
THOMSON SCATTERING OF RUBY LASER LIGHT 

BY PLASMA BEHIND COLLISIONLESS SHOCK WAVE 

/ 
A. N. Babenko, E. P. Kruglyakov, 
R. Kh. Kurtmullaev, and A. N. Papyrin 

FR ONT 

Recording of laser  radiation scat tered  by a plasma is essential ly the only method which makes it 
possible to determine the local values of the t empera tu re  and density without disturbing the plasma. At 
the present  t ime the Thomson scat ter ing method permits  measurements  [1-3] of the plasma pa rame te r s  in 
the region 1012 ~< n e ~< 1017 cm -3. We note that when using laser  sparks the upper limit of the determina-  
tion of n e > 10 l~ em -3 (for example, [4]). However, in the region of low concentrat ions only specimens with 
slowly varying pa ramete r s  have been investigated [1, 2]. One interesting region of application of this meth-  
od is the shock waves in a raref ied  plasma,  which are  accompanied by rapid variat ions of the pa ramete r s  
of the medium and effective heating of the p lasma [5, 6]. Here the principal interest  is in the question of 
which of the components - electron or  ion - experiences the predominant heating, since the nature of the 
heating is intimately connected with the nature of the mic rop roces se s  within the shock t ransi t ion and the 
front mac ros t ruc tu re  [7]. Measurements  using magnetic probes,  based on plasma electron diamagnet ism 
[8], showed that there  is a cr i t ical  value H, of the wave amplitude, below which (H < H,) in the wave the 
electrons are  predominantly heated and when this cr i t ical  value is exceeded (H > H.)  the electron p re s su re  
fract ion in the overal l  p lasma p re s su re  falls off rapidly, which it is natural  to explain by increase  of ion 
heating. It is important  to show by an independent method that the resul ts  in the superer i t ica l  region 
(H > H.)  a re  not connected with the disturbing effect of the probes or  limitations of the experimental  tech-  
nique. The present  experiment  was conducted with this objective. 

It is known [9] that the nature of the sca t tered  signal spectrum depends on the pa rame te r  a ,  which de- 
fines the relat ion between the wavelength k,  the Debye radius rD, and the scat ter ing angle 0 

o~ = 4~rD sin 1/~ 0 (1) 

We see f rom (1) that in the region of low concentrat ions and high electron tempera tures  it is quite 
difficult to real ize  the collective scat ter ing condition (a > 1). Thus, for the observat ion angle 0 = 90 ~ 
selected in the descr ibed experiment  the case  a << 1 is real ized,  i.e., Thomson scat ter ing by free electrons.  

For  a Maxwellian electron velocity distribution the profile of the Thomson scat ter ing line has a 
Gaussian shape with halfwidth 

= r ) sin T (2) 

For  k = 6943 ~ and 0 = 90 ~ this relat ion takes the form 

A~, [A] = 32.4 ] f ~  icy] (3) 

The basic experiments  were conducted on a UN-4 setup [5-7]. The hydrogen prep lasma with density 
n e -~ 2 . 1014 era -3 and initial t empera tu re  1-5 eV was created  in the cyl indrical  volume 4 (glass tube of 
radius R = 8 cm) mounted in a quasis ta t ionary magnetic field H 0 = 400 Oe (Fig. 1). The shock wave was 
generated by the "magnetic piston', (H~ = 2.5 kOe) as the rapidly rising cur ren t  passed through the coil 5. 
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Fig. 1 

The magnetic field jump in the wave was measured  by a magnetic 
probe located at the midsection of the shock coil at r = l/2 R. The 
maximal  field intensity H = H 0 + H~ in the wave in these experi-  
ments exceeded the cr i t ical  value H. ~ 3.5 H 0. 

The laser  sys tem consisted of the ruby genera tor  1 (d = 11 
mm, l = 120 mm), controlled by a quaterwave nitrobenzene Kerr  
cell, and the amplif ier  stage 2, whose active element was a ruby 
with sapphire ends cut at the Brews te r  angle. The energy and dura-  

Fig. 2 tion of the giant pulse of this sys tem were  respect ively Q = 1-4 J, 
= 10-15 nsec.  

The laser  light was focussed by the lens 3 (Fig. 1) through the glass  window, mounted at the Brewste r  
angle, at the midsection of the shock coil. After passing through the volume 4 and a sys tem of diaphragms,  
the s traight  beam was led out through a glass  window, also mounted at the Brewste r  angle. The light exit- 
ing into the a tmosphere  and also the light reflected f rom the exit window was adsorbed by the t raps  6. The 
laser  radiation scat tered  by the p lasma electrons was let out through a smal l  glass window in the centra l  
par t  of the shock coil and was gathered by the lens 7 on a coll imating slit located at the entrance of the 
f iber-opt ics  lightguide 8, which t ransmi t ted  the image to the slit (width 0.5 mm) of the MDR-2 diffraction 
monochromator  9 with l inear d ispers ion 40 .~/mm and geometr ic  aper ture  ratio 1 :2 .5 .  The photomulti-  
pl ier  Ft~U-52 was located behind the monochromator  exit slit. This photomultiplier 11 was careful ly 
screened against interference.  The signal f rom the photomultiplier t raveled through an amplif ier  (gain 
2-100, A f  = 108 Hz) to the D]~SO-1 osci l lograph 10. 

The plasma sel f - radiat ion was commensura te  with the scat ter ing signal, therefore  the authors had 
to give up the multichannel recording sys tem [3]. For  this reason the entire spect rum of the scat tered ra -  
diation was recorded  by realigning the monochromator  with respec t  to the wavelength after about 100 cycles 
of operation of the entire sys tem with careful  monitoring of the setup operating regime.  The stability of 
the laser  power was monitored by a coaxial photocell. The initial p lasma pa ramete r s  and the magnetic 
field profile in the shock wave were  recorded  in each experiment (Fig. 2a). Only that portion of the f rame 
was analyzed in which the reproducibi l i ty  of the initial p lasma pa ramete r s  and the amplitude wave was 
within 10-20%. 

The shock wave excitation and laser  t r igger ing were synchronized so that the st imulated radiation 
occur red  at the moment  the shock wave c r e s t  reached the region where the laser  beam was focused (Fig. 
2). There fore  the scat ter ing spec t rum was determined by the electron t empera tu re  behind the wave front. 
F igure  2b shows the light signal sca t te red  by the p lasma on the background of its self--radiation (at a dis-  
tance 100 i f rom the spec t rum center  k0 = 6943.~). 

Unfortunately the geomet ry  of the experimental  setup did not permit  installing a light t rap  opposite 
the recording system,  therefore  the background level owing to scat ter ing of the laser  radiation by the 
chamber  walls exceeded the useful signal by a factor  of 3-4 at the center  of the profile. However, the 
paras i t ic  signal was observed only in a narrow interval 6k = 2 0 - 3 0 4  and was completely absent in the pro-  
file "wings" even at maximal  sensit ivity of the entire recording system.  Thus, with a Thomson profile 
halfwidth Ak of o rder  200-300/k the narrow interval 6~ with high paras i t ic  background level can be dis-  
carded without having any significant effect on the accuracy  of the t empera tu re  determination. The t rue 
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Fig. 3 

signal of the radia t ion sca t t e r ed  by the p l a sma  e lec t rons  was de t e r -  
mined by subtract ing the in te r fe rence  owing to p l a sma  se l f - rad ia t ion  
f rom the ove ra l l  signal.  Under typical  exper imenta l  conditions the 
useful s ignal  exceeded the p l a sma  background by about 2.5 t imes  (Fig. 
2) at a d is tance 100~ f rom the center  of the line k0 = 6 9 4 3 i .  

The exper imenta l  dependence J(k) of the sca t t e r ed  l a s e r  r ad ia -  
tion intensi ty is shown in Fig. 3. The exper imenta l  points fall  well  
on the Gauss ian  curve ,  which indicates sufficient the rmal iza t ion  of the 
p l a sma  e lec t ron  component.  In accordance  with (3) the expe r imen ta l -  
ly de te rmined  prof i le  width Ak = 250A cor responds  to the e lec t ron  

t e m p e r a t u r e  T e ~ 60 eV. The ave rage  value of Te  in this s a m e  range  measu red  by the probe method [8] 
amounts  to about 50 eV. The quite s a t i s f ac to ry  a g r e e m e n t  of these  values  conf i rms  the c o r r e c t n e s s  of the 
probe  m e a s u r e m e n t s  made  previous ly .  

In spi te  of the cons iderab le  inc rease  (by m o r e  than an order)  of the e lec t ron  t e m p e r a t u r e  in the wave 
front,  it r ema ins  s eve ra l  t imes  s m a l l e r  than the value obtained in the numer i ca l  solution of the p rob lem on 
a compute r  [8] under the assumpt ion  that  wave energy diss ipat ion takes  place only as a resu l t  of Joule 
heating of the e lec t rons .  This deviation is obse rved  only for  H > H . ,  t he re fo re  it is na tura l  to a s s u m e  that  
in the supe rc r i t i c a l  region the model  with purely  e lec t ron heating is invalid, i .e. ,  in the r ea l  exper iment  
t he r e  is s ignif icant  heating of the ions, which ag rees  with recen t  energy m e a s u r e m e n t s  of the p l a sma  ion 
component  [10]. 

In conclusion the authors  wish to thank R. Z. Sagdeev for  his attention to and in te res t  in the study, 
V. I. P i l ' sk i i  for  help in sett ing up the record ing  sys t em,  and V. Malyavin and A. Tkachuk for  a s s i s t ance  
in the exper imenta l  study. 
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