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E F F E C T  OF A B S O R P T I O N  IN TIME-RESOLVED O P T O A C O U S T I C  T O M O G R A P H Y  

A.  A.  Al iverdiev  UDC 519.675:(535+534)+681.3 

Th.e rcconst~'uctive problem of time-resolved optoacoustic tomography is solved taking into ac- 
count the absorption of initiating (laser) and secondary (acoustic) radiations. Numerical results 
that confirm theoretical data arc presented. A relatively simple relation between the unknown 
and the experimental functions of spatial distribution of the absorption coefficicnt is obtained. 

To solve tile problem of tomo~raphy diagnostics, recently a number of methods have been proposed, 
including tile investigation of the velocity (momentum) space [1-3] and taking time as an additional coor- 
dinate axis [4 ~8]. One of these methods is time-resolved optoacoustic tomography [8-11], which is based 
on the analysis of the secondary acoustic radiation generated by an ultra-short laser pulse for obtaining the 
distribution of the coefficient of laser-radiation absorl)tion due to the optoacoustic effect. 

A simple method fbr solving the inverse optoacoustic problem with absorption of" tim initiating radiat ion 
w~s proposed in [8, 9]. In the present paper, we discuss a more general case with two absorption components - -  
optoacoustic and nonoptoacoustic. 

As was shown in [8], in general, the time profile of an acoustic signal has tile form 

l 

G~(t )=  . / X l ( x ) T ( t - X ~ d x ' v s /  (1) 

0 

where 
x 

0 

if the laser and receiver of the secondary acoustic radiation are located at the point x = 0, or 

l 

l - - x  

if tile laser is located at tile point x = l and tile receiver of tile secondary acoustic radiation is located at 
the point x = 0. Below, we investigate the first case, assmning that  tlm function Xl (x) is given by formula 
(2). In Eqs. (1)-(3), 1 is the length of the object of investigation along the direction of transmission, x is 
the spatial coordinate, t is time, Vs is tim velocity of the acoustic signal, T(t) is the known time profile of 
the l~ser tmlse, X(x)  is the unknown function of the distribution of the absorption coefficient, Gs(t) is tile 
experinmntal t ime prof le  of the secondary (acoustic) signal, a = tn(I/Io) is the total absorption coefficient, 
I0 is the intensity of the initiatiilg pulse, I i'., "he intensity of the pulse transmitted through the object, tim 
fuimtions X(x )  and X1 (x) are nornmlized by unity, and C is the normalization constant. 
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Equation (1) is a Fredholm equat ion of the first kind, and generally it can be solved using standard 

methods. If the laser-pulse durat ion is At  << live, the function T(t - x/v~) can be expressed in terms of the 
&function. In this case, the equality X~ (x) = AGs((t- to)/v.s) is satisfied, where to is the time corresponding 
to the peak of the function T(t) and A is a constant. 

Thus, if the initiating pulse is sufficiently short and the absorption of the laser radiation by the object 
under investigation is sufficiently weak, the time profile follows the acoustic response of the spatial distribution 

of the optoacoustie source. 
Let the function CXL(x) be known up to a constant  factor. To solve Eq. (2), where the function 

Xt(x) and the coefficient a are specified, constant C is unknown, and the fmmtion X(x) is required to be 
determined, we introduce the functions 

27 X 

0 0 

We assume that a r 0 (otherwise, the  equation which must  be solved becomes an identity). Then, it follows 
from (2) that CX1 (x) = (dF/dx)exp (-aF). Separating the variables and integrating, we obtain 

F ( x )  = 1 In  (1 -- o~CFl(a ' ) ) .  (4) 

Differentiating Eq. (4), we find tha t  

CXl(z) 
X(x)  = 1 - Cc~FL(:r)" (5) 

From the normalization conditions, we determine C: 

C = 1 (1 - exp ( - a ) ) .  (6) 
(~ 

Formulas (5) and (6) allow one to determine the fimction X(x)  for a r 0 if the fimction Xl(x) is 
known. [For c~ = 0, the function X) (x )  Coincides with the function X(x)  with a calculation error.] 

Above, we have, considered a simplified problem. In real physical objects under investigation, in 
addition to the absorption of the initiating (laser) radia t ion whose energy is expended for generation of 
acoustic waves, there is an absorption [of both the init iating (optical) and the secondary (acoustic) radiations] 

of different nature. 
We now consider the case where, along with the  absorption related to the optoaeoustic effect, there 

is absorption with the differential coefficient a 'X ' (x ) ,  where a '  = const and X'(x)  is a known normalized 
flmction. We note that  absorption of both the init iating (laser) radiation and the secondary (acoustic) 
radiation can be considered in this nmnner. In this case, a'X'(x) represents the sum of both components 

because both absorptions are ul t imately expressed in the same form: 

CX[(x)= X(x)exp(-a  f X(x)dx-a'  f X'(x)itx). 
o 0 

We introduce the fllnction 
J7 

F' (x)  = / X ' ( x )  d:r. 
J 

0 

Similarly to tile preceding case. we obta in  
dF CXI (x) = ~ exp ( - a F  - ~t'F'(x)). (7) 

X 

Let X~ = Xl exp (c~'F'(x)) and F[(x)  = / X ~ ( x )  exp (a'F'(x))dx. Solving Eq. (7) similarly to the example 

0 
considered above, after simple transformations,  we obta in  X(x) = CX~ (x)/(1 - C(tF~(x)). 
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Fig. 1. Nmnerical rcsutts: (a) the distribution of the optoacoustic component of absorption: (b) 
the distribution of the nonoptoacoustic component of absorption: (c) the nmnerical function of 
Ol)toacoustic response: (d) the reconstructed function of optoacoustic distribution. 

If  we treat  ~ '  and Xr(x) as known an(t normalize X~ (x), then the constant  C can be calculated from 
h)rnmht (6). Tile coefficient n' can be obta ined  using the  absolute vahm of the total energy of the received 

acoustic signal (Ul) to this l)oint, this quant i ty  ' :s leveled by normalization). For that. a real exl)erimental 
facility must 1)e calibrated using reference pat terns  wi th  different ratios between a and ~'.  In general, 

the fimction X'(x) is not known but ,  in several ca.ses, it can be obtained. In particular, i: the additional 
absorpt ion is independent of the coordinate ,  the flmction X'(x) can be identically equal to the constant l - t .  
If  the additional al)sorption is propor t iona l  to the optoacoust ic  absorption, then, as follows from (7), the 
problem can be solved using Eqs. (5) and (6) wh(;re a is replaced b.v the sum c~ + a r. 

Since an acoustic signal can be t r ansmi t t ed  only by the excited par t  of  the object tamer investigation, 
the object  can t)e s tep-by-step scanned by a laser along o the r  spatial directions (see [9]). 

Using tim results obtained above,  we carried out  several mmmrical experiments. For clarity and 
objectivity, we assumed that  the object  was scanned along an ad(titional spat ia l  coordinate: the optoacoustic 

and nonoptoacoustic comt)onents of absorp t ion  were different from each other.  The characteristic conditions 
of the exl)eriments were typical: the diinensions of the spec imen were 0.1 x 0.1 m, the duration of the initiating 
laser pulse was At ---- 10 -7 s(~. and the velocity of the secondarily ultrasonic wave was v.~ -- 10 3 m/see.  The  

dependence of the velocity on the coordinate  w~s neglected. 

Typical calculation results are shown in Fig. 1. In this case. (a'(y)) = 1 and ((~(y)) = 1. The stochastic 
noise with a relative magni tude of 3% was added to the function G.~(f). All these flmctions were normalize(t 

by unity. The theoretical coiwlusions are confirme(1 l)y the  numerical data. G o o d  restorability of the unknown 
fimction is observed even fbr considerable exte, rnal noise. 

This  work was par t ly  suppor ted  by the INTAS Internat ional  Foundat ion (Grant No. 96-01-01605) 
within the framework of the research p rog ram of ttm Internat ional  Center for Fundamental Physics. 

770 



R E F E R E N C E S  

1. V. V. Pikalov and N. G. Preobrazhenskii, Reconstructive Tomography in Gas Dynamics and Plasma 
Physics [in Russian], Nauka, Novosibirsk (1987). 

2. A. L. Bahmdin, N. G. Preobrazhenskii, and A. I. Sedel'nikov, "TomogTaphy reconstruction of the velocity 
distribution of particles/' PrikI. Mekh. Tekh,. Fiz., No. 6, 34-37 (1989). 

3. O. V. Man'ko, ~'Symplectic tomography of nonclassical states of a trapped ion," Preprint No. IC/96/39, 
Abdus Salam Intern. Centre Theoret. Phys., Trieste (1994). 

4. G. G. Levin and G. N. Vishnyakov, Optical Tomography [in Russian], Radio i Svyaz', Moscow (1989). 
5. J. G. Fujimoto, M. E. Brezinski, G. J. Tearney, et al., "Biomedical imaging and optical biopsy using 

optical coherence tomography," Natur. Medicine, No. 2, 970-972 (1995). 
6. A. A. Aliverdiev, "Use of the velocity spectrum for space-time investigation of high-velocity phenomena," 

Zh. Tekh. Fiz., 67, No. 9, 132-134 (1997). 
7. A. A. Aliverdiev and M. G. Karimov, "Solution of optic reconstructive problem cousidering registered 

signal velocity/' Turkish ,L Phys., No. 4, 311-314 (1998). 
8. A. A. Aliverdiev, "Possibility of using the velocity of the registered signal for tomography investigation 

of excited media," Izv. I/:gssh. Uchebn. Zaved., Radiofiz., 40, No. 6, 761-768 (1997). 
9. M. G. Karimov and A. A. Aliverdiev, "Modeling of two-dimensional optoacoustic investigation of excited 

media," Izv. I/:yssh. Uchebn. Zaved., Radiofiz., 42, No. 1, 83-86 (1999). 
10. V. 1~. Gusev and A. A. Karabutov, Laser Optoacoustics [in Russian], Nauka, Moscow (1991). 
11. A. A. Karabutov, N. B. P0dymova, and V. S. Letokhov, "Time-resolved optoacoustic tomography of 

inhomogeneous media," ,L Appl. Phys., B63, 545-563 (1996). 

771 


