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T~ple r  ins t rument s  a r e  finding eve r  wider  applicat ion for the investigation of s m a l l - s c a l e  
tu rbulence .  In this case ,  both photoelec t r ic  [1] and photographic [2] record ing  is being 
used .  The p re sen t  a r t i c l e  d e s c r i b e s  the use  of a towed T~pler  ins t rument  with photoelec-  
t r i c  record ing  for  invest igat ing the turbulent  fluctuations of the r e f r ac t i ve  index of sea  
wa t e r .  The a r t i c l e  gives evaluat ions of the applicabi l i ty  of the ins t rument ,  and an example  
of the m e a s u r e m e n t  r e su l t s  obtained. 

Let  us examine the schemat ic  d i ag ram given in Fig.  1, which i l lus t ra tes  the operat ion of a T~pler  in-  
s t r u m e n t  with photoelec t r ic  r ecord ing .  

An a lmos t  pa ra l l e l  beam of light, with a d i ame te r  d pa s se s  ove r  the path L through the medium under 
invest igat ion,  located between windows 1 and 2, fal ls  on the objective 3, and is concent ra ted  by the objective 
in the focal  plane.  The value of the radius  of the beam of light in the focal plane r 0 (the radius  of the spot),  
in the absence  of optical  inhomogenei t ies  in the medium under invest igation,  is de te rmined  by the d i s p e r -  
sion of the beam,  by i ts  diffract ion in the col l imat ing d iaphragm,  and by the abe r ra t ions  of the optical  s y s -  
t e m .  For  a l a s e r  TSpler  ins t rument ,  the contr ibut ions made  by the f i r s t  two sources  a re  approx imate ly  
ident ical ,  mud a re  one o r d e r  of magnitude less  than the contribution made  by the third source .  

In the focal  plane, there  is a flat  Foucault  blade 4, behind which is located the photorece iver  5. 

Fig. 1 

Fig.  2 

The Foucault  blade is an opaque d iaphragm,  which cuts 
off pa r t  of the light on the path to the pho to rece ive r .  The pos i -  
tion of the blade is so chosen that,  in the absence of fluctuations 
of the r e f r a c t i v e  index in the medium under investigation,  the 
posit ion of the edge of the blade will coincide with the d i ame te r  
of the spot  in the focal plane.  

The p re sence  of fluctuations in the r e f r ac t i ve  index breaks  
down the or iginal  para l le l  c h a r a c t e r  of the r ays ,  and leads to an 
i nc r ea se  in the spot up to a dimension equal to r ,  and to a shift  
in i ts  or iginal  position (Fig. 2). 

The i nc r ea se  of the spot takes  place  as a r e su l t  of s c a t t e r -  
ing of the light in the fluctuations of the r e f r ac t ive  index, whose 
l inear  dimension is smal l  in compar i son  with the value of the 
path of the beam L; the shift  of the spot as a whole is de te rmined  
by deflection of the beams  in fluctuations of the r e f r ac t i ve  index, 
whose dimension is equal to or  g r e a t e r  than the length of the 
path L. 

The shifts of the spot along the x and y axes a r e  equal to 
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m~ = tO~ = ~ ~ d z  
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(1) 

Here  i = x, y; 0 is the angle of deflection of the beam of light at the outlet f rom the region under study; 
f is the focal dis tance of the objective; n o is the re f rac t ive  index of a i r .  

The axially symmet r i ca l  inc rease  of the spot result ing f rom scat ter ing due to small  fluctuations of 
the re f rac t ive  index, is determined by the relat ionship [3] 

L 
<r~> = p <0~> = 2 ]~ <(n - n,)~> -ZJo (2) 

Here (02> is the var iance  of the angle of scat ter ing of the beams at the outlet f rom the volume under 
considerat ion;  n - n .  is the turbulent pulsat ion of the re f rac t ive  index; n ,  = (n>. 

Relat ionship (2) is valid with satisfaction of the approximation of geometr ic  optics (h<< h0, ~ << X 0) 
of the condition X0 << L, as well as of the condition of isotropici ty and homogeneity of the turbulent field. 
Here X is the wave length of the light; X0 is the minimal size of the inhomogeneities,  for which we may take, 
for example,  the Kolmogorov scale .  

The ins t rument  r ecords  the total light flux, passing by the blade and falling on the photoreceiver .  
Therefore  (Fig. 2), a shift of the spot along the edge of the blade (a change in my) does not lead to a change 
in the photocurrent .  A shift in a direction perpendicular  to the edge of the blade leads to a change in the 
light flux which, for  example,  with a Gaussian distribution of the intensity of the light in the spot, is equal to 

~I~ 

(Do ~ exp dq) - -  <r.~> siu~ ,~ 
o 

(3) 

ship: 

Here  �9 is the light flux falling on the photoreceiver ;  r is the total light flux in the spot. 

With a parabolic distribution of the intensity of the light in the spot we obtain the following re la t ion-  

�9 t l �9 mx mx V 5 2rnx 2 
~)o Y + -~- arc - -  I - -  m~'---~" ( 3 3 <r~> (4) 

AS is evident f rom these relat ionships,  a change in the value of ( r  2 > without a shift in the center  of 
the spot does not lead to a change in the photocurrent ,  if the blade divides the spot in half.  

To r eco rd  changes in the var iance  of the sca t ter ing angles, we must  use the dark-f ie ld  sys tem (the 
blade overlaps a la rge  part  of the spot). 

With smal l  values of the shift, rex, in relat ionships (3) and (4), we can l imit  ourselves  to the l inear 
t e rms  of their  expansion in a Taylor  se r i e s .  Here,  the relat ionship r = r (rex) is identical in both cases  
and is close to l inear .  This relat ion may be used to determine and calculate the instrument  constant,  de- 
te rmined as 

A = du/dO~: 

where u is the voltage of the effective signal in the load on the photomultiplier .  

Calculation gives the following expression for A. 

A = 2j_~] (D o 
~ r  

where y = a u / a r  is the sensi t ivi ty of the photoreceiver  with respec t  to the voltage. 

The ins t rument  used in the present  work was cal ibrated;  as a resul t ,  a value of 105 V was obtained 
for A. 

Thus, in an analysis  of the operation of a T~ipler instrument ,  two regions may be separa ted  out 

<r2> = const, m x ~ var 
<r2> = var, m~ = const 
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The f i r s t  is val id when A, i .e . ,  the l inear  sca le  of the turbulent pulsat ions of the r e f r ac t i ve  index, is 
equal  to or  g r e a t e r  than the base  of the change L; the second is valid when the sca le  of the pulsations is 
much  l e s s  than L, but g r e a t e r  than the d i ame te r  of the beam.  

With operat ion of the ins t rument  in these  regions ,  analys is  of the m e a s u r e m e n t  resu l t s  is c o m p a r a -  
t ive ly  s imp le .  

Fluctuat ions of the r e f r a c t i v e  index, whose l inear  dimension is on the o rde r  of d, leads to a non-  
axia l ly  s y m m e t r i c a l  deformat ion  of the spot;  f luctuations with a l inear  dimension less  than d lead to a r e -  
d is t r ibut ion of the light in the spot,  p ropor t iona l  to the second der iva t ive  of the r e f r ac t i ve  index, and a r e  
not r e co rded  by an ins t rumen t  of this type.  

With L ~ A, we can find the co r re l a t ion  function for the field of the r e f r ac t ive  index of the medium 
f r o m  the co r re la t ion  function of the m e a s u r e d  signal ,  if the hypothesis  with r e spec t  to the frozen c h a r a c t e r  
of the turbulence  is sa t i s f i ed .  

With L>> A under  the assumpt ion  of local i so t ropic i ty  and of homogenei ty  of the turbulent  pulsat ions 
of  the r e f r a c t i v e  index, we can find the va r i ance  of the r e f r ac t i ve  index and, with a given type of spec t rum,  
we can de t e rmine  the s t ruc tu ra l  constant  of the medium.  Thus,  for  example ,  for  the iner t ia l  range,  when 
the spec t r a l  densi ty  of the field of the pulsat ions of the r e f r ac t i ve  index is equal to [4] 

F~ (k) = O.033C~'Zk-"/3exp {-- 0.t6k2~02} (5) 

for  the s t ruc tu ra l  constant  of the medium,  Cn 2, we have 

C~ ~ = 1.22 <r2> L0 '/' / ]2L (6) 

where  k is  the wave n u m b e r .  

In the remain ing  c a s e s ,  when the re  is s imul taneous  var ia t ion both of the rad ius  of the spot and of i ts  
shift ,  ana lys i s  of the m e a s u r e m e n t  r e su l t s  is cons iderab ly  m o r e  complex .  

Returning  to the region L ~ A, we evaluate  the connection between the co r re la t ion  functions of the 
f ield of the r e f r a c t i v e  index Bn and the f ield of t he  r eco rded  signal Bu, under  the assumpt ion of the s m a l l -  
n e s s  of the shif t  of the spot .  in this case ,  the fluctuation component  of the signal is analyzed.  

In this  case ,  the re  is a l inear  connection between the r eco rded  signal and the angle of deflection of 
the beam at the outlet f r o m  the region under  study. Then, taking account  of (4), we have 

L L  

B,, (xl, x2, tl, t2) = ~ dz I dz~ ~ 
0 o 

This  re la t ionsh ip  is valid when the condition d << ~t 0 is sa t i s f ied ,  and integrat ion over  the d i ame te r  of 
the beam can be neg lec ted .  

Assuming  that the field of the turbulent  f luctuations of the r e f r a c t i v e  index is s ta t ionary ,  homogeneous,  
and i so t rop ic ,  as  well  as accept ing the hypothesis  that the field is f rozen,  re la t ionship  (7) can be wri t ten in 
the following manne r :  

L 

= I - 0 
0 

H e r e  

= x ,  - z ~ ,  ~1 = z l  - z~,  p2 = TI ~ + ~z,  B =  (~,  ~l) = B ~  (p)  

Let  us analyze the express ion  obtained for d i f ferent  r a t ios  of the length of the beam to the sca le  of 
the Inhomogenei t ies .  We shal l  cons ider  the th ree  regions  A > L, A < L, A ~ L. 

In the f i r s t  region,  when the length of the beam is l ess  than the sca le  of the inhomogenei t ies ,  is can 
be a s s u m e d  that  Bn does not depend on ~7 and that,  consequently,  
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Carry ing  out a one-dimensional  Four ie r  t r a n s f o r m a -  
tion, we obtain a connection between the one-dimensional  
spatial spec t rum of the pulsations of the ref rac t ive  index 
V n (k) and the spec t rum of the r ecorded  signal Vu {k) 

no'~ G, (k) = b Vu (k) (1 O) 
Vn (k) - -  A.ZL 2 k~Z k~ 

Here b is the inst rument  constant .  

In the second region, when the length of the beam is 
g rea t e r  than the scale  of the inhomogeneit ies,  in formula {8) 
we can neglect  the value of ~?/L in compar ison with unity, 
and can replace  the upper integration limit by infinity [4]. 
In this case  we obtain 

2LZA~ {____A~ ~ Bn (6) (11) 

V~(k) = . ~ ( X ) ~ b  z v~,(k) (12) 

For  the third region,  simple relat ionships cannot be 
obtained, and formula  (8) must  be used.  The integral  en ter -  
ing into this formula can be calculated if the form of Bn(p) 
is known. For  example, for B n (p) = a 2 exp ( - p Z / A  2~ 

Fig.  4 Here  

( L )  v~(k) 

b 
:vxh -- }f~eri: (L / A) -- [i -- exp {-- L~ / A2}] A / L 

2r 

, err(x)= 2 e e_t,dt 

0 

The present  authors made a study of the turbulent fluctuations of the re f rac t ive  index of sea water ,  
using an ins t rument  towed f rom the side of the sc ien t i f i c - research  ship "Akademik Kurchatov," during its 
ninth t r ip .  

Figure  3 shows a schemat ic  d iagram of the inst rument .  The ins t rument  was encased in housing 1. 
Radiation f rom a h e l i u m - n e o n  l a se r  2, passing through col l imator  3 and coll imating diaphragm 4, having 
an opening with a diameter  of 5 ram, through the pentapr ism 5 into the working gap, located in the forward 
par t  of the housing. To decrease  to a maximal  degree the effect of the boundary layer  at the housing of the 
ins t rument  on the measu remen t  resu l t s ,  using a fairing, the working gap was ca r r i ed  out to a distance of 
120 m m  from the nose of the housing. 

At the outlet f rom the working gap L, with a length of 100 ram, the beam is deflected by pentapr ism 6 
and is focused by objective 7. In the focal plane of the objective there  is a Foucault blade 8, whose edge is 
perpendicular  to the axis of the beam. The positions of the Foucault  blade are  regulated by the spacing 
mechan i sm 9. After  the Foucault  blade there  a re  a r ranged  the in te r fe rence  f i l ter  10 and the photomultiplier 
11. Towing of the inst rument  was done using a towing sys t em [5]. 

The spec t rum of the signals r eco rded  was found using an $5-3 spec t roanalyzer ,  with an analysis  band 
of 6 Hz, and an averaging t ime of 30 sec.  

As an example, Fig. 4 gives the resul ts  of measuremen t s ,  in the form of the spec t rum of the fluctua- 
tions of the re f rac t ive  index, obtained with towing of the ins t rument  at a depth of 30 m at a velocity of 2.22 
m / s e c  in a t ropical  reg ion  of the Atlantic Ocean. The scale is logari thmic along both axes.  

The above spec t rum was obtained by recalculat ion of the spec t rum of the recorded  signals,  using the 
relat ionships g iven above. The s t ra ight  line, given on the figure, cor responds  to k -3"9 The upper limit of 
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the r e co rded  wave n u m b e r s  was 25 cm -1, which co r r e sponds  to a dimension of the optical  inhomogeneit ies  
on the o rde r  of half  the d i am e t e r  of the light beam in the medium under  study. The fo rm of the above spec -  
t r u m  is in a g r e e m e n t  with exper imen ta l ly  found spec t r a ,  under var ious  mar ine  conditions, for  example  [6]. 

Since the r e f r a c t i v e  index of wa te r  is a function of t e m p e r a t u r e ,  sal ini ty,  and p r e s s u r e ,  its f luctuations 
a r e  given by the f luctuations of the above p a r a m e t e r s .  

The contr ibution made by the f luctuations of the t e m p e r a t u r e ,  sal ini ty,  and p r e s s u r e  may  be different  
under  different  hydrological  condit ions;  it can be found if independent means  a re  used to de te rmine  the 
f luctuations of two of these  p a r a m e t e r s .  

Fo r  conditions o rd ina r i ly  encountered  in the ocean, the role  of p r e s s u r e  fluctuations is sma l l .  For  
the mos t  widely used re la t ionships  between the fluctuations of the sal ini ty  and the t e m p e r a t u r e  [7], the con-  
t r ibut ions made  by each  of these  p a r a m e t e r s  a r e  approx imate ly  ident ical .  
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