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Acousto-optic imaging (AOI) of absorbing objects em-
bedded in highly scattering media remains challenging
since the detectable signal suitable for image reconstruc-
tion is weak. To increase the detected signals to a level
required by live biological applications, we designed a
high peak power quasi-continuous laser source based
on the coherent combination of two pulsed amplifiers,
delivering 100 µs-long pulses with a 9 W peak power
at a 100 Hz repetition rate while maintaining an aver-
age power below 100 mW; jointly used with a digital
holographic detection which maximises the amount of
collected signal, we demonstrate for the first time the
optical imaging of 2-cm-thick highly scattering media
(µ′

s ∼ 10 cm−1) at near video frame rate (0.2 Hz) using
Fourier Transform-AOI.
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1. INTRODUCTION4

As light travels through biological tissues, photons undergo5

multiple scattering events, thus preventing in-depth direct imag-6

ing, which mainly relies on ballistic light [1]. Acousto-optic7

(AO) imaging [2] is therefore of seminal interest because it aims8

at imaging optical absorbers up to centimetre depths without9

prior knowledge of the medium scattering properties. In AO10

imaging (AOI), a spectrally narrow (∼ MHz) laser illuminates11

the medium and ballistic ultrasonic waves (US) are used to tag12

the propagating photons. The signal obtained by filtering out13

these tagged photons is proportional to the local density of light,14

such that an image of the optical absorption can be obtained by15

sequentially varying the spatiotemporal profile of the US.16

For in-vivo biomedical applications, the filtering process needs17

to be less than a millisecond to remain insensitive to the speckle18

decorrelation of biological tissues [3–5]. Moreover, aiming at19

generating close-to-video rate images requires relaxing any con-20

straint on averaging by maximising the amount of tagged pho-21

tons collected in a single acquisition. This implies resorting to22

optical detections with large optical etendues, such as spectral23

hole burning detection [6–8], lock-in cameras [9, 10] and digital24

holography [11, 12]. In addition, the tagged photons number25

can be further increased by properly choosing the insonifica-26

tion scheme. In that respect, images close to video rate (0.2 Hz)27

have recently been reported by relying on Fourier transform28

acousto-optic imaging (FT-AOI) [11, 12] which uses long peri-29

odic US pulses to tag photons. Photons were detected using30

off-axis holography with a camera integration time set to 100 µs,31

therefore compatible with the in-vivo requirement. Despite the32

clear advantage of FT-AOI over more traditional insonification33

schemes [12], single-shot acquisitions remained restricted to low34

scattering phantoms only (µ′
s ∼ 1 cm−1, an order of magnitude35

less than biological tissues). To reach a sufficient signal-to-noise36

(SNR) ratio, our last resort is to increase the laser power while be-37

ing mindful of the biomedical safety regulations [13] that cap the38

illumination intensity at 200 mW/cm2 in the 400 nm – 1400 nm39

range. An increase in the laser peak power while maintaining40

a low average power is possible under quasi-continuous-wave41

(QCW) operation.42

The use of QCW light to generate an AO signal was reported43

only once in the pioneering work of Monchalin et al. 20 years ago44

[14]. A 1064 nm CW laser seed was amplified with a flashlamp-45

pumped gain-switched amplifier, providing 500 W peak power46

pulses of 530 µs at a 25 Hz repetition rate. The first reported47

results [14] relied on a photorefractive detection scheme and a48

sample illumination of ∼ 100 W. However significant these high49

peak powers are, the authors do not mention any net gain in SNR50

provided by their source, and no further work based on QCW51

has since been reported. Indeed, flashlamps were replaced mas-52

sively by narrower-linewidth diode pumps to improve stability53

and reduce the thermal load on the crystal known to generate54

detrimental lensing effects [15]. This latter point is crucial since55

a simultaneous increase in peak power and laser noise might not56

necessarily yield a net improvement in SNR, thereby not leading57

to any image quality enhancement. Finally, the use of the 106458

nm-wavelength in this work is out of the 650 nm ≤ λ ≤ 900 nm59

therapeutic window where both haemoglobin and water optical60

absorption is low [16]. In this spectral range, semiconductor61

laser diodes configured as master-oscillator power amplifiers62

(MOPAs) are commonly used with CW optical power limited to63

the Watt level [17–19].64

Here, we address the question of high-peak-power instabilities65
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by favouring semiconductor optical amplifiers operating at 82866

nm. We developed a dedicated laser source based on the coher-67

ent combination of two amplifiers operating in parallel, seeded68

by a single narrow-linewidth laser diode. The laser source pro-69

vides 100 µs-long pulses at a 100 Hz rate, with a maximum peak70

power of 8.2 W. Despite residual pulse-to-pulse power fluctua-71

tions at the 100 Hz acquisition rate of the camera, we obtained a72

substantial SNR improvement over the current state-of-the-art,73

leading to the first in-vivo compatible AO imaging inside thick74

and highly scattering media at near-video rates.75

2. DESCRIPTION OF THE EXPERIMENTAL SETUP76

The MOPA architecture presented here is similar to the one im-77

plemented in a previous experiment for lidar applications [20].78

It is based on the coherent combination of two amplified beams79

seeded by the same laser source, using constructive interferences80

between them to sum their optical power. The master oscillator81

is a single-frequency fibre-coupled DBR laser diode (Photodigm,82

Inc., PH828DBR180T8), emitting a CW optical power of 100 mW83

at λ = 828 nm. The laser linewidth is estimated to be 0.5 MHz84

(from the datasheet), and the Side-Mode Suppression Ratio is85

better than 30 dB. To prevent possible parasitic optical feedbacks86

and maintain the laser spectral properties under operation, an87

optical isolator preceded by two Glan polarizers ensures ex-88

cellent optical isolation (> 100 dB) of the DBR laser from the89

following elements. The laser beam is directed to a 50:50 PM90

single-mode fibre coupler to inject two tapered semiconductor91

optical amplifiers (TPA – Eagleyard Photonics, EYP-TPA-0830).92

Their gain spectrum is centred at 830 nm, and the amplified93

beams are linearly polarized. The injection power level is 26 mW94

to saturate the amplifiers and suppress amplified spontaneous95

emission [Fig. 1]. Each TPA is pulse-driven by a commercial
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FI

FI
L1 L2I1
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Fig. 1. Experimental set-up. λ/2: half-wave plate, PBS: Polar-
izing Beam Splitter. BS: Beam Splitter. AOMi: acousto-optic
modulators. Li : lenses, Ii: irises. Mi: mirrors. Ai: TPA. PZT:
mirror attached on a piezoelectric transducer. PhD: photodi-
ode.FI: Faraday isolator. US: ultrasonic probe. ν0: laser carrier
frequency. νUS: ultrasounds frequency.

96

current driver (Arroyo Instruments 4320 Laser source) with a97

pulse duration of about 100 µs at a repetition rate of 100 Hz.98

The amplified pulse rise time, below 30 µs, is limited by the99

quasi-continuous wave (QCW) current driver performance. The100

amplifiers are operated at 7A, far above the CW driving cur-101

rent and before thermal rollover reduces the slope efficiency,102

achieving an output peak power of 5.5 W per TPA. The astig-103

matic amplified beams are collimated with a pair of aspheric104

( f ′4 = 2.75 mm) and cylindrical lenses ( f ′5 = 12.7 mm), carefully105

positioned and glued onto the base plate to maintain stability106

[Fig. 1]. The amplified beams, combined in a Mach–Zehnder107

interferometer architecture, are carefully overlapped on a 50:50108

beamsplitter in free space for constructive interferences [20, 21].109

The dynamic nature of the QCW operation of the semiconductor110

amplifiers results in a rise of the device temperature during the111

100 µs pulse, leading to the appearance of a thermal lens. This re-112

sults in a measurable phase drift during the amplified pulse, and113

simultaneous dynamic change of the beam profile [Fig. 2][21].114

At the maximal operation current of 7 A, the phase drift ampli-115

tude repeatably reaches 13π. Since the phase evolutions during116

the pulses are similar between the two amplified beams, with117

a maximal phase drift difference below 0.5π excluding the first118

10 µs of the pulse, constructive interference between the two119

beams persists on the beamsplitter, and no phase correction is120

necessary during the pulse. However, differential phase fluctua-121

tions due to low-frequency thermal and acoustic noises arise for122

frequencies typically < 1 Hz and must be corrected to maintain123

a high combination efficiency. For that purpose, a portion of124

the combined power, measured on a photodiode followed by a125

sample-and-hold circuit feeds a gradient descent algorithm [20]126

that generates a path length correction voltage to the piezoelec-127

tric transducer attached to a folding mirror [Fig. 1]. The 5 Hz128

frequency bandwidth of this servo-loop is sufficient to maintain129

an efficient phase matching between the amplified pulses.130

10 ms
Glass Diffusers xiB-64

Fig. 2. (a) Scheme of acquisition. (b) Time profile of each TPA
Ai and the coherently combined pulse A1 + A2. Images of
recombined spatial modes at 10, 20 and 60 µs. (c) Evolution
of the fast and slow axis spatial divergences during the pulse,
measured 85 cm from the collimating lens. (d) Correlation of
the instantaneous speckles and the averaged speckle.

As a result, we obtain a combined output peak power of 8 W,131

corresponding to a combining efficiency of 84% ± 4%, limited132

by residual mismatches in both spatial and temporal phase pro-133

files. This combining efficiency is comparable with our previous134

results on TPA operating at different pulse regimes [20, 21].135

Complex media are sensitive to the spatial mode of the illumi-136

nation source. Thus, maintaining the SNR in an AO acquisition137

requires a stable profile of the amplified laser beam during the138

pulse to avoid self-induced speckle decorrelation [22]. Here,139

the evolution of the spatial mode during the pulse is recorded140

with a CMOS camera positioned 85 cm from the output of the141

collimating lens ([Fig. 1]: L5). A 1 µs camera integration time142

enables sampling the beam profile at 100 different triggering143

times throughout the pulse; the beam divergence, estimated144



OP I ICA 

PUBLISHING GROUP 

Letter 3

z

x

4
m

m

15 mm

2 mm

Fig. 3. FT-AOI image of two ink inclusions concealed within a 2-cm-thick scattering hydrogel (µ′
s = 5 cm−1) with a 2.2 W incident

peak power on the gel. (a) Fourier component modulus with (n, m) ∈ [−5; 5]× [1; 10]. (b) AO image obtained by inverse Fourier
transform of (a). (c) Vertical intensity profile corresponding to the dotted black line of (b) with an estimation of the contrast in
the region limited by the two green dotted lines. Left: phantom cross-section revealing the two ink inclusions – Im and IM are the
maximum and minimum in the green dotted lines limited region.

with a Gaussian fit, evolves during the first 20 µs of the pulse145

before reaching stability, thereby providing a 80 µs-pulse win-146

dow for AOI, indicated in green color[Fig. 2]. Speckle patterns147

were recorded in the transmission of a solid diffuser (Thorlabs148

N-BK7 Ground Glass Diffusers) with an integration time of 1 µs149

and at different times throughout the pulse[Fig. 2a]. The whole150

stack of frames reflects the speckle dynamic due to the in-pulse151

evolution of the spatial mode. We plot the correlation of the152

full-pulse averaged speckle with an instantaneous speckle over153

100 different instants in [Fig. 2d]. As expected, the speckle corre-154

lation is high, except for the first 20 µs, justifying the restricted155

use of the pulse last 80 µs for AO imaging to benefit from our156

laser power increase fully.157

We then perform the image in the transmission of a scattering158

Agar-Intralipid hydrogel (2% wt.) mimicking both optical and159

mechanical properties of soft biological tissues [23]; resorting to160

the FT-AOI, fully described in [11]. Frames are acquired in the161

Fourier domain by generating long spatiotemporally structured162

US waves. The holographic detection of the phase-modulated163

photons is performed using the local oscillator (LO) phase and164

amplitude-matched to the US tagging pulse. Two 5 × 5 × 2 cm3
165

phantoms are prepared with a scattering coefficient of respec-166

tively µ′
s = 5 cm−1 and µ′

s = 10 cm−1, the latter matching that of167

biological tissues [1]. In both phantoms, two 4-mm-long cylindri-168

cal ink inclusions with a 2 mm diameter, separated by 4 mm, are169

buried 5 mm from the surface, 15 mm below the US transducer170

array [Fig. 3]. The QCW laser source is split into a LO and a171

probe beam which illuminates the phantom [Fig. 1]. Accounting172

for the overall optical transmission from the laser output to our173

phantom [Fig. 1], the incident peak power is 2.2 W. The speckle174

pattern transmitted towards the camera carries a 10.9-µW-peak175

power collected on a 2.4-cm2-surface sensitive camera (Ximea176

xiB-64) of 4704 × 3424 pixels: that is a 7-fold increase in power177

compared to the CW laser source (MOPA, Sacher Lasertchnik)178

used in our previous experiments [12].179

Photons are tagged with a 192-element linear transducer array180

(AixPlorer SL10-2) with a carrier frequency set to 3 MHz. The181

Fourier components (mν0
x , nν0

z ), where (m, n) ∈ [−5; 5]× [1; 10]182

are the harmonic orders used for the acquisition and ν0
x and ν0

z183

the fundamental frequencies in respectively x and z direction.184

The corresponding transverse spatial resolutions of the image185

are max(m)/(2ν0
x) = 3.3 mm and max(n)/(2ν0

z ) = 1.6 mm:186

enough to discriminate the two inclusions with a 30 × 30 mm2
187

field of view. For each frequency component (n, m), the complex188

Fourier coefficient is obtained by combining 4 frames where only189

the LO’s phase is varied [11]. As a result, single-shot imaging190

requires the acquisition of 4 × 110 = 440 frames. Each frame is191

processed on a GPU (NVIDIA GTX 1080Ti) running customed192

highly parallelized computations such that the post-treatment193

is negligible compared to the acquisition time. At a 100 Hz rep-194

etition rate, this enables us to generate an AO image every 4.4195

s, corresponding to a near-video rate of ∼ 0.2 Hz. This imaging196

rate could be enhanced either by decreasing the targeted resolu-197

tion of the imaging system – which would lower the required198

frame number and therefore the overall acquisition time, by in-199

creasing the laser repetition rate up to the camera’s maximum200

frame rate of 300 Hz – which would require to reduce the pulse201

duration to maintain the laser duty cycle to its current value202

which is the maximum one the TPA can work with, or by doing203

sparse imaging – i.e. making hypothesis on the object we want204

to image to measure fewer Fourier components.205

3. RESULTS206

Fig. 4. (a) Signal and (b) noise obtained experimentally (cir-
cles) and their respective linear fits (black dotted line) as a
function of incident peak power, for µ′

s = 5 cm−1. (c) SNR,
calculated from (a) and (b). (d) AO images contrast and the 1-σ
confidence interval (black dotted-line) deduced from (c). Red
line: contrast convergence value.

AO images are first performed through the µ′
s = 5 cm−1 2-cm-207

thick gel. The acquired Fourier components Ĩ(mν0
x , nν0

z ) filling208
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the Fourier plane are shown in [Fig. 3a]. The inverse Fourier209

transform of Ĩ(mν0
x , nν0

z ) provides the AO image [Fig. 3b], reveal-210

ing the two absorbing inclusions. The longitudinal profile along211

the two inclusions is plotted in [Fig. 3c], from which we esti-212

mated the absorption contrast of C = 0.48. The same acquisition213

is reproduced by varying the incident peak power from 50 mW214

to 2.2 W while maintaining the LO peak power constant to 358215

µW. The signal is defined as the maximum pixel value of the AO216

image and the noise as the standard deviation of the pixel values217

outside the laser halo in the AO image; the resulting SNR and218

the contrast are extracted and respectively plotted in [Fig. 4a-b-219

c-d]. As expected, the signal increases linearly with the probe220

peak power [Fig. 4a]. At zero power, the noise level reaches an221

offset set by the LO intrinsic noise and then follows a linear in-222

crease (as plotted in [Fig. 4b]) which is a characteristic feature of223

residual classical noise, which justifies the affine model [Fig. 4b]224

and is to be expected from any residual thermal lensing. These225

linear and affine models help to predict an SNR trend [Fig. 4c],226

where it increases with power before reaching an asymptotic227

value of 41.8. Preventing this saturation effect would require a228

further reduction of any classical noise, which means pushing229

the stability of the laser to its classical limit during one camera230

integration time, i.e. for frequency typically greater than 10 kHz.231

The contrast vs. the incident power is plotted [Fig. 4d] with a232

σ-confidence interval estimated from the uncertainty propaga-233

tion of the SNR model previously obtained; for a contrast value234

of 0.45, the σ-confidence interval well contains the experimental235

data.236

Finally, images performed in the µ′
s = 10 cm−1 phantom (2-cm-237

thick) [Fig. 5] mimicking a biological sample. From the raw im-238

age [Fig. 5a], additional corrections are undertaken to improve239

the image reconstruction quality and the SNR. First, Fourier com-240

ponents are normalized by the average value of each acquired241

hologram [Fig. 5b], thus limiting the low-frequency fluctuations242

effects on the reconstructed image. Then, to overcome the exper-243

imental difficulty of measuring the Fourier harmonics n = 0, the244

average value of each AO image’s column is subtracted from245

the final AO image [Fig. 5c]. The resulting SNR of 19.2 ± 2.3 is246

approximately 12 times higher than previously reported images247

for a similar phantom but twice thinner than the sample herein248

used [12]. The imaging technique thus greatly benefits from the249

significant optical power increase during the camera integration250

time, meaning that the laser source properties are stable enough251

to prevent the speckle decorrelation.252

Fig. 5. Single-shot FT-AOI image for the 10 cm−1 phantom.
(a) Raw image. (b) Image obtained by normalizing the Fourier
components by the hologram average power. (c) Image ob-
tained from (b) by adding an average value to compensate the
unmeasured Fourier harmonics for n = 0.

4. CONCLUSIONS253

We demonstrated how combining a tailored powerful QCW254

laser source based on an advanced laser architecture with the FT-255

AOI imaging technique enables to probe efficiently phantoms256

with a scattering coefficient matching that of biological tissues,257

with no need for signal averaging. Two noise sources remained258

as a limit to the highest reachable SNR. Firstly, high-frequency259

classical noise, typically over 10 kHz, mostly due to thermal260

lensing during the amplification, may lead to a self-induced261

decorrelation of the transmitted speckle; to limit this effect, we262

selected a part of the pulse where this effect was minimized.263

Secondly, low-frequency intensity noise at the camera frame264

rate induces frame-to-frame fluctuations of the signal; this is265

less detrimental since it can be measured, for instance on the266

zero order of the hologram, and included in the image recon-267

struction. Addressing both of these limitations, we performed268

single-shot acquisition schemes on a phantom mimicking the269

scattering strength of biological tissues (µ′
s = 10 cm−1) at 0.2270

Hz. We are currently working on a further reduction of the laser271

classical noise and an increased number of coherently combined272

amplifiers to reach even higher SNR, thereby paving the way273

towards state-of-the-art deep acousto-optic imaging of highly274

scattering media.275
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