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The low-frequency component of the acoustic pulse excited in a thin solid plate by in te rac-  
tion with a dense proton beam is investigated. Good agreement  between experiment and 
theory  is obtained in the vicinity of the peak of the acoustic signal. 

It has been shown [1] that the excitation of an acoustic pulse in a solid by a beam of charged par t ic les  
can be descr ibed within the f ramework  of thermoelas t ic  theory  [2]. The investigations in [1] pertain to the 
case of a thin target  (plate), in which the energy losses of the beam part ic les  are insignificant. Also of 
interest  is the case in which the range of the beam par t i c les  in the target  mater ia l  is of the same" order  as 
the thickness.  An experimental  study of this type has been ca r r i ed  out for an aluminum target  and a p ro -  
ton beam [3]. The dependence of the amplitude of the acoustic signal on the mean proton energy in the beam 
exhibited a maximum (acoustic peak). Inasmuch as the protons in the beam had a considerable energy scat -  
t e r ,  the analysis of the data proved ambiguous. The present  study is concerned with a more  detailed theo-  
ret ical  and experimental  investigation of the given dependence. 

Let a pulsed cyl indrical  beam of protons of radius R with a uniform part icle distribution in the beam 
impinge normal ly  on a solid plate of thickness h. The tempera ture  increase due to the t r ans fe r  of energy 
from the short  pulsed beam of par t ic les  to the target  mater ia l  can be written in the form 

T(r, .~_(0, r ~ R ,  (1) 
~J-~r(z), r<R; 

where N is the number of par t ic les  in the beam, p and C are the density and heat capacity of the plate ma -  
ter ial ,  and (dE/dz) i are the ionization losses  of the protons at a depth z in the plate (the z axis coincides 
with the beam axis, and r is the distance from the z axis). 

In general  the calculation of the shape of the acoustic pulse presents  considerable mathematical  dif- 
ficulties. We confine our analysis to its low-frequency components Ua~ for 

o~<<S/X, 

for the determination of which it is sufficient to know the maximum displacements x~ (x~) of the front (back) 
surface of the plate (S is the speed of sound in the plate mater ia l ,  and X is the charac ter i s t ic  scale of the 
heating zone). 

We consider  the case of wide beams: 

R ~ . h ,  

for  which the influence of the boundary of the heating zone (r=R) on its expansion is small .  In this case 

t "h a E  t (2 )  
z 1 + xo_ = ~ J T ( z ' ) d z '  = ~R~pc' 

0 
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w h e r e  a is  the  coe f f i c i en t  of  l i n e a r  e x p a n s i o n  and E t i s  the  t o t a l  e n e r g y  a b s o r b e d  by the  p l a t e  m a t e r i a l .  
F r o m  the  cond i t i on  of  f o r c e  e q u i l i b r i u m  at  the  b o u n d a r y  of the  c y l i n d e r  we ob ta in  fo r  x 1 

h h  

0 0 

S u b t r a c t i n g  (3) f r o m  (2), we have  fo r  x 2 

The  d i s p l a c e m e n t s  x 1 and x 2 can  be e s t i m a t e d  on the  b a s i s  of the  a p p r o x i m a t e  e x p r e s s i o n  f o r  t he  i on -  
i z a t i o n  l o s s e s  of  h e a v y  c h a r g e d  p a r t i e l e s  in the  n o n r e l a t i v i s t i c  e n e r g y  d o m a i n  [41: 

--(dE/dz)~= ~/2E, (5) 

w h e r e  /3 is  a f a c t o r  depend ing  on the p h y s i c a l  p r o p e r t i e s  of  the  p la te  m a t e r i a l  and not on the  p a r t i c l e  e n -  
e r g y  E.  Subs t i t u t ing  e x p r e s s i o n  (1) and (5) into (3) and  (4) and i n t e g r a t i n g ,  we ob ta in  fo r  the  d i s p l a c e m e n t s  

x 1 and x 2 

= D aE~ aE l 
x I ~ ;  x 2 = (1 - -  D) ,~9C;  (6) 

1 2 t 

D =  2 t 

w h e r e  I =E~/ f l  is  the  r a n g e  o f a p r o t o n  wi th  e n e r g y  E in the  p la te  m a t e r i a l  and E h i s  the  e n e r g y  fo r  which  
the  p r o t o n  r a n g e  i s  e q u a l  to the  p l a t e  t h i c k n e s s  h (E h =4"flh). I n t e g r a t i n g  e x p r e s s i o n  (5}, we ob t a in  the  f o l -  
lowing  r e l a t i o n  fo r  the  a b s o r b e d  e n e r g y  E t a s  a funct ion of  E- 

E<Eh, (7) E t =  

To i n v e s t i g a t e  the  l o w - f r e q u e n c y  a c o u s t i c  s i g n a l  (de tec t ion  f r e q u e n c y  ~ 6 6  kHz) e x c i t e d  in a thLn 
a l u m i n u m  p la te  (50 • 10 • 0.2 c m  3) we u s e d  the  p r o c e d u r e  d e s c r i b e d  in [3]. A p r o t o n  b e a m  f r o m  the  i n j e c t o r  
of  the  ITI~F ( Ins t i tu te  of  T h e o r e t i c a l  and E x p e r i m e n t a l  P h y s i c s )  s y n c h r o t r o n  (du ra t ion  t ~ 20.0 ~ sec} wi th  
an i n i t i a l  e n e r g y  E ~ 2 4 . 6  MeV was  c o l l i m a t e d  ( d i a m e t e r  d ~ 0 . 7 5  em)  and d i r e c t e d  onto the  c e n t e r  of  the  p l a t e .  
The p r o t o n  b e a m  e n e r g y  was  v a r i e d  by p a s s i n g  tt t h r o u g h  a p a c k e t  of  c o p p e r - r e t a r d i n g  fo i l s  p l a c e d  in f ront  
of  the  c o l l i m a t o r .  The  b e a m  c u r r e n t  was  m e a s u r e d  by m e a n s  o f  an induc t ion  p ickup m o u n t e d  on the  c o l l i -  
m a t o r .  

C u r v e s  of  the  d i s p l a c e m e n t s  x 1 (curve  I) and x 2 (curve  II} a s  a func t ion  o f  the  p r o t o n  e n e r g y  E a r e  
g iven  in F i g .  1 fo r  an a l u m i n u m  p la te  wi th  a t h i c k n e s s  h = 0 . 2  era .  E x p r e s s i o n s  (6} and (7) w e r e  u s e d  fo r  
the  n u m e r i c a l  c a l c u l a t i o n  of x 1 and x 2 ( so l id  c u r v e s ) .  The o b s e r v e d  p e a k  of  c u r v e  II c o r r e s p o n d s  to  the  
e n e r g y  E h fo r  which  the  p r o t o n  r a n g e  in the  p l a t e  m a t e r i a l  i s  e q u a l  to  the  t h i c k n e s s  of the  l a t t e r  (in the  
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given case  Eh~19  MeV). The dashed curve r e p r e s e n t s  half  the sum of the d i sp lacements  of the front  and 
back su r faces  and, according  to (2), is propor t iona l  to the absorbed  energy .  The expe r imen ta l  points 1 a re  
taken f rom [3]. 

In the in terva l  E >-20 MeV the expe r imen ta l  r e su l t s  a r e in  good agreement  with the theore t i ca l .  Curves  
I and II co r re spond  to the d i sp lacements  of the plate surface  in the zone of in teract ion with the beam.  The 
m e a s u r e m e n t  of the signal at a la rge  distance f rom the b e a m - e n t r y  site yields a value different f rom the 
calculated value, because  the exci ted s y m m e t r i c  and a n t i s y m m e t r i c  Lamb  modes propagate  in the plate with 
different speeds .  It is imposs ib le  to s tate  the exact  dependence of U w on E, but the exper imen ta l  points 
mus t  fall in the domain bounded by curves  I and II. 

The authors  a re  gra teful  to I. M. Kapchinskii ,  V. A. Batalin,  Ya. L. Kleinbok, A. A. Kolomii ts ,  and 
1~. P. Kuibida for  a s s i s t ance  with the expe r imen ta l  par t ,  and to I. A. Akhiezer  and A. I. Kalinichenko for  
a discuss ion.  
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