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Purpose: The purpose of this work is to demonstrate that higher amplitude of ultrashort laser
induced photoacoustic signal can be achieved by multiple-pulse excitation when the temporal
duration of the pulse train is less than the minimum of the medium’s thermal relaxation time and
stress relaxation time. Thus, improved signal-to-noise ratio can thus be attained through multiple-
pulse excitation while minimizing the energy of each pulse.
Methods: The authors used a Michelson interferometer together with a picoseconds laser system to
introduce two 6 ps pulses separated by a controllable delay by introducing a path length difference
between the two arms of the interferometer. The authors then employed a series of three interfer-
ometers to create a pulse train consisting of eight pulses. The average pulse energy was 11 nJ and
the temporal span of the pulse train was less than 1 ns.
Results: The detected peak-to-peak amplitude of the multiple-pulse induced photoacoustic waves
were linearly dependent on the number of pulses in the pulse train and such a linearity held for
different optical absorption coefficients. The signal-to-noise ratio improved when the number of
pulses increased. Moreover, nonlinear effects were not detected and no photoacoustic saturation
effect was observed.
Conclusions: The authors have shown that multiple-pulse excitation improves the signal-to-noise
ratio through an accumulated energy deposition effect. This method is invaluable for photoacoustic
measurements that require ultrashort laser pulses with minimized pulse energy to avoid laser
damage. © 2010 American Association of Physicists in Medicine. �DOI: 10.1118/1.3352666�
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Photoacoustic �PA� imaging is a powerful means of obtain-
ing both anatomical and functional information of biological
tissues1–5 due to its unique optical-absorption-based contrast
mechanism and capability to achieve high spatial resolution
in deep tissue. PA imaging also plays an increasingly impor-
tant role in molecular imaging and has been applied to study
gene expression,6 deeply seated fluorescent proteins,7 and la-
beled proteins.8 However, only linear optical absorption is
currently used to produce PA signals, where the illuminating
laser pulses have a typical pulse duration of a few nanosec-
onds and the spectral range covers from visible to near-
infrared wavelengths.

When laser light irradiates biological tissue, linear optical
absorption occurs simultaneously in many different mol-
ecules. As a result, the detected PA signal contains contribu-
tions from all optical-absorbing molecules and the contribu-
tions from different molecules are hard to separate. Although

multiwavelength PA imaging shows potential in separating
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different optical-absorbing molecules, it still has limited ap-
plications for two reasons: First, optical absorption of hemo-
globin and melanin can be a few orders of magnitude stron-
ger than those of other molecules, depending on the optical
wavelength. Second, many molecules have broad, overlap-
ping absorption spectra without distinguishable “signature”
absorption features/peaks. These two factors can make the
inverse calculation of the relative concentrations of weak
optical-absorbing pigments ill-posed.9 As a result, existing
endogenous-contrast PA imaging is primarily limited to vas-
cular imaging.

One possible solution to achieve endogenous molecular
selectivity is to take advantage of the nonlinear optical ab-
sorption by using ultrashort �picosecond and femtosecond�
pulse excitation and image within the so-called “optical win-
dow” �700 nm–900 nm�,10 where the linear optical absorp-
tion of hemoglobin is minimized. The nonlinear optical ab-

11
sorption includes, for example, two-photon absorption and

1518/1518/4/$30.00 © 2010 Am. Assoc. Phys. Med.

http://dx.doi.org/10.1118/1.3352666
http://dx.doi.org/10.1118/1.3352666


1519 Liu et al.: Photoacoustic generation by multiple picosecond pulse excitation 1519
stimulated Raman absorption;12 however, since PA genera-
tion relies on the total absorbed optical energy �regardless of
linear or nonlinear absorption�, the difficulty of implement-
ing nonlinear absorption excited PA imaging arises from the
potential tissue damage due to the extremely high light
intensity,13 which limits the efficiency of the nonlinear ab-
sorption and, thus, the overall PA signal.

In this letter, we experimentally demonstrated that high
PA signal amplitude can be achieved by multiple low-energy
picoseconds pulses excitation. Both the single pulse and the
pulse train satisfied the ANSI laser safety regulations. Al-
though PA waves were generated by linear optical absorption
in the current studies, we anticipate that this method can be
extended to nonlinear-optical-absorption-based PA imaging
�nonlinear PA imaging�.

The multiple-pulse PA excitation study is based on an
observation that when two ultrashort laser pulses arrive with
a small delay between each other, the resultant amplitude of
the PA wave is the sum of the two waves’ amplitudes pro-
duced by each pulse independently �accumulative effect�. A
similar result was recently reported for two-photon fluores-
cence microscopy imaging, where the use of multiple-pulse
excitation significantly improved the signal-to-noise ratio
�SNR� of the images and reduced photobleaching.14

Multiple-pulse excitation schemes were also used to enhance
molecular and material responses in spectroscopy.15

To achieve this accumulative effect for PA generation, the
temporal extent of the optical excitation should be less than
the minimum of the stress relaxation tstress=L /vs and the
thermal relaxation time tthermal=L2 /4D, where L is the char-
acteristic size of the heated region,16 vs is the sound velocity
in the medium ��1500 m /s in soft tissues�, and D is the
thermal diffusion coefficient �for typical soft tissue
D=1.4�10−3 cm2 /s�. For a typical size of L=10 �m,
tstress=6.7 ns and tthermal=180 �s� tstress.

To test the hypothesis that multiple-pulse excitation pro-
portionally increases PA signal amplitude, we constructed
optical pulse trains containing a different number of picosec-
ond pulses to illuminate a phantom and then we evaluated
the detected PA amplitudes as a function of the number of
pulses.

We used a Michelson interferometer �Fig. 1�a�� and dif-
ferentiated the two arms’ path lengths by adjusting the posi-
tion of the back mirror in one of the arms. The time delay
between the combined two pulses was determined by
�t=2�L1−L2� /c. Employing a series of three interferometers,
we created a train consisting of eight almost identical pulses.

A schematic diagram of the experimental setup is shown
in Fig. 1�b�. We used a home-built, high repetition rate pico-
second laser system �pulse duration: 6 ps; fundamental
wavelength: 1064 nm; pulse repetition rate: 875 kHz�.17 A 5
mm long KTP �phase II� crystal converted the fundamental
wavelength to the 532 nm radiation.

The laser pulses were focused on a glass capillary tube
�Kimax 80450-22, Kimble/Kontes, Vineland, NJ� using a 10
cm focal length lens �BPX 080, Thorlabs, Newton, NJ�. The
glass capillary tube was filled with diluted red ink solution

�Fiesta Red, Private Reserve Ink, Zionsville, IN�. A steady
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flow was kept within the tube by a perfusion pump and the
tube was placed inside a tank filled with distilled water. The
optical absorption coefficient of the ink solution was
10.2 cm−1 /% at 532 nm.

The generated PA waves were detected by an unfocused,
custom-built ultrasonic transducer with a center frequency of
40 MHz, and the waves were amplified by a wide-band, low-
noise preamplifier �ZFL500LN+, Mini-Circuits, Brooklyn,
NY� for 20 dB and an ultrasonic amplifier �5073PR, Olym-
pus NDT, Kennewick, WA� for an additional 25 dB. The
amplified PA signals were then digitized and stored by an
oscilloscope �TDS5034B, Tektronix, Beaverton, OR�. Each
PA signal was averaged 400 times and the peak-to-peak PA
amplitude was extracted.

The pulse train was characterized by measuring its cross-
correlation function. We used the residual 1064 nm radiation
and combined it with the 532 nm radiation in a thin �1 mm
thick� BBO crystal. The full cross-correlation function �rep-
resenting the pulse sequence� was recorded �Fig. 1�c�� by

FIG. 1. Schematic of the experimental setup. �a� A Michelson interferometer
with different path lengths introduces a delay between two pulses. �b� A
series of three Michelson interferometers generate a train of eight pulses. �c�
Measured temporal distribution of the pulse train containing eight pulses.
BS: Beam splitter; M: Mirror; B: Beam block. M2 and M3, M4 and M5
were slightly misaligned to avoid multiple back-reflections.
varying the time delay between the 1064 and 532 nm pulses
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and by recording the power of the UV radiation as a function
of the time delay between two pulses. All pulses were well
separated from each other and the whole pulse train had a
time span of less than 1 ns. By blocking one arm in one of
the Michelson interferometer assemblies, as shown in Fig.
1�b�, the number of pulses decreased by a factor of 2, leading
to a total of eight, four, two, or one pulse in the respective
pulse trains. The average energy for each pulse was 11 nJ.

We measured the amplitudes of the PA signals excited by
different numbers of pulses in the incident pulse train. Ink
dilutions at 10%, 20%, and 50% were used to make solutions
with different optical absorption coefficients. The results
shown in Fig. 2 clearly exhibit the linear dependence of PA
amplitude on the number of pulses. Moreover, this linear
dependency is also valid for samples with different optical
absorption coefficients. The mean random noise level was 4
mV. Note that when the illumination pulse train contained
only one pulse, the measured PA amplitudes were close to
the noise level for all the ink dilutions; however, as the num-
ber of pulses increased, the induced signal amplitude and,
thus, the SNR increased accordingly, which clearly demon-
strated the advantage of multiple-pulse excitation.

To exclude any possible nonlinear effects, we measured
the linearity of the induced PA amplitude on the incident
pulse energy. We used the eight-pulse train and attenuated
the incident light energy by a set of neutral density filters
�5215, New Focus, Santa Clara, CA�. As shown in Fig. 3�a�,
the PA signal amplitude is propositional to the incident pulse
energy and no nonlinear effect is evident.

To further exclude possible effects due to PA
saturation,18,19 we examined the dependence of PA signal
amplitude on the optical absorption coefficient of the me-
dium subject to the same illuminating pulse energy. Different
concentrations �0%, 10%, 20%, and 50%� of red ink samples
were used to vary the optical absorption coefficient. Ink
samples were illuminated by four and eight pulses and the
light energies were kept constant. As shown in Fig. 3�b�, PA
amplitude increases linearly with the ink concentration and
shows no PA saturation.

The above results demonstrate the advantage of applying
multiple-pulse excitation for PA imaging when ultrashort la-
ser pulses are required. While there is no significant benefit

FIG. 2. PA signal amplitude as a function of the number of the excitation
pulses.
for this technique in linear-optical-absorption-based PA im-

Medical Physics, Vol. 37, No. 4, April 2010
aging because the overall PA signal depends only on the total
absorbed energy and longer laser pulses ��ns� could be
used, multiple-pulse excitation could find several potential
applications in nonlinear PA imaging. In nonlinear PA imag-
ing based on two-photon11 or stimulated Raman absorption,12

we could potentially use a large number of ultrashort pulses
�each weak enough to prevent damage to the selected tissue
structure� to greatly improve the SNR and, thus, higher im-
aging quality. In our example, we used a series of only eight
pulses; however, the technology exists14,20,21 to increase the
number of pulses to a desired level to take the full advantage
of the SNR enhancement.

In summary, we demonstrated a technique that improves
the amplitude of the ultrashort pulse induced PA signal by
applying a train of laser pulses within 1 ns. Although this
technology was demonstrated for linear-optical-absorption-
based PA generation, we anticipate a greater impact on non-
linear PA imaging.
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