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During t h e  pu l s ing  of h igh  energy, C 0 2 ,  electron-beam (E-beam) lasers, a 
s i g n i f i c a n t  f r a c t i o n  o f  i n p u t  energy u l t i m a t e l y  appears  as a c o u s t i c a l  d i s t u r -  
bances. 
Acous t ica l  and shock impedance d a t a  are presented  on materials (Rayleigh type)  
which show promise i n  c o n t r o l l i n g  a c o u s t i c a l  d i s tu rbance  i n  E-beam systems. 

The magnitudes of t h e s e  d i s tu rbances  are q u a n t i f i e d  by computer a n a l y s i s .  

INTRODUCTION 

The r e p e t i t i v e l y  pulsed electron-beam (E-beam) laser, f i g u r e  1, has  proven 
t o  be a n  e f f i c i e n t  and compact means o f  achiev ing  h i g h  power levels i n  C 0 2  a t  
atmospheric p re s su re ,  ( r e f .  1, 2, 3 ) .  I n  such a system t h e  E-beam s u p p l i e s  h igh  
energy primary e l e c t r o n s  which through secondar ies  produce a plasma i n  t h e  
laser c a v i t y  f o r  a per iod  T t h e  t i m e - t h e  gun is  pulsed on. A s u s t a i n e r  vo l t -  

age app l i ed  a c r o s s  t h e  plasma s u p p l i e s  t h e  energy f o r  e x c i t a t i o n  of t h e  laser 
states. By a d j u s t i n g  t h e  s u s t a i n e r  f i e l d  s t r e n g t h ,  t h e  pumping of t h e  laser 
state is  optimized. 
t i m e  of t h e  lower l a s i n g  state) optimum l a s i n g  output  is achieved. 
less than  T I  t h e  l a s i n g  process  is  se l f - te rmina ted  by t h e  incapac i ty  of t h e  
lower s ta te  t o  r e l a x ;  wh i l e  f o r  longer  pu l se s  t h e  lower s ta te  capac i ty  is  
reduced by gas hea t ing .  
dependent upon gas composition and temperature.  For t h e  1:2:3 (C02:NZ:He) . 
mixture a t  300 K considered i n  t h i s  work the  va lue  i s  5 usec. 

P Y  

A s  t h e  l a s i n g  p u l s e  du ra t ion  approaches T I  (the. r e l a x a t i o n  
For pu l ses  

P r a c t i c a l  va lues  of T I  range from 1 t o  10 psec and are 

I n  pulsed ope ra t ion  t h e  sudden and sometimes nonuniform d e p o s i t i o n  of 
energy i n  t h e  e x c i t e d  states of t h e  laser media l e a d s  through v i b r a t i o n a l  
energy cascading t o  p re s su re  and temperature  g r a d i e n t s  which d r i v e  a c o u s t i c a l  
d i s tu rbances  ( r e f .  4 ,  5, 6 ) .  Clearly,  f o r  e f f i c i e n t  o p e r a t i o n , t h e s e  a c o u s t i c a l  
d i s tu rbances  must be  c o n t r o l l e d  s i n c e  nonuniformity i n  t h e  laser gas  can  
lead  t o  a r educ t ion  i n  beam q u a l i t y  and a l s o - t o  c a t a s t r o p h i c  a rc ing .  
modate t h e  h e a t i n g  of t h e  laser gas ,  one must either execute  a pulsed duty  
cyc le  of s u f f i c i e n t  d u r a t i o n  t o  a l low d i s s i p a t i o n  of t h e  energy o r  remove t h e  
energy from t h e  c a v i t y  by flowing t h e  gas  through t h e  cav i ty .  The changes i n  
gas p r o p e r t i e s  and v e l o c i t i e s  which r e s u l t  from forced  m a s s  t r a n s p o r t  through 
t h e  laser c a v i t y  and from hea t ing  t h e  laser c a v i t y  have been des igna ted  as 
aero-acous t ica l  e f f e c t s .  

To accom- 

The purpose of t h e  p re sen t  i n v e s t i g a t i o n  is  t o  quan t i fy  t h e s e  e f f e c t s  and 
suggest  promising means of c o n t r o l l i n g  them. Cons t r a in t s  considered w e r e  
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(1) power i n p u t s  up t o  500 j o u l e s / l i t e r  of c a v i t y  gas ,  (2) laser c a v i t y  gas  
i n i t i a l l y  a t  s tandard  temperature  and p res su re  and composed of a 1:2:3 molar 
mixture  of carbon d iox ide ,  n i t rogen ,  and helium, (3) t h e  laser c a v i t y  has  a 
200-cm dimension a long  t h e  o p t i c a l  a x i s ,  a 15-cm dimension between anode and 
cathode,and t h e  d i scha rge  is considered t o  be  15 c m  wide. 

The f i r s t  s e c t i o n  of t h i s  paper d e l i n e a t e s  t h e  magnitude of t h e  problem 
c r e a t e d  by bu lk  hea t ing  of t h e  laser gas.  
h e a t i n g  w i t h i n  t h e  laser c a v i t y ,  cathode waves, et a l ,  have been t r e a t e d  i n  
r e fe rences  4 ,  5,  and 6 and are n o t  considered i n  t h i s  work. The second s e c t i o n  
treats t h e  c o n t r o l  of t h e  d ischarge  shocks by m u l t i p l e  r e f l e c t i o n  from low- 
pressure-drop,porous absorbers  mounted i n  p lanes  normal t o  t h e  f low a x i s .  I n  
p a r t i c u l a r ,  t h e  measured p r o p e r t i e s  of Rayleigh materials, absorbers  composed 
of t h i n  wal led tube r s  o r  honeycomb, are p resen t  i n  t h i s  second sec t ion .  The 
paper concludes wi th  a d i scuss ion  of t h e  f e a s i b i l i t y  of us ing  t h e  Rayleigh 
materials i n  a m u l t i p l e  r e f l e c t i o n  a p p l i c a t i o n .  

The problem posed by nonuniform 

MAGNITUDES FOR ACOUSTICAL DISTURBANCES 

For optimum pulsed performance,the volumetr ic  hea t ing  of t h e  laser gas 
occurs  by two r e l a x a t i o n  pa ths .  I n i t i a l l y  dur ing  l a s i n g ,  t h e  r a p i d  r e l a x a t i o n  
through t h e  lower laser level r e s u l t s  i n  a s m a l l  temperature  rise. The magni- 
tude  and t i m e  scale of t h i s  rise are i n s i g n i f i c a n t  a c o u s t i c a l l y .  The primary 
hea t ing  t akes  p l a c e  a f t e r  l a s i n g  as t h e  major f r a c t i o n  of t h e  pumped energy 
cascades out  of t h e  upper states over t h e  comparatively long per iod  T t h e  

r e l a x a t i o n  t i m e  of t h e  upper laser l e v e l  -- 60 psec.  Thus t h e  a c o u s t i c a l l y  
s i g n i f i c a n t  temperature  rise occurs  on a t i m e  scale which is long f o r  optimum 
l a s i n g  b u t  which i s  s h o r t  f o r  s i g n i f i c a n t  changes i n  l i t e r  s i z e  systems. 
j u s t i f i e s  t h e  assumption of cons t an t  volume hea t ing  of t h e  gas  i n  the laser 
cav i ty .  These changes w i t h i n  t h e  laser c a v i t y  l ead  t o  t h e  formation of 
expansion and compression waves which are t h e  sou rce  of a c o u s t i c a l  problems i n  
subsequent pu lses .  

U Y  

This 

For modeling the performance of an E-beam system, a computer program i s  
d e s i r a b l e  which, from a gasdynamic po in t  of view, s a t i s f i e s  t h e  coupled s t a t e ,  
c o n t i n u i t y ,  momentum, energy, and k i n e t i c  rate equat ions  as a func t ion  of t i m e  
over  a three-dimensional a r r a y  of p o i n t s  which inc ludes  t h e  laser c a v i t y  and' 
ad j acen t  gas.  When t h e  gas i s  confined between two e l e c t r o d e s ,  as i t  is along 
t h e  E-beam a x i s ,  and when some of t h e  dimensions such as t h e  o p t i c a l  a x i s  are 
an  o rde r  of magnitude o r  more g r e a t e r  than  t h e  o t h e r  s i g n i f i c a n t  dimensions, 
then  a one-dimension s o l u t i o n  is  a meaningful f i r s t  approximation. Furthermore,  
w i t h  t h e  s h o r t  p u l s e  cond i t ion  argued above, t h e  laser k i n e t i c s  may b e  r a t i o n a l -  
i zed  t o  b e  decoupled from t h e  gasdynamic. 
coupled t o  t h e  k i n e t i c s  i n  such a way t h a t  t h e  problem can be  posed as one of 
s a t i s f y i n g  t h e  one-dimensional m a s s ,  momentum,and energy conserva t ion  equat ions  
s u b j e c t  t o  a laser c a v i t y  h e a t i n g  rate p red ic t ed  by cons tan t  volume laser code 
of r e fe rence  1. 

The gasdynamics behavior  i s  t h u s  
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A computer code inco rpora t ing  t h e  above assumptions i s  descr ibed  i n  
r e f e r e n c e  7 and has  been exe rc i sed  t o  genera te  t h e  r e s u l t s  given below. 
t a t i o n s  have been performed f o r  a 1:2:3 mixture  a t  power i n p u t s  ranging from 
200 j o u l e s / l i t e r  t o  500 j o u l e s / l i t e r  f o r  beam turn-on t i m e s  of 2 ysec and 10 
psec.  
expansion wave are i l l u s t r a t e d  over  a 380-ysec i n t e r v a l  i n  f i g u r e  2. 
a f t e r  140 ysec,  t h e  expansion wave w i l l  be  r e f l e c t e d  from t h e  p lane  a t  t h e  
E-beam center ,and  a reduced d e n s i t y  wave w i l l  propagate  back through t h e  7.5-cm 
dimension of t h e  d ischarge .  
considered occurs  a t  between 200 and 220 psec.  The v a r i a t i o n  of t h e  minimum 
d e n s i t y  i n  t h e  r e f l e c t e d  expansion wave w i t h  power inpu t  is i l l u s t r a t e d  i n  
f i g u r e  3. These waves determine a r c i n g  l i m i t s  f o r  t h e  s u s t a i n e r  f i e l d .  
energy i n p u t s  cons idered ,  t h e  compressive waves were equ iva len t  t o  t h e  fol lowing 
Mach number shocks i n  a i r :  

Compu- 

For a 4 0 0 - j o u l e / l i t e r  i n p u t , t h e  development of t h e  compressive shock and 
Shor t ly  

The d e n s i t y  minimum f o r  t h e  range  of power i n p u t s  

For t h e  

AP 
P 
- Energy Input  Shock Mach 

( j o u l e s / l i t e r )  Numb 8r 

500 1.35 .960 
400 1.28 .745 
300 1.22 .570 
2 00 1.15 .376 

The s t r e n g t h  of t h e s e  shocks are f a r  g r e a t e r  than  t h e  usua l  d i s tu rbances  
encountered i n  acous t ics ,  w i t h  t h e  equiva len t  sound i n t e n s i t i e s  of 100 w a t t s / c m 2  
and 1000 w a t t s / c m 2  f o r  t he  2 0 0 - j o u l e / l i t e r  and 5 0 0 - j o u l e / l i t e r  energy loadings .  
Thus t h e  shocks l i s t e d  above f a l l  i n  t h e  180- to  190-db i n t e n s i t y  range -- 40 t o  
50 db above t h e  threshold  of pa in  and 110 t o  120 db above t h e  normal speech 
l e v e l .  

Another way t o  pu t  t h e  magnitude of t h e  "acous t i ca l  problem'' is t o  cons ider  
t h e  amount of t h e  energy inpu t  which i s  depos i ted  i n  t h e  ad jacen t  gas as t h e  
laser c a v i t y  gas  expands. 
wi th  subsequent i s e n t r o p i c  expansion back t o  atmospheric p re s su re  y i e l d s  t h e  
r e s u l t s  given i n  f i g u r e  4. C lea r ly  about  one t h i r d  of t h e  energy input  goes 
i n t o  "acous t i ca l  energy" wh i l e  t y p i c a l l y  only 10% of t h e  inpu t  goes i n t o  l a s i n g .  

A simple a n a l y s i s  based on cons t an t  volume hea t ing  

ATTENUATOR CONCEPT AND MATERIALS 

The problem i s  c o n t r o l l i n g  d i s tu rbances  of t h e  magnitude d iscussed  above 
i n  i n t e r p u l s e  t i m e s  a t  10 t o  100 vsec without  caus ing  excessive p r e s s u r e  drop  i n  
t h e  flow. 
m u l t i p l e  r e f l e c t i o n s  from porous materials loca ted  on p lanes  p a r a l l e l  t o  t h e  
E-beam axis and o p t i c a l  a x i s  i n  c l o s e  proximity t o  t h e  discharge.  

The concept considered i s  t o  d i s s i p a t e  t h e  a c o u s t i c a l  energy i n  

The i n t e n t  below is t o  examine t h e  p r o p e r t i e s  of porous materials f o r  t h i s  
a p p l i c a t i o n .  The p r o p e r t i e s  of i n t e r e s t  are t h e  r e f l e c t i o n  c o e f f i c i e n t  and t h e  
a t t e n u a t i o n  c o e f f i c i e n t .  These p r o p e r t i e s  are f u n c t i o n s  of t h e  permeabi l i ty  and 
po ros i ty  of t h e  material. The r e f l e c t i o n  c o e f f i c i e n t  is a s t r o n g  func t ion  of t he  
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f r o n t a l  po ros i ty .  A h igh  permeabi l i ty  is  d e s i r e d  t o  reduce t h e  s teady  flow 
p res su re  drop, b u t  t h i s  means a reduced a t t e n u a t i o n  c o e f f i c i e n t .  C lea r ly  what 
is  d e s i r e d  i s  s u f f i c i e n t  p o r o s i t y  t o  g ive  rise t o  r e f l e c t i o n s  of s i g n i f i c a n t  
f r a c t i o n s  of t h e  a c o u s t i c a l  energy wi th  s u f f i c i e n t  permeabi l i ty  and l eng th  t o  
f u l l y  d i s s i p a t e  t h e  energy inges t ed  by t h e  absorber .  

The d a t a  of r e fe rences  8, 9 ,  10, and 11 i n d i c a t e  t h a t  Rayleigh type  
materials may be  i d e a l l y  s u i t e d  as  a c o u s t i c a l  absorbers  f o r  shocks.  Three types  
of Rayleigh materials w e r e  used i n  t h i s  i n v e s t i g a t i o n .  A l l  w e r e  7.5 c m  long and 
made from Therma Comb ceramic. The s i z e  and co r ruga t ion  geometr ies  are shown i n  
f i g u r e  5. For i d e n t i f i c a t i o n  t h e s e  have been r e f e r r e d  t o  as f i n e ,  medium, and 
coarse.  

For t h e  d a t a  r epor t ed  below t h e  materials w e r e  mounted i n  a 7.5-cm diame- 
t e r  shock tube  w i t h  t h e  d r i v e r  a t  atmospheric pressure .  
p r o p e r t i e s  of t h e  materials w e r e  determined by t ransmiss ion- l ine  standing-wave- 
r a t i o  tests. For t h e s e  measures t h e  shock tube  w a s  fashioned i n t o  an  a c o u s t i c  
t ransmiss ion  l i n e  wi th  te rmina tors  of known impedance so t h a t  i n f i n i t e  t h i ckness  
( f r o n t  s u r f a c e  r e f l e c t i o n  only) impedances, W/pc, could be  determined. The 
va lue  f o r  W found i n  t h i s  manner w e r e  real (e 
pendent (2 10%).  Typical  va lues  W/pc were 2 .2  f o r  t h e  f i n e ,  1 .5  f o r  t h e  medium, 
and 1 . 3  f o r  t h e  coarse .  

0.14, 0.04, and 0.017, r e s p e c t i v e l y .  Based upon Rayle igh ' s  theory  f o r  impedance 
of small p i p e s , t h e  r e f l e c t i v i t y  R 

The s m a l l  amplitude 

= -I- 10') and frequency inde- max - 

Thus, f o r  s emi - in f in i t e  l a y e r s ,  t h e  R2  va lues  would b e  

The va lues  

P 

i s  a func t ion  of t h e  p o r o s i t y  0.  
P 

f o r  R y i e l d  p o r o s i t i e s  of 0.45 f o r  t he  f i n e ,  0.67 f o r  t h e  medium and 0 . 7 7  f o r  
P 

t h e  coarse .  These va lues  are i n d i c a t i v e  of t h e  flow areas t o  t o t a l  area shown 
i n  f i g u r e  5. 

Values of t h e  a t t e n u a t i o n  cons t an t  a obta ined  i n  t h e s e  experiments are 
shown i n  f i g u r e  6 .  
flow p res su re  drops.  When t h e  measured s ta t ic  f low resistivities of 5150, 2470, 
and 717 mks rayls /m ( f i n e ,  medium, and coarse)  are co r rec t ed  t o  a common veloc-  
i t y  base  by mul t ip ly ing  by t h e  po ros i ty ,  they  are i n  t h e  r a t i o  of 4.3:3.0:1.0. 
S i m i l a r l y  a t  100 Hz the a t t e n u a t i o n  c o n s t a n t s  are i n  t h e  r a t i o  4.0:2.7:1.  The 
Rayleigh materials considered i n  t h i s  i n v e s t i g a t i o n  a l l  have a c o u s t i c a l  proper- 
t ies  which are of t he  same o rde r  of magnitude as those  of t h e  foameta ls  which 
have previous ly  been considered as shock abso rbe r s  ( r e f .  8).  

The a t t e n u a t i o n  cons tan t  should c o r r e l a t e  w i t h  t h e  s teady  

Using t h e  shock tube  i n  i t s  intended conf igu ra t ion ,  a series of tests were 
run on Rayleigh materials wi th  v e l o c i t i e s  and p res su re  ampli tudes of bo th  
r e f l e c t e d  and t r ansmi t t ed  waves being observed. A s  shown i n  f i g u r e  7,  t h e  
r e f l e c t e d  wave v e l o c i t i e s  f o r  t h e  medium Rayleigh materials are comparable t o  

' t h e  foametal  d a t a  of r e f .  8. The r e s u l t s  of t h e  series of tests are depic ted  
i n  f i g u r e  8 as t h e  double cross-hatched area w i t h  e x t r a p o l a t i o n  depic ted  by 
s i n g l e  cross-hatching.  
is t h e  p re s su re  d i f f e r e n c e  between t h e  r e f l e c t e d  and i n c i d e n t  waves. I n  addi- 
t i o n  t o  tests on t h e  Rayleigh type  a t t e n u a t o r s ,  a l i m i t e d  number of tests w e r e  
made on s t a i n l e s s  steel sc reens ,  O-grade s teel  wool, and polyurethane foam. 
tests on t h e  foam and steel  wool were not  pursued because of adverse  charac te r -  
istics of t h e s e  materials. The steel wool a t t e n u a t o r  f a i l e d  t o  t r ansmi t  t h e  

Here Pa i s  t h e  p re s su re  behind t h e  i n c i d e n t  wave and AP 

The 
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wave s i g n i f i c a n t l y  b u t  w a s  deemed imprac t ica1 ,s ince  a f t e r  each shock s m a l l  fqag- 
ments of steel  wool w e r e  found i n  t h e  tube.  The r e f l e c t e d  wave p r o p e r t i e s  of 
t h e  steel wool (7  r o l l s  compacted i n  a cy l inde r  14  c m  long  and 7.5 c m  i n  
diameter)  w e r e  similar t o  foametal  and h e x c e l l  ceramics as shown i n  f i g u r e  7. 
Screens appear t o  b e  q u i t e  promising materials from our  l i m i t e d  t e s t i n g .  
can be  e a s i l y  s tacked o r  t a i l o r e d  t o  achieve  a p resc r ibed  set  of p rope r t i e s .  

Screens 

CONCLUSIONS 

The cogent ques t ion  is: Can Rayleigh o r  o t h e r  shock a t t e n u a t o r s  mounted i n  
t h e  flow of an E-beam system achieve  r educ t ion  of shock and a c o u s t i c a l  d i s tu rb -  
ances  t o  s u f f i c i e n t  ampli tudes t o  a s s u r e  good beam q u a l i t y  i n  r e p e t i t i v e l y  
pulsed ope ra t ions?  
t h e  a t t e n u a t o r  d a t a  of t h i s  s tudy  i n  a comprehensive a n a l y s i s  of a system t ak ing  
i n t o  account r e f l e c t i o n  of waves back i n t o  t h e  system a f t e r  t ransmiss ion  through 
t h e  a t t e n u a t o r s .  However, i f  t h e s e  waves which are r e f l e c t e d  back i n t o  t h e  
system are neglec ted ,  one f i n d s  t h a t  Gmping of Mach 1.35 waves t o  less than  
1/10 t h e i r  o r i g i n a l  va lue  can be e a s i l y  achieved i n  4 r e f l e c t i o n s .  
20-db r educ t ion  and a r educ t ion  t o  s m a l l  ampli tude waves. 
r educ t ion  i n  5 r eve rbe ra t ions  can b e  achieved i f  t h e  f i n e  Rayleigh material 
(R2 = 0.14) i s  used. 

than  10 r eve rbe ra t ions  is  t h e  o rde r  of r educ t ion  des i r ed .  

A conclus ive  answer t o  t h i s  ques t ion  can b e  made by us ing  

This  is a 
A f u r t h e r  43-db 

This  63-db r educ t ion  of a 5 0 0 - j o u l e / l i t e r  pu l se  i n  less 
P 

Fur ther  suppor t  f o r  t h e  u s e  of t h e  flow a x i s  a t t e n u a t i o n  concepts  i s  
achieved by a comparison of t h e  p re s su re  traces i n  f i g u r e  9. I n  f i g u r e  9a t h e  
success ive  r e f l e c t i o n  of an  i n i t i a l  Mach 1.35 p res su re  wave from t h e  d r i v e r  end 
of a shock tube  is depic ted .  I n  f i g u r e  9b t h e  7.5-cm l eng th  of t h e  f i n e  
Rayleigh material has  been i n s e r t e d  90 cm from t h e  p re s su re  gage. 
of both t h e  5-msec r e f l e c t e d  wave and t h e  1 2 - t o  20-msec r e t r ansmi t t ed  wave is 
q u i t e  dramatic .  The 90-cm d i3 tance  between t h e  absorber  and backp la t e  of t h e  
d r i v e r  and o v e r a l l  3.3-m l e n g t h  of t h e  system d i c t a t e s  a t i m e  scale which i s  f a r  
l a r g e r  than  t h a t  of t h e  s h o r t e r  E-beam flow a x i s  dimensions. 

The damping 
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HIGH VOLTAGE 
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OV E RP RESSU R E 
SHOCK WAVE 

I 
I .  

E-BEAM GUN 
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VACUUM PUMP d w  
-250 KV 

Figure 1.- Schematic views i n  op t i ca l  
electron-beam laser .  Overpressure 
operation are shown. 

and E-beam plane of an 
waves typ ica l  of pulsed 

Figure 2.- Density va r i a t ion  a t  20 psec in t e rva l s  f o r  
a 1:2:3 mixture and a power input of 400 J/liter. 
The expansion and compression waves start a t  t h e  
edge of t h e  discharge (x = a) .  The expansion wave 
propagates t o  the E-beam center plane (x = 0) where 
i t  is  re f lec ted  and propagates back through t h e  
discharge . 
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Figure 3.- Dependence of minimum densi ty  achieved a t  E-beam 
center  plane on power input. The power input pulse length 
w a s  2 usec. The mixture w a s  1:2:3. 
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Figure 4 . -  Acoustical wave energy and conversion eff ic iency fo r  a 1:2:3 
mixture with 10% la se r  efficiency. 
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Figure 5.- Rayleigh absorber materials. 

FREQUENCY (Hz) 

Figure 6 . -  Attenuation constant vs  frequency for t h e  
t h r e e  Rayleigh materials . 
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Figure 7.- Dependence of re f lec ted  shock ve loc i ty  on incident shock 
Mach number. .Solid boundary re f lec t ion ,  rmedium Rayleigh 
material, $.steel wool between screens, Ofoametal ( re f .  8). 
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Figure 8.- Shock wave r e f l ec t ion  propert ies .  The dependence 
of re f lec ted  shock waves on incident Mach number i s  shown 
f o r  a t tenuator  materials l i s t e d  i n  f igu re  7. 
re f lec ted  pressure increase, AP/P2, is  shown as a function 
of normalized shock wave velocity.  

The normalized 
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(a )  Without a t t enua to r .  

(b) With a 3-in. thickness of t h e  "fine" Rayleigh 
a t t enua to r  located 8 in .  from t h e  d r i v e r  diaphragm 
and 3 f t  from t h e  endplate pressure  transducer.  

Figure 9.- Pressure  h i s t o r y  a t  t h e  d r i v e r  endpla te  of a 11-ft  closed 
shock tube wi th  a n  i n i t i a l  shock of Mach number of 1.35 i n t o  a i r  
a t  standard temperature and pressure.  Time base  10 rnsec/div. 
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