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A study is made of the gasdynamical  and optical proper t ies  of erosional l a s e r  plasma jets 
in the p resence  and absence of l a se r  radiation. It is shown that in p rocesses  of plasma fo r -  
mation during the action of l a se r  radiation of moderate  intensity (q ~ l0 T W/cm 2) on absorbing 
mater ia ls , the  heating of the disintegration products  by the attacking l a se r  radiation plays an 
important  role. The tempera ture  distribution is obtained along the p lasma jet which fo rms  
during the l a s e r  attack counter  to its propagation in a quartz tube confining the dispersion.  
The tempera tu re  maximum is found at the exit f rom the tube, is caused by the heating of the 
erosional l a se r  plasma by the incident l a s e r  radiation in the process  of its one-dimensional  
gasdynamical  motion, and indicates the screening of the surface  from the laser  radiation. It 
is established that the screening is affected by the gasdynamieal  s t ruc ture  of the plasma jet 
and by the spacing of the plasma c lus te r s  corresponding to the regular  pulses of l a se r  rad ia -  
tion. 

1. The theory of the phenomenon of heating of vapors by l a se r  radiation during its attack on opaque 
mater ia ls  is developed in [1, 2]. The experimental  work of [3] ca r r i ed  out on this plan is well known. Ex- 
perimental  facts pointing to the heating of disintegrat ion products by l a se r  radiation and the screening of 
the surface from the laser  radiation at moderate  flux densit ies were  discovered in [4-10]. In a repor t  on 
the experimental  study of the optical proper t ies  of an erosional  low- tempera ture  l a se r  plasma in the surface 
region [11}, resul ts  were  obtained in qualitative agreement  with the theory of heating of an erosional  l a se r  
plasma of [1, 2]. The present  report  is devoted to a compara t ive  study of the optical proper t ies  of an e ro-  
sional l a se r  plasma during its heating during the process  of gasdynamical  motion and without heating. 

The design of the experimental  instrument  and the diagnostic apparatus is analogous to that descr ibed 
in [5, 6]. The studies were  conducted with a neodymium-act ivated glass l a se r  in the regular  generation 
mode. The lase r  provided a radiation energy of ~ 150 J and produced relat ively uniform pulses of radiation 
with a spacing of 3 ~tsec and a duration of 1 /~sec each [11]. The duration of l a se r  generation was 700 psec. 

The attack of the l a se r  radiation of the p lasma-forming  mater ia l  (brass wire) occur red  under condi-  
tions of confinement of the dispers ion of the plasma formed by a quartz tube projecting above the p lasma-  
forming material .  The system of attack counter  to the forming plasma jet (from above) and perpendicular  
to it (from the side) which was chosen made it possible to conduct compara t ive  studies of the plasma jets 
with and without the passage through them of the attacking l a se r  radiation. 

The length of the confining quartz tube (inner d iameter  ~2  ram) of ~3 mm above the sur face  of the 
brass  wire  was also chosen so as to ensure  durability and retain the plane geometry  of the dispers ion of 
the disintegration products during the action of an individual radiation pulse. The d iameter  of the wire  
(~ 2 mm) was commensura t e  with the d iameter  of the focusing spot. 

The focusing of the radiation was accomplished with a lens with a focal length of 100 mm to a spot 
with a d iameter  of 2.4 mm. The length of the cyl indrical  par t  of the focal caustic of the lens was ~ 10 ram. 
The flux density of the radiation was determined with allowance for the spacing and was ~ 107 W/cm 2. The 
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TABLE 1 

Nature of 
attack 

From above 
From the side 

Fig. 1 

p lasma-forming  material  used was LS-59 brass .  The studies were conducted at a tmospheric  p r e s s u r e  by 
spectroscopic  and high-speed photographic methods. 

The spectra  of the plasma jets formed were recorded with ISP-30 and ISP-51 spect rographs  (camera 
with F = 270 mm) along the jet. In measuring the absolute values of the br ightness , the  plasma spectrum 
was compared  with a cal ibrated Si6-100 ribbon-fi lament lamp. The ratio between the emission t imes of the 
plasma (~ 10 -4 sec) and the standard lamp (~ 10 sec) in the photographic recording was chosen in such a way 
that the sensitivity of the film was the same for  both exposures.  The emissivi ty of tungsten was taken from 
[12] and the brightness of a black body was taken from [13]. 

2. The attack of l a se r  radiation on absorbing mater ia ls  under conditions of localization and confine- 
ment of the dispersion of the erosional plasma formed leads to the formation of supersonic underexpanded 
plasma jets with a definite gasdynamical  s t ructure  [14l. The gasdynamical  s t ructure  of the plasma jets 
is determined by the ratio of p r e s su re s  in the quartz tube and in the surrounding medium. A mode of out- 
flow with the formation of a s tat ionary shock wave in the plasma jet was studied in the present  work. 

The formation of success ive  moving sh:~ck waves is a charac te r i s t ic  of the gasdynaraic dispers ion of 
an erosional l a se r  plasma formed during the attack of laser  radiation in a regular  mode of generation on 
absorbing mater ia ls  [6]. The formation of moving shock waves also occurs  during lase r  attack under con-  
ditions of confinement and the directional dispersion of the forming erosional plasma because of the inter-  
action of individual plasma c lus te r s  with the surrounding medium which is the vapor of the material  under-  
going lase r  attack. High-speed longitudinal photoscans of plasma jets formed during lase r  attack counter  
to the plasma jet (a) and perpendicular  to it (b) a re  presented in Fig. 1, where h is length and t is time. 

The moving shock waves a re  seen on the longitudinal photoscans beyond the stat ionary shock wave 
upon entry into the plasma produced by the preceding radiation pulses (Fig. 1). They have a higher velocity 
than the plasma c lus te rs  whose velocity abruptly dec reases  at the stat ionary shock wave (Table 1). The 
following notation is adopted in the Table 1. v 1 is the velocity of the moving shock wave before the stat ionary 
shock wave, v 2 is the velocity of the plasma c lus te r  beyond the stat ionary shock wave, v 3 is the velocity of 
the moving shock wave beyond the stat ionary shock wave, l is the length of the stat ionary shock wave, Pl is 
the p r e s s u r e  at the nozzle cut, p~. is the p re s su re  of the surrounding a tmosphere ,  and d is the nozzle d iam-  
eter. 

During the attack of laser  radia t iondireeted perpendicularly to the propagation of the forming dis inte-  
gration products (from the side),the plasma emission is much weaker  (see Fig. lb) in compar ison with the 
ease  of attack counter  to the moving disintegration products (from above) (Fig. la). The stat ionary shock 
wave is less strongly expressed in this ca se  and its dis tance from the sur face  is less (see Table 1). 

The moving shock waves a re  more  intense during l a se r  attack from above (Fig. la), which is con-  
nected with the partial absorption of the l a se r  radiation. Periodical ly repeating vertical  bands of increased 
intensity a re  observed on the longitudinal photoscans which a re  caused by heating of the plasma formed by 
the preceeding radiation pulses during the passage of the succeeding pulses. The nature of the emission of 
individual spectra l  lines obtained by photoelectric recording  also indicates the absorption of l a se r  radiation. 
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Fig. 2 

Fig. 3 

The emission of the individual spectra l  lines is sensit ive to a change in the flux density of the laser  rad ia-  
tion. As seen from synchronous osc i l lograms , the  emission of the spectral  lines occurs  with pulsations con-  
nected not only with the regular  s t ruc tu re  of the l ase r  radiation,but also with the change in the amplitude of 
individual pulses of radiation because of its absorption by the plasma. 

The attenuation of the l ase r  radiation can bc affected by the gasdynamical  s t ruc ture  of the plasma 
jet, par t icular ly  by the stat ionary shock wave which forms [7]. The degree of attenuation depends on the 
spacing of the forming plasma c lus te rs  and the conditions of outflow (the confinement of the d ischarge  and 
the length of the confining quartz tube). If the s tat ionary shock waves fa'om the preceding pulses still exist 
in the plasma c lus te r s  by the s tar t  of the following lase r  radiation pulses , then a burs t  of absorption occurs  
at the shock wave because of the partial absorption of the laser  radiation of the following pulse (Fig. 2a). In 
Fig. 2 the number 1 denotes the cut of the quartz tube and 2 denotes the surface  of the wire  in the quartz 
tube. It" the length of the confining quartz tube is such that the forming plasma cannot emerge from the tube 
by the s tar t  of the following pulse, "blanking" of the radiation may occur  (Fig. 2b). The absorption of the 
laser  radiation by the forming plasma may lead to total screening of the surface and separation of the plasma 

jet f rom it [5]. 

To obtain quantitative data, a mode of outflow was selected and studied in which the confining quartz 
tube had a length (~3 ram) which the forming plasma t raversed  by the moment of the drop in intensity of the 
individual l a se r  radiation pulse. Since the process  of plasma outflow has a quasistat ionary nature because 
of the identical nature of the individual attacking pulses of l a se r  radiat ion, the total gasdynamieal  flow pat-  
tern ref lects  the flow in an individual pulse. On the basis of the study of the gasdynamical  s t ruc ture  of the 
plasma jets, their  pa ramete r s ,  which a re  given in Table 1, were  determined f rom the equations presented 

in [141. 

3. A compara t ive  analysis  of the longitudinal emission spec t ra  of the plasma jets with and without 
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t h e i r  hea t ing  m a k e s  i t  p o s s i b l e  to e s t a b l i s h  the  d i f f e r e n c e  in the  
n a t u r e  of t h e i r  e m i s s i o n .  In the  c a s e  of a t t a c k  f r o m  the  s i d e  (wi th-  
o u t h e a t i n g ) ,  the  s p e c t r u m  beyond  the  cu t  of the  tube  i s  v e r y  m e a -  
g e r ,  e s p e c i a l l y  in the  u l t r a v i o l e t  r e g i o n  (in F ig .  3b the  n u m b e r  1 
is  the  cu t  of the  quar tz  tube  and 2 is  the  s u r f a c e  of the  w i r e ) .  It 
r e p r e s e n t s  w e a k  con t inuous  r a d i a t i o n  a g a i n s t  the  b a c k g r o u n d  of 
which the  s e l f - r e v e r s e d  l i n e s  a r e  s een .  S o m e t i m e s  one  o r  two 
e x t r e m e l y  weak  l i n e s  of ions  a r e  seen .  D u r i n g  a t t a c k  f r o m  above  
(w i thhea t ing} , an  i n t e n s e  s p e c t r u m  i s  s een  (Fig.  3a) in which a 
b r i g h t l y  e x p r e s s e d  j ump  in e m i s s i o n  i n t e n s i t y  c o r r e s p o n d i n g  to the  
s t a t i o n a r y  shock  w a v e  is  o b s e r v e d .  T h e  g a s d y n a m i c a l  s t r u c t u r e  
which a p p e a r s  on the  long i tud ina l  i n t e g r a l  s p e c t r a  r e f l e c t s  a r e a l  
p r o c e s s  s i n c e  the  p l a s m a  j e t s  a r e  q u a s i s t a t i o n a r y  in t ime .  Many 
l i n e s  a r e  s e l f - r e v e r s e d  to a he igh t  of 2-3  m m ,  e s p e c i a l l y  in the  

s p e c t r a l  r eg ion  of 2400-2700 A. Some  of the  l i ne s  a r e  a l s o  s e l f - r e v e r s e d  at  the  cu t  of the  qua r t z  tube  and 
at  the  s t a t i o n a r y  shock  w a v e  and a r e  s een  in r a d i a t i o n  only ahead of the  s t a t i o n a r y  shock  wave  and beh ind  it. 

M e a s u r e m e n t s  of the  d e p e n d e n c e  of the  i n t e n s i t i e s  of the  con t inuous  r a d i a t i o n  and of the  i nd iv idua l  
s p e c t r a l  l i ne s  a long the j e t  showed tha t  in the  c a s e  of a t t a c k  f r o m  above ,  the  i n t ens i t y  r e a c h e s  a m a x i m u m  
at  the exi t  f r o m  the  qua r t z  tube  (at a d i s t a n c e  of ~ 3  m m  f r o m  the s u r f a c e ) .  The  in t ens i ty  then f a l l s  and 
a b r u p t l y  i n c r e a s e s  a t  the  s t a t i o n a r y  shock  wave ,  but  does  not r e a c h  the  i n t ens i t y  at  the  exit .  With a t t a c k  
f r o m  the  sides a d ip  is  o b s e r v e d  in the  i n t e n s i t i e s  of the  con t inuous  s p e c t r u m  and the s p e c t r a l  l i ne s  upon a p -  
p r o a c h  to the  cut  of the  qua r t z  tube.  Th i s  i s  c o n n e c t e d  with the  f ac t  tha t  many  d r o p s  s e t t l e  on the  wa l l  of 
t he  tube  n e a r  i t s  cu t  and a f ine  f i lm  is  f o r m e d ,  p r o b a b l y  b e c a u s e  of the  c o n d e n s a t i o n  of v a p o r s  of the  b r a s s  
on the wal l .  The  i n t e n s i t y  d r o p s  s h a r p l y  beyond the  exi t  f r o m  the q u a r t z  tube  and i n c r e a s e s  s l i gh t ly  at  the  
s t a t i o n a r y  shock  wave .  

The  con t inuous  r a d i a t i o n  and the  s p e c t r a l  l i n e s  w e r e  used  to d e t e r m i n e  the  p l a s m a  p a r a m e t e r s .  The  
t e m p e r a t u r e  m e a s u r e m e n t  was  m a d e  by c o m p a r i n g  the  b r i g h t n e s s  of the  con t inuous  r a d i a t i o n  of the  p l a s m a  
s tud ied  (;~ = 4550/~)  with the  b r i g h t n e s s  of a s t a n d a r d  s o u r c e .  T h e  t e m p e r a t u r e  d e p e n d e n c e  a long  the  p l a s -  
m a  j e t  in the  c a s e  of a t t a c k  f r o m  above  is  p r e s e n t e d  in F ig .  4 (0 on the  h ax i s  c o r r e s p o n d s  to the  cu t  of the  
quar tz  tube  and 1 is  the  b r i g h t n e s s  t e m p e r a t u r e ) .  The  t e m p e r a t u r e  r e a c h e s  a m a x i m u m  at  the  exi t  f r o m  
the  qua r t z  tube.  The  i n c r e a s e  in t e m p e r a t u r e  is  c o n n e c t e d  with the  he a t i ng  of the  p l a s m a  in the  p r o c e s s  of 
i t s  mot ion  in the  tube  u n d e r  c o n d i t i o n s  of c o n f i n e m e n t  of the  d i s p e r s i o n .  Then the  t e m p e r a t u r e  d r o p s  and a t  
the  s t a t i o n a r y  shock  wave  i t  a l m o s t  r e a c h e s  the  t e m p e r a t u r e  of the  p l a s m a  upon exi t  f r o m  the tube  (Fig .  4 -2 ,  
-3) ,  which is  c a u s e d  by the  hea t i ng  of the  p l a s m a  in the  r eg ion  of the  s t a t i o n a r y  shock  wave  d u r i n g  the  p a s -  
s a g e  of each s u c c e s s i v e  pu l se .  

M e a s u r e m e n t  of the  a b s o r p t i v i t y  of the  p l a s m a  us ing  a s y s t e m  d e s c r i b e d  in [11] showed tha t  in the  
qua r t z  tube  it i s  c l o s e  to uni ty.  T h i s  m a k e s  i t  p o s s i b l e  to c o m p u t e  the  p l a s m a  t e m p e r a t u r e  in a g iven  r eg ion  
f r o m  the  m e a s u r e d  b r i g h t n e s s  t e m p e r a t u r e .  With a t t a c k  f r o m  the  s i d e ,  the  t e m p e r a t u r e  cou ld  be  m e a s u r e d  
only in the  qua r t z  tube  (at the  b a s e  of the  je t ) .  It  p r o v e d  to be  6000 ~ K. In the  r e g i o n  n e a r  the  s u r f a c e  the  
t e m p e r a t u r e  of the  p l a s m a  j e t  f o r m e d  d u r i n g  l a s e r  a t t a c k  f r o m  the  s i de  was  s o m e w h a t  h i g h e r  (~6000  ~ K} 
than  the t e m p e r a t u r e  of the  j e t  which f o r m s  d u r i n g  a t t a c k  f r o m  above  ~ 5300 ~ K). Th i s  i s  c o n n e c t e d  wi th  
l a t e r a l  hea t i ng  of the  p l a s m a  in the  i r r a d i a t i o n  spot .  

The  Cu I 4480 ~. l i ne  was  taken  f o r  the  m e a s u r e m e n t  of the  e l e c t r o n  c o n c e n t r a t i o n ,  f o r  which the  c o n -  
s t an t  of the  quad ra t i c  S t a r k  e f fec t  was  adop ted  f r o m  [15]. As m e a s u r e m e n t s  with s p a t i a l  r e s o l u t i o n  showed,  
th i s  l i ne  a lone  does  not  d i s p l a y  m a r k e d  s e l f - a b s o r p t i o n  in the  r e g i o n  of the  s t a t i o n a r y  shock  wave  and i t  can 
b e  used  to d e t e r m i n e  the  e l e c t r o n  c o n c e n t r a t i o n .  T h e  e l e c t r o n  c o n c e n t r a t i o n  at  the  s t a t i o n a r y  shock  wave  
was  1.3 �9 1017 am-3 .  

The  p l a s m a  t e m p e r a t u r e  at  t he  s t a t i o n a r y  shock  wave ,  equal  to 9600 ~ K (Fig .  4, 3}, was  ob ta ined  on 
the  b a s i s  of the  c a l c u l a t e d  p l a s m a  c o m p o s i t i o n  f o r  a p r e s s u r e  of 1 a t m  and the  m e a s u r e d  e l e c t r o n  c o n c e n -  
t r a t i o n  (ne = 1.3.1017 cm-3) .  The  p l a s m a  t e m p e r a t u r e  can  a l s o  be  d e t e r m i n e d  f r o m  the  e x p e r i m e n t a l l y  m e a -  
s u r e d  a b s o l u t e  v a l u e  of the  c o e f f i c i e n t  of con t inuous  r a d i a t i o n  (~ = 4450 A), b a s e d  on the  c a l c u l a t e d  da t a  on 
the  e m i s s i v i t y  of the  p l a s m a .  It was  9200 ~ K (Fig.  4 -2 ) .  

The  a u t h o r s  a r e  g r a t e f u l  to M. A.  E l ' y a s h e v i c h  f o r  h i s  i a t e r e s t  in  the  w o r k .  
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