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Abstract— Diagnostic modalities by means of optical and/or
near infrared femtosecond radiation through biological media
can in principle be adapted to therapeutic applications. Of
specific interest are soft tissue diagnostics and subsequent
therapy through hard tissue such as bone. Femto-second laser
pulses are delivered to hydroxyapatite representing bone, and
photo-acoustic spectroscopy is presented in order to identify
the location of optical anomalies in an otherwise homogeneous
medium. Imaging through bone is being considered for
diagnostic, and potentially therapeutic, applications related to
brain tumors. The use of mesomeric optics such as lens-axicon
combinations is of interest to achieve the favorable distribution
of focused radiation. Direct therapy by increasing local
temperature to induce hyperthermia is one mode of brain
tumor therapy. This can be enhanced by seeding the tumor
with nanoparticles. Opto-acoustic imaging using femtosecond
laser radiation is a further opportunity for diagnosis.

I. INTRODUCTION

Application of pulsed laser radiation for photo-acoustic
imaging showed significant advantages recently with both
nanosecond and picosecond optical and near-infrared
radiation [1]. Ultra-short laser systems that generate femto-
and/or sub-pico-second pulses at rates of 80 MHz, and
recently at rates 1 to two orders of magnitude higher, allows
us to minimally or practically non-invasively diagnose
targeted tissue volumes. Both spatially and temporally
confined thermal expansion and relaxation is favorable with
femtosecond laser radiation. Typical temperature rise is on
the order of 1 micro-Kelvin for individual 7 nJ energy/pulse,
70 femtosecond diagnostic pulses as utilized in our studies [2,
3]. Increase in number of pulses and/or increase of average
irradiation power to a few tens of milli-Watts can result in a
local temperature increase on the order a few degrees Kelvin,
sufficient for therapy and or interaction with nanoparticles to
induce hyperthermia.

Ultrasonic waves emitted by irradiated tissue contain
information about the optical as well as mechanical
properties and/or abnormalities over and above thermal and
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mechanical  characteristics. ~ This  technique reveals
physiological and histological features, which provides a
platform for diagnostic imaging. Ultrasonic waves can be
detected with piezo-electric transducer arrays, and Radon
transform techniques can be applied for forensic tomography.
Femtosecond radiation is the tool for optical imaging in this
work [2] together with specific focusing arrangements that
include lens-axicon combinations. The temperature load in
tissue [3] is also studied.

II. PHOTO-ACOUSTIC IMAGING

A. Energy deposition

Absorption of laser radiation causes an increase in
temperature. The initial temperature rate of change and
magnitude is directly related to the pulse duration, and the
gradual decrease of the temperature depends on the initial
irradiance distribution and thermal diffusivity. Expansion of
the local medium results in a pressure pulse that emanates
from focus. Laser radiation that is not absorbed will diffuse
with no effect on acoustical signatures.

The energy deposition in the material will be spatially
defined by the laser light distribution if thermal confinement
occurs. This is satisfied when the laser pulse duration, (t,) is
less than the thermal relaxation time (t,). Specifically under
ultra-short (femtosecond) laser pulse irradiation, the stress
relaxation is faster than the thermal relaxation as indicated by
the condition:

Tp <Ts <Tp . (N

B.  Temperature and Pressure Rise

Even though the femto-second laser pulse causes a
temperature rise on the same time scale, a measurable
pressure variation is generated as well. The temporal (time: t)
temperature profile resulting from the laser irradiation is
described by the heat transfer equation as a function of
location (7):
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Here, H(x,y, z, t) is the absorbed electromagnetic energy
density that is converted into heat per unit volume, «
represents the thermal conductivity, g the thermal expansion
coefficient, and « is the thermal diffusivity. The solution to
equation 2 has been studied [3,4] with a source function
modeled by a Delta distribution. Subsequently, the associated
pressure rise,p (7,t) can be calculated using material
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the thermal coefficient of volume expansion and g is the
coefficient of thermal expansion [K1], [5],

s =F Af(” . 3)

For example, the isothermal compressibilit?r of
hydroxyapatite can be calculated to be about 8.5x107 Pa
using a density of 3,000 kg/m’ and a speed of sound of 6,250
m/s. A volume expansion coefficient of 20x10° K™, and a
temperature rise after interaction with a 7 nJ, 70 fs laser pulse
on the order of 2 pK [3], results in a pressure rate of change
on the order of 5 Pa during the application of the laser pulse.

The generation of a pressure wave and its consequent
propagation through the medium is governed by the non-
homogeneous wave equation,
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where, C, is the specific heat at constant pressure [J/kg.K],
and v is the speed of sound [cm/s] [4]. The amount of energy
that is absorbed resulting from deposition of laser energy
pulses depends on the optical properties of the material,
specifically, on the optical absorption coefficient u, [cm™]
and the laser energy fluence, W [J/cm®].

C. Photoacoustic Spectroscopy

The rapid absorption and associated localized temperature
rise result in an acoustic resonance in response to the
momentary pressure increase followed by rapid recoil of the
medium under irradiation. The acoustic wave generated by
the absorption of the laser radiation shows an acoustic
spectrum representative of the energy absorbed and the
respective dimensions of the constituents in the interaction
volume. As the acoustic spectrum migrates radially outward
through inhomogeneous tissue, the spectral profile will be
affected by acoustic filtering in the direction of observation.
Additional boundary conditions and the diversity of material
properties in the laser-tissue interaction volume will result in
a mixture of discrete and continuous spectral bands of
acoustic frequencies. These frequencies contain information
about the microscopic scale elements responsible for the
respective spectra. Measurement results and analysis by use
of Fourier transform techniques is further elaborated in
Section IV. B.

D. Advantages of Femtosecond Laser Radiation and
Femtosecond Spectroscopy

The advantages of femto-second laser pulses for precise
material processing is due to that fact that the interaction of
the ultra-short laser pulses with the target material is
thermally confined [6, 7], creating negligible thermal and
mechanical damage to the surrounding area during laser
imaging. The temperature profile can be modulated
temporally and spatially which is beneficial for photo-
acoustic imaging. Particularly in sensing and precise
treatment options, diminished pressure amplitudes are
important, otherwise cracks several tens of microns in size
would be generated, thus weakening the structural integrity.

III. MATERIALS AND METHODS

Laser light was delivered in femto- second mode in 40 ms
trains of femtosecond laser pulses at a rate of 76 MHz using
a Spectra Physics Tsunami Ti:Sapphire laser, operating at
820 nm with 7nJ energy per pulse and 70 fs pulse-width.
The investigations were performed on a hard tissue
configuration constructed from hydroxyapatite [8-9].
Various methods were utilized for characterization and
measurement of femto-second radiation [10-12].

The hydroxyapatite sample was used in a cubical
configuration that allowed us to conveniently place the
acoustic sensor placement as well as well-defined boundary
conditions for numerical analysis. Material insertions at
various depths were representative of optically and
mechanically well-defined soft-tissues. Optical perturbations
were introduced in predetermined locations within the solid
medium. The medium was composed of various fixed
diameter particle-aggregates, which scattered and had
selective absorption characteristics representative of specific
biological phenomena and features.

For characterization of the irradiance distribution, an
experimental study utilizes a lens-axicon doublet for beam
shaping both in diagnostic and therapy mode [13-14]. For the
experiments, a He-Ne laser radiation was used; however,
recent work confirms focusing modeling and characteristics
[14] also apply to femtosecond laser radiation [15]. Figure 1
shows the experimental arrangement.

Mirror 1

He-Ne Laser
. Tris
ND Filter Tris
Mirror 2 Spatial
Filter Lens Lens-Axicon ~ Camera

Figure 1: Experimental arrangement for accurate measurements of focal
irradiance distributions from lens-axicon doublets.

IV. RESULTS

A. Lens-Axicon Light Delivery

Measurement of the focal distribution is accomplished by
systematically moving the lens-axicon doublet and recording
images at the different positions. The expected lens-axicon
distribution, for a converging axicon is composed of a focal
line, followed by a focal ring. The qualitative behavior is
illustrated in a combined image obtained by moving a
reflecting card while illuminating the card with a strobe
light. Figure 2 illustrates the results.

Conversely, a diverging lens-axicon doublet shows
formation of a focal ring followed by a focal line. The
qualitative behavior of a diverging lens-axicon doublet can
be studied with a pulsed Nd:YAG laser (22 ns pulse width,
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23 m] energy/pulse) and burn-paper. Figure 3 shows

formation of the focal ring, as indicated by the arrow in the
second set near focus of the lens.

Figure 2: Qualitative converging lens-axicon focusing characteristics.
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Figure 3: Qualitative behavior of diverging lens-axicon doublet.

The radius, R, , of the focal ring can be calculated [14] from

Ro = (Maxicon — 1) Qaxicon f Q)

Here, f is the focal length of the lens, @y icon and Nayicon
are the apex angle and refractive index of the axicon,
respectively. For some physiological applications,
generation of a focal ring structure, followed by a line focus
may be preferred.

Detailed studies of the line and ring structure are further
reported to address qualitative and quantitative agreements.
We present results specifically for the focal line
characteristics of a converging lens-axicon. The theory
predictions of focusing characteristics [14] agree nicely with
experimental results. While the overall structure of focusing
characteristics can be predicted with geometric optics, i.e.,
focal line structure and focal ring structure, the detailed
predictions require the solution of diffraction integrals.
Figures 4 - 5 display experimental and matching theoretical

irradiance maps, respectively. We prefer a base 10 logarithm
pseudo-color scale to illustrate the results obtained with a
256 grey-level (8-bit) camera.
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Figure 4: Experimentally recorded characteristics in Lens Axicon focus.
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Figure 5: Computational results from evaluation of diffraction integrals
show good qualitative and quantitative agreement.

The lens-axicon light delivery provides the ideal vehicle
for targeted light delivery into a highly scattering medium
with minimized distortions resulting from dispersion and
scattering. This can result in a sharp reduction for the
radiance requirements of the probing source with inherent
lower risks for thermal and mechanical damage.

B. PhotoAcoustic Sensing

Scattering, absorption and acoustic spectral distribution
experiments [2-4, 8-12] with 70 fs laser pulses indicate
promise for light penetrating a phantom of hydroxyapatite
resembling hard tissues found in human anatomy. Figure 6
illustrates the recorded photo-acoustic spectrum.
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Figure 6: Fourier transform of the signal from a hydroxyapatite cube with
Intralipid scattering and attenuating solution in a preformed canal at 2 mm
from the surface.
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In the preliminary measurements [8], acoustic signatures
were recorded with respect to a hydroxyapatite phantom for
which localized perturbations were made with scattering and
absorbing constituents. An acoustical point source was
utilized near the phantom, and we studied the emanating
acoustical signals.

V. DISCUSSION

Lens-Axicon focusing has been proposed to achieve a
tightly focused acoustic source spot at a predetermined
location in the inhomogeneous tissue model [13].
Additionally, by increasing the energy/pulse, diagnostics can
be turned into a therapeutic mode including specific focusing
designs to induce hyperthermia and necrosis of brain tumors
[13]. The size of cancer cells has been found to be larger in
certain cancer tissue cells compared to the normal cell-line of
representative tissues under investigation [16-19]. The
dimensions of the cell nucleus carry an acoustic signature
that can be analyzed with spectral signal processing for
diagnostic value in cancer detection and localization.
Reconstruction of the acquired signals from multiple
locations will generate a tomographic image using techniques
such as Radon transform, to reveal microscopic details [20].

Femto-second laser radiation shows several advantages
over other radiation therapy [21], in part due to precise
control of spatial and temporal beam-shapes that is expected
to allow us to focus on specific areas of interest for radiation
dose. Augmentation of femto-second imaging and therapy
can be accomplished with nano-particles including, e.g.,
hybrid iron/gold nano-particles [22-24]. Most importantly,
the application of Bessel beams, or the use of lens-axicon
doublets, is expected to be favorable for interaction of short-
pulse radiation with tissue. Future studies are required to
show thermal loads [3] from individual and/or repetitive or
therapeutic short-pulsed laser radiation, and to explore
sustenance of intensity distributions [14] in tissue prior to
therapeutic application through hard tissue [21].

VL

The use of photo-acoustic imaging as well as coherent
imaging and ultra-short optical pulse spectroscopy show
promise for evolution into commercial sensing devices with
the likelihood of procurement of detailed tissue information.
With continuously growing numbers of imaging devices
there is still a gap between the clinical demand for detail and
the capabilities of delivering these in a timely fashion,
safely, and at a reasonable cost.

CONCLUSION
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