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Preface

The laser has become more and more important in scientific research and industrial applica-
tions with the merits of excellent monochromaticity, coherence, and directivity. Now, the
laser wavelength can cover the range from ultraviolet to terahertz and output laser perform-
ance has significantly progressed in recent years. Therefore, due to the characteristics of
non-invasiveness and high-power intensity, applications based on laser techniques have be-
come more extensive. The aim of this book is to introduce and present the latest advance-
ments in the field of laser techniques and their applications.

In this book, two chapters are focused on the advanced diode laser and fiber laser. A high-
power tunable GaN diode laser using external-cavity configuration with emission in the
visible spectral range is shown first. Subsequently, a thulium-ytterbium short pulse fiber
laser by cladding pumping is reported. In the application section, there are four chapters on
laser ablation, laser-introduced fluorescence, laser treatment, and nonlinear optical response
of nanoparticles.

Yufei Ma
Harbin Institute of Technology
China
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Chapter 1

Tunable High-Power External-Cavity GaN Diode Laser
Systems in the Visible Spectral Range

Mingjun Chi, Ole Bjarlin Jensen,
Anders Kragh Hansen and Paul Michael Petersen

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79703

Abstract

In this chapter, both blue and green high-power tunable diode laser systems based on
GaN broad-area diode laser (BAL) in Littrow external cavity are demonstrated. For blue
diode laser system, for high-power application, an output power around 530 mW over
a 1.4 nm tunable range is obtained; for wide tunable range application, an output power
around 80 mW over a 6.0 nm tunable range is obtained. For the green diode laser system,
for high-power application, an output power around 480 mW with a tunable range of
2.1 nm is achieved; for wide tunable range application, an output power of 50 mW with
a tunable range of 9.2 nm is achieved. The tuning range and output power optimization
of an external-cavity diode laser system is investigated based on the experimental results
obtained in the blue and green external-cavity GaN diode laser systems. The obtained
results can be used as a guide for selecting gratings for external-cavity diode lasers for
different requirements. The temporal dynamics of the green diode laser system is studied
experimentally, and pulse package oscillation is observed, for the first time to our knowl-
edge, in a BAL with an external-cavity grating feedback.

Keywords: diode lasers, GaN, external cavity, tunable, instabilities and chaos

1. Introduction

Since the first demonstration of a room temperature continuous wave (CW) GaN violet diode
laser by Nakamura et al. [1], great progress has been achieved on the GaN-based diode lasers
in the violet to green spectral range. Nowadays, high-power GaN diode lasers with CW out-
put power of a few watts are commercially available in the blue to green spectral range [2].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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The spectral bandwidth of the high-power devices is around 1.0 nm, and the devices are
not tunable. Although single longitudinal mode GaN diode laser around 405 nm has been
achieved with the laterally coupled distributed feedback (DFB) technique [3]; this technique
is under development and not available for commercial devices, especially not available for
high-power GaN diode lasers.

Tunable, high-power, narrow spectral bandwidth light sources based on semiconductor lasers
from the violet to green spectral range are attractive for many applications, such as high-res-
olution spectroscopy, holographic data storage, laser cooling, laser holographic display, bio-
photonics and as pump sources for nonlinear frequency conversion and for titanium-sapphire
lasers [4-10]. The broad emission bandwidth limits the usage of the high-power GaN diode
lasers in some of these applications. There are two main techniques to achieve high-power,
narrow-bandwidth blue and green laser emission based on semiconductor devices. The first
one is based on nonlinear frequency conversion, including second harmonic generation and
sum frequency generation of GaAs lasers emitting from 800 to 1100 nm [11, 12]. The second
approach is external-cavity feedback technique used to improve the spectral quality of the
high-power GaN diode lasers and make the lasers tunable [13, 14]. The laser systems devel-
oped based on the first method are relatively complex, and the laser systems are not tunable,
or the tunable range is narrow. Thus, the second approach is applied in this chapter to achieve
narrow bandwidth, tunable blue and green diode laser systems.

In this chapter, we first demonstrate two tunable, narrow bandwidth high-power GaN diode
laser systems; one system is emitting around 455 nm in the blue spectral region, the other is
emitting around 515 nm in the green spectral region. Secondly, the tuning range and output
power optimization of an external-cavity diode laser (ECDL) system is investigated based on
the experimental results. Finally, the dynamics of the green external-cavity diode laser system
is studied.

2. Experimental setup

The experimental setup for the Littrow external-cavity feedback system is schematically
shown in Figure 1. The high-power GaN diode lasers (2 W for blue or 1 W for green devices)
used in our experiment are broad-area diode lasers. The laser beam is TE-polarized for both
devices. The laser beam emitted from the front facet is collimated by an aspherical lens of
4.0 mm focal length with a numerical aperture of 0.6. The collimated beam is incident on a
bulk diffraction grating mounted in Littrow configuration and oriented with the lines in the
grating parallel to the slow axis of the diode laser.

The first-order diffracted beam from the grating is the feedback beam, thus the external cavity
is formed between the diode laser and the grating. A beam splitter is inserted in the external
cavity and reflects part of the beam as a diagnostic beam in which the spectral bandwidth and
tunability of the laser system are measured. The zeroth-order diffracted beam of the grating
is the output beam of the ECDL system, and a power meter is used to record the power of the
output beam. The ECDL system is tuned by rotating the grating along the groove direction.
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Figure 1. Experimental setup of the ECDL system. BAL, broad-area diode laser; L, lens; BS1, BS2 and BS3, beam splitter;
HWP, half-wave plate; G, bulk grating, PD1 and PD2, photodiode; DO, digital oscilloscope; OSA, optical spectrum
analyzer; Am, amplifier; ESA, electrical spectrum analyzer; PM, power meter.

3. Experimental results

3.1. Blue GaN external-cavity diode laser system

In this subsection, the results of blue ECDL system are presented [15]. Two bulk diffraction gratings
are used in the blue ECDL system, one is a holographic diffraction grating with a groove density
of 2400 lines/mm (Thorlabs, GH13-24 U), and the zeroth- and first-order diffraction efficiencies
are 78.8 and 8.3%. The other is a ruled diffraction grating that is ruled with 1800 lines/mm and
has a blaze wavelength of 500 nm (Thorlabs, GR13-1850), the zeroth- and first-order diffraction
efficiencies are 29.6 and 53.5%, respectively. The length of the external cavity is around 110 mm.

In the freely running condition, the threshold current of the laser device is around 0.12 A, and
the slope efficiency is around 1.62 W/A. With an injected current of 1.4 A, a 2 W output power
is obtained. The diode laser is operating in multiple Fabry-Perot (FP) modes. The spectrum
is centered around 456 nm with a spectral bandwidth around 1.2 nm. The longitudinal mode
spacing of the FP modes is around 28.5 pm.

The blue ECDL system is characterized by measuring the spectrum at different wavelengths
with these two different gratings. Figure 2 shows the spectra of the blue ECDL system with an
output power around 85 mW for both gratings. For the ECDL system with the holographic dif-
fraction grating at an injected current of 0.2 A, Figure 2(a) shows seven normalized spectra from
453.4 to 456.5 nm. The bandwidth of the spectrum (FWHM) is around 9 pm in the 3.1 nm tunable
range; it is much less than the 28.5 pm mode space of the FP laser resonator; this means the laser
is forced to operate in a single longitudinal FP mode by the external feedback. Figure 2(b) shows
eight normalized spectra from 452.8 to 458.8 nm for the ECDL system with the ruled diffraction
grating at an injected current of 0.3 A. The spectral bandwidth is less than 20 pm for wavelengths
longer than 456 nm in the 6.0 nm tunable range; for shorter wavelengths, the spectral bandwidth
is less than 42 pm, that is, two FP modes oscillate simultaneously. The amplified spontaneous
emission (ASE) is more than 20 dB suppressed in the tunable ranges for both diffraction gratings.

5
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Figure 2. Optical spectra of the output beam from the blue ECDL system with (a) a holographic grating and (b) a ruled
grating. The output power is around 85 mW.

Figure 3 shows the spectra of the blue ECDL system with an output power around 200 mW
with both gratings. Figure 3(a) shows seven normalized spectra from 453.7 to 456.5 nm with
the holographic grating, at an injected current of 0.3 A. The spectral bandwidth is around
35 pm in the tunable range, that is, two FP modes oscillate simultaneously. Figure 3(b) shows
the normalized spectra of the ECDL from 453.5 to 459.0 nm with the ruled grating, the injected
current is 0.6 A. The bandwidth is less than 67 pm in the tunable range. The ASE suppression
is more than 24 dB for the holographic grating feedback and more than 17 dB for the ruled
grating feedback.
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Figure 3. Optical spectra of the output beam from the blue ECDL system with (a) a holographic grating and (b) a ruled
grating. The output power is around 200 mW.
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Figure 4 shows the spectra of the blue ECDL system with an output power around 350 mW. The
laser system is tunable from 454.1 to 456.5 nm for the holographic grating feedback. The band-
width is around 35 pm in the tunable range, and the ASE is more than 24 dB suppressed. The
laser system is tunable from 455.3 to 459.4 nm for the ruled grating feedback; the ASE is more
than 18 dB suppressed. The bandwidth (FWHM) is less than 70 pm in the tunable range, but
side peaks appear in some spectra as shown in Figure 4(b).

With the ruled grating, a further increase of the current increases the spectral bandwidth to a
few hundred picometers, and two peaks are present in the spectrum. With the holographic grat-
ing, the current can be increased to 0.6 A, where the diode laser is tuned from 455.0 to 456.4 nm
with an output power of around 530 mW. The bandwidth is around 63 pm in the tunable range,
and the ASE is more than 20 dB suppressed. Further increase of the current also increases the
bandwidth to a few hundred picometers for the ECDL with the holographic grating.

The output power of the blue ECDL system at different wavelengths is shown in Figure 5 with
these two different gratings. When the holographic grating is applied, the maximum output
powers are 85, 198, 368 and 531 mW with injected current of 0.2, 0.3, 0.45 and 0.6 A, respectively.
When the ruled grating is applied, the maximum output powers are 90, 222, and 340 mW with
injected current of 0.3, 0.6 and 0.9 A, respectively. For both gratings, the output power is rela-
tively constant in the tunable range at each injected current. With the highest output power of
the ECDL, that is, 531 mW for the holographic grating feedback and 340 mW for the ruled grat-
ing feedback, around 68 and 27% of the output power of the freely running laser are extracted
in the ECDL system for the two gratings, respectively. Thus, the efficiency of the ECDL with the
holographic grating is much higher than that of the ECDL with the ruled grating. The reason is
the higher first-order diffraction efficiency of the ruled grating (53.5%) limits the output power.

The tunable range of the blue ECDL system with the ruled grating is much broader than that
of the blue ECDL system with the holographic grating when the output power of the diode

[ (&) 1450 ma (b} 1=000 mA

[V E:] 3 e

[/E.9 3 e

02k | i
. _uu-.'l., JAL |

0.0
452 454 456 458 452 454 458 458 480
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Figure 4. Optical spectra of the output beam from the ECDL system with (a) a holographic grating at an injected current
of 0.45 A and (b) a ruled grating at an injected current of 0.9 A.
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Figure 5. Output power of the blue ECDL at different wavelengths and operating currents with the holographic grating
(red signs) and the ruled grating (black signs).

laser system is comparable. The reason is that the first-order diffraction efficiency of the ruled
grating is much higher compared with that of the holographic grating, that is, 53.5 versus
8.3%. The higher the feedback strength from the grating, the more effective the suppression of
the freely running lasing modes.

In summary, a high-power, tunable, narrow-bandwidth ECDL system based on a GaN diode
laser around 455 nm is demonstrated. The laser system can be tuned over 1.4 nm with an
output power around 530 mW when the holographic grating is applied; the laser system can
be tuned over 6.0 nm with an output power of 80 mW when the ruled grating is applied. The
results show the efficiency of the ECDL with holographic grating is higher, but the tunable
range of the ECDL with ruled grating is broader.

3.2. Green GaN external-cavity diode laser system

In this subsection, the results of a green ECDL system are presented [16]. For the green ECDL
system, only the holographic grating (Thorlabs, GH13-24 U) is applied. A half-wave plate is
inserted in the external cavity to turn the polarization direction of the laser beam. Thus, the
green laser system can be operated in both s-polarized mode (the laser beam is polarized
along the lines of the grating) and p-polarized mode (the laser beam is polarized perpendicu-
lar to the lines of the grating). The zeroth- and first-order diffraction efficiencies of the grating
are around 81 and 7% for the s-polarized beam, and around 48 and 29% for the p-polarized
beam, respectively. The length of the external cavity of the laser system is around 140 mm,
corresponding to a 0.95 pm external-cavity mode spacing.

The threshold current of the freely running green diode laser is around 0.25 A, and the slope
efficiency is around 1.0 W/A. With an injected current of 1.4 A, 1.1 W output power is obtained.
The laser diode is operating in multiple FP modes centered around 515 nm, with a spectral
bandwidth of 1.3 nm. The mode spacing of the FP modes is around 39 pm.
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The tunability of the green ECDL system operated in both s- and p-polarized modes is charac-
terized by measuring the optical spectrum of the output beam at different wavelengths. The
spectra of the ECDL for both operating modes with an operating current of 330 mA are shown
in Figure 6. The output power of the green ECDL system for the s-polarized and p-polarized
mode operation are around 70 and 50 mW, respectively. Figure 6(a) shows eight normalized
spectra from 511.1 to 516.0 nm for s-polarized mode operation. The spectral bandwidths of
these spectra are around 8 pm. Compared with the 39 pm mode spacing of the FP modes,
the ECDL in the s-polarized mode operates in single FP mode. Figure 6(b) shows 10 spectra
from 508.8 to 518 nm for p-polarized mode operation. The bandwidth is less than 9 pm in the
tunable range. The ASE is more than 15 and 17 dB suppressed for s- and p-polarized mode
operation, respectively.

Figure 7 shows the optical spectra of the green ECDL system for both operation modes with
the output power around 290 mW. To achieve the 290 mW output power, 600 and 850 mA
injected currents are needed for s- and p-polarized mode operation, respectively. Six normal-
ized spectra from 513.1 to 515.7 nm are shown in Figure 7(a) for s-polarized mode operation.
Two peaks are observed in the spectra and the spectral bandwidth is less than 0.25 nm. Five
spectra from 512.9 to 517.5 nm are shown in Figure 7(b) for p-polarized mode operation. The
spectral bandwidth (FWHM) is less than 50 pm in the tunable range, however side modes
appear in the spectra. The ASE is more than 15 dB suppressed in the tunable ranges for both s-
and p-polarized mode operation. In the s-polarized mode, the injected current can be further
increased to 850 mA, and the output power is increased to 480 mW. The ECDL system can be
tuned from 514.1 to 516.2 nm, the emission bandwidth is less than 0.5 nm in the tunable range,
and the ASE is more than 15 dB suppressed.

Figure 8 shows the output power of the ECDL system at different wavelengths and injected
currents for both operating modes. In the s-polarized mode, the maximum output powers

— —
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1.0F

02

.0
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Figure 6. Optical spectra of green ECDL system operates in (a) s-polarized mode and (b) p-polarized mode. The injected
current is 330 mA for both conditions.
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Figure 7. Optical spectra of the green ECDL system operates in (a) s-polarized mode and (b) p-polarized mode. The
output power is around 290 mW for both operation modes.
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Figure 8. Output power of the ECDL at different wavelengths and operating currents, operated in s-polarized mode (red
signs) and p-polarized mode (black signs).

of the ECDL are 75, 173, 296 and 481 mW with injected current of 330, 450, 600 and 850 mA,
respectively. In the p-polarized mode, the maximum output powers are 56, 161 and 293 mW
with injected current of 330, 550 and 850 mA, respectively. The output power is relatively
constant in the tunable range at each injected current for both operating modes.

With the highest injected current, that is, 850 mA, the maximum output powers for the s- and
p-polarized mode operation are 481 and 293 mW. This means that 75 and 46% of the output
power in freely running condition is extracted in the ECDL system for the s- and p-polarized
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mode operation. However, Figure 8 shows the tunable range of the ECDL in p-polarized mode
operation is much broader than that of the ECDL in the s-polarized mode operation. The main
reason for this difference is the higher zeroth-order diffractive efficiency of the holographic
grating for the s-polarized beam compared with that for the p-polarized beam, thatis, 81 versus
48%. The higher zeroth-order diffraction efficiency of the grating for s-polarized beam means a
high output coupling efficiency, that is, high output power. However, the first-order diffractive
efficiency for the p-polarized beam is much higher than that for the s-polarized beam, that is, 29
versus 7%. The higher the feedback strength from the grating (the higher first-order diffraction
efficiency), the more effective the suppression of the freely running lasing mode, thus the tun-
able range of the green ECDL system operated in the p-polarized mode is broader.

In summary, a high-power, tunable, narrow-bandwidth ECDL system based on a GaN device
around 515 nm is demonstrated. The laser system can be tuned over 2.1 nm with an output
power around 480 mW in the s-polarized mode operation; the laser system can be tuned over
9.0 nm with an output power of 50 mW in the p-polarized mode operation. We can choose
different operating modes for different priorities, that is, high-power or broad tuning range,
using only one ECDL system.

3.3. Selection of diffraction grating for ECDL

Both the blue and green tunable ECDL systems show the efficiency (output power) of the
ECDL system is higher when the zeroth-order diffraction efficiency of the grating used in the
laser system is higher, such as the conditions for the holographic grating in the blue diode
laser system and the s-polarized mode operation for the green diode laser system. However,
the tunable range of the ECDL system with higher efficiency is narrower since a higher first-
order diffraction efficiency of the grating is needed to achieve a wider tunable range. Thus,
there is a compromise between the output power and the tunable range of the ECDL system
since the sum of the zeroth- and first-order diffraction efficiencies is around unity.

To understand this compromise between the efficiency (output power) and tunable range
further, a theoretical analysis is given below based on rate equations of the diode laser. The
rate equations describing the carrier density N and the photon density N ; in the diode laser
cavity are given as [15, 17]:

AN _ M N
d_t = q_d_T_Ugrg(N) Nph’ (1)
deh NPh
= U T8ODN, ~ " +a, v KN, (t-1,), @)

where j is the inject current density, 7, is the internal efficiency, g is the elementary charge
of an electron, d is the thickness of the active region, 7 is the carrier lifetime, v is the group
velocity of the photons, g(N) is the material gain, Iis the confinement factor, 7, is the photon
lifetime, @_ is the mirror loss, K is the feedback strength of the grating (the first-order diffrac-
tion efficiency in our case, here the other loss in the cavity is neglected.), ¢, is the time delay of
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the external cavity. In particular 1/7, =v_(a; + o), where @, is the internal loss; and the gain
8(N)=g(N-N,), g, is the differential gain coefficient and N,_is the transparency carrier density.
When the diode laser system is steady-state operated, rearrange Egs. (1) and (2), we obtain:

ANJdt = 1,j/gd N/t =0, g (N-N)N,, ©

dN, Jdt = v Tg(N-N)N_ ~v_[a,+1-Ka|N, . 4)

Eq. (4) shows the effect of the feedback is to reduce the mirror loss from a_ to (1-K)a,_.

The steady-state solution of Egs. (3) and (4) can be obtained as:

N=N+—t K _y K 5
S rgNTphvgr I'gy © T gy ©®)

NI,

_ . 1
NPh T ooqd [] ]th(K)] 1-Ka [(a+a,) (6)
JoK) = 1,0 = qdK a, /n, 7T gy, (7)

where N, (0) is the threshold carrier density without feedback, and j, (0) = gdN,, (0)/n,7 is the
threshold current density without feedback. Eq. (7) shows the threshold current density j, (K)
is decreased with the feedback strength K. Eq. (6) shows the photon density increases with K.

In our experiment, when we rotate the grating further to operate the laser system outside
of the tunable ranges, the freely running emission appears and dominates the laser output,
this means the competition of the freely running lasing at the gain center A and the lasing
at wavelength A (with a distance from the gain center) with feedback determines the tunable
range of the external-cavity diode laser system. Figure 9 shows a schematic diagram of the
gain and the threshold of the diode laser system; the grating feedback profile is also shown.
The grating feedback decreases the threshold current density at A from j, (A, 0) to j, (A, K).
When j, (A, K) is less than the freely running threshold current density at A, that is, j, (A, 0),
the laser system lases at A, and vice versa. Since the decrease of the threshold current density
by the feedback is proportional to K, a higher value of K causes a wider tunable range of the
external-cavity diode laser system.

The output power P of an external-cavity diode laser system can be expressed as:

T 1-K
qd []_]th(K)] 1—Kocm/(ai+am)' (8)

P« N (1-K) =

The slope efficiency of the laser system decreases with the feedback strength K due to the last
term in Eq. (8). Thus, the output power decreases with K, when the laser system is operated
far above the threshold; although the threshold of the laser system also decreases with the
feedback strength K.
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Figure 9. Schematic diagram of the gain and threshold with and without grating feedback. The grating feedback profile
is also shown.

The theoretical analysis above mentioned is in agreement with our experimental results
obtained from the blue and green ECDL systems; where the green laser system in p-polarized
mode (high first-order diffraction efficiency) has a much wider tunable range but less output
power compared with the laser system in s-polarized mode (low first-order diffraction effi-
ciency). The experimental results in Refs. [18, 19] also show that wider tunable ranges and low
output powers of the ECDLs were achieved with gratings with higher first-order diffraction
efficiencies. From both the theoretical and experimental results, we can conclude that the
compromise between the output power and the tunable range of an ECDL is a general condi-
tion and irrelevant to the geometry of the external cavity.

Considering the results obtained from the blue ECDL system using two different diffraction
gratings, the ECDL system with the holographic grating has a narrower spectral bandwidth
and a larger suppression of ASE when the output power of the ECDL with the two gratings
are comparable. We believe the reason is that the holographic grating has a larger groove
density compared with ruled grating, that is, 2400 lines/mm for the holographic grating ver-
sus 1800 lines/mm for the ruled grating, meaning that the holographic grating has a higher
spectral resolution.

Both the experimental results and the theoretical analysis here provide a general guide to
the selection of gratings for ECDL systems. Two main parameters of a diffraction grating
are considered when a grating is used to build an ECDL system: the groove density and the
first-order diffraction efficiency. A grating with a larger groove density leads to a narrower
spectral bandwidth and a higher suppression of ASE compared with a grating with a small
groove density. If a higher output power of a laser system is prioritized, a grating with a
lower first-order diffraction efficiency should be selected. If a wider tunable range of a laser
system is the high priority, a grating with a higher first-order diffraction efficiency should
be selected. Thus, there is a compromise between the output power and the tuning range of
an ECDL system. This is the main consideration for selecting a diffraction grating to build
an ECDL system.

13
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3.4. Dynamics of the green ECDL system

When external-cavity feedback is applied to a diode laser, complex temporal dynamics may
take place [20, 21]. Thus, it is important for us to investigate the dynamics of the developed
visible ECDL systems based on the GaN devices. In this subsection, we study the dynamic
behaviors of the green ECDL system operated in p-polarized mode [22].

The complex dynamic behaviors have been studied intensively for both narrow-stripe diode
lasers [23-26] and BALs [27-36] with external feedback. The dynamics of BALs have been
investigated with short-cavity feedback [27-29], long-cavity feedback [30-32], tilt mirror
feedback [33, 34] and lateral-mode-selected feedback [35, 36]. The feedback elements include
ordinary mirrors [29-34], phase-conjugate mirrors [30] and spatially filtered mirrors [27, 28,
35, 36]. Different dynamic behaviors, such as low-frequency fluctuations (LFFs) [30, 31], self-
pulsation [35], periodic oscillations [33, 36], pulse package oscillation (PPO) [28, 29, 36] and
chaos [32], have been observed in the BALs with different external feedback. External grating
feedback is widely used to achieve tunable high-power BAL systems [13-16]. However, the
dynamics of such systems have only been studied in a very few cases [37].

As shown in Figure 1, the beam splitter, BS1, inserted in the external cavity reflects part of the
beam to a silicon PIN photodiode, PD1, after a high-frequency amplifier; the amplified elec-
tronic signal is sent to an electrical spectrum analyzer to measure the intensity noise spectrum.
The second beam splitter, BS2, reflects part of the output beam to the second photodiode, PD2,
and a digital oscilloscope is used to measure the time series of the generated electronic sig-
nal. Since the green ECDL system is operated in p-polarized mode, the first-order diffraction
efficiency is around 29%. Assuming a coupling efficiency of the feedback beam into the laser
cavity is 50%, the feedback strength is around 14.5%, a moderate feedback strength for BALs
[29, 35]. The physical length of the external cavity is around 33 cm.

The threshold current of the BAL is decreased from 250 to 205.5 mA by the external grating
feedback. The wavelength is around 511.9 nm. We keep the feedback grating untouched dur-
ing the experiment, meaning both the length of the external cavity and the wavelength of the
green ECDL system are unchanged.

We investigate the dynamic behaviors of the green ECDL system by increasing the injected
current from just above the threshold to more than two times threshold. Figure 10(a) shows
the time series of the output beam with an operating current of 206.9 mA; a low-frequency
periodic oscillation with a period around 220 ns is observed. The inset of Figure 10(a) shows
the details of the time series in short time scale, an oscillation with a period around 2.4 ns is
observed, the period of this oscillation is equal to the external-cavity delay time. This high-
frequency oscillation is named as external-cavity oscillation with single-round-trip external-
cavity frequency v, [28, 35]. Figure 10(b) shows the intensity noise spectrum of the output
beam. Besides the peak at v, a peak round 4.5 MHz and its harmonics for the low-frequency
oscillation (LFO) shown in Figure 10(a), v, ,,, are observed. Additionally, some peaks around
vy With the frequency difference of v, are also visible. Figure 10 shows that the output of
the green ECDL manifests a typical dynamic state named regular PPO, which mainly takes
place in short cavity feedback condition [28, 29], where the external-cavity loop oscillation is
modulated by a periodic LFO.
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Figure 10. (a) Time series and (b) intensity noise spectrum of the output beam from the green ECDL system with an
operating current of 206.9 mA. The inset in (a) shows a close-up of the peak of one of the pulse packages.

Figure 11 shows the time series of the output beam of the green ECDL system with operating
currents of 211 and 213 mA. We can observe the periodic LFO for both injected currents. The cor-
responding oscillation frequencies are around 20 and 29 MHz with 211 and 213 mA injected cur-
rents, respectively. For both injected currents, we can observe the pulse packages consisted of
pulses occurring at the external-cavity delay interval, this means the regular PPO takes place for
both injected currents. The oscillation frequency of the regular PPO, v, ., observed in Figures 10
and 11 show its increase with the current injected to the laser device. This phenomenon was also
observed in an integrated semiconductor laser with short-cavity feedback [38]. The intensity
noise spectra with these two injected currents are also measured; the results are similar to the
results shown in Figure 10(b) and consistent with the time series shown in Figure 11.

The operating current is increased until to 420 mA, that is, more than twice the threshold of
the ECDL system. The measured time series and intensity noise spectra at injected currents of
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Figure 11. Time series of the output beam from the green ECDL system with an injected current of (a) 211 mA and (b) 213 mA.
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Figure 12. Time series and intensity noise spectra of the output beam from the green ECDL with the injected current of
(a, €) 230 mA, (b, f) 250 mA, (c, g) 340 mA and (d, h) 420 mA.

230, 250, 340 and 420 mA are shown in Figure 12. The pulse packages first oscillate irregularly,
as shown in Figure 12(a, e) with an injected current of 230 mA. The time series in Figure 12(a)
shows the pulse packages consisting of the pulse train with the period of external-cavity delay
time oscillate irregular. The intensity noise spectrum in Figure 12(e) shows the peak for LFO
and peaks for external-cavity oscillation at multiples of v,.. However, the peaks at v
originating from the mixing of external-cavity frequency v,. and LFO frequency v

EC * VLFO
s Which

is the indication of regular PPO are not observed. The broad peaks for v,. and v, ., mean
that the intensity noise is increased strongly, and the dynamics of the laser system is more
complex. When the operating current is increased to 250 mA, the time series in Figure 12(b)
shows irregular PPO, and the high-frequency external-cavity oscillation is not as clear as in
the condition of low injected current. The average duration of the pulse package is less than
20 ns. The broad peaks for v,. and v, ., mean the dynamic behavior of the laser system is more
complex. The pulse package is not clear with the operated current of 340 mA, and the pulses
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occurring at the external-cavity delay interval are almost invisible, as shown in Figure 12(c).
Finally, the time series shows a chaotic behavior with an injected current of 420 mA. The cor-
responding intensity noise spectra for the injected currents of 340 and 420 mA are shown in
Figure 12(g, h). The peak for LFO is not observed, and the broad intensity noise spectra from
low to high frequency indicate typical chaotic dynamics of the output beam.

The external-cavity feedback is classified into two regimes: short- and long-cavity regimes.
When the relaxation oscillation frequency of the solitary diode laser, v, is lower than v, the
feedback is in short-cavity regime; otherwise, it is in long-cavity regime [26, 38, 39]. Regular
PPO was first observed in 2001 by Heil et al. in short-cavity feedback narrow-strip diode
laser systems [26]. With moderate feedback strength, the previous study shows that the PPO
mainly takes place in the diode laser with short-cavity feedback, while LFF and chaos take
place in the long-cavity regime [29, 38]. Recently, we observed regular PPO in a BAL with a
lateral-mode-selected long-cavity feedback [36]. Here, regular PPO is observed in a BAL with
grating external-cavity feedback. Different routes to chaos in different ECDL systems have
been found [23, 40], here, we observe the transition from regular PPO to chaos in the green
GaN BAL with grating external-cavity feedback.

Normally, an external-cavity length of a few centimeters is classified into short-cavity regime,
thus in this point, the 33 cm external-cavity length in our case is in the long-cavity regime. The
Vo Of the solitary diode laser is proportional to the square root of the difference between the
injected current and the solitary laser threshold current [38, 39]. This means the definition of
Vo is valid only when the injected current is higher than the threshold current of the solitary
laser, and the classification of short- and long-cavity regime is meaningful only on such condi-
tion. In our experiment, the PPO mainly takes place with the operating current lower than the
threshold of the solitary laser. In this point, this is a new regime for the ECDL system.

In summary, the dynamics of the green high-power ECDL system with grating feedback
operated in p-polarized mode is investigated. As the increase of the injected current, different
dynamic behaviors from regular PPO, irregular PPO, to chaos are observed.

4. Conclusion

Both blue and green high-power, tunable, narrow-bandwidth ECDL systems based on GaN
broad-area diode lasers and external grating feedback are demonstrated. For the blue ECDL,
two gratings are applied. The holographic grating is for obtaining high power, a 530 mW
output power with a tunable range of 1.4 nm is obtained with this grating; the ruled grating is
for achieving broad tunable range, an output power of 80 mW with a tunable range of 6.0 nm
is achieved with the ruled grating. For the green ECDL, the laser system can be operated in
two modes, for p-polarized mode operation, an output power of 50 mW with a tunable range
of 9.2 nm is obtained; for s-polarized mode operation, an output power of 480 mW with a
tunable range of 2.1 nm is achieved.

The tuning range and the output power optimization of an external-cavity diode laser system
with grating feedback is investigated based on the experimental results on the blue and green
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ECDL systems and diode laser theory. The obtained results can be used as a guide to select
grating for an ECDL system for different applications. The dynamic behavior of the green
ECDL system operated in p-polarized mode is studied. As the increase of the injected current,
different dynamic states, such as regular PPO, irregular PPO and chaos are observed.
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Abstract

This chapter describes double clad fiber along with cladding pump technique in which
pump light is coupled in the inner cladding of fiber thereby interacting with doped core
through total internal reflection. Lasers operating in continuous wave mode have limited
output power. Their output power can be enhanced to a great extent by concentrating the
available energy in a single or in a periodic sequence of optical pulses. This is achieved
by Q-switch and modelock techniques. Q-switched and modelocked lasers can be real-
ized by active and passive means. Active technique is based on active loss modulation
by using mechanical, electro-optic or acousto-optic based modulators. However, such
techniques require complicated electronic circuits and have limited gain bandwidth. The
attention then moves towards the passive technique which is low cost, compact in size,
gives reliable operation without high voltages and provides simple cavity design without
need for external electronics. Passive technique employs a saturable absorber, based on
materials like carbon nanotubes, graphene, molybdenum di-sulfide etc. A brief descrip-
tion of pulsed fiber lasers and solitons in view of modelocking are described in the text.
Moreover examples of Q-switched and modelocked lasers are also presented by using
Thulium-Ytterbium co-doped double clad fiber. A cladding pump technique is employed
for the purpose.

Keywords: fiber laser, double clad fiber, cladding pump, Q-switched, modelocked

1. Introduction

Fiber laser is a mature technology that has become an essential tool facilitating a wide range
of scientific, medical, and industrial applications. Fiber lasers are advancing rapidly due to
their ability to generate stable, efficient, and diffraction-limited beams with significant peak
and average powers.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



24

Laser Technology and its Applications

In fiber optics, optical signals travel in hair thin strands of glass or plastic fiber [10]. The light
propagates in the core at the center of the fiber, surrounded by an optical material called clad-
ding that confines the light in the core employing the phenomenon of total internal reflection.
There are two basic types of fibers: single-mode and multi-mode fibers. Single-mode fiber has
a core diameter of 8.3-10 microns and supports only one mode of transmission. Multi-mode
fiber has a core diameter of either 50 or 62.5 microns. Multimode fibers support multiple
modes as shown in Figure 1. Due to their smaller core size, these fibers cannot support high
power pump sources and therefore cannot generate high output power.

To overcome the three limitations (small core radius, larger attenuation, and dispersion) of
high speed transmission, a new type of optical fiber called double clad optical fiber is pro-
posed [2]. It consists of three layers of optical material instead of the usual two as shown in
Figure 2. The inner-most layer is called the core, surrounded by the inner cladding, while the
inner cladding is surrounded by the outer cladding. All the three layers are made of materials
with different refractive indices. The typical refractive index profiles are shown in Figure 3.
Generally, the outer cladding is made of a polymer material rather than glass. Refractive
index of inner cladding is higher than the outer cladding. This enables the inner cladding to
guide light by total internal reflection, but for a different range of wavelengths than the core.
Also, the inner cladding has larger area and higher numerical aperture so that it can support
large number of modes. This allows multi-mode laser diodes to be used as the pump source,
which possess high power but low brightness.

1.1. Cladding pump

The pump light can be easily coupled into the large inner cladding and propagates through
the inner cladding, while the signal propagates in the smaller core as shown in Figure 4. The

differant modes

Multimode Fiber
cladding

Single Mode Fiber

i

core
(so small that only one mode can pass)

Figure 1. Mode propagation in single- and multi-mode fibers [1].
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Figure 3. Typical refractive index profile of double clad optical fiber.
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Figure 4. Cladding pump scheme.

doped core gradually absorbs light from the cladding as it propagates through the core and
amplifies it [4]. This type of pumping scheme is referred as cladding pumping, an alternate
scheme to the conventional core pumping, where the pump light is coupled into the small
core. Cladding pumping has revolutionized the design of fiber amplifiers and fiber lasers
[3]. Using this technique, contemporary fiber lasers can generate continuous power up to
several kilowatts, besides allowing the signal light to maintain near diffraction limited beam
quality [4].
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In a double clad fiber, cladding shape is of extreme importance, particularly in case of small
core diameter compared to the cladding size. Circular symmetry is considered the worst in a
double clad fiber, because many modes of light in the cladding missed the core, therefore can-
not pump the core [5]. Normally, claddings are noncircular, which enhance the absorption of
the pump light in the doped core [7]. Different shapes of inner cladding are shown in Figure 5
for rare earth doped fibers.

Hence, double clad cladding pumped fiber lasers are regarded as devices that can generate
diffraction limited single-mode laser light using multi-mode laser diodes as the pump. Due
to large size of inner cladding, high pump powers can be injected in a double clad fiber.
However, the core size puts limits on the output power due to the danger of optical damage
and thermal effects [7].

Different lasers operating in continuous wave or quasi-continuous wave mode have limited
optical output power, linked with the maximum available pump power [10]. The peak output
power of a laser can be enhanced by concentrating the available energy in a single, short
optical pulse, or in a periodic sequence of optical pulses as in Q-switched and modelocked
fiber lasers.

1.2. Q-switched lasers

Q-switching, also known as giant pulse formation or Q-spoiling, [8] is a powerful technique
by which a laser can be made to produce a pulsed output beam. This technique is capable
of producing light pulses with extremely high (gigawatt) peak power, much higher than the
continuous wave mode (constant output) operation of the laser. As compared to modelock-
ing, another technique for pulse generation with lasers, Q-switching leads to much lower
pulse repetition rates, much higher pulse energies, and much longer pulse durations than
it. It was in 1958 when Q-switching was proposed by Gordon Gould [9]. Practically, it was
achieved in 1961 or 1962 by Hellwarth and McClung using Kerr cell shutters in a ruby laser,
and these require electricity for switching [10].

A variable attenuator is required inside the laser’s optical resonator to produce Q-switched
laser light. When the attenuator is functioning, light which leaves the gain medium does not

@] « 10

Double-D shape Decagon shape

Figure 5. Cross-sectional images of a few inner cladding shapes used in double clad fiber lasers (a) octagon (b) double-D
(c) decagon [6].
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return or cannot travel back and forth, this restricts the lasing, putting the optical cavity in low
Q factor or high loss condition. A high Q factor represents low resonator losses per round trip.
The variable attenuator is commonly known as “Q-switch.”

First, the laser medium is pumped, while the Q-switch is set to prevent feedback of light
into the gain medium (producing an optical resonator with low Q factor). This produces a
population inversion by losing pump energy through absorption by electrons, thus pumping
electrons to higher energy level; this accumulates energy in the gain medium. However, the
laser operation cannot yet begin, because there is no feedback from the resonator [3]. As the
rate of stimulated emission depends on the amount of light entering the medium, therefore,
the amount of energy stored in the gain medium increases as the medium is pumped. Due to
losses from spontaneous emission along with other processes, the stored energy takes some
time to reach some maximum level; the medium is said to be gain saturated. At this point,
Q-switch rapidly changes from low to high Q, allowing feedback and the process of optical
amplification by stimulated emission to begin [3]. Since a large amount of energy is already
stored in the gain medium, the intensity of light in the laser resonator builds up very quickly;
this also causes the energy stored in the medium to be depleted almost as quickly. This devel-
ops a short pulse of light output from the laser, known as a giant pulse, which may have very
high peak intensity. Generally, several round trips are needed to completely depopulate the
upper energy level and several more round trips to empty the optical cavity, so the duration
of the pulse is greater than one round trip. The peak power (the pulse energy divided by its
duration) of these lasers can be in the megawatt range or even higher. There are two main
techniques for Q-switching: active and passive.

1.2.1. Active Q-switching

In active Q-switching, the losses are modulated with an active control element so-called active
Q-switcher, either by using an acousto-optic or electro-optic modulator, which requires an
external electrical signal to operate. The pulse is formed shortly after an electrical trigger sig-
nal arrives. There is also mechanical type Q-switchers such as spinning mirrors, used as end
mirrors of laser resonators. The pulse repetition rate can be controlled by the active modulator
in an actively Q-switched laser. Higher repetition rates lead to lower pulse energies.

1.2.2. Passive Q-switching

In passive Q-switching, the losses are modulated or controlled by optical cavity light, rather
than some external electrical source. A saturable absorber device is normally used as a
Q-switcher in this technique. The transmission of this device increases when the intensity
of light exceeds some threshold. The material may be an ion-doped crystal like Cr:YAG
(chromium-doped Yttrium-Aluminum garnet), which is used for Q-switching of Nd:YAG
(neodymium-doped Yttrium-Aluminum garnet) lasers, a bleachable dye, graphene mechani-
cal exfoliation and PVA thin film, semiconductor saturable absorber mirrors (SESAM), and
carbon nanotubes embedded in PVA thin films. Initially, the loss of the absorber is high, once
a large amount of energy is stored in the gain medium, the laser power increases, and it
saturates the absorber, and light can pass through as there are no electrons in the ground state

27



28

Laser Technology and its Applications

to absorb pumped energy. As soon as the energy is depleted in the resonator, the absorber
recovers to its high loss state before the gain recovers, so that the next pulse is delayed until
the energy in the gain medium is fully replenished. In this way, it works as an on-off optical
switch to generate pulses. The pulse repetition rate can only be controlled indirectly by vary-
ing the laser’s pump power and the amount of saturable absorber in the cavity. For direct
control of the repetition rate, a pulsed pump source is needed.

Passive Q switching is simpler and cost effective as compared to the active one. It eliminates
the modulator and its electronics. Moreover, it is suitable for very high pulse repetition rates,
but with lower pulse energies. External triggering of the pulses is not possible (except with
an optical pulse from another source), and also pulse energy and duration are often more or
less independent of the pump power, which only determines the pulse repetition rate [11, 12].

1.3. Modelocked lasers

In laser technology, modelocking refers to a technique by which a laser can be made to gener-
ate pulses of extremely short duration, of the order of picoseconds (107*2 s) or femtoseconds
(107" s). This is achieved by establishing a fixed-phase relationship between the longitudinal
modes of the laser’s resonant cavity. The laser is then referred as phaselocked or modelocked.
Interference between these modes causes the laser light to be produced as a train of pulses. In
a simple laser, different modes oscillate independently, without a fixed relationship between
each other, like a set of independent lasers all emitting light at slightly different frequen-
cies. In lasers with few oscillating modes, interference between the modes produces beats in
the laser output, leading to fluctuations in intensity; whereas in lasers with many thousands
of modes, interference between modes tend to average to a near-constant output intensity.
Figure 6 shows the electric fields of five modes with random phase and the power of the total
signal distributed in a random fashion.

On the other hand, if each mode operates with a fixed phase relationship between it and the
other modes, all modes of the laser will periodically constructively interfere with one another,
generating an intense burst or pulse of light instead of random or constant output intensity as
shown in Figure 7. Such a laser is termed as modelocked or phaselocked laser. These pulses
are separated in time by T =2 L/c, where 7 is the time taken for the light to make exactly one
round trip of the laser cavity, L is the length of laser cavity, and c is the speed of light. The
frequency is exactly equal to the mode spacing of the laser, Av = 1/t. The duration of each
pulse is determined by the number of modes which are oscillating in phase. Suppose there are
N modes locked with a frequency separation Ay, the overall modelocked bandwidth is NAv,
and the wider the bandwidth, the shorter the pulse duration of the laser [5].

The actual pulse duration is determined by the shape of each pulse, which is measured by the
amplitude and phase relationship of each longitudinal mode. As an example, a laser produc-
ing pulses with a Gaussian temporal shape, the minimum possible pulse duration At is given
by the equation

0.441 1)

At = NAv
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The value 0.441 is known as the “time-bandwidth product” of the pulse and varies depending
on the pulse shape. Generally for ultra-short pulse lasers, a hyperbolic-secant-squared (sech?)
pulse shape is considered, giving a time-bandwidth product of 0.315. Using this equation,
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the minimum pulse duration can be calculated consistent with the measured laser spectral
width [13].

Modelocked fiber lasers are capable of producing pulses with widths from close to 30 fs to
1 ns at repetition rates, ranging from less than 1 MHz to 100 GHz. This broad range along
with a compact size of optical fiber lasers is quite unique in laser technology, making them
feasible for a large range of applications. As modelocked fiber laser technology was devel-
oped and these lasers became commercially available, they have been used in various fields,
such as laser radar, all-optical scanning delay lines, THz generation, injection-seeding, two-
photon microscopes, optical telecommunications, and nonlinear frequency conversion, just
to mention the most widely publicized areas [12]. Surely, modelocked fiber lasers are a
premier source of short optical pulses sharing an equal position with semiconductor and
solid-state lasers [14].

1.3.1. Modelocking methods

Modelocked lasers can be produced by using either active or passive methods. In active mod-
elocking, the optical modulator such as acousto-optic modulator is used with the help of an
external electrical signal, as a modelocker. On the other hand, passive modelocking does not
need an external signal to operate [15]. The modelocking is achieved by modulating an intra-
cavity light using some intra-cavity elements, such as nonlinear polarization rotation and
saturable absorber. Most of the passively modelocked lasers are achieved using a saturable
absorber since it allows the generation of much shorter (femtosecond) pulses. This is attrib-
uted to the saturable absorber used, which can adjust the resonator losses much faster than
an electronic modulator: the shorter the pulse becomes, the faster the loss modulation, if the
absorber has a sufficiently short recovery time [14]. The pulse width can be even smaller than
the recovery time of the absorber [6].

In addition, there are some passive modelocking schemes that do not require materials that
directly display an intensity dependent absorption. These methods use nonlinear optical
effects in intra-cavity components to provide a method of selectively amplify high intensity
light in the cavity and attenuate low intensity light in the cavity. Among them, the most suc-
cessful scheme is Kerr-lens modelocking (KLM), also sometimes referred to as “self-mode-
locking.” This technique uses a nonlinear optical process, the optical Kerr effect, which results
in high intensity light being focused differently from low intensity light. By careful arrange-
ment of an aperture in the laser cavity, this effect can be made to produce the equivalent of an
ultra-fast response time saturable absorber.

1.4. Optical solitons

A fascinating manifestation of the fiber nonlinearity is the development of optical solitons,
created due to the balance between dispersive and nonlinear effects [8]. Solitons are a unique
type of wave packets, capable of propagating unaltered over long distances inside a fiber.
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Solitons have been discovered in many branches of physics. In the field of photonics, espe-
cially in fiber optics, solitons not only are of fundamental interest, but they have also found
practical applications in the field of fiber-optic communications [16].

The pulse maintains the shape and width, along the entire length of the fiber, if the effects
of SPM and GVD cancel out with each other. Such a pulse is called solitary wave pulse or
soliton. The pulse that has the above property is the sech profile pulse, which is a solution of
the nonlinear Schrodinger equation NLSE [13].

Figure 8 shows the spectrum of different types of modelocked fiber lasers. The conventional
soliton and stretched pulse are obtained in anomalous dispersion fiber laser setup, where
the pulse shaping is mainly due to the natural balance between the anomalous dispersion
and the fiber nonlinearity. On the other hand, dissipative solitons (DSs) are obtained in the
normal dispersion region as a result of the combined effects among the fiber nonlinearity,
cavity dispersion, gain and loss, and spectral filtering [13]. Moreover, the soliton shaping
is strongly dependent on the dissipative effects. Consequently, dissipative solitons have a
wider pulse duration and lower peak power, compared to conventional solitons and stretched
solitons [17].
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Figure 8. Different types of solitons [17].
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2. Q-switched TYDFL using multi-walled carbon nanotubes passive
saturable absorber

There are growing interests in compact Q-switched laser sources that operate in the mid-
infrared spectral region around 2 microns. This is mainly driven by the applications in
spectroscopy, communication, material processing, manufacturing, sensing, medicine, and
nonlinear optical research [18, 19]. Nowadays, another type of nanotube called multi-walled
carbon nanotubes (MWCNT) has been examined in the field of nonlinear optics because its
production cost is 50-80% lower than SWNTs [9]. MWCNTs also have higher mechanical
strength, higher photon absorption per nanotube, and higher mass density which leads to
better stability [20].

We successfully demonstrated, a Thulium-Ytterbium co-doped fiber (TYDF) Q-switched laser
using a laboratory made saturable absorber based on MWCNTs implanted in polyvinyl alco-
hol (PVA) composite for the first time [2]. A homemade double clad Thulium-Ytterbium co-
doped fiber (TYDF) drawn from a preform which was manufactured based on the modified
chemical vapor deposition (MCVD) and solution doping processes is used as a lasing medium.
The fabricated MWCNT-PVA film (SA) is attached within the laser cavity by sandwiching it
between two fiber connectors. Similarly, a modelocked TYDFL is also demonstrated using
graphene PVA film as a saturable absorber.

2.1. Configuration of the Q-switched TYDFL

The schematic of the proposed Q-switched TYDFL is shown in Figure 9. It is constructed
using a simple ring cavity, in which a 15-m long laboratory made TYDF is used for the active
medium. An indigenously developed MWCNT-PVA-based SA was used as a Q-switcher. The
double clad TYDF was forward pumped by a 905-nm multi-mode laser diode via a MMC.

2.2. Q-switching performance of Thulium-Ytterbium co-doped fiber laser

Initially, the continuous wave (CW) TYDFL was investigated without using the SA, and
the laser threshold was found to be at 1.0 W pump power. When SA is inserted in the cav-
ity, stable and self-starting Q-switching operation is obtained just by adjusting the pump
power at a threshold value of 1.6 W, which is higher than that of the CW TYDFL because
of the presence of SA in the cavity which increases the loss [2]. Figure 10 shows the out-
put spectrum of the Q-switched TYDFL at the threshold (1.6 W) pump power. As seen in
the figure, the laser operates at 1977.5 nm with an optical to signal noise ratio (OSNR) of
around 30 dB.

Figure 11(a) and (b) shows the temporal analysis and the corresponding single pulse envelop
of a typical Q-switched pulse train, respectively, at a pump power of 1.6 W [2]. The spacing
between two pulses in Figure 11(a) is around 53 ps, which can be translated to a repetition
rate of 18.8 kHz. The corresponding pulse width is around 8.6 ps as shown in Figure 11(b).
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Figure 9. Setup of the proposed Q-switched TYDFL with MWCNT-PVA-based SA. Inset shows the image of the film
attached onto a fiber ferule.
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Figure 10. Output spectrum of the Q-switched TYDFL at pump power 1.6 W.

Figure 12 shows the pulse repetition rate and pulse width as a function of the pump power.
As the pump power increases from 1.6 to 2.3 W, the repetition rate of the Q-switched pulses
grows from 18.8 to 50.6 kHz. At the same time, the pulse duration significantly reduces from
8.6 to 1.0 ps as expected. The pulse duration could be further narrowed by optimizing the
parameters, including shortening the cavity length, and improving the modulation depth of
the MWCNT Q-switcher. An anomalous increase in the pulse width is observed at 1862 mW
pumping, attributed to fiber nonlinearities [21].
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Figure 11. (a) A typical pulse trains and (b) a single pulse envelop of the proposed Q-switched TYFL at a pump power
of 1.6 W. It shows a repetition rate of 18.8 kHz and a pulse width of 8.6 ps.
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Figure 12. Repetition rate and pulse width as a function of 905-nm pump power.

3. Modelocked TYDFL using graphene PVA film as a saturable
absorber

Modelocked Thulium-doped fiber lasers (TDFLs) have attracted intense interest in recent
years for a number of potential applications, including atmospheric measurements, mate-
rial processing, communication, laser radar, biomedical and medical applications, and
longer-wavelength laser pumping [22-24]. The graphene PVA film was prepared by mixing
the graphene solution in PVA solution. The graphene solution was obtained from the flakes
produced using electrochemical exfoliation process. A free-standing graphene PVA film was
obtained after drying in an oven and is used as SA.
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3.1. Configuration of the proposed modelocked TYDFL

Experimental setup for the Thulium-Ytterbium co-doped fiber laser (TYDFL) is shown in
Figure 13 [1]. It uses a double clad Thulium-Ytterbium co-doped fiber (TYDEF) as the lasing
medium in ring cavity configuration. The TYDF has an octagonal inner cladding to enhance the
pump light interaction with the doped core. The core has 5.96-nm diameter with an NA of 0.23.
The selected fiber length of 10 m provides more than 90% pump absorption. The fiber type SA

device was constructed by inserting graphene PVA film between two ferules. The length of
total cavity is set at around 17 m, so that the net cavity dispersion is anomalous for facilitating
self-starting mode locked laser.

3.2. Modelocking performance of the TYDFL

Modelocking was self-started by increasing the pump power above the threshold of
1487 mW. The modelocked operation was maintained as the pump power is increased up to
the maximum power of 1964 mW. Figure 14 shows the output spectrum of the modelocked
pulse train when the pump power is fixed at 1610 mW.

As shown in the figure, the spectrum was centered at 1942.95 nm with a 3-dB bandwidth of
0.08 nm. Without SA, the CW laser operates at 1943.50 nm. This shift of the operating wave-
length toward the shorter wavelength is caused by the change in cavity loss by the insertion
of SA [1]. Usually, lasers shift toward the shorter wavelength to acquire more gain to com-
pensate for the insertion loss of SA. Moreover, the presence of weak sideband at 1942.5 nm
confirms the existence of soliton as shown in Figure 14. The presence of conventional soliton
confirms that the laser is operating in anomalous dispersion regime.

The typical pulse train of the passively mode-locked TYDFL at pump power of 1627 mW
is shown in Figure 15 [1]. The observed repetition rate is 11.76 MHz with a pulse-to-pulse
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Figure 13. The schematic setup of the modelocked TYDFL employing the fabricated graphene PVA film-based SA.
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Figure 15. Typical pulse train for the modelocked TYDFL at a pump power of 1627 mW.

separation of 85 ns, which is in accordance with the cavity round trip time of a cavity length of
17 m. Thus, the well dispersed graphene in the PVA film exhibits sufficient saturable absorp-
tion for modelocking operation.

Figure 16 shows the repetition rate against the pump power. It is found that the repetition
rate remained fixed at 11.76 MHz as the pump power increases from 1487 to 1964 mW [1].
The temporal analysis shows that the pulse width of the laser should be less than 9 ns. It is
expected that the actual pulse width is much smaller than 9 ns, but due to the limitations of
the oscilloscope resolution, it could not be accurately measured.

The total length of the laser cavity is about 17 m, and it consists of 10 m long TYDF and 7 m
long single mode fiber (SMF) [1]. The estimated dispersions for TYDF and SMF are —0.083
and —0.034 ps?’/m, respectively, at 1943 nm. Therefore, it is expected that this modelocked
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fiber laser operates in an anomalous dispersion regime. Moreover, the pulse width can be
measured using an autocorrelator or can be calculated mathematically using time bandwidth
product (TBP). Since an autocorrelator in the 2-pm range is not available, it is calculated math-
ematically by considering TBP of about 0.315 for sech? pulse profile. Since the 3 dB bandwidth
of the optical spectrum is about 0.075 nm (5.96 GHz), the minimum possible pulse width is
estimated about 52.85 ps. In addition, the repetition rate of the pulsed laser is also calculated
by using the formula ¢/1.5 L, which gives a value of 11.76 MHz. This is in agreement with the
observed repetition rate of this laser as shown in Figure 16. Single pulse energy is also calcu-
lated at various pump powers by using the measured values of output power of the laser. A
maximum output power of 14 mW is observed at 1750-mW pump power. A linear increase
in pulse energy is observed up to a pump power of 1750 mW, and with further increase in
pump power, it decreases because of energy converted to noise as shown in Figure 17. The
calculated pulse energy is in the range of 756.048-1190.476 pJ.
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Figure 16. Repetition rate of the modelocked laser at various pump powers.
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Figure 17. The calculated pulse energy against the input pump power.
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Figure 18. RF spectrum of the modelocked TYDFL.
The RF spectrum of the modelocked pulses is also measured, and the result is shown in
Figure 18. Its fundamental mode peak locates at a frequency of 11.76 MHz and has an SNR of
36.5 dB, which confirms the stability of the modelocking operation [25].
4. Summary
This chapter describes some of the basic concepts regarding optical fibers and dynamics of
Q-switched and modelocked fiber lasers with the help of the existing literature. It includes
the description of double clad fiber structure and cladding pump technique. Later, it pres-
ents some details about Q-switching and its types. It also includes a detailed description
of modelocked lasers, especially, passive modelocked lasers along with a brief introduc-
tion of solitons, which are an integral part of the most modelocked fiber lasers. Moreover,
examples of Q-switched and modelocked fiber lasers are presented by using double clad
Thulium-Ytterbium co-doped fiber. A cladding pump technique is employed with a 980-nm
multi-mode laser diode. The Q-switched pulses are produced by using a saturable absorber
fabricated with MWCNT-PVA film, while modelocked pulses are generated with the help of
graphene-PVA film. The Q-switched laser is produced with a repetition rate in the range 18.8-
50.6 kHz, whereas the modelocked laser generates pulses with a repetition rate of 11.76 MHz.
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Abstract

The special nonlinear optical response of noble metal nanoparticles (MNPs) when exposed
to intense laser radiation has induced novel applications in nonlinear spectroscopy, opto-
electronics, and optical switchers and limiters. In this chapter, recent results on the non-
linear optical properties of MNPs (including gold, silver, palladium, and platinum) have
been discussed. Some specific optical nonlinear properties, such as nonlinear refraction,
saturable absorption and reverse saturable absorption, two-photon absorption, and optical
limiting, for femtosecond, picosecond, and nanosecond laser pulses, have been covered.

Keywords: metal nanoparticles, nonlinear absorption, nonlinear refraction, saturable
absorption, reverse saturable absorption

1. Introduction

When the light is not strong, the optical response of a material usually scales linearly with
the amplitude of optical electric field. However, at high optical powers, the optical properties
of material will be changed more rapidly and are no longer linearly related to the intensity
of the incident light. As result, nonlinear optical effects will occur. Nonlinear optics is the
study of how intense light interacts with matter. The goal of nonlinear optics is mainly the
investigation of the new phenomena and effects in the interaction process of strong laser and
materials, including a deep understanding of the causes and the process regularity and their
possible applications in the development of disciplines. Nonlinear optics has a great value
and far-reaching scientific significance. In the past two decades, people have made significant
progress in nonlinear optical materials. Many optical materials with fast nonlinear response
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and large nonlinear properties have been used in various photonic and optoelectronic appli-
cations such as optical communication, optical information processing, optical data storage,
pulsed laser deposition, and optical limiters.

Among various nonlinear effects, nonlinear absorption and nonlinear refraction attract more
attention. Ultrafast nonlinear absorption properties are of importance since the nonlinearities
considerably change the propagation of intense light through the medium, which can induce
novel applications in optoelectronics, optical switchers, and limiters, as well as in optical com-
puting, optical memories, and nonlinear spectroscopy. In fact, there is also much intrinsic
interest in nonlinear refractive phenomena, particularly self-focusing and self-defocusing.

The search for new materials is one of the defining characteristics of modern science and tech-
nology. Of course, in nonlinear optics field, it is the case. Seeking and investigating new non-
linear optical materials with large nonlinear optical properties and fast nonlinear response is
still one of the important works concerning nonlinear optics studies. Generally, the nonlinear
optical materials should exhibit high transmission at normal light, so as not to degrade normal
vision while exhibiting low or high transmission at intense light to serve as optical limiting
materials for protecting human eyes and sensors or as saturable absorber for mode locking.
In addition, nonlinear optical materials must exhibit fast response over a broad wavelength
range and a high damage threshold.

The rapid development of nanoscience and nanotechnology has provided a number of new
opportunities for nonlinear optics. A growing number of nanomaterials have been shown to
possess remarkable nonlinear optical properties; this promotes the design and fabrication of
nanoscale optoelectronic and photonic devices. Specially, metal nanoparticles (MNPs) have
attracted considerable attention as potential nonlinear optical materials. Among them, gold
and silver nanoparticles (NPs) have been paid more attention because they both exhibit a
broad surface plasmon resonance (SPR) absorption band in the visible region of the electro-
magnetic spectrum [1-10].

In the following sections, the technologies used to measure the amplitude of nonlinear absorp-
tion and nonlinear refraction of nonlinear optical materials will be introduced. And some
investigations concerning nonlinear optical properties of metal nanoparticles will be discussed.

2. Z-scan technique

There are several different methods for determining the nonlinear optical response of mate-
rial. The most commonly used technology is Z-scan invented by Sheik-Bahae et al. [11, 12].
Z-scan is also one of the simplest experimental methods to be employed. Because Z-scan
signal can provide information not only on the magnitude of optical nonlinearity but also
on its sign, the use of the Z-scan technique for nonlinear optical measurement is increasing.

The typical Z-scan setup is shown in Figure 1, where the lens L is used to focus the laser beam,
and the smallest section of the beam crosses at the 0 point of the Z axis. O stands for the test
sample placed near the 0 of the Z axis. BS is a splitter, which splits the laser into two beam:s.
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Figure 1. Setup of the Z-scan technique.

S is a small aperture used for the measurement of nonlinear refraction. D1 and D2 are photo-
detectors. During the test, the object to be tested moves along the Z axis, and the relationship
between the light intensity and Z value is recorded.

When there is no aperture before photodetector D,, Z-scan measurement is called open aper-
ture Z-scan, which can provide the information about the nonlinear absorption. When there
is an aperture before photodetector D,, Z-scan measurement is called closed aperture Z-scan,
which can provide the information about the nonlinear refraction of materials.

2.1. Open aperture Z-scan technique

When studying the materials’ nonlinear absorption such as saturable absorption (SA)
and reverse saturable absorption (RAS), we need to use open aperture Z-scan technique.
Normalized open aperture Z-scan data is insensitive to beam distortion and is only a function
of nonlinear absorption.

In the case of SA, the nonlinear absorption coefficient may be written as:

0(0
o) = i )

where o is the linear absorption coefficient, I is the excitation intensity, and I is the saturation
intensity. It is assumed that two-photon absorption (TPA) does not take place simultaneously
with SA. The transmitted intensity is obtained from the equation:

dl
= )
Here, z corresponds to the sample thickness. As shown in Figure 2, saturation intensity I, can
be obtained by fitting the experimental curve according to Egs. (1) and (2). When materials
show only RSA or TPA, according to open aperture Z-scan theory, the normalized transmis-
sion can be expressed as [12]:
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Figure 2. Theoretical and experimental result of the open aperture Z-scan for SA.

where f is the nonlinear absorption coefficient, ] is the on-axis peak intensity at the focus, L, =
(1-e=)/a, L is the effective interaction length, a; is the linear absorption coefficient, z is the
longitudinal displacement of the sample from the focus (z = 0), L is the sample length, and z, is
Rayleigh diffraction length. From Eq. (3), nonlinear absorption coefficient  can be obtained to
be:

B =2\2[1-TG = OV/],L, 4)

Selectively, as shown in Figure 3, § can also be obtained by fitting the experimental curve.

But when materials show transformation from SA to RSA, a nonlinear absorption coefficient
including SA coefficient and TPA coefficient should be defined as [13]:
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Figure 3. Theoretical and experimental result of the open aperture Z-scan for RSA.
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where a;, is the linear absorption coefficient, I is the laser intensity, I is the saturation intensity,
and f is the nonlinear absorption coefficient. The transmission of material can be deduced to be:

a pl
T = l - <l OIO + ]+ZZO/Z§>L (6)
(

s
T2z

So normalized transmission can be obtained to be T, = 7/7. As shown in Figure 4, I, and g can
be obtained by fitting experimental data.

2.2. Closed aperture Z-scan technique

When the nonlinear refraction of materials needs to be obtained, closed aperture Z-scan
experiments should be conducted. The normalized transmission of closed aperture Z-scan
data can be expressed as [11]:

4V g x
T(z) =1 +m (7)
where Ag, = kdn, Leﬁ, k = 2m/Ais wave vector, An, = n, I, n,isnonlinear refractive index, I is
the on-axis peak intensity at the focus, L, = (1-e™")/a,, L is the effective interaction length,
a, is the linear absorption coefficient, z is the longitudinal displacement of the sample from
the focus (z = 0), L is the sample length, and z is Rayleigh diffraction length.

The difference between normalized peak and valley in closed aperture Z-scan curve is A

T,, = 0.406(1- 5)0425|A¢0 , and S is aperture transmittance. The nonlinear refractive index

values can be obtained to be:

aA TH
27 0406 kI, (1-8)°3(1 - ) ®)

n

As shown in Figure 5, by fitting the experimental data using Egs. (7) and (8), nonlinear refrac-
tion index of samples 1, can be obtained.
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Figure 4. Normalized transmission as a function of position for open aperture Z-scan.
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Figure 5. Normalized transmission curves of Z-scan data with an aperture divided by those without an aperture.

3. Nonlinear optical properties of metal nanoparticles

The stability combined with a large third-order susceptibility and ultrafast response means
that metal nanoparticles are very promising materials for the creation of photonic devices.
SPR is the main characteristics of metal nanoparticles, which strongly depend on the size,
shape, and type of metal nanoparticles and the dielectric parameter of surrounding environ-
ments [14]. A huge enhancement of the nonlinear optical response in random media with
metal nanoparticles is often associated with optical excitation of the SPR. Typical three metals
having plasmon band in visible range are Au, Ag, and Cu. In contrast, metals such as Pt,
Pd, and Cr show SPR in the wavelengths shorter than 300 nm. Therefore, large transparency
and low propagation losses in the visible and infrared range are expected in Pt, Pd, and Cr
nanoparticles. In many studies, composite materials with metal nanoparticles were fabricated
by various methods and then generally studied using lasers operating at frequencies cor-
responding to the spectral range of the SPR, as listed in Ref. [15]. The review [15] has sum-
marized the development of nonlinear optical random metal-dielectric composites based on

metal nanoparticles synthesized by ion implantation.

Among the nanoparticles of noble metals, Au and Ag nanoparticles have attracted more inter-
est and initiated more theoretical and experimental studies [1, 2, 16-31], as they both show
a strong SPR band in the visible region. Moreover, their SPR absorption band can be tuned
across the entire visible spectra by changing the size and shape of nanoparticles. The SPR of
metal nanoparticles can lead to many interesting optical properties. For example, ultrafast
nonlinear optical absorption is important since it can considerably alter the propagation of
intense light in the medium, which can make metal nanoparticles be applied in optoelectron-
ics, optical limiters and switchers, as well as in optical memories, optical computing, and

nonlinear spectroscopy.
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3.1. Nonlinear optical studies of Au nanoparticles

The first experimental results on the nonlinear optical effects of Au nanoparticle were obtained by
Ricard et al. in 1985 [32]. They prepared the Au nanoparticle with an average diameter of 10 nm
and measured the third-order nonlinear susceptibility using phase conjugation tobe 1.5 x 10~ esu
at 530 nm. They traced the enhancement to the nonlinearities of the electrons in Au particles.

Among all composite materials, those made out of gold NPs embedded in a dielectric matrix
are more important, because of their strong SPR absorption band in the visible region [33]. The
coexistence of unique linear and nonlinear (especially third-order) optical properties makes
the material be well suited for the potential applications ranging from optical limiter [20, 34],
quantum information processing [35, 36], cancer treatment [37-39], on to all-optical switching
[33, 40, 41]. In this direction, Au NPs embedded in dielectric media have been widely put more
attention for their SPR, which depends strongly on the NPs environment and geometry [42].

Many investigations were performed in Au nanoparticles to study the nonlinear refractive
index and nonlinear absorption [2, 16-22]. Moreover, the optical limiting of Au nanoparticles
has also been studied widely for protection of human eyes and optical devices from laser
damage. The contents studied mainly include the effects of sizes, matrices, and shapes on the
nonlinear optical properties in Au nanoparticles [43].

Sanchezdena O et al. studied the size dependence of nonlinear optical response in Au metallic
nanoparticles with diameters of 5.1, 13.4, and 14.2 nm synthesized and embedded in sap-
phire by using ion implantation [43]. Under 532-nm, 26-ps pulses, they found that the Au NPs
exhibited a negative nonlinear absorption, which increases with size and size-independent
positive nonlinear refraction.

For larger Au nanoparticles than those above, a systematic study of the size-related nonlinear
optical properties of triangular Au particles was performed by S.H. Yoon et al. who fabricated
the triangular Au nanoparticle arrays with four larger sizes of 37, 70, 140, and 190 nm on SiO,
substrates using nanosphere lithography [44]. Figure 6 shows the absorption spectra of the
Au nanoparticles of different sizes. It can be seen that the SPR absorption peaks lie at 552,
566, 580, and 606 nm for the 37, 70, 140, and 190 nm Au nanoparticles, respectively. With the
increasing particle size, the absorption peak shifts to longer wavelength.

Figure 7 shows the typical OA Z-scan experiment results of the four samples. The curve of the
37-nm sample showed a TPA with an additional SA component. For the samples with size of
70 and 140 nm, TPA component turned weaker and SA became dominant. The curve of the
190-nm sample showed only the SA component. These differences occur because the absorp-
tion in the excitation region is much weaker than that at 400 nm for the Au nanoparticles sized
37 nm, and herein, the interband transition to the TPA process plays a key role. However,
the absorption at 800 nm is larger than that at 400 nm for the 190-nm Au nanoparticles; this
is because the SA process becomes dominant. The curves of the samples of 70 and 140 nm
showed a transition in this variation of the two nonlinear mechanism contributions.

Figure 8 shows the CA Z-scan data for four Au nanoparticles of 37, 70, 140, and 190 nm. For the
37 and 70 nm Au nanoparticles, a self-defocusing occurs, and the nonlinear refraction index
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Figure 6. Absorption spectra of Au periodic particle arrays with sizes of 37, 70, 140, and 190 nm.

decreases due to the dominant interband transition caused by the TPA process. However, for
the 140 and 190 nm Au nanoparticles, self-defocusing occurs. With the increase of particle
size, the SA becomes dominant. The increase of refractive index is due to the excited electrons,
resulting in the self-focusing.

It is obvious that the size of Au nanoparticles influences the nonlinear optical properties of
Au nanoparticles. Hence, the optical limiting of Au nanoparticles should be size-dependent.
Mostafavi et al. prepared gold nanoparticles with 2.5, 9, and 15 nm radii and studied the
nonlinear optical response of resulting nanoparticles [8]. They found that the optical limiting
threshold and the amplitude depend strongly on size. The 2.5-nm clusters do not limit light
even at very high fluence, while the larger clusters do at 530 nm.
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Figure 7. The OA Z-scan results of four samples with sizes of 37, 70, 140, and 190 nm.



Nonlinear Optical Response of Noble Metal Nanoparticles
http://dx.doi.org/10.5772/intechopen.80841

LN B B R N RL N S BN LB BERR BN B BN LN B LN LN |

asn 37 nm 70 nm : 140 nm 190 nm 1

=
s
:

IR

104

:

LA LL

MNormalized Transmittance

097 4

Closed Aperture |

|l R O M e |
E lkls 2 0 K I

Figure 8. The CA Z-scan results of the four samples at exciting intensity [ 0 =55 GW /cm 2.

But we believe that the increasing trend of optical limiting capability with size will terminate
somewhere, and there should be an optimal size for optical limiting. To testify the hypothesis,
we synthesized the gold nanoparticles with even larger radii of 15, 25, 50, and 70 nm and
studied the optical limiting performance of the nanoparticles with different size at 532 nm for
8-ns laser pulses [45].

As shown in Figures 9 and 10, the optical limiting effect is found to be size-dependent. Compared
with what Francois et al. have found [8], however, the results in our experiments are more com-
plicated. When the size of gold nanoparticles increases from 15 to 25 nm, optical limiting capa-
bility increases. But when particle size increases further, optical limiting capability decreases
instead. Visual description for the comparison of optical limiting ability is shown in Figure 10.
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Figure 9. Optical limiting curves of gold nanoparticles with the radii of 15, 25, 50, and 70 nm.
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Figure 10. Optical limiting capability changing with particle size.

We analyzed the results in terms of the surface layer of nanoparticles. We assume that only
surface layer of the particle can respond to outside light. We think of the thickness of the sur-
face layer to be ds. The absorption region of gold nanoparticles with different sizes is shown
in Figure 11. When gold nanoparticle has the radius less than ds, light energy can be absorbed
by whole particle. Then, the absorbed energy transfers to surrounding solvent and leads to
solvent bubbles. Moreover, the larger the size is, the stronger the nonlinear scattering is, and
gold nanoparticles exhibit size-enhanced optical limiting. This is in consistent with the results
in 15- and 25-nm gold nanoparticles. But when the radius of gold nanoparticle increases to
be larger than ds, only outer layer ds can absorb light energy. The energy will first trans-
fer to the core (black part in Figure 11) of gold nanoparticles. The transferring energy from
gold nanoparticle to solvent decreases, which will obstruct the surrounding solvent to form
bubbles. The obstruction makes the optical limiting weaker in larger particle.

Based on the analysis above, we found that, when the radius of nanoparticle is equal to the
surface layer ds, the absorption-induced scattering is the strongest, correspondingly the opti-
cal limiting is most effective. That means, the optical limiting optimal size of metal nanopar-
ticles equals to surface layer thickness ds. For gold nanoparticles, it is 25 nm. The investigation
may be helpful for the synthesis of metal nanoparticles for optical limiting. Undoubtedly,
more studies are required to find out the exact reasons for this behavior.
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Figure 11. Absorption regions in gold nanoparticles with different sizes.
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3.2. Nonlinear optical studies of Ag nanoparticles

For Au nanoparticles, there is significant overlap between the interband absorption and the
plasmon resonance absorption, which decreases substantially the efficiency of plasmon exci-
tation. In the case of Ag, however, the interband transition absorption at about 320 nm is far
from its SPR wavelength of about 400 nm. This makes the plasmon excitation in Ag nanopar-
ticles more efficient than that in Au nanoparticles. Moreover, the separation of two kinds of
absorption facilitates the separate investigation of the nonlinear optical effects arising from
interband transitions and those due to SPR. Hence, many groups conducted research on the
nonlinear absorption and optical limiting in silver nanoparticles [1, 22-31].

For example, Gurudas et al. studied the picoseconds optical nonlinearity in silver nanodots
prepared by pulsed laser deposition at 532 nm [22]. The nonlinear refraction and nonlinear
absorption of these nanoparticle films were measured by using the Z-scan technique. The
broad SPR absorption indicates that there are different-sized and different-shaped nanopar-
ticles in the samples. At 532 nm, the SA and RSA are found to be dependent on sample
properties. So by designing properly nanoparticles with different sizes and shapes, it may be
possible to use these materials for various applications such as mode locking and optical lim-
iter to protect sensors or eyes from the damage of high-power laser. Zheng et al. have investi-
gated the shape-dependent NLO behaviors of nanostructured Ag nanoplates, nanowires, and
nanoparticles suspensions (as shown in Figure 12) and their silica gel glass composites at both
532 and 1064 nm [23, 24] by using Z-scan.

NLO abilities of the nanostructured suspensions are found to be shape-dependent at 532 and
1064 nm. Figure 13 shows the OA Z-scan experiment results of the nanostructured Ag in
aqueous suspensions. All the samples exhibit typical RSA, but the deepness of the valleys dif-
fers from one to another, indicating different RSA abilities. As shown in Figure 14, they also
investigated the NLO properties of the Ag/silica gel glass nanocomposites. In contrast to cor-
responding suspensions, the composites show more complicated OA Z-scan curves and the
curves are insensitive to the nanostructured shapes. To a different extent, all the traces show

Figure 12. SEM images of the investigated Ag (a) nanoplates, (b) nanowires, and (c) nanoparticles.
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Figure 13. OA Z-scan curves of the investigated nanostructured Ag suspensions at 532 (a) and 1064 nm (b).

two symmetrical humps flanking the valley near the focus, where hump indicates SA and
valley RSA. When the input energy increases gradually from 0.6 to 1.5 m], the NLA signals
switch from SA to RSA. Besides, they have studied the NLO properties of Ag nanowire/silica
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Figure 14. OA Z-scan curves of the investigated Ag/silica gel glass nanocomposites at 532 (a) and 1064 nm (b).
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gel glass composite and Ag nanowires (NWs) suspension at both 532 and 1064 nm in Ref. [24].
In the Ag NWs suspension, only RSA is found, while in the Ag NWs/silica gel glass composite,
a switch from SA to RSA is observed. The origin of this phenomenon was discussed from the
viewpoint of electronic dynamics of Ag NWs in liquid and solid-state matrices. The solid-state
environment of the gel glass composite greatly enhances the fluorescence of Ag NWs, retards
the electronic relaxation process, and results in surface plasmon bleaching, which causes SA.

Unnikrishnan et al. studied nonlinear optical absorption in Ag nanosol at selected wave-
lengths of 456 nm (inside the SPR band), 477 nm (on the edge of SPR), and 532 nm (outside
the SPR) using open aperture Z-scan technique [25]. They all found a flip over from SA to RSA
behavior at higher input excitation. Similar switching behaviors have also been previously
observed for Ag nanoparticles in ZrO, by Anija [26] and for Ag nanoparticles in PMMA by
Deng [27] under nanosecond laser pulse at 532 nm.

All the above studies were conducted at 532 nm far from the SPR wavelength of 400 nm.
While at resonant wavelength, Ganeev and Ryasnyansky have investigated the nonlinear
optical absorption of Ag nanoparticles [28]. They found that Ag nanoparticles exhibit either
SA for 1.2-ps pulsed laser or RSA for 8-ns pulsed laser. In fact, the nonlinear optical properties
of materials depend strongly on wavelength and pulse width.

In 2012, we studied the nonlinear absorption of Ag nanoparticles using open-aperture Z-scan
method with femtosecond laser pulses at 400 nm [29]. As shown in Figures 15 and 16, when
laser intensities are relatively weaker, Ag nanoparticles show SA, but when laser intensities
are strong, a switch from SA to RSA occurs. Moreover, when the repetition rate of pulse
laser is high, open-aperture Z-scan curves become asymmetric. The switch and asymmetry
were interpreted in terms of plasmon bleaching, free carrier absorption, and migration of
Ag nanoparticles. The peak of the SPR of the Ag nanoparticles is at about 400 nm near the
laser excitation. So the observed SA is due to the ground-state plasmon bleaching. It is the
effect that causes an increase in transmission. When the laser intensity increases further,
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Figure 15. Open-aperture Z-scan curves at relatively low energies (46, 73, 92 n]) using 1- and 10-Hz pulsed laser.
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Figure 16. Open-aperture Z-scan curves obtained at energy of 162 nJ using (a) 1-, (b) 10-, (c) 20-, and (d) 40-Hz pulsed
laser.

RSA begins to happen because the excitation can easily cause free carrier responsible for the
RSA. This is a typical optical limiting effect, which can be applied to protect eyes and sensors
from the damage of intense laser. Besides, asymmetrical open-aperture Z-scan curves were
observed by using laser with higher repetition rate, which was thought to be due to the
migration of nanoparticle following the impulsive optical excitation. More work is needed
to study how laser causes the migration of nanoparticle and make a theoretical fit of the
asymmetrical curves.

3.3. Nonlinear optical studies of Pd and Pt

Itis well known, because both Au and Ag nanoparticles show a strong surface plasmon resonance
(SPR) absorption band in the visible region, they have attracted more interest and initiated more
theoretical and experimental studies concerning nonlinear optical properties. Though the SPR
of transition metal nanoparticles is located in the ultraviolet range, the NLO response cannot be
resonantly enhanced, but instead, it can be influenced by other nonlinear processes. Pd and Pt
nanoparticles have also been found to exhibit interesting nonlinear optical properties such as
two-photon or multiphoton processes [46—49], RSA [50] and SA [13, 51-53]. Correspondingly, Pt
nanoparticles can be used in optical limiting [50, 53, 54] and mode locking [52, 53].

Even though platinum’s SPR at 215 nm [55] lies away from excitation wavelength of 532 nm,
as shown in Figure 17, we still observed SA at lower fluences, which is usually linked to SPR
in gold nanoparticles [13]. Furthermore, as shown in Figure 18, we found the changeover
from SA to RSA at higher input bump intensities.



Nonlinear Optical Response of Noble Metal Nanoparticles
http://dx.doi.org/10.5772/intechopen.80841

1.10

108 ] -
§ Fy
§ ] 5o ]
3 -
Mooz i T.\\ -
S 1004 —-SRE ..':J'_&.HH- 4
058

Figure 17. The normalized open-aperture Z-scan curve at lower fluences.
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Figure 18. The normalized open-aperture Z-scan curve at higher fluences.

To interpret the flip of SA around the beam waist, we phenomenologically combine a satu-
rable absorption coefficient and the two-photon absorption (TPA) coefficient, yielding the total
absorption coefficient as shown by Eq. (5). Solid lines in Figures 17 and 18 are the theoretical
fitting. It can be found that the theoretical fit is in good agreement with the experimental results,
indicating the model used is reasonable. For Pt nanoparticles, the SPR wavelength is at about
215 nm far from 532 nm, which implies that the ground plasma bleaching cannot occur in Pt
nanoparticles. So we think that the SA in Pt nanoparticles has different origins from that in gold
and silver nanoparticles and cannot be interpreted in terms of SPR. Although we have no ideal
about the special phenomena, we think that Pt nanoparticles may be employed in not only opti-
cal limiting but also mode locking. In fact, the proposal has been proved by Qu and Ganeev et al.

4. Conclusions

In this chapter, nonlinear optical properties of metal nanoparticles were reviewed. Most of
these studies were conducted in liquid matrices. However, from the viewpoint of practical
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applications, it is important and indispensable to homogeneously disperse the nanostructured
metals in solid-state matrices to avoid their easy agglomeration and instability in suspensions.
In this case, investigation on NLO behaviors of metal nanoparticles in solid matrices becomes
the most significant step toward the development of practical optoelectronic components and
devices.
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Abstract

Recently, the synthesis and application of metal and ceramic nanoparticle are significant
subject in science and engineering. The metal nanoparticles such as silver, gold, and cop-
per nanoparticles have more application in material science, nanomedicine, electronic,
photonic, and art. One of the green methods for preparation of metal nanoparticles is
laser ablation technique that offers a unique tool for nanofabrication of nanoparticles.
In this technique, the high-power laser ablates the metal plate and the nanoparticles are
formed in the liquid. The properties of nanoparticles using laser ablation are unique, and
they are not reproducible by any other method such as chemical methods. The important
parameters to produce the metal nanoparticles are energy, wavelength, repetition rate
of laser, ablation time, and absorption of an aqueous solution. Laser ablation is a simple
method for fabricating the metal nanoparticles without surfactant or chemical addition.
In this chapter, the mechanism of formation of metal nanoparticles in liquid, significant
parameters for using the laser ablation technique to prepare the metal nanoparticles, and
the preparation of silver, gold and copper nanoparticles will be reviewed.

Keywords: laser ablation, silver nanoparticles, gold nanoparticles, copper nanoparticles,
mechanism of laser ablation in liquid, effect of wavelength in laser ablation, effect of
temperature in laser ablation, laser ablation setup

1. Introduction

Green synthesis of metal nanoparticles in liquid solution is the regard issue in the nanotech-
nology and nanomedicine research. Gold, silver, and copper nanoparticles were prepared
using physical and chemical methods based on chemical reaction or interaction of gamma-ray,
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X-ray, or UV-ray with chemical material. Gold, silver, and copper nanoparticles have signifi-
cant chemical, biological, and physical properties. They are anti-concern, anti-bacterial, and
anti-inflammatory, and can improve the fluorescence properties of polymer composites. They
are used to enhance the sensitivity and selectivity of biosensors based on conducting poly-
mer. Hence, the green synthesis of metal nanoparticles is considerable in medicine and nano-
technology research. Laser ablation is a green and simple method for fabricating the metal
nanoparticles without surfactant or chemical addition. Advantages of laser ablation technique
are simplicity, the high purity of the nanoparticles, the ability to prepare variety metals and
ceramics, and the in-situ dispersion of the nanoparticles in a variety of liquids [1]. Because the
liquids have cooling effect and confinement effect and they cause the oxidation or reduction
[2, 3] of particles. Metal nanoparticles have the plasmonic effect in the green and red part of the
UV-visible spectrum due to scattering and absorb the photon. This effect depends on scatter-
ing cross section of metal nanoparticles which is higher than organic chromophores [4]. Some
organic material can cap the metal nanoparticles [5]. Moreover, they have stable chemical and
physical properties including high-temperature resistance, photo-irradiation, high acids or
oxidation resistance [6-8], and catalytic properties [9, 10]. Therefore, the metal nanoparticles
were used to enhance the response of biomaterial or organic material. Numerous methods
including solution phase [11], photochemical [12], sonochemical [13], electrochemical syn-
thesis [14], photolytic reduction [15], radiolytic reduction [16], solvent extraction reduction
[17], microemulsion technique [18], polyol method [19], and microwave irradiation [20] were
used to synthesize and disperse gold, silver, and copper nanoparticles in various mediums.
These methods are based on chemical reaction or interaction of material with external field.
Briefly, the photochemical method is based on absorption of light for conducting the chemical
reaction. The sonochemical and microwave methods are based on concerned with application
of ultrasound and microwave, respectively, for initiation of chemical reaction in liquid. Other
methods, such as electrochemical synthesis photolytic reduction radiolytic reduction, solvent
extraction reduction, microemulsion technique, and polyol methods, are based on chemical
reaction in the liquids and reduction of another form of salted metals. But, laser ablation
method is based on interaction of laser with metal plate and the nanoparticle formed and
dispersed in the liquid.

Moreover, metal nanoparticles were dispersed into inorganic and organic materials including
water [21], acetone [22], oil [23-26], chitosan [27], and PVA [28].

In this chapter, the significance of metal nanoparticle in art and life, the mechanism of laser
ablation technique to form the nanoparticle in liquid, laser ablation setup, and the significant
parameters of laser ablation for fabrication of metal nanoparticles are presented.

2. Nanomaterial influence in art and life

Nanomaterials and nanoparticles are involved in various applications such as sensor, catal-
ysis, electronics, and plasmonic devices [5, 7]. The application of gold, silver, and copper
nanoparticles is swiftly growing in biotechnology [5-8] to detect and recognize DNA and
proteins [29]. They want to achieve the particular instrument and sensor for cancer diagnosis
and cancer therapy [30].
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Nanomaterials and nanoparticles have more application in medicine, industry, and art. The
interface of art, science, and technology is nanotechnology. The effects of nanotechnology on
art has been proven during Medieval perfectly, when artists unaware of this technology. The
recent achievements of nanoparticles in the field of art have examined, and the techniques
employed in the creation of works of art have been identified. These techniques include
Medieval artisans were the first nanotechnologists. They made coloured glass or stained glass
that are an important element in the ancient history and architecture [31]. The stained glass
is attractive and multifunctional. On the other hand, Roman glass cage cup shows a verity
of colors which are related to the direction of the light. When the light comes out from the
back, it shows a red color, and it illustrates green color when the ligth reflects to different
angle. Those stained glass and Roman glass cage cup [32] are attractive and multifunctional.
They are good suggestion for dramatics phenomenon which have almost died, and there are
no longer practices on the traditional theater stage. Artistic may give advantage to change
modern performance of puppet show, which has been very popular in Malaysia as Wayang
Kulit Kelantan. In addition, the stain glass windows may impact on the principle of perform-
ing the iconography, the visual images, and symbols used in the ceramic works of art and for
interpretation of storytelling. Those traditional stories on ceramic works of art derived on the
‘pictorial curtain’ as a traditional Iranian play provided an opportunity for dramatizing situ-
ations that give way to mourning. Therefore, nanoparticles not only are able to revival some
rituals but also can make a modern stage for those forgotten traditions.

The discussion on how to improve nanotechnology in science cannot be held without a gen-
eral discussion on the impact of nanomaterial on human life. The impact of nano is felt in
different areas, including music, particularly in the manufacturing of musical instrument,
and visual art (Nanoforart), performing arts in specie in set design. More so, modern life-
style has also experienced the introduction of nanotechnology in the production and supply
of clothing and foods. Nanotechnology is regarded as a new, edge-cutting, and emerging
technology with promising scientific advancement for the production of exceptional compact
electronic devices, enhancing of food shelf life, medical advancement, and the production
of unique cosmetics. More so, nanotechnology is a technology that is capable of enhancing
the production of quality clothing, energy saving devices, and quality packaging that are
capable of impacting daily living. It involves manipulating matter on near atomic scale for
the production of new structures, systems, and devices [33]. Through this, healthy, efficient
and sustainable systems can be created by combining science, art, and technology. In fact,
the emergence of nanotechnology can be seen as the introduction of newer and more rel-
evant topics than the ones that have gained much attention in time past, such as the tech-
niques which were discovered by the Medieval artisans. The first nanotechnologists were the
Medieval artisans who produced stained glass windows, which are significant elements of
ancient history [34]. Recently, the field of art has experienced the use of nanoparticles for the
production of nanowires for musical instruments such as photonic guitar. Reference to materi-
als by design: the integration of proteins and music exposes the manner in which fiber rotation
from proteins can be changed into music. Nanoparticles have properties that are important
for use as biomaterials, for drug delivery, as composites of lightweight, and as functional
coatings. Constructing hierarchical assemblies of less complex building blocks into architec-
tures that are complex with superior properties is one of the emerging areas in the design of
such materials. This approach is reviewed using a case study of silk, which is regarded as a

65



66

Laser Technology and its Applications

biomaterial that can be genetically processed and programmed. Silk inherently functions as a
multipurpose protein fiber with hierarchical organization for the purpose of providing struc-
tural support, for eggs protection, and prey procurement. In addition, knowledge abstraction
from the physical system enables the conversion of silk to a mathematical model through
the use of category theory. This allows the translation of the mechanism of spinning fibers
from protein into music, using a process which allocates a set of rules governing the system
construction. The structure, properties, and mechanisms of the materials can be expressed in
an entirely different domain, which is music. Science and art can be combined through the
classification of structure-property relationships as a new way of creating new bioinspired
materials by means of translating the mechanisms and structures from unique hierarchical
systems within the framework of the integration of science and art through categorization of
structure-property relationships presents a novel paradigm to create new bioinspired materi-
als, through the translation of structures and mechanisms from distinct hierarchical systems
and in the context of the inadequate number of building blocks that generally rules these
systems [35]. The prototyped use of fiber strain sensors has been experienced in the area of
music recording. Using this finding, a new use of low noise fiber optic strain sensors in music,
especially in constructing a photonic guitar, is described in this article [36].

On the other hand, a novel category of nano-based products was developed by the FP7 proj-
ects known as MEMORI (Measurement, Effect Assessment and Mitigation of Pollutant Impact
on Movable Cultural Assets—Innovative Research for Market Transfer) and NANOFORART
(nanomaterials for the conservation and preservation of movable and immovable artworks);
the European Union funded this project which are aimed at creating greener and safer protec-
tion from regular products. According to the EU, the beauty of artworks can be manifested
through the cleaning and preservation of art, but the environment, in the long run, should not
be damaged by the products and chemicals which will be used. The purpose of this project
was to develop and protect cultural assets that are environmentally friendly, through the use
of advanced materials and methods [37].

In order to safely clean and preserve art works, the various materials used in their creation
must be uniquely adapted products of conservation. There are a number of limitations associ-
ated with the use of traditional products, and they include relying on hard-matter solvents,
toxic materials, layers of incompatible coatings, or even causing damage to materials such
as leather or paper, which are water-sensitive. According to the Baglioni, who is the project
manager of EU, money could be saved through the use of Nanoforart’s products. The project
manager added that such works have longer lifespan than those developed using conven-
tional materials and are safe enough for tourist sites not to be shut down during the work
[38]. By modifying nanotechnology, the discovery of some techniques which can be used in
cleaning products was made; all the methods had their own unique protection advantages
which are described below:

1. Nanocontainers and micellar solutions, when compared to the conventional methods
which are based on pure solvents, are better with faster performance and less health risk
as well as ecotoxicity. This is as result of the use of pure organic solvents which make up
less than 5% of the formulations with water being the major (95%) solvent component
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of these formulations. The reduction of penetration into the immovable artwork’s matrix
of porosity with regard to that occurring with organic solvents is another advantage of
systems that are water-based. This causes the avoidance of redissolution of polymer into
the artifact. The NANOFORART project has progressed above the state-of the-art and
developed into a technique for the production of new nanoparticle-based substance which
can be used for plastering, stones, stucco, and wall paintings [39].

2. According to Giorgi et al. [40], it has been found that the acidity of paper can be neu-
tralized using alcoholic dispersions of calcium and magnesium hydroxide nanoparticles.
More so, this alcoholic dispersion can be used in generating carbonate alkaline reserve
(after the reaction of the hydroxide with CO, from air) through which further degradation
is prevented. There has been a positive response to this method. One of the major advan-
tages of this method is that the penetration of nanosized particles into the paper fibers is
enhanced alongside a rapid carbonation as a result of their high surface reactivity. Again,
with this method, the stabilization of alkaline nanoparticles requires no surfactants. There
is minimal catalytic activity of iron and copper when pH is close to being neutral. The
implication of this is that a definite control of the acidity/alkalinity of paper can enhance
the reduction in the rate of oxidation degradation by means of Fenton reactions (as cited in
Baglioni et al. [37], p. 317) [40].

3. In addition, the toxicity and effect of the cleaning methods can appear through the use
of pure organic solvents. The use of solvent gels, which was first advocated for in the
1990s, permits the solvent localization and, in some case, the decrease in penetration of
solvent into underlying layers of paint. However, the removal of solvent gels as well as
their residues from a paint surface is often difficult. This is one of the problems which will
be addressed in the current proposal. They use precise quantities of clean liquid control
directly, without damaging the image or leaving residues [41].

3. Laser ablation mechanism and metal nanoparticles formation

The mechanism of laser ablation depends on physical properties of metals and environment
medium. Therefore, the ablation of metals is an intricate subject [42—44]. Ablation of metal
target commences with the sorption of laser beam energy. When the laser beam interacts with
the metal target, the heat can generate and the photoionization of the metal target can occur.
After that, metal nanoparticles will be released from the metal plate as the different phase
that depends on the absorbed energy E [42], and plasma plume expands [43-45]. Hence, if the
duration of laser ablation is much higher than the laser pulse duration, the ablation depth (L )
could be obtained as follows:

L = E5 t = E3, 1)

Where t, T, and t, are the time of the ablation process, the electronic temperature during the
ablation process, and the laser pulse duration, respectively [6, 42].
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In accordance prior report, when the energy of laser beam is high enough to generate a plasma
plume, an acceptable ablation rate can be obtained. During laser ablation of metal plates, the
plasma plume can be formed with the generation of photon and sound [46, 47]. This phenom-
enon is confined near the metal plate [44, 46, 47]. The face of the metal plate face in the plasma
plume remains at high temperature and high pressure during the ablation of the metal plate
[44, 46-48]. During the laser ablation of the metal plate, some thermodynamic phenomena occur
near the metal target. Therefore, a face of the target in the plasma plume observes energy and
the physical parameters are not constant on the whole target area [44, 49, 50]. Moreover, some-
times the deportation of particles from the metal targets due to photoionization [51]. So, the
concentration and distribution of metal nanoparticles become large in the liquids by using the
laser ablation of the metal plate [50]. The formation of metal nanoparticles based on laser abla-
tion of the metal plate can be explained as bubbling of metal molecules [43, 44, 49]. Some physi-
cal properties including of size and concentration of nanoparticles in the liquid are a function
of the phase homogeneity of the material released into the liquid during the irradiation of metal
target. In accordance with the literature, the changes of morphology were observed around the
ablated area on the surface of Au or Ag plates, when the high-power laser (110 fs to 800 nm)
was used to ablate the gold and silver plate at different fluences [52]. The high-power laser with
the fluence of 60 and 1000 J cm™ can generate sharp and irregular craters [52]. Therefore, the
variety of particle size and concentration of nanoparticles were achieved with different fluences
[6, 50, 52, 53]. For example, the metal nanoparticles with small size have regular craters and low
fluences [6, 50, 52]. The nanoparticles with the average size larger than 10 nm can generate the
irregular craters and high fluences that related to boiling of metal plates [6].

The energy transfer to the electron on the surface of metal plates depends on the time duration
of high power lasers such as femtosecond, picosecond, and nanosecond. It is time duration of
laser ablation, and it is a significant factor for synthesis of nanoparticles. Hence, femtosecond
laser pulses can release the electron from the metal plates faster than the thermal action of
electron-photon phenomena. But, picosecond and nanosecond laser pulses can transfer the
energy on a time scale longer than femtosecond laser pulse, so the thermal relaxation processes
of the target [42, 54] can appear, and photothermal or photomechanical phenomena can be
observed during the laser ablation of the metal plate. Hence, the ablation of the metal target
will commence between 10 and 80 ps and plasma plum will form after 10 ns [42, 44, 46, 52],
and the plasma appears after twice the pulse duration time [44, 46]. Therefore, when the metal
plates are ablated with an ultra-short pulse laser (10~° and 10-* s), the delay between ejection
of nanoparticles and interaction of laser beam with the metal target is not observable [42]. The
concept of this delay is significant for the ablation mechanism [43, 46]. The plasma plume can
absorb part of the incoming laser energy when the long laser pulse will be used for ablation
of the metal target. The absorption of laser beam increases the temperature of the plasma and
favors the atomization of the material contained in the plume [6, 44, 46]. Consequently, the
phase materials released from the metal target are homogenized [6]. On the other hand, the
laser energy absorbed by the target decreases due to the optical shielding of the plasma plume,
while target ablation by interaction with the plasma plume is enhanced due to the increased
plasma temperature [6, 44] and the absorption cross section of bulk metals is increased with
a decreased laser wavelength [49]. Nevertheless, the ablation efficiency depends on absorp-
tion effects or the irradiation at short wavelengths. Metal nanoparticles usually have strong
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plasmon resonance or inter band transitions in the UV-visible spectrum; hence, the laser beam
can be interacted and absorbed by metal nanoparticles which were generated in liquid. This
phenomenon occurred with two negative effects including the damping of ablation rate and
altering the concentration and distribution of particle size [54]. Plasma plume has the tendency
to absorb the laser beam at short wavelengths during the ablation process [44]. Therefore, the
relation between the absorption coefficient and ablation efficiency appear in nonlinear, and
these phenomena are minimum when the laser beam wavelength in the infrared range [54].

The nucleation of nanoparticles is formed during the plasma plume cooling. The nuclei
growth and coalescence are the predominant mechanisms in the formation of metal nanopar-
ticles using laser ablation technique [44, 55]. This procedure was confirmed with microscopy
image of the polycrystalline structure of metal nanoparticles [56-59]. Consequently, during
the formation of particles, ion metal and nanoparticles that formed in the liquid have interac-
tion [44, 54, 55]. The nanoparticles can grow without any agent and ligand for some day
after preparation in liquid because metal ions remain in an aqueous solution few days, and
the formation of metal nanoparticles such as Pt and Ag continue with high affinity with the
liquid such as water [55, 60]. As mention above, the size of metal nanoparticles depends on
the density of metal atoms and temperature [44, 55], and sometimes, the atomic density and
the temperature are not homogeneous in the plasma plume since two boundary regions exist
with the surrounding liquid and the metal target [44, 46]. Many researchers reported that
an energy threshold exists for the formation of nanoparticles using laser ablation technique
[48, 50, 52, 54, 55]. The preparation of metal nanoparticle using laser ablation of metal target
requires the presence of a plasma plume, and the minimum metal atom density should be pro-
vided to form the metal nanoparticles in the solvent [49, 50, 54, 55, 61]. The evidence of strong
reactivity between metal and solvent in the plasma plume are consequences of the extreme
pressure and temperature conditions [44]. Consequently, the plasma plume is quenched one
order of magnitude faster in liquids than in gas or vacuum and the cooling process may not
be considered an adiabatic process [44, 62]. This is useful for out-of-equilibrium reactions and
the synthesis of metastable phases formed at high pressures and temperatures [44].

4. Laser ablation setups

Many researchers have used the laser ablation setup in different forms to syntheses the metal
nanoparticles in a liquid. Basically, the laser ablation setup contains a lens, a high power
pulsed laser, a liquid container, a stirrer, and a linear positioner. The metal targets such as
gold, silver, or copper (99.99%) were submersed in liquid. A Nd:YAG pulsed laser beam of
532 nm or 1064 nm ablated the metal plate. Figure 1 shows the laser ablation setup, which
contains a Q-switched Nd:YAG laser, a solution container, a metal plate, a lens (f = 30 cm), a
travel linear stage, and a stirrer. The duration of pulse and the laser ablation time can change
from 10 to 60 Hz and 5-60 min, respectively. To prevent the absorption of energy of laser
beam in the liquid solution, the path length which the laser beam passes through the liquid
must be adjusted to shortest length. So, the distance between the target and entrance windows
is a significant factor to achieve the best energy of laser beam on the surface of the target. In
order to make sure the metal nanoparticles disperse evenly in the liquid solution, stirring of
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Figure 1. Laser ablation setup for the preparation of metal nanoparticles contains a travel linear stage, a high-power
laser, a metal plate, and a liquid tank.

the solution is carried out during the ablation of the metal plate, and the solution container
moves horizontally using travel linear stage for providing the fresh area to ablate the target.

5. The effect of thermal properties in laser ablation of metal plate

Normally, the metal nanoparticles are generated using high energy laser pulsed inside an
aqueous solution with pico, nano, and femtosecond pulsed laser. Pulsed laser should be
melted the target to generate the nanoparticles. If the femtosecond or nanosecond pulses are
used to prepare metal nanoparticles, the main problem is the generation of heat in the sample,
and the calculation of temperature is difficult. This problem can be significantly simplified
based on diffusion length. Indeed, the heat diffusion length is smaller than laser spot size.
Hence, the temperature can be controlled during the laser ablation of the metal plate. For
example, in some typical experiments, the spot size is about 10 pm, and it is larger than dif-
fusion length. Moreover, the laser beam has a flat-top profile, and the absorbed energy of
laser beam causes the increasing of temperature in the target layer. The area of the layer that
covers with the laser beam is equal to the spot size of the laser, and it surrounds by liquid
that absorbs the heat and decreases the temperature of the layer. In the presence of liquid, the
average temperature increases, and from thermal equilibrium, the relationship temperature
and other thermodynamic parameter are obtained as follows [63, 64]:

Aj
T=n (2)

R

where A (A =1 — R, where R is the reflectivity coefficient at the laser wavelength) is the
absorptivity of the metal plate at the particular wavelength, and c, p, and / are the heat capac-
ity of the target material, the density of the metal target, and the thermal diffusion length in
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the metal plate, respectively. The temperature has the relationship with the energy density
of the laser beam, or it is fluence j. The thermal diffusion length i depends on the thermal
diffusivity of the target materials [65]:

h o \fat )

|4

where a (k/cp, k is the thermal conductivity of the metal plate) and ¢ are thermal diffusivity
and the laser pulse duration, respectively, and the increasing of temperature (T) depends on
absorption of laser radiation in particular wavelength as follows:

al <« h, 4)

Some part of laser power is converted to heat and it is the consequence of the evaporation of
a solution near the laser beam, and this power is very weak.

6. The effect of wavelength in laser ablation of metal plate

When the laser ablation of the metals plate is considered, the wavelength of laser beam is a
significant parameter. Because the optical constants of the material depend on wavelength;
hence, the metal nanoparticles and metal targets can absorb the energy of laser beam at the
particular wavelength. Metal clusters release in the nano-size from the metal plate and they
can provide the condition for absorption of laser energy at each pulse, so the metal target can
melt and the generation of nanoparticles becomes faster. Consequently, the higher repetition
rate of laser pulses can provide the higher rate of generation of nanoparticles [66].

Jeon and Yeh were reported about the wavelength dependence of particle size and the forma-
tion efficiency in laser ablation [67]. They prepared the silver nanoparticle in inorganic (water)
and organic solution (isopropanol) using green laser and infrared laser at nanosecond pulse.
They achieved that the particle size using the green laser is larger than the particle size using
the infrared laser. Hence, the formation efficiency of nanoparticles using infrared laser was
lower than that using the green laser. Moreover, the laser fluence can change the size of the
nanoparticle as a function of laser wavelength [65]. Hence, the fragmentation of nanoparticles
can improve with enhancement of fluence. The dimension of nanoparticles prepared using
infrared photon increases when the laser fluence increases. Consequently, when the wave-
length of laser beam decreases, the ablation efficiency increases with the energy of laser beam.

7. The effect of light absorption with nanoparticles in laser ablation
method

The absorption of laser beam with nanoparticles is the effective factor of the laser ablation
process at high laser fluence to prepare the nanoparticles in an aqueous solution. When the
prepared nanoparticles have not high mobility in liquid, they are aggregated near the target.
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Hence, they can absorb the energy of laser beam. This effect increases with increasing laser
fluence because of the increase in the number of produced nanoparticles. Therefore, the
intensity of laser beam that can reach the metal target is decreased. In addition, the size of
the nanoparticles that absorb the incident laser beam decreases because of the laser-induced
fragmentation occurs [68, 69]. This phenomenon was reported by Prochazka et al. [9]. They
achieved the size of nanoparticles decreased when the laser beam interacted with the col-
loids during ablation of the metal target [70]. Consequently, the colloidal absorption causes
the decreasing of the formation efficiency and the size of nanoparticles. This phenomenon
called secondary effect. It can produce the high concentration nanoparticles and can control
the formation process, and the size of nanoparticles and especially suppression of the abla-
tion efficiency are undesired. Another considerable parameter is a flow-cell system, which is
necessary for suppressing the colloidal absorption. Two colloidal absorption processes can be
considered for preparation of metal nanoparticles. One is “interpulse” absorption and other is
“intrapulse” absorption. The interpulse absorption related to the generation of nanoparticles
by the earlier pulses stays in the laser beam path and absorbs the latterly coming pulses. The
intrapulse absorption related to particles produced by the earlier part of one pulse immedi-
ately absorbs the later part of the same pulse.

8. Laser ablation of silver nanoparticle in liquids

Many researchers reported the preparation of silver nanoparticles in organic and inorganic
solutions. Silver nanoparticles have biological, thermal, optical, and electrical properties.
Hence, the synthesis of silver nanoparticles was presented using chemical and physical
methods. Laser ablation of silver plate is an alternative and green method to prepare the
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Figure 2. (a) TEM image of silver nanoparticle in oil and (b) UV-visible spectrum of silver nanoparticles produced using
laser ablation.
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silver nanoparticles, and nanoparticles grow in the unique form of organic and inorganic
solutions without any agglomeration and collapsing. Silver nanoparticles were prepared in
water, methanol, palm oil [22], coconut oil [71], pomegranate seed oil [72], polyvinyl alcohol
(PVA) [28], and graphene oxide solution [73]. Silver nanoparticles were capped by chain fatty
acid of oils, and the particle size was about 10 nm. When the ablation time increases, the size
of particles decreases. Nanoparticles formed in the spherical shape that was obtained using
transmission electron microscope image (Figure 2a). The efficiency of the colloidal absorption
by silver nanoparticles for 355, 532, and 1064 nm laser beam depends on localized surface
plasmon resonance or the plasmon band around 400 nm (Figure 2b). Hence, the maximum
and minimum efficiency occurred in 355 and 1064 nm. Thus, the influence of the colloidal
absorption was more prominent for shorter wavelength laser beam, leading to the conclu-
sion that the formation efficiency and the size of nanoparticles decrease with decreasing laser
wavelength.

9. Laser ablation of gold nanoparticles in liquid

Gold nanoparticles (Au-NPs) have more applications for electronics [74], photodynamic
therapy [75], therapeutic agent delivery [76], tumor therapy [77], sensors [78], drugs carriers
[79], and medical diagnoses [80]. High activity and high sensitivity of Au-NPs have been
fabricated using laser ablation in water [81]. The final product was used to reclaim the area
of glassy graphite electrode for detection of Hg, Pb, Cu, and Co in the low concentration [81].
Gold nanoparticles can absorb and interact with the electrical field of laser beam [79], and
Au-NPs generate localized surface plasmon absorption in the range of 400-900 nm [82]. The
coherent excitation of free electrons causes the surface plasmon band in a colloidal nanopar-
ticle [83]. The response of the Au-NPs to an interaction of laser beam depends on particle size,
the surrounding material, and nanoparticle concentration [84]. Hence, the investigation and
consideration of green synthesis of gold nanoparticles are intense interest subject in nano-
medicine and nanotechnology area. Laser ablation technique is an alternative method for
preparation of gold nanoparticles in an aqueous solution. Recently, gold nanoparticles were
prepared in graphene oxide and vegetable oils such as pomegranate seed oil [25]. When gold
nanoparticles were fabricated using laser ablation of the gold target, the nanoparticles were
formed in the spherical shape (Figure 3a) that was investigated using transmission electron
microscopy. The particle size was in the range of 20-5 nm, and the UV-visible absorption
peak appeared about 530 nm (Figure 3b). In accordance with Mie theory, when the particle
size decreases, the blue shift (A1) occurs in the localized surface plasmon absorption peak as
follows:

AL = A, x0.18 xexp (5333 (5)

where 4, s, and D are central wavelength, interparticle gap, and particle size in the central
wavelength [85, 86].

73
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Figure 3. (a) TEM image of gold nanoparticles in oil and (b) UV-visible spectrum of gold nanoparticles produced using
laser ablation.

10. Laser ablation of copper nanoparticles

Copper nanoparticles (Cu-NPs) have more application conductive coatings, lubricants, sin-
tering additives [87], and biosensors [88]. Copper nanoparticles are anti-inflammatory [89],
reduce gastrointestinal mucosa [90], antioxidative [91], anti-ulcer [92], and are useful in pre-
venting skin photosensitivity [93]. The copper nanoparticles strongly absorb the light beams
about 600 nm, arising from the localized surface plasmon resonance (LSPR).

Recently, the application of vegetable oils such as palm oil [22], coconut oil [71], walnut oil
[23], and castor oil [31] for dispersing the nanoparticles was considered for the preparation of
nanometals [94]. These natural compounds contain triglycerides and non-polar long carbon
chains that prevent nanoparticles agglomeration through steric repulsion [71].

Many methods based on the reaction of metal ions were presented to prepare copper nanopar-
ticles. For example, solution phase [95], photochemical [96], sonochemical [97], and electro-
chemical synthesis methods [14] are the famous methods that are utilized for preparation of
Cu-NDPs in an aqueous solution. Laser ablation [98] is a green technique for the synthesis of
copper nanoparticles. In the literature, the preparation of copper nanoparticles in distilled
water, acetone, and ethanol [99] was reported using laser ablation. Malyavantham et al. [100]
utilized the laser ablation technique to fabricate the Au-Cu NPs alloy. Copper nanoparticles
were formed in the spherical shape (Figure 4a) in an aqueous solution. The UV-visible peak
arose the localized surface plasmon resonance about 630 nm (Figure 4b). The influence of the
colloidal absorption on the formation efficiency of copper nanoparticles was also the signifi-
cant parameter to prepare copper nanoparticles. The formation efficiencies of Cu-NPs using
532 and 1064 nm laser beam were much closer than those of silver nanoparticles because the
absorption at 532 nm in copper colloids was lower than that in silver colloids.
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Figure 4. (a) TEM image of copper nanoparticle in oil and (b) UV-visible spectrum of copper nanoparticles produced
using laser ablation.

11. Compression of silver, gold, and copper nanoparticles

The silver, gold, and copper nanoparticles formed in the liquid solution in the spherical shape
using pulsed laser ablation of plate, and they have the localized surface plasmon resonance
peaks in the visible range; but the copper nanoparticle has tendency to convert copper oxide
sooner than gold and silver nanoparticles. According to the literature, the gold nanoparticle
was formed in the liquids faster than silver and copper nanoparticles [101]. Gold, silver, and
copper nanoparticles have the different biological and medical applications. Gold nanopar-
ticles were used as an antibiotic, anti-fungal, and anti-microbial agent. Gold nanoparticles
were used for drug delivery and anti-cancer. Silver and copper nanoparticles are a strong
anti-bacterial and anti-inflammatory. Gold and silver nanoparticles were used as optical
probes, sensor, and catalyst.

12. Conclusion

Laser ablation is a green and simple method for fabrication of the metal nanoparticles
without surfactant or chemical addition, and the properties of nanoparticles are unique.
The wavelength of laser and laser intensity are the significant parameters for production
of metal nanoparticles; hence, the formation efficiency of nanoparticles using infrared laser
was lower than that using the green laser, and the thermal effect strongly appeared in the
case of laser with nanosecond pulse. The particle size was in the range of 5-20 nm, and the
nanoparticles were formed in the spherical shape in an aqueous solution using laser abla-
tion technique.
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Abstract

Planar laser-induced fluorescence (PLIF) is a highly sensitive and space-time-resolved
laser diagnostic technique. It is widely used in the diagnosis of combustion and flow fields
to obtain the thermodynamic information of active components and interested molecules
in flames. Nowadays, the PLIF technology is developing in two directions: high speed and
quantification. In view of the high spatial and temporal resolution characteristics of PLIF
technology that other laser diagnostics do not possess, this chapter will focus on the basic
principle of laser-induced fluorescence and the current research status of quantitative
PLIF technology. In addition, the advantages and disadvantages of various quantitative
technologies of component concentration in flames based on laser-induced fluorescence
technology are analyzed. At last, the latest works on the quantification of species concen-
tration using planar laser-induced fluorescence in combustion are introduced.

Keywords: bidirectional planar laser-induced fluorescence, combustion diagnostics,
species concentration visualization, effective absorption cross section, laminar flames

1. Introduction

The planar laser-induced fluorescence [1] is a high-sensitivity and high-resolution laser spectral
diagnostic technique developed in the 1980s. The emergence of PLIF technology has made great
success in the visualization of the combustion field in flames, the dynamic evolution of the
combustion process [2, 3], the temperature imaging [4, 5], and the quantitative measurements
of the free radical concentrations under low pressure [6, 7]. PLIF technology is a noncontact
measurement technology. Compared with the traditional contact measurement technology,
PLIF technology not only has the unique advantages of noncontact and noninterference
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to the combustion and flow fields but also can dynamically display and image two- or three-
dimensional space structure of free radicals interested in combustion fields. These merits are
unattainable and difficult to achieve by the traditional contact and other laser spectral diagnos-
tic techniques, such as coherent anti-Stokes Raman scattering (CARS), degenerate four-wave
mixing technology (DFWM), cavity ring down spectroscopy technology (CRDS), tunable diode
laser absorption spectroscopy (TDLAS), and direct absorption spectroscopy.

Admittedly, PLIF technology also has its own shortcomings. The biggest obstacle is that the
PLIF technology is rather difficult to achieve quantitative measurement. The greatest difficulty
in quantification of the PLIF lies in the fact that the electronic collisional quenching rate of the
molecules to be measured is not exactly the same at the different positions of flame under the
normal and high pressures. Worse still, there is a big difference for the distribution of electronic
quenching rates in different types of flames. In addition, the calibration factor is also a param-
eter, which is easy to change with the observation conditions. In a general way, the collisional
quenching rates of the molecules to be measured in flame have little effect on the fluorescence
signal under the low pressure, so it can be often neglected. However, the collisional quenching
rates of molecules turn out to be very sensitive to the combustion environment in flames under
normal and high pressures. Therefore, the profiles of the collisional quenching rates become
difficult to be measured in real time due to the diversification of the flame structure. In this
case, an additional consideration is needed to accurately deduce the concentration distribution
information of the molecules to be measured using the fluorescence signals.

In order to eliminate the detrimental impact of quenching effect on the quantitative measure-
ment of species concentration, Versluis et al. [8] proposed to combine the traditional laser-
induced fluorescence (LIF) with absorption spectroscopy to excite the molecules using the two
opposite direction laser beams, counteracting many influencing factors, such as collisional
quenching effect, pressure, and the calibration constant of the Detector and optical system, so
as to deduce species concentration profiles. However, the bidirectional LIF technology is
highly depending on the spatial coincidence of the beam (especially for the sheet laser beam)
and the signal-to-noise ratio (SNR) of the fluorescence signal, which leads to the lack of
systematic research on this technology.

2. A brief analysis of planar laser-induced fluorescence

Laser-induced fluorescence is an essentially physical process of laser resonance excitation and
fluorescence generation. When the molecule is excited by laser with a specific wavelength, it
will transition from a low energy state (usually ground state) to a higher energy state (the
excited state). Then the molecules in the excited state will spontaneously transition from the
excited energy state to the low energy state after undergoing a series of non-radiative transi-
tion energy transfer. The energy of electromagnetic radiation between the excited state and the
low energy state is released in the form of fluorescence radiation.

Hydroxyl (OH radical), a very important intermediate in flames, is considered to exist in the
combustion process of most hydrocarbon fuels. Quantitative measurement of OH concentration
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is of great significance for deep understanding, modification, and validation of reaction mech-
anism and chemical kinetic models. This chapter takes OH as an example to explain. Similar
conclusions exist for other combustion intermediates or radicals.

The energy-level structure consists of the electronic, vibrational, and rotational energy levels.
When numerous OH radicals in the flame absorb a certain wavelength laser from the ground
state to the excited state, one part of molecules will shift to other vibrational or rotational energy
levels due to the effect of vibrational energy transfer (VET) and rotational energy transfer (RET),
one part of which will be transferred to the pre-dissociated state, and some of which will be
quenched due to the collision of atoms and molecules in the surrounding environment. After
above three physical processes, in fact, the OH radicals no longer involve the process of
fluorescence radiation. Therefore, only a fairly small number of OH radicals can emit fluores-
cence from the excited state to the ground state. The physical process is shown in Figure 1.

The main purpose of the LIF technology is to determine the total number density of OH
radicals by using the observable intensity of the OH fluorescence signal and then to obtain
the local physical properties of the measured molecules. However, there are many physical
processes difficult to observe directly in the LIF process, such as VET, RET, collisional
quenching, and predissociation, which will greatly affect the intensity of the OH fluorescence
signal. Therefore, if the concentration of fluorescence signal is directly obtained by observation,
one will cause great deviation. Generally, the time scales of VET, RET, and collisional
quenching effects are much less than the lifetime of OH fluorescence. Therefore, it is rather
difficult to directly measure these physical processes on the OH fluorescence signal.

Under the linear excitation, the LIF signal intensity of the excited molecule in position x at
atmospheric pressure can be expressed as follows [9]:
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Figure 1. The LIF process of hydroxyl radical [9].
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where 7 is the Planck reduced constant; w is the angular frequency related to the energy
interval between the selected excited levels; Ceyp, is an experimental constant influenced by
the quantum efficiency of detector, the filter function, and the solid angle of optical system; B,
is the Einstein stimulated absorption coefficient from low energy state (m state) to high energy
state (n state); N? is the molecular number density in m state; f5(x,T) is the Boltzmann
Fraction in position x; T is the temperature; A,,, is the spontaneous emission rate of excited
molecules transitioning from n state to m state; Q(x,T,N.) is the collisional quenching rate
related to the temperature and the total number N, around the collisional molecules; I(x,w) is
the intensity of excited laser in position x; and g(x, w, T, N,) is the molecular integrated absor-
ption line-shape in position x. In Eq. (1), the factor of A,/ (Aum + Q(x, T, N,)) represents the
fluorescence quantum efficiency used to describe the percentage of fluorescence radiation
energy in the total absorbed laser energy.

The actual OH energy-level structure is fairly sophisticated, so an approximate model of two
energy levels is often used. Under the two energy-level approximation, the average collisional
quenching rate Q is expressed as [9]

Q=) koN; @

where N; is the number density of the colliding particle ith and kg, is the quenching rate
coefficient of the colliding molecule ith, which can be expressed as

kg, = 0g,(vi) 3)

where o, is the collisional quenching cross section of the molecule ith and (v;) is the average
heat collisional speed of the colliding species ith, expressed as

8k T
(Vi) =/ - 4)

where kg is the Boltzmann constant and ; is the reduced mass of the colliding molecule ith.

As can be seen from Eq. (1), in order to determine the OH number density using observed LIF
signals, it is necessary to exactly know all the factors impacting on the LIF signal, especially for
the collisional quenching rate. For the premixed methane/air flame, the estimated average
quantum yield is approximately 1/1000. This result shows that the effect of collisional
quenching in flame is fairly strong and most of the OH radicals excited to the high energy
state dissipate the absorbed laser energy in the form of non-radiative transition, such as
collisional electronic quenching and VET. As a result, only a few OH radicals will release the
absorbed energy to radiate fluorescence.

However, there are too many factors difficult to measure in the collisional quenching rate of
OH radical in flames, including the quenching cross sections of colliding pairs, the average
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heating collisional speed, and the number density of the collisional particles. It also can be seen
from Egs. (2)-(4) that it is rather difficult to determine the concentration, quenching section,
and heating collisional speed of each collisional molecule accurately, because there are hun-
dreds of species in the actual flame. Worse still, some colliding particles have the shorter life
than OH radical, which leads to almost impossible to accurately determine the distributions of
OH concentration in the observed location. In addition, the collisional environment of different
flames varies also greatly. Even for only one kind of flame, the different working conditions
will lead to a great change to the physical quantities affecting the rate of collisional quenching.
Since there is little understanding about the non-radiative energy transfer processes of OH
radical at present stage, it is almost impossible to measure the physical quantities, which can
greatly affect the collisional quenching rate of OH radical by using the current experimental
technique.

With the increasing demand for the spatial resolution of the internal structure of flame in the
fields of combustion and aerodynamics, it is urgent to obtain the spatial distribution informa-
tion for the combustion/flow fields, so as to further understand the basic characteristics of the
chemical reaction in flames. PLIF is a laser diagnostic technique developed under this require-
ment, which is the expansion of LIF technology in two-dimensional space.

The physical process of PLIF is exactly the same as the LIF technology. The difference between
PLIF and LIF is that the PLIF technique uses a special sheet-forming optics to replace the “line
beam” used in the LIF by a “sheet beam.” And the photomultiplier tube commonly used in LIF
technology is replaced by an intensified charge-coupled device (ICCD) camera, which can
make two-dimensional imaging for the weak fluorescence signal. The typical PLIF measuring
system consists of five parts: the laser, the sheet-forming optics, the imaging acquisition and
data storage, the digital delay control, and combustion systems, as shown in Figure 2.

Nd:YAG laser

g,
ey
o e N IECD camers
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- e

Figure 2. Typical PLIF experimental setup.
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The laser source is usually composed of pump laser and dye laser to obtain a laser beam with
different excitation wavelengths. The sheet-forming optics mainly consists of one cylindrical
concave lens and other two vertical cylindrical convex lenses, achieving the transformation
from line beam to sheet beam. The imaging acquisition and data storage system is mainly
composed of ICCD camera and data storage module to acquire the weak fluorescence signals
in a real time. The digital delay control system is used to control the synchronization between
the laser and the ICCD camera. The burner is used to produce an objective flame to be
researched. According to the characteristics of the actual research, the PLIF system will be
slightly different, but the main assembly is still composed of the above five parts.

3. Review on the developments of the quantitative LIF

From the view of using purposes, LIF technology can be briefly divided into two categories:
qualitative and quantitative. In this section, the current research status of quantitative LIF will
be reviewed.

3.1. Calibration LIF

From Eq. (1), it is known that the following parameters should be measured accurately when
using the PLIF image to deduce the concentration field of the species: the excitation laser
wavelength, the experimental calibration constant, the Einstein stimulated absorption coeffi-
cient, the Boltzmann fraction, the fluorescence quantum yield (especially for the collisional
quenching rate Q), and the convolution of the laser line shape and the molecular absorption
line shape. However, it is difficult to obtain the exact values of the temperature, the fluores-
cence quantum yield, and other parameters at the same time in flames. Therefore, the quanti-
fication of the molecular concentration field is thought to be fairly difficult. In order to simplify
the difficulty of quantification, calibrating these parameters with a standard flame, named
calibration LIF, has been first proposed.

Using the calibration method to determine the species concentration field, the following sim-
plification is needed: under the condition of linear excitation, it is considered that the concen-
tration of the molecules to be measured is only related to the LIF signal intensity, calibration
constant, flame temperature, and environmental pressure but independent of other factors. To
further reduce the dependence of the Boltzmann fraction on temperature, it is always neces-
sary to select an excited line, which is not sensitive to the changes of temperature. After the
above simplification, it can be considered that the species concentration has a direct propor-
tional relationship with the LIF signal intensity.

At present, extensive research for the measurements of the OH concentration spatial distribu-
tion has been studied by using the calibration LIF/PLIF. The typical research work is intro-
duced as follows.

Arnold et al. [10] measured the OH concentration distributions in the premixed methane/air
flame at pressures of 1, 5, and 20 bar by using the calibration LIF. The calibration factor was
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obtained by ultraviolet (UV) absorption spectroscopy. Jalbert [11] researched the variations of
OH concentration with the flame heights in the premixed methane/air and hydrogen/air
flames. And the influences of the equivalent ratio and flow rate on the OH concentration have
also been investigated by using the calibration LIF.

Although the calibration LIF has ability to measure the species concentration profiles to a
certain extent, there is more serious problem that should not be neglected: the calibration LIF
ignores the fact that the collisional quenching rates vary with the spatial position in the flame.
Therefore, the calibration LIF cannot be considered as a real quantitative LIF strictly. It can
only be regarded as a semiquantitative LIF technology.

3.2. Saturated LIF

When the excited energy density is higher than the threshold energy density of saturation
excitation, the intensity of fluorescence signal is only related to the molecular number density,
stimulated absorption, stimulated radiation, and spontaneous radiation but independent
with excitation energy and the electronic quenching rate. This case is known as the saturated
LIF.

In the saturated LIF, the measured fluorescence signal can directly reflect the number density
of the stimulated molecules. The main drawback of the saturated LIF is that the output laser
pulse is difficult to reach the required saturated excitation energy density. Therefore, it is
difficult to achieve the planar concentration measurement for the species. In addition, because
the laser pulse has a certain energy profile in time and space, it is easy to arise the so-called
wing effect at the edge of energy profile. In other words, the laser energy density at the edge is
less than the threshold energy density. Therefore, the excitation in this location still belongs to
the linear excitation, leading to the fact that fluorescence signal is still affected by the collisional
quenching effect. The researches on quantitative measurement of species concentration using
saturated LIF mainly include:

Carter et al. [12] used saturated LIF to measure the OH concentration distributions in C,Hg/O,/N>
flames under the high pressure. The experimental results indicate that the maximum OH
concentration measured by saturated LIF is 1.10 x 10", 1.05 x 10'®, 1.18 x 10'° and 0.98 x
10" molecules/cm®, respectively, under the pressure of 0.98, 6.1, 9.2, and 12.3 atm.

Kohse-Hoinghaus et al. [13] measured the concentrations of CH and OH radicals in a
premixed C,H,/O, flames under the low pressure using saturation LIF. The experimental
results show that the concentration of CH and OH radicals in acetylene/oxygen flame
is 1.1 x 10" cm ™ (T = 1750 + 80 K, height at 2.6 mm) and 8.9 x 10" ecm > (T =2000 + 100 K,
height at 7.5 mm), respectively, under the pressure of 13 mbar and the equivalence ratio of 1.2.

3.3. Laser-induced pre-dissociative fluorescence (LIPF)

LIPF has also been recognized a kind of quantitative LIF, which is proposed to solve the
problem that the fluorescence signal is susceptible to collisional quenching effect in linear LIF.
In the LIPF, the fluorescence quantum efficiency can be written as
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where P represents the pre-dissociative rates of the molecules in the excited state.

Generally speaking, if the ground state molecules can be excited to a suitable upper level, then
there is a relationship of Q <« P. Taking the vibrational band (3,0) excitation of OH radical as an
example, the typical spontaneous emission rate A in the upper level is approximately
1.6 x 10* s, the collision quenching rate is about 10° s, and the pre-dissociative rate is
around at 1 x 10'°s™". Therefore, the effects of A and Q on the fluorescence quantum efficiency
can be neglected. In the LIPF, it can be considered that the fluorescence quantum efficiency is
only affected by the pre-dissociative effect, but has no obvious relevance with the spontaneous
emission and the collisional quenching effects. If the calibration factor of LIF signal would be
obtained by other methods (calibration or direct measurement), the measured molecular
concentration in flames can be obtained by using this quantitative relationship.

Using LIPF to measure the concentration fields of the stimulated molecules can immunize the
LIF signal from the interference of collision quenching effect and thus reduce the difficulty for
the quantitative measurements. However, it will bring in another trouble that the higher
dissociative rate will lead to the decrease of fluorescence quantum efficiency, which makes
the fluorescence signal further weakened and difficult to capture. In addition, compared with
the traditional linear LIF excitation wavelength, LIPF usually needs to excite the measured
species to a higher excitation level. At the same time, the energy density of excitation laser
should also be increased as high as possible, so as to meet a higher SNR requirement. These
experimental conditions are rather incompetent for the common lasers. The researches on the
quantitative concentration measurements using LIPF mainly include:

Yuan et al. [14] quantitatively measured the variations of the OH concentrations with the axial
heights in a premixed methane/air and propane/air flat flames at the range of 1-5 atm and the
equivalence ratio of 0.7-1.3. The experimental results indicate that the OH concentration in the
methane/air flame reaches the peak at around 2 mm from the burner surface, with a numerical
value of about 1.1 x 10" molecules/cm®. For propane/air flame, the peak OH concentration on
the same conditions is much smaller than that of methane/air flames, with a value of about
1.5 x 10" molecules/cm?.

Brown et al. [15] measured the OH concentration profiles in a hydrogen/air diffusion flame
using the LIPF and compared the experimental results with the numerical simulations. The
experimental results show that the peak concentration of OH radical is 9.3 x 10'® molecules/cm®
approximately in this flame.

3.4. Short-duration pulsed LIF

In the linear LIF, the duration of the excitation laser pulse (pulse width) is at the order of
nanosecond, and the collision quenching rate is commonly 10°~10" s™', slightly less than the
excited laser pulse width, while the fluorescence lifetime of the excited state molecules is around
at a few nanoseconds. Therefore, if the nanosecond laser pulse is used to excite the molecules,
and then the fluorescence emitted from excited molecules is collected by an ICCD camera with a
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gate width of nanosecond, the detected fluorescence signals are bound to be seriously affected by
the influence of electronic quenching effect. Nevertheless, if the picosecond or a shorter laser
pulse is considered to use, the molecules will be distributed in the upper energy state before the
collisional quenching occurs. In this moment, if the picosecond detector can be employed to
collect the fluorescence emitting from the molecule, the fluorescence signal will no longer be
influenced by the collisional quenching effect. This is known as the short-duration pulsed LIF.

Thus, the short-duration pulsed LIF is also a kind of quantitative LIF, which is independent of
the collisional quenching effect. The shortcoming of short-duration pulsed LIF lies in the fact
that it is difficult to output a laser beam with a pulse width of picosecond, and the gate width
of ICCD camera is not easy to reach at the order of picosecond. Furthermore, as the laser pulse
width and the gate width of the detector are all at the order of picosecond, the collected
fluorescence signals will be relatively weak, and its SNR is extraordinary low, which are not
convenient for practical engineering applications. The researches on quantitative measure-
ments of species concentration using short-duration pulsed LIF mainly include:

Bormann et al. [16] used the single-pulse picosecond LIF to obtain the relative OH concentra-
tion profiles in a premixed stoichiometric CH,/O, flame under the normal pressure. The
experimental results indicate that the number of OH is exceedingly few in the preheating zone
above the burner outlet. Most of the OH radicals are distributed near the flame front and the
edge of the flame.

Brockhinke et al. [17] measured the OH concentration distributions in the hydrogen/air
opposed diffusion flame using picosecond LIF and determined the concentration distributions
of H atoms by three-photon LIF in the same flame. The experimental results suggest that the
peak OH concentration is about 2.5 x 10'® molecules/cm® and the peak concentration of the H
atom is around at 2.1 x 10'® molecules/cm? in the stagnation surface of diffusion flame.

3.5. Bidirectional LIF

Bidirectional LIF has been recognized as a non-calibration linear LIF, which is independent of the
collisional quenching effect. In the bidirectional LIF, the number density of the stimulated
molecules is only related to the effective peak absorption cross section of the measured molecules
and the forward and backward fluorescence signals. It has no relevance with the collisional
quenching effect, the calibration constant of the detection system, and the energy density of the
excited laser. Using bidirectional LIF/PLIF to map the concentration distributions, the two laser
beams (or sheet beams) propagating through flame in the opposite direction are required to
excite the molecules in the flame, so as to obtain the forward and backward LIF/PLIF signals.
With combining the effective peak absorption cross sections of the molecules by other measure-
ment methods, the number density of the excited molecules can then be obtained.

The available literature shows that the embryonic form of the bidirectional LIF is first proposed
by the Stepowski [18]. After that, Versluis et al. [8] have further developed it and given a more
concise and explicit expression for the concentration measurements in the high absorptive
flames. The first application of bidirectional LIF/PLIF to the quantification of the two-
dimensional OH concentration distributions in a methane/oxygen torch flame is investigated
by Versluis et al. Besides that, Brackmann et al. [19] also employed bidirectional LIF to achieve
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the quantitative measurements of OH concentration distributions in an opposed diffusion
flame. Because the opposed diffusion flame belongs to a kind of symmetrical flame, they used
only one beam to excite the OH radicals and combined the mirror symmetry method to
achieve the quantitative measurements of one-dimensional OH concentration distributions.
Their experimental results indicate that the OH concentration is about 7.8 x 10" molecules/cm®
at the height of 1.8 mm from the burner nozzle. In addition, Tian et al. [20] also used bidirec-
tional LIF to quantitatively measure the concentration of iron atoms in a premixed laminar
propylene/oxygen/argon flat flames. However, the two opposite directional beams have not
been employed in their experiments. Instead, the mirror symmetry method has been used to
obtain the variations of the iron atom concentration with the axial heights.

Judging from the existing literature statistics, the current species concentration measurements
based on bidirectional LIF/PLIF technology are still fairly scarce. Although the bidirectional
LIF/PLIF has great advantages beyond other quantitative LIF/PLIF technologies, such as no
collisional quenching effect, no special excitation conditions (e.g., large energy, short pulses,
etc.) and no additional calibration, it has a high requirement for the spatial coincidence of the
beams and the SNR of the fluorescence signal. In addition, the experimental expression of
effective peak absorption cross section provided by Versluis et al. has a limitation, which is not
applicable to the case of weak absorption. In view of this problem, we have supplemented and
corrected the experimental measurement equation in this chapter. These difficulties have
resulted in the fact that the research of species concentration measurement based on the
bidirectional PLIF is almost at a standstill. Therefore, it is necessary to conduct the in-depth
research in order to promote the further development of the bidirectional LIF/PLIF.

4. The fundamental theory of bidirectional LIF

4.1. Measurement equation of the species concentration profiles

A schematic of one-dimensional bidirectional LIF for molecular concentration measurement is
shown in Figure 3. First we give a definition as described in the following. With ICCD camera
for reference, the direction in which the laser beam traverses the flame from left to right is the
backward direction, instead of reverse for the forward direction. The points x = 0 and x = L
denote the boundaries for the concentration calculation.

The laser-induced fluorescence signal intensity at the point x is given by the following expression:

Fy(x) = CS(x)ooN (x)Iy(x) (6)

where C is a constant depending on the collection angle of fluorescence signal and the detector
sensitivity, S(x) denotes the fluorescent quantum yield which is only dependent on the sponta-
neous emission rate and the collisional quenching rate Q(x), oy is the effective peak absorption
cross section of molecules to be measured, and N(x) represents the particle number density at
point x. Consider a laser beam propagating through the flame at a fixed height from left to
right along the x-axis in Figure 1. The beam will be attenuated according to the Lambert-Beer
law, and the intensity is given by the following equation:
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Backward
-

Figure 3. Schematic diagram for one-dimensional bidirectional LIF method.

Iy(x) = Ib,ot’fjo NGy )

Eq. (7) is established in the unsaturated condition. In Eq. (7), Ip(x) is the laser intensity in the
backward direction at point x, and I o is the initial laser intensity of the backward beam at
point x = 0. Similarly, if the laser propagates in the opposite direction from right to left, at the
same height, the forward equation of the laser beam is given as

Fr(x) = CS(x)ooN ()1 (x) (8)
Ip(x) = g e~ Jo oV )

where [¢(x) is the laser intensity in the forward direction at point x and I is the initial laser
intensity of the forward beam. Note that the incident point of the forward beam is located at
x = L. The ratio of fluorescence signals, R(x), is equal to the ratio between the laser intensities
because the factors of C, i.e., S(x), 0y, and N(x), are canceled in the division expressed as

_ B ()

F(x)  I(x) o

R(x)

Take the logarithm of the fluorescence ratio R(x); then one will obtain the following equation:

I
In[R(x)] =1n [%}
. L
=1In IILO + J ooN(y)dy — J aoN(y)dy an
bo Jo x
N L
=In IILOJr ZJ ooN(y)dy — J aoN(y)dy
b,0 0 0
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Finally taking the differential operation on Eq. (11), one can obtain

1d, [Pf(x)}

Nk = Fy(x)

" 200dx

(12)

which is a measurement equation of the species concentration profiles, representing the quan-
titative functional relationship between particle number density and LIF fluorescence intensity.
Eq. (12) clearly shows that the particle number density is only associated with the forward and
backward fluorescence intensities and the effective peak absorption cross section of particles
under the linear excitation, independent of the temperature, pressure, quenching rate, laser
energy, etc. It also suggests that the derivative of the fluorescence ratio R(x) is very sensitive to
noise in the LIF signal.

It is important to note that the N(x) in Eq. (12) refers to the molecular number density in the
excited level for the low rotational level ]”. However, the total number density of the molecules
to be measured Nj is often concerned in the experiments. Therefore, it needs to be converted to
Ny after obtaining the experimental value of N(x). In the state of thermal equilibrium, the
relationship between the number density N (v,]”, T) in the excited molecule and the total
number density Ny of the molecules is linked by the Boltzmann fraction f(v,] , T), and the
mathematical expression is given as follows:

. N, T) @ +1)
J,.T) = = (Evip+Erot) /ksT
fB (v ] ) NO Qvib Qrot Qelec ‘

(13)

where kg is the Boltzmann constant; T is the temperature; the vibrational quantum number J”
represents the rotational quantum number at the low energy level; E;, and E, are vibrational
and rotational energies, respectively; and Q,;,, Q.o and Qe are vibrational, rotational, and
electronic partition functions, respectively.

Overall, the bidirectional LIF/PLIF is thought to be a no-calibration and no quenching effect
LIF/PLIF technique, based on the combination of the traditional linear LIF/PLIF and absorp-
tion spectroscopy. It not only preserves the advantages of high spatial resolution of traditional
LIF/PLIF but also absorbs the superiority of no quenching effect from absorption spectroscopy.
It is of great significance to solve the problem of traditional quantitative LIF/PLIF technology.

4.2, Effective peak absorption cross section

From the view of the quantum mechanics, the absorption cross section describes the probabil-
ity that the incident photon is absorbed by the target nucleus, and its unit usually has the
dimension of area (cm?). When the laser propagating along the x direction passes through the
medium, the molecules will be attenuated by absorption, following the Lambert Bill absorp-
tion law. The differential form is expressed as

— _N(x)o(7)P (14)
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where I7(x) is the intensity of laser at x point, v represents the wave number (cm '), P is the
pressure (atm), N(x) denotes the number density (cm ) of the excited molecules at the point x,
and o¢(V) is the absorption cross section (cm?) of the molecules. Eq. (14) is thought to be the
phenomenological physical definition of the absorption cross section.

As long as the laser energy is not too high and the molecular number density is not too large,
the absorption cross section can be considered directly proportional to the linear absorption
function (cm) [21]:

o(V) = Oitg(V) (15)

where oy is the integral absorption cross section (cm) and the line-shape function satisfies the
normalization condition:

r g(V)dv =1 (16)

To integrate Eq. (15), one can obtain
Otot = J O(V)d\_) (17)

It can be seen that oy, is only related to the nature of the molecule but has no relationship with
external environmental conditions. The integral absorption cross section is directly related to
the oscillator strength of the molecule, with the expression of [22]

2
Tie
Otot = Wflﬂv”f]” (18)

where e is the electronic charge (esu), 1, is the mass of electron (g), c is the speed of light (cm/s),

andf , iy is the molecular oscillator strength in the given oscillator transition, expressing as [23]
f 1 :fva” (U/’ v ) S]/]” T, (19)
v ]'] 4 2]” +1 J]

where v is the vibrational quantum number in the upper vibrational energy level; ]” is
the vibrational quantum number in the lower vibrational level; is the vibrator strength, S, is

the rotational transition probability, that is, the Honl-London factor; and T,,]w represents the
vibrational and rotational correction factor. The detailed values of f , v.,pr, S

o7y Sy and T],]n can be
found in the LIFBASE software.

T
In the actual experiment, the measured absorption line shape is not normalized, and thus

[ omar 21 (20)

For this reason, it is necessary to normalize it for obtaining the experimental expression of the
effective peak absorption cross section.
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The integral on the left side of Eq. (15) is defined as the relative integral absorption area Int.
Normalizing above integral, one will obtain

J: %dv = J:, g(V)dv =1 1)

Meanwhile, it is noted that if the first-term integral of Eq. (21) is multiplied on the left side of
Eq. (17), one will get

1 % av (22)

Jl o(V)dV = Ot J

That is

op) = 7] 23)

Eq. (23) is the relationship between the absorption cross section and the molecular absorption
line profile measured experimentally.

In particular, if v = ¥, then

0p = 0'(1_/0) = %&T/O) (24)

where oy is the effective peak absorption cross section; the numerical value of oy can be
calculated by Eq. (18). Eq. (24) is thought to be the experimental expression for measuring the
effective peak absorption cross section of the molecule. Eq. (24) indicates that the effective peak
absorption cross section of the molecule is related to the molecular absorption line shape and
the relative integral absorption area.

As Versluis et al. have not clearly pointed out that the effective peak absorption cross
section associates with the peak value ¢(vp) of absorption line-shape, there is a difference
between the effective peak absorption cross section and the actual value, if using the
measurement equation given by Versluis et al. The difference is not obvious for the absorp-
tion band (0,0) of OH radical. However, this discrepancy will manifest significantly for the
weak absorption band of (1,0). Therefore, the measurement equation of effective peak
absorption cross section given by Versluis et al. is not applicable to the condition of weak
absorption. To solve this problem, we revised the experimental equation. The corrected
effective peak absorption cross section measurement equation is shown in Eq. (24). To
confirm the validity of the modified measurement equation, the effective peak absorption
cross section of the band (0,0) and band (1,0) within the Q¢(8) line for the OH radical is
measured, respectively. The experimental results show that the OH effective peak absorp-
tion cross section of the Q;(8) line for band (0,0) turns out to be about 5.5 times higher than
that of band (1,0), while the theoretical calculation given by the LIFBASE simulation is
about 6 times. The experimental result has been proven to be in good agreement with the
simulation results.
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5. Concentration profiles in a laminar flame by bidirectional PLIF

5.1. Measurements for the absolute OH concentration profiles in a partially premixed
methane/air flat flame

The temperature distribution of CH4/O,/N; partially premixed flame is first measured by UV
absorption spectrometry. The average temperature of the premixed flame of methane/air is
1772 K, with the statistical uncertainty of £10.4%. Then, the axial distributions of OH effective
peak absorption cross section for Q;(8) line (the corresponding wavelength of 309.240 nm) in
the band (0,0) are determined by using the wavelength scanning method. The statistical
average of the OH effective peak absorption cross section on the axial direction is
1.10 x 10" cm? with the relative statistical uncertainty, which is £9.9%. The standard flat
flame burner, designed by Hartung et al. [24], in the experiments is employed. More detailed
experimental parameters can be found in the literature [25]. The variations of two-dimensional
OH concentration fields with the equivalence ratios @ (from 0.7 to 1.4) have been obtained in
CH4/O,/N, partially premixed flat flame by using bidirectional PLIF, as shown in Figures 4
and 5.

Figures 4 and 5 show the two-dimensional spatial distributions of OH concentration in the
methane/air partially premixed flame and its variations with the equivalence ratios, respec-
tively. The actual size of each image is 15 mm x 46 mm, and the spatial resolution is 87.6 pm.

As can be seen from Figure 4, when the flame is burned in the lean-burn condition, the OH
radicals are mainly distributed in a narrow band above the burner surface. With the increase
of the axial distance, the OH concentration will decrease rapidly. On the other hand, the OH

a K (k7] i

- - 1.5

E E

= =

% 5 LAy

¥ i

[ & 1.3

= a

= =

= -« P

20 1% -0 0% n 03 La 1.5 2.0 20 4% -0 4035 o ns 10 15 10
Hanclial posstion {om) Radial posltion (cm)

E E

E £

k| I

£ &

3 |

i -

- =

20 <15 <0 4% LU L) L 1.3 20 20 <15 0 L5 [4] {1 .o 1.5 20
Radial posiiion (cm) Raslial positon (om)
(e (d}

Figure 4. Variations of two-dimensional OH concentrations with equivalence ratios (@ = 0.7-1.0). (a) @ =0.7, (b) ®=0.8,
(c) @=0.9, (d) =1.0.



100

Laser Technology and its Applications

| e

L] s (L5% L 152 LA (0™ o™y

™

E 'q. E
£ 14 € 1.0
: \ :
Eqs L5
5 3
= =
< . <
=20 <5 40 45 L1} s .0 15 241 24 <15 10 45 i [LE ] 1. 15 0
Kadial position {cmj Haudial pesiion ()
(a) (b)
E E
£ £
£ £
3 |
] o+
20 1.5 -0 05 0 (1] 1.0 15 20 28 1% =10 4.5 L1 [LE] |1 1.3 20
Hanlial position {om) Haafial position (cm)
(<) (d)

Figure 5. Variations of two-dimensional OH concentrations with equivalence ratios (0 =1.1-1.4). (a) ?=1.1, (b) ?=1.2,
(©@=13,(d)Dd=14.

radical group gradually moves toward both sides of the flame, and the amount of OH
radicals in the middle region is decreasing gradually with the increase of the equivalence
ratio from 0.7 to 1. When the flame is burning at the rich-burn condition, as shown in
Figure 5, the OH concentration profiles have changed greatly. That is, as the equivalence
ratio continues to increase from 1.1 to 1.4, the two strong OH radical bands are formed on
both sides of the flame. Meanwhile, the OH radical density in the middle region of flame
decreases sharply.

5.2. Comparison between numerical simulation and experimental results

The comparison between the numerical simulations and the experimental results in the meth-
ane/air laminar partially premixed flame under different equivalence ratios is shown in
Figure 6. The values of red translucency are the total uncertainties of the corresponding
measured points.

From Figure 6, we can draw the following three conclusions:

1. Inthe range of equivalence ratio 0.7-1.2, the calculated results and the experimental values
have the same variation trend with increasing the axial distance above the burner. The OH
concentration increases rapidly to the maximum and then gradually decreases with the
increase of axial distance, remaining unchanged at last. However, the experimental OH
concentrations in the burnout zone decrease faster than the calculated results under certain
equivalence ratios (e.g., equivalence ratios 0.8 and 0.9). The reason for this phenomenon
mainly lies in the fact that the temperature results given by the GRI-Mech 3.0 mechanism
are basically kept unchanged in this region, while the experimental temperature will
decrease with increasing the axial distance.
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2. In the range of equivalence ratio 0.7-1.2, the calculated OH concentration is generally
higher than the experimental values. It is not difficult to find that the OH concentration
profiles based on the GRI-Mech 3.0 mechanism is in good agreement with the experimen-
tal variation trend only when the equivalent ratio equals to 0.7. The reason for the above
difference may lie in the fact that the simulation gives the OH concentration distribution in
the adiabatic state, but the actual flame is in a nonadiabatic state, and it is unavoidable to
have some radiation loss. Therefore, the experimental measurement results of the OH
concentrations are found to be always smaller than the corresponding calculation results.
A rough calculation shows that the calculated temperature considering the radiation loss is
about 150-250 K lower than that without taking into account the thermal radiation loss.

3. In the range of equivalence ratio 0.7-1.2, it is found that the OH concentration increases
rapidly from zero to the maximum value. The experimental results indicate that the change
speed of OH concentration is not as large as the calculated result and the measured OH
concentrations are higher than the calculation results at the same axial position. Itis presumed
that the main reason for this phenomenon lies in the following: the width of the chemical
reaction zone is rather narrow (about 1-2 mm) in the methane/air flat flame. When the flame
reaches the stable combustion state, a large amount of heat will flow toward the burner surface
and thus increase the flame temperature. Therefore, the temperature of the premixed gas
inside the burner will be increased accordingly. As a consequence, the temperature of the



102

Laser Technology and its Applications

3.0 L S S S I RS R R S R —
— - . ®  GRI Mech-3.0 -
r::E 25F ® @ Experimental values-
o
el L] -
= 20} 1
c [
.E -
:1::3 1.5F 1
g : !
2
g 1.0} t e 1
g .
I ] H
O o5t 1
- 9
] 3 -
N 3
0.0k 1
[ IR I . I N TP T T

0.7 0.8 0.9 1.0 1.1 12 1.3 14

Equivalence ratio
Figure 7. Comparison between experimental data and numerical simulation of peak OH concentration.

premixed gas will rise rapidly after flowing out from the burner and produce the chemical
reaction, resulting in generating a large number of OH radicals. However, the temperature
rising process of the premixed gas has not been taken into account in the numerical simulation.
On the contrary, it is considered that the gas temperature near the outlet of burner is still in an
ideal unheated state. Therefore, the measured OH concentrations are higher than the calcula-
tion results in the upstream of reaction zone.

The comparison results for the peak concentration under the conditions of different equiva-
lence ratios have also been made, as shown in Figure 7. It can be clearly seen that the
experimental results are smaller than the calculated values. The reason has already been
analyzed before, so it is no longer mentioned here. Another notable phenomenon is that the
measured OH concentration has not reached the maximum under the equivalent ratio of 1.0,
but the peak OH concentration occurs in the lean-burn zone under the equivalence ratio of 0.9.
The above experimental result indicates that even if the equivalence ratio of the premixed gas
is set to 1.0, the fuel molecules still cannot be completely consumed in the actual combustion
process. Therefore, we speculate that the OH reaction rate predicted by the simulation may be
higher than the experimental value under the condition of stoichiometric ratio.

6. Conclusions

In conclusion, this chapter first reviews the developments of planar laser-induced fluorescence
and briefly analyzes the existing problems of quantitative PLIF technology. Then, the advantages
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and disadvantages of current quantitative PLIF technologies for species concentration measure-
ments in flames are reviewed. And the latest works on the quantification of species concentration
using PLIF in combustion are introduced. Thirdly, a non-calibration quantitative PLIF technol-
ogy, named bidirectional PLIF, which is independent of collisional quenching effect, has been
introduced in detail. As the current measurement equation of effective peak absorption cross
section provided by Versluis et al. is found to be not applicable to the case of weak absorption,
the revised experimental equation has been proposed in this chapter. At last, the two-
dimensional spatial distributions of OH concentration and its variations with the equivalence
ratios have been investigated in the methane/air partially premixed flame. The comparison
between the experimental OH concentrations and the numerical simulation results has also been
made under the equivalence ratios of 0.7-1.4. The result indicates that the OH concentration
profiles measured by bidirectional PLIF are in good agreement with the predictive values
performed by GRI-Mech 3.0 mechanism.
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Abstract

Retinopathy of prematurity (ROP) is a largely preventable cause of visual impairment in
children. The golden standard of treatment in ROP is the laser photocoagulation of the non-
vascularized retina. The most vulnerable period when ROP is at high risk of rapid progres-
sion is comprised between 34 and 35 weeks postconceptional age (PCA) and 36-37 weeks
PCA. We carried out a retrospective study in which we included all the ROP cases treated by
indirect diode laser photocoagulation between January 1, 2006, and December 31, 2017,
totalizing 110 premature infants of which, 60 were males (54.54%) and 50, females (45.45%).
Mean gestational age (GA) was 28.30 weeks and mean birth weight (BW) was 1121 grams in
our series. Of the 110 preterm infants, 74 were the result of single pregnancies (67.27%) and
36 of multiple pregnancies (32.72%). At the moment of treatment, the mean postnatal age
(PNA) was 8.38 weeks and the mean PCA, 37.02 weeks. ROP regressed after laser treatment
in 185 eyes (88.09%). Statistical tests proved that regression rate was significantly worse in
aggressive posterior ROP as compared with stage 3 zone 2 and stage 3 zone 1 ROP (odds
ratio = 13.53, relative risk = 7.79, P < .001).

Keywords: retinopathy of prematurity, pediatric blindness, indirect diode laser, ROP
treatment, ROP outcome

1. Introduction

Retinopathy of prematurity (ROP) can be a major cause of pediatric blindness worldwide if not
diagnosed and treated promptly [1]. Visual loss in ROP is due to the complications related to
retinal ischemia: retinal neovascularization, vitreous hemorrhage and finally total retinal detach-
ment. Fortunately, ROP is a largely preventable cause of visual impairment in children. Despite
the fact that in recent years, intravitreal anti-VEGF agents proved their efficacy and safety in the
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management of ROP, the golden standard of treatment in ROP remains the laser photocoagula-
tion of the non-vascularized retina [1].

2. Indirect diode laser photocoagulation in the treatment of ROP

In order to understand the rationale of laser treatment in ROP and its mechanism of action, the
pathogenesis of ROP is summarized, as well as its classification and indications for treatment.
Practical considerations on indirect diode laser photocoagulation for ROP are presented
subsequently.

2.1. Pathogenesis of ROP

Vasculogenesis and angiogenesis are two distinct terms that need to be explained. In the
vasculogenesis process, the origin of blood vessels is represented by the endothelial progenitor
cells that coalesce and form lumen and vasculogenic networks. In the angiogenesis process, the
new vessels form from the existing ones by vascular sprouting [2].

ROP is a biphasic disease directly related to the saturation of oxygen, which is administered in
order to maintain the prematurely born vital functions. Phase 1 (between 22 and 30 weeks
PCA) is characterized by relative hyperoxia and decreased vascular endothelial growth factors
(VEGF) levels. The consequence of this situation is delayed vessel formation. Phase 2 (between
31 and 44 weeks PCA) is defined by relative hypoxia and increased VEGF levels, having as
consequence uncontrolled vessel growth.

The cause of ROP is the non-development of retinal vessels with subsequent retinal ischemia
and new vessel proliferation [2].

2.2. ROP classification

Screening for ROP is essential for reducing the blindness rate related to this disease [3]. It
should be made by indirect ophthalmoscopy by specially trained ophthalmologists according
to criteria which are specific to each country/region.

In classifying ROP, the following criteria are used: zone, stage and the presence/absence of
“plus” disease. The retina is divided into three zones and 12 clock hours. Zone 1 corresponds
to a circle having the radius equal to the double distance between the optic disc and the fovea.
Zone 2 describes a circle with the radius that equals the distance between the optic disc and the
nasal ora serrata. Zone 3 is the remaining “crescent” of retina in the temporal area [3, 4].

Stages are defined according to the modifications at the limit between the vascularized and non-
vascularized retina. Stage 0 reflects no modification at this level, but the retinal vascularization is
not yet completed. In stage 1, a demarcation line (within the retinal plane) is identified at this site.
In stage 2, there is a non-vascularized, white ridge (elevated from the retinal plane) at the limit
between the two retinal regions, and in stage 3, the ridge is vascularized, red. Stage 4a corre-
sponds to peripheral retinal detachment. In stage 4b, the fovea is also detached, and in stage 5,
there is total retinal detachment in an open or closed funnel [3, 4].
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“Plus” disease includes retinal vessel dilation and tortuosity, retinal hemorrhages and pupil
rigidity [3, 4].

Separately from the features of the “classic” ROP described above, aggressive posterior ROP
(AP-ROP) has been described with the following aspects: very severe “plus” disease, posterior
location (most commonly zone 1, but also posterior zone 2), ill-defined or no ridge, rapid
progression to stage 5 ROP [3, 4].

Also, there are two important terms that have to be defined: threshold and pre-threshold ROP.
Threshold ROP includes: stage 3, zone 1 or 2, with “plus” disease, with a ridge extending on
more than five contiguous or eight cumulative clock hours. Pre-threshold ROP includes the
following situations: less than threshold ROP in zone 1/stage 2, zone 2 with “plus”/stage 3,
zone 2, without “plus”/stage 3 with “plus,” less extended than threshold ROP [3, 4].

2.3. Laser effect

Understanding laser technology starts from the translation of the word LASER: light amplifi-
cation by the stimulated emission of radiation.

Atoms occupy various energetic levels. Lower energetic levels are associated with higher
stability. If the atom absorbs energy under the shape of a photon, it “jumps” on a higher
energetic level in a state of excitation. The excited atom can “fall” back spontaneously on the
lower energetic level by emitting a photon. The excited atom can be “forced” to fall from the
higher on the lower energetic level if it meets a photon carrying the energy equal to the
difference between the two levels. This process is called stimulated emission: a photon stimu-
lates the emission of another photon [5].

If we would be able to bring the majority of atoms on the superior energetic level, the incident
radiation will induce the emission of a more intense beam than the incident one. This is called
radiation amplifying. The key problem is to obtain a state with more atoms on the superior
energetic level, which is called population inversion and is reached by pumping. In order to
amplify the light, the system is closed between two parallel mirrors forming a cavity. The
mirrors allow photons to jump back and forth by continuously reflecting between them, thus
producing stimulated emissions. When the radiation flux becomes extremely intense, it is
allowed to get out of the cavity as laser beam [5].

The abovementioned principles explain the key properties of the laser radiation:

1. Because the photons are emitted through energies that are liberated between two well-
defined energetic levels, the radiation is monochromatic.

2. Because the two mirrors are parallel, the laser beam is composed of highly parallel rays:
limited divergence.

3. The emitted and the “disruptive” radiations are always in the same phase; therefore, the
laser radiation is coherent.

These properties offer theoretical advantages to the laser radiation over the white light that are
translated by its clinical applications in various ocular diseases [5].
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Monochromatic laser light allows the specific selection of a wavelength that is going to be
absorbed by a specific pigment in the eye according to the ocular condition.

Also there is no chromatic aberration allowing the obtainment of a small retinal impact.

Laser light is much more intense, which makes it possible to use low energies to obtain a
clinical effect with a significantly lower risk for complications.

Parallelism allows the obtainment of small retinal lesions in the periphery.

Therapeutic energy can be pre-selected by the ophthalmologist according to the effect on the
retina: lower energies are used initially which are progressively increased, up to the moment
where the desired effect is obtained [5].

2.4. Laser retinal photocoagulation

Clinical effects of laser photocoagulation are obtained by thermal reaction. When the temper-
ature in the tissue reaches a critical level, proteins are denatured and coagulation occurs. The
factors that influence the results of coagulation for a certain power are: the energy of a
specified wavelength, the spot size and the exposure time. According to the degree of coagu-
lation, ocular reaction manifests by cell proliferation, cell migration, and scar formation [5].

Tissue effects of lasers depend upon the interaction between the laser wavelength and ocular
pigments: melanin, hemoglobin and xanthophyll.

Melanin is found in the RPE as melanosomes and in the choroid as granules. The maximum
absorption of melanin is for wavelengths of 400-600 nm, followed by blue, green, red and
infrared. Subsequently, shorter wavelengths are better absorbed by melanin as compared to
longer ones. When it comes to the penetration through tissues of the laser radiation, longer
wavelengths will manifest their effect deep in the choroid. Because the quantity of melanin
varies between individuals and from one region to another of the fundus, the coagulation
effect of longer wavelengths is unequal. Longer wavelengths require higher energies to obtain
similar effects with the shorter ones.

Hemoglobin is more selective in terms of absorption. Its maximum absorption is for blue,
green and yellow wavelengths, whereas for red and infrared, there is no absorption.

Xanthophyll pigment is located exclusively in the fovea, and it absorbs the blue and blue-green
laser radiations. Because of the damaging effects on the central vision of these radiations, they
are no longer used in the clinical practice [5].

Lasers that create thermal reactions have direct and indirect effects on the ocular tissues.

In ischemic retinopathies, such as ROP, the indirect effect is used to induce the regression of
new vessels that appear due to retinal ischemia.

Several mechanisms of action have been described. It is postulated that tissue destruction by
laser photocoagulation decreases the need for oxygen of the tissues, and in the same time, it
lowers the stimulus for the production of angiogenic factor.
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Photocoagulation also eliminates the photoreceptor cells, which are high oxygen consumers,
allowing the use of available oxygen by the viable cells.

A tight adhesion between the retina and choriocapillaris is created following laser photocoag-
ulation, increasing oxygen flow to the retina.

The pigmented cells destroyed by laser liberate a substance that inhibits angiogenesis [5].

2.5. Technical characteristics of the indirect diode laser

Diode laser has an infrared emission (810 nm), and it cools in the environment and has a life
span of 30,000 h. The transmission optic system is very simple: it is constituted by mirrors
leading the laser beam from the slit lamp to the patient’s retina. When attached to the indirect
ophthalmoscope, such as in the ROP treatment, this role is taken by a system of fiber optics.

The laser fiber is connected from the laser to the indirect ophthalmoscope, and the laser
impacts are delivered by acting on a pedal, which is also connected to the laser. The console
allows the operator to choose the adequate parameters of the laser impact: dimension, expo-
sure time and power. The operator wears the helmet throughout the treatment and moves his
head in order to deliver the light from the indirect ophthalmoscope and the laser beam into the
infant’s eye (Figure 1).

Figure 1. Indirect diode laser.
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Figure 2. Delivery of the laser treatment.

The delivery mode is chosen: repeat at various intervals/single impact and the number of
impacts is counted. The repeat mode is preferred because when pressing the pedal once, a
series of impacts is delivered on the retina, at time intervals that are selected by the operator.
However, this more rapid modality of treatment is chosen by the experienced surgeons. The
retina is visualized with a +20 or +28 diopter lens and the peripheral retina is reached by the
help of a scleral indentor (Figure 2).

2.6. Parameters used during the laser retinal photocoagulation

The clinical effect of laser photocoagulation on the retina depends on two main parameters:
power and exposure time. If low power is used, higher exposure time is required. On the contrary,
at high power, a low exposure time is sufficient to obtain a significant retinal reaction [5].

2.6.1. Power

Power is the parameter that influences the most the photocoagulation effect. Selecting a certain
power is relative, as it depends on individual factors: retinal pigmentation, edema, pre-retinal
fibrosis, the presence of vitreous hemorrhage. Therefore, the key element in choosing a certain
laser power is clinical (retinal reaction), not technical (mW). Usually, treatment is initiated with
low powers (150-200 mW) in order to test retinal reaction, never on pigmented retina. If there
is no visible mark, power is increased with 20-50 mW, until the obtainment of the desired
effect: whitish lesion. When high powers are used, the lesion appears gray with well-defined
margins and sometimes in its center a vapor stream is emitted. This effect can be identified
when passing from a thicker to a thinner retina, for example from the posterior pole toward the
periphery, without reducing the power accordingly. During retinal photocoagulation, power
must be varied in order to obtain the appropriate tissue reaction [5].

2.6.2. Exposure time

Exposure time can vary between 50 ms and 1 s. At low exposure times, the effect in the tissue is
cylindrical: the area of the lesion is the same at the superficial (RPE) and deep (choroid) levels.
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However, at low exposure times, high powers are required in order to obtain a clinical effect.
This is associated with the risk of explosive effects. Usually, exposure times between 200 and
500 ms are preferred [5].

2.6.3. Dimension of the laser spot

When laser energy is delivered through the indirect ophthalmoscope, the dimension of the
laser spot effectively arriving on the retina is the result of the distance between the helmet (the
site where the laser fiber is fixed) and the retina [5].

2.6.4. Number of the laser spots

The number of laser spots is correlated with the area of nonvascular retina. Practically, all the
surface of non-vascular retina should be destroyed by laser. By consequence, more the disease
is posterior, more laser spots are needed. ROP represents an instance in which all photocoag-
ulation must be completed in one session due to its rapid progression. The number of laser
spots may vary between 1000 and 5000/eye [5].

2.6.5. Evolution of laser impacts

At the moment of application, the laser marks should be whitish. During the next days, they
become less net because of the inflammatory reaction, which is proportional to the extension of
treatment. Within 1-2 weeks, the impacts develop pigment in the central area surrounded by
atrophy. The extension of scars at the fovea in posterior ROP may induce significant loss of
vision [5].

2.7. Rationale for laser use in the treatment of ROP

The premature retina is incompletely developed and when exposed to high levels of oxygen
which is necessary for life support, a relative hyperoxic environment is created, leading to the
decrease of VEGF and subsequent delay or even cessation in the development of retinal
vessels. By consequence, the retinal tissue does not get enough oxygen (relative hypoxia) and
synthesizes angiogenic factor with the development of new vessels at the limit between the
vascular and nonvascular retina.

The rationale of laser use in ROP is to destroy the nonvascular retina, which is the source of
new vessels, thus interrupting the pathogenic chain ultimately leading to vision loss.

Cryotherapy was used before laser to destroy the nonvascular retina, and its results were first
published in 1988 by the Cryo-ROP Study proving its efficacy in preventing ROP-related
blindness [6].

A few years later, in 1994, the Laser Study Group demonstrated the laser was as effective as
cryotherapy in preventing blindness produced by ROP and with less severe side effects.
Besides the fact that it causes less trauma and manipulation on the globe as compared to
cryotherapy, laser was more effective in zone 1 and zone 2 disease [2, 7].
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2.8. Indications for laser treatment in ROP

The indications for ROP treatment were formulated for the first time by the Multicenter Trial of
Cryotherapy for ROP, as a threshold disease [6].

The Early Treatment for ROP Randomized Trial Study affirmed that the criteria for treatment
defined as “threshold” may no longer be the ideal indication for treatment. Therefore, the
criteria for “pre-threshold” ROP were defined with the recommendation to initiate treatment
also in these circumstances. The results of treatment in the pre-threshold ROP were signifi-
cantly better than the threshold ones [2, 8, 9].

2.9. Timing of laser treatment for ROP

ROP is a model of acute retinal ischemia that is self-limiting, but if not addressed urgently, it
may lead rapidly to retinal detachment and loss of vision. Because the window of opportunity
during which laser treatment is likely to have a positive result is very short, timely recognition
is crucial for a good outcome [7, 8]. Therefore, active screening should be carried out according
to very precise criteria [3].

Basically, treatment should be performed at the point in the natural history of the disease when
neovascularization can be reversed because once vitreo-retinal traction is initiated, the disease
can no longer be controlled [2]. Therefore, knowing the correlation between the evolution of
ROP and time is crucial for a correct screening.

The most vulnerable period, when ROP is at high risk of rapid progression starts at 34-35 weeks
PCA up to 36-37 weeks PCA [8]. Usually, ROP does not develop during the first 2 weeks of life.
The median age for the detection of stage 1 ROP is 34 weeks PCA, pre-threshold ROP appears
around 36 weeks PCA and threshold ROP at about 37 weeks PCA. The vascularization of the
retina is completed by 40—44 weeks PCA.

In conclusion, the interval for ROP detection is between 32 and 40 weeks PCA, but the critical
phase, during which ROP may progress rapidly and has to be treated, is between 34 and
37 weeks PCA [7].

2.10. Indirect diode laser photocoagulation for ROP

Laser therapies are carried out in the Neonatology Units, under sedation. Prior laser treatment,
pupil dilation is achieved with a mixture of tropicamide 0.5% and phenylephrine 2.5%. The
eyes are maintained open with a lid speculum throughout the procedure, the retina is visual-
ized with a +20 or +28 diopter lens and the peripheral retina is accessed with a scleral indentor.

Diode laser has an infrared emission of 810 nm, which is delivered transpupillary. Usually, the
following laser parameters are used: 200 microns laser spot, with 200 ms duration and power
between 100 and 300 mW, according to the retinal reaction. Laser spots are applied on all the
surface of the non-vascular retina, from the anterior margin of the ridge to the ora serrata, in a
confluent manner, with no space between them.
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Adverse events related to laser treatment were cited in the literature: anterior uveitis, cata-
ract, vitreous hemorrhage, retinal detachment [7]. Anterior uveitis was rarely identified in
cases that required extensive laser photocoagulation, such as aggressive posterior-ROP [2].
The risk of cataract development is very low, especially when using the infrared laser which
is absorbed deep into the choroid and not in the crystalline lens [2, 7]. Vitreous hemorrhage
and retinal detachment represent rather a failure of laser to stop ROP progression than a
complication by itself [2].

2.11. Advantages of indirect laser photocoagulation over cryotherapy for ROP treatment

Cryotherapy was the first method that stopped the progression of ROP toward blindness [6].
The rationale was to destroy the non-vascular retina by applications of cryo on the sclera.

Indirect laser photocoagulation of the retina proved to be as effective as cryo in preventing
ROP-related blindness, but with significantly fewer side effects. The pressure exerted by the
cryoprobe on the infants’ sclera was associated with high risk of myopia. Cryotherapy itself is
more laborious than laser and requires more time and general anesthesia. By consequence,
more anesthesia-related incidents were reported during cryo as compared to laser. In posterior
ROP, it is very difficult (sometimes impossible) to reach the retina in the posterior pole with the
cryoprobe. Therefore, posterior non-vascular retina may remain untreated with a high risk of
ROP progression.

For all these reasons, currently indirect laser photocoagulation replaced cryotherapy in the
treatment of ROP in most of settings.

ROP offers an eloquent example in which laser energy has revolutionized the treatment of an
extremely serious disease, with significant socioeconomic and life quality positive impact.

3. Personal experience in the treatment of ROP with indirect diode laser

3.1. Setting

This study was carried out at the “Iuliu Hatieganu” University of Medicine and Pharmacy
(Cluj-Napoca, Romania) in the Ophthalmology and Neonatology Departments. All laser
therapies were performed by two ophthalmologists in the Neonatology Department. Before
enrollment in the study, informed consent was obtained from the parents/tutors. The study
is approved by the Ethical Committee of “Iuliu Hatieganu” University of Medicine and
Pharmacy.

3.2. Study sample

This study includes all the consecutive premature infants with ROP who required laser photo-
coagulation between January 1, 2006 and December 31, 2017. The screening protocol was
based on the following criteria: GA less or equal to 33 weeks and, BW less or equal to 1500 g.
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Premature infants beyond these criteria were also included in the screening if other risk factors
were associated: prolonged oxygen administration with saturation over 93%, repeated trans-
fusions, sepsis and the need of more than 6 days of mechanical ventilation for cardio-
respiratory support. Eyes with stage 2 zone 2, stage 4a, 4b and 5 were not treated by laser and
were therefore not included in the study sample.

3.3. Medical intervention

We performed laser therapy in the following situations: stage 3 zone 1 ROP, stage 3 zone 2
ROP, stage 2 zone 1 ROP and AP-ROP. Infants with AP-ROP were treated within 24 h from
diagnosis and the rest of them within 48 h from diagnosis.

All laser therapies were carried out under sedation in the Neonatology Unit. We used a portable
indirect diode laser, with an emission of 810 nm, and laser energy was delivered transpupillary
(Figure 1).

A mixture of tropicamide 0.5% and phenylephrine 2.5% was instilled preoperatively, in order to
dilate the pupils. In order to gain access to the retina, a lid speculum, a sclera indentor and a + 28
diopter lens were used (Figure 2).

Indirect diode laser photocoagulation was performed with the following parameters: 200
microns laser spot, 200 ms duration and 150-300 mW power, according to the retinal reaction.
The obtaining of a whitish retinal spot was aimed. Laser spots were applied in a confluent
manner, with no space between impacts, to cover all the surface of the non-vascular retina, up
to ora serrata. The number of impacts varied between 1500 and 4000/eye.

The first postlaser review took place 7 days after treatment. In case of regression, examinations
continued every 5-6 days, until there was clear evidence of ROP regression. In case of regres-
sion failure, laser was completed immediately. The treated eyes were monitored with a fre-
quency dictated by the clinical course of the disease, in order to address any risk of sequel.

3.4. Statistical analysis

Epi Info 7 software (Centers for Disease Control and Prevention, Atlanta, GA) was used for the
statistical analysis of the data. Frequencies for the following independent variables concerning
the premature infant were calculated: gender, GA, BW, type of pregnancy (unique or multiple),
PCA and PNA at treatment, ROP classification.

Odds ratio was used to interpret the results, and statistical significance was evaluated according
to P value calculated with t test. Chi-square test was used if values over 5 were expected in 80%
of the table cells, and Fisher exact test was used if values under 5 were expected in more than
20% of the table cells. P values less than .05 were considered statistically significant.

3.5. Results

In the previously mentioned period, we treated by indirect diode laser photocoagulation 110
premature infants of which, 60 were males (54.54%) and 50 were females (45.45%).
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Of these, 35 were from Cluj (31.81%) and 75 came from neighboring departments where laser
was unavailable (68.18%).

GA was between 24 and 33 weeks (mean =+ standard deviation: 28.30 + 2.87 weeks) and BW
was between 500 and 1700 g (mean =+ standard deviation: 1121 & 280.45 g).

Of the 110 preterm infants, 74 were the result of single pregnancies (67.27%) and 36 of multiple
pregnancies (32.72%).

PNA at treatment was between 5 and 13 weeks (mean: 8.38 £ 1.93 weeks) and PCA at
treatment was between 32 and 41 weeks (mean: 37.02 £ 1.65 weeks).

The data are summarized in Table 1.

Retinal laser photocoagulation was bilateral in 100 cases and unilateral in 10 cases, which
makes for 210 lasered eyes. The 10 eyes in which laser photocoagulation was not performed
fall into one of the following categories: stage 1 zone 2 ROP (four eyes), stage 2 zone 2 ROP
(three eyes), stage 4a ROP (one eye), stage 5 ROP (one eye) and congenital atrophy (one eye).
The three eyes with stage 2 zone 2 ROP were followed up closely, every 3 days and they
regressed spontaneously with no need for laser therapy. ROP classification of the lasered eyes
is as follows: stage 3 zone 2 ROP—167 eyes (79.52%), stage 3 zone 1 ROP—30 eyes (14.28%),
AP-ROP—13 eyes (6.19%).

ROP regressed after laser treatment in 185 eyes (88.09%). Of the 185 eyes, regression was
achieved after one laser session in 175 eyes (94.59%) and after two laser sessions in 10 eyes
(5.40%). In all ROP cases with stage 3 zone 2 disease, regression was obtained after one laser

Characteristic No

Gender

Male 60 (54.54%)
Female 50 (45.45%)
City of origin

Cluj 35 (31.81%)
Outside Cluj 75 (68.18%)
Type of pregnancy

Single 74 (67.27%)
Multiple 36 (32.72%)
Mean =+ SD gestational age (wk) 28.30 £2.87
Mean = birth weight (g) 1121 + 280.45
Mean =+ SD PNA at treatment (wk) 8.38 +£1.93
Mean =+ SD PCA at treatment (wk) 37.02+1

SD, standard deviation; PNA, postnatal age; PCA, postconceptional age.

Table 1. Premature infants treated by indirect diode laser photocoagulation for ROP.
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session. In stage 3 zone 1 ROP cases, regression was achieved after one laser session in 26 eyes,
whereas in four eyes, two laser sessions were required to stabilize the disease. In AP-ROP
cases, two laser sessions were necessary in 6 of the 13 eyes. Statistical tests proved that
regression rate was significantly worse in AP-ROP eyes as compared with stage 3 zone 2 and
stage 3 zone 1 ROP (odds ratio = 13.53, relative risk = 7.79, P <.001).

Within the group of 25 eyes in which ROP failed to regress, 14 belonged to the male gender
(56%) and 11 to the female gender (44%). The difference is not statistically significant.

The type of pregnancy (single or multiple) did not influence the outcome: ROP regressed in
132 of the 149 treated eyes coming from single pregnancies (88.59%) and in 53 of the 61 eyes
coming from multiple pregnancies (86.88%).

Macular dragging was identified in three eyes, all from the AP-ROP group. Complications
related to laser treatment were represented by two cases of mild anterior uveitis that responded
promptly to mydriatic and anti-inflammatory eye drops.

We evaluated the timing of the laser treatment according to two parameters: PNA and PCA
at treatment. Treatment was performed at PNA of 8 weeks or less in 118 eyes (56.19%) and at
PNA of more than 8 weeks in 92 eyes (43.80%). Within the first group, ROP regressed in 101
eyes (85.59%), and within the second group, ROP regressed in 84 eyes (91.30%). According to
the chi-square test, the difference is not statistically significant. PCA at treatment was equal
or less than 37 weeks in 123 eyes (58.57%) and more than 37 weeks in 87 eyes (41.42%).
Within the first group, ROP regressed in 112 eyes (91.05%), and within the second group,
ROP regressed in 78 eyes (89.65%). This difference is not statistically significant, according to
the chi-square test.

Within the group of 210 treated eyes, 84 belonged to premature infants with BW equal to or
less than 1000 g (40%) and 126 eyes (60%), to premature infants with BW of more than 1000 g.
ROP failed to regress in nine eyes from the first group (10.71%) and in 16 eyes from the second
group (12.69%). The statistical tests proved that the difference is not significant.

GA was 28 weeks or less in 116 eyes (55.23%) and more than 28 weeks in 94 eyes (44.76%).
Within the first group, ROP regressed after laser treatment in 104 eyes (89.65%) and in the
second group ROP regressed in 81 eyes (86.17%). The difference is not statistically significant.

3.6. Discussion

The premature infants in our series who needed laser for the treatment of ROP had higher BW
(1121 g) and older gestational ages (28 weeks) than their counterparts in the United States
(830 g BW average and 26 weeks GA average). The oldest treated infant was born at 33 weeks
PCA and the heaviest treated infant was 1700 g, both beyond the screening criteria in the
United States. The practical impact of this observation is that each country/region has to apply
its own screening criteria for ROP. If criteria from the USA or from Western Europe had been
applied, many ROP cases had been lost with subsequent visual loss.

Because of the short window of opportunity during which the laser is effective, timely recog-
nition of the disease is crucial for the positive result of the treatment. In our series, PCA and
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PNA at treatment were not statistically significantly different between the favorable outcome
and unfavorable outcome groups.

Indirect diode laser photocoagulation proved its efficacy in ROP treatment. Our ROP regression
rate is comparable to the ones cited in the literature [7]. The laser spots were applied on all the
surface of the nonvascular retina, from the anterior margin of the ridge (when identifiable) up to
ora serrata. In six eyes, we also placed laser posterior to the ridge for two reasons: to limit the
extension of traction toward the posterior pole and to destroy an area, which is known to
provide high levels of vasoproliferative factors because it is ischemic. We used this approach
only in situations with advanced stage 3 disease in which we identified traction on the retina. All
the six eyes had a good outcome (ROP regressed with no anatomical sequelae). Not all authors
approve this strategy, arguing that it destroys more of the peripheral visual field with no proven
benefit [2].

We delivered laser energy transpupillary in all cases. Laser can also be delivered through the
sclera. In terms of efficacy, the two delivery methods are similar, but the transscleral approach
is more traumatic. According to some authors, the transscleral approach carries no risk of
cataract formation. However, in our series, we identified no case of cataract after laser deliv-
ered transpupillary. This is logic, taking into account that the absorption site of the infrared
radiation is deep into the choroid, passing through the crystalline lens without being absorbed.

Literature shows that lower GA and BW are associated with poorer outcomes of ROP [6]. These
observations could not be verified in our series in which statistical tests proved no significant
difference in terms of outcome according to GA and BW.

Our study proves that the only factor with significant impact on ROP prognosis following
laser was the ROP type. As such, AP-ROP cases had a significantly worse outcome as com-
pared to the so-called classic ROP ones, which is in agreement with results cited in the
literature [10]. The disappointing results that we obtained in AP-ROP cases with laser photo-
coagulation motivated us to start treatment in these cases with intravitreal Bevacizumab. This
attitude significantly improved our results.

4, Conclusion

Indirect diode laser photocoagulation of the non-vascular retina is a major tool in preventing
ROP-related blindness. In order for the laser treatment to be effective, proper screening and
timely recognition of ROP are crucial. Intravitreal anti-VEGF injections improved the outcome
of laser treatment in severe forms of the disease, but laser remains the golden standard in the
treatment of ROP.
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