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Optical speckle patterns occur when a coherent optical
wavefront is randomized but such stochastic yet determin-
istic information about the medium can be decoded. A sim-
ple setup is inspired to monitor the decorrelation of speckle
patterns within the memory effect range when the medium
is photoacoustically perturbated. Experimentally, a linear
relationship is confirmed between the speckle correlation
change and the peak-to-peak amplitude of the ultrasonic
transducer-detected photoacoustic waves, and the detection
sensitivity is comparable. Such a plain specklegram-based
method may find special interests when no direct contact
is allowed between the sample and the photoacoustic
detector. © 2019 Optical Society of America

https://doi.org/10.1364/0L.44.005481

Optical scattering randomizes the propagation of light, and it
occurs almost universally due to the presence of rough surfaces
and/or inhomogeneities of the refractive index for most of the
artifacts or substances in nature. A randomized coherent optical
wavefront leads to random interferences or optical speckle pat-
terns. These seemingly random yet deterministic patterns can
be very sensitive to perturbations acted upon the medium. By
scrutinizing these speckle patterns, various types of information
can be extracted: for example, imaging blood flow beneath the
skin via the contrast of speckle patterns [1], and visualizing a
hidden object by analyzing the spatial correlation among
speckle patterns [2] and a wavemeter [3,4]. Moreover, by ac-
tively shaping the incident wavefront, image transmission [5,6]
and optical focusing [7—11] through/inside a complex medium
can be achieved. Therefore, decoding the specklegram allows
one to remotely characterize the physical status of the interact-
ing medium as well as its response to small perturbations, po-
tentially benefiting scenarios where direct contact is inhibited
between the medium and the sensor.

All-optical noncontact photoacoustic detection poses one
such scene. In photoacoustics (PA), light is absorbed by the
medium and converted into heat that leads to thermal
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expansion, generating ultrasonic waves. These photoacoustic
waves are scattered much less than light is in biological tissues,
thus are able to propagate within tissue without substantial loss.
Moreover, substances of distinct optical absorption spectra can
define high optical contrast in tissues via proper wavelength
selection. Photoacoustic imaging has seen extensive investiga-
tions [12]. In most of these studies, piezoelectric (PZT) trans-
ducers are the very choice for receiving the PA waves. These
transducers allow manufacturing of arrays with many detectors
along with promising performance regarding resolution, sensi-
tivity, and well-defined central frequency. The ultrasound-in-
duced perturbations can be optically probed with proper
coupling strategy without a piezoelectric transducer (PZT).
For instance, differentiated reflectances of two polarized beams
can identify the small ultrasonic perturbations [13,14]. These
contact-based approaches, including a PZT, need a coupling
medium (e.g., water), posing limited capabilities in some in-
spection or clinical scenarios where dehydrated condition is de-
sired. To address this dilemma, noncontact PA detection is
called for. One of the representative realizations is using an op-
tical beam (probe beam) reflected or backscattered from the
sample disturbed by the PA waves. To demodulate the PA in-
formation encoded in the probe beam, another optical beam
(reference beam) is introduced to interfere with the probe
beam [15,16]. With this interferometer, the strengths of the
ultrasonic-induced perturbations to the sample, such as phase
variations, can be deciphered, say, being converted into propor-
tional intensity modulations [17,18].

While promising, wide application of such an interferom-
etry-based scheme is hindered by the need for the reference
beam, which complicates the system. A recent study sheds light
on the possibility for noncontact via a confocal setup, using a
low-coherence light source to reject phase modulation from the
sample [19,20]. Nevertheless, phase modulation itself is still
valuable to learn about the perturbations. In this work, we in-
troduce a new noncontact PA detection approach through de-
coding the specklegram nature of the probe beam only; no
reference beam is involved herein since the specklegram itself
inherently contains interference information spatiotemporally.
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Fig. 1. Schematic setup for specklegram-based noncontact photo-
acoustic detection. BS, beamsplitter; CMOS, CMOS camera; L, lens;
PD, photodiode; SF, spectral filter.

Only one CMOS camera is needed to record the speckle pat-
terns of the probe beam reflected and backscattered from the
medium, and no demanding optical alignment is necessary. In
the presence of photoacoustic perturbations, the refractive
index and scatters within the medium are shifted, affecting
the propagation of the probe beam and causing changes to
the speckle patterns. Hence, the photoacoustic perturbation in-
formation, such as the strength, is coupled into the variations of
the recorded specklegram. For simplicity, in this work photo-
acoustic perturbations are relatively small and fall within the
“memory effect regime” [21] so that the speckle correlation
change (SCC) is linearly or approximately linearly associated
with the strength of the PA effect.

The system is shown in Fig. 1, with two optical beams: an
excitation beam and a probe beam. The excitation beam is from
a pulse optical parametric oscillator laser (NT230, EKSPLA,
UK) with a wavelength of 740 nm and a repetition rate of
100 Hz, and it is focused onto the sample surface to generate
PA signals. The probe beam is from a 650 nm continuous-wave
laser (HWG650AD30-12GD, Shenzhen Near Infrared Laser,
China), illuminating onto the surface of the investigated sample
obliquely so that the reflected and backscattered light forms
speckle patterns. These patterns are monitored by a CMOS
camera (FL3-U3-3252M-CS, Pointgrey, Canada) at 60 Hz,
with 10 pis exposure time to ensure each exposure contains only
one pulse from the excitation beam. An optical spectral filter of
650 nm is mounted on the camera to prevent the 740 nm light
from affecting the probed speckle pattern. During experiment,
the intensity of excitation beam is adjusted by a tunable attenu-
ator (not shown in Fig. 1) to tune the strength of the PA signal.
The excitation beam is divided into two paths by a 10/90
beamsplitter to create an optical path for a photodiode
(PDA36A-EC, Thorlabs, USA), which is used to normalize
the pulse-to-pulse intensity fluctuations of the excitation beam.
For simplicity, a black tape of 150 pm thickness and
15 mm x 15 mm area is adhered to a 170-pm-thick glass slice
as the experimental sample. For verification and comparison
purpose, a 10 MHz PZT (NDT V327-SU-F0.60IN-PTF,
Olympus, Japan) is also configured to receive the PA signals,
which are amplified by a preamplifier (ZFL-500LN-BNCx+,
Mini-Circuits, USA) and then digitized by an oscilloscope
(DS4024, RIGOL, USA). To control the presence of the

excitation beam, and hence the PA perturbation, before the
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Fig. 2. Observation and quantification of photoacoustically pertur-
bated speckle pattern. (a) A speckle pattern generated by the probe
beam. The highlighted region (dashed rectangle) is zoomed in for
analysis. (b) Representative zoomed-in observations for various mo-
ments (i)—(ix) in (c). Among them, (i) is the initial speckle pattern,
(ii) and (iii) are recorded when the shutter is off and no excitation
beam illuminated on the sample, and (iv)—(ix) are a sequence of pat-
terns associated with the excitation of PA effect. (c) Correlation coef-
ficients of the speckle patterns as a function of time. Shutter-on implies
the triggering of the PA excitation. (d) The strength of the PA per-
turbations is quantified by the reduction of the correlation coefficient,
i.e., the speckle correlation change (SCC).

sample, a fast-electronic shutter (USB optical shutter, Picard
Industries, USA) is mounted. The OPO laser, the photodiode,
the shutter, and the CMOS camera are synchronized and con-
trolled via MATLAB.

The CMOS-captured speckle patterns were screened, begin-
ning from an initial stable speckle pattern (/) in the absence of
the PA effect to the following photoacoustically perturbated
patterns (/,). As shown in Fig. 2(a), the speckle grains are errati-
cally distributed in space, and the PA-induced perturbations are
encoded in such a seemingly random pattern. It is unrealistic
and labor-consuming to study the variations of all individual
speckle grains. Moreover, the individual grains may contribute
differently to the overall ensembled pattern. Therefore, speckles
and their variations are usually analyzed statistically [22], and so
is this study. A Pearson’s correlation coefficient is used to
characterize the speckle temporal correlation as follows:

(o = LoD U, = (1))

000,

c(r) =

A sequence of speckle patterns is recorded before and after the
PA perturbation is induced, with some representative patterns
shown in Fig. 2(b). In the first group, (i) is the initial speckle
pattern (/o), and (ii) and (iii) are sampled when the shutter
remains closed. In the second group, (iv)—(ix) are sampled
in sequence after the shutter is opened and the PA perturba-
tions are induced. Note that the morphological differences
among these samples are slight, but these variations can be
clearly seen statistically. In Fig. 2(c), the correlation coefficient
for all speckle patterns with respect to the initial one is shown as
a function of time. As seen, in the absence of PA excitation
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(shutter is closed to block the excitation beam), the speckle cor-
relation coefficient decays imperceptibly over time, suggesting
the experimental system is reliably stable for small perturbation
detection. Note that generally other factors such as environ-
mental noise or system instability may also affect the speckle-
gram. This, however, does not affect the results in this study:
the speckle correlation decays very slowly in the absence of the
PA effect, suggesting a very stable optical system; the reduction
from and the recovery back to the stability curve is solely related
to the on and off of the excitation beam.

However, when the shutter is opened, the speckle grains be-
gin to evolve, albeit subtly, due to the PA perturbations. The
correlation curve magnifies the seemingly tiny variations. The
correlation coefficient drops quickly from 1 to 0.742, reaching
plateaus with small fluctuations due to the continuing PA per-
turbations. When the shutter is turned off and the excitation
beam is blocked again [z &~ 40 s in the Fig. 2(c)], the correla-
tion coefficient bounces rapidly back to its initial state close to
unity as there is no more perturbation. In this study, the above-
mentioned plateau is used to be correlated to the strength of the
corresponding PA perturbation, as illustrated in Fig. 2(d).
A negative exponential model with parameters (a, f3,7),
c(t) = ae? +y is used to fit the correlation curve when
the PA excitation beam is unblocked. The value of y is related
to the strength of the perturbation when the speckles are
stabilized again under continuing perturbations. Therefore,
the SCC, defined by Ac = 1 - ¥, can be used for characterizing
the strength of the excited PA signals.

To investigate how the SCC is affected by the intensity of
the excitation beam, the optical fluence of the excitation beam
is gradually tuned from 0 to 0.0048 m]J/cm?. Following the
protocol discussed above, all corresponding speckle patterns
are recorded and analyzed. A few representative temporal
correlation curves are shown in Fig. 3(a). As seen, varying
the excitation beam intensity does not alter the shape of the
correlation curve drastically, but stronger excitation does
deepen the plateau of the curves. It suggests that stronger
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Fig. 3. Photoacoustic detection based on the proposed specklegram
method and the standard PZT method. (a) A few representative tem-
poral correlation curves with different excitation beam pulse energies.
(b—) Zoom-in representations from (a) between # = 6-15s and
39.5-42.0 s, respectively. (d) Instant PA amplitude as a function of
time, as extracted from the peak-to-peak values of PZT-detected wave-
forms (the inset). The optical fluences are denoted beside the corre-
sponding curves in mJ/cm?.
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PA perturbation varies the speckle patterns more, leading to
a lower correlation coefficient, and hence a larger SCC
and lower C(t). The PA signal (optical energy =
0.0045 mJ/cm?) detected by PZT is also shown in
Fig. 3(d), which is temporally synchronized with Fig. 3(a).
The PA signal is characterized by the peak—peak difference
of the waveform indicated in the inset of Fig. 3(d), and it is
denoted as PA(t).

When the state of the shutter is altered, i.e., at the beginning
(time window: 6-15 s) and the end (time window: 39.5—
42.0 s) of the shutter period, C(z) and PA(#) perform quite
differently: a rapid response detected by the PZT (standard
photoacoustic detection methods) and a much slower response
captured by the camera (the optical speckle pattern of the re-
flected probe beam). Considering the framerate of the camera
used in the study is 100 Hz (corresponding to a 10 ms scale
intermediate process), the prolonged transition periods of the
speckle correlations should be attributed to the spreading of
heat. In the current setup, the probe beam is nonfocused at
the sample interface, and thus the reflected speckle pattern
is sensitive to motions of the sample surface within a relatively
large region. In the experiment, as the heat gradually spreads
out, which is on the timescale of seconds [23], more and more
surficial regions are disturbed and contribute to the decorrela-
tion of the speckle patterns. After a few seconds, when the heat
spreading and dissipation reach an equilibrium, the SCC curve
sees a plateau [Fig. 3(b)]. Similarly, when the shutter is off, the
PA signal as detected by the PZT disappears instantly and only
background noise is left [Fig. 3(d)], but as the heat needs some
time to dissipate, it takes ~2 s for the correlation coefficient to
go back to one [Fig. 3(c)].

Despite the temporal mismatch between the PZT detection
and the SCC due to mechanism variation, the SCC can still be
used to measure the strength of the PA signals. In Fig. 4(a)
(right axis), the resultant SCC is plotted against the excitation
beam pulse energy. As seen, once the excitation beam is beyond
a threshold (~0.002792 m]J/cm?), the SCC increases almost
linearly (R*> = 0.9106) with the excitation beam energy. The
trend is quite similar to Fig. 4(a) (left axis), where the PZT-
detected PA signal also increases linearly with the pulse energy
once it is beyond a threshold. More importantly, it is one-to-
one mapped between the two methods of detection in response
to same optical excitation, as shown in Fig. 4(b). It is thus con-
firmed that the proposed speckle correlation change (Ac¢) is lin-
early proportional to the strength of PA perturbations. On the
other hand, if we further examine the two excitation thresholds
before linearity dominates in Fig. 4(a), we can see both are
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Fig. 4. (a) Measured SCC as a function of excitation pulse energy
(right axis) and the PZT-based PA amplitude as a function of excita-
tion pulse energy (left axis). (b) Linearity between the two detection
methods. Error bars in (a) and (b) are the standard deviation of Ac
extracted from the measurements.
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quite close (0.002792 and 0.002681 m]/cm?, respectively),
suggesting comparable detection sensitivity.

Before concluding, a few clarifications are needed here. The
perturbation to the speckle pattern may contain different
frequency components, whose weighted sum results in the re-
ported observation — the encoded envelope of the broadband
PA signals — due to the finite exposure time and frame rate of
the camera. The PA signals hereby are detected by a 10 MHz
focused ultrasonic transducer as the reference and gold stan-
dard. The results indicate that at least the proposed speckle de-
correlation can characterize the strength of 10 MHz PA signals.
To further quantify the frequency range, however, it may need
a complicated mathematical model, which is beyond the scope
of the current paper and might be explored in future work.
Nevertheless, the proposed scheme provides an interferom-
etry-free and noncontact intervention to detect the strength
of PA effects. The detection setup is rather plain, merely con-
taining a probing laser to generate speckle patterns and a digital
camera to capture the specklegrams; there is no strict require-
ment for optical alignment. And the camera can be replaced by
many commercial cameras or even the camera of modern cell
phones. However, it must be pointed out, the limited frame
rate of the camera-based detection paralyzes the capability of
resolving the temporal profile of PA signals along the acoustic
axis; the observed decorrelation of speckle patterns is an inte-
grated accumulation rather than a “point” sensing. This sets a
major drawback of the proposed method.

Lastly but not the least, typically when the correlation
coefficient drops lower than ¢! & 0.3679 the speckle pattern
is regarded as being decorrelated and visually identified as an-
other speckle pattern that is statistically different from the origi-
nal one [21]. In this study, the minimum correlation coefficient
is 0.7431 [Fig. 3(a)], indicating that the perturbated speckle
patterns, although experiencing decorrelations, are still corre-
lated within the memory effect regime. It also suggests that
the refractive index variation of the sample is tiny due to
the PA-induced vibrations and thermal effect. The main fea-
tures of the speckle grains are thereby retained, as observed
in Fig. 2(b). Taking the advantages of the memory effect,
we thus can relate speckle variations linearly or quasi-linearly
to the small perturbations applied onto the sample.
Therefore, we can decouple the encoded PA (envelope) signal
strength from the SCC linearly in this study. Of course, if a
stronger PA effect is generated, the detected SCC may exceed
¢! and hence can no longer be used to delineate the PA signal
strength.

Collectively, the study is built upon that fact that speckle
patterns contain rich information, and it is very sensitive to
medium motion. The hypothesis is, therefore, whether we
can exploit the speckle changes to detect small perturbations
induced by the PA effect. The feasibility has been demonstrated
experimentally in this study, showing the correlation of speckle
patterns can be used to delineate the strength of PA signals (as
measured by the gold standard method). Such a plain speckle-
gram-based method may find special interests for applications
where no direct contact is allowed between the sample and the
photoacoustic detector. Moreover, unlike other noncontact
PA detection methods that have been reported, no optical
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interferometer is needed; the forming of speckle patterns itself
serves as a delicate scheme to demodulate photoacoustically en-
coded information. The next phase will combine new schemes,
such as compressed ultrafast photography [24-26], to exceed
the current bandwidth barrier, aiming at more applications.
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