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Tunable, Ultrafast Fiber-Laser Between 1.15 and
1.35 pum for Harmonic Generation Microscopy
in Human Skin

Hsiang-Yu Chung

Abstract—We demonstrate a fiber-optic ultrafast tunable source
for harmonic generation microscopy (HGM) in human skin.
The source is based on a 31-MHz Er-fiber laser followed by
self-phase modulation enabled spectral selection (SESS). The re-
sulting pulses are tunable between 1.15 and 1.35 pm with up to
>10-nJ pulse energy and ~100-fs pulse duration. We employ this
source to drive a scanning microscope for HGM imaging of ex
vivo human skin. A systematic investigation on imaging depth ver-
sus excitation wavelength reveals that excitation wavelengths in
the 1.15-1.25 pm range exhibit low optical attenuation within the
tissue and allows larger imaging depth for HGM in human skin.
HGM driven by fiber-based SESS sources constitutes an enabling
tool for noninvasive virtual skin biopsy in clinical applications.

Index Terms—Biomedical imaging, fiber lasers, nonlinear fiber
optics, nonlinear optical microscopy, optical harmonic generation.

I. INTRODUCTION

ARMONIC generation microscopy (HGM) is one of the

most important modalities for optical virtual skin biopsy
[1]-[7]. HGM requires a driving laser system that emits fem-
tosecond pulses, which interact with the skin sample in a non-
linear way to provide imaging contrast. With sub-micron optical
resolution, HGM also features low photodamage and low pho-
tobleaching because the imaging contrast originates from the
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intrinsic structure of the sample rather than from the molecular
resonance. For example, collagen and elastic fibers in human
skin have non-centrosymmetric structure that enables second-
harmonic generation (SHG) [1]—[7]. In contrast, third-harmonic
generation (THG) arises from the interface and inhomogene-
ity between nucleus and cytoplasmic membrane, which can
provide subcellular information [2]-[4], [6], [7]. Different lay-
ers and tissues, e.g., stratum corneum (SC), stratum granulo-
sum (SG), stratum spinosum (SS), and stratum basale (SB) in
epidermis can be differentiated from their THG contrast [4],
(61, [71.

To date, ultrafast Ti:sapphire lasers are the most popular driv-
ing source in implementing HGM. These lasers normally oper-
ate at tens-of-MHz repetition rate and produce ~100-fs pulses
with their center wavelength tunable in 700—-1000 nm. However,
the corresponding THG (233-333 nm) falls within ultraviolet
(UV) region and suffers from strong water/protein absorption,
low objective transmittance, and low sensitivity of the photo-
multiplier tube (PMT). These disadvantages have stimulated
research efforts in developing femtosecond driving sources at
longer wavelengths. For example, HGM benefits from a fem-
tosecond driving source in the 1.15-1.35 pum range, because
most of the resulting SHG and THG falls in the visible wave-
length range and can be efficiently detected by gallium arsenide
phosphide PMTs. Longer excitation wavelengths correspond to
less photon energy and reduce the risk of photodamage, which
also raises the excitation power tolerance. Under 1230-nm ex-
citation, the applied power can be as high as 140 mW [8], while
only 6-mW average power can prevent cells from forming clones
under 800-nm excitation [9]. Furthermore, the wavelength range
1.15-1.35 pm coincides with one of the bio-tissue transmission
windows featuring relatively low optical attenuation caused by
scattering and absorption within the tissue [10]-[15]; there-
fore, an increased imaging depth can be achieved. A detailed
comparison has shown that SHG imaging driven by 1250-nm
femtosecond pulses can achieve sharp images at a depth of
250 pm in porcine skin, which is twice the imaging depth
achieved with 800-nm femtosecond pulses from Ti:sapphire
lasers [5].

Several ultrafast laser sources have been implemented to
produce femtosecond pulses in the 1.15-1.35 pym wavelength
range. Passively mode-locked Cr:forsterite lasers directly emit
femtosecond pulses in the wavelength range of 1230-1250 nm
[2]-[8], [16]-[18]. Broadly tunable femtosecond pulses can be

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/


https://orcid.org/0000-0001-6705-4589
https://orcid.org/0000-0003-3666-5402
mailto:hsiang-yu.chung@cfel.de
mailto:qian.cao@desy.de
mailto:franz.kaertner@desy.de
mailto:weiopt@slac.stanford.edu
mailto:grein25@gmx.de
mailto:guoqing.chang@iphy.global advance �reakcnt @ne penalty -@M ac.cn
mailto:guoqing.chang@iphy.global advance �reakcnt @ne penalty -@M ac.cn

6800708

obtained from solid-state synchronously pumped optical para-
metric oscillators [19]-[22] or optical parametric amplifiers
[15], [23], [24].

Despite their success, however, these solid-state lasers de-
mand precise cavity-alignment and environmental control (i.e.,
water cooling, temperature and humidity feedback loop, vibra-
tion isolation etc.), which limits the use of HGM to specialized
laboratories. In contrast, fiber-optic femtosecond sources based
on ultrafast fiber lasers followed by nonlinear wavelength con-
version in optical fibers offer a simple and robust solution. In-
deed, HGM has been practiced in the 1.15-1.35 zm wavelength
range by several groups utilizing fiber-laser based wavelength
conversion sources. Normally these HGM driving sources are
derived from Er-fiber lasers emitting 1.55-pum pulses, which
can be converted to 1.2-um pulses via fiber-optic Cherenkov
radiation [25], [26]. The center wavelength of the resulting
pulses is largely fixed by the phase-matching condition required
by fiber-optic Cherenkov radiation. Due to the use of highly
nonlinear fiber, the 1.2-pym femtosecond source delivers only
1.07-nJ pulse energy [25]. Another fiber-optic nonlinear wave-
length conversion mechanism is soliton self-frequency shift
(SSFES), which can redshift the output pulse from an Yb-fiber
laser to the wavelength range of 1.15-1.35 pm [27]-[29]. It is
noteworthy that the resulting Raman soliton energy is limited by
the soliton-area-theorem. To increase the soliton pulse energy,
higher-order-mode fibers are employed to excite SSFS [30],
[31]. Another approach is to employ SSFES in large-mode-area
(LMA) rod-type fibers pumped by an Er-fiber laser, which gen-
erates Raman soliton pulses at 2.3 um followed by frequency
doubling to 1.15 pum [32]. However, strong absorption in fused
silica beyond 2.3 pum prevents achieving femtosecond pulses
with wavelength longer than 1.15 pm.

Recently we extended the fiber-optic approach underlying
Mamyshev regenerator [33] to produce wavelength widely tun-
able (~400 nm) femtosecond pulses [34]-[37]. In this approach,
a narrowband input optical spectrum is dramatically broadened
inside a short (<10-cm length) optical fiber by self-phase mod-
ulation (SPM) dominated nonlinearity. Consequently, isolated
spectral lobes are developed with a considerable portion of
power contained by the leftmost and the rightmost spectral lobes.
We then use optical filters to select the leftmost/rightmost spec-
tral lobes, which produces nearly transform-limited ~100-fs
pulses with the center wavelength widely tunable. Such SPM-
enabled spectral selection (SESS) allows us to derive up to
>10-nJ, ~100-fs pulses tunable in 1030—1215 nm from an LMA
fiber pumped by an Yb-fiber laser at 1030 nm [35]. We also ap-
plied SESS to ultrafast Er-fiber lasers and obtained femtosecond
pulses tunable from 1.3 ymto 1.7 pm with 15.8-nJ pulse energy
at 1.3 um [37].

In this paper, we improve our Er-fiber laser based SESS source
to obtain femtosecond pulses tunable between 1.15 pym and
1.35 pm with pulse energy of 7.2-11.7 nJ. This source is then
integrated with a scanning microscope for HGM imaging of
ex vivo human skin tissue with a focus on investigating imag-
ing performance versus excitation wavelength. We apply five
different excitation wavelengths—1.15 pm, 1.2 pm, 1.25 pm,
1.3 pm, and 1.35 pm—with the same peak power after the ob-
jective and compare the resulting SHG and THG signal in skin
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tissue within 300-pum penetration depth. Considering both the
sensitivity and gain of the detector, our experimental results
show that besides 1.25-um (Cr:forsterite laser wavelength) ex-
citation, wavelengths at 1.15 um and 1.2 pym are also suitable
for conducting HGM in human skin.

II. EXPERIMENTAL SETUP

The experimental setup depicted in Fig. 1 mainly consists of
two parts: an Er-fiber laser based SESS source and a scanning
harmonic generation microscope.

A. Fiber-Based SESS Source

The driving SESS source is derived from a home-built
31-MHz Er-fiber laser system producing up to 160-nJ,
290-fs pulses after the grating compressor. More details about
the laser system can be found in [36]. To implement SESS,
we couple the pulses into 8.5-cm dispersion-shifted fiber (DSF)
for SPM-dominated spectral broadening. The DSF has a 10-um
mode-field diameter and —10 fs*/ mm group-velocity disper-
sion at 1.55 pum. We use a half-wave plate (HWP) and a po-
larization beam splitter (PBS) to vary the pulse energy coupled
into the DSF. The fiber coupling module includes a fiber holder
(HFVO002, Thorlabs), a 3-axis stage (MAX313D/M, Thorlabs),
and an aspheric lens (C240TME-C, Thorlabs) with 8-mm ef-
fective focal length. The coupling efficiency under low power is
70%. As the coupled energy is increased from 75 nJ to 100 nJ,
the peak wavelength of the leftmost spectral lobe in the broad-
ened spectrum shifts from 1.35 pm to 1.15 pm. Then we use
optical bandpass filters (BPFs) to select these spectral lobes for
HGM.

Figure 2 (left column) shows the spectra filtered by differ-
ent BPFs with 50-nm bandwidth centered at 1.15 pym, 1.2 um,
1.25 pm, 1.3 pm, and 1.35 pm (Edmund Optics). The result-
ing SESS tunable femtosecond source has an average power of
224-362 mW, corresponding to pulse energy of 7.2-11.7 nJ
before the scanning microscope, which meets the requirement
(>5 nJ) to achieve fine THG contrast [4], [6], [7], [32]. After
reaching the thermal equilibrium, the power fluctuation of the
filtered spectral lobe from the tunable source between 1.15 um
and 1.35 pum is a couple of percent. Due to the microscope
transmittance loss, the maximum available average power after
the objective is 83-210 mW (shown in parentheses in the left
column of Fig. 2), corresponding to pulse energy of 2.7-6.8 nl.
The red curves in the right column of Fig. 2 show the autocor-
relation traces measured after the objective. The full-width at
half-maximum (FWHM) duration of these traces is 142—168 fs,
from which we estimate the pulse duration to be 92—-109 fs,
assuming hyperbolic-secant pulse profile with a deconvolution
factor of 1.54. The pulses are slightly chirped compared with
the calculated transform-limited pulses allowed by the filtered
spectra (black dashed curves in the right column of Fig. 2). The
characterized average power and pulse duration measured at
different wavelength after the objective is later used to calibrate
the pulse peak power after the objective. It is noteworthy that
we use the term “after the objective” instead of “at the sam-
ple surface.” The objective is water immersive; however, the
characterizations are carried out without water immersion.
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Fig. 1.

Schematic setup of the fiber-based SESS source for HGM. ISO: isolator, WDM: wavelength-division multiplexing, EDF: erbium-doped fiber, EYDF:

erbium ytterbium co-doped fiber, L: lens, LPF: long pass filter, HWP: half-wave plate, M: mirror, PBS: polarization beam splitter, DM: dichroic mirror, BPF:

bandpass filter, PMT: photomultiplier tube.
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Fig. 2. (Left column) Filtered optical spectra; their peak wavelength and

average power are labeled in the figure. Measured power after the objective is
shown in the parentheses. (Right column) Measured autocorrelation traces after
the objective (red solid curves) and autocorrelation traces calculated from the
transform-limited pulses allowed by the filtered spectra (black dashed curves).

B. Scanning Microscope

We use a telescope before the excitation beam entering the
scanning microscope (MPM-2PKIT, Thorlabs) to match the
beam size to the objective (XLPLN25XWMP2, Olympus) clear
aperture. The scanning system consists of a resonant scanner
(8 kHz) and a mirror galvanometer (up to 30 Hz). The 25x
water immersive objective has 1.05 numerical aperture (NA)
and 2-mm working distance. The emitted signal is epi-collected
by the same objective and reflected by a DM (Di02-R1064-25
x 36, Semrock). Another DM with different edge wavelength
(FF562-Di03-25 x 36 or Di02-R405-25 x 36, Semrock) further
separates SHG and THG from different excitation. A motorized
stage provides vertical movement with adjustable velocity to ob-
serve the sample at the different depth from the surface, which
ensures that imaging can be continuously recorded.

Figure 3(a) depicts the cathode radiant sensitivity of the
PMTs for signal detection, with the voltage dependent gain
shown in Fig. 3(b) [38]. For the excitation wavelength in 1.15—
1.35 pum, we use PMT (H7422P-40, Hamamatsu) with the peak
sensitivity at 580 nm [green curve in Fig. 3(a)] to detect the
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Fig. 3. (a) Cathode radiant sensitivity and (b) gain of the PMTs used for
signal detection. H10721-210 (magenta curves) is for THG, and H7422P-40 is
for SHG (green curves).

corresponding SHG (575-675 nm). The THG (383-450 nm) is
detected by another PMT (H10721-210, Hamamatsu) with the
sensitivity peaking at 420 nm [magenta curve in Fig. 3(a)]. The
control voltage is set between 0.5-0.7 V for linearly approxi-
mate small gain to avoid signal saturation. Signal photons are
collected by PMTs and converted to electric signal, which is
further amplified by transimpedance amplifier with 30200 V/A
(TIA60, Thorlabs). A data acquisition card (PCIe-6321, Na-
tional Instruments) acts as an analog-to-digital converter with
14-bit resolution (i.e., intensity of each image pixel varies from
0 to 16383).

III. EXPERIMENTAL RESULTS

We first demonstrate that the fiber-based SESS source tuned
to 1.25 pm is able to drive HGM imaging in human skin. Then
we compare the imaging excited by different wavelength in the
range of 1.15-1.35 pm.

A. HGM in Human Skin Excited by 1.25-um Fiber-Based
SESS Source

Figure 4 shows four representative HGM images of ex vivo
human skin tissue from the back part. Each image has a field of
view (FOV) of 270 um x 270 pm. The excitation is tuned to
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Fig. 4. HGM imaging of ex vivo human skin from the back part at different
penetration depth excited by 1.25-um femtosecond pulses. (a) SC and SG in
epidermis at 20-pm depth. (b) SS and SB in epidermis at 39-um depth. (c) SS,
SB, and DP between epidermis and dermis at 62-pm depth. (d) Collagen fibers
in dermis at 113-pm depth. Scale bar: 50 pim.

1.25 pm—the typical center wavelength of Cr:forsterite lasers.
The excitation power is 50 mW, corresponding to 1.6-nJ pulse
energy after the objective. The resulting SHG at 625 nm is
colored in green, and the THG at 417 nm colored in magenta. We
use the same topping color of SHG and THG for the following
HGM imaging in this paper.

The THG signal exhibits a strong contrast from the cell in
epidermis [Fig. 4(a), 4(b), and 4(c)]. Different sublayers and
cells in epidermis can be differentiated by the THG contrast. For
example, SC can be easily recognized by its nucleiless feature,
and granular cells have a relatively lower nucleus-cytoplasmic
ratio compared with spinous cells and basal cells. At 20-pm
depth, SC and SG can be simultaneously observed shown in
Fig. 4(a). At 39-um depth, the major cells are spinous and
basal cells [Fig. 4(b)]. SHG originating from the collagen fibers
starts to appear as the depth increases to 62 ym. These fibers
are surrounded by basal cells, showing the uneven region of
dermal papillae (DP) at the edge between epidermis and dermis
[Fig. 4(c)]. For the imaging depth increased to 113 pum, THG
signal vanishes and is replaced by SHG from abundant collagen
fibers [Fig. 4(d)].

Figure 5 shows the HGM imaging (FOV: 270 pm x 270 pm)
similar to Fig. 4, but the skin sample is from the inguinal part.
The excitation power is also 50 mW. Both the red blood cell
and lipids can be observed in the capillary surrounded by the
collagen fiber [Fig. 5(c) and 5(d)]. They can be easily dis-
tinguished by the size. THG signals are also related to the
endogenous molecules (e.g., melanin [4], [6], hemoglobin [39],
and lipid [40]), and can be resonantly enhanced by excita-
tion in the 1.15-1.35 um wavelength range. To emphasize the
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Fig.5. HGM imaging of ex vivo human skin from the inguinal part at different
penetration depth excited by 1.25-um femtosecond pulses. (a) SC, SG and SS
in epidermis at 25-pm depth. (b) SS and SB in epidermis at 46-pum depth.
(c) DP consists of SB and collagen fibers between epidermis and dermis at
58-pm depth. (d) Capillaries surrounded by collagen fibers at 98-pm depth.
(e) and (f) are at the same depth with (c) and (d), respectively. Only THG
contrast is reserved and “Jet” colormap is used to emphasize the molecule-
induced resonance enhancement. Scale bar: 50 pm.

molecule-induced resonance enhancement, we reserve only the
THG contrast in Fig. 5(e) and 5(f), and change the colormap
from magenta to “Jet.” Consequently, the melanin-induced res-
onant enhancement in SB can be used to distinguish melanocytes
from keratinocytes by the THG contrast. Strong THG colored in
red indicates the melanocytes and melanin distribution among
the surrounding keratinocytes indicated by black arrows in
Fig. 5(e) and 5(f), as well as red blood cells (white arrows)
and lipids (yellow arrows).

The HGM imaging excited by 1.25-um fiber-based SESS
source shows similar penetrability and subcellular resolution
to differentiate cells and tissues in human skin, comparable to
those achieved from Cr:forsterite lasers [4], [6].

B. Effect of Excitation Wavelength

To compare the performance of different excitation wave-
lengths, we observe the sample irradiated by 5 different
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Fig. 6. HGM imaging of ex vivo human skin from the back part at different penetration depth excited by 5 different wavelengths. (a-e) SS and SB in epidermis at
50-pm depth. (f-j) Collagen fibers in dermis at 90-zm depth. (k-o0) Collagen fibers and arrector pili muscles in dermis at 120-p:m depth. (p-t) Arrector pili muscles
in dermis at 170-pm depth. 1.15-pm excitation: (a), (f), (k), and (p). 1.2-pm excitation: (b), (g), (1), and (q). 1.25-pm excitation: (c), (h), (m), and (r). 1.3-um
excitation: (d), (i), (n), and (s). 1.35-pm excitation: (e), (j), (0), and (t). Scale bar: 100 pm.
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Fig. 7.  Signal intensity distribution along the penetration depth depending on

different excitation. (a) THG. (b) SHG.

wavelengths peaking at 1.15 pym, 1.2 pym, 1.25 pym, 1.3 pm,
and 1.35 pum. The region of interest is scanned back and forth
within the penetration depth up to 300 ym. Considering both
the microscope transmittance and the pulse duration, we use a
neutral density wheel to adjust the illumination power at these
wavelengths to maintain the same pulse peak power after the
objective. The excitation power of 1.15-um, 1.2-pm, 1.25-pm,
and 1.3-pm pulses is 60 mW after the objective. For 1.35-pum
pulses, the applied power is 70 mW.

Figure 6 shows the HGM imaging (FOV: 500 ym x 500 pm)
of ex vivo human skin from the back part excited by differ-
ent wavelengths at four representative penetration depths. Fig-
ure 6(a-e) shows the SS and SB at 50-pm depth in epidermis,
Fig. 6(f-j) the collagen fibers at 90-m depth, Fig. 6(k-0) the
collagen fibers and arrector pili muscles at 120-pum depth, and
Fig. 6(p-t) the arrector pili muscles at 170-pm depth.

At first glance, the resulting HGM images excited by differ-
ent wavelengths seem similar. However, image details reveal
significant difference. Besides the strong THG contrast from
various cells in Fig. 6(a-e) as predicted, air bubbles appear
at the lower left corner of Fig. 6(d) and 6(e) for 1.3-um and
1.35-um excitation, indicating strong water absorption as the
excitation wavelength becomes close to a local peak absorption
at 1.45 um [41]. We attribute the generation of air bubbles to wa-
ter vaporization at the local volume. Since the refractive index
difference between air and water or air and skin is larger [42],
the air-water or air-skin interface can result in strong THG, and
thus suppresses the THG contrast of the cells. These air bubbles
also degrade the NA of the water immersive objective in the
local area, resulting in weak SHG in deeper layers [Fig. 6(i) and
6(j)], compared with [Fig. 6(f-h)]. Although the outline of the
thick arrector pili muscles is still clear in Fig. 6(n) and 6(0), the
contrast is worsened especially compared with Fig. 6(k-m). In
addition, the fine structure of collagen fibers excited by 1.35-pm
femtosecond pulses [Fig. 6(j)] is apparently vaguer than others
achieved by pulses of shorter excitation wavelength.

To quantify the effect of excitation wavelength, we plot the
signal intensity distribution along the penetration depth in Fig. 7.
The signal intensity is defined as pixel intensity summation of
the image at each depth. Although the intensity peak of THG
[Fig. 7(a)]/SHG [Fig. 7(b)] excited by different wavelength is
all at 20-m/90-pm depth, their relative intensities are substan-
tially different. The signal intensity is much lower for those
excited by 1.3-um and 1.35-pum femtosecond pulses caused
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by the increased water absorption. Besides the conventional
1.25-um excitation (which is traditionally offered by
Cr:forsterite lasers), 1.15-um and 1.2-ym excitations enable
similar imaging quality given the same peak power after the
objective.

IV. CONCLUSION

We demonstrate a wavelength widely tunable femtosecond
source employing SESS for HGM imaging in human skin.
The resulting spectrum can be continuously tuned between
1.15 pm and 1.35 pm—covering one of the biological transmis-
sion windows—with up to >10-nJ pulse energy and ~100-fs
pulse duration. The HGM imaging differentiates various cells
and tissues in epidermis and upper dermis of human skin. We
compare HGM imaging of ex vivo human skin tissue by dif-
ferent excitation in the range of 1.15-1.35 pm with the same
peak after the objective. Besides 1.25 pm, our result suggests
a ~100-nm wide sub-window between 1.15 pm and 1.25 ym
suitable for conducting HGM in human skin. Indeed, femtosec-
ond pulses within 1.15-1.25 pm can also be generated by an
Yb-fiber laser based SESS source [35]. However, optical fibers
usually exhibit higher positive GVD at this pump wavelength
(i.e., 1.03 pum), which leads to stretched pulses and reduced
spectral broadening. Additionally, the self-focusing threshold
is ~4 MW at the Yb-fiber laser wavelength and ~9 MW at
the Er-fiber laser wavelength [43]. Therefore SESS based on
Er-fiber lasers exhibits better energy scalability. Femtosecond
pulses with MW-peak power at 1.3 pum are demonstrated in
our previous work by implementing SESS in 1.3-cm DSF [37].
Considering self-focusing and 15% conversion efficiency, the
allowed peak power of 1.3-um pulses enabled by current ap-
proach is ~1.3 MW.

A local minimum of water absorption around 1.1 pum is also
attractive to HGM. However, shorter wavelength signifies higher
photon energy and increase the risk of photodamage. For long-
term observation, power tolerance study (e.g., experimental in-
vestigation in [8], [9]) is inevitable. Another issue is whether the
resulting THG signal in UV region is harmful to the cell. UVA
(320-400 nm) accounts for 95% of the UV radiation reach-
ing the Earth surface. It has higher penetrability than UVB
(290-320 nm). Although UVA does not directly harm the skin
surface, it may damage keratinocytes and contribute to the ini-
tiation of skin cancer development [44].

In our current implementation, femtosecond pulses in
1.15-1.35 pm are obtained by optically filtering the leftmost
spectral lobes of an SPM broadened spectrum. If the right-
most spectral lobes are selected using suitable optical band-
pass filters, we can obtain femtosecond pulses tunable in 1.6—
1.7 pm, which falls into another tissue transmission window of
1.6-1.87 pm [10]-[12]. However, excitation for HGM in this
wavelength range exhibits stronger water absorption, and gal-
lium arsenide PMT has lower sensitivity for the corresponding
SHG (800-935 nm) signal [45].

Currently we are upgrading our Er-fiber laser system to 1-pJ
level with variable repetition rate to implement a SESS source
with all the important laser parameters—center wavelength,
pulse duration, pulse energy, and average power—flexibly ad-
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justable. Such a powerful driving source allows us further op-
timizing the HGM performance in human skin imaging, which
will constitute a powerful tool to conduct noninvasive optical
virtual biopsy to study histopathology, morphology, and skin
disease.
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