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Nonlinear endomicroscopy using
a double-clad fiber coupler

Hongchun Bao,1 Seon Young Ryu,2 Byeong Ha Lee,3,4 Wei Tao,1 and Min Gu1,5

1Centre for Micro-Photonics, Faculty of Engineering & Industrial Sciences, Swinburne University of Technology,
Hawthorn, Victoria 3122, Australia

2Division of Instrument Development, Korea Basic Science Institute, 113 Gwahangno, Yusung-gu,
Daejeon 305-333, Korea

3Department of Information and Communications, Gwangju Institute of Science and Technology, 1 Oryong-dong,
Buk-gu, Gwangju, 500-712, Korea

4 leebh@gist.ac.kr
5 mgu@swin.edu.au

Received December 2, 2009; revised February 8, 2010; accepted February 19, 2010;
posted March 3, 2010 (Doc. ID 120614); published March 26, 2010

A double-clad fiber coupler is developed to be used in two-photon-excited fluorescence endomicroscopy to re-
place a dichroic mirror and separate the fluorescence signal from the excitation laser beam. With the double-
clad fiber coupler, the endomicroscope becomes more compact, easier to be aligned, and more stable in align-
ment. The double-clad fiber coupler can transmit 62% of the excitation laser beam through the core. The
fluorescence collection efficiency of the double-clad fiber coupler is 34%, which is, to the best of our knowl-
edge, the highest fluorescence collection efficiency achieved by couplers used in two-photon-excited fluores-
cence endomicroscopes. As a result, the contrast of endomicroscopy imaging is enhanced. © 2010 Optical
Society of America

OCIS codes: 110.6880, 180.2520.
Two-photon-excited fluorescence (TPF) endomicros-
copy using a flexible thin optical fiber and a minia-
turized probe can image an area in a very tight space
with high resolution, where a bulky microscope can-
not reach [1–5]. The endomicroscope uses near-IR ul-
trashort optical pulses for imaging, which allows
three-dimensional imaging further in the sample as
compared with regular confocal imaging [6,7]. There-
fore it provides a useful tool for in vivo imaging and
real-time monitoring of targets with minimal inva-
sion [8,9].

It is essential that a TPF endomicroscope is com-
pact and easily maintains alignment for immediate
use and stable during imaging. In TPF imaging, re-
flected light from the excitation laser needs to be
separated from the fluorescence [10,11]. Normally a
dichroic mirror is used for this separation. However,
such a system consumes time for alignment and en-
vironmental conditions easily affect its performance.
It needs an extra green light laser for the alignment
of the endoscope using a dichroic mirror. Any vibra-
tion at transportation or operation of an endomicro-
scope can change the position of a dichroic mirror and
degrade the system alignment. Therefore an endomi-
croscope has to be compact for clinical use. Single-
mode couplers and double-clad photonic crystal fiber
(DCPCF) couplers have been investigated in endomi-
croscopy systems for easy alignment [12–16]. How-
ever, the fluorescence collection efficiency of a single-
mode fiber is low, and the endomicroscope suffers
from a low signal to noise ratio. A DCPCF increases
the fluorescence signal collection efficiency. However,
the confinement of light in the core and the inner
cladding depend on the hole structure of the DCPCF.
Among all the excitation light transmitting in the
DCPCF, only 30% can be successfully transmitted in

the core [11], and 70% of the excitation light is lost at
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the inner cladding and cannot be efficiently used for
the excitation of fluorescence signal [11]. In addition,
the DCPCF coupler can transmit only 2.8% of the to-
tal fluorescence signal owing to its low-cross coupling
ratio of the inner cladding [16], although it has a
fluorescence collection efficiency as high as 98%
within its NA.

In this Letter, a double-clad fiber coupler (DCF) is
developed for separating the fluorescence signal from
the excitation laser beam. The DCF coupler can con-
fine 62% of the total transmitted excitation light into
the core, which is twice as much as the DCPCF cou-
pler [11]. The fluorescence signal collection efficiency
of the DCF coupler is 34% and 12 times higher than
that of the DCPCF coupler. For the same excited fluo-
rescence signal from a sample, the DCF coupler en-
hances the signal-to-noise ratio and the contrast of
imaging by 12 times compared with the DCPCF cou-
pler.

Figure 1 illustrates a DCF and the DCF coupler. A
DCF (Fibercore, SMM900 3.6/105/125 �m core/
inner/outer cladding) is used for fabrication of a DCF
coupler. Previously DCF couplers were developed us-
ing conventional methods [17], the fused biconical ta-
pered (FBT) method [16,18] or the side-polishing
method [19], and the simple contact method [20]. In
this work the DCF coupler is fabricated with the FBT
method. As an 800 nm excitation laser beam is
coupled into port 3 of the DCF coupler, the center
part of port 1 [Fig. 1(b)] has a high light intensity,
while the surrounding part of port 1 has weak light.
The elongated center spot shown in Fig. 1(b) is due to
the saturation of the imaging camera. On the con-
trary, the center of port 4 [Fig. 1(c)] is dark, and the
surround area is bright. Therefore the DCF coupler
can transmit the excitation laser beam through the

core from port 3 to port 1 with little loss of light to the
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arm at port 4, and the light leaking to port 4 is
mainly from the inner cladding. 90% of the input ex-
citation laser beam can be coupled into the DCF cou-
pler. 85% of the light propagates to port 1, and 15%
propagates to port 4 [Fig. 1(d)]. 62% of the light can
be used for the generation of TPF signal [Fig. 1(d)].
This is ideal for delivering the laser beam in a com-
pact nonlinear endomicroscope.

The fluorescence signal, which is in the visible
spectral range, is collected from port 1 to port 2 by
the DCF coupler. Figs. 1(e) and 1(f) illustrate the
light patterns at port 2 and port 3 when a 532 nm cw
green light beam is coupled to port 1. Port 2 has
bright light around the inner cladding. 34% of the in-
cident green light can be cross coupled to port 2 [Fig.
1(g)]. The DCF has a large visible light collection ef-
ficiency, which, to our knowledge, is the highest
among all the couplers ever used in TPF endomicro-
scopes. The fluorescence collection efficiency can be
further increased by increasing the fusion strength of
the DCF coupler. However, a strongly fused DCF cou-
pler also leads to the increase of the loss of the exci-
tation laser beam transmitting through the core.
Therefore the fusion strength is chosen by maximiz-
ing cross coupling at visible light before the loss of
the excitation light at the core starts to increase.

A compact endomicroscopic system is displayed in
Fig. 2. The excitation laser beam is from a Ti:sap-
phire laser that generates 80 MHz 100 fs optical
pulses. The optical pulses are first prechirped by a
pair of gratings. The negative frequency chirp that
the optical pulses gain by propagating through the
gratings is used to compensate for the normal chro-
matic dispersion, which they gain later transmitting

Fig. 1. (Color online) (A) Schematic structure of a four-
port DCF coupler and a DCF. (B), (C) Light output patterns
at port 1 and port 4 for an 800 nm femtosecond laser beam
coupled to port 3 of the DCF coupler. (D) Output power at
port 1, in the core of port 1 and at port 4 versus the input
power at port 3. (E), (F) Light output patterns at port 3 and
port 2 for a 532 nm laser beam coupled to port 1 of the DCF
coupler. (G) Output power at port 2 and port 3 versus the
incident power of the DCF coupler.
through the DCF coupler and a DCF. The prechirped
optical pulses are coupled into port 3 of the DCF cou-
pler. Port 1 is connected to a 2 m DCF through a fiber
connector (FC). At the end of the DCF, a miniaturized
probe is attached to the DCF [2,21,22]. Inside the
probe, a microscanner scans the DCF tip line by line
for imaging [2,21,22]. The microscanner can also
move the DCF and the objective lens forward and
backward to achieve three-dimensional (3D) imaging
with an axial scanning range of 250 �m. A multiple
element objective lens focuses excitation laser beam
to samples and collects the TPF signal from the
samples to the DCF. The object NA of the lens is same
as the core NA of the DCF of 0.2, and the image NA is
0.35. Therefore the magnification of the lens is 1.75.
The field of view for imaging is 475 �m�475 �m,
and the useful fiber scanning range is 831 �m
�831 �m. The fluorescence signal is separated from
the excitation laser beam by the DCF coupler and de-
tected by a photomultiplier tube after being filtered
by a 3-mm-thick BG18 glass filter (Schott). With the
DCF coupler in TPF endomicroscopy to replace a di-
chroic mirror, the endomicroscope requires minimal
alignment and can be ready for imaging with mini-
mal preparation time. Furthermore, the alignment is
more stable during imaging.

Figure 3 illustrates clear sectioning images of the
microspheres at different depths with a full field of
view of 475 �m�475 �m. The excitation power at

Fig. 2. (Color online) TPF endomicroscopy using the DCF
coupler. FC, fiber connector; M, mirror; ND, neutral
density.

Fig. 3. Set of TPF images of 10 �m diameter fluorescent

microspheres with an axial step of 4 �m.
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the sample is 16 mW. For the bulky endomicroscope
using a dichroic mirror [2], the same brightness of
imaging needs 9 mW of the excitation laser beam. A
higher excitation laser power level is required for the
compact endomicroscope.

Figure 4(a) shows the image of a mouse kidney af-
ter injected fluorescein intravenously. The excitation
power at the sample is 18 mW. The compact endomi-
croscope clearly displays the image of the biological
sample. To understand the resolution of the endomi-
croscope, 1 �m fluorescence microspheres are imaged
[Fig. 4(b)], and the average fluorescence intensity
profile of the microspheres is displayed in Fig. 4(c).
The FWHM of the average intensity profile is 1 �m.
Therefore, the lateral resolution of the TPF endomi-
croscope is better than 1 �m. The axial resolution of
the endomicroscope is measured by scanning a thin
layer of polymer with 4 diethylaminobenzylidene-
malononitrile (DABM) as a dye along the z direction
[Fig. 4(d)]. The FWHM of the intensity profile is
14 �m. Thus the axial resolution of the endomicro-
scope is better than 14 �m. Compared with the en-
domicroscope using a dichroic mirror [2], the DCF
coupler has no obvious effect on the lateral and axial
resolutions.

In conclusion, compact TPF endomicroscopy is de-
veloped using a DCF coupler to replace a bulky beam
splitter. With the DCF coupler, the endomicroscope
can be quickly aligned and is fast to be ready for im-
aging, which is important for the practical use of en-
domicroscopy. The DCF coupler has a large fluores-
cence collection efficiency of 34%, which helps to

Fig. 4. (A) TPF images of a mouse kidney. Size of the im-
age: 150 �m�150 �m. (B) Image of 1 �m diameter fluores-
cent microspheres. Size of the image: 30 �m�30 �m. (C)
Average fluorescence intensity profile of the microspheres.
(D) Axial response of the TPF signal from a thin layer of

DABM dye.
enhance the signal-to-noise ratio of endomicroscopy
imaging. The lateral and axial resolution of the non-
linear endomicroscope is better than 1 �m and
14 �m, respectively. The development of compact
TPF endomicroscopy is an important step for nonlin-
ear endomicroscopy toward all fiber nonlinear en-
domicroscopy.
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