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Abstract: Acousto-optic imaging of thick biological tissues can be
obtained in real-time with an adaptive-wavefront holographic setup, where
the holographic media is a self-developping photorefractive crystal. As a
conseguence, the interference signal resulting from the acousto-optic effect
can be easily collected with a high etendue and fast single photodetector.
We present a statistical model of the field propagating through the scattering
media and show why the various acoustic frequency components contained
in the speckle output pattern are uncorrelated. We then give a detailed de-
scription of the signal measured through the photorefractive effect, in order
to explain the quadratic pressure response observed for the two commonly
used configurations setup e.g an amplitude or a phase modulation of the
ultrasound.
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Introduction

rasound modulated optical imaging [1] combines light and ultrasound to image optical con-

trast in thick and highly scattering media with the spatial resolution of ultrasound imaging.

Thi

stechniqueis promising for biomedical applications, for example breast imaging, for which
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optical imaging techniques (such as Diffuse Optical Tomography [2]) can provide significant
functional information but are generally limited to a poor spatial resolution.

The principleisthefollowing. A coherent (laser) light source illuminates a highly scattering
sample. Due to the scattering, the photons will travel along of great number of random paths,
producing a speckle pattern. At the same time, an ultrasound (US) beam is focused in the
sample. Some of the travel paths, those crossing the US focal area, will be modulated due to
the movement of scatterers [3-5] and to thelocal changein the refractiveindex [5]. This partial
phase-modulation of the outcoming field leads to a modulation of the intensity of the speckle
pattern at the US frequency. This corresponds to the "tagged photons’, which are emitted, in
the diffused light frequency spectrum, within acoustic sidebands. M easuring the weight of the
tagged photon component as a function of the location of the US focal point allows to get 3D
images of the scattering medium.

The detection of the tagged photon is difficult. The signal is weak, and spatially incoherent
(speckle). Moreover, the parasitic motion of the scatterers, related to the blood flux in the in
vivo case, decorrelates the speckle in a relatively short time. This corresponds in vivo to a
spectral broadeningin thekHz range[6,7]. Many techniques have been used to detect the tagged
photons. First, experiments have been done with a photodiode which records the modulation
of the speckle at the US frequency [1, 8]. The optical etendue (product of the detector area
by the detection solid angle) is low because one detects only one or a few speckle grains,
but since the detector is fast, all the tagged photons in the optical etendue can be detected,
whether the spectrum is broad or not. To increase the etendue, a CCD camera can be used to
detect many speckle grains in parallel. To get a slow modulation component compatible with
CCD detection, Leveque et al [9] use a stroboscopic illumination technique, while Gross et
al [10] perform heterodyne detection with the CCD. The latter allows to get optimal detection
sensitivity (shot noise). However, both Leveque and Gross techniques are slow and narrow
band, and they cannot detect all the tagged photons when the spectrum is broad, like in the in
vivo case.

A novel technique, based on two wave mixing in a photorefractive (PR) crystal has been
introduced recently [11-15]. This technique, which allows to detect the tagged photons with
a higher etendue than with the CCD parallel detection, is potentially able to be fast enough to
detect all the tagged photonsin an in vivo sample. In the Murray et a variant of the technique
[11], a beam splitter on the main laser provides the pump beam of the PR crystal. The pump
is thus resonant with the ”un tagged” photons, which are detected by PR effect. The "tagged
photon” are seen indirectly, like in a spectroscopi ¢ absorption experiment, through a decrease of
the "un tagged” photon signal DC component [14]. To get resolution along the US propagation
z axis, the US beam is pulsed, and the signal is detected by afast avalanche photodiode (APD).
By scanning the US focus spot along the transverse x axis, tomographic 2D images are obtained
[13,15]. In the Ramaz et a variant of the technique [12], acousto optic modulators allow to
freely adjust the amplitude, the phase and the frequency of the pump beam. By tuning the pump
frequency resonant with the "tagged”, or with the ”un tagged” photons, it is possible to detect
with the same setup either the "tagged” or the ”un tagged” photons. Inthefirst experiment [12],
the "tagged photon” are detected, and the photodiode (PD) photoel ectrons are amplified by a
high impedance (R = 10°Q), and thuslow noise, transimpedance amplifier, which is quite slow.
No attends is made to get z resolution, and 1D "image” (or plot) are presented (like in the first
Murray’s experiment [11]). It may be possibleto get z resolution (and to make thus 2D images)
by pulsing both the US and the pump beams as donein [16].

It is not possible to decide yet which of the Murray’s and Ramaz's techniques is the best,
because the corresponding experiments are done with setups whose performances are very
different. Murray et al use aslow BSO crystal (PR time 7pr = 150 ms) with afast APD photo-
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Fig. 1. Diffusion of light by scatterers (star).

detector, and do experiment with phantoms. Ramaz et al use afaster (tpr = 5 ms) GaAscrysta
(whichis still slow with respect to the need for in vivo imaging: tpr < 1ms) with a slow photo-
detector (PD), whose noise is low (because the impedance R is high), and do experiment with
chicken sample (2cm and 4cm width), closer to the breast imaging need.

Although many theoretical works have been done to describe both the acousto-optic imaging
[3-5,17], and the PR effect [18-20], there is no theoretical attends to describe the PR effect
in the context of the acousto optic imaging (except of the very recent Blonigen et al. study
[14]). The purpose of this paper is to give such a global description. Moreover, to get better
understanding of the physical phenomena, the model must be abl e to describe both the Murray,
and Ramaz experiments, and to deal with new possible configurations of these setups, not yet
implemented.

In section 2, we will first model the scattered light outgoing the sample, and discuss its
statistical properties. We will then show, in section 3, that it is possible to separate the so-called
"tagged” field, which results from the interaction of the photons with ultrasound, from the ”un
tagged” field, since these fields do not oscillate at the same frequency. Moreover these fields
are spatially incoherent. In section 4, we will consider the photorefractive effect performed
with these two fields, and in section 5, the detection of the photorefractive signal on a large
area photodiodes. We will got then a general expression for the PR signal (Eg. (31)). In order
to verify the validity of our theoretical model, we will consider different types of ultrasonic
modulations, e.g a phase or an amplitude modulation. They are discussed in detail in section
6. Finally, experimental validation of the model is presented in section 7 and we give as a
comparison a Fourier spectrum of the signal in the case of amplitude and phase modulation of
the US at 1500Hz.

2. Thefields observed with and without ultrasound

Let us call Ep and Es the fields coming into and out of the sample. Consider the paoint (x,y)
located after the sample output interface. E is a quasi monochromatic wave at the frequency
ap of theincoming laser. Let us introduce the complex field amplitude &’s defined as:

Es(r,t) = Re (&(r,t)el™t) (1)

Here Re is the real part operator. &5 results from the sum (or the interference) of the field
components &s ; scattered through the sample along many travel pathsi frominput plane (z = 0)
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to the point (r = (x,Y,2)) (seeFig. 1).
Es(r,t) =Y &5i(r,1) 2

It is out of the scope of the paper to define more precisely the travel paths, and the summation
over them. One can model, for example, the travel pathes by a Monte Carlo simulation.

For the travel path i, let us call a; the weight of the scattered field component, and sjg the
travel path length. In sj, the zero index means that we do not yet consider the possible motions
of the scatterers. Thus sjp does not depend on time, and neither do & ; and &s. To simplify the
description, without losing generality, we will consider that the phase of &£’s; depends only on
travel path length (the change of phase associated to each scattering event is either neglected or
included within sjp):

Ei(r) = ai(r)e 14 with  6;(r) =k sjo(r) mod (27) (3)

where mod is the modulo operator, and k = 27t/ A the optical wave vector for the scattering
medium. Since the travel pathslength sjg islarge (sig > z > 1), and since the sjg distributionis
broad, 6; israndom and evenly distributed over the [0...27x] interval from one travel path to the
next. Thetravel pathes summation Y; in Eq. (2) is thus equivalent to the step summation made
to describe a random walk in the complex plane. The field &’s that results of this random walk
is then arandom quantity that obeys to a gaussian statistic.

We must notice that sjo varies with the distance from the location rj .. of the last scatterer to
the considered point r following:

Sio(r) = Sio(Fie) 4 F — Fico] (4)

Substituting Eq. (4) into Eq. (3), we get that both &si(r) and 6;(r) vary rapidly with r. The
resulting &s also varies fast with r. This illustrates the speckle character of &5 : 6; varies thus
in the x and y direction over distances that correspond to the speckle grain size. This property
isimportant for 6;, becauseit will allow us later to simplify Eq. (28) by makingi =i’

Let us now apply a CW (Continuous Wave) ultrasonic (US) wave to the system by using an
ultrasonic piezoelectric (PZT) device. The PZT excitation voltageis simply:

Upzt (t) = Re (%pzT (1) ej“’Ust) (5)

Here Zpz7 isthe PZT voltage complex amplitude with respect to the wys frequency. To sim-
plify the description, wewill consider in thefollowing that the PZT voltage %pzt islow enough
to have an acoustic pressure proportiona to %pzt. We have verified experimentally (with an
hydrophone) that all the results presented here correspond to this regime.

To account possible schemes of US modulation %pzt may depend on time, but varies slowly
with respect to wys. Under the combined effect of the US motion of the scatterers, and the US
modulation of the medium refractive index, the length s; of the travel path i change periodically
at the US frequency. _

si(r,t) = sio(r) + Re (8si(t) e!™st) (6)

Bi(t) =k|dsi(t)] ¢i(t) = arg(dsi(t)) M

where arg is the complex argument. Here, ds; = (Si/k, ¢i) is the modulated component of the
travel path length s; in complex representation. i, which is an angle, is the corresponding
modulation of the optical phase. §si, Bi and ¢; are slowly varying with time (with respect to
wys)- 0Si (and thus fB;) is proportional to the acoustic pressure. ds; results of the sum of the
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modulations §s; j induced all along the travel path, on the locationsr j of each scatterers j (see
Fig. 1).
Ssi(t) 253. j (8)

On each scatterer, the phase of s; j, whichis slowly varying with time, depends on the phase of
the US beam at r j. Because of the ”banana’ shape of the photon density inside the scattering
medium [21], the extension Ax of the travel pathesin the x direction is much larger than the US
wavelength Ays (Ax > Ays). The phase of the US, and the phase of the local modulation 8s; j
explorethus al phases of the [0, 2x] interval. As a consequence, the summation made in Eq. (8)
is equivalent to a 2D random walk in the complex plane, and §s; is arandom complex quantity.

The phase ¢; is thus random, and is equally distributed over the [0, 27| interval . Because the
last scatterer, which is located near the sample output surfaceinr j .., does not move (or because
its motion can be neglected), ¢; do not depend on r (contrarily to 6;(r)). Thiswill simplify the
final expression of the detected signal.

3. Decomposition of thetransmitted field in Fourier components (CW ultrasonic excita-
tion)

The periodic change of the travel path length s; at the US frequency (Eq. (6)) can be written as

Si(r,t) =sio(r) + 0si(t) sin(myst + ¢i(t) + m/2) 9)
Substituting si(r,t) in Eq. (1) and Eq. (3), we get :
é‘)sl(r’t): al(r)e Jel )eJ ﬁl )Sn((l)ust+¢| )+7l'/2) (10)

Using the Fourier's expansion for the e 1fiSn(@ust--) factor, we can develop the field & ;, prop-
agating along the travel path i, in Fourier components &s i ,, (With respect to the ultrasonic
modulation): _

&si(r,t) z Esi o ( eJ”“’Ust (@D

ot (1) = 0) &) 3 () a2 (12)

In typical experimental situation, the US excitation is quite low, and 8; <« 1. Thefield Es is
then a sum of Fourier components & ,, of frequency wn = wo + nwys:

Es(r,t) =Re (Y &s.an(r) &) with Eo.an (1 Z&WH (13

The Eq. (13) will be used in the following to develop of the PR signal in Fourier components
in Eq. (28). The general expression for the travel path field Fourier components of Eq. (12) will
be used then to simplify Eq. (28) in order to get the final general expression for the signal (i.e.
Eq. (31)). For practical use, we will consider mainly then = 0 and n = 1 Fourier components,
i.e. the "carrier” component (n = 0), which corresponds to the "un tagged” photons, and the
first " sideband” component (n = 1), which correspondsto the "tagged” photons. We get:

Eo.a(T) Zm r) e 1% Jo(Bi(1)) (14)

&5y (1 Za. =160 3, (By (1)) el @ O+7/2) a5

Compare the phases of the it terms of the Eq. (14) and Eq. (15) summations. These phases
differ by afactor el(%+7/2) which is random (¢; is random) from onetravel path to the next. As
aconsequence, thefields &s o, and &5, , which results from 2 statistically independent random
walks (Eg. (14) and Eq. (15)), are uncorrelated (i.e. optically spatially incoherent).
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4. The photorefractive (PR) effect on the tagged and un-tagged photons

The principle of the photorefractive (PR) interferometer is shown on Fig. 2. The signal beamE s
(tagged or un-tagged by the ultrasound) issued from the scattering media is collected by large
numerical aperture (NA) lenses, and focused into a PR crystal. The Es wavefront is highly
distorted. In order to extract the desired information, a coherent reference beam E g, called also
the pump beam, interfereswith the signal beam into the PR crystal. The reference beam E g will
be considered as a plane wave (this condition is not necessary but it simplifies the notations).
The reference and the signal beams, which interfere within the photorefractive crystal, create
through the photorefractive effect an hologram (or agrating) corresponding to alittle change on
of the crystal complex refractiveindex (i.e. refractiveindex, and/or absorption) [22,23]. The PR
effect having afinite response time, only the static components of the interference pattern (i.e.
moving with frequency smaller than the inverse of the response time tpg of the crystal) will
participate to the hologram inscription process. If the signal beam E s has several frequency
components, the PR effect selects the components whose frequencies are close the frequency
of Er. The pump beam is then diffracted by the PR holographic grating. The diffracted beam
Ep has then the same wavefront than the signal beam E s, which has written the hologram. Ep
goes out the crystal, and propagates in the same direction as E 5 [18-20, 24-27].

To make a quantitative analysis of the PR detection, we have to introduce the complex field
amplitudes er and &5 with respect to the frequency w of the reference pump beam E g, which
plays herethe central role (and may differ from wq depending on the implementation [11,12]).

Er(r,t) = Re (er(r) e/) Es(r,t) = Re (s(r,t) el) (16)
€r is constant, and es, which contains all the wy, frequency components, is time varying, we

have from Eq. (13). _
e5(r,t) = Y & (1) el 0N (17)
n

Two wave mixing in a photorefractive mediawith a constant pump beam r, and atime varying
(in amplitude and/or phase) optical signal beam &g, has been described in [18, 28]. The signal
field es(x,y,z) within the crystal, i.e. for z1 < z < z; (wherez = z; and z = z, are the crystal
input and output plane), can be written as a function of the crystal incoming field es(x,y,z1),
which is supposed to be known:

t
es(x,y,z,t) = e *)/2 [88(X7y7217t)+/ dt’ es(x,y,21,t") G(z,t —t') (18)
0
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G(z,t) isgiven in [28]. In the condition of low efficiency of the grating and low absorption o
of the crystal the transfer function G(z,t) takes the simple form:

G(z,t) = (y(z—z1)/TeR)E /™R (19

Here 1pR is the response time of the photorefractive crystal and y the photorefractive gain (that
can be complex values in the more general modelling, but that are taken real in the present
calculation, in accordance with the experimental conditions we use). In Eq. (18),t = 0 is the
time origin, at which it is supposed that no hologram is written.

Equation (18) is established using several approximation that we will recall here [18]. The
first one, isthat we suppose that the pump beam is a constant monochromatic wave of pulsation
o (i.e. it is not time modulated). It is not perturbed by the grating, but it can lose its energy
due to the crystal absorption. The pump beam intensity is also supposed to be much higher
than signal beam intensity. The total incident illumination that governsthe response time of the
photorefractivecrystal [22,23] isthus equal to the pump beam intensity. The response time that
appears in the expression of G(z,t) is the response time of the crystal taken at the entrance of
the photorefractive crystal at position z = z1. The model is established for two incident plane
waves but it isimmediately generalized to a speckled signal wave, that will be written into its
plane wave decomposition, each plane wave being treated independently and the transmitted
wave being the linear recomposition of the different transmitted plane wave components.

Since we are mainly interested by the solution of Eq. (18) with a periodic source term
&s(X,Y,21,t), we may extend the lower limit of the [dt’ integral of Eqg. (18) fromt’ =0 to
t' = —oo. Our purposeis to the make the periodicity more visible within the equations. Extend-
ing theintegral tot = —- meansthat any transient behaviour such asthe initial build-up of the
grating is neglected and that we consider only the stationnary periodic response of the crystal.
Making the transformation: t’ — (t —t’), in the [ dt’ integral of Eq. (18), we get:

() = e« sy + [ ot syt - 6en) | @
JO

Here, the PR hologram is written at the retarded timet —t’, the retardation beingt’ > 0.

To help the following discussions, we have to notice that the first term of Eq. (20) or Eq. (18)
(field E1 and complex amplitude e1) corresponds to the signal beam transmitted (T) through
the photorefractive crystal, whereas the second term (Ep and ep) is the pump beam diffracted
(D) by the PR hologram. We have thus:

es(r,t) =er(r,t) +ep(r,t) (21)

er(r,t) = e *@ /2 g(x,y,24,1) (22)

ep(r.t) = e ¥ 1)/ /wdt/ es(x.y,z1,t —t') G(z,t') (23)
Jo

By developing es(x,y,z1,t —t’) from Eq. (17), we get:
eo(r,t) = e 2 S [ Td B0 (xyzt-t) Gz t) el s
n O
Equation (22) and Eq. (24) will be used later to calculate the PR signa on a photodi-
ode. Consider now the diffracted field Ep defined similarly to Er and Es (see Eq. (16)) by
Ep(r,t) = Re(ep(r,t) eJ!). We get:
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Ep(r,t) = Re (e (- 2)/2 D glont /w dt’ &, (X,Y,22,t —t') G(z,t') e*j(“*‘*‘“w) (25)
- 0

Equation (25), which is equivalent to Eq. (24), shows that the diffracted field E p can be de-
veloped in a sum of Fourier components, each of them evolving at the Fourier frequency w p.
Because of thee1(“n—@)V factor in the 5 dt’ integral, the crystal selects, through its response
time that governsthe evolution of G(z,t’), the frequency component o, closest to w.

If for example o ~ w1, the sum over n (i.e. 3, in Eq. (25)) restrictsto n = 1 (as wys is
generally much greater than the inverse of the response time of the PR crystal). One select thus
the w, frequency component, i.e. the "tagged photons’. As seenin Eq. (25), the diffracted beam
Ep evolves then at the "tagged photons’ frequency ;. If @ is not exactly equal to w1 (with
still a difference smaller thant 1/7pR), the Er versus Es interference pattern (and thus the PR
hologram) drifts continuously in phase, but the phase of the field, which is diffracted by this
moving grating, do not drift (the phase evolution is exactly e 1“1t) with respect to the ”tagged
photons’ field. Thisis aknown property of the diffraction with a PR moving grating [29].

5. ThePR signal with a photo detector of large area

To simplify the discussion, we will consider that the signal is detected by a photodiode of large
area, located in the PR crystal output plane z = z,. The photodiode signal Spp is thus equal to
the integral of |s|? over the photodiode area. From Eq. (21) we get:

Spp(t) = //dx dy |er(x,y,22,0)|% + |ep(X,y,z2,1)|% + [ &1 (X,Y,22,1) &p*(X,,22,1) +C.C]
(26)
where c.c. means the complex conjugate.

To get a sensitive detection we will modulate the amplitude, or the phase of the ultrasonic
wave, and we will consider mainly the time varying component of S pp. Because the acoustic
wave do not change the total number of scattered photons (i.e. "tagged” + "un tagged”), the
ler |2 term of Eq. (26) do not depend on the acoustic wave modulation. This term can thus be
discarded. Since the PR gain is supposed to be quite low (npr = ¥(22 — 21) < 1), the |ep |? term
is much lower than the et ep™ crossterm. Moreover, the |gD|2 term builds up slowly, in atime
pr (see Eq. (19)), which can be much larger than the modulation period. The | p|? term can
thus be discarded too.

Asin many PR experiments [18, 30, 31], we will consider thus only the et ep* cross term,
which isthe product of the amplitude ep*, which builds up slowly (in tpr), with the transmitted
amplitude 7, which can vary very fast, since it is directly related to the es(x,y,z1,t) source
term.

By using Eq. (22) and Eq. (23), we get for the cross term photodiode signal Spp = c.c. +
JJdxdyer ep*:

Spp(t) =c.c.4 e *27a) / /dx dy es(x,y,zl,t)/o dt’ es*(x,y,z1,t —t') G*(z,t')  (27)
To keep full generality, we have introduced here G* although G is supposed to be real. Devel-

oping €s in Fourier components &s «, with Eq. (17), and &' «, in travel pathesfield components
&s i o, With Eq. (13), we get:

Sep(t) =+ e ) [ [axdy T S G (cyzn,t) elln o)
_ : n,n’ i (28)
/ dt’ G*(z,t") &5, (X, Y,22,t — ) e l(@y-o)t-t)
0 " %n
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Equation (28) is the main eguation of this paper. It handles all the complexity of the PR
signd, since it involves a double summation of the travel pathes (i.e. ¥; i), a double summation
over the Fourier components (i.e. >, ), a double space integral over the photodiode area (i.e.
J Jdx dy), and atime integral over the retardationst’ (i.e. [ dt’). Our first task isto simplify it.

Consider first the [ [dx dy &5 i, (---) Esjr., " (.--) terms of Eq. (28). By developing &5 a,
with Eq. (12) we get:

[ [ @0y Eion (1) Sy (.t =1) = H(BO) (et -1))

29

« eln(@i)+r/2) e*jn/(¢i/(t7t/>+”/2>//dxdy ai(r) ay(r) e i@N-0 () =
As mentioned above, due to the speckle character of the scattered field E s, 6; vanes very fast
with r = (x,y,z1). As a consequence, in Eq. (29), the x,y integral of e ~1(&—%)(") yields zero,
wheni £ i’. In Eq. (28), one can thus restrict the i, i’ summationto the i = i’ terms.

This approximation is very common in optics In Eq. (27) the es(t)es* (t —t') terms cor-
responds to a field intensity (or more exactly to a time corréelation intensity), which must be
summed over the photodiode area. Because of the spatia integral for the intensity, one can
neglect the speckle interference terms, which correspond in Eq. (28) toi #i’.

For i =i, consider now the ¥ &sia,(-) €*siie, (--) term of Eq. (28). By developing
&si.wn USING Eq. (12) we get:

zé@%rogaw, za. (1) n(Bi(t)) Iy (Bi(t — 1)) eI MO GE=t)) (30)

Since the phase ¢; is randomly distributed with equal probability in the [0, 2] interval, the fac-
tor ed("i—1"9) s random, if n # n’. The Eqg. (30) summation over i then yields zero. Contrarily,
the n = n’ terms adds coherently, since ¢;(t) is strongly correlated with ¢;j(t —t): ¢; do not
depends on time, if the US beam is constant. In Eq. (28), one can then restrict then,n’ summa-
tionto then = n’ terms. As a consequence, in Eq. (28), thereisnon =0, n’ = 1 terms, which
oscillates at the US frequency aus, i.e. like ei(@-@lt g-ilor-@)t-t) — a-joust x  (and no
n =1, n’ = 0terms, which oscillates like eJ®ust x ..

All these simplifications result from incoherent character of the "tagged” versus” un tagged”
speckle fields &5 o, and &s ,, described at the end of section 3. If for example one selects the
"tagged photon” by making o ~ w1, the diffracted field Ep, whose frequency is w1, match
the "tagged photon” field. The "un tagged photons’ field, whose frequency is @, cannot thus
interfere coherently with Ep, since both fields are spatially incoherent. The photodiode signal
at w1 — wg = wys isthusvery low.

Making i =i’ and n = n’, and developing &s i », With Eq. (12), Eq. (28) can be rewrittenin a
form that will be useful for the following discussion:

Sep(t) =c.c.+e 02 ) [ [ axdy P af(xy.za)dn(Bi(0)el™
i (31)
/ dt'3n (Bi(t —t')e ~INAEIGH (75, 1) el (om0l
0

Because of thetime integral [ dt’ with the G(z,,t") kernel, one has to tune (to get a non zero
signal) the pump beam frequency o to be nearly resonant with the one of Fourier component
wn, With practically n =0 or n = 1. In that case, in Eq. (31) the summation over n can be
restricted to then = 0 or tothen = 1 term.
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6. Examplesof modulation of the US

As mentioned above, to get a sensitive detection, the ultrasonic wave, must be modulated with
time, in amplitude or phase.

In the following, we will consider a [0,1] amplitude modulation (AM), or a [0, ] phase
modulation. We will call x the cyclic ratio (0 < x < 1), and wmeg = 27/T the modulation
frequency. In both cases, the modulation can be accounted by making the change :

Upzr (t) — Upzr Hxx (1) VXU (32)

where Hyx isaperiodic function of period T, with XX = AM (or PM) for amplitude (or phase)
modulation, defined as:

Ham(t) =1 ; yam(t)=0 for 0 <t<xT -
Hav(t) =0 ; yam(t)=0 for xT <t< T
Hem(t) =1 ; t)=0 for 0 <t<xT
Pm(t) vpm(t) -~

Hem(t)=1; yem(t)=m for xT <t< T

We will consider that the modulation period T is large (typically T ~ 1ms) with respect to
the US propagation time through the medium (~ 100us). All the scatterers see then the same
modulation factor Hxx (t). One can make thus the transform: §s; j(t) — Hxx (t)el¥>® §s; j,
for theindividual scattering event in Eq. (8). The inclusion of the modulation terms allows then
to makein Eq. (31) the following replacements :

Bi(t) — Hxx (t)Bi $i(t) — ¢+ wxx(t) (35)

Consider first a phase modulation (PM) of the US characterized by Eq. (34) with areference
beam tuned at the US first sideband frequency (o = w1); it means that we detect the " tagged”
photons and thus the summation in Eq. (31) reduces to the n = 1 term. To simplify the analy-
sis we consider here, and in al the other modulations examples, that the modulation is fast
(®mod TeR > 1), and that the US excitationislow (B < 1).

For such afast modulation, thetimeintegral term (/ dt’...) of Eq. (31), that describesthe writ-
ing of the PR crystal is proportional to the average grating depth, i.e. to < Hppy(t) el¥Pmt > =
1—2x (where < .. >t isthetime average operator). The signal delivered by the detector writes
then :

Spp(t) = c.C. 4 (1—2x) Aelvem(®) (36)

A= npr &2 7) lz 22(B) [ [dxay ai2<x,y,z1>] (37)

Equation (36) shows that photodiode signal exhibits the same rectangular phase change as the
US phase.

We can notice that J12(Bi) ai?(x,y,z1) is the scattered intensity, along the travel path i, at
the frequency w1, at the location (x,y,z1). The average value of J12(f;) thus represents the w;
tagged-photons relative weight. By using the heterodyne hol ographic method [ 10, 16], we have
measured this weight in similar acoustic pressure conditions : we got le(ﬁi) ~ ﬁi2/4 ~ 1%.
The signal is quadratic with pressure, and linear in acoustic energy (B is proportional to the
pressure).

The J1%(B;) dependence of the interference signal can be simply understood as follows :
when the reference beam is shifted from the US frequency, only tagged-photons at wys can
built up a grating within the crystal, proportional to the modulation depth of the interference
pattern, e.g proportional to the tagged-photons, and thus to J 1 (i), because the flux from the
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reference field is dominant. The reference beam diffracts then afield proportional to this index
grating, and the flux onto the detector exhibits such aJ1%(j3;) a dependence.

We can now develop the interference signal in harmonic components versus  mqg, omitting
the various static components. We get then :

Sep(t) = — [8X(1—2x)Asinc(mx) | cos(@megt — X) + harmonics (38)

Consider now the case of an amplitude modulation (AM) of the US with a reference beam at
o = wp. We detect the " un tagged” photons(n = 0in Eg. (31)). Since 8; < 1, we can replace Jg
by one, inthe [ dt’ integral of Eq. (31). Once again, the time-varying contribution gives then :

Spp(t) = — [C.C. +Ham(t) A/] (39
A = o e 1) lz (1-%(B)) [ [dxay a?(xmzl)] (40

Here, A’ ~ A since (1 — Jo) ~ J;2 for small argument B;. Here there is no dependance of
the signal amplitude (maximum to minimum) with the cyclic ratio x, because the PR hologram
is written by the "un tagged” photons (which remains roughly constant since ;i < 1). The
PR signal observed here has the same order of magnitude than for PM modulation, but the
signal signisreversed. Thisis expected. The total number of photons (" un tagged” + "tagged”)
do not depend on the US. Here, we detect the "un tagged” photon (0 = @g), and the signal
is maximum, when the US is off (no tagged photons). In the PM modulation previous case,
we have detected the "tagged photon”, and the signal was maximum, when the US was on.
The two situations (0 = wp or @ = 1) can be viewed as an absorption-like detection (bright
background), or an emission-like detection (dark background) respectively.

By developing the signal in harmonic components, we get:

Spp(t) = — [ 4A’x sinc(nx) | cos(@mogt —7X) + harmonics (42)

Consider finally the case of an amplitude modulation (AM) with areference beamat 0 = 1.
We get then for the signal shape versus time:

Spp(t) =c.c.+x Ham(t) A (42)

where A is given by Eq. (37). Here again the average "tagged photon” field yields to the x
proportionality factor of Eq. (42), since x =< Haw (t) el¥avt > The development in harmonic
componentsis:

Sep(t) = [ 4AX?sinc(mx) | coS(@mogt — mX) -+ harmonics (43)

7. Experimental resultsand discussion

The PR interferometric setup is similar to the one previously described [12] (see Fig. 3). The
PR crystal is a single crystal of undoped GaAs grown by Liquid Uncapsulated Czochral ski
method. The crystal is oriented in an energy transfer configuration[22, 23] with (110), (1— 10)
and (001) faces. The signal and the reference beams enter both along the (110) (co-directional
type) face or enter respectively on the (110) and (001), in order to reduce pump scattering onto
the detector (orthogonal-type configuration). The orthogonal configuration is surely not suit-
able for media that exhibit fast speckle decorrelation time : in such a case the related tpg time
establishment can be long (some tens of ms - depending on the inverse of the average flux) due
to a higher spatial frequency of the fringes within the crystal. We used two single frequency
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300 or 1500 Hz

————| NAND
or
XOR

—
2 MHz

Lock in ADC

] |

76 or 78 MHz-wsusuuee i PC

Fig. 3. Experimental setup. L: 1064nm single axial mode YAG: Nd®* |aser. HW:half-wave
optical plates. BS : polarisation cube beam-splitter. A: US power amplifier. T: 2MHz US
piezo-transducer. AOM1,2: Acousto-optic modulators. Et,Ep : fields associated to the
speckle wavefronts (see text). Eg plane wave reference field. D: InGaAs photodetector
(¢ = 5mm) + transimpedance amplifier. L1,2 : wide aperture aspherical lenses. W: water
tank+scatterring media. PR: GaAs photorefractive crystal. Measurements are performed
either with alock-in detection or an ADC analog to digital converter (16bits, 48kHz) and
recorded by a PC computer.

YAG : Nd3* lasers (1200mW, Crystal Laser corp. and 120mW, LightWave electronics corp.),
vertically polarized and operating at 1064nm. The present setup is not yet fully optimized in
flux, especially because of the presence of the acousto-optical modulators on the arms of the
interferometer that introduce many losses. Most of the experimental results presented here have
been performed with the 120mW source. The intensity used with the two sources depend on
the sample, they varies typically between 10mW /cm? and 70mW /cm?, which is beneath safety
regulations for invivo imaging. The intensity of the reference beam (onto the crystal) can vary
between 25mW /cm? and 200mW /cm?. Evidently, the configuration using the 1200mW source
is able to provide a faster built up of the photorefractive effect. The detector is a large area
InGaAs (¢ = 5mm) photodiode (Hamamatsu corp.) mounted on a high pass two-stages ampli-
fication in order to favor the ac component compared the dc one. The first stage is low bias
current (OPA111) transimpedance amplifier (R = 106Q).

The transducer (T) (Panametrics, focal length=68 mm, Diameter=40mm) operates in cw
mode at wys = 2MHz with a maximum pressure of 1MPa at focus, corresponding to a 35V
peak-to-peak excitation. The wys signal is amplitude or phase modulated at 300 or 1500Hz
by using an NAND or XOR logical gate (74LS00 or 74LS86) followed by a US power am-
plifier (SCD Nuclétudes 2.30.30A : 10W). The respective frequencies of the signal (wg) and
reference (w) beams can be freely adjusted using acousto optic modulators (AOM 1,2 : Crystal
Technologies) in order to perform detection with @ = g (waom1,2 = 76MHZ) or with © =
(wAOMl = 76MHz, wpom2 = 78MHZ).

The signal can be recorded either with alock-in detection (EG& G instruments 7260 digital
model), or with an analog to digital converter with 16bits resolution working at a rate of 48kHz
: in this configuration, the signal is recorded during 1.5s and we perform a Fast Fourier Trans-
form (FFT) in order to extract the magnitude of the signal at the modulation frequency, and to
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Fig. 4. Fast Fourier transform of atypical acousto-optical signal issued from a 10cm thick
scattering (intralipid+water) solution recorded with a (16bits, 48kHz) analog to digital con-
verter in the case of aphase (cyclic ratio 25%) or amplitude (cyclic ratio 50%) modulation
of the US at 1500Hz. The power SNR is given at the first harmonics of the modulation

frequency.

get an estimation the signal-to-noise ratio (SNR). Figure 4 shows the Fourier spectrum of the
signal with intralipid solution, at maximum response for amplitude and phase modulation of
the US at 1500Hz, e.g with a cyclic ratio respectively of 50% and 25%. These spectra exhibit
a comparable power SNR (53dB for the amplitude modulation, and 51dB for the phase modu-
lation), but the amplitude modulation case contains an important noise at low frequency : this
is not surprising since the grating is built-up with the un-tagged photons, and the interference
pattern is more sensitive to technical noise of the setup.

Test experiments of the acousto-optical response have been performed either with ae = 2cm
thick chicken breast sample, or with ae = 10cm liquid scattering sample (intralipid agueous
solution). We have at first measured with a lockin detection, at fixed pressure and light flux,
in the intralipid sample, and for the various modulation, the response of the AO signal, which
is described in section 7.2, as a function of the cyclic ratio x. Figure 5 shows the comparison
between the experimental data, and the corresponding fit deduced from Eg. (38), Eg. (41) and
Eq. (43). The agreement validates our theoretical analysis, and the Spp(t) expressions.

Asafinal test of our model, Fig. 6 showsthe magnitude of the AO signal as a function of the
acoustic pressure (< %pzT ), with the chicken sample, and the corresponding fit. M easurements
are performed with amplitude and phase modulation (AM and PM) of the US excitation. For the
AM case, thecyclic ratiois of x = 1/2, and the reference beam frequency is @ = w¢ (detection
of the ”un tagged photons” at the US carrier frequency). For the PM case, x =1/8and 0w = w1
(detection of the "tagged photons’ at the US first sideband frequency). These measurements
exhibit a quadratic response with a comparable magnitude, as expected by the model when the
acoustic pressure excitation is weak, since J2(x) = 1 — Jo(x) ~ x?/4 for a small x argument.
Moreover, we measure in this case aratio Sam/Spm ~ 1.74 : thisis fully compatible with the
results shown on Fig. 5, for the case of aweak acoustic pressure perturbation.
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Fig. 5. Dotted : Quadratic pressure normalized response as a function of the cyclic ratio x
of the acousto optical signal for phase modulation (PM), amplitude modulation (AMp) and
amplitude modulation + shift of the US frequency (AM;). Line : associated fit.
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Fig. 6. Comparison of the normalised experimental (square) and theoretical AO response
for an amplitude (A) and a phase (B) modulation of the US in the low acoustic pressure
regime (proportional to the peak to peak excitation V. of the US emitter) pressure. The
cyclicratioisx = 1/2 in case (A) and x = 1/8 in case (B), with a frequency modulation
of 305Hz. The 1.74 ratio is compatible with the calculated magnitudes associated these
modulations.
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In these test experiments, we have not tried here to minimize tpgr, but preliminary results
show that a co-directional beam coupling with a pump beam of 150mW generatesa tpr ~ 1ms.

8. Conclusion

In this paper, we have presented, and verified experimentally, amodel of the real-time acousto
optical response for thick highly scattering media when coupled to an interferometric setup
using a photorefractive (PR) crystal as recombination plate. We have shown that the various
speckle patterns associated to the sidebands generated by the acousto optical effect are not
correlated. By choosing the frequency of the PR pump beam, we are able to select the acousto
optic component that builds up the PR hologram (" un tagged” photon for a pump beam at the
carrier frequency [11], or "tagged photons’ for a pump beam at the US sideband frequency
[12]). The PR effect selects thus the specified acousto optic component, that can be easily
detected by a proper amplitude or phase modulation scheme.

The agreement of predictionsthe theoretical model with the experimental resultsis excellent.
As predicted by the model, and as seen experimentally, the modulation signals obtained for
both "tagged” and ” un tagged photon” detection have almost the same order of magnitude. The
response of the system versus the acoustic pressure reveals also a quadratic variation (linear in
acoustic power) for untagged-photons and tagged-photons shifted from the US frequency. This
confirms that the perturbation brought by the US is weak.

A careful study of the PR time response needs further to be performed, in order to find
suitable conditionsfor in vivo measurements, e.g faster than the speckle decorrelation time.
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