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ABSTRACT

An innovative very fast non-contact imaging techugidor Photoacoustic Tomography is introduceds liased on holo-
graphic optical speckle detection of a transieattgring surface topography for the reconstructéabsorbing targets.
The surface movement is obtained by parallel rangrdf speckle phase changes known as Electroreckdp Pattern
Interferometry. Due to parallelized 2-D camera diéd@ and repetitive excitation with variable delaigh respect to the
image acquisition, data recording of whole volud@sPhotoacoustic Imaging can be completed in tifnebelow one
second. The size of the detected area is scalghdptical magnification. As a proof of concept,iaterferometric setup
is realized, capable of surface displacement deteetith an axial resolution of less than 3 nm. Tiaential of the
proposed method for in vivo Photoacoustic Imagsdiscussed.
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1. INTRODUCTION

Photoacoustic Tomography becomes more and morelgropa recent review is given by Hu and Wang [1].
Photoacoustic Imaging is based on the emissionasspre waves due to thermoelastic expansion irggdfifom pulsed
laser light absorption [2] in a less absorbing eswinent. Therefore, an excitation wavelength shdacthosen which
provides a high absorption contrast. The excitesgure waves propagate through the tissue andecdatbcted at the
surface. Photoacoustic Imaging combines aspeaptifal and ultrasound imaging and, consequentybines some
of their particular advantages: Imaging of specif§sue components in a depth up to several cetgimdecomes
possible with a high image contrast. However, mahthe existing approaches share the problem efatively high
acquisition time often in the range of minutes, abhonly allows in vitro or in vivo imaging of anéstized animals.
Furthermore, acoustic contact or, in some cast,itomersion is needed for the sake of impedanaiing. The state
of science shows a variety of different approachgarding the recording of the pressure waves:

The most straight forward strategy to produce phobastic images is pointwise excitation and detadith a scanning
mode. In order to increase resolution, excitatiod detection geometry can be used in a focused .ningeto the need
for scanning both the excitation- and detectiort omer the object, or the object itself, the tim@sumption for data
acquisition is generally high, e.g. several minjigsDue to the high resolution of up to 5 umstkechnique is referred
to as Photoacoustic Microscopy (PAM).

In order to increase the acquisition speed, exoitaind detection can be parallelized partly. A lghssue volume can
be excited at a time; all absorbers within the textivolume are emitting pressure waves simultadgotlibe resulting
pressure field can be detected by a transducey.dvethods likeback projection, which are based on triangulation, can
be used to reconstruct the position of the acoustierces after data acquisition [4]. Non-scannipgreaches are
referred to as Photoacoustic Tomography (PAT). dihmultaneous digitizing of a high number of transetuelements
after excitation requires significant electronidoef. Often multiplexing and therefore repetitiveeasurements are
required [5].

*horstmann@mll.uni-luebeck.de, phone: +49-451-5605www.mll-luebeck.dewww.bmo.uni-luebeck.de




Recent progress in data acquisition speed has $temmn with a handheld ultrasound head, as presdmteBiuehler
et.al. [6]. Using fast tunable laser sources, tfstesn provides a framerate of 50 Hz, capable ofjintaseveral tissue
chromophores in real-time.

An alternative to piezoelectric detection are agtjressure acquisition techniques. The pressurdeaneasured by the
use of a plane-parallel flm on the object surfamving as a Fabry-Pérot-Interferometer. The polyfilen is
transmissive for the excitation light. An interrtiga laser beam at a different wavelength is scdraweoss the surface.
Incident pressure affects the interrogation beafteatton intensity; the oscillation in the signadrcbe detected by a
broadband photo diode [7].

Another method is the non-contact detection ofgtessure induced surface displacement, as intrddogeCarp and
Venugopalan [8]. In this case, a single beam iaterheter is used to detect small surface oscillatio the nm regime
due to photoacoustic pressure waves using a faatlband photodiode. In general, the method is Isieala the size of
the scanned area, however, still requires longiaitgun time for larger areas.

In order to combine non-contact free surface measents with high speed real-time imaging, we pregudographic
optical parallel image acquisition of the trandigirhanging surface topography with acquisitiongof ten to hundred
milliseconds. This method will be highly useful farvivo imaging even of non-fixated targets.

2. NON-CONTACT DETECTION SCHEME

A sketch of the introduced non-contact detectidmesee is shown in figure 1 (left). An excitationdadlluminates the
whole volume in order to excite embedded absorfmrshermoelastic pressure wave emission. The preswaves
propagate to the surface and transiently defornfre boundary. The altering topography is recornteparallel by a
holographic-interferometrical setup. The data ammrded with a fast high speed digital camera.
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Figure 1. left: lllustration of the introduced meth Excitation pulses are applied to the whole m@uPressure induced
surface displacements owing to thermoelastic expard absorbers are recorded by an optical-hofdycal
detection unit. right: Optical speckles appear tuecal interference when a rough surface is ilhated coherently
and imaged.

The basic method applied for measuring the surasglacement, which is expected to be in the schiem only, is
Electronic Speckle Pattern Interferometry (ESPPeckles appear, when an optically rough surfadduisinated by
coherent light. Figure 1 (right) shows a typicatde field.



The surface is imaged onto a fast camera. If thtacel moves, the speckle pattern alters, whictséduo record and
determine the topography of the irradiated voluimeorder to get quantitative data, we make useheffact that the
optical phase within a speckle is constant. Whenathject surface is displaced, the phase of theesponding speckles
change. This phase change can be determined bklspaterferometry [9] with an axial resolution ofily a small
fraction of the detection wavelength. The lateeslalution depends mainly on the speckle size anti@imaging scale.

In order to acquire the full time-resolved topodrapwvith only one single excitation pulse, a sanplmate of e.g.
10 MHz, which is a typical sampling frequency fond®acoustic Imaging, is required, which means laffame
acquisition every 100 ns over a period of severl @ince those cameras are not available, thdgmots solved by
repetitive excitation as illustrated in figure An& speckle patterns are very sensitive to sniaifesvements, always
two images are captured. The first is serving #areace before the excitation, and the second defaed, variable
delay after the excitation, respectively. With tbisuble pulse technique and a repetition rate wérse kHz, the whole
topography can be acquired in several ms.
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Figure 2. Timeline of the detection scheme. Repetitirocedure with increasing time delsty between excitation pulse
and second illumination pulse.

The procedure for measuring the surface displacestarts with an initialAt =0. In each subsequent repetitialt, is
increased. The number of repetitions and the stpincrease oAt depend on the desired sampling rate.

Once the images are captured, the optical phalsetbfimages is determined and a phase differenageris calculated.
From the phase difference image, the geometricglatement can be derived. Because the phase deddon is
independent for each speckle, every speckle catértto the surface position measurement.

In order to reconstruct the target structure, tlieasared data of a speckle is saved over time atitbfyprocesses by e.g.
a back projection algorithm.

3. PROOF OF CONCEPT

In order to proof the applicability of this detextimethod for Photoacoustic Imaging, silicone pbarst were produced.
Transparent silicone (Wacker Silicones RT604 A/Bjved as a non-absorbing, non-scattering phantosizia of
(10 mm)3. Within the cube, a black silicone poibsarber of about 1 mm in diameter is located. @nditection side, a
150 pum film of white silicone was added to increbaekscattering of the detection light.

The absorber was excited by a Q-switched Nd:YA@rigQuantel YG671-10: wavelength 1064 nm, repetitiate

10 Hz, pulse duration 6 ns, pulse energy 20mJ) ard@meter of about 5 mm. The absorption coefiicad the black
silicone was measured to be 16.2 /cm for the ugeitiation wavelength. Figure 3 shows a sketch efd¢btup. The time
delay between excitation and detection was increassteps of about 1 ps.

For detecting the surface movements subsequenhdto@coustic excitation, a Mach-Zehnder-Interfertamdoased
setup was realized with a Q-switched Nd:YAG lagerylas FTSS 355-50: wavelength 532 nm, pulse durati ns,
pulse energy 100 pJ) serving for illumination. Téédup was capable of measuring fast and smakeaideformations
by use of spatial phase shifting ESPI.
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Figure 3. Proof of Concept experiment.

The results are presented as 8 bit gray scale ualages. Figure 4 shows a time series as a typieasurements result.
The baseline is scaled to a gray value of 128, lwbarresponds to no displacement. Displacemeititerdirection of the
camera causes a brighter gray value and vice vétsa.conversion factor from gray values to nm degeon the
detection geometry and was about 0.9 nm per gray\ia the presented measurement.
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Figure 4. Result frames of the Proof of Concept measent. Time points are relative to the excitapoise.

Because the speed of sound in silicone is aboutmlus and the depth of the absorber is about 3 menfitst image
taken 2 us after excitation shows no displaceniBm. surface starts to rise at 3 us, the signal lggtger after 4 ps,
displaying the rising positive part of the thernastic transient. The negative part, starting 5ffes axcitation, lets the
surface drop to a level lower than the ground leVhk positive and negative parts propagate tother regions of the
phantom surface later on. Another 4 ps later, wheneffect of the actual transient is passed ajrealections from
the phantom borders interfere. For a better viguakpretation, the same data are presented ini @agimageld) in

Figure 5:
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Figure 5. Surface topographies in quasi-3D.

In order to reconstruct a three-dimensional tomplgyeof the absorbing structure from the measuréd, diane reversal
algorithms can be applied in a next step. For phigose, time-dependent displacement data for espegkle can be
obtained. An estimation made with the availableadatgiven in figure 6. A region of interest of osgeckle of 10x10
pixels right over the absorber (see marked arefigime 6, left) is averaged and displayed over tifright). The
measured signal is alike with thermoelastic tramsieneasured by piezoelectric transducers.
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Figure 6. Time-dependent surface displacement afea of 10x10 pixels right over the absorber.

4. CONCLUSION AND OUTLOOK

We proposed and realized a digital full-field halmphic speckle pattern detection system for noriamrPAT. As a
proof of concept, measurements on a phantom withedfed absorber show the potential of the propdséekction
method for Photoacoustic Imaging. The axial resmfubf this first setup investigated is less thanm3 with a lateral
resolution of about 80 um. The dynamic range gfldis=ment is about +/- 110 nm.

Fully developed with excitation laser and data &itjon camera in the kHz range, respectively, thethod is
potentially capable of full volume recording wittbandwidth of several ten MHz within times rangimgjow 100 ms.
Further investigations will be carried out towamaracterizing the potential and limitations of tieehnique. The
method seems very versatile in terms of spatial mdlporal scalability of the investigated field aregbsolutions,
respectively. However, the possible axial and spagisolutions of reconstructed tomographies cay lo@ estimated by



now. One expects that the transition from pressuseirface displacement will affect the signal &wapass in time and
in space, depending on the surface tension anticithas

The potential for the method in the field of Phatmastic Imaging is very high. The non-contact mogens up new
application fields for Photoacoustic Tomographycsitit is suitable for in vivo imaging, particulardgr interventions
where contact mode applications are impossible dlkdoscopy in the gastrointestinal tract or neugey, where
coupling to an operational microscope is conceaBhother advantage is the high speed image atquoiime with
few ten to hundred milliseconds in the double pdlskay technique, where smaller motion artifacesraggligible or can
be compensated. This allows Photoacoustic Imadimgio-fixated or sedated targets even over larggamces.
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