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A hollow-core fiber based stand-alone multimodal
(2-photon, 3-photon, SHG, THG) nonlinear flexible

imaging endoscope system
D. Septier, G. Brévalle-Wasilewski, E. Lefebvre, N. Gajendra Kumar, Y. J. Wang, A. Kaszas, H. Rigneault, and

A. Kudlinski

Abstract—Multimodal nonlinear endoscopes have been a topic
of intense research over the past two decades, enabling sub-
cellular and label-free imaging in areas not reachable with table-
top microscopes. They are sophisticated systems that can be
implemented on an optical table in a lab environment, but they
cannot be easily moved within or out of the lab. We present
here a multimodal and flexible nonlinear endoscope system
able to perform two-photon excited fluorescence and second
harmonic generation imaging with a stand-alone and movable
kart integrating a compact ultrashort laser source. In addition,
the system can perform three-photon excited fluorescence and
third harmonic generation imaging thanks to a delivery optical
fiber that connects a large frame laser system to the stand-alone
kart. The endoscopic fiber probes and delivery optical fibers are
based on functionalized negative curvature hollow core fibers.
The endoscope distal head has a diameter <2.2 mm and can
perform nonlinear imaging at max 10 frames/s over a field of
view up to 600 µm with a ∼1 µm spatial resolution.

Index Terms—Hollow core fibers, nonlinear micro-endoscopy,
multiphoton endoscope, movable endoscope system
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MULTIPHOTON microscopy [1]–[3] has now matured
and is widely recognized as an essential technology

for applications in biological and medical sciences. The appeal
of multiphoton microscopy lies in two key factors. Firstly, it
offers a variety of nonlinear contrast mechanisms activated
by short laser pulses with near-infrared wavelengths, enabling
penetration into biological tissues [4]. Some contrast mech-
anisms, like two-photon excited fluorescence (2-photon) [5],
require fluorescent molecules, while others, termed ’label-free’
contrasts, can be activated without any labeling or staining.
These include two-photon excited auto-fluorescence [6], sec-
ond (SHG) [7] and third (THG) [8] harmonic generation, four-
wave mixing (FWM) [9], such as chemical-sensitive coherent
anti-Stokes Raman scattering (CARS) and stimulated Raman
scattering (SRS) [10], [11] along with various pump-probe
schemes [12] addressing transient absorption or vibrations last-
ing longer than the excitation pulse. Tremendous applications
have been demonstrated in many fields of biology [13], [14]
but also in medical sciences [15], [16]. Besides its successful
implementation in microscopy [17], there have been numerous
attempts to implement multiphoton imaging in flexible probes
that can be handheld or inserted in constrained environments,
such as those found in endoscopy for the exploration of the
human body. We deliberately do not address in this paper
the miniature-microscopes developed for neuroscience appli-
cations that have larger lateral dimensions and animal head-
attachment requirements. Tubular multiphoton endoscopes
have been reported using MEMS [18] or resonant piezo-tubes
[19]–[21] to build tiny scanners that can be located at the
endoscope distal head. Imaging fiber bundles have also been
used to move the scanning procedure away from the sample
side, this remove all moving parts or driving currents from the
distal endoscope head [22]. The main challenge of multiphoton
endoscope is to deliver ultra-short pulses at the sample plane to
activate the nonlinear contrasts and several solutions have been
reported such as pre-compensation schemes [23]–[25] or using
hollow core fibers [26], [27]. With these advances multiple
flexible multimodal nonlinear endoscopy has been reported
using one or a combination of the 2-photon, SHG, THG and
CARS contrast mechanisms [19], [26], [28]–[37] and a recent
review can be found in [38]. So far three-photon excited
fluorescence (3-photon) flexible endoscope reports are more
sparse [29] and most of the current 3-photon implementation
are using rigid graded index (GRIN) lenses [39], [40]. Most
implementations of multiphoton flexible endoscopes are lab-
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based systems that cannot be easily moved within the lab
space or to an external field where measurements need to
be performed. In this paper, we overcome this limitation and
present a stand-alone integrated flexible multiphoton endo-
scope system placed on a movable kart platform. We provide a
comprehensive presentation of its hardware and software parts
to enable nonlinear imaging to non-experts. This complements
our previous works that concentrated on the hollow core
fiber itself and its functionalization [27], [29]. The nonlinear
endoscope system includes a small frame femtosecond (fs)
laser but can also be connected through a ’delivery fiber’ to a
larger frame multiphoton fs or picosecond (ps) laser platform
to extend multiphoton contrasts. The system is controlled by
dedicated user-friendly software and can perform 2-photon and
SHG using in in-built laser as well as 3-photon and THG using
the fiber delivery from a larger laser frame. The endoscope can
perform imaging over field of view (FoV) up to 600 µm with a
resolution of ∼1 µm at a maximum frame rate of 10 frames/s
(fps).

II. DOUBLE-CLAD HOLLOW CORE FIBER AND
FUNCTIONALIZATION OF THE FIBER TIP

The nonlinear endoscope system developped is based on
double clad hollow core negative curvature optical fibers
similar to the ones presented in details in [27], [29]. They are
indeed excellent candidates to deliver ultrashort pulses thanks
to their intrinsic low group velocity dispersion (GVD) and non-
linearity [41]–[43]. However, they need to be functionalized in
order to strongly reduce the output spot size, which is required
for high resolution imaging [26], [29]. We are addressing all
these issues in this section.

A. Double-clad anti-resonant hollow core fiber
The inset of Fig. 1(a) shows a scanning electron microscope

(SEM) image of the fiber used to build the flexible endoscope,
with a close-up on the hollow core region. The design is made
of 7 non-touching capillaries of 14 µm average external diam-
eter, 8 µm average separation and 350 nm average thickness.
The core radius is 18 µm. The silica cladding surrounding the
central hollow region is able to guide light via total internal
reflection thanks to a low-index polymer coating (not shown on
the picture). The numerical aperture (NA) of the double clad
was measured to be 0.38 at 450 nm [27]. Fig. 1(a) shows the
attenuation spectrum obtained from a cutback measurement
from 17 m to 1.5 m in the first antiresonant window. The
attenuation is 0.32 dB/m at 920 nm and 0.31 dB/m at 1300
nm, which are the two wavelengths of main interest here. The
fiber was found to be single mode for fiber samples longer
than 2 m, due to the differential loss between the fundamental
mode and higher-order modes for this particular fiber. The
1/e2 mode field diameter (MFD) was measured to be equal to
24 µm at 920 nm. Fig. 1(b) shows the measured and simulated
GVD, respectively displayed with markers and solid line. The
measurement was done using a low coherence Mach-Zehnder
interferometer [44] and the simulation was performed with the
analytical model [45] using the geometrical parameters listed
above. The GVD value is 0.85 and 2.1 ps/nm/km at 920 and
1300 nm, respectively.

Fig. 1. Hollow core fiber: (a) Measured attenuation spectrum. Inset: SEM
images. (b) Measured GVD (markers) and simulation (solid line) using the
parameters in the text and the model from [45].

B. Functionalization of the fiber tip

Since the MFD of the hollow core fiber is as large at 24
µm, it needs to be strongly reduced for endoscopy application
that require a ∼1 µm spot size at the sample plane. Since
bulky optics cannot be used in the endoscope distal head,
this can be done for example by splicing silica beads [26],
[27] or short pieces of graded-index (GRIN) fibers [29] at the
output facet. We chose this last solution because in addition
to focusing the output beam, it allows to seal the fiber end-
face and brings more mechanical robustness than the bead
splicing method. For a given GRIN fiber, the smallest focal
spot is obtained when the fiber length is exactly half the self-
imaging period [46]. In this case, the focal spot is located on
the GRIN fiber end-surface. This is fine for the pulse duration
around ∼150 fs and pulse energy in the ∼nJ range required for
2-photon absorption. However, 3-photon absorption requires
significantly shorter pulses (<100 fs) with higher energy
(∼µJ), such that a parasitic THG signal can be generated at
the interface between the GRIN fiber end-face and air [29]. In
this case, the GRIN fiber can be shortened so that the focal
spot is located further away in air, at the expense of a less
efficient MFD reduction (i.e. focalization). This shortening
reduces the energy density at the GRIN fiber/air interface
and therefore strongly reduces the parasitic THG signal. In
the present work, we present two different fiber probes: the
first one (labeled 2-photon fiber) is optimized for 2-photon
absorption and features a GRIN fiber length that performs the
smallest MFD at the GRIN fiber/air surface and the second one
(labeled 3-photon fiber) has a GRIN fiber length optimized for
3-photon absorption and performs a smaller MFD reduction
but is free of THG noise.

Fig. 2(a) shows an optical microscope image of the 2-photon
fiber that has a diameter of 200 µm. The double-clad hollow
core fiber is on the left and the GRIN fiber which has been
spliced is located on the right. The GRIN fiber has a core
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Fig. 2. (a) Optical microscope image of a hollow core fiber functionalized
with a GRIN fiber. (b) Simulation of the optical intensity evolution at 920
nm for a GRIN fiber length of 171 µm. White dashed lines represent the
core/cladding interface of the GRIN fiber and the solid white line is the GRIN
fiber end-face. (c) Measured spot profile at focus at 920 nm. (d) Simulation
of the optical intensity evolution at 1300 nm for a GRIN fiber length of 101
µm and (e) measured spot profile at focus at 1300 nm (in air, 64 µm after the
GRIN fiber end-face).

diameter of 48 µm and a parabolic refractive index profile with
a maximum refractive index difference of 30×10−3 between
the core center and the cladding. The length of the GRIN
fiber segment was optimized through numerical simulations
to obtained the smallest achievable MFD at its end-face (i.e.
smallest focal spot). Numerical simulations were performed
using the model of [46]. Fig. 2(b) shows the simulated beam
evolution in a 171 µm long GRIN fiber (as measured from the
experimental fiber of Fig. 2(a)). The input beam corresponds
to the fundamental mode of the hollow-core fiber (24 µm
MFD), white dashed lines represent the core/cladding interface
of the GRIN fiber and the solid white line is the GRIN fiber
end-face. The simulated focal spot has a full width at half
maximum (FWHM) of 2.37 µm, located 11 µm away in the air
from the GRIN fiber end-face. This is because the theoretical
half self-imaging period is 188 µm and the actual GRIN fiber
is slightly shorter (171 µm) due to fabrication uncertainties.
The intensity profile measured at focus is displayed in Fig.
2(c). It has a FWHM of 2.4 µm, in excellent agreement with
simulations. The 3-photon fiber was designed with a much
shorter GRIN fiber tip in order to address the parasitic THG
noise issue raised above. Fig. 2(d) shows the beam evolution
versus propagation distance for a GRIN fiber length of 101 µm.
The focal spot is located 64 µm away from the fiber end-face,
which significantly reduces the energy density on the fiber/air
interface and the resulting THG. The simulated FWHM of
the focused beam is 4.32 µm, in excellent agreement with the
measured one of 4.2 µm, displayed in Fig. 2(e).

To summarize, the 2-photon fiber has a 2.4 µm FWHM

Fig. 3. (a) Scheme of the inside of the distal rigid endoscopic head. Distal
head dimensions: 1.3 mm to 2.2 mm in diameter (depending on the micro-
objective) and 40 mm in length. Total weight <2 g. (b) Photograph of the
whole flexible endoscopic probe (in black the hollow core fiber, in white the
scanner control electrical cable terminated with a USB connector (not shown).

(c) Closer zoom of the distal head.

beam located almost on the GRIN fiber end face and the 3-
photon fiber has a larger beam size at focus of 4.2 µm, located
64 µm away from the GRIN fiber end-face.

C. Distal head

Fig. 3(a) shows a sketch of the inside of the distal head.
The uncoated end of the hollow core fiber (in blue) is glued
into a four quadrant piezo-tube in order to perform a scan. The
piezo-tube quadrants are driven by four electrical connections
(see details in next Section) and are hold into the endoscope
metallic tube by two ceramics. The laser beam focused spot
formed at the end of the GRIN fiber piece (in red) is re-
imaged on the sample with a miniature micro-objective that is
integrated in the surrounding metallic tube. We used either a
custom micro-objective based on four commercially available
achromatic doublets (labeled 4L-MO) or a commercial GRIN
micro-objective (GRIN-MO). Their full optical properties as
well as the detailed characteristics of the output spot obtained
with both fibers is detailed in Section V hereafter. Fig. 3(b) is
a photograph of an endoscopic probe, where the white wire is
the electrical driving of the piezo-tube terminated with a USB
connector (not shown). The proximal side of the endoscope
is mounted with a FC/PC connector and the length of the
flexible endoscope fiber is typically 2.5 m. Fig. 3(c) is a close-
up view of the manufactured distal head that has a diameter of
1.3 mm (with the 4L-MO) and 2.2 mm (with the GRIN-MO)
and a rigid length of 40 mm. It total weight is <2 g. The
transmission of the full endoscope was measured to be above
40% in the 920 nm - 1300 nm range.
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III. INTEGRATED RESONANT PIEZO SCANNER AND SPIRAL
SCANNING IMAGE ACQUISITION

The functionalized fiber presented in the previous sections
is inserted into a piezoelectric tube (Fig. 3) in order to make a
spiral scanning trajectory [19], [20], [25], [26], [29], [36]. In
this section, we present technical details we have implemented
in order to improve the image acquisition.

A. Integrated resonant piezo scanner

Fig. 4(a) is an illustration of the signal used to drive the 4
quadrants piezoelectric tube (PT Piezo scanner tubes, PI) in
order to obtain a spiral scan. Only the drive voltage along one
direction is shown in Fig. 4(a). In the orthogonal direction
the drive signal is similar, but with a π/2 phase difference
which produce a spiral scan as shown in Fig. 4(b). The scanned
cycle is composed of a ‘scan time’, which is a sine wave
along one axis and a cosine wave along the other axis, both
at a frequency equal to the resonant frequency of the free-
standing fiber that is attached to the 4-quadrant piezo tube
(see Fig. 3). An amplitude modulation is also added during
this ‘scan time’ that expands the spiral radius over time (Fig.
4(a), scan time). This is during this ‘scan time’ that the optical
signals (2-Photon, SHG, . . . ) are acquired. The ‘scan time’
ends when the spiral reaches its maximum radius. Then starts
the ‘brake time’ where and active braking is performed by
keeping the resonant drive voltages along the two (x, y) piezo
axes but with opposite phases to the resonant fiber movement.
The reason for this ‘brake time’ is to bring the fiber back to
its original position, at the center, as quick as possible before
the next ‘scan time’ starts and acquires the next image. An
optional ‘rest time’ can also be added to ensure that no residual
oscillation is present (Fig. 4(a)).

B. Pixel dwell time

The spiral scan (‘scan time’, ’brake time’, ’rest time’)
requires a proper calibration prior to imaging that is per-
formed in a dedicated calibration step described below. This
calibration step is robust enough to be valid during a full day
of experiment and has been made automatic to facilitate the
operation of the endoscope. We describe below the calibration
of the ’scan time’ which is the most relevant to perform
imaging. During the calibration a position sensor detector

Fig. 4. (a) Excitation signal of one axis corresponding to a full image cycle,
including scanning, braking and rest time. (b) Spiral pattern produced by the
drive signal during the scan phase.

Fig. 5. Pixel dwell time during the scan phase, calculated from experimental
x(t) and y(t) positions, for different acquisition rates of 1.4 fps (blue line),
3.3 fps (red line) and 5 fps (green line).

(PSD) provides the output position (x and y) of the focused
spot at the endoscope image plane as a function of time
during the ‘scan time’. The known x(t) and y(t) positions
are necessary to reconstruct the final image by matching the
recorded optical signal (2-photon, SHG,...) with the sample
spot position x(t) and y(t). Because the scanner is working at
resonance, the time to achieve a circle within the spiral scan
is the same whatever the radius in the spiral. This leads to an
uneven sampling grid where the center of the image sees the
laser beam much longer than the outer part of the FoV. To
get some insight into this peculiar scanning scheme we can
count the number of data acquisitions corresponding to each
image pixel across the FoV. Moreover, we can follow the spiral
pattern and match each pixel with the number of acquisitions it
contains, thus providing the time spent on each pixel (the pixel
dwell time) as a function of time. This is illustrated in Fig. 5.
The pixel dwell time is calculated for different acquisition rates
of 1.4 fps (blue line), 3.3 fps (red line) and 5 fps (green line).
For each acquisition rate investigated, the pixel dwell time is
at least two orders of magnitude larger at the beginning of the
scan (at the center of the image) as compared to the remaining
pixels at latter time. This phenomenon causes photobleaching
issues at the center of the image where the sample is over
illuminated. This problem is solved in our system using a
dedicated power management across the scan.

C. Power management

The high power density at the center of the image is
inherent to the spiral shape of the resonant scan, and can
lead to photobleaching or sample burning, as explained above.
An example of photobleaching observed while imaging a
fixed retina tissue is exhibited in Fig. 6(a). This can also be
evidenced by reconstructing an image with a constant signal
(fluoresceine liquid layer) where the center appears very bright
(Fig. 6(b)). This image is voluntarily overexposed to allow the
weaker signal away from the center to be visible. The plot in
Fig. 6(d) is the intensity profile along the dashed line of Fig.
6(b). It shows a very steep peak at the center, emphasizing
further this issue. To overcome this problem, we can divide the
signal measured by the dwell time calculated above. Applying
this to case of Fig. 6(b) leads to the image reconstructed in
Fig. 6(c). The plot in Fig 6(e), which is the intensity profile
along the dashed line of Fig. 6(c), features an almost flat signal
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Fig. 6. (a) 3-photon image of a fixed mouse retina sample, showing an
example of photobleaching spot at its center. Image of fluoresceine liquid
film reconstructed from a typical experimental calibration for (b) a constant
signal and (c) a signal adjusted using the time per pixel calculated beforehand.
(d) and (e) are intensity plots along dashed lines of (b) and (c) respectively.
1 fps, 100 µm FoV, micro-objective: 4L-MO

in good agreement with the fluoresceine concentration in this
test sample. This re-scaling does not avoid the photobleaching
at the image center. To solve this problem we have added
an acousto-optic modulator (AOM) before injection into the
endoscope which controls the excitation laser power over time
during the expansion of the spiral scan. By controlling the
ramp-up power with increasing image radius acquisition we
can make the average power delivered per pixel constant, with
this the spiral illumination scheme is not harmful to the sample
at the center of the FoV.

In order to illustrate this experimentally, we compare in
Fig. 7(c) and (d) 2-photon images of aggregates of fluorescent
beads taken without and with a AOM power management
respectively. These images were taken with an excitation
wavelength of 920 nm, a FoV of 100 µm with the 4L-MO
at 1 fps. Without the power management scheme (AOM off),
the average power was constant and equal to 39 mW, as shown
in Fig. 7(a) displaying its evolution over one scan cycle. The
initial image taken in these condition is displayed in Fig. 7(c),
and images on the right shows the evolution of its center
(delimited by the red frame) over time. Some features initially
present within the red circle progressively lose contrast until
they completely disappear after 40 s, due to photobleaching.
With the power management scheme activated (AOM on), the
average power increases exponentially from 0 to 39 mW over
one scan cycle, as shown by the plot of Fig. 7(b). The power
was also set to 0 during the brake and rest times (see Fig.
4). In this case, the initial image shown in Fig. 7(d) does
not deteriorate over time, as shown by the focus on its center
(delimited by the red square) over time.

D. Image reconstruction

In practice, we found that it is almost impossible for the
fiber to be completely immobile after a full image cycle. Some
residual movements are always present and affect the subse-
quent cycle. The result is an uncertainty of the exact position
of the fiber at a given time during a multiple image scan. This
leads to a visible movement between frame-to-frame images,
even though the object imaged is actually static. Such an effect
is usually minimal, to the point of being almost invisible, but it
can visually affect the images for high repetition rates (>5Hz),

Fig. 7. Evolution of the excitation average power during one scan cycle,
which is also the excitation power with increasing radius during the image
acquisition, (a) with the AOM off and (b) with the AOM on. 2-photon images
of fluorescent beads aggregates (c) with the AOM off and (d) with the AOM
on. Right images show the evolution of the image center delimited by the red
square over exposition time.

as evidenced by the animation of Supp info movie 1 (left). To
circumvent this effect, we developed a motion compensation
algorithm based on the opensource module open-cv and using
the so-called Demon’s algorithm [47]. The real-time algorithm
can detect these parasitic movements and compensate for
them, as showed in the reconstructed video of Supp info movie
1 (right).

E. Control software

All parameters related to scanner parameters and calibration,
laser power, as well as image acquisition and processing are
controlled from a user-friendly control software. Details and
examples of screenshots are provided in Appendix A. This
makes the endoscope system easy to use to a non-specialist
user and provides stacks of images that can be analyzed with
conventional softwares (ImageJ, Suite2P, etc) but also used in
user code (MatLab, Python, etc).

IV. INTEGRATED STAND-ALONE ENDOSCOPE RACK

The whole endoscope and its control units are racked in a
movable cabinet as shown in Fig. 8(a). The stand-alone mul-
tiphoton endoscope system contains a compact and rackable
femtosecond fiber laser. In the present study, it is a 920 nm,
>1.5 W, 80 MHz, <100 fs pulse duration laser (Femto Fiber
ultra 920, Toptica). The control electronics required to drive
the piezo scanner and the control computer are also included in
the cabinet. The monitor and keyboard are included via a mov-
able arm attached to the side. The cabinet also contains two
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Fig. 8. (a) Picture of the endoscope integrated cabinet. (b) Scheme of the
optical ’coupling/detection unit’. The excitation laser can be a laser head
integrated into the endoscope kart or coming from a delivery fiber (see section
VII). (c) Scheme of the ’calibration unit’. L: lens ; M: mirror ; DM: dichroı̈c
mirror ; PMT: photomultiplier tube.

optical units. The first one, represented in Fig. 8(b), contains
a coupling stage required to inject light from the laser source
into the endoscope hollow core fiber, either directly from the
fiber laser head integrated into the cabinet, or from a laser
located outside the rack using a dedicated hollow core delivery
fiber (see section below). A flipping mirror located inside
the unit allows to switch between these two configurations
(internal or external lasers). The nonlinear signal (2-photon,
SHG,. . . ) collected from the sample is separated from the
excitation laser by a dichroic mirror, and two photomultiplier
detectors can be placed to simultaneously detect two nonlinear
signals depending on the filters applied.

The second optical unit displayed in Fig. 8(c) is the ’cali-
bration unit’. As mentioned before this is mandatory to record
the spiral focus point trajectory of the ‘scan time’. For that the

distal head of the endoscope is directly plugged to the front
of the integrated cabinet and the moving focused spot at the
endoscope distal side is imaged onto both a camera and a PSD.
The camera is used to adjust the injection into the hollow core
fiber and the PSD records the positions (x(t),y(t)) of the spot
during the scan. It allows to map the shape of the spiral scan
and adjust the driving voltage parameters to obtain the most
symmetric and extended spiral pattern that directly defined
the endoscope FoV. This (x(t),y(t)) calibration is required
to reconstruct images during live acquisition as positions are
attributed to each intensity measured, thus allowing to fill each
pixel of the image with the appropriate measured intensity.
Typically the endoscope can image a FoV of 600 µm at at
maximum of 10 fps. The transmission of the full endoscope
system is typically above 40% that provides sufficient power
to perform nonlinear imaging using a >1 W laser system.

V. IMAGING PERFORMANCES

The endoscope distal head (Fig. 3) can be assembled either
with the 2-photon or the 3-photon fiber described in section II
B. In each case, two different micro-objectives can be used.
The first one is a micro-objective based on four commercially
available achromatic doublets (4L-MO) with a theoretical
magnification of 0.63, a NA of 0.3 on the fiber side and
0.45 on the sample side and a working distance (WD) of
600 µm in air. The second one is a commercially available
GRIN micro-objective (GRIN-MO) (GT-MO-070-016-ACR-
VISNIR-30-20, GRINTECH) with a magnification of 0.22, a
NA of 0.16 on the fiber side and 0.7 on the sample side and
a WD of 230 µm in air.

The choice between these two micro-objectives depends
on the expected performances and desired imaging modality
which are summarized in Table I. For example, because of
their different magnification, they provide different FoV. Thus,
the maximal FoV obtainable experimentally with negligible
distortions is 600 µm with the 4L-MO and 225 µm with the
GRIN-MO.

Table I also summarizes measurements of the lateral and
axial point spread function (PSF), corresponding to the lateral
and axial resolution, for each imaging modality. The 2-photon
and 3-photon PSF measurements were performed using 200

TABLE I
SUMMARY OF THE OPTICAL PERFORMANCES OF THE TWO

MICRO-OBJECTIVES WITH OPTIMIZED PROBES. *MEASURED WITH THE
2-PHOTON FIBER. **MEASURED WITH THE 3-PHOTON FIBER.

MO type 4L-MO GRIN-MO

WD (µm) 600±15 230±15

Max FoV (µm) 600 225

Lateral Axial Lateral Axial

2-photon PSF (µm)* 1.37 10.90 1.12 11.64

SHG PSF (µm)* 1.53 12.00 1.00 10.16

3-photon PSF (µm)** 1.77 16.16 1.49 3.75

THG PSF (µm)** 1.42 14.39 1.62 4.93
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Fig. 9. Measurement of the 2-photon and 3-photon spatial resolution with
the GRIN-MO. (a) 2-photon lateral and (b) axial PSF measured with the 2-
photon fiber at 920 nm. (c) 3-photon lateral and (b) axial PSF measured with
the 3-photon fiber at 1300 nm. Markers are experimental data and solid lines
are Gaussian fits.

nm diameter fluorescent beads diluted in water and placed be-
tween slide and slip cover. The measurement of the SHG PSF
was done using KTP nanocrystals of 150 ± 100 nm diameter
diluted and placed between a poly-D-Lysine coated coverslip
and a slide [48]. For the THG resolution measurement, we
imaged a silicon integrated ring resonator waveguide of 450
nm width embedded in an oxide cladding [33]. In each case,
the lateral resolution corresponds to the FWHM value of the
Gaussian fit of the image. The axial resolution was obtained
from a Gaussian fit of the evolution of the maximum nonlinear
signal while the endoscope is moved in the axial direction.

The 2-photon and 3-photon lateral and axial resolution
measurements obtained with the GRIN-MO are illustrated in
Fig. 9. Figs. 9 (a) and (b) show respectively the lateral and
axial 2-photon PSF measurement performed with the GRIN-
MO and the 2-photon fiber. The 2-photon lateral and axial
resolution are respectively 1.12 µm and 11.64 µm. Figs. 9
(c) and (d) displays respectively the lateral and axial 3-photon
PSF measured with the 3-photon probe, which are found to be
1.49 µm and 3.75 µm respectively. Similar measurements were
done with the 4L-MO, as well as in SHG and THG modalities
with both micro-objectives. The measurements are not shown
here for the sake of clarity, but all results are summarized in
Table I.

As expected, the GRIN-MO offers improved spatial resolu-
tion with regards to the 4L-MO, at the expense of a ∼3 times
smaller WD and FoV. Remarkably, the axial resolution mea-
sured with the GRIN-MO in 3-photon and THG modalities are
significantly better than in 2-photon and SHG. The effective
focal volume [49] is 4.36 µm3 in 3-photon imaging modality
and 6.78 µm3 in THG.

Fig. 10. (a) 2-photon image of fixed mouse brain. (b) 2-photon image of
unlabeled insect cornea. (c) SHG image of yellow elastic connective tissue.
(d) composite 2-photon (yellow) and SHG (blue) image of rat peritoneum.
See acquisition details in the text.

VI. IMAGING WITH THE BUILT-IN FS LASER

In order to test the imaging ability of our system, we
performed a first round of experiments on various biological
tissues using the fully integrated kart. The laser used is the 920
nm fs fiber laser although 780 nm (1 W) and 1050 nm (5 W)
fs lasers are also available. This was done using the 2-photon
fiber associated with either the 4L-MO or GRIN-MO.

A. Tissue samples

Fig. 10 shows a collection of images taken with the flexible
endoscope system on different biological samples. Fig. 10(a)
shows a 2-photon image taken on a fixed mouse brain labelled
with GFP proteins (FoV 416 µm, 1 fps, average power at the
sample 65 mW, 4L-MO). It highlights neurons in the hip-
pocampus. Fig. 10(b) is a 2-photon image of fixed unlabeled
insect cornea showing the surface of many ommatidia (FoV
600 µm, 10 fps, 17 mW power, 4L-MO). Fig. 10(c) is a
SHG image of fixed yellow elastic connective tissue showing
collagen fibrils structures (FoV 280 µm, 1.4 fps, 25 mW power,
4L-MO). Fig. 10(d) is a multimodal 2-photon (yellow) and
SHG (blue) image of fixed rat peritoneum showing the elastin
and collagen (FoV 98 µm, 1 fps, 25 mW power, GRIN-MO).

B. Plant samples

Next we tested the endoscope system for plant imaging,
with some examples displayed in Fig. 11. Fig. 11(a) shows a
2-photon image of fixed marram grass (ammophila arenaria)
leaf stained with iodine green carmine stain (FoV 500 µm, 1.4
fps, power 20 mW, 4L-MO). Yellow parts correspond to the 2-
photon fluorescence filtered at 630±46 nm and green parts are
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Fig. 11. 2-photon images of (a) stained marram grass (ammophila arenaria)
leaf at 520 nm (green) and 630 nm (yellow), (b) of stained holly (ilex
aquifolium) leaf and (c) 2-photon auto-fluorescence of fresh orchid leaf at
520 nm (yellow) and 630 nm (green). See acquisition details in the text.

taken at 520±30 nm. Folded structures used to trap water and
vascular bundles typical of ammophila arenaria leafs can be
seen. Fig. 11(b) is a 2-photon image of holly (ilex aquifolium)
leaf stained with lugol’s iodine (FoV of 168 µm, 1 fps, 20 mW,
GRIN-MO, detection filter 520±30 nm). The system can also
be used to study 2-photon auto-fluorescence and Fig. 11(c) is
a 2-photon image of a fresh orchid leaf taken directly in a
plant pot. Lignin is shown in yellow (acquired with a 520±30
nm filter) and chlorophyll in green with a 630±46 nm filter
(FoV of 98 µm, 1 fps, 20 mW, GRIN-MO).

C. In vivo imaging

The manipulation of the distal head is easy to perform in
vivo imaging. As an example, Fig. 12 shows a 2-photon auto-
fluorescence image of human skin taken by manually holding
the endoscope housed in a pen-like accessory in one hand and

Fig. 12. 2-photon autofluorescence live imaging of human skin by holding
manually the endoscope housed in the dedicated pen-like accessory directly
onto the forearm.

moving either its integrated miniature translation stage to find
the signal, or sweeping the endoscope on the skin with the
other hand (FoV 300 µm, 6 fps, 70 mW power, 4L-MO). The
corneocytes from the stratum corneum can be identified. Supp
info movie 2 shows a handheld holder where the endoscope
distal head has been inserted to facilitate its manipulation and
manual focusing for in vivo imaging.

VII. IMAGING USING THE DELIVERY FIBER

As mentioned above the stand-alone endoscope system can
handle fs fiber laser systems at 920 nm, 780 nm and 1050
nm whose small footprints enable their integration into the
endoscope kart. These ∼100 fs, 80 MHz laser repetition rate
are suitable for 2-photon, SHG and possibly (1050 nm) THG
imaging. However, there are situations where more energetic
pulses are required such as for 3-photon and THG imaging.
Typically 3-photon requires lower repetition rate ∼1 MHz and
much shorter ∼50 fs pulses at a typical wavelength of 1300
nm. Such energetic (∼µJ) pulses can only be obtained from
high-power oscillators pumping massive optical parametric
amplifiers (OPAs). These laser systems are currently only
available in a table-top format and cannot be integrated in a
movable system. In order to use the stand-alone kart integrated
endoscope system for 3-photon and THG imaging, we devel-
oped a ’delivery fiber’ whose function is to deliver ultrashort
pulses from a table-top laser system into the optical coupling
unit of the endoscope kart (see Fig. 8(b)). The delivery fiber
is a negative curvature hollow core fiber similar to the one
presented in Fig. 1, except that it has a high-index polymer
coating so that it does not have a double-clad. The delivery
fiber enters the endoscope optical unit as shown in Fig 8(b) and
a flip mirror (shown in Fig 8b) can couple the rack-integrated
laser beam or the light coming from the delivery fiber to the
endoscope flexible fiber. The transmission of the delivery fiber
was measured to be 75% across the 940 nm - 1300 nm range,
this fulfils most of the requirements to bring table-top large
frame multiphoton lasers into the endoscope. Fig. 13 shows
a scheme of the experimental setup: a table-top laser system
composed of a pump oscillator and an OPA is placed on an
optical table. The laser beam is coupled into the delivery fiber

Fig. 13. View of the delivery fiber scheme: a large frame table top laser
light beam is brought into the endoscope kart system using the hollow core
delivery fiber.
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whose output is plugged on the input port of the stand-alone
kart.

A. 3-photon

To perform 3-photon imaging we use an ytterbium-doped
master oscillator power amplifier Monaco-1035 (Coherent)
pumping and optical parametric amplifier (Opera-F, Coherent)
that delivers 2.5 W of average power at 1300 nm and 940 nm
with a 1 MHz repetition rate and ∼50 fs pulse duration. We use
100 mW of the OPA beam to get 75 mW at the delivery fiber
output (fiber delivery transmission: 75% ) that ended up to
30 mW at the endoscope distal side (endoscope transmission:
40%). Figure 14 (a) shows 3-photon fluorescence (excitation:
940 nm, detection: 433 nm) of a DAPI (4’,6-diamidino-2-
phenylindol) stained epithelium pig retina whereas Figure
14 shows the endothelial of the same. Corneal button was
carefully separated from the rest of the eyeball sample, stained
with 10 µg/mL Hoechst 33342 solution in PBS for 5 min and
rinsed in PBS without further fixation. Corneal button was
directly placed in direct contact with a 35 mm glass bottom
dish before observation. In both epithelium and endothelial
parts the cell nuclei can be easily distinguished (FoV 98 µm,
1 fps, 30 mW average power, GRIN-MO).

Fig. 14. 3-photon image of a DAPI stained pig retina (a) epithelium, (b)
endothelium. See acquisition parameters in text.

B. Multimodal imaging

Using the built-in PMT detectors, the endoscope system can
perform multi-color multimodal imaging.

Figure 15 (a) shows a 3-photon fluorescence (fluo: 520±30
nm) and THG (detection: 433±20 nm) image of a human
brain section stained with hematoxylin and eosin and excited
at 1300 nm (FoV 168 µm, 1 fps, 15 mW power, GRIN-
MO). The fluorescence comes from the eosin stain whereas
the THG might come from nucleoli. Figure 15 (b) shows a
3-photon fluorescence (red) (fluo: 520±30 nm), SHG (green)
(detection: 650±30 nm) and THG (blue) (detection: 433±20
nm) image of a fixed de-fatted human adipocyte tissue stained
with Masson’s trichrome (Nublat commercial stained slides)
and excited at 1300 nm (FoV 168 µm, 1 frame/s, 15 mW
power, GRIN-MO). Fluorescence reveals the adipocyte border
whereas SHG reveals collagen fibers and THG small vesicles.

These images illustrate some of the imaging capabilities of
the endoscope but some others could be added such as CARS
[26], [29].

Fig. 15. Multimodal imaging. (a) Composite 3-photon (red) and THG (blue)
image of a human brain section stained with hematoxylin and eosin. (b) 3-
photon (red), SHG (green) and THG (blue) image of a fixed de-fatted human
adipocyte tissue stained with Masson’s trichrome. See acquisition details in
text.

VIII. CONCLUSION

We have presented a flexible endoscope system based on a
double-clad hollow core fiber that enables to perform nonlinear
imaging over a broad range of near infrared excitation wave-
lenghs. We have demonstrated 2-photon/SHG imaging using
a 920 nm, 100 fs laser and 3-photon/THG imaging using a
1300 nm, 50 fs high power laser system. Quite remarkably,
the double-clad hollow core fiber can handle a broad range of
excitation wavelength still maintaining the fs short pulse dura-
tion while the nonlinear signal is efficiently collected through
the 0.38 NA double-cladding. The endoscope head as a distal
diameter of 2.2 mm using the four lenses micro-objective (4L-
MO) and 1.3 mm using the GRIN micro-objective (GRIN-
MO) and can image across a FoV up to 600 µm at a maximum
of 10 fps and with a ∼1 µm spatial resolution (depending
on the micro-objective - see Table I). The small endoscope
head (weight <2 g, ≤2.2 mm diameter, 40 mm length) can
be easily manipulated to access hard-to-reach places and we
have demonstrated its handheld manipulation to image the
skin forearm in vivo. It could be also readily used for in vivo
brain activity monitoring in mice [50]. The endoscope could
be further improved by adding a z scanner to the 2D resonant
piezo scanner using small memory alloy actuators [51], [52].
A unique feature brought by the weak nonlinearity of the
hollow core fiber endoscope is its ability to activate nonlinear
contrasts that involve overlapping pulses such as SRS [53] and
CARS [26]. We expect the endoscope to find a broad range
of applications in the fields of biology, material sciences and
medical applications as being a valuable miniature extension
of bulky multiphoton microscopes.
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APPENDIX A
SOFTWARE

Fig. B shows some screenshots of the control endoscope
software that has been developed to drive the stand-alone
flexible endoscope system. In particular, it allows: to control
the FoV, correct the dwell time issue, modulate the laser
power to mitigate photobleaching, measure the signal in real-
time, acquire and save images, perform image and video
processing, color the images, adjustment the contrast, perform
local motion correction, and fill blank pixels. It also performs
the scanner calibration and allows to pre-record several cali-
brations.

Fig. 16. Screenshots of the custom control endoscope software showing the
(a) ’calibration screen’ with the scanner trajectories and the (b) ’imaging
screen’ with live-processing options.

APPENDIX B
IN VIVO ENDOSCOPIC IMAGING

In order to highlight the potential of performing in vivo
endoscopic imaging using the system, we provide movies of in
vivo 2-photon autofluorescence taken inside the mouth. Supp
info movie 3 and Supp info movie 4 correspond respectively
to the inside of the cheek and to the tongue of one of the
co-authors. They were taken using a 860 nm laser (200 fs, 80
MHz) injected into the delivery fiber presented in the text and
then injected into the movable kart. The movies were acquired
at 6 fps, with a FoV of 120 µm and an average power of 50
mW using the GRIN-MO. The distal head of the endoscope
was mounted on the pen-like accessory which can be seen in
Supp info movie 2. These videos show cellular features that
cannot be acquired in vivo with bench top microscopes.
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and F. Benabid, “Ultralow transmission loss in inhibited-coupling
guiding hollow fibers,” Optica, vol. 4, no. 2, pp. 209–217, Feb.
2017, publisher: Optica Publishing Group. [Online]. Available:
https://opg.optica.org/optica/abstract.cfm?uri=optica-4-2-209

[44] M. Tateda, N. Shibata, and S. Seikai, “Interferometric method for
chromatic dispersion measurement in a single-mode optical fiber,” IEEE
Journal of Quantum Electronics, vol. 17, no. 3, pp. 404–407, Mar. 1981,
conference Name: IEEE Journal of Quantum Electronics. [Online].
Available: https://ieeexplore.ieee.org/abstract/document/1071115

[45] M. Zeisberger and M. A. Schmidt, “Analytic model for the complex
effective index of the leaky modes of tube-type anti-resonant hollow
core fibers,” Scientific Reports, vol. 7, no. 1, p. 11761, Sep. 2017,
number: 1 Publisher: Nature Publishing Group. [Online]. Available:
https://www.nature.com/articles/s41598-017-12234-5

[46] K. Iga, “Theory for gradient-index imaging,” Applied Optics, vol. 19,
no. 7, pp. 1039–1043, Apr. 1980, publisher: Optica Publishing
Group. [Online]. Available: https://opg.optica.org/ao/abstract.cfm?uri=
ao-19-7-1039

[47] J. P. Thirion, “Image matching as a diffusion process: an analogy
with Maxwell’s demons,” Medical Image Analysis, vol. 2, no. 3, pp.
243–260, Sep. 1998. [Online]. Available: https://www.sciencedirect.
com/science/article/pii/S1361841598800224

[48] P. Mahou, G. Malkinson, E. Chaudan, T. Gacoin,
E. Beaurepaire, and W. Supatto, “Metrology of Multiphoton
Microscopes Using Second Harmonic Generation Nanoprobes,”
Small, vol. 13, no. 42, p. 1701442, 2017, eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/smll.201701442. [On-
line]. Available: https://onlinelibrary.wiley.com/doi/abs/10.1002/smll.
201701442

[49] W. R. Zipfel, R. M. Williams, and W. W. Webb, “Nonlinear magic:
multiphoton microscopy in the biosciences,” Nature Biotechnology,
vol. 21, no. 11, pp. 1369–1377, Nov. 2003, publisher: Nature Publishing
Group. [Online]. Available: https://www.nature.com/articles/nbt899

[50] H.-C. Park, H. Guan, A. Li, Y. Yue, M.-J. Li, H. Lu, and
X. Li, “High-speed fiber-optic scanning nonlinear endomicroscopy for
imaging neuron dynamics in vivo,” Optics Letters, vol. 45, no. 13, pp.
3605–3608, Jul. 2020, publisher: Optica Publishing Group. [Online].
Available: https://opg.optica.org/ol/abstract.cfm?uri=ol-45-13-3605

[51] Y. Wu, Y. Zhang, J. Xi, M.-J. Li, and X. Li, “Fiber-
optic nonlinear endomicroscopy with focus scanning by
using shape memory alloy actuation,” Journal of Biomedical
Optics, vol. 15, no. 6, p. 060506, Nov. 2010, publisher:
SPIE. [Online]. Available: https://www.spiedigitallibrary.org/
journals/journal-of-biomedical-optics/volume-15/issue-6/060506/
Fiber-optic-nonlinear-endomicroscopy-with-focus-scanning-by-using-shape/
10.1117/1.3523234.full

[52] A. Li, W. Liang, H. Guan, Y.-T. A. Gau, D. E. Bergles, and
X. Li, “Focus scanning with feedback-control for fiber-optic nonlinear
endomicroscopy,” Biomedical Optics Express, vol. 8, no. 5, pp.
2519–2527, May 2017, publisher: Optica Publishing Group. [Online].
Available: https://opg.optica.org/boe/abstract.cfm?uri=boe-8-5-2519

[53] A. Lombardini, E. R. Andresen, A. Kudlinski, I. Rimke, and
H. Rigneault, “Origin and suppression of parasitic signals in
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