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High-resolution imaging of ultrasonic fields through a multimode optical fiber
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High-resolution ultrasound and photoacoustic imaging with flexible, lightweight probes is highly
desirable for applications ranging from handheld clinical diagnostics to minimally invasive endoscopy
and industrial inspection in confined environments. Piezoelectric transducer arrays, while widely used,
face limitations in resolution, bandwidth, and scalability. To overcome these limitations, we present an
approach that combines optical ultrasound detection using a Fabry-Pérot ultrasound sensor (FPUS) with
light delivery through a single multimode optical fiber (MMF), utilizing wavefront shaping for beam
control. This approach offers the capability to combine high-resolution imaging, a compact and flexible
form factor, and software-defined reconfigurable array read-out. We present a prototype imaging system
in which an FPUS is interrogated through a 200-um-core-diameter MMF supporting ~2000 spatial light
modes, and use this system to map the ultrasound fields produced by known transducers. We demon-
strate high-resolution, high-sensitivity ultrasonic field mapping, paving the way to a new class of versatile
handheld imaging devices and endoscopes in medicine and industry.

DOI: 10.1103/nrzh-hgsh

I. INTRODUCTION

High-resolution ultrasonic and photoacoustic imaging
using flexible, lightweight probes is highly desirable in
many application areas. These include handheld or min-
imally invasive medical imaging, intraoperative surgical
guidance [1], and industrial inspection in confined or hard-
to-reach environments [2]. Achieving this combination of
high-resolution imaging with a flexible and lightweight
form factor remains challenging: conventional piezoelec-
tric transducer arrays, while compact and widely used, face
limitations in spatial resolution, miniaturization, scalabil-
ity, and detection bandwidth [3]. Improving on the reso-
lution, bandwidth, and element count in handheld probes
could transform their utility in medicine and industry,
enabling, for example, clinical assessment of microvascu-
lar structure and function beyond the resolving power of
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existing probes. Simultaneously, increasing the resolution
and miniaturization of endoscopes could unlock new appli-
cations in minimally invasive disease monitoring (e.g.,
assessment of gastrointestinal cancers or vascular plaques),
surgical guidance, or nondestructive inspection through
narrow openings.

To address this unmet need, we present an imaging
approach that combines optical ultrasound detection with
light delivery and beam scanning through a single multi-
mode optical fiber. This advance enables versatile, high-
performance imaging in a format suitable for handheld
or endoscopic use, offering advantages in miniaturization,
scalability, and versatility over the existing state of the art.

The sensor used for optical ultrasound detection is a
Fabry-Pérot ultrasound sensor (FPUS) [4]. Compared with
other sensor types (e.g., piezoelectric arrays or CMUTs)
[5], these sensors offer an exceptional combination of high
resolution (<50 pm), broad bandwidth (>20 MHz), and
the potential for massively multiplexed detection (>10°
array elements) [6]. This capability has made the FPUS
attractive in areas such as ultrasound field characteriza-
tion [7], pulse-echo ultrasound imaging [8], and photoa-
coustic imaging in both microscopy [9] and tomography
[6] modes, with applications including the assessment of
breast cancer, diabetes, and arthritis identified [6].

Published by the American Physical Society
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In structure, an FPUS is a compressible optical micro-
cavity formed by two highly reflective planar mirrors
separated by a transparent polymer layer [4]. When illu-
minated by a laser, the cavity acts as an interferom-
eter, with wavelength-varying reflectivity that sharply
drops near specific resonance wavelengths determined
by cavity thickness. Incident ultrasound waves cause
transient changes in thickness, shifting the resonance
wavelengths and modulating the reflected optical power.
By interrogating the FPUS at a bias wavelength near
resonance, the local acoustic pressure can be mea-
sured. In practice, this means a planar FPUS can be
used as a virtual array of highly sensitive, broad-
band, and miniature ultrasound detectors by scanning
a focused laser beam across the sensor and mak-
ing measurements of the reflected power at each
position.

In most existing FPUS systems, the interrogation beam
is scanned across a centimeter-scale aperture using a series
of rotating mirrors and free space optics [4]. While these
setups can produce highly detailed images, their size
and complexity make their integration into handheld or
endoscopic devices challenging. Additionally, the struc-
ture of the interrogation beam (e.g., spot size) cannot be
adjusted in these systems without hardware modifications.
Recent interest in minimally invasive imaging using FPUS
technology has produced systems in which these sensors
are interrogated through multicore fiber bundles [10] or
rigid endoscopes [11], with in vivo imaging capability
demonstrated.

An alternative approach, taken in this work, is to inter-
rogate an FPUS through a multimode optical fiber (MMF),
capable of supporting many (>10°) independent chan-
nels through a single, narrow (<1 mm), flexible, and
lightweight fiber. Beam scanning and structuring through
the fiber is then achieved using a technique known as
wavefront shaping to precisely control light transmission
through the fiber [12].

Imaging through MMF offers numerous advantages.
In addition to their high mode density and flexibility,
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FIG. 1.

MMF are also low-cost and tolerant to extreme conditions,
including strong electromagnetic fields [13] and ioniz-
ing radiation [14], relevant, for example, for disposable
clinical probes or MRI-compatible imaging systems. For
these reasons, MMF-based imaging using wavefront shap-
ing has gained traction across various optical microscopy
modalities [15—-18], including probes incorporating mul-
tiple modalities [19]. Extending this technique to per-
form high-resolution acoustic field mapping through MMF
would represent a significant new capability in this area.
Furthermore, the programmable beam control offered by
wavefront shaping could allow the creation of fully
reconfigurable ultrasound detection arrays, e.g., switch-
ing between a matrix or linear probe, or between arrays
optimized for superficial or deep photoacoustic imag-
ing.

The concept of scalable all-optical ultrasound imaging
through MMF is illustrated in Fig. 1. An input field can
be found that, via propagation through MMF, evolves into
a beam that focuses to a particular location on the FPUS.
Thus, by coupling a sequence of precalibrated optical fields
into the MMF, a focused beam can be scanned across the
FPUS, enabling ultrasonic field mapping. A preliminary
demonstration of this approach [12] showed that spatially
resolved ultrasound measurements could be made using
an FPUS interrogated in this way. However, that work
relied on a genetic algorithm [20] for wavefront optimiza-
tion, requiring sequential optimization for each position.
This slowed calibration and limited the number of interro-
gated points. As a result, only four positions were sampled,
precluding high-resolution field mapping or imaging.

In this work, we demonstrate high-resolution ultrasound
field mapping through MMF using a transmission matrix
(TM) based approach to wavefront shaping [21]. This
method enables parallel calibration of the wavefronts for
thousands of focusing positions, allowing interrogation of
over 6000 points on the FPUS. We then evaluate our sys-
tem by mapping fields from known ultrasound sources
and discuss the implications for future devices using this
approach.

Scanned output beam

| / \ (( (Ultrasound

waves

Concept of an FPUS interrogated through a multimode optical fiber using wavefront shaping. Coupling an appropriately

chosen wavefront into the fiber results in a focused beam directed to a particular position on the sensor. Scanning this focus across the
sensor using a sequence of different wavefronts enables ultrasound fields to be mapped.
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II. METHODS

A. Experimental setup

The basis of the experimental system used to interro-
gate an FPUS through an MMF is the ability to generate
input wavefronts that produce focused spots on the sensor
surface. This is achieved using a spatial light modula-
tor (SLM) to control the phase of the input beam. Each
wavefront is designed so that the modes in the fiber inter-
fere constructively at a chosen location. To determine the
required wavefronts, the transmission matrix of the fiber is
measured. A schematic of the experimental setup used to
achieve this is shown in Fig. 2.

In this setup, a beam from a 1500—1600-nm-tunable-
wavelength interrogation laser (Santec TSL 570) is
expanded and used to illuminate a reflective liquid-crystal
SLM (Meadowlark 1920 x 1152 PCle), which provides
wavefront control. The modulated beam is then coupled
into the MMF using a series of three lenses arranged in a 6f
configuration: the first lens is placed one focal length from
the SLM to perform a Fourier transform of the modulated
field, and the subsequent two lenses relay and demagnify
this transformed field onto the proximal facet of the fiber.
The MMF has a core diameter of 200 um and a numer-
ical aperture (NA) of 0.2, supporting ~2000 modes at a
wavelength of 1550 nm. The NA of the third lens was
0.3, greater than that of the fiber. Combined with illumina-
tion of a sufficient area and number of pixels on the SLM,
this ensures that any combination of fiber modes could be
excited. The proximal facet of the MMF is slightly offset

Control Computer
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FIG. 2.

from the optic axis of the system, such that the Oth diffrac-
tion order does not enter the fiber and is filtered out. On
the distal side, a 4f imaging system and a beam splitter
project a magnified image of the fiber output onto both an
FPUS and a coplanar camera (Hamamatsu C10633), with
a magnification of 25x. In this configuration, the cam-
era effectively images the illumination on the FPUS and
enables TM measurement.

The FPUS used in this work was essentially the same in
structure as that described in Huynh et al. [6], comprised
of a 20-um-thick layer of Parylene-C between two dielec-
tric mirrors of reflectivity 98.5%, with a glass backing.
Deionized water was used as a coupling medium during
the ultrasonic field mapping experiments.

B. Wavefront shaping methods

To determine the wavefronts needed to focus at any
position on the illuminated region of the FPUS through
the MMF, a transmission matrix measurement approach
[21] was used. As optical transmission through the fiber
is linear, the relationship between any input field E; and
the corresponding output field E¢ can be expressed in the
following form:

E,, -+ hw E;
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Beam splitter

Schematic of the experimental setup used to map US fields through MMF. The MMF used had a core diameter of 200 um

and a numerical aperture of 0.2. The FPUS used comprised a 20-um Parylene-C spacer between two dielectric mirrors, with a glass
backing layer. The beam envelope of the total illuminated area is shown, rather than individual focused beams formed by wavefront

shaping.
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where T is the complex-valued transmission matrix with
elements #,,, that describes the amplitude and phase con-
tribution of the nth input mode to the mth output mode in
chosen bases.

The input basis chosen here was a set of beams focused
at different positions on the proximal fiber facet. These are
generated by displaying a phase grating on the SLM, with
each position corresponding to a grating with a particular
period and orientation. The canonical basis provided by the
pixels of the CCD camera was used as the output basis.

To measure the transmission matrix of the fiber in these
bases, a focused beam was scanned across an array of posi-
tions on the proximal fiber facet using the SLM. For each
input position, the phase and amplitude of the output field
on the camera were recorded holographically. A copropa-
gating reference [21] was generated by projecting a second
focused beam at a fixed position on the fiber using the
SLM. The advantage of this choice of reference is that no
portion of the SLM (or beam) needs to be dedicated to the
reference.

To focus light onto the kth camera pixel through the
MMF, the required wavefront E’; is computed using the
transmission matrix, i.e.,

E, =T, )

Here, I} is the kth column of the identity matrix. Assum-
ing the transmission matrix is approximately unitary, its
conjugate transpose T serves as an effective inverse. The
corresponding phase pattern to display is then obtained
by taking the Fourier transform of E}, since the SLM is
located in the Fourier plane of the fiber’s proximal facet.
This Fourier transform yields a complex-valued pattern,
with the amplitude information discarded by normalization
to obtain a phase-only pattern for display on the SLM.

In this work, the fiber TM was measured with ~6000
input modes, requiring 24 000 measurements (four per
mode to recover phase information via phase shifting
holography [21]). The full calibration process took around
40 min, limited primarily by the 10 Hz read-out speed of
the camera.

C. Ultrasound field mapping procedure

Ultrasound (US) field mapping was performed in essen-
tially the same way as ultrasound measurements presented
in prior work [12], apart from a bias wavelength estima-
tion. In this work, the single bias wavelength used across
the entire sensor surface was determined by illuminating
the sensor with an unshaped wavefront and measuring
an interferometer transfer function (ITF). The bias wave-
length was then taken as the wavelength of maximum
slope on the falling edge of the ITF. This bias wavelength
provides the maximum change in FPUS reflectivity with
acoustic pressure and, thus, the maximum sensitivity to
ultrasound.

The TM of the fiber was measured at this bias wave-
length (necessary due to the finite bandwidth of the TM),
and the phase patterns required to scan a focus across
the FPUS were calculated. Finally, these wavefronts were
sequentially displayed on the SLM. For each wavefront,
the time-varying power reflected from the FPUS was
recorded using a photodiode connected to an oscilloscope,
synchronized with an acoustic source via a trigger sig-
nal. Each of these measurements yields a single ultra-
sound time trace at a specific spatial position. Collectively,
these traces form a complete spatiotemporal map of the
ultrasound field.

II1. RESULTS
A. Wavefront shaping system

To interpret the system’s imaging performance, it is
important to first understand the quality of the optical foci
generated through the multimode fiber. The spatial reso-
lution, sensitivity, and uniformity of the ultrasound field
maps are all expected to depend on the ability of the
wavefront shaping system to deliver well-focused beams
to specific locations on the FPUS. To evaluate the sys-
tem’s focusing performance, experiments were performed
in which foci were generated in the plane of the FPUS and
the camera (equivalent to focusing at the distal fiber facet)
and images of the resulting optical fields were recorded.

Using the wavefront shaping method described in
Sec. 11, a focused beam was raster-scanned across a region
of the camera. For each focus position, images of the
optical field were captured. To enhance dynamic range, a
multiple exposure technique was employed: images taken
at varying laser powers were combined into a composite
image, allowing both high- and low-intensity features to
be visualized simultaneously.

Figures 3(a)-3(d) present representative images of the
optical fields generated by wavefront shaping, displayed
on a logarithmic scale to reveal both the bright focal spots
and the surrounding speckled background. The foci are
diffraction-limited, given the numerical aperture of the
fiber (diameter d~4 pum in the plane of the distal fiber
facet). In Figs. 3(a)-3(c), the foci are located in the fiber
core and the focus to background peak intensity contrast is
>1000. The image in Fig. 3(d) shows a relatively weaker
focus, located at a position on the fiber cladding, showing
that, in this setup, focusing through the fiber cladding was
also possible at lower efficiency. Note that the ability to
focus through the fiber cladding is expected to vary signifi-
cantly with conditions such as the length and bending state
of the fiber (due to variable losses and coupling between
core and cladding). As such, focusing through the cladding
is not expected to be of practical benefit for imaging under
most conditions.

To quantitatively assess focusing performance, the total
power delivered to the sensor and the fraction of this power
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Wavefront shaping performance. Example images of the fields produced when focusing through the (a)~(c) fiber core and

(d) cladding, shown on a logarithmic color scale. (¢) Total power transmitted through the fiber and the focal power ratio for a set of
beams focused at different positions on the fiber tip. Foci have been divided into core and cladding foci based on the marked intensity
threshold. The positions of the foci in each population are plotted in (f), compared with a maximum intensity projection of the images
of each beam profile in (g). (h) Histogram of the achieved focal power ratio and (i) total transmitted optical power through the fiber,

again with the core foci population separated.

contained in the optical focus were calculated. The focal
power was defined as the summed intensity within a 3 x 3-
pixel region centered on the brightest pixel in each image.
This region is equivalent to a 3.6 x 3.6-pum region on the
distal fiber facet, approximately equal to the diffraction
limit given the numerical aperture of the fiber. These met-
rics are plotted for each focus in Fig. 3(e). To separate the
foci transmitted from the fiber core from those transmitted
through the cladding, we apply a specific threshold on the
total transmitted power threshold, as marked in Fig. 3(e).

Figure 3(f) shows a spatial distribution of the foci, color-
coded according to the threshold-based classification. For
comparison, Fig. 3(g) presents a maximum intensity pro-
jection of all the recorded beam profiles. The nearly regular
grid of points, which are bounded by a circular aperture,
corresponds to the fiber’s cladding. A distinct inner bound-
ary, visible in both Figs. 3(f) and 3(g), marks the transition
between the brighter core foci and the dimmer cladding
foci, confirming that the power threshold effectively dis-
tinguishes the two regions. A dark region is also visible in
the upper right-hand side of these plots, caused by a defect
on the distal fiber facet.

Figure 3(e) shows that the total power transmitted
through the fiber is relatively constant between the core
foci (<20% variation), while the focal power ratio varies
more significantly. To aid interpretation, these quantities
are plotted in histograms in Figs. 3(i) and 3(h). The power
ratio of the core foci exhibits a right-skewed distribu-
tion, with a modal power ratio of 0.4. The variability
of the focal power ratio is partially attributed to the use
of a copropagating reference for TM measurement, as
discussed in Appendix A.

The results presented in this section demonstrate that
the wavefront shaping system can form diffraction-limited
foci at any position on the distal fiber facet, with all foci
accompanied by a speckled optical background. The power
ratio when focusing through the core was typically in the
range 0.3—0.5. As this is less than 1, both the wavefront
shaping-formed focus and background light are expected
to contribute to the measured ultrasound signals.

B. Ultrasonic field mapping

To demonstrate high-resolution ultrasonic field map-
ping through MMF, experiments were performed in which
the sensor was insonified with known ultrasonic fields,
which were mapped by scanning an optical focus across
the sensor.

1. Planar ultrasound transducer

First, the FPUS was insonified by a 3.5 MHz planar
ultrasound transducer with a diameter of 50.8 mm, driven
by a pulsed signal generator. This transducer was mounted
such that its orientation could be adjusted, allowing the
angle of the planar wavefront to be varied. To facilitate
later sensitivity characterization, this transducer and signal
generator had been previously calibrated, so that the pres-
sure generated by the transducer was known (as detailed in
Zhang et al. (2008) [4]).

The ultrasound field produced by this transducer was
recorded across a ~5.4-mm-diameter region of the FPUS.
This involved raster scanning a focused interrogation beam
across this region using wavefront shaping, with a step
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FIG. 4. Ultrasound field maps recorded using the FPUS inter-
rogated through MMF. (a) Maximum intensity projection of the
US field recorded when the sensor was insonified at normal inci-
dence. Cross-sections through the recorded field along the (b)
vertical and (c) horizontal axis of (a). (d)~«(f) Maximum intensity
projection and cross-sections as in (a)—(c), for the field recorded
when the FPUS was insonified at an angle of ~26°. The planar
wavefront and subsequent edge waves are marked with (i) and
(ii), respectively.

size of 60 pm. At each position, a time-resolved ultra-
sound signal was recorded, as described in Sec. II C. The
full dataset provided a spatiotemporal map of the acoustic
field. This procedure was repeated for multiple transducer
orientations to capture wavefronts at different angles of
incidence. The time taken to record each ultrasound field
was approximately a minute, with this speed determined
by the ~100 Hz refresh rate of the SLM.

Figure 4 presents two representative examples of
recorded ultrasound field maps, each corresponding to a
different angle of incidence of the planar wavefront. In
Figs. 4(a)-4(c), the wavefront is normally incident on
the FPUS. The maximum intensity projection [Fig. 4(a)]
reveals two concentric regions of signal intensity, i.e.,
higher in the core and lower in the cladding, consistent
with the fiber structure. Cross-sections [Figs. 4(b) and 4(c)]
show a tripolar wavefront arriving at ~9.5 ps, along with
edge waves that converge near the center of the field of
view and then diverge, matching the expected field pattern
of the transducer.

Figures 4(d)>4(f) show the recorded ultrasound field
when the planar wavefront is incident at an angle (~26°).
The maximum intensity projection [Fig. 4(d)] again
reveals concentric regions, with a stronger maximum sig-
nal intensity in the core. Cross-sections [Figs. 4(e) and
4(f)] display a tilted tripolar wavefront and associated edge
waves, consistent with the angled insonification. Unlike
the previous case, the signal intensity varies locally across
the field of view. Given that the FPUS is insonified with a
uniform ultrasound plane wave, this variation is likely due

—_
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FIG. 5. Focused ultrasound field maps. (a),(c),(e) Maximum

intensity projections and (b),(d),(f) cross-sections of the US fields
recorded when the FPUS was insonified by a focused ultra-
sound transducer at three different transducer-sensor separation
distances. The distances used were greater than (a),(b), approx-
imately equal to (c),(d), and less than (e),(f) in relation to the
transducer focal distance.

to variation in the sensitivity of the system between dif-
ferent interrogation beams. This variation, and its presence
only under angled insonification, is explained by a spatial-
averaging-based model of FPUS directivity, as discussed
in Sec. IV.

2. Focused ultrasound transducer

To demonstrate field mapping of nonplanar ultrasound
fields, the system was used to map the output of a high-
frequency focused ultrasound transducer. The transducer
had a center frequency of 30 MHz, a diameter of 12.7 mm,
and a focal length of /' = 19.05 mm, and was mounted such
that the distance between the FPUS and transducer could
be varied. Again, the transducer was driven by a pulsed
signal generator. The ultrasound field maps were recorded
for different transducer-sensor separation distances in the
same way as described previously, with the same spatial
sampling density and field of view.

Three of these recorded ultrasound fields are shown in
Fig. 5, with the sensor positioned in planes above, close
to, and below the transducer focal plane. The maximum
intensity projections of each of these ultrasound fields are
shown in the top row of Fig. 5, with the corresponding field
cross-sections shown in the bottom row. In each case, the
cross-section is through the center of the region shown in
the corresponding maximum intensity projection, along the
vertically displayed axis.

The recorded field maps exhibit the expected features
of a focused ultrasound beam. In the maximum intensity
projections and cross-sections, weak spatial confinement
is observed when the sensor is positioned above or below
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the focal plane [Figs. 5(a), 5(b), 5(e), and 5(f)], while
strong confinement is evident at the focal plane [Figs.
5(c) and 5(d)]. As anticipated, the wavefront curvature
transitions from positive (with a leading positive-pressure
peak) above the focus to negative (with a leading negative-
pressure trough) below the focus.

In addition to these features, a weak planar wavefront is
observed in each ultrasound field cross-section. The arrival
time of this weak planar wavefront coincides with the most
intense, shallow-angle portion of the curved wavefronts.
This artifact arises from background light not confined to
the wavefront shaping-generated focus, which is discussed
in Sec. IV.

3. Sensitivity

To evaluate the sensitivity of the system, its noise equiv-
alent pressure (NEP) was measured. The procedure for this
NEP measurement follows that presented in Zhang et al.
[4], using the same calibrated 3.5 MHz planar transducer
used in the field maps shown in Fig. 4. The transducer
was angled at 15° to the sensor, to prevent significant
contribution from light outside the region of the focus
for the recorded signals (confirmed by the absence of a
strong planar artifact). This NEP measurement procedure
was repeated across an array of ~3000 focus positions
within the fiber core, and the modal RMS NEP was found
to be 240 Pa over a 20 MHz bandwidth. This is slightly
higher than values previously reported for planar FPUS
[4]. A small reduction in sensitivity is expected, given that
the focal power ratio is <1, which is consistent with this
result.

IV. DISCUSSION

The primary outcome of this study is the demonstration
that high-resolution, high-sensitivity ultrasound field map-
ping can be performed by interrogating an FPUS through
MMF using wavefront shaping. In addition to this central
result, several secondary findings and technical considera-
tions warrant further discussion. These can be grouped into
three main areas: (1) the directional response of the FPUS,
interpreted through a spatial averaging model, (2) opportu-
nities for improving wavefront shaping capability in terms
of speed and focus quality, (3) practical design consider-
ations for implementing this approach in real-world sys-
tems, and (4) the prospects for fully reconfigurable array
read-out.

In terms of the directional response of the sensor, the
results presented in Sec. III B showed that, for oblique
ultrasound waves, sensitivity varied noticeably between
interrogation positions while, for normally incident ultra-
sound waves, the sensitivity was relatively uniform. Addi-
tionally, weak planar artifacts were observed under certain
conditions. Both effects can be explained using a simple
model of FPUS sensitivity based on spatial averaging [22].
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FIG. 6. [Illustrative example of FPUS directivity profiles sim-
ulated using a spatial averaging model [22], under interrogation
by a (a) 100-pm-diameter Gaussian beam, (b) a 5-mm-diameter
speckle pattern, and (c) a beam composed of a sum of a 100-pum-
diameter Gaussian beam and a 5-mm-diameter speckle pattern.
In (c), each beam component carries 50% of the total optical
power. The FPUS used in these simulations had a 40-um-thick
spacer layer, equivalent to a 20-pm-thick spacer with a glass
backing [23]. Interrogation beam patterns were generated by
modeling light propagation through a 200 pm core diameter, an
NA of 0.2, and the MMF used in Jolab [24].

In short, this model states that the signal recorded
by an FPUS is the weighted average of the ultrasound
pressure across the illuminated region, with weights deter-
mined by the local optical intensity. As a result, large
interrogation beams are primarily sensitive to ultrasound
waves near normal incidence since contributions from
oblique angles self-cancel. In contrast, small interroga-
tion beams remain sensitive to ultrasound waves over
a broad angular range. This behavior is illustrated in
Figs. 6(a) and 6(b), which show simulated directional-
and frequency-dependent sensitivity profiles for an FPUS
interrogated using 100-pm- and 5-mm-diameter Gaussian
beams, respectively.

Interrogating an FPUS through MMF using wavefront
shaping introduces additional complexity due to the
beam’s dual structure: a tightly focused core and a broader
speckled background. The focused component provides
broad angular sensitivity while the background, illumi-
nating a larger area, has a narrower directional response.
Together, they yield a composite sensitivity profile: high
near normal incidence (where both components contribute)
and moderate over a wider angular range (where only the
focus contributes). Figure 6(c) illustrates an example of
this hybrid directivity. In this example, the response of
an FPUS interrogated by a 100-pm-Gaussian focus and
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a 5-mm-speckled background was simulated, with each
component contributing 50% of the beam power.

This interpretation of the directional response of an
FPUS is consistent with the results in Sec. III B. At normal
incidence, signal amplitude scales with total beam power,
producing a relatively uniform maximum intensity projec-
tion [Fig. 4(a)]. At oblique angles, only the focused com-
ponent contributes significantly, and variations in focal
power across the field lead to a nonuniform maximum
intensity projection [Fig. 4(d)]. This hybrid directivity also
explains the weak planar artifacts, as seen in Fig. 5, which
result from overestimation of the signal amplitude from
normally incident wavefronts. In some applications with
complex ultrasonic wavefronts, e.g., in vivo photoacous-
tic tomography, these artifacts may be negligible. In other
applications, e.g., ultrasound field mapping for calibration
purposes, these artifacts are not negligible and will require
mitigation strategies. These could include an improved
power ratio (ideally very close to 1) or applying correc-
tions to recorded fields based on the modeled or measured
directivity of the system [25].

Second, while the wavefront shaping system enabled
practical high-resolution field mapping, there remains
room for improvement in both focus power ratio and cal-
ibration speed. Two straightforward modifications, i.e.,
replacing the internal reference with an external reference
and controlling the polarization of the light coupled into
and out of the fiber, could improve the focus power ratio.
The choice of reference and the resulting system trade-offs
are discussed in Appendix A. Using these methods, power
ratios as high as 0.96 have been reported [26]. In this sys-
tem, this would translate to a sensitivity improvement of
~2x and would reduce the power contained in the back-
ground light by ~15x, effectively eliminating any planar
artifacts.

In terms of calibration speed, the TM-based approach
to wavefront shaping enabled parallelized measurement
of all the required wavefronts in ~40 min, which repre-
sents a reduction in calibration time for practical imaging
of >1000x compared with prior work using a genetic
algorithm. The primary remaining limitation on the cal-
ibration time was the slow read-out speed of the cam-
era (~10 Hz), followed by the refresh rate of the SLM
(~100 Hz). Substituting a high-speed camera and using a
>20 kHz amplitude modulating digital micromirror device
in an off-axis configuration [27-29] for wavefront con-
trol could reduce the calibration time to under a sec-
ond. Alternatively, recently developed fast MEMS-based
phase modulators may be able to achieve these calibration
speeds without the loss of optical efficiency imposed by
amplitude-only modulators [30], and compressive sensing
methods [31] may allow further acceleration.

The time taken to map US fields was substantially
faster than the calibration time, only limited by the SLM
refresh rate, with a ~5.4-mm-diameter field of view

mapped in approximately a minute using a step size of
60 um. However, this imaging time could still be sig-
nificantly improved. Imaging speed could be straightfor-
wardly enhanced by increasing the sampling step size, at
the cost of resolution. Using a ~30 kHz digital micromirror
device for beam control would significantly reduce imag-
ing times, enabling <100 ms mapping of centimeter-scale
fields of view for video-rate imaging. Compressive meth-
ods [32] could further reduce this imaging time or enable
fast mapping of larger fields of view at higher resolution.

Third, three practical features of the prototype imaging
system used warrant discussion. First, the detection pho-
todiode was located on the distal side of the fiber. This is
suitable for some applications (e.g., handheld imaging) but
not for others (e.g., narrow endoscopes). Moving the detec-
tion photodiode to the proximal side of the fiber would
require suppression of the parasitic interferometer formed
by fiber end facets, via angle-polishing or antireflection
coatings. Second, the FPUS required uniform thickness
due to the need to select a single bias wavelength for TM
calibration. This requirement could be relaxed by adopt-
ing broadband TM calibration methods [33,34]. Third, the
MMEF used in this work needed to remain static in a single
bending configuration for TM calibration and field map-
ping. The reason for this, as in other MMF-based systems,
is that the TM of the fiber is highly bend-sensitive. For
rigid imaging probes (e.g., needle encased endoscopes),
this is acceptable but, for a fully flexible imaging system, a
method of bending compensation would need to be incor-
porated. Several promising approaches have been reported
in recent years. One class of method relies on the measure-
ment of a library of TMs in different bending states and
then determining the appropriate TM to use dynamically
during use (e.g., via a virtual guide star or directly from
image contrast) [35,36]. Others include methods based
on predicting the necessary wavefront corrections using
known fiber geometry [37], dynamic recalibration of the
fiber TM using guide stars and fiber correlations [38], and
the use of graded index fibers more tolerant to bending
[39]. Future work could explore which is most practical
for FPUS interrogation.

Finally, the use of wavefront shaping to interrogate
an FPUS through an MMF introduces the potential for
software-defined, reconfigurable sensor read-out, with
dynamic control over the interrogation beam. In the cur-
rent implementation, a copropagating reference is used
for transmission matrix measurement, which limits beam
shaping to focused beams (or multifocal patterns). This is
due to unknown phase offsets introduced by the spatially
varying reference, which are constant across each row
of the measured transmission matrix but differ between
rows. While sufficient for high-resolution mapping, this
prevents fully arbitrary beam shaping. Switching to an
external reference would remove these offsets, enabling
fully reconfigurable sensor interrogation. Straightforward
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applications could include switching between linear and
matrix array configurations using line beams and point
foci, respectively. Structured interrogation could also be
used to adjust the trade-off between FPUS sensitivity and
directivity [22,40,41] by altering the interrogation spot size
or structure, or to eliminate the need for expensive tunable
interrogation lasers via angle-based bias control [42].

V. CONCLUSIONS

In summary, an ultrasound field mapping system based
on interrogating an FPUS through MMF was presented,
in which a focus beam is scanned across the sensor using
wavefront shaping-calibrated wavefronts.

Experiments mapping known ultrasound sources demon-
strated that this method is capable of high-resolution
ultrasound field mapping through an optical fiber, with
only a small sensitivity penalty relative to conventional
FPUS-based systems (due to imperfect optical focusing).
To interpret the system’s directional response, we intro-
duced an explanation based on spatial averaging [22],
which offers a framework for understanding and correct-
ing observed artifacts. Validating and refining this model
could form an avenue for future work.

By enabling high-resolution ultrasound field mapping
through a single, narrow multimode optical fiber, this
work lays the foundation for a new class of high-
performance, compact, and versatile imaging devices.
These systems would combine the advantages of high-
performance FPUS-based platforms, such as high sensitiv-
ity, broad bandwidth, fine spatial sampling, and large-scale
detection arrays, with the compactness and flexibility of
piezoelectric devices. In addition, the ability to dynami-
cally adjust the sensing configuration could allow a single
device to meet the requirements of several imaging appli-
cations. Modified versions of the system presented here,
with the FPUS mounted directly on the fiber tip, could
also achieve extraordinary sampling resolution (<1 pm)
for applications at high acoustic frequency (>100 MHz).
As such, devices based on this work could unlock a wide
range of new applications, from industrial inspection in
confined spaces to minimally invasive medical imaging in
the gastrointestinal or vascular systems or handheld, high-
resolution and MRI-compatible clinical photoacoustic and
ultrasonic imaging.
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APPENDIX A: WAVEFRONT SHAPING PHASE
REFERENCE

As described in Sec. III A, the quality of optical focus-
ing through the multimode fiber varied across the sensor
surface, with implications for ultrasound sensitivity. The
expectation was that the copropagating reference was at
least partially responsible for this variability: since the ref-
erence beam is speckled, the poor signal-to-noise ratio in
dark regions degrades phase recovery.

To explore this fact, experiments were performed in
which the fiber TM was measured using different choices
of copropagating reference, and spatial variation in focus-
ing performance was measured. This entailed repeating the
TM measurement procedure from Sec. II B with reference
beams generated by coupling a beam into different posi-
tions on the proximal fiber facet. Focusing performance
with each TM was then evaluated by scanning a focus
across a grid of positions on a camera positioned on the
distal side of the fiber (as in Fig. 2) and recording images.
To ensure a full sampling of the positions on the distal
facet of the fiber, the grid pitch was 30 um for the cam-
era, equivalent to 1.2 um for the distal fiber facet (less than
the diffraction limit).

Three illustrative maximum intensity projections, from
the images recorded via three different TMs, are shown in
Fig. 7. The relevant TMs were recorded with references
generated by beams focused near the fiber core, at approx-
imately two-thirds of the distance between fiber core and
cladding and near the boundary of the fiber cladding in
the projections shown in (a), (b), and (c). Each pixel in
these maximum intensity projections provides the highest
intensity that can be achieved when attempting to focus
at the corresponding position, essentially giving a map of
focusing performance.

The focusing performance map in each case has a struc-
ture similar to that of a speckle pattern. Different refer-
ence positions provide various performance maps, with the
structure of each performance map matching the expected
structure of the speckle produced by a focused beam cou-
pled into the fiber at the relevant position. For example,
the map shown in Fig. 7(a) shows the larger speckle grain
size and radial structure expected for a speckle pattern pro-
duced by coupling a focused beam into the center of the
fiber.
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FIG. 7. Spatial maps of the maximum focusing performance
achieved when using different copropagating references for the
TM measurement. Reference beams were generated by coupling
a focused beam into the fiber at positions (a) at the center of the
fiber core, (b) two-thirds of the way between the center and the
edge of the fiber core, and (c) near the edge of the fiber core.

These results confirm that the spatial variation in the
intensity of the copropagating reference did substantially
contribute to variable wavefront shaping performance.
This result points to a trade-off in system design: compared
with an external phase reference, a copropagating refer-
ence significantly simplifies the optical setup, at the cost
of more variable focusing performance and the inability
to create arbitrary structured beams. An alternative would
be to make multiple TM measurements using different
copropagating references, improving the focusing perfor-
mance and maintaining the simpler optical setup at the cost
of increased numbers of measurements [43]. These results
also show that it is important to appropriately choose the
copropagating reference. For example, the reference beam
generated by coupling light close to the center of the fiber
gave notably more regions of poor focusing. Finally, it
may be possible to mitigate the effect of variable focusing
performance on ultrasound field mapping without increas-
ing optical complexity by using a nonuniform array of
sensing positions chosen to avoid areas of poor focusing
performance.

[1] S. Sooklal and P. Chahal, Endoscopic ultrasound, Surg.
Clin. 100, 1133 (2020).

[2] B. W. Drinkwater and P. D. Wilcox, Ultrasonic arrays for
non-destructive evaluation: A review, NDT&E Int. 39, 525
(2006).

[3] R. Manwar, K. Kratkiewicz, and K. Avanaki, Overview of
ultrasound detection technologies for photoacoustic imag-
ing, Micromachines 11, 692 (2020).

[4] E. Zhang, J. Laufer, and P. Beard, Backward-mode mul-
tiwavelength photoacoustic scanner using a planar Fabry-
Pérot polymer film ultrasound sensor for high-resolution
three-dimensional imaging of biological tissues, Appl. Opt.
47, 561 (2008).

[5] J. A. Guggenheim, T. J. Allen, O. O. Ogunlade, and P.
Beard, High sensitivity detectors in photoacoustic imaging:
How close are we to the ultimate limits of NEP?, in Photons
Plus Ultrasound: Imaging and Sensing 2025 (SPIE, 2025),
pp. PC1331900.

[6] N. T. Huynh, E. Zhang, O. Francies, F. Kuklis, T. Allen,
J. Zhu, O. Abeyakoon, F. Lucka, M. Betcke, J. Jaros,
S. Arridge, B. Cox, A. A. Plumb, and P. Beard, A fast
all-optical 3D photoacoustic scanner for clinical vascular
imaging, Nat. Biomed. Eng. 9, 638 (2024).

[7] E. Martin, E. Z. Zhang, J. A. Guggenheim, P. C. Beard,
and B. E. Treeby, Rapid spatial mapping of focused ultra-
sound fields using a planar Fabry—Pérot sensor, IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 64, 1711 (2017).

[8] K. Pham, S. Noimark, N. Huynh, E. Zhang, F. Kuklis, J.
Jaros, A. Desjardins, B. Cox, and P. Beard, Broadband all-
optical plane-wave ultrasound imaging system based on
a Fabry—Pérot scanner, IEEE Trans. Ultrason. Ferroelectr.
Freq. Control 68, 1007 (2021).

[9] E. Baumann, U. Pohle, E. Zhang, T. Allen, C. Villringer,
S. Pulwer, H. Gerhardt, and J. Laufer, A backward-mode
optical-resolution photoacoustic microscope for 3D imag-
ing using a planar Fabry-Pérot sensor, Photoacoustics 24,
100293 (2021).

[10] R. Ansari, E. Z. Zhang, A. E. Desjardins, and P. C.
Beard, All-optical forward-viewing photoacoustic probe
for high-resolution 3D endoscopy, Light: Sci. Appl. 7, 75
(2018).

[11] R. Ansari, E. Z. Zhang, A. E. Desjardins, and P. C. Beard,
Miniature all-optical flexible forward-viewing photoacous-
tic endoscopy probe for surgical guidance, Opt. Lett. 45,
6238 (2020).

[12] B. Keenlyside, D. Marques, N. Redgewell, M. Cherkashin,
E. Zhang, P. Beard, and J. Guggenheim, Spatially resolved
readout of a Fabry—Pérot ultrasound sensor interrogated
through a multimode optical fiber using wavefront shaping,
Appl. Phys. Lett. 123,201108 (2023).

[13] F. Taffoni, D. Formica, P. Saccomandi, G. D. Pino, and
E. Schena, Optical fiber-based MR-compatible sensors for
medical applications: An overview, Sensors 10, 14105
(2013).

[14] S. Coenen and M. Decreton, Feasibility of optical sens-
ing for robotics in highly radioactive environments, IEEE
Trans. Nucl. Sci. 40, 851 (1993).

[15] Y. Choi, C. Yoon, M. Kim, T. D. Yang, C. Fang-Yen, R. R.
Dasari, K. J. Lee, and W. Choi, Scanner-free and wide-field
endoscopic imaging by using a single multimode optical
fiber, Phys. Rev. Lett. 109, 203901 (2012).

[16] S. Ohayon, A. Caravaca-Aguirre, R. Piestun, and J.
J. DiCarlo, Minimally invasive multimode optical fiber
microendoscope for deep brain fluorescence imaging,
Biomed. Opt. Express 9, 1492 (2018).

[17] D. Stellinga, D. B. Phillips, S. P. Mekhail, A. Selyem, S.
Turtaev, T. Cizmar, and M. J. Padgett, Time-of-flight 3D
imaging through multimode optical fibers, Science 374,
1395 (2021).

[18] A. M. Caravaca-Aguirre, S. Singh, S. Labouesse, M. V.
Baratta, R. Piestun, and E. Bossy, Hybrid photoacoustic-
fluorescence microendoscopy through a multimode fiber
using speckle illumination, APL Photonics 4, 096103
(2019).

[19] S. Mezil, A. M. Caravaca-Aguirre, E. Z. Zhang, P.
Moreau, I. Wang, P. C. Beard, and E. Bossy, Single-shot
hybrid photoacoustic-fluorescent microendoscopy through
a multimode fiber with wavefront shaping, Biomed. Opt.
Express 11, 5717 (2020).

054043-10


https://doi.org/10.1016/j.suc.2020.07.003
https://doi.org/10.1016/j.ndteint.2006.03.006
https://doi.org/10.3390/mi11070692
https://doi.org/10.1364/AO.47.000561
https://doi.org/10.1038/s41551-024-01247-x
https://doi.org/10.1109/TUFFC.2017.2748886
https://doi.org/10.1109/TUFFC.2020.3028749
https://doi.org/10.1016/j.pacs.2021.100293
https://doi.org/10.1038/s41377-018-0070-5
https://doi.org/10.1364/OL.400295
https://doi.org/10.1063/5.0166826
https://doi.org/10.3390/s131014105
https://doi.org/10.1109/23.256673
https://doi.org/10.1103/PhysRevLett.109.203901
https://doi.org/10.1364/BOE.9.001492
https://doi.org/10.1126/science.abl3771
https://doi.org/10.1063/1.5113476
https://doi.org/10.1364/BOE.400686

HIGH-RESOLUTION IMAGING OF ULTRASONIC FIELDS...

PHYS. REV. APPLIED 24, 054043 (2025)

[20] D. B. Conkey, A. N. Brown, A. M. Caravaca-Aguirre, and
R. Piestun, Genetic algorithm optimization for focusing
through turbid media in noisy environments, Opt. Express
20, 4840 (2012).

[21] S. M. Popoff, G. Lerosey, R. Carminati, M. Fink, A. C. Boc-
cara, and S. Gigan, Measuring the transmission matrix in
optics: An approach to the study and control of light prop-
agation in disordered media, Phys. Rev. Lett. 104, 100601
(2010).

[22] B. T. Cox and P. C. Beard, The frequency-dependent direc-
tivity of a planar fabry-pérot polymer film ultrasound sen-
sor, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 54,
394 (2007).

[23] P. C. Beard, F. Perennes, and T. N. Mills, Transduc-
tion mechanisms of the Fabry-Pérot polymer film sensing
concept for wideband ultrasound detection, IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 46, 1575 (1999).

[24] D. Marques, J. Guggenheim, and P. R. Munro, Jolab a
free and open-source software to simulate light propaga-
tion in optical systems, in Three-Dimensional and Multidi-
mensional Microscopy: Image Acquisition and Processing
XXVIII (SPIE, 2021), Vol. 11649.

[25] M. Dantuma, F. Lucka, S. Kruitwagen, A. Javaherian, L.
Alink, R. van Meerdervoort, M. Nanninga, T. Root, B. De
Santi, and J. Budisky, Fully three-dimensional sound speed-
corrected multi-wavelength photoacoustic breast tomogra-
phy, arXiv preprint arXiv:2308.06754 (2023).

[26] A.D. Gomes, S. Turtaev, Y. Du, and T. CiZmar, Near per-
fect focusing through multimode fibres, Opt. Express 30,
10645 (2022).

[27] S. A. Goorden, J. Bertolotti, and A. P. Mosk, Superpixel-
based spatial amplitude and phase modulation using a
digital micromirror device, Opt. Express 22, 17999 (2014).

[28] D. B. Conkey, A. M. Caravaca-Aguirre, and R. Piestun,
High-speed scattering medium characterization with appli-
cation to focusing light through turbid media, Opt. Express
20, 1733 (2012).

[29] B. R. Brown and A. W. Lohmann, Complex spatial filtering
with binary masks, Appl. Opt. 5, 967 (1966).

[30] J. C. Rocha, T. Wright, U. G. Butaité, J. Carpenter, G. S.
Gordon, and D. B. Phillips, Fast and light-efficient wave-
front shaping with a MEMS phase-only light modulator,
Opt. Express 32, 43300 (2024).

[31] S. Li, C. Saunders, D. J. Lum, J. Murray-Bruce, V. K.
Goyal, T. Cizméar, and D. B. Phillips, Compressively sam-

pling the optical transmission matrix of a multimode fibre,
Light: Sci. Appl. 10, 88 (2021).

[32] N. Huynh, E. Zhang, M. Betcke, S. Arridge, P. Beard, and
B. Cox, in Photons Plus Ultrasound: Imaging and Sensing
2014 (SPIE, 2014), pp. 321-325.

[33] J. Carpenter, B. J. Eggleton, and J. Schréder, Observation
of Eisenbud—Wigner—Smith states as principal modes in
multimode fibre, Nat. Photonics 9, 751 (2015).

[34] S.-Y. Lee, V. J. Parot, B. E. Bouma, and M. Villiger, Effi-
cient dispersion modeling in optical multimode fiber, Light:
Sci. Appl. 12, 31 (2023).

[35] Z. Wen, Z. Dong, Q. Deng, C. Pang, C. F. Kaminski, X.
Xu, H. Yan, L. Wang, S. Liu, J. Tang, W. Chen, X. Liu,
and Q. Yang, Single multimode fibre for in vivo light-
field-encoded endoscopic imaging, Nat. Photonics 17, 679
(2023).

[36] S. P. Mekhail, in Complex Light and Optical Forces XIX
(SPIE, 2025), pp. PC133930K.

[37] M. Ploschner, T. Tyc, and T. Cizmar, Seeing through
chaos in multimode fibres, Nat. Photonics 9, 529
(2015).

[38] S. Li, S. A. R. Horsley, T. Tyc, T. Cizmar, and D.
B. Phillips, Memory effect assisted imaging through
multimode optical fibres, Nat. Commun. 12, 3751
(2021).

[39] D. E. Boonzajer Flaes, J. Stopka, S. Turtaev, J. F. de Boer,
T. Tyc, and T. Cizmar, Robustness of light-transport pro-
cesses to bending deformations in graded-index multimode
waveguides, Phys. Rev. Lett. 120, 233901 (2018).

[40] D. M. Marques, J. A. Guggenheim, R. Ansari, E. Z. Zhang,
P. C. Beard, and P. R. T. Munro, Modelling Fabry-Pérot
etalons illuminated by focussed beams, Opt. Express 28,
7691 (2020).

[41] J. Czuchnowski and R. Prevedel, Adaptive optics enhanced
sensitivity in Fabry-Pérot based photoacoustic tomography,
Photoacoustics 23, 100276 (2021).

[42] P. C. Beard, Two-dimensional ultrasound receive array
using an angle-tuned Fabry-Pérot polymer film sensor for
transducer field characterization and transmission ultra-
sound imaging, IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 52, 1002 (2005).

[43] P. Jakl, M. Siler, J. Jezek, A Cifuentes, J. Trigardh, P.
Zemanek, and T. Cizmar, Endoscopic imaging using a
multimode optical fibre calibrated with multiple internal
references, Photonics 9, 37 (2022).

054043-11


https://doi.org/10.1364/OE.20.004840
https://doi.org/10.1103/PhysRevLett.104.100601
https://doi.org/10.1109/TUFFC.2007.253
https://doi.org/10.1109/58.808883
https://doi.org/10.1117/12.2577631
https://arxiv.org/abs/2308.06754
https://doi.org/10.1364/OE.452145
https://doi.org/10.1364/OE.22.017999
https://doi.org/10.1364/OE.20.001733
https://doi.org/10.1364/AO.5.000967
https://doi.org/10.1364/OE.541857
https://doi.org/10.1038/s41377-021-00514-9
https://doi.org/10.1038/nphoton.2015.188
https://doi.org/10.1038/s41377-022-01061-7
https://doi.org/10.1038/s41566-023-01240-x
https://doi.org/10.1038/nphoton.2015.112
https://doi.org/10.1038/s41467-021-23729-1
https://doi.org/10.1103/PhysRevLett.120.233901
https://doi.org/10.1364/OE.382526
https://doi.org/10.1016/j.pacs.2021.100276
https://doi.org/10.1109/TUFFC.2005.1504022
https://doi.org/10.3390/photonics9010037

	I. INTRODUCTION
	II. METHODS
	A. Experimental setup
	B. Wavefront shaping methods
	C. Ultrasound field mapping procedure

	III. RESULTS
	A. Wavefront shaping system
	B. Ultrasonic field mapping
	1. Planar ultrasound transducer
	2. Focused ultrasound transducer
	3. Sensitivity


	IV. DISCUSSION
	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: WAVEFRONT SHAPING PHASE REFERENCE
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


