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Abstract. We propose an original adaptive wavefront holographic setup based on the photorefractive effect
(PR), to make real-time measurements of acousto-optic signals in thick scattering media, with a high flux
collection at high rates for breast tumor detection. We describe here our present state of the art and
understanding on the problem of breast imaging with PR detection of the acousto-optic signal.

PACS. 42.25.Dd Wave propagation in random media — 42.30.Ms Speckle and moiré patterns — 42.40.Ht
Hologram recording and readout methods — 42.70.Ln Holographic recording materials; optical storage

media

1 Introduction

The field of acousto-optic imaging has been strongly stim-
ulated by the deep and complete paper of W. Leutz and
G. Maret [1]. In this paper the authors give a very clear
view of the tricky interactions between light and sound in
random media; this is why this work has stimulated a new
active field now more “biomedical imaging” oriented and
new detection schemes.

The present paper is at the frontier of two physical
domains that are

i) detection of weak light signal by using photorefractive
crystals,

ii) breast cancer imaging by detection of the ultrasonic
modulation of the light scattered through the breast.

Here, our purpose is to make a brief review of these two
domains, and to describe the photorefractive detection of
the scattered-light modulated component in a pedagogical
manner. By the way, we will describe our present state of
the art and understanding on the problem.

In this paper, we will first describe the basic princi-
ple of ultrasonic modulation of light imaging. We will,
in particular, introduce the concept of “ultrasonic tagged
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photons”, which represents the weak signal to be detected.
We will then describe how photorefractive adaptive holog-
raphy can be used to detect the tagged photons. One
must notice that all the groups working on the subject,
except for us, do not detect the “tagged” photons, but
the “untagged” ones. The tagged-photon signal is mea-
sured indirectly, since the total number of scattered pho-
tons (tagged + untagged) does not depend on the ultra-
sound. We will describe our technique and present our
experimental results. In all these descriptions, we must
not forget one difficulty that results from the decorrela-
tion of the light that travels through the breast organ.
This effect known as speckle decorrelation is both due to
the Brownian motion of the scatterers, and to the breast
inner motions (blood flow, ...). In a typical in vivo situ-
ation, with 4 cm breast thickness, the “speckle decorrela-
tion time” is in the 0.1 to 1 ms range. It is thus necessary
to match the so called “photorefractive response time”
with the “speckle decorrelation time”. This effect, which
is huge in breast, is not present in most of the ultrasonic
modulation test experiments, which are performed with
breast phantoms like dead tissues or diffusing gels. Since
the decorrelation affects considerably the detection sensi-
tivity, it is quite difficult to evaluate the figure of merit
of the different techniques that are proposed to perform
breast imaging. We will see that our setup, which is able
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to detect both the tagged and untagged signal, is also able
to measure the photorefractive time in situ, i.e. with the
same setup, same laser powers and same sample geometry
as for breast imaging experiments. To our knowledge, no-
body is presently able to perform ultrasonic modulation
imaging through 4 cm of breast tissues in vivo. Experi-
ments are under progress and we hope to be able to reach
this aim in a near future.

2 Acousto-optic imaging

The combination of light and ultrasound to measure local
optical properties through thick and highly scattering me-
dia is a tantalizing approach for in vivo imaging. It is an
alternative solution to pure optical techniques for breast
cancer detection. The use of light is motivated by its rel-
ative low absorption in the so-called “optical therapeutic
window” (700 nm to 1000 nm), and by the existence of op-
tical contrasts between healthy and tumorous areas in this
region of the spectrum.

Light is highly scattered within biological tissues, mak-
ing direct optical study of thick sample very difficult to
perform. Light scattering is characterized by two length
parameters, i.e. the scattering length [, and the light
transport mean free path [. The scattering length I
characterizes the memory of the optical phase, and cor-
responds to the average distance that separates two scat-
tering events. The light transport mean free path [% char-
acterizes the memory of the light propagation direction.
In tissues, [5 is typically 50 to 100 pm, while [} is 10 times
larger (0.5 to 1mm). Absorption of light is characterized
by the absorption length [,, which is in the 1 cm to 10 cm
range. Absorption strongly depends on the nature of the
tissue (optical contrast).

Because of scattering, direct imaging cannot be per-
formed through more than a few millimeter thick samples.
Contrarily to light, ultrasound (US) beams are ballistic in
biological tissues. US gives thus access to millimeter range
spatial resolution in thick sample (up to 4 cm) yielding the
development of the acousto-optic imaging that combines
optics and ultrasound |2, 3].

2.1 Principle: the tagged photons

Acousto-optic imaging is a hybrid technique, which com-
bines, thanks to the acousto-optic effect, ultrasound and
light. US are applied in the region of interest, within the
thick scattering sample (see Fig. 1a). They make the scat-
terers vibrate. A CW laser (frequency wy ) illuminates the
sample. The vibration of the scatterers at the acoustic US
frequency ws (2MHz typically) modulates the phase of
the photons that are scattered by the sample. This is the
so-called acousto-optic effect.

The light exiting the sample contains thus different
frequency components (see Fig. 1b). The main compo-
nent (the carrier) is centered at the laser frequency wy,.
It is related to the diffused photons, that do not interact
with the US. The sideband components are shifted by the
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Fig. 1. Principle of acousto-optic imaging. a) Motion of the
scatterer at w4. b) Spectrum of the diffused light: carrier (wz,),
and sideband, i.e. tagged photons (wr £ wa).

US frequency wy, + wa. The sideband photons, which re-
sult from the interaction between light and US, are called
“tagged photons” (i.e. photons tagged by the US).

The weight of the tagged-photons components depends
on the optical absorption in the region of interest, where
the US beam is focused. Acousto-optics imaging stands in
detecting selectively the tagged photons. An image of the
sample optical absorption can be then built up in scanning
the US over the sample. Note that one of the difficulties
in living tissues results from the motion of scatterers (e.g.
blood flow) which broaden the carrier and sideband lines
(see Fig. 1b). In vivo measurements through 4 cm breast
tissues yield a broadening of 1.5kHz (Full Width at Half
Maximum: FWHM) [4, 5].

2.2 State of the art for the detection of the tagged
photons

Many techniques have been proposed to detect the tagged
photons. Marks et al. [6] investigated the modulation of
light in homogeneous scattering media with pulsed ultra-
sound. Wang et al. [2,7] performed ultrasound modulated
optical tomography in scattering media. Lev et al. stud-
ied scattering media in the reflection configuration [8].
Wang and Shen [9] developed a frequency chirp technique
to obtain scalable imaging resolution along the ultrasonic
axis by use of a one-dimensional (1D) Fourier transform.
Lev et al. use a set of optical fibers coupled to a single
photo-detector [5,8,10] that allows to work with sam-
ples, which decorrelate in time. Leveque et al. [11-13] per-
formed parallel detection of multiple speckles on a video
camera and demonstrated improvement of the detection
signal-to-noise ratio of 1D images of biological tissues. The
parallel detection has been still improved by Gross et al.,
who perform holographic detection reaching the shot noise
sensitivity limit [14], and by Atlan et al., who get resolu-
tion on the US propagation axis by using a holographic
pulsed technique [15].

All these methods exhibit two main limitations. First,
the optical etendue (defined as the product of the detector
area by the detector acceptance solid angle) of the detec-
tion system is not optimum, since it is much lower than
the etendue of the tagged photons source. This etendue is
the area of the sample (several cm?) x the emitting solid
angle (which is about 27, since the light is diffused by the
sample in all directions). With a mono detector (photodi-
ode) [5,8,10] the detection etendue is about A2. With a
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Fig. 2. Principle of PR detection of the acousto-optic signal.
PZT: ultrasound transductor, E;: illumination optical field;
FEr, Eyr: tagged or untagged field scattered by the sample;
PR crystal: photorefractive crystal; L: lens that collects the
scattered field into the crystal and the photodiode; Er: PR
crystal reference (or pump) field.

multi-detector like a CCD camera [11-15] the etendue is
N2, where N is the is CCD number of pixel (N ~ 10°).
Even with a camera, the etendue of detection is about
x 1000 lower than the etendue of the emission.

The second problem occurs within living sample: the
scatterers move, yielding in the frequency space a broad-
ening of the tagged photons spectrum, as shown in Fig-
ure 1b [4,5]. This effect corresponds, in the time space,
to a decorrelation of the tagged-photons speckle pattern.
Since all the methods described above perform coherent
detection, the bandwidth of detection is limited by the
detector bandwidth. With a camera (there is no prob-
lem of bandwidth with the photodiode, but the etendue is
much lower), the bandwidth is roughly equal to the cam-
era image frequency wcoep, which is in general much lower
(weep ~ 10-100 Hz) than the tissue broadening (3kHz).
It is still possible to work with fast camera (kHz), but
in that case: i) the camera quantum efficiency is lower
(CMOS), and ii) the number of pixel N is limited, be-
cause N X woep is the flux of information to transfer to
the computer, and this flux is limited (< 105-107s™1).

3 The photorefractive (PR) detection of the
acousto-optic signal

More recently a new tagged-photons detection technique
has appeared that is based on the photorefractive effect
(PR) and that is illustrated by Figure 2. The light that is
scattered by the sample (E7 or Eyr for the tagged or un-
tagged field) is detected by a photorefractive detector (PR
crystal + photodiode PD) that is pumped by a reference
field ER.

Since the crystal and the photodiode might be quite
large (up to 1cm?) and since the light is collected by a
large Numerical Aperture (N.A. ~ 1) collecting lens, the
photorefractive detection benefits of a high etendue, about
100 times larger than in a typical camera with N ~ 106
pixels. We will see that the detection bandwidth is the
inverse of the “photorefractive time” Tpr. We get, for
example, for a 1 W/cm? pump beam, 1/Tpr ~ 1kHz [16,
17]. This bandwidth, which is about 100 times larger than
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Fig. 3. Principle of holography using the photorefractive ef-
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Fig. 4. Method for tuning the frequency wgr of the reference
beam: wr = wr + wa for example. AOM1 and AOM2 are
acousto-optic modulators.

for a N ~ 10 CCD camera', is within the range of the
linewidth (~ 3kHz) of the light scattered in wvivo by a
breast organ [4].

3.1 The volume hologram

Photorefractive effect arises in materials that present both
electro-optic effect and photoconductivity, whose combi-
nation allows to transform a non-uniform illumination of
the material into a spatial variation of the refractive in-
dex [18]. When illuminated by the interference pattern be-
tween an object and a reference beam, the material records
a hologram, i.e. the amplitude and phase of the object
beam. This hologram is dynamic, meaning that it can fol-
low the interference pattern fluctuations slower than the
response time Tpg of the material, also meaning that only
slowly moving holograms are recorded.

The first effect is the recording of the signal beam in-
formation (phase and amplitude of the signal field Er)
within the PR crystal under the form of local changes of
the crystal refractive index n yielding a volume hologram
(Fig. 3a). Since the recording takes a finite time Tpp (0.1
to 10ms in our device), the PR effect selects, within the
signal beam, the components whose frequency is close or
equal to the reference beam frequency wg.

Here, the large, almost flat field, reference beam (field
ER) interferes with the signal field E7 onto the PR crys-
tal. In order to select the tagged or untagged photons, the
frequency wp of the reference beam is made equal to the
tagged or untagged photons frequency: wr = wy, + w4 or
wgr = wr, respectively. To adjust wr one can use, for ex-
ample, two acousto-optic modulators AOM1 and AOM?2
(Bragg cells) as shown in Figure 4. With such a choice,
the interference pattern ErE%, of the reference beam with
the selected photons beam varies slowly in time. The se-
lected beam information can thus be grooved within the
PR crystal volume hologram.

! We implicitly exclude here fast CMOS camera because of
poor quantum efficiency and noise, and because of finite band-
width for the data transfert form camera to computer.
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Fig. 5. Detection of the tagged photons, when the phase of the US beam is zero (a) and 7 (b). ¢) Phase of the US beam.

In the case of a perfect monochromatic signal beam,
the local variation of the hologram refractive index dn is
simply proportional to the modulation depth of the inter-
ference pattern (ErE})/(|Er|? + |Er[?). If a time mod-
ulation is added on the signal (e.g. amplitude or phase
modulation), we have to take into account the finite time
Tpr needed to groove the hologram, and we get [19,20]

(ETE?:{>TPR

on o¢ — =
|E7[?* + |ER|?

(1)

where ( )1, is the average over the grooving time Tpg,
average which is defined by

1

<A>TPR = m

/ h At —1)e 7/ Trrdr, (2)
0

3.2 The diffracted beam Ep

The second effect is illustrated by Figure 3b. The reference
beam (FEg) is diffracted by the volume hologram yielding
a diffracted beam (Ep). The diffracted field Ep is simply
proportional to the hologram refractive-index changes dn
and to the reference beam field EFr. We get thus

<ETE;;€>TPR

EFp o ——4 % .
DB P+ BT

(3)
In a typical application the reference beam intensity is
much larger than the signal beam one, and except of the
average over Tpr, Er and E% simplifies in equation (3)
yielding Ep < Ep, i.e.

(4)

where 7 = 0.1,...,0.5 is a numerical factor which mainly
depends on the crystal.

Equation (4) is valid, when the decorrelation of the
signal field Ep can be neglected during the grooving time
Tpr, i.e. when

(5)

where dw is the frequency width of the signal beam (Aw ~
3kHz for the breast).

We have to notice that an increase of the reference
beam intensity |Egr|?> does not change 7, but reduces the

ED =~ 77ET7

owTpr < 1,

grooving time Tpg, since Tpr x 1/|Eg|*. The main ad-
vantage of increasing the reference beam power |Er|? is
thus to reduce Tpgr enough to neglect the signal field
decorrelation. Condition of equation (5) is then fulfilled,
and the equation (4) limit can be reached.

Since the volume hologram has recorded the mode
structure of the signal beam versus the reference beam in-
terference pattern, and since the pump beam is diffracted
by the hologram, the diffracted beam (Ep) has the same
mode structure as the signal beam (Er) (see Eq. (4)).
This result is illustrated by Figure 3b, where Ep is dis-
played with the same shape as Ep on Figure 3a, but with
a smaller amplitude (n < 1).

The signal (Er) and diffracted (Ep) beams are thus
spatially coherent. They can interfere constructively (or
destructively) on a large-area (~ 1cm?) light mono de-
tector (i.e. a photodiode). This property will be useful to
detect efficiently the tagged and untagged photons signal.

3.3 Detection of the tagged photons

The principle of tagged photons detection is illustrated
by Figure 5. The phase ¢ of the US beam is reversed
periodically (¢ = 0 or ) with period T (see Fig. 5¢). The
phase of the tagged photons field Er, which follows the
US phase, is then reversed too.

To simplify the discussion, we will neglect the decor-
relation of the tagged photons field (Eq. (5) is fulfilled).
We will also modulate the phase rapidly (with respect to
Tpr, i.e. with T < TpR), keeping ¢ zero most of the time
(see Fig. 5¢), so that the hologram can be considered as
static and unperturbed by the phase variation.

In that case, the diffracted field Ep will remain nearly
constant: Ep ~ n(Er). When ¢ is zero, Er and Ep are in
phase, they interfere constructively and the total intensity
signal |E7 + Ep|? is maximum (see Fig. 5a):

Iy = (|Br + Ep|*)p—0 = |E7[*(1 +n)*. (6)
On the contrary, when the phase is 7, E7 and Ep are op-
posite in phase, and the total intensity signal is minimum
(see Fig. 5b):

I = (|Br + Ep|*)p=r = | Er|*(1 — n)*. (7)
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Reversing the phase of the US yields a modulation of
the total intensity signal equal to

Io— Iy ~4n|Er|* + ... . (8)

3.4 Detection of the untagged photons

It is a little bit more difficult to illustrate the detection
of the untagged photons with a simple figure, because the
calculation involves considering both the untagged pho-
tons field at the carrier frequency wy, and the tagged
photons fields Er and Er/, which evolves at the two side-
band frequencies wy, + w4 for Ep, and wy, — w4 for Epv.
To detect the untagged photons, we tune the reference
beam frequency wgr at the untagged photons frequency,
wr = wr, and we modulate the US beam intensity by
turning on and off the US beam.

To simplify the discussion, we will neglect again the
decorrelation of the tagged photons field (Eq. (5) is ful-
filled). We will also modulate the US beam rapidly (with
respect to Tpp, i.e. with a period T < Tpg). Let us call
FEy and Ey the untagged photons fields without, and with
the US beam. Ep and E7 are the tagged photons fields
with US (theses fields are zero without US).

Since the energy is conserved, the total number of pho-
tons (carrier + sidebands) does not depend on the US. We
get thus

|Ev|? = |Evr|? + | Br|* + | Ep/|. (9)

The untagged photons field in the presence of US, e.g.,
Ey, is spatially coherent with the one without US, e.g.,
Ey. According to equation (9), its magnitude can be ex-
pressed as follows:

|Ev| = [Eu I\/

In practical situations, the efficiency of the acousto-
optic effect is low and the energy within the sideband is
low (< 1%) with respect to the carrier. This means that
the untagged photons field variation is low: Ey — Eyr <
Ey. Whatever the value of the cyclic ratio modulation is,
one can thus consider that the PR effect involves Ey only.
We get

|Er|* + | B |

—Er W

Ep ~nEy. (11)

When the US is off, the field on the detector is Ey + Ep
and the detected intensity signal [ is

I =|Ey + Epl|?
= |Ey|* + |Ep|* + 21| Eu[*.
When the US is on, the field on the detector is Ey + Ep
for the carrier, and Er and Ep: for the two sidebands.
The intensity signal I’ is
I = |Ey + ED‘2 + |ET|2 + ‘ET/|2
= |Ev/[* + |Ep|? + n(Ev Efy + Ev Efy)
+Er|* + | Er[*.

(14)

(15)

Detection of the tagged or untagged photons in acousto-optic imaging ...

177

Taking into account the energy conservation (Eq. (9)), the
spatial coherence of (Ey, Eys) and Eq. (10), we get the
modulation of the detected intensity

I—1"=2n(|By|* - |Ev| - |Eyl)

|E7|* + |Er ?
2

(16)

~ 27 ~ 21| Er|?, (17)
since the weight of the two sidebands components is ap-
proximately the same: |Er|? ~ |E7 |2

By comparing equation (8) and equation (16), the de-
tected signals have the same order of magnitude when de-
tecting either the tagged or the untagged photons, when

we consider the same acoustical energy.

3.5 Detecting tagged or untagged photons?

To our knowledge, three groups are working on acousto-
optic imaging with PR detection of the signal. Two
of them, the R.A. Roy [17,21-23] and the L.V. Wang
group [24] detect the untagged photons. We are the third
group [16,25] and we detect both the tagged and untagged
photons.

Detection of the untagged photons is simpler, since it
is not necessary to shift the frequency the reference beam
(wr = wr,). The acousto-optic modulators of Figure 4 are
thus not needed. Moreover, it is not necessary to apply the
US beam all the time. Untagged photons detection is thus
well suited to detect very short burst of US beam able to
give information resolved along the US beam propagation
direction [17]. But short US bursts yield a small signal,
and the signal is needed to image thick breast in vivo.

The detection of the untagged photons corresponds to
a small change on a large signal (white background de-
tection), while the detection of the tagged photons, which
corresponds to roughly the same absolute value change,
yields on the contrary about 100% change on a small signal
(black background detection). Tagged photon detection is
thus expected to give less technical noise. For example, vi-
brations on the reference beam mirrors, which modify the
length of the pump beam arm, are expected to yield about
100 times? more noise for the untagged configuration than
for the tagged one.

The tagged photon configuration offers more degrees
of freedom for the detection configuration, because the
signal and the reference beam can be modulated whether
in phase or amplitude.

Since we do not have tested all the possible detection
configurations, making a complete comparison of tagged
and untagged photons detection schemes is out of the
scope of the present paper. We can simply say that for
the configurations we have presently tested, the Signal-to-
Noise Ratio (SNR) is about the same in the two cases.
Since our purpose is to image breast, we need to improve
the detection sensitivity. We continue thus to work with
our setup that is able to detect both tagged and untagged
photons, exploring configurations that are expected to
yield better SNR. This work is under progress.

2 Here 100 is the untagged versus tagged photons field ratio.
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4 Experimental test

4.1 Setup

A typical experimental setup, able to select either the
tagged or the untagged photons, is shown in Figure 6. The
main laser beam is splitted in an illumination and refer-
ence beam by the beam splitter BS. The US beam (2 MHz)
produced by the generator PZT is focused within the sam-
ple. The frequency offset of the illumination beam is ad-
justed by using the two acousto-optic modulators AOM1
and AOM2 which are excited at 78 MHz and 76 MHz (for
selecting the tagged photons), or both at 78 MHz (for se-
lecting the untagged photons). The light diffused by the
sample is collected by the high N.A. ~ 1 (Numerical Aper-
ture) lenses L1 and L2. L1 collects the light within the PR
crystal that records the hologram of the selected signal
beam (tagged or untagged). L2 collects the interference
pattern of the signal beam (E7) with the diffracted beam
(Ep) into the photodetector PD.

In our setup, L is a Nd:YAG laser (1.06 pm, 1 to 5 W
CW power), the PR crystal is a 1.4 x 1.4 x 2cm? GaAs
crystal [26], and PD is a large-area photodiode (0.1 to
0.5cm?) whose signal is amplified by a transimpedance
amplifier (R = 100K to 10 MQ).

In Murray’s setup [17], L is a frequency-doubled
Nd:YAG (532nm, 80 mW), the PR crystal is a 5 x 5 X
7mm? Bi;5Si09 crystal, whose PR efficiency is improved
by applying a DC electric field, the US frequency is
1.1 MHz, and PD is an avalanche photodiode. Since Mur-
ray detects the untagged photons, the acousto-optic mod-
ulators are not present, but it should be pointed out that
absorption at 532 nm is more important than at 1064 nm,
and thus it can reduce the thickness of investigation.

Our setup, which can detect both the tagged and un-
tagged photons, is expected to be more sensitive, while
Murray’s setup, which is used with short US pulses, is
faster.

4.2 Experimental result

Figure 7 shows a typical tagged photons experimental sig-
nal obtained with 0 to m phase modulation of the US
beam. The modulation frequency is 300 Hz (modulation
period T' = 3.33ms). The US beam frequency is 2 MHz,
with a maximum US pressure of 2 MPa at the US beam
waist. The main laser power is 1.2 W. The reference and
illumination beam power are both 300 mW, their areas on
crystal and sample are both 1cm?.

Measurement is performed with a 4 cm chicken sam-
ple, whose optical properties (diffusion and absorption)
are close to human breast. As seen, the tagged photons
signal SNR is good (16 times averaged). One must notice
that the signal is not rectangular like the phase modu-
lation. In particular, the maximum of the signal, which
occurs on the phase plateaus (¢ = 7 and 0) is not flat,
but decreases exponentially (see grey arrows in Fig. 7).

This is expected when the PR time Tpgr becomes
shorter than the phase modulation period 7. We have
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Fig. 6. Typical experimental setup. L: laser; BS: beam splitter;
AOM1, AOM2: acousto-optic modulators; PZT: US generator;
L1, L2: light-collecting lenses; PR: photorefractive crystal; PD:
photodetector.
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Fig. 7. Typical tagged photons experimental signal. a) Mod-
ulation of the US phase. b) Tagged photons signal. Vi o.: max-
imum variation of the tagged photons signal. T": phase modu-
lation period. The vertical axis is the voltage at the output of
the PD amplifier: 100mV per div.

measured (see further) Tpr and we have found Tpr =
0.5ms. Note that Tpgr can also be measured in Figure 7,
since Tpp is the time constant of the grey arrow decay.

This result is very encouraging, because it means that
the detection bandwidth is 1/(27Tpr) = 0.3 kHz. Remem-
ber that the signal bandwidth is Aw = 1.5kHz (HWHM)
on the breast. The detection is thus optimal, within a fac-
tor 5. Since the SNR is very high (much larger than 5) in
Figure 7, we expect to get enough SNR to get significant
result with a thick living sample.

As another illustration, Figure 8(a) represents a pro-
file of an Agar plus Intralipid phantom with a thickness
t = 30mm and a reduced scattering coefficient p! =
1/l = 10cm™! at 1064 nm. The absorption coefficient of
water at 1064 nm is 1, = 0.144 cm ™! [27]. The sample con-
tains an optical absorber (black ink), which is a cylinder
with a diameter of 3mm and a height of 7mm along the
laser input direction (perpendicular to the US beam). The
magnitude of the US pressure is approximately of 1.5 MPa
at 2.3 MHz, with a phase modulation at 3kHz and a duty
cycle of 24%, corresponding to the maximum of the sig-
nal with a lock-in detection [16,25]. The photorefractive
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Fig. 8. Acousto-optic profile (a) with an optical absorber
embedded within an Agar + Intralipid phantom of thickness
t = 30 mm with a reduced scatttering coefficient . = 10cm™*
at 1064 nm obtained with an anisotropic (PR) detection con-
figuration. Light input on the sample is 1 W/cm? (Gaussian
illumination FWHM = 1.1mm). The US pressure (2.3 MHz,
1.5MPa) is phase modulated at 3kHz with a duty cycle of
24%. Curve (b) represents a fit of the one-dimensional extent
of light scattering (i.e. exp(—piesfr)/r, With pesr = 2.2cm™")
within the US plane (15 mm from input window), weighted by
the input illumination p.¢y = 2.2cm™". The inset represents
the acousto-optic contrast [1 — (a)/(b)].

holographic setup is based on an anisotropic diffraction
configuration [28]: the reference beam (i.e., vertically po-
larized) diffracts a contribution (i.e., tagged-photons field)
which is perpendicularly polarized (i.e., horizontal); the
output speckle from the sample is 45°-polarized from the
vertical direction using a large-aperture infrared dichroic
polarizer, and a similar analyzer is positioned in front
of the photodetector with a horizontal polarization axis.
Consequently, the speckle and the reference fields still in-
terfere within the PR crystal in order to build the holo-
gram, the diffracted reference and the speckle field recom-
bine onto the analyzer as well. This configuration mini-
mizes the collection of the unwanted scattered reference
by the PR crystal faces. In this experiment the tagged
light is about x10* lower than the total scattered light
(untagged photons plus scattered reference light).

Classically, in the 3D diffusion regime and in the pres-
ence of absorption, the spatial distribution of the energy
emitted from a point source at distance r is given by
16_“6ffr7 where fierr = +/3pa(pa + ). This effective
parameter indicates that attenuation is increased by scat-
tering, that lengthens optical paths.

The continuous envelope Figure 8(b) represents the
fit the experimental data of Figure 8(a) using this model
and taking into account the Gaussian input illumina-
tion (FWHM = 1.1mm). The effective coefficient fi.ys
is found to be 2.2cm™!, close to the theoretical value
(fefr = 2.1cm™1) given by the reduced scattering co-
efficient of the medium and the absorption coefficient of
pure water at 1064 nm defined above. The measured back-
ground (around 0.8 mV) corresponds to the noise of the
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Fig. 9. PR effect when the selected photons and reference
beam frequencies are different: wgr # wr.

transimpedance stage of the detection, that is shot-noise—
limited at this level of the scattered light. The absorb-
ing element is revealed by the acousto-optic contrast, e.g.
[1—(a)/(b)], which is close to 0.22, and exhibits a FWHM
of 7Tmm. This value is connected to the diameter of the
absorbing element (3mm), the US resolution (just above
1.5mm) and the light transport mean free path I* of the
scattering medium (about 1 mm).

5 Measurement of the photorefractive time
Ter

Most published results on ultrasound light modulation
imaging have been obtained with phantoms, which do not
decorrelate in time. In that case, the PR detection SNR
does not strongly depend on the reference beam power.
The power must be large enough to reach the plateau
value for the photorefractive efficiency n, but remains low
enough to avoid noise (the reference beam is scattered
by the PR crystal defects yielding a parasitic photodiode
current that brings noise). With phantoms, the best sen-
sitivity is then obtained with a quite low power reference
beam (< 100mW in our experiment).

With breast, the light signal is Doppler broadened
by the tissues inner motions (Brownian motion, blood
flow, ...) yielding typically a spectral width of 3kHz [4].
In order to optimize the detection efficiency, one must in-
crease the detection bandwidth 1/Tpgr by increasing the
reference beam power to obtain 1/Tpr ~ 3kHz. Opti-
mal detection conditions for phantoms and breast are thus
very different.

To improve the detection sensitivity for future breast
experiment, it is very important to measure Tpr. To get
a reliable result, we have proposed a technique able to
measure Tpgr in situ, i.e. in the setup that is used for
imaging phantoms (and breast in the future) [29].

5.1 Principle of the measurement of Tpg

To perform acousto-optic imaging with living sample, it
is very important to measure Tpp, since it is necessary to
match Tpr with the sample decorrelation time in order to
optimize the detection efficiency. The ability in our setup
to freely choose the frequency of the reference beam gives
new opportunity to measure the photorefractive time Tpg.

The idea of the measurement technique is illustrated
by Figure 9. The frequency of the reference beam wp is



180

shifted with respect to the signal beam frequency wy =
wr, +wa or wr,

wr = wr + Aw. (18)

To simplify the notation, we will consider that Er still rep-
resents a complex field projection at frequency wr, so that
Er must be replaced in the calculation with Fg e/4¢t. We
get thus

(ErEp e 749N,

on(t) o<
(® |ET[? + |ER[?

(19)

and

[ee]
E ejAwt/ Er(t —7)Epe 27 e/ Trndy
R 0
0.8

Ep(t
o(?) B 1 |Enl?

Tpr
(20)

Note that if Aw is zero, equation (20) is identical to
equation (3). Note also that E}; does not depend on time,
and can thus be removed from the integral.

Consider that a PR experiment is made with a sample
whose decorrelation time is much longer than Tpg. This
means that decorrelation can be neglected, and that Er(t)
is uniquely driven by the US amplitude or phase modula-
tion. E7(t) is thus known. |E7|? can also be neglected in
the denominator of equation (20) (since |Er|* < |Eg|?)
and thus

ejAwt

ED(t) X / ET(t — T)gfjA“”' 6*T/TPR dr ejAwt'
0

(21)

We must notice that in equation (21), Ep(t) is con-
volved by two time kernels. The first kernel e=7/7P% is un-
known (since Tpg is unknown), while the second e 74«7
is known. Its width can be freely adjusted by tuning Aw
with the acousto-optic modulator.

From equation (20) it is then straightforward to cal-
culate the dependence of the acousto-optic signal on Aw
for the different detection configurations (phase modula-
tion for the tagged photons and amplitude modulation
for the untagged photons) [29]. Comparing the calculated
spectrum to the experiment yields then an accurate mea-
surement of Tpg.

Tpr

5.2 Calculation of the tagged photons signal with US
amplitude modulation

It is possible to calculate the tagged photons signal as
a function of Aw in the phase modulation configuration.
Nevertheless, as shown in [29], the shape of the spectrum
is quite cumbersome, and it seems quite heavy to fit the
experimental data with such a spectrum shape.

It is thus more efficient to measure Tpr with a rectan-
gular amplitude modulation of the US with 50% cycling
ratio, the tagged (or untagged) acousto-optic signal be-
ing measured with a lock-in amplifier tuned at the mod-
ulation frequency. This is the key point of the detuning
method, since measurements are performed in situ at the
US modulation frequency (here 2.5kHz) and thus do not
depend on the frequency response of the detector, which

The European Physical Journal E

1.0

st (P*+ Q)
o o
o @

(=2 ']

2
s
o

=
o

0.0
60 40 -2.0 0.0 20 4.0 6.0

Ao (kHz)

Fig. 10. Calculated spectrum of the tagged photons signal
(amplitude modulation with 50% cycling ratio) with Tprr =
0.25ms (a), 0.5ms, (b), 1ms (c), 2ms (d), 4ms (e). The hori-
zontal axis is the frequency offset Aw. The vertical axis is the
v/ P? + Q2 lock-in signal in arbitrary normalized units.

is quite distorted due to the many stages of the electronic
filters connected to the photodetector. A straightforward
calculation gives only three contributions for the P and @
quadrature of the lock-in signal [29]

P=PFPy+P +P_, (22)
Q=0Qo+Q++Q_, (23)
with
2A
Py(Aw) = W ) (24)
A
Pe(Aw) = 1 (omoa T A T (25)
Qu(Aw) = ——Almot F A Tpr (26)

- 1+ (wmod + Aw)2 T%R

where A is a proportional constant. By using equation (24)
to equation (26) it is then quite simple to measure Tppr
by fitting the experimental data with the calculated Aw
spectrum.

5.3 Measurement with the tagged photons and US
amplitude modulation

From equation (22) to equation (26) we have calculated
the tagged photons signal as a function of Aw, when the
US beam is modulated with a rectangular [0,1] ampli-
tude modulation of 50% cycling ratio, the detection being
performed with a lock amplifier tuned at the modulation
frequency (2.5kHz). As seen in Figure 10 the shape of the
spectrum is strongly dependent on Tpg.

It is then possible to fit experimental data on the
theoretical curves. Figure 11 shows the magnitude (i.e.
R = \/P? 4+ @Q?) of the lock-in signal (points). The tagged
photons are selected (wg = wr, + Aw) and the US beam is
modulated in amplitude with 50% duty cycle. The refer-
ence beam flux is 300 mW /cm?, and the modulation fre-
quency is 2.5 kHz. We have fitted the experimental data
with the theoretical curve deduced from equation (24) to



M. Gross et al.: Detection of the tagged or untagged photons in acousto-optic imaging ...

sqrt (P°+Q°%)

-6.0 -40 -20 00

Aw (kHz)

20 40 60

Fig. 11. Spectrum of the tagged photons signal with 50% duty
cycle amplitude modulation of the US. The black curve is the
experimental data with a reference beam flux of 300 mW /cm?
and a modulation frequency of 2.5kHz. The heavy grey line
curve is the calculated spectrum with Tpr = 0.45ms. The
horizontal axis is the frequency offset Aw. The vertical axis is

the /P2 4+ Q2 lock-in signal in arbitrary units.
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Fig. 12. Tpr in ms as a function of the reference beam flux
in W/cm?. Crosses are experimental data. The dashed line is
data extrapolation with slope —1. The grey arrow corresponds
to Figure 7 experimental conditions.

equation (26). The fit free parameters are Tpr and A. The
best fit yields Tpr = 0.45ms. The experimental data are
shown in Figure 11 as a black curve, the fit as a heavy-
grey-line curve.

We have recorded many spectra for different reference
beam flux. Each spectrum has been fitted by the theoreti-
cal curve yielding Tpg. Figure 12 shows Tppr as a function
of the reference beam flux in a logarithmic scale. Experi-
mental points are crosses, data linear log-log extrapolation
is the dashed line. As seen, the slope of the extrapolation
line is —1. This means that Tpp is inversely proportional
to the beam flux, as expected.

The shortest photorefractive time we get is Tpr =
0.25ms for a flux of 0.55W/cm?. The Figure 7 modu-
lation phase signal is obtained with Tpr = 0.5ms and
0.3 W /cm? (grey arrows in Fig. 7).

6 Conclusion

Seeing through highly scattering media such as living tis-
sues is a goal difficult to reach. Coupling light and ultra-
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sound in acousto-optic imaging is a promising method to
reach this aim. Nevertheless the efficient detection of the
tagged photons remains a challenge.

The PR crystal detection scheme proposed here is a
possible way to solve this problem. PR crystal detection
has many advantages. The detection optical etendue is
large since the photodetector area may be quite large
(~ 1cem?), and since the collecting lens numerical aperture
can be large, too (NA ~ 1). Since the detector is a single-
detector (photodiode), the analysis of the data is simple
and fast. By adjusting the power of the pump beam, it
is possible to match the detection bandwidth 1/Tpr with
the signal bandwidth Aw in order to detect with optimal
efficiency the “tagged” or “untagged” signal diffused by
living tissues that are broadened by the diffuser inner mo-
tion (Brownian motion, blood flow, ...). We demonstrate
here our ability to get a high SNR (see Fig. 7) with a
thick chicken sample. Our chicken sample does not decor-
relate as do living tissues, the measurement is done with
a short photorefractive time Tpr = 0.5ms. This result is
very encouraging.

The results presented in this paper have been obtained
with a Nd:YAG laser at 1064 nm and a GaAs photorefrac-
tive crystal. The method could be significantly enhanced
by the use of a laser source at 800 nm, according to the ab-
sorption coefficients of hemoglobin and de-oxyhemoglobin,
in order to perform a measurement of the local blood ac-
tivity (two wavelengths measurements). We are searching
at present for new PR crystals that are sensitive in this
spectral range.

This work is currently supported by a grant from the project
Cancéropole Ile-de-France.

References

—_

. W. Leutz, G. Maret, Physica B 204, 14 (1995).
2. L.H. Wang, S.L. Jacques, X. Zhao, Opt. Lett. 20, 629
(1995).
3. M. Kempe, M. Larionov, D. Zaslavsky, A.Z. Genack, J.
Opt. Soc. Am. 14, 1151 (1997).
4. M. Gross, P. Goy, B.C. Forget, M. Atlan, F. Ramaz, A.C.
Boccara, A.K. Dunn, Opt. Lett. 30, 1357 (2005).
5. A. Lev, B.G. Sfez, J. Opt. Soc. Am. A 20, 2347 (2003).
6. F.A. Marks, H-W. Tomlinson, G.W. Brooksby, in Pho-
ton Migration and Imaging in Random Media and Tissue,
edited by B. Chance, R.R. Alfano, Proc. SPIFE, Vol. 1888
(1993) pp. 500-510.
7. L. Wang, S.L. Jacques, L. Zheng, Comput. Methods Pro-
grams Biomed. 47, 131 (1995).
8. A. Lev, Z. Kotler, B.G. Sfez, Opt. Lett. 25, 378 (2000).
9. L.H. Wang, Q. Shen, Opt. Lett. 23, 561 (1998).
10. A. Lev, B.G. Sfez, Opt. Lett. 27, 473 (2002).
11. S. Lévéque, A.C. Boccara, M. Lebec, H. Saint-Jalmes, Opt.
Lett. 24, 181 (1999).
12. S. Lévéque-Fort, Appl. Opt. 40, 1029 (2000).
13. S. Lévéque-Fort, J. Selb, L. Pottier, A.C. Boccara, Opt.
Commun. 196, 127 (2001).
14. M. Gross, P. Goy, M. Al-Koussa, Opt. Lett. 28, 2482
(2003).



182

15.

16.

17.

18.

19.

20.

21.

22.

The European Physical Journal E

M. Atlan, B.C. Forget, F. Ramaz, A.C. Boccara, M. Gross,
Opt. Lett. 30, 1360 (2005).

F. Ramaz, B.C. Forget, M. Atlan, A.C. Boccara, M. Gross,
P. Delaye, G. Roosen, Opt. Express 29, 5469 (2004).
T.W. Murray, L. Sui, G. Maguluri, R.A. Roy, A. Nieva, F.
Blonigen, C.A. DiMarzio, Opt. Lett. 12, 2509 (2004).

A. Yariv, Quantum FElectronics, third edition (John Wiley
and Sons Inc., 1989) pp. 516-529.

Ph. Delaye, L.A. de Montmorillon, G. Roosen, Opt. Com-
mun. 118, 154 (1995).

L.A. de Montmorillon, Ph. Delaye, J.C. Launay, G.
Roosen, J. Appl. Phys. 82, 5913 (1997).

E. Bossy, T.W. Murray, L. Sui, R.A. Roy, Opt. Lett. 30,
744 (2005).

C. DiMarzio, L. Sui, R.A. Roy, T.W. Murray, Appl. Opt.
44, 4041 (2005).

23.

24.

25.

26.

27.

28.

29.

C. DiMarzio, S. Manneville, L. Sui, G. Maguluri, T.W.
Murray, F.J. Blonigen, A. Nieva, R.A. Roy, Appl. Opt.
44, 3735 (2005).

J. Li, S. Sakadzic, G. Ku, L.V. Wang, Appl. Opt. 42, 4088
(2003).

M. Gross, F. Ramaz, B.C. Forget, M. Atlan, A.C. Boccara,
P. Delaye, G. Roosen, Opt. Express 13, 7097 (2005).

P. Delaye, L.A. de Montmorillon, H.J. von Bardeleben, G.
Roosen, Appl. Phys. Lett. 64, 2640 (1994).

Linhong Kou, Daniel Labrie, Petr Chylek, Appl. Opt. 32,
3531 (1993).

T.Y. Chang, A.E. Chiou, P. Yeh, J. Opt. Soc. Am. B 5,
1724 (1988).

M. Lesaffre, F. Jean, F. Ramaz, A.C. Boccara, M. Gross,
P. Delaye, G. Roosen, Opt. Express 15, 1030 (2007).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


