. C y l i n d r i c a l  s p e c i m e n s  of g r a d e  
TATS-19 l e a d  z i r e o n a t e - t i t a n a t e ,  4 m m  in d i a m e t e r  and 1 m m  in w a l l  t h i c k n e s s ,  w e r e  u sed  h e r e .  One face  of the  
p i e z o c e r a m i c  ce l l  2 i s  s o l d e r e d  wi th  Wood  m e t a l  to the  c y l i n d r i c a l  z inc  wavegu ide  3 and the  o t h e r  face  is  f a s t -  
ened  with  a th in  c o n d u c t o r  8 to  t he  b r a s s  c a s e  1. Wi th  t he  a id  of a r u b b e r  g a s k e t  4 and a nut 5, wavegu ide  3 
t o g e t h e r  wi th  the  p l e z o c e r a m i c  c e l l  2 a l r e a d y  s o l d e r e d  on and wi th  c o n d u c t o r s  6, 8 i s  i n s e r t e d  into and c e n t e r e d  
in the  c a s e .  The  c l e a r a n c e  s p a c e  i n s i d e  the  c a s e  is  f i l l e d  wi th  b e e s w a x  so tha t  v i b r a t i o n s  of the c a s e  wi l l  not 
be r e c o r d e d  by the i n s t r u m e n t .  In o r d e r  to  m i n i m i z e  e l e c t r i c  p ickup ,  no window has  been  p r o v i d e d  fo r  s o l d e r -  
ing the  c o n d u c t o r  6 to the  c o a x i a l  c o n n e c t o r  7. Conduc to r  6 i s  g r a d e  Lt~ShO ename l l ed  s i n g l e - s i l k  7 • 0 .07n~n 
L i e t z  w i r e .  

A. V. Lykov  I n s t i t u t e  of Heat  and M a s s  T r a n s f e r ,  A c a d e m y  of S c i e n c e s  of the  B e l o r u s s t a n  SSR, Minsk .  
T r a n s l a t e d  f r o m I n z h e n e r n o - F i z l c h e s k i i  Zhurna l ,  Vol .  42, No. 2, pp .  303-306,  F e b r u a r y ,  1982. O r i g i n a l  a r t i c l e  
s u b m i t t e d  J a n u a r y  24, 19 81. 
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Fig. 1. Construction of p iezoe lec t r ic  t r ansducer  (a) and view of t r ansducer  
with matching ampli f ier  (b): 1) case; 2) p iezoce ramie  cell; 3) waveguide; 
4) rubber  gasket; 5) nut; 6, 8) connecting conductors;  7) Shl connector  
(Fig. 2); 9) p iezoe lec t r ic  t ransducer ;  10) nut; 11) container with matching 
amplifier; 12) Sh2 connector (Fig. 2). 
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Fig. 2. Basic electric circuit of the matching amplifier. 
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Fig. 3. Comparison of pressure oscillograms recorded by our transducer 
(upper beam) and by a Kistler Co. piezoelectric transducer during an ex- 
periment in a shock tube; sensitivity of the vertical-deflection amplifier 
200 mV/div, sweep 20 ~see/division, pressure behind the shock wave I MPa. 

Fig. 4. Calibration curve of piezoelectric pressure pulse transducer; 
voltage (V), pressure P �9 105 Pa. 
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Accord ing  to m e a s u r e m e n t s ,  the l a y e r  of so lde r  between the p i e z o c e r a m i c  ce l l  2 and waveguide 3 is not 
t h i cke r  than 5 �9 10 -3 cm. The t r a n s m i s s i o n  coeff icient  K t of this  so lde r  f i lm was ca lcu la ted  accord ing  to known 
exp re s s ions  [5, 11]. Assuming  that  the wavelength in the f i lm is 0.5 cm, which c o r r e s p o n d s  to the condit ion 
that the leading edge of the s t r a in  wave cons t i tu tes  a q u a r t e r  of a sine wave, and assuming  that the width of 
this  edge Is equal to the mean r i s e  t lme  of the t r a n s d u c e r  s ignal  (1-1.5 ~sec),  we flnd that in the given cons t rue -  
t ion with the acous t ic  impedances  of the c e r a m i c ,  the so lde r  a l loy,  and the wavegulde m a t e r i a l  24 �9 105, (19- 
36) �9 105, and 33 �9 105 g �9 em -2 - sec  -1, r e spec t i ve l y ,  the t r a n s m i s s i o n  coeff ic ient  of the s o l d e r  f i lm r e m a i n s  
Kf -> 0.97-0.98 ove r  the en t i r e  (19-36) �9 105 g .  cm -2 sec -i  r a n g e o f i t s  acous t ic  impedance .  This  e s t i m a t e  ag ree s  

with expe r imen t a l  data obtained by measu r ing  the ra t io  of ampl i tudes  of modulat ing signal  f luctuat ions to the 
ampll tude of the useful  s ignal  on o s c i l l o g r a m s  taken during r eco rd ing  of p r e s s u r e  va r i a t ions  in a shock wave. 
In our  e x p e r i m e n t s  this  ra t io  was 2-3%. 

The cy l ind r i ca l  zinc waveguide,  150 mm long and 4 m m  in d i ame te r ,  was  p roduced  by cas t ing.  With a 
waveguide of this  length, a r e f l ec t ed  stgnaI was r e c o r d e d  a f te r  ~ 100 psee  with an ampli tude not exceeding that  
of the o r ig ina l  s ignal  by m o r e  than 5-7%.* E s t i m a t e s  of the t ime reso lu t ion  At achievable  with a t r a n s d u c e r  of 
this  const ruct ion ,  in m e a s u r e m e n t  of va ry ing  p r e s s u r e s  which load the en t i r e  sur face  of the p l e z o e e r a m i e  cel l  
s imul taneous ly ,  Indicate  that  At--<d/C =0.5 psee  Is f ea s ib l e  with a p i e z o c e r a m t c  cel l  d =1 mm thick and a 
ve loc i ty  of sound C =3.1~ 3% k m / s e c  in grade  TsTS-19 m a t e r i a l .  

It is  wel l  known that  In the s i m p l e s t  s i tuat ions  the width of the leading  edge of the t r a n s d u c e r  output s tg -  
nal ,$ which co r r e sponds  to the deformat ion  t i m e  of the p i e z o e e r a m i e  cel l ,  depends on the same v a r i a b l e s .  
Accord ing  to m e a s u r e m e n t s  of the leading edges of s ignals  f rom t r a n s d u c e r s  mounted on the l a t e r a l  su r face  of 
a shock tube, t he i r  width l i e s  within the 1-5 psec  range .  It is noteworthy that  such a t r a n s d u c e r  can r e so lve  
p r e s s u r e  va r i a t i ons  in t ime f iner  than At too, but for  th is  the o s c i l l o g r a m  must  be spl i t  into two segments  and 
the in i t ia l  segment  of length At must  be p r o c e s s e d  by the a l r e a d y  known method [2]. 

F o r  the purpose  of fulf i l l lng ce r t a in  r e q u i r e m e n t s  with r e s pe c t  to t r a n s d u c e r  impedance  and load r e -  
s i s t ance  R (ensur ing a functional  co r r e spondence  between Variat ions of the app l icab le  p r e s s u r e  and of the vo l t -  
age a c r o s s  R), we have developed a matching amp l i f i e r  accord ing  to the bas ic  schemat ic  d i a g r a m  in F ig .  2. 
Its input impedance,  m e a s u r e d  on the d i s cha rge  curve  of a charged  ca l ib ra t i ng  capac i to r  (with leakage  r e s i s t -  
ance of capac i to r  and switch not lower  than 101~ a) is  at l eas t  10 a a .  

P r e s s u r e  t r a n s d u c e r s  thus a s s e m b l e d  in se t s  with an individual  matching amp l i f i e r  each were  ca l i b r a t ed  
in a shock tube accord ing  to an a l r e a d y  known p r o c e d u r e  [2, 3]. The i r  s ens i t i v i t y  was found to be withln 0.4- 
0.6 V/MPa .  Typica l  p r e s s u r e  o s e i l l o g r a m s  r e c o r d e d  s imul t aneous ly  with our  t r a n s d u c e r  and a K i s t l e r  Co. 
p i e z o e l e e t r l e  t r a n s d u c e r  dur ing an exper imen t  in that  shock tube a r e  shown'in Fig .  3; the ca l ib ra t i on  curve  of 
such a t r a n s d u c e r  is shown in F ig .  4. It appea r s  he re  that  with a K t s t l e r  Co. t r ansduce r ,  which uses a quar tz  
c rys t a l ,  the ra t io  of ampl i tudes  of p a r a s i t i c  modulat ing f luctuat ions  to the ampl i tude  of the useful  s ignal  on an 
o s c i l l o g r a m  exceeds  20-30%. Accord ing  to the graph in F ig .  4, the deviat ion of e xpe r i m e n t a l  points  f rom the 
mean (cal ibrat ion)  curve does not exceed  :~ 5%. Resu l t s  of ca l ib ra t ion  of 13 t r a n s d u c e r s  with individual  ma tch -  
ing ampl i f i e r s  Indicate  that  t h e i r  ca l ib ra t ion  curves  r e m a i n  l i nea r  up to a 10-MPa p r e s s u r e  behind the shock 
wave, such a p r e s s u r e  being a t ta inable  in our e xpe r i m e n t a l  shock tube.  

In conclusion,  we wil l  note that  the mechan ica l  s t r eng th  and the l i fe  of such t r a n s d u c e r s  can be improved  
by the use of an e lee t roconduc t ive  adhesive  based  on grade  ED-20 epoxy r e s in  with g r a ( e  NPK f i n e - d i s p e r s e  
n ickel  powder  f i l l e r  [8] ins tead  of so lde r  for  the in te rconnec t ions .  The sens i t iv i ty  of t r a n s d u c e r s  with such 
in te rconnec t ions  r ema ins  within the same range as that  of t r a n s d u c e r s  where  in te reonnec t ions  have been made 
with a l o w - t e m p e r a t u r e  so lde r .  

The authors  thank R. I. Soloukhin and O. G. Martynenko for  the s t eady  in t e r e s t  and the helpful d i s c u s -  
s ions .  

*In o r d e r  to r emove  the l imi t a t ion  on the m e a s u r e m e n t  t ime  imposed  by the f inite length of the waveguide,  
i t  is  n e c e s s a r y  to build a t r a n s d u c e r  with the back end of the rod absorb ing  (diss ipat ing)  the energy  of the s t r a in  
wave.  Such a t tempts  to s imu la t e  a semi in f in l t e ly  long waveguide have a lso  been made [5, 6, 9]. 

The p r o b l e m  of d i s to r t ion  of a shock wave in a t r a n s d u c e r  due to t h r e e - d i m e n s i o n a l  effects  has not been given 
suff ic ient ly  thorough t r e a t m e n t  in the r e f e r e n c e s  c i ted  he re ,  but the r e s u l t s  of those  s tudies  do not indicate  that 
th is  p r o b l e m  ts a se r ious  one. 
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N O T A T I O N  

d, thickness of the p iezoceramic  cell, mm; C, veloci ty of sound in the ceramic ,  km/sec;  At, t ime reso lv -  
ing power of the t ransducer ,  #sec; and Kf, t r ansmiss ion  coefficient of the solder  film. 
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ANALYTICAL METHOD OF CALCULATING THERMAL 

AND THEIR EFFECT ON EMISSION IN SOLID-STATE 

LASER WITH NATURAL COOLING 

G. N. Dul'nev, B. A. Ermakov, 
and S. I. Khankov 

P R O C E S S E S  

UDC 621. 373.8.536.242 

Analytical expressions are  derived for  calculating the change in energy charac te r i s t i cs  of a 
sol ld-state  l ase r  with natural  cooling due to heating and thermal  deformation of the active 
medium. 

The intense heat generation in components of a sol id-s tate  l ase r  and the significant effect of thermal  
p rocesses  on the emission [1, 2] call for their  special analysis .  Most studies made till recent ly  dealt only 
with thermal  p rocesses  in l a se r s  with forced cooling. The interaction of emiss ion p rocesses  with thermal  
p roces se s  is most  complex in l a se r s  with natural cooling [4, 5], but this case has not been studied sufficiently. 
Meanwhile, thermal  p roces se s  are  most  pronounced in such lasers  and have here  a definite effect on the emis -  
sion. 

Operation of a laser with natural cooling is characterized by a relatively low intensity of heat transfer 
and, as a consequence, a long transient period. This causes the emission characteristics of the laser to 
change continuously from pulse to pulse, until either a thermal steady state or cutoff of emission is reached. 
The more important laser characteristics in this case are the limiting pulse repetition rate fl at which the 
laser can operate in the steady state without emission cutoff and the limiting operation time before emission 
cutoff 7/, the latter depending on the repetition rate. These parameters must be estimated for predicting the 
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