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Abstract.  The influence of special multislit diaphragms placed in 
front of the receiver cathode on the signal value and signal-to-noise 
ratio in acoustooptical visualisation of scattering biological media 
is studied. Using such diaphragms the visualisation of a bulk light-
absorbing and sound-transmitting object in the form of a rectangu-
lar parallelepiped with the size 5 ´ 5 mm in the plane, perpendicular 
to the laser beam axis, and with the size 2.5 parallel to this axis is 
carried out. The object was merged into scattering media of thick-
ness Lc = 62 mm along the direction of propagation of the optical 
radiation with the parameter mLc varying from 0 to 46 ( m being the 
extinction coefficient of the medium). 

Keywords: laser radiation, ultrasound, multislit diaphragm, scat-
tering biological medium, light-absorbing inhomogeneity, acous-
tooptical visualisation of inhomogeneity.

1. Introduction

Acoustooptical tomography (AOT) is a relatively new method 
of visualisation of objects, hidden in strongly scattering media 
(to which biological media also belong). This method com-
bines high optical contrast and spatial resolution of ultrasonic 
(US) tomographic systems [1 – 4]. The method is based on the 
analysis of characteristics of optical radiation passed through 
the scattering medium, crossed by an US beam. In this case in 
the  alternating  current  of  the  photodetector,  collecting  the 
optical radiation, a component with the US frequency appears 
that  carries  information  about  the medium  properties  and, 
therefore, about the presence or absence of inhomogeneities. 
The AOT advantages consist in relatively low cost, absence of 
ionising radiation, and noninvasive nature, which  is of par-
ticular  interest  for  biotissue  diagnostics  in  vivo.  A  serious 
obstacle for using AOT in diagnostics of light-absorbing and 
ultrasound-invisible  inhomogeneities,  hidden  in  scattering 
media,  is  the  small  value  of  both  the  useful  signal  and  the 
signal-to-noise ratio. To overcome these difficulties different 
research  groups  have  proposed  various  methods  of  signal 
detection,  e.g.,  parallel  detection  using  CCD-cameras  [5], 
Fabri – Perot  interferometer  [6],  photorefractive  crystal  [7], 
speckle-contrast detection [8], and the use of intense acoustic 
pulses [9].

In paper [10] for wide laser beams the possibility was pre-
dicted to increase the photocurrent amplitude, corresponding 
to  the  ballistic  light  component,  at  the  US  frequency  by 
installing a multislit diaphragm directly before the photocath-
ode. For the distance between the photodetector and the US 
beam axis, optimal for registering the ballistic component of 
the current, the diaphragm should have the form of a plane 
grating  with  several  similar  parallel  rectangular  slits.  The 
planes of the diaphragm and photocathode are perpendicular 
to the laser beam axis, the centre of the grating is at the axis of 
the laser beam, the separation between the slit centres is equal 
to  the wavelength L  of  sound  in  the medium,  the width of 
each slit is equal to 0.5L, and the slits are perpendicular to the 
direction of the sound propagation in the medium. Note, that 
the signal-to-noise ratio reaches its maximum at the slit width 
0.375L.

In the present paper we experimentally study the influence 
of diaphragms having different number of slits on the photo-
current amplitude at the US frequency, on the sensitivity of 
receiving  system  and  on  the  contrast  and  sharpness  of  the 
image in visualisation of a light-absorbing object in a scatter-
ing medium. 

2. Experiment

2.1. Experimental setup

The scheme of the setup used for measurements is shown in 
Fig. 1. The radiation from the laser ( 3 ) (He – Ne laser, TEM00 
mode, wavelength 632.8 nm, beam diameter 1.2 mm, power 
6 mW) was incident on the biotissue-simulating phantom ( 4 ), 
comprising aqueous milk solution, filling the cuvette ( 5 ). The 
cuvette had the shape of a rectangular parallelepiped with the 
size Lc = 62 mm along the axis of laser radiation propagation. 
It was possible to place a small object, simulating a tumour, 
into the solution. The US transducer with the focusing  lens 
( 2 ) (the transducer diameter, 23 mm; the acoustic wavelength, 
L = 0.5 mm; the focal length, 45 mm; the focal spot diameter 
in water, 1.4 mm), submerged in the solution, excited a wave 
at the frequency 3 MHz, running normally with respect to the 
laser beam axis. The sound absorber (6) was placed in front of 
the  transducer.  Since we used  the  transmission  scheme,  the 
photodetector ( 7 ) (FEU-79) was placed in front of the laser. 
The  signal  from  the  photodetector  was  recorded  using  the 
selective voltmeter (8) (B6-10). The voltmeter measured alter-
nating components of the photocurrent and noise within the 
bandwidth 1 kHz centred at the frequency of the US wave. If 
necessary, the signal from the photodetector was recorded by 
means of a digital oscilloscope ( 9 ) (DS03062A, 60 MHz, 109 
readings per second), connected to the output of the voltme-
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ter. In this case the option of averaging the measured quantity 
over 256 scans of oscilloscope was used, which considerably 
improved the accuracy of the signal measurement. As the dia-
phragm (10 ) we used a grating of m similar rectangular paral-
lel slits with the pitch 0.5 mm, equal to the US wavelength, 
placed directly at the photocathode. The dimensions of each 
slit  (width ~0.2  mm,  height ~1  mm)  corresponded  to  the 
maximal signal-to-noise ratio for receiving the ballistic com-
ponent of the signal Sb [10]. In front of the grating the addi-
tional  screen  ( 11 )  was  installed  that  allowed  opening  any 
single slit, three slits, or five slits. The photodetector together 
with the diaphragm ( 10 ) and the screen ( 11 ) could be moved 
along  the  axes x, y,  and z. The  field  aperture  ( 12 )  had  the 
dimensions 7 ´ 8 mm along the axes y and z, respectively, and 
its centre was located at the axis of the laser beam. 

2.2. The technique of measurements

The selective voltmeter measured root-mean-square values of 
the  photocurrent,  hence,  the  useful  signal S was  calculated 
using the formula S = (U 2 – N 2)1/2, where U and N are the 
values of photocurrent with the ultrasound generator switched 
on and off, respectively. In the experiment the photocurrent 
amplitudes at the US frequency were measured at two posi-
tions z of the photodetector, namely, at the axis of the laser 
beam  (position  z0 =  0; U0  and  the noise N0 measured)  and 
beyond the geometrical dimensions of the  laser beam (posi-
tion z0 ≠ 0; Uw and Nw measured). The signal S0 comprised the 
ballistic  (Sb)  and  ‘scattered’  components  of  photocurrent, 
corresponding to ballistic  light, passed through the medium 
without scattering, and the forward-scattered light. The sig-
nal Sw contained practically only the ‘scattered’ component. 
By the photomultiplier position we mean the position of the 
centre of the middle slit of the diaphragm ( 10 ).

It is convenient to compare the scattering media using the 
parameter  mLc  ( m  being  the  extinction  coefficient  of  the 
medium), which is determined both by the properties and the 
thickness  of  the  visualised  medium.  In  the  experiment  the 
parameter mLc was determined by the concentration C of the 
milk, which varied from 0 to nearly 2 %. According to [11], at 
such concentrations of milk the scattering coefficient msvalue 
is  proportional  to  C  and  is  significantly  greater  than  the 
absorption coefficient ma. Therefore, under the conditions of 
the experiment the value of mLc was approximately equal to 
msLc and proportional  to C. The proportionality coefficient 
was determined from the damping of the ballistic component 

of the signal at small concentrations C, when Sb >> Sw. The 
value of mLc varied from 0 to 46. In the process of investiga-
tions the measured quantities changed by more than 10 orders 
of magnitude; therefore, to provide a linear regime of photo-
detector operation at small mLc we placed neutral calibrated 
light filters on the way of the laser beam between the cuvette 
with a scattering liquid and the laser (not shown in Fig. 1). 

For  acoustooptical  imaging of  a  light-absorbing  sound-
transmitting bulk object we used grating with different num-
ber of slits. The object was a rectangular parallelepiped with 
the size 5 ´ 5 mm in the plane, perpendicular to the axis of the 
laser  beam,  and  with  the  size  2.5 mm  along  this  axis.  The 
object was mechanically scanned with respect to the crossing 
point of the acoustical and optical exes in the cuvette along 
the coordinate axis z  (the axis of sound propagation) and y 
axis, perpendicular to the plane (x, z), in which the axes of the 
laser beam (x axis) and the US beam (z axis) lie.

2.3. Experimental results and discussion 

In scattering media with different values of mLc  we studied 
the influence of the number of diaphragm slits on the ballistic 
and  ‘scattered’  components  of  the  signal  and  the  signal-to-
noise ratio. Below the numerical subscripts in the notation of 
the signals mean the number of slits in the diaphragm.

Figure 2 presents the dependences of the ratio S0m /Swm on 
the parameter mLc .  It  is  seen  that  for all gratings  this  ratio 
decreases with the growth of mLc , and starting from mLc » 23 
oscillates slightly beyond unity. The growth of dispersion of 
points with respect to the mean value, observed in Fig. 2, is 
related to the reduction of the measurement accuracy at small 
values of the measured signals. 

Figures 3 and 4 show how the different number m of slits 
in the receiving system affects the values of signals S0m and the 
sensitivity of the receiving system h0m (h0m = S0m /N0m). It can 
be seen that in the entire range of mLc variation (from 0 to 46) 
increasing the number of slits in the diaphragm leads to the 
increase in all measured quantities. In this case the sensitivity 
of the receiving system grows or, at least, remains constant. 

It is convenient to analyse the obtained results condition-
ally  dividing  the  studied  range  of  variation  of  the medium 
parameter mLc into two sub-ranges. The first sub-range cor-
responds to the variation of mLc from 0 to 18, where, as fol-
lows from Fig. 2, S0m >> Sw, i. e., the ballistic component of 
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Figure 1. Schematic diagram of the experimental setup: ( 1 ) US genera-
tor; ( 2 ) US transducer; ( 3 ) laser; ( 4 ) phantom; ( 5 ) cuvette; ( 6 ) sound 
absorber; ( 7 ) photodetector; ( 8 ) voltmeter; ( 9 ) oscilloscope; ( 10 ) dia-
phragm; ( 11 ) auxiliary screen; ( 12 ) field aperture.
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Figure 2. Dependences of the signal ratio S0m /Swm on the medium pa-
rameter mLc measured using multislit diaphragms (m is the number of 
slits in the diaphragm).
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light causes the major contribution to the signal. In this case 
at constant intensity in the transverse cross section of the laser 
beam and the transverse beam size, exceeding the correspond-
ing dimension of the multislit diaphragm, the ratio of signals 
S0m /S01 should be equal to the number of slits m of the mul-
tislit diaphragm, because the currents from all slits at the pho-
tocathode are added in phase. The noise ratio N0m /N01 and, 
therefore, the sensitivity ratio h0m /h01 should be equal to   m
.  In  the experiment  the distribution of  intensity  in  the  laser 
radiation  (TEM00  mode)  is  Gaussian,  and  the  diameter  of 
laser beam is comparable with the typical multislit diaphragm. 
Therefore, the intensity of the laser radiation in the area of the 
central slit of a multislit diaphragm will be greater than in the 
side  slits  and,  therefore,  the  signal  ratio S0m /S01  should  be 
smaller than m, and the noise ratio (N0m /N01) and the sensitiv-
ity ratio  (h0m /h01) will be smaller  than  m .  In  this case  the 
sensitivity ratios exceed unity. Moreover, the aperture of the 
laser beam having the diameter alas » 1.2 mm fits with three 
periods of the grating, i.e., the three-slit diaphragm having the 
total  size  (2L + d ) = 1.2 mm. When using  the grating with 
greater number of slits the contribution to the signal S0m from 
the rest slits (in our case, from two side slits of a five-slit dia-
phragm) is expected to be insignificant. Therefore, the ratios 
S05 /S01 and h05 /h01 is expected to be slightly higher than the 
corresponding ratios S03 /S01 and h03 /h01 and the ratio S05 /S03 
must be a little greater than unity. All these conclusions are in 
good agreement with the experimental data.

In the second sub-range ( mLc > 23)  the ballistic compo-
nent  of  the  signal  Sb  becomes  smaller  than  the  ‘scattered’ 
component of the signal Sw, and the difference between them 
grows with  increasing mLc  .  The  signals S0m  tend  to  purely 
scattered components Swm. The same relates to the noises, i.e., 
N0m » Nwm. Therefore, signal-to-noise ratios, measured at the 
axis of the laser beam, S03 /S01, S05 /S01, S05 /S03, and N0m /N01 
are  expected  to be nearly  equal  to  the  ratios of  signals and 
noises for Swm and Nwm. In [12] it is shown that in the case of 
a single-slit diaphragm the ‘scattered’ component of the signal 
Sw1 behaves similar to the noise Nw1 with the variation of the 
slit width, i.e., it is also proportional to the square root of the 
slit area. For a diaphragm having m slits the noise Nwm should 
be proportional to  m . The results of the experiments, per-
formed in the present study, show that the ‘scattered’ compo-
nent of the signal Swm (in Fig. 3 the dependence of Sw3 /Sw1 on 
the parameter mLc for three slits is presented) increases with 
increasing number of slits by nearly  m   times  in the entire 
range of mLc  variation,  including  the  first  range. This  is  an 
evidence of the absence of spatial correlation along the axis of 
sound propagation of both the scattered signal Swm and the 
equal signal on the laser axis S0m (in contrast to the ballistic 
signal). Hence, in the second range of mLc variation the ratios 
S0m /S01 and N0m /N01 must be also equal to  m  and, there-
fore,  the  sensitivity  ratios  h0m /h01  –  approximately  equal 
unity.  These  conclusions  are  in  good  agreement  with  the 
obtained experimental results: S03 /S01 » 1.7 »  3 , S05 /S01 » 
2.2 »  5 , S05 /S03 » 1.3 »  /5 3 , N05 /N01 » 2.4 »  5 . The 
sensitivity ratios h03/h01 and h05/h01 in the mentioned range of 
mLc variation are also nearly equal to one.

Visualisation of an object, made of black polyvinyl and 
strongly  absorbing  optical  radiation,  was  performed  using 
gratings with different number of slits at different values of 
the medium parameter mLc. Figure 5 presents the results for 
mLc  equal  to 22 and 32. The  interpretation of  the  results  is 
confirmed by the dependences of the signals S0mn, normalised 
to their mean maximal values S0m max, obtained with the object 
completely removed from the probed area. The images of the 
object in Fig. 5a are obtained using the measured signals S01n, 
S03n, and S05n with scanning along the y axis and zobj = 0, and 
in Fig. 5b with scanning along the z axis and yobj = 0, 2.5, and 
6 mm. Here  zobj  and yobj  correspond  to  the  position  of  the 
object centre with respect to the centre of the probed area, i.e., 
the crossing point of the laser and acoustic beam axes. 

From  the  presented  figures  one  can  draw  a  conclusion 
that  for  the  studied  media  the  number  of  slits  in  the  dia-
phragm practically does not affect the quality (contrast and 
sharpness) of  the object  image. The  contrast  and  sharpness 
are practically independent of the parameter mLc in the range 
22 – 32. The contrast of  the  image, calculated using  the  for-
mula contr = (Smax – Smin)/(Smax + Smin), equals nearly 0.7 for 
both  single-slit  and  multislit  diaphragms.  Here  Smin  is  the 
mean value of  the signal  in  the case of approximate coinci-
dence of the object centre with that of the probed area. The 
image sharpness, which is defined as an inverse of the object 
displacement,  corresponding  to  the  visualisation  parameter 
difference (Smax – Smin) changing from 0.1 to 0.9, equals nearly 
0.4 mm–1 in both coordinates. The possibility of tomography 
in  the  scattering  medium  is  demonstrated  by  three  depen-
dences of the signal S05n in Fig. 5b at mLc = 22, namely, when 
the centre of the moving object passes the centre of the probed 
area ( yobj = 0), when the edge of the object passes the centre 
of the probed area ( yobj = 2.5 mm), and when the whole object 
passes beyond the probed area (yobj =  6 mm). Slight differ-
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Figure 3. Dependences of the ratios of signals S0m /S01 and Sw3 /Sw1 and 
noises N05 /N01 on the medium parameter mLc.
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ceiving  system on  the medium parameter mLc when using a  three-slit 
(h03 /h01) and a five-slit (h05 /h01) diaphragm. 
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ence  in  signal  values  for yobj =  0 and 2.5 mm at  the object 
positions zobj < – 6 mm (the object  is displaced towards  the 
US source with respect to the laser beam axis) and zobj > 
6 mm is due to small absorption of the US by the object. The 
numerical values of the contrast and sharpness of images at 
mLc =  22  coincide  with  similar  results  for  a  single-slit  dia-
phragm [13, 14], where the visualisation of similar objects is 
considered at mLc  from 0  to 27. The  results, presented  in 
[13, 14] and in the present paper also allow selection of two 
ranges of mLc values with nearly constant contrast and sharp-
ness  of  images:  at mLc <  18  the  contrast  and  sharpness  are 
equal to 1 and 2.2 mm–1, at mLc > 22 they amount to 0.6 and 
2.5 mm–1, respectively. In the intermediate range of mLc (from 
18 to 22) the image contrast and sharpness quickly vary from 
the  values  at mLc <  18  to  those  at mLc >  22. The presented 
numerical values are approximately similar for images in both 
coordinates y and z. 

These results may be explained as follows. The size of the 
probed area determines the image sharpness and contrast. At 
small  mLc (smaller than 18) the dimensions of the probed area 
are determined by the overlap of the laser and acoustic beams. 
In this case the size of the probed area along the directions y 
and z is smaller than the diameters of both the laser and the 
acoustic beam, which under the conditions of the experiment 
were  approximately  equal. Therefore,  the  contrast  of  a  5 ´ 
5-mm object was equal to unity, because the object completely 
overlapped the probed area, while the sharpness amounted to 
2.2 mm–1, which corresponds  to  the  resolution of nearly 
0.5 mm, smaller than the diameters of the laser and acoustic 
beams. At mLc > 22 the ballistic component of the laser radia-
tion  in  the  acoustic beam volume  is  small  compared  to  the 
‘scattered’ one. In this case the dimensions of the probed area 

are determined only by the acoustic beam (assumed that the 
density  of  the  scattered  laser  radiation  within  the  acoustic 
beam  is  constant). As  shown  in  [12],  for a  focused acoustic 
beam the probed area is concentrated in the focus region, its 
dimensions  in  the y  and z directions being greater  than  the 
focal  spot  diameter.  In  fact,  the  size  of  the  probed  area  is 
determined by the rate of the intensity decrease in the diffrac-
tion  waves  with  the  growth  of  the  distance  from  the  focal 
plane of the acoustic beam. 

3. Conclusions

We have experimentally shown that the amplitude of the sig-
nal S  at  the US  frequency, which  in  the used  scheme  is  an 
imaging  parameter,  may  be  increased  by  equipping  the 
receiver with especially calculated diaphragms. In the range 
of mLc values from 0 to 18, when the ballistic component of 
light introduces considerable contribution into the signal, the 
use of three-slit and five-slit diaphragms leads to the increase 
in the signal S03 by 2.3 – 2.4 times and S05 by 2.5 – 2.6 times as 
compared  to  the  signal S01  in  the  case  of  a  single-slit  dia-
phragm. Since the size of the laser beam at the photodetector 
was  smaller  than  the  length of  the  five-slit  grid along  the z 
axis, the signal S05 only slightly exceeded the signal S03. In this 
range  of mLc  noticeable  advantage  in  the  sensitivity  of  the 
receiving system due to the use of multislit diaphragms was 
observed, h03 /h01 » 1.49, h05 /h01 » 1.55.

At mLc  > 23 the ballistic component of light is essentially 
smaller than the ‘scattered’ one, which mainly determines the 
signal in this case. In this range S05 /S01 =  5  and S03 /S01 = 
3 , which is an evidence of the absence of spatial correlation 

in the scattered signal. No advantage in sensitivity due to the 
use of multislit diaphragms was observed in this range of mLc 
variation. 

The visualisation of the object with characteristic size 5 ́  5 mm, 
absorbing  optical  radiation  and  practically  transparent  for 
the acoustic signal, has shown that within the limits of high 
enough values of the parameter 22 < mLc< 32 the image con-
trast and sharpness are practically independent of the number 
of slits in the diaphragm and remain constant. Their values in 
the directions y and z are nearly similar.
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Figure 5. Dependences of the normalised signals S01n, S03n, and S05n on 
the displacement of the object along the y axis at zobj = 0, mLc = 22 and 
32 (a) and along the z axis at yobj = 0, 2.5, and 6 mm,  mLc = 22 and 32 (b).


