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ABSTRACT 

 

Three fiber based optical devices: all phosphate glass fiber laser, single hybrid 

mode fiber laser, and fiber image amplifier, were investigated in this dissertation. 

Phosphate fiber Bragg grating (FBG) is desired to improve performance of 

recently developed high power single frequency lasers that were based on highly rare 

earth ion doped phosphate fibers because these lasers were fabricated with silica FBGs 

that have incompatible properties with standard phosphate glasses. Since standard 

phosphate glasses are not photosensitive, Ge-doped phosphate glasses were fabricated 

and their UV-photosensitivity was examined. A phosphate fiber that has Ge-doped core 

showed UV index changes more than ~1.1 × 10-3. An all-phosphate fiber laser was also 

demonstrated with the Ge-doped phosphate FBG. 

Single hybrid mode fiber laser that involves a large area mode in cavity formation 

was demonstrated. The fiber laser consists of an Er-doped active fiber and two FBGs. 

One FBG was a core-cladding mode converter, and the other FBG was a narrowband 

high reflector that selects the lasing wavelength and mode. This approach for designing a 

laser cavity provides a much larger mode area than conventional large-mode-area step-

index fibers, and is supposed to suitable for a high power fiber laser. Also this 

configuration allows us to make novel ring-like cavities and sensor devices that consist of 

higher mode of optical fibers. 

Image amplifier based on a highly rare earth ion doped phosphate fiber is a unique 

approach to overcome weakness of widely used image intensifiers that lose a lot of 
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information in the image, such as spectral distribution, polarization, and phase. Image 

amplification with a 19-pixel optical image amplifier array based on high gain per unit 

length Yb3+-doped phosphate glass optical fiber was demonstrated. A 10-cm of the 19-

pixel fiber image amplifier provides spatially uniform image amplification with gain of 

30 dB/pixel or more. This image amplifier responds quickly to changes in the image 

position – with potential for GHz-level or higher frame rates. This unique approach for 

image amplification offers low noise, high gain, and wide field of view in a compact 

fiber-based device. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Optical fiber fundamentals 

Optical fiber has been playing quite a bit role in modern telecommunications. 

Since reasonably low loss optical fiber, 20 dB/km was reported in 1970 [Kapron et al. 

1970], the loss of silica fibers continued to be reduced by improvement of fabrication 

methods [Okoshi 1982], and nowadays optical fibers with propagation loss of 0.2 dB/km 

are ready available. Due to its guiding structure and intrinsic small propagation loss, 

optical fiber enables to carry signals to distant place with way small number of 

amplification compared to conventional electric wire communication networks. 

Figure 1.1 shows a schematic of an optical fiber. The optical fiber typically 

consists of a core and a cladding. The core has slightly higher index of refraction than the 

cladding (see Fig. 1.2). Thus light launched in the core can be confined in the core by 

total internal reflections and propagate along the fiber. 

 

 

Fig. 1.1. Schematic of an optical fiber. 

Cross section Side view 

Core 

Cladding 
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Fig. 1.2. Schematic of index profile of an optical fiber, n(r). 

 

Light can propagate in the core at different propagation modes depending on 

dimension, index profile of the optical fiber, and wavelength of the light. For a weakly 

guiding fiber, there is a simple measure to find whether the fiber is able to confine one 

mode or more than one mode [Okoshi 1982]. It is called v-number or the normalized 

frequency, and expressed as following. 

∆= 21aknv         (1.1), 

where k=2π/λ, where λ is a wavelength of the light, a is a radius of the core, 

121
2
1

2
2

2
1 /)(2/)( nnnnnn −≅−≡∆ , and n1 and n2 are core and cladding refractive indexes, 

respectively. In general for a single mode operation, v < 2.405 must be satisfied. If v is 

greater than 2.405, the fiber is able to confine more than one mode. According to Eq. 

(1.1), it is easily understood that for a single mode operation either the core size or the 

index difference between core and cladding, ∆∆∆∆, needs to be small enough to satisfy the 

condition v < 2.405. Otherwise the fiber will be able to confine more than one mode. For 

telecommunication it is suitable to use a single mode fiber because a single mode fiber is 

Cross section Index profile 

Core 

Cladding 

n 

r 
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able to avoid modal dispersion that distorts a signal during transmission although the core 

size will be relatively small and more difficult to launch light into the core and connect 

fibers each other. On the other hand, for applications, such as welding, that requires 

higher power but less modal quality of the output beam, a multimode fiber might be 

suitable. 

Some of the advantages of optical fibers include light weight, immune to 

electromagnetic interference, and nearly impossible to tap. In terms of telecommunication, 

it is important that optical fiber’s attenuation is independent of the modulation speed 

differently from copper wires. It is also an advantage that the carrier frequency of optical 

fibers is quite high, ~190 THz at 1.55 µm wavelength because signal with higher 

modulation can be transmitted. 
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1.2 Fiber based devices 

Fiber based devices have been investigated strongly due to their applications in 

telecommunications fields since fiber devices are believed to have lower connection loss 

to existing optical fiber systems. Non fiber based devices that have different mode shapes, 

and mode field diameters to optical fiber’s, need to be connected with optical fibers to 

achieve important functions, such as amplification, branching, and filtering. This 

dissimilarity of propagation mode leads coupling losses between optical fibers and non 

optical fiber based devices in the system. Thus it is desired to realize as many functions 

as possible, ideally all the necessary functions, with fiber devices. 

Advantage of fiber devices, is not limited to applications in telecommunications. 

Sensor applications of optical fibers have been intensely investigated since early days. 

Since optical fibers have immunity to electric noise and light weight, also optical fiber 

sensors don’t usually requires supplying power on site, its applications to sensing distant 

physical properties are great interests. Optical fiber’s excellent guiding structure is also 

attractive for laser applications.  Actually in 1961, one year later than the first 

demonstration of a ruby laser, a fiber laser was proposed and demonstrated by Snitzer  

[Snitzer 1961A, Snitzer 1961B].  

In following sections, fundamentals of some of the fiber based devices that are 

related to this dissertation will be shown. 
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1.2.1 Fiber Bragg gratings fundamentals 

A fiber Bragg gratings is a periodic perturbation of the refractive index along the 

fiber length. The periodic pattern is usually formed by exposing the fiber core to an 

interference pattern that induces index change in the core. Figure 1.3 schematically shows 

a fiber Bragg grating.  

 

Fig. 1.3. Bragg resonance for reflection of the incident mode occurs at the wavelength for 
which the grating pitch along the fiber axis is equal to one-half of the modal wavelength 
within the fiber core. The back scattering from each crest in the periodic index 
perturbation will be in phase and the scattering intensity will accumulate as the incident 
wave is coupled to a backward propagating wave [Hill et al. 1997]. 

 

FBGs can couple a core mode to a counter-propagating core mode at the Bragg 

wavelength, λB, which satisfies the Bragg condition. The first order Bragg condition is 

shown in Eq. (1.2). 

FBGeffB n Λ= 2λ         (1.2), 

where neff is an effective index of the core propagating mode of the optical fiber, and 

ΛFBG is a period of the fiber Bragg grating. Assuming a following sinusoidal index 

perturbation along a fiber, δn(z),  

ΛΛΛΛ    

L

FBG
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where δδδδn0 is an averaged index perturbation, and m is visibility of the interference UV 

fringe pattern. Assuming m = 1, a reflectivity spectrum, R(L,λλλλ) of the grating is expressed 

as following. 

)(cosh)(sinh

)(sinh
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+∆
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λ     (1.4), 

,222
ks ∆+=κ        (1.5), 

where L is a length of the FBG, ,0
pM

n

λ
πδ

κ = k∆ is a detuning wavevector, and Mp is a 

modal overlap factor. For example, reflection spectra of FBGs with κL= 2 and 8 are 

shown in Fig. 1.4. 

 

Fig. 1.4. Reflectivity of two gratings with coupling constants κL of 2 and 8, as a function 

of normalized detuning. Note that for the weaker reflection grating (κL = 2, dashed 
curve), the bandwidth to the first zeroes (between the main reflection peak and the next 

subpeaks) is much narrower than for the stronger grating (κL = 8, continuous curve). The 
side-mode structure increases rapidly for stronger gratings [Kashyap 1999]. 
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FBGs have a wide range of applications, such as dispersion compensators, 

wavelength selective devices, band rejection filters, mode converters, sensors, optical 

switching, optical storage and so forth.  

For example, in sensor applications, FBGs have been considered excellent sensor 

elements, suitable for measuring static and dynamic fields, such as strain, temperature, 

and pressure [Othonos et al. 1999]. Principal advantage is the measured information is 

wavelength-encoded through changes in the modal index, and/or grating pitch that define 

the Bragg wavelength. Therefore, the sensing is independent of fluctuating light levels, 

the system immunes to source power, and connector losses. Following equation shows 

the Bragg wavelength shift, ∆λB, due to temperature and/or strain change along a FBG. 

 

T
T

n
T

n
l

l
n

l

n
eff

eff

eff

eff

B ∆
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∂

∂
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∂
Λ∂

+
∂

∂
Λ=∆ 22λ   (1.6). 

Figure 1.5 and 1.6 are experimental data for Bragg wavelength change due to pressure 

and temperature, respectively. For a standard single mode fiber, at ~1550 nm strain 

sensitivity is ~1.2 pm/µε, and temperature sensitivity is ~10 pm/°C (up to ~85 °C). 
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Fig. 1.5. Pressure sensitivity of a fiber grating coated with a thick epoxy jacket. [Hill et al. 

1997] 

 

Fig. 1.6. Bragg grating thermal sensitivity at elevated temperature [Hill et al. 1997]. 
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1.2.2 Fiber laser fundamentals  

Fiber lasers are lasers that have at least optical fibers as gain media. Typically the 

gain medium is an optical fiber core doped with rare-earth ions, more specifically 

lanthanides   [Digonnet 2001]. A simple fiber laser is shown in Fig. 1.7. 

 

Fig. 1.7. Schematic drawing of a simple fiber laser with a Fabry-Perot resonator. Pump 
light is launched from the left hand side through a dichroic mirror, into the doped fiber. 
The laser output is generated through another mirror on the right hand side [Li 2005]. 

 

The concept of fiber lasers was first proposed and demonstrated in 1960’s [Snitzer 

1961A, Snitzer 1961B]. In the demonstration, a 32 µm diameter 3-inch-long Nd+3-doped 

crown glass rod with a 0.012-inch outer diameter soda-lime-silicate cladding and partially 

silvered polished ends formed a laser cavity. Pumped by a flush lamp, the laser generated 

pulsed output at approximately 1.06 µm [Snitzer 1961B]. 

One of the important characteristics of fiber lasers is that laser cavities are formed 

by guiding structure of optical fibers. The guiding and intrinsically low propagation loss 

of optical fibers allow us using a longer active medium to have a higher gain without 

increasing cavity loss. Using a single mode fiber, higher order modes cannot propagate 

along the fiber and a single mode operation is easily obtained. This is especially attractive 

for single transverse mode lasers. Also the guiding structure and thin diameter of fibers 
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provide relatively small foot print by winding the active fiber even if tens of meters of 

fibers are used. Moreover the guiding structure essentially eliminates thermal effects, 

such as thermal lensing. Another advantage of fiber lasers is a high surface area to 

volume ratio which provides efficient cooling of the gain media (See Fig. 1.8).  Since in 

fiber lasers usually gain media are also guiding light, fiber lasers can use the generated 

gain of the media more efficiently compare to bulk lasers. In terms of usability, fiber 

lasers easily provide alignment free cavities by depositing metallic or dielectric mirror on 

cleaved or polished fiber ends, or by using fiber Bragg gratings. 

 

 

 

Fig. 1.8. Surface to volume rations, S/V, for fiber and disk. 

 

1.2.3 Fiber amplifier fundamentals  

The first report of rare earth doped fiber amplifier dates back to 1960’s [Koester 

et al. 1964]. However this work’s significance was not recognized until 1987 when the 

possibility of an Er3+-doped fiber amplifier was reported [Mears et al. 1987]. Since Er3+-

L 

2r 

Fiber Disk 

(a) L >> r 

S/V = 2/r 

(b) L << r 

S/V = 1/L 
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doped fiber has gain in the third telecommunication window at around 1.55 µm, Er3+-

doped fiber amplifier (EDFA) has attracted great interest. Figure 1.9 shows schematic of 

a simple fiber amplifier. Typically doped fiber amplifiers are configured with  the doped 

fiber positioned between polarization independent optical isolators. Pump light is 

introduced by a wavelength selective coupler (See Fig. 1.9). The coupler can be for either 

forward or backward pumping, or for simultaneous pumping in both directions [Buck 

2004]. 

 
Fig. 1.9. Schematic of a simple fiber amplifier (forward pumping) [Buck 2004]. 

 

Rare-earth doped optical fiber amplifiers plays important roles in transmission 

system in telecommunication network. Since the “zero-transmission loss” through 

periodic amplification as well as the management of dispersion, the fiber amplifiers have 

enabled undersea transmission over thousands of kilometers [Nakazawa 1991].  

The uses of EDFA’s have not been confined to telecommunications and there has 

been steadily growing interest in, for example, the amplification of pulses to provide a 

source of very high peak powers. In such a context where the specific wavelength’s 

advantage of the EDFA for telecommunications is no longer relevant, amplifiers based on 

other rare-earth dopants offer consideration [Paschotta 1997].  
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1.3 Motivation and outline of this dissertation 

Optical fiber based devices have been studied due to a lot of potentials in variety 

of application fields, not only for the telecommunications, but also for non-

telecommunication areas, such as sensors, lasers, and amplifiers. In this dissertation, 

explorations of three novel optical fiber devices are shown.  

This dissertation is organized as following. Chapter 2 studies all phosphate glass 

fiber laser including photosensitization of bulk phosphate glasses, fiber Bragg grating 

formation in photosensitized phosphate fibers, and application of phosphate fiber Bragg 

gratings to an all phosphate fiber laser. Chapter 3 presents the experimental results of a 

single hybrid mode fiber laser. It involves studies of higher mode excitation by FBG and 

LPG, cavity formation via the higher mode excitation, and demonstration of single hybrid 

mode fiber laser operation. Chapter 4 provides results of fiber image amplifier study. The 

image amplification properties of the fiber image amplifier are demonstrated. Chapter 5 

concludes the study on novel optical fiber devices, and discusses outlook. 
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CHAPTER 2 

ALL PHOSPHATE GLASS FIBER LASER 

 

2.1 Introduction 

Fiber Bragg gratings (FBGs) have been studied and applied to many field in 

optical telecommunications and sensors as discussed in Chapter 1. However materials 

studied and used for the grating formation have been mainly silicate glasses because of 

compatibility with standard telecommunication fibers that are made of silica/silicate 

glasses, and technological maturity in silica fiber fabrications.  

Phosphate glasses are promising materials for photonics because of their high 

solubility of rare earth ions without quenching [Gapontsev et al. 1982]. Appropriately 

doped phosphate glasses enable to provide higher optical gain per length compared to 

other glasses [Jiang et al. 2000]. Recently, highly Er3+/Yb3+-doped phosphate glasses 

were utilized to produce up to ~2.3 Watts of single frequency outputs with cm-long fiber 

lengths [Spiegelberg et al. 2004, Qiu et al. 2005, Schülzgen et al. 2006]. In these devices 

FBGs written in silica fibers were used for selecting wavelength and narrowing 

bandwidth emission, for example Fig. 2.1 shows a schematic of one of these lasers. 

 

Fig. 2.1. Schematic of a single frequency hybrid fiber laser [Schülzgen et al. 2006]. 
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The combination of different glasses within one device constitutes a significant 

challenge, in particular since the thermal properties of phosphate and silica glasses are 

quite different - typical fiber drawing temperatures for phosphate and silica fibers are 

~800 °C and ~2000 °C, respectively. Considering this difference, the fabrication of 

splices between phosphate and silica fibers exhibiting low optical loss and reasonable 

mechanical strength requires special techniques. It also makes it virtually impossible to 

reduce the splicing loss by thermal diffusion of dopants [Kashiwada et al. 1991]. In 

addition there is a large difference in the coefficients of linear thermal expansion (CLTEs) 

for phosphate and silica glasses that are typically ~100 × 10-7/°C and ~5 × 10-7/°C, 

respectively. This CLTE difference induces thermal stress at splicing joints that can also 

modify the index distribution of spliced fibers and lower the mechanical strength of the 

splices. 

In this chapter, the photosensitivity of phosphate glasses, specifically Ge-doped 

phosphate glasses to 244 nm cw light from a frequency doubled Ar+ ion laser is reported. 

Properties of fiber Bragg gratings formed in phosphate fiber whose core is made by a Ge-

doped phosphate glass is also presented. Finally, all-phosphate fiber laser is demonstrated. 
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2.2 Fiber Bragg grating fabrication techniques 

The possibility of photo induced index changes in standard Ge-doped silica 

glasses was first observed using visible Ar+ ion laser radiations [Hill et al. 1978]. The 

setup shown in Fig. 2.2 was used in the experiment. First, continuous wave blue (488 nm) 

light from an Ar+ ion laser was launched into a piece of optical fiber. Then a standing 

wave pattern was set up in the fiber core due to an interference between launched beam 

and Fresnel reflection at the fiber end. Through photosensitivity of the Ge-doped silica 

glass, a permanent index grating was formed in the fiber core. However, the Bragg 

wavelength of the grating was limited to the wavelengths that close to the wavelength of 

the writing lights, ~488 nm, or ~514 nm.  

Later it was confirmed that the photosensitivity is due to the Ge-O vacancy 

defects at ~240 nm [Meltz, et al. 1989]. Meltz et al. irradiated a fiber from the side with 

two intersecting coherent ultraviolet light (244 nm) beams and successfully made fiber 

Bragg gratings. With this method, the Bragg wavelength depends on the period of the 

interference pattern. Thus fiber Bragg gratings can function at longer wavelength than 

writing wavelength, such as wavelengths that are useful for telecommunications: 1550 

nm, 980 nm. However the holographic method is susceptible to mechanical vibration and 

also requires good coherence lasers to form stable interference patterns.  

Final breakthrough for fabrication of FBGs was achieved by inventing the phase 

mask technique [Hill et al. 1993, Anderson et al. 1993].  The phase mask is made of silica 

glass and has a periodic relief pattern so that 0th order diffraction is suppressed. Typically 

diffraction efficiencies in 0th order and +/- 1st order are <3%, and >30%, respectively, at 
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writing UV wavelength. As shown in Fig. 2.3, the interference patterns formed by the 

phase masks are independent of UV wavelengths, but dependent to the mask pattern.  

2
mask

FBG

Λ=Λ        (2.1) 

, where ΛFBG is a period of a FBG formed by a phase mask that has period of Λmask. 

Advantages of the phase mask method are simple manufacturing process, reduced 

stability requirement, and lower coherence requirement. A drawback of the technique is 

that separate phase masks are required for fabricating FBGs for different Bragg 

wavelengths. 

 

Fig. 2.2. Schematic of original apparatus used for recording Bragg gratings in optical 
fibers. A position sensor monitored the amount of stretching of the Bragg grating as it 
was strain-tuned to measure its very narrow-band response [Kawasaki et al. 1978]. 
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Fig. 2.3. Bragg grating fabrication apparatus based on a zero-order nulled diffraction 
phase mask. The duty cycle of the phase mask is chosen to be 50%. The amplitude of the 
phase mask groves is chosen to reduce the light transmitted in the zero-order beam to less 
than 5% of the total throughput. These choices result typically in more than 80% of the 
throughput being in the ±1 diffracted beams. [Hill et al. 1993]. 
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2.3 Fiber Bragg gratings in fiber lasers 

Although fiber lasers had attractive features mentioned in Chapter 1, the 

suppression of lasing at adjacent coupling lines such as for Nd-doped fibers [Øbro et al. 

1992] had been difficult because no sufficiently narrow band mirrors were available. The 

first demonstration of narrowband fiber reflector was a grating etched into the core of a 

side-polished fiber [Jauncey et al. 1986]. However it had the disadvantage of requiring 

considerable mechanical processing. 

Since FBGs are suitable for fiber laser applications because they are narrowband, 

low loss, fiber lasers that used either single or multiple gratings to form the resonator 

have been demonstrated [Kashyap et al. 1990, Ball et al. 1990].  Figure 2.4 shows a 

simple configuration of a fiber laser that has Bragg gratings as wavelength selective 

mirrors. The laser is typically end-pumped via a WDM coupler. The simple configuration 

allows a single-frequency laser [Mizrahi et al. 1993, Zyskind et al. 1992], or enables 

multi wavelength operation for sensor applications [Ball et al. 1993].  

 

 

Fig. 2.4. A schematic of the fiber Bragg grating rare-earth-doped fiber laser. The simple 
configuration encloses a piece of rare-earth-doped fiber between two Bragg matched 
gratings and is end-pumped [Kashyap 1999]. 
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2.4 Photosensitization of phosphate glasses 

 In this section, UV-induced index changes in phosphate glasses, more specifically 

Ge-doped phosphate glasses are reported. 

 

2.4.1 Photosensitization techniques in silica glass/fibers 

Although standard telecommunication fiber was found to be photosensitive, using 

a cw 244 nm laser a typical index change induced in the fiber was as high as ~3 × 10-5 

[Williams et al. 1992]. Since this order of index change is often insufficient to produce 

high reflective FBGs, it has been required to have more photosensitive fibers. Therefore 

many researchers have studied photosensitization techniques of silica fibers. Most 

straight forward way among them was to increase the amount of Ge in fiber core. Since 

the absorption band at ~240 nm in Ge-doped silica glass is caused by GeO defects in the 

glass [Cohen et al. 1958]. As shown in Fig. 2.5, the absorption at ~240 nm can be 

increased by doing more GeO2 in silica glasses. With ~20 mol% GeO2-doped silica fiber, 

an induced index change of ~2.5 × 10-4 was obtained [Williams et al. 1992]. 

The use of boron and tin as a codopant in germanosilicate fibers, hot 

hydrogenation and cold high-pressure hydrogenation, and flame-assisted low-pressure 

hydrogenation ("flame-brushing") are well-established photosensitization methods 

[Othonos et al. 1999, Kashyap 1999]. 
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Fig. 2.5. Absorption at 242 nm in preform samples before and after collapse as a function 
of Ge concentration [Dong et al. 1994]. 

 

 

2.4.2 Ge-doped phosphate glasses 

UV-induced defects in phosphate glasses have been also studied by researchers 

[Ehrt et al. 2000, Möncke et al. 2004]. They have examined UV photosensitivity of 

phosphate glasses doped with As, Sb, Sn, Pb, and so forth. Recently, the photosensitivity 

to 248 nm KrF excimer laser radiation of a commercial Er-doped phosphate glass suitable 

for ion exchange and its potential application in photonics were reported [Pissadakis et al. 

2004]. Index changes of up to ~2.0 × 10-3 were measured in silver ion-exchanged samples. 

However, the index changes can only reach a few micrometers below the glass surface 

making this technique unsuitable for writing FBGs into the core of phosphate glass fibers. 

Other researchers demonstrated 193 nm ArF excimer laser written gratings in a 

commercial non-doped phosphate glass and its application to a waveguide laser [Yliniemi 

et al. 2006]. Although Ge-doping is the most common photosensitization technique in 
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silica glass, UV photosensitivity of Ge-doped phosphate glasses had not been reported 

[Suzuki et al. 2006]. 

The Ge-doped phosphate bulk glass samples were made by conventional melt and 

quench in air using high purity chemicals in College of Optical Sciences at the University 

of Arizona. The host glass is a modified phosphate glass with 55.6 wt% P2O5. Ge-doped 

samples; Ge10, Ge30, and Ge40 are doped with 10, 30, and 40 wt% GeO2 and contain 50, 

38.9, and 33.3 wt% P2O5, respectively.  

 

2.4.3 Diffraction efficiency measurements 

Writing volume gratings into these glasses through a phase mask and analyzing 

the diffraction by the volume gratings, UV-induced index changes created in these 

phosphate glasses were studied.  

Table 2.1 shows properties of host phosphate glass and Ge-doped phosphate 

glasses. Indices of refraction (n) shown in Table 2.1, were measured using a prism 

coupler and thermal properties of the samples were obtained by thermo-mechanical 

analysis (TMA). The glass samples were cut and polished into 0.5 to 1 mm thick slabs.  

Periodic index modulations were induced in each sample using the phase mask method as 

schematically shown in Fig. 2.6. The phase mask has a relief pattern period of 1048 nm 

that forms an interference pattern with 524 nm period and was designed to suppress the 

0th order diffraction at the writing wavelength. The writing laser was a frequency doubled 

Ar+ ion laser at 244 nm and the power density at the phase mask was ~4 W/cm2. Since 

the laser’s beam diameter was a few mm, the beam was linearly scanned to make the 
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exposure uniform and longer. Varying the exposure time, each sample was UV-irradiated 

at various fluences up to ~4000 J/cm2. 

 

Table 2.1. GeO2 concentration, index of refraction (n), glass transformation temperature 
(Tg), and coefficient of linear thermal expansion (CLTE) of phosphate glasses used in the 
experiments. The index of refraction increases as GeO2 concentration increases.  
 

  host Ge10 Ge30 Ge40 

GeO2 concentration 

(wt%) 

 

0 10 30 40 

n (at 633 nm)  1.564 1.565 1.615 1.620 

Tg (°C)  547 630 634 608 

CLTE  (× 10-7/°C) 

(30-300°C) 

 

108 65 74 75 

 

 

 

Fig. 2.6. Schematic of volume grating writing setup. Each glass sample is UV-
exposed through a phase mask to induce a periodic grating it the glass. 

Sample glass 

Phase Mask 

UV beam 
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The diffraction efficiency of the induced index modulation was measured with a 

setup shown in Fig. 2.7. Figure 2.8 shows a picture of a beam diffracted by a sample Ge-

doped phosphate glass volume grating. Figure 2.9(a) shows the measured angular 

dependence of the normalized diffraction efficiency for Ge30 at ~1500 J/cm2 together 

with a theoretical fitting curve [Uchida 1973]. The theoretical equation for the diffraction 

efficiency is derived with the assumption of a sinusoidal index modulation along the 

direction parallel to the surface of the medium (x) and an exponentially decaying of the 

index modulation along the direction perpendicular to the surface (z). The index 

distribution n(x, z) is expressed by 

(((( )))) ,0),exp(sin),( 0 LzzxKnnzxn g ≤≤≤≤≤≤≤≤αααα−−−−δδδδ++++====               (2.2) 

where n0 is the DC term of the refractive index, δδδδn is the amplitude of the index 

modulation, K is the magnitude of the grating vector, ααααg is the attenuation coefficient of 

the modulation, and L is the thickness of the medium. The best fit indicates that the depth 

of grating in Ge30 is ~60 µm. Using the same analysis, the depths of the gratings in the 

host glass, Ge10, and Ge40 are obtained to be ~66 µm, ~72 µm, and ~72 µm, 

respectively. According to these results, the effective grating depths are very similar for 

the different glasses under consideration although the 244 nm penetration depths prior to 

UV exposure were rather different; ~550 µm, ~400 µm, ~200 µm, and ~300 µm for host, 

Ge10, Ge30, and Ge40, respectively. This observation can be attributed to absorption 

changes during UV illumination. To confirm the grating depth, the UV exposed surface 

of Ge30 at ~1500 J/cm2 was carefully polished and its diffraction efficiency was 

measured as a function of the reduced thickness. Each time ~5 µm of material was 
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removed from the surface and the diffraction efficiency was remeasured. Figure 2.9(b) 

shows the distribution of the normalized diffraction efficiency as a function of the 

thickness reduction. As the model predicts the efficiency drops exponentially as the 

thickness reduction increases. Theoretically the diffraction efficiency is proportional to 

the square of the index modulation for smaller diffraction efficiencies [Uchida 1973]. 

Assuming an exponential decay of the index modulation, a 1/e depth of the grating of 

~62µm is obtained by least square fitting of the experimental data (see solid line in Fig. 

2.9(b)). This grating depth is in good agreement with the value obtained by fitting the 

angular dependence of the diffraction discussed above. 

 

He-Ne
Lock-in Amp

Si detector

SampleChopper

θBLens

θB

 

Fig. 2.7. Schematic of diffraction efficiency measurement setup. 
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Fig. 2.8. Picture of diffraction efficiency measurement. 
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Fig. 2.9(a). Angular dependence of the diffraction efficiency of Ge30 after UV exposure 
of ~1500 J/cm2. The diffraction efficiency is normalized to the peak value. The angle is 
measured relative to the Bragg angle of maximum diffraction. (b) Diffraction efficiency 
in Ge30 after UV grating writing at ~1500 J/cm2 as a function of thickness reduction. The 
diffraction efficiency is normalized to the value before reducing the thickness. 
 

Figure 2.10 shows the evolution of the UV-induced refractive index changes of 

the three Ge-doped phosphate glasses and the host glass as a function of writing laser 

fluence obtained by diffraction efficiency measurements at different exposures. The lines 
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in Fig. 2.10 are drawn to guide the eye. All Ge-doped samples exhibit a similar saturation 

behavior: initially the index modulation increased steeply, and after ~1500 J/cm2, the 

index modulation did not increase any further. The maximum index modulation of δδδδnp-

p ≡≡≡≡ 2δδδδn = ~3.5 × 10-5 is observed in Ge30 whereas the host glass shows index modulation 

of ~2 × 10-6. While the increase in index modulation from Ge10 to Ge30 is expected, the 

smaller modulation at higher Ge-doping in sample Ge40 appears counterintuitive. We 

tentatively attribute this observation to a saturation of the network by GeO2 molecules, 

causing phase separation and possible formation of nanocrystals. Assuming a UV-

induced index modulation of ~3 × 10-5 at ~1550 nm we can estimate a reflectivity of ~40 

% for a 25 mm long FBG with a reflection bandwidth that is narrow enough to achieve 

single frequency operation of a few cm-long fiber laser [Qiu et al. 2005].  
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Fig. 2.10. Index modulation (δnp-p) of Ge-doped phosphate glass and the host glass as a 

function of fluence. δnp-p is the peak to peak index modulation. Each data point represents 
several measurements of the diffraction from different UV written gratings. Lines are 
drawn to guide the eye and the error bars show the standard deviation. 
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2.4.4 UV-induced absorption change 

Transmission spectra of the host glass and Ge30 were measured before and after 

UV exposure of ~1500 J/cm2. Fig. 2.11(a) shows a transmission spectrum of the Ge30 

before the exposure. There are no absorption peaks in a wavelength range from visible 

wavelength to IR. Fig. 2.11 (b) shows the observed absorption changes over a wide 

wavelength range from UV to IR wavelengths. Here it is assumed that the depth of the 

absorption change is the same as the grating depth obtained in the diffraction efficiency 

measurements. In the transmission measurements each sample was exposed to the beam 

of the frequency doubled Ar+ ion laser without the phase mask. The output beam from the 

laser was expanded to achieve a more uniform exposure. Samples were exposed through 

a circular amplitude mask selecting the center part of the expanded beam with a power 

density of ~150 mW/cm2. As seen in Fig. 2.11 (b) photodarkening at visible wavelengths 

was observed only in the host glass at wavelength up to 700 nm while the Ge30 glass 

shows absorption changes only at wavelengths below ~500 nm. The absorption change in 

the host glass between 400 nm and 600 nm might be related to reported phosphorous 

oxygen hole centers (POHCs) [Ehrt et al. 2000, Möncke et al. 2004]. It is expected that in 

the Ge-doped glasses the hole center is formed at the Ge site instead of the P site. ∆α∆α∆α∆α at 

wavelengths below ~240 nm is not measurable in our Ge30 sample because the 

absorption is too high to obtain any transmission changes. For the host glass the 

measurements are limited to wavelength above 220 nm. Comparing the Ge30 result with 

a typical UV-induced absorption change in Ge-doped silica glasses, Ge30 does not 

exhibit reduced absorption around ~240 nm that has been observed in silica glass [Dong 
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et al. 1995]. Using the observed absorption change in Ge30 from 240 nm to 500 nm the 

Kramers-Kronig transformation [Hand et al. 1990] gives the same order of magnitude, 

10-5, in index change as observed from the diffraction efficiency experiments. To study 

the nature of defects in Ge-doped phosphate glasses in more detail, further investigations 

are required. 
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Fig. 2.11. (a) Transmission spectrum of Ge30 before the UV exposure. (b) Absorption 

change spectra (∆α) for Ge30 and the host glass after UV exposure of ~1500 J/cm2. 

∆α was calculated from transmission spectra measured before and after the exposure. 
Due to high absorption data below ~240 nm are noisy. The inset shows a selected 
wavelength range in the visible to emphasize photodarkening processes in the host glass. 

(a) 

(b) 
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2.5 Ge-doped phosphate fibers 

Since 30wt% GeO2 doped phosphate glass was more photosensitive than other 

tested Ge-doped phosphate glasses, a Ge-doped phosphate fiber with a 30 wt% GeO2 

doped core was fabricated to investigate its photosensitivity and applications to 

phosphate fiber lasers. 

Due to crystallization during the fiber drawing of the Ge-doped phosphate glass 

that used in the previous section, the host glass of the 30wt% GeO2 doped phosphate 

glass was modified to avoid crystallization. The new host glass is also a modified 

phosphate glass with 55.6 wt% P2O5. The Glass properties of core and cladding glasses 

are show in Table 2.2. Before drawing a fiber the new 30wt% GeO2-doped glass (New 

Ge30) was examined on its photosensitivity. In Fig. 2.12 the results of the New Ge30 are 

show with results of the previously tested three GeO2-doped phosphate glasses. New 

Ge30 shows comparable index changes to Ge30 at various fluences.  

 

Table 2.2. Glass properties of core and cladding glass used for Ge-doped phosphate fiber. 
 

 

n  

(at 1550 nm) Tg (°C) 

CLTE  (× 10-7/°C) 

(at 30-300°C) 

Core glass 1.5768 657 73 

Cladding  glass 1.5700 566 107 
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Fig. 2.12. Index modulation (δnp-p) of New GeO2 30wt%-doped phosphate glass (New 
Ge30) as a function of fluence. For comparison the result in New Ge30 is shown with 

previously shown data in Fig. 2.10. 
 
                

Figure 2.13(a) shows a cross-sectional optical microscope image of the Ge-doped 

phosphate fiber. A fiber preform was fabricated by a rod-in-tube technique, and drawn 

into a fiber by a fiber drawing facility in College of Optical Sciences at University of 

Arizona. The nominal core diameter and cladding diameter of the fiber are 9 µm and 125 

µm, respectively. As shown in Fig. 2.13(b) there are defects on the surface of the fiber. 

Fortunately these defects are not seen in the core. 
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Fig. 2.13. Optical microscope image of (a) cross section, and (b) side view of the Ge-

doped phosphate fiber. The core diameter is 9 µm, and cladding diameter is 125 µm. In 
(b) a surface defect is seen.  
 

 

2.5.1 UV-induced index changes 

To investigate photosensitivity of the Ge-doped phosphate fiber, FBGs were 

fabricated in the fiber using a writing setup show in Fig. 2.14. The writing source was the 

same laser used in bulk glass experiments, a frequency doubled Ar+ ion laser at 244 nm. 

The phase mask has a 10-mm long periodic relief pattern with a period of 985.4 nm that 

forms an interference pattern with a period of 492.7 nm. The phase mask was also 

a) 

b) 
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designed to suppress the 0th order diffraction at the writing wavelength, 244 nm. Since 

the laser beam diameter was a few mm, the beam was linearly scanned along the Ge-

doped phosphate fiber to expose the fiber uniformly. The laser beam was focused by a 

cylindrical lens and hit the fiber through the phase mask. 

Cylindrical lens

Frequency doubled Ar ion laser

Phase mask

Optical Fiber

244nm

Slit

Translation
stage

Mirror

+ 1st order-1st order

Scanning
mirror

 

Fig. 2.14. Schematic of FBG writing setup. UV light source is a frequency doubled Ar+ 
ion laser, and an optical fiber is exposed to the generated 244 nm UV light through a 
phase mask. Since the beam size is a few mm, the UV beam is scanned along the fiber so 
that ~10 mm or longer uniform gratings can be made. 

 

During the UV-exposure, transmission spectrum and/or reflection spectrum were 

monitored by a measurement setup shown in Fig. 2.15. An EDF amplified spontaneous 

emission (ASE) light source was used for the measurement to observe wide range of 

spectra. 
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Fig. 2.15. Schematic of FBG characterization setup. Both reflection and transmission 
spectrum can be measured during the exposure. 

 

Figure 2.16 shows a reflection spectrum of a Ge-doped phosphate FBG after an 

UV-exposure of ~18000 J/cm2. Figure 2.17 shows evolutions of the Bragg wavelength 

and reflectivity of the FBG shown in Fig. 2.16. As shown in Fig. 2.17 the reflectivity 

reaches 90% and doesn’t show saturation behavior yet. In the experiments with the bulk 

phosphate glasses reported in previous section, only the modulation amplitude of the 

index change could be measured from the diffraction efficiency. On the contrary, 

fabricating FBGs in the Ge-doped phosphate fiber it is possible to measure both averaged 

and modulation amplitude of the UV-induced index changes because FBG’s center 

wavelength is proportional to neff of the optical fiber and FBG’s reflectivity is a function 

of modulation amplitude of the index change, δn. Figure 2.18 shows UV-induced index 

changes in the Ge-doped phosphate fiber during writing the FBG deduced from data in 

Fig. 2.17. For comparison a measured δn for a passive phosphate FBG is also shown in 
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Fig. 2.18. There is a strict difference between results of the Ge-doped phosphate bulk 

glass experiments and the Ge-doped phosphate fiber experiments. In the results of the 

FBG formation, no saturation behavior is observed up to the UV-exposure of ~18000 

J/cm2 as seen in Fig. 2.18. Moreover the modulation amplitude of the index change 

observed in the FBG is about two times larger than one in the bulk sample at the similar 

fluences, and the maximum index modulation observed in FBG at ~18000 J/cm2 is about 

six times larger than the maximum value observed in the bulk data (note that δδδδn that is a 

half of δδδδnp-p shown in Fig. 2.12). As shown in Eq. (1.3), for a perfect interference the 

averaged index change and the index modulation amplitude should be the same. Since in 

Fig. 2.18 the index modulation amplitude is 20~50% of the averaged index change, the 

visibility of the UV interference is 0.2~0.5 that is far from the perfect, m = 1. This poor 

visibility was possibly caused by instability of the writing setup, the defects on the 

surface of the Ge-doped fiber, and the quality of the phase mask. However, the index 

change difference between ∆neff and δn. suggests that the visibility of the interference 

pattern can be improved and FBGs with higher reflectivity are possibly made in shorter 

exposure time by optimizing the FBG writing setup and the quality of the fiber surface.   

 

Fig. 2.16. Reflection spectrum of a Ge-doped phosphate FBG. 
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Fig. 2.17. The Bragg wavelength (BWL) change, and reflectivity change of a Ge-doped 
phosphate FBG during UV-exposure. The fluence is measured on the surface of the phase 
mask. 
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Fig. 2.18. UV-induced averaged index change, ∆neff and modulation amplitude of the 

index change, δn. The fluence is measured on the surface of the phase mask. 
 
 

To observe a saturation behavior in the index change, a Ge-doped phosphate FBG 

was made by exposing for a longer time. ∆neff deduced from the Bragg wavelength shift 

of the FBG is shown in Fig. 2.19. Within the experiment shown in Fig. 2.19, the 

maximum index change reaches more than 1 × 10-3, but no obvious saturation is seen.  
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Fig. 2.19. UV-induced averaged index change for longer UV exposure. Slope of the 
index change is slightly rolled over at higher fluence, but no obvious saturation behavior 
is seen.  

 

Additionally UV power density dependence of the index change was examined. 

For this experiment, an all-solid-state continuous-wave UV laser at 244 nm [Kaneda et al. 

2008] was used because the Ar+ ion laser used in previous experiments could only 

generate about ~4 W/cm2 of 244 nm UV light with the FBG writing setup.   Evolutions of 

the Bragg wavelengths with different UV power densities are shown in Fig. 2.20. By 

linearly fitting the data in between 0.2 and 1.0 hour of UV exposure time, rates of the 

Bragg wavelength changes induced by the all-solid-state laser were obtained. The rates 

are plotted with one for the frequency doubled Ar+ ion laser in Fig. 2.21. The result 

shown in Fig. 2.21 suggests the index change induced by the UV laser is linearly 

dependent on the UV power density up to ~18 W/cm2. 
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Fig. 2.20. BWL evolution during UV exposures with three different power densities. 
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Fig. 2.21. BWL change rate vs. power density of the writing UV lasers. 
 

 



 
 

55 

2.5.2 Thermal properties of Ge-doped phosphate FBG 

 Temperature dependences of the Bragg wavelengths and stability of the 

photoinduced index change are the main concerns in applications of FBGs. For the 

temperature dependence measurements, a Ge-doped phosphate FBG was kept in a 

furnace and mean Bragg wavelengths at different temperatures were measured at 

temperatures between room temperature (RT) and 250 °C.  As shown in Fig. 2.22, the 

slope is slightly hang over and at higher temperatures steeper, e.g. ~16 pm/°C (RT - 100 

°C), ~19 pm/°C (100 - 200 °C), and ~20 pm/°C (150 - 250 °C). These numbers are 

slightly higher than a typical temperature dependence of a silica FBG, i.e. ~10 pm/°C at 

around RT [Hill et al. 1997]. 
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Fig. 2.22. Temperature dependence of the wavelength of a Ge-doped phosphate FBG. 
Blue and red lines correspond to slopes that are expected if the temperature dependence is 
only due to the coefficient of linear thermal expansion (CLTE) of the core and cladding 
glass shown in Table 2.2, respectively. 
 

Along with the measured temperature dependence, red and blue lines are shown 

in Fig. 2.22. The blue line corresponds to temperature dependences of the Bragg 
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wavelength if the thermal expansion of the cladding glass is a dominant factor, and the 

red line is one for the core glass. Comparing the two lines with the measured data, you 

can tell the cladding glass’s CLTE is a dominant factor of the temperature dependence. 

This is reasonable because cladding glass has much larger volume than the core glass in 

the fiber and it is straightforward to think the core follows the cladding glass’s thermal 

expansion rather than its own CLTE.  

For a thermal stability experiment, a Ge-doped FBG with high reflectivity, 

R>90%, was used. The FBG was set in the furnace and its spectrum was monitored by 

OSA. The temperature of the furnace was increased from RT to 550 °C by ~50 °C steps 

and FBG was kept at each temperature for more than 12 hrs. Figure 2.23 shows the 

behaviors of the Bragg wavelength and FWHM of the Ge-doped phosphate FBG. As 

discussed in Chapter 1, FWHM is also a function of the index modulation. It increases as 

the index modulation becomes larger. As seen in Fig. 2.23, FWHM doesn’t change much 

up to 250 °C. However at higher temperatures, FWHM decreases and its decay rate 

increases as the temperature goes up. These behaviors are typically seen in silica FBGs 

[Kashyap 1999]. Up to 400 °C the Bragg wavelength change of the Ge-doped FBG also 

behaves similarly to one for a typical silica FBG. Typically during the heating at a 

constant temperature a blue shift of the Bragg wavelength is observed due to decay of the 

induced index change. However beyond 400 °C red shifts of the Bragg wavelength are 

seen in Fig. 2.23. This kind of red shift at higher temperature has been observed in FBGs 

written in borosilicate fibers that are one of the most photosensitive silicate fibers ever 

reported [Pal 2006]. Possible explanation of the red shift is that residual stress in the Ge-
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doped phosphate fiber was released at higher temperature similarly in borosilicate fibers. 

Borosilicate fibers show higher UV-induced refractive index change than that is expected 

from Ge concentrations in the fibers although it has been confirmed that boron doesn’t 

change UV absorption spectrum of a Ge-doped silica glass. The residual stress induced 

by fiber drawing due to differences of thermal properties of core and cladding glasses in a 

borosilicate fiber is believed to be the origin of the enhancement of photosensitivity in 

these fibers [Othonos 1997]. According to FBG writing results of Ge-doped phosphate 

fiber, the fiber most likely have a lot of residual stress due to fiber drawing because the 

effective index of LP01 mode of the Ge-doped fiber is much smaller than that is expected 

from core and cladding glass indexes shown in Table 2.2.  The effective index of LP01 

mode deduced from the Bragg wavelength is 1.564 that is 0.01 smaller than the effective 

index of LP01 mode calculated from the glass indexes assuming the core diameter is 9 µm.  
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Fig. 2.23. Thermal decay behavior of a Ge-doped phosphate FBG. Blue and red dots 
correspond to the Bragg wavelength and FWHM changes at the indicated temperatures. 
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To confirm the amount of the residual stress in the Ge-doped phosphate fiber and 

its effects on photosensitivity, FBGs were written on Ge-doped phosphate fibers annealed 

for different length of time. Typically annealing consists of heating at temperature near 

the glass transmission temperature, Tg, followed by slow cooling to prevent creation of 

new internal stress [Mohanna et al. 1990]. The annealing temperature profile is shown in 

Fig. 2.24. All the fibers were heated up from RT to 550 °C at 10 °C/min. Then the fibers 

were kept at 550 °C at different lengths of time followed by slow cooling to RT. 
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Fig. 2.24. Schematic of annealing temperature profile. 
 
 

 
Writing weak FBGs in the Ge-doped fibers annealed for different lengths of time, 

effective indexes were obtained by the Bragg wavelengths of the FBGs. These indexes 

are shown in Fig. 2.25. As the annealing time increases, the effective index of LP01 mode 

also increases and finally reached the effective index calculated assuming no internal 

stresses. These results support that the red shift seen in Fig. 2.23 were due to relaxation of 
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residual internal stress of the Ge-doped phosphate fiber. Figure 2.26 shows ∆neff and δn 

change during writing FBGs in Ge-doped phosphate fibers annealed for different lengths 

of time. In Fig. 2.26, index change decreases as the annealing time increases. The index 

changes in annealed fibers show saturation behavior after fluence of ~5000 J/cm2, and the 

saturated index changes of ∆neff and δn are about 5 × 10-5 and 1.5 × 10-5, respectively. It 

is better to point out the induced index modulation in annealed fibers agrees with that was 

measured in the bulk sample shown in Fig. 2.12. Above experimental results suggest that 

residual stress played a significant role in the enhancement of the UV-photosensitivity 

observed in the Ge-doped phosphate fiber.  
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Fig. 2.25. Effective indexes of Ge-doped phosphate fibers after annealing at 550 °C for 
different lengths of time. The magenta line corresponds to an effective index calculated 

with bulk core and cladding glass indexes assuming a core size is 9 µm. 
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Fig. 2.26. Evolutions of (a) UV-induced effective index change, ∆neff and (b) index 

change modulation amplitude, δn, of FBGs written in Ge-doped phosphate fibers 
annealed for different length of time. 
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2.6 All phosphate glass fiber laser 

Using a Ge-doped phosphate FBG, a DBR fiber laser was set up as can be seen in 

Fig. 2.27(a).  The Bragg wavelength, FWHM, and the reflectivity of the FBG were 

1541.2 nm, 0.10 nm and ~60%, respectively. The active fiber was ~9.7-cm-long 

Er3+/Yb3+-codoped phosphate fiber that has 9 µm diameter core and 125 µm diameter 

cladding. The concentration of Er3+and Yb3+ were 1 wt% and 8 wt%, respectively. The 

FBG and the active fiber was spliced together to form a robust joint structure. Figure 

2.28(a) shows a typical spliced joint of the two different phosphate fibers. The spliced 

joint is nice and smooth differently from the splicing between phosphate and SMF-28 

show in Fig. 2.28(b), where the phosphate fiber has narrowing part right behind the splice 

joint because only the phosphate fiber was melted due to the huge melting point 

difference between phosphate and silica glasses. The pump laser was a multimode (MM) 

fiber coupled multimode laser diode (~976 nm) and the laser output was coupled into the 

cladding of the active fiber. The MM output fiber has 105 µm diameter core, 125 µm 

diameter cladding, and 0.20 numerical aperture. The output facet of the MM fiber is a 

dielectric coated so that it can be a high reflector, R>95%, at around 1.55 µm, and low 

reflector at the pump wavelength ~0.98 µm The mirrors of the laser resonator are 

constituted of the FBG on one side and the dielectric mirror on the MM fiber. An 

antireflection coated Si wafer (HT at ~1.55 µm, and absorptive at ~0.98 µm) was used to 

enabled output power and optical spectrum measurements. For comparison, a Fabry-Perot 

fiber laser that has no wavelength stabilization by a Ge-doped phosphate FBG, was also 

set up as shown in Fig.2.27 (b). For the Fabry-Perot cavity, the one of the cavity mirror 
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was provided by the ~5% Fresnel reflection of the perpendicularly cleaved end facet on 

the Ge-doped phosphate fiber. The Ge-doped fiber without FBG feedback was also 

spliced to  ~9.7-cm-long Er3+/Yb3+-codoped active fiber. Each fiber laser was placed on a 

water-cooled plate to avoid melting the active fiber due to heat generated by pump 

absorption by the active fiber. 
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Fig. 2.27. Schematic of all phosphate glass fiber laser setups. (a) DBR fiber laser, (b) 
Fabry-Perot fiber laser.  

 
 

(a)      (b) 

   

Fig. 2.28. Pictures of splicing joints, (a) between  Ge-doped phosphate (left side) and 
phosphate fiber, (b) phosphate fiber (left side) and a SMF-28.  

a) 

b) 
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In Fig.2.29 a typical lasing spectrum of the all-phosphate glass DBR fiber laser is 

shown. Lasing operation was achieved at ~1541.2 nm that agrees with the Bragg 

wavelength of the Ge-doped phosphate FBG. The measured laser output bandwidths were 

<0.03 nm that is much narrower than the FWHM of FBG, 0.1 nm. The lasing spectrum 

had always a single peak although the lasing wavelength was frustrating +/-0.05 nm at 

the constant pump power. Probably the FBG was not narrow enough for the length of the 

cavity to achieve single longitudinal operation, and several longitudinal modes were able 

to lase. As the pump power went up, the lasing wavelength also red-shifted at the rate of 

~0.06 nm/W probably because of the temperature change of the cooling plate due to the 

heat generated by active fiber. Figure 2.30 shows output powers of the DBR fiber laser at 

different pump powers. The threshold of the DBR fiber laser is ~1 W and slope efficiency 

is ~2.3 %. On the contrary, the Fabry-Perot fiber laser shown in Fig. 2.27 (b) lased at 

around 1535 nm, where the active fiber has highest gain [Hu et al. 2001], with multiple 

peaks as shown in Fig. 2.31. 

One of the reasons of this lower slope efficiency is that the active fiber is not long 

enough to absorb the entire pump power due to cladding pump scheme. Measured 

residual pump power was about 40% of the launched pump. Another reason of the lower 

efficiency is lack of optimization of splice. Currently the splicing loss between the Ge-

doped phosphate fiber and phosphate fibers is ~2 dB that is comparable to SMF-28 to 

phosphate fiber splice. Although Tg, and CLTE of the Ge-doped phosphate glass are 

closer to a standard phosphate glass than a silica glass, the difference between Ge-doped 

phosphate and standard phosphate glasses makes it difficult to optimize splice condition. 
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Fig. 2.29. Typical output spectrum of the all phosphate glass DBR fiber laser (resolution 
0.01 nm). 
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Fig. 2.30. Laser output power of the all phosphate glass DBR fiber laser. 
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Fig. 2.31. Typical output spectrum of the all phosphate glass Fabry-Perot fiber laser 
(resolution 0.01 nm). The inset shows a wide span spectrum of the same fiber laser output. 
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Fig. 2.32. Laser output power of the all phosphate glass Fabry-Perot fiber laser. 
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2.7 Summary 

UV-induced index change in Ge-doped bulk phosphate glasses were examined via 

formation of volume grating in the bulk glass and measurement of diffraction efficiency 

of the formed volume gratings. The UV-induced index modulation of a phosphate glass 

doped with 30 wt% GeO2 reached ~3.5 × 10-5. This index change is enough to make 

narrow band FBGs with sufficient reflectivity for an output coupler of fiber lasers. 

A Ge-doped phosphate fiber was fabricated with a GeO2 30 wt% doped phosphate 

glass, and examined its UV-photosensitivity at 244 nm. The UV-induced index change 

and modulation were about one order of magnitude higher than that was expected from 

the results obtained with bulk glasses. No obvious saturation behavior was observed in 

the index changes of the Ge-doped phosphate glass within the fluence of this experiment. 

The origin of the enhancement of the UV-induced index change was owing to a relatively 

large residual stress in the Ge-doped phosphate fiber due to the thermal property 

differences between the core glass and the cladding glass. 

Using a Ge-doped phosphate FBG, an all-phosphate glass DBR fiber laser was 

fabricated and successfully lased at the FBG wavelength. 
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CHAPTER 3 

SINGLE HYBRID MODE FIBER LASER 

 

3.1 Introduction 

Single mode high power fiber lasers offer stable diffraction-limited Gaussian 

output beams, easy thermal management, and alignment free cavities. Fiber lasers are 

strong competitions for many solid-state lasers for a variety of applications including 

remote sensing, interferometry, machining, telecommunications and surgery.  The recent 

success in high power single mode fiber lasers has been achieved by the development of 

double clad large mode area (LMA) fibers and high power multimode pump diodes 

[Snitzer et al. 1988, Liu et al. 2004]. Still, the relatively small core remains one limiting 

factor for achieving even higher output powers with single mode fiber lasers. Since a 

large volume of a gain medium is required for high power operation, a single mode high 

power fiber laser has to be long due to its small core area. Both small core and long fiber 

length reduce the threshold of nonlinear effects and limit the maximum laser output 

power.  

In this chapter a hybrid single mode fiber laser that comprises both a core mode 

and a cladding mode using a FBG as a core-cladding mode converter is demonstrated 

[Suzuki et al. 2008]. Utilizing the proposed and demonstrated intracavity core-cladding 

mode conversion technique, fiber lasers with extremely large mode areas (LMAs) can be 

fabricated in conventional, easy to manufacture step index fibers. The fiber laser cavity 

design includes cladding modes with theoretical effective areas up to ~7400 µm2 that can 
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be utilized to dramatically increase the output power per active fiber length and 

simultaneously reduce undesired nonlinear effects.  
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3.2 Large mode area fiber lasers 

In a conventional step index fiber a smaller numerical aperture is required to 

maintain single mode operation of a LMA fiber. In practice, this kind of fiber is very 

bending-sensitive and often not well suited for stable fiber laser operation. Therefore, 

LMA fibers with a few propagation core modes have been used with intracavity mode-

filtering techniques to enforce exclusive laser operation of the fundamental mode 

[Koplow et al. 2000, Limpert et al. 2003, Polynkin et al. 2005, Liu et al. 2006]. Utilizing 

mode-filtering the largest core diameter is ~25 µm for single mode laser operation 

[Limpert et al. 2003, Polynkin et al. 2005]. An alternative way to achieve a LMA single 

mode operation is implemented by photonic crystal fibers as they allow large core size 

single mode operation [Russell 2003]. Such microstructured fibers have been 

successfully utilized to build LMA fiber lasers [Li et al. 2005, Schülzgen et al. 2006, 

Limpert et al. 2006] and rod-like photonic crystal fiber lasers have been recently 

demonstrated with high power single mode emission from a 60 µm diameter core 

[Limpert et al. 2006]. 
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3.3 Excitations of higher order modes 

Much larger mode areas than the fundamental core mode can be achieved through 

the excitations of higher order modes (HOMs). Such HOM excitations have been applied 

to manage dispersion and nonlinear effects in optical fibers [Ramachandran et al. 2005, 

Ramachandran et al. 2006A, Schultz et al. 2007]. For example, Ramachandran et al. used 

long period fiber gratings (LPGs) to convert the fundamental core mode to higher order 

core modes or even cladding modes [Ramachandran et al. 2006B] to achieve stable, low-

loss, larger area mode propagation in a few mode and double clad fibers as well as 

dispersion compensation in femtosecond fiber oscillators. They also pointed out potential 

applications of HOMs for fiber lasers and amplifiers, and recently demonstrated signal 

amplification in rare-earth ion doped HOM fibers [Ramachandran et al. 2006B, 

Ramachandran et al. 2007]. 

Two different types of gratings can be fabricated in an optical fiber: fiber Bragg 

gratings (FBGs) and LPGs. Both gratings are periodic modulations of the refractive index 

along the optical fiber axis. Usually a FBG has a period of the scale of the wavelength of 

light and couples a core mode to a counter-propagating core mode. In contrast, a LPG 

typically has a period of hundreds of microns and couples a core mode to a co-

propagating cladding mode. It is well-known that also a FBG can couple a core mode to a 

single cladding mode [Erdogan 1997]. However, in the case of a FBG the excited 

cladding mode is a counter-propagating cladding mode in strict contrast to the case of a 

LPG.  

 



 
 

71 

3.3.1 Higher mode excitation by LPGs 

Profiles of higher mode excited by an LPG were measured in a setup 

schematically shown in Fig. 3.1. A tunable laser was launched into a fiber core, and 

output mode profiles through the LPG were observed on the other fiber facet. 

Tunable laser Camera

Objective lens

LPG  

Fig. 3.1. Schematic of mode profile observation setup for LPG. 
 

 

  

Fig. 3.2. (a) Typical LPG spectrum and output mode (b), (c) mode profiles at 1457 nm 
and 1552 nm, respectively.  
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Figure 3.2 (a) shows a transmission spectrum of a LPG fabricated in a passive 

double clad silica fiber, SM-9/105/125-20A (Nufern), using a frequency doubled Ar+ ion 

laser and a 1-inch-long amplitude mask with a mask period of 0.5 mm. In Fig. 3.2 (b) and 

(c) observed output profiles at near the resonance peaks of the LPG labeled A and B 

labeled on Fig. 3.2 (a). Profiles in Fig. 3.2 (b) and (c) correspond to HE13 and HE 14 mode, 

respectively. Fig. 3.2 (b) shows HE14 mode is successfully excited by the LPG without 

significant mode coupling to other cladding modes. 

 

3.3.2 Higher mode excitation by FBGs 

Profiles of higher mode excited by an FBG were measured in a setup 

schematically shown in Fig. 3.3. A tunable laser was launched into a fiber core via a 

beam splitter, and output mode profiles reflected by the FBG were observed. Figure 3.4 

shows a transmission spectrum of a 25-mm-long FBG written in the double clad fiber 

SM-9/105/125-20A using the frequency doubled Ar+ ion laser and a 25-mm-long phase 

mask. In Fig. 3.4 (a)-(d), observed output profiles at the resonance peaks of the FBG are 

shown.  Fig. 3.4 (a)-(c) clearly indicate excitations of HE12 to HE14 cladding modes. 
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Tunable laser

Camera

Objective lens

FBG 

 

Fig. 3.3. Schematic of mode profile observation setup for FBG. 



 
 

73 

-6

-5

-4

-3

-2

-1

0

1544 1546 1548 1550 1552

Wavelength (nm)

T
ra

n
s
m

it
ta

n
c
e
 (

d
B

)

  

 

Fig. 3.4. Transmission spectrum of an FBG with distinctive core-cladding mode coupling, 
and reflected mode profiles at core-cladding resonance peaks, (a)-(c), and core-core mode 
resonance peak, (d). Resonance peaks indicated by arrows labeled a-d correspond mode 
profiles (a)-(d), respectively. 
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3.4 Cavity formed with higher order mode 

3.4.1 Cavity formation 

Figure 3.5 shows, fiber simple laser cavities consist of a higher order mode that is 

excited either by an FBG or by an LPG. For a higher power generation doped cladding is 

ideal. The fiber laser cavity consists of an FBG was selected to a fiber laser formation 

due to its narrow bandwidth is suitable for wavelength selection additionally to mode 

conversion properties. 
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Fig. 3.5. Schematic of higher order mode cavity formation. (a) cavity using a FBG as a 
mode converter, (b) cavity using a LPG as a mode converter. 
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3.4.2 FSR measurements 

To verify the cavity formation, free spectral ranges (FSRs) of a cavity with an 

FBG mode converter was measured by a setup shown in Fig. 3.6. Figures 3.7 and 3.8 (b) 

show measured power through the FBG at the Bragg wavelength and the core-cladding 

mode coupling wavelength, respectively. Measured FSRs for the Bragg wavelength and 

the core-cladding mode coupling wavelength are ~0.009 nm and ~0.022 nm, respectively. 

These FSRs suggest that cavity shown in Fig. 3.9 (a) is successively formed at the core-

cladding mode coupling wavelengths whereas at the Bragg wavelength an ordinary cavity 

shown in Fig. 3.9 (b) is formed. Note that the penetration depths of the FBG are different 

at the core-core mode coupling and the core-cladding mode coupling because of the 

effective length of FBG is dependent of a coupling efficiency [Barmenkov et al. 2006]. 
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Fig. 3.6. Schematic of FSR measurement setup. 
 



 
 

76 

1E-05

1E-04

1E-03

1E-02

1E-01

1E+00

1552.05 1552.15 1552.25 1552.35 1552.45 1552.55

Wavelength (nm)

R
e

c
e

iv
e

d
 p

o
w

e
r 

(m
W

)

 

Fig. 3.7. FSR measurement result at the Bragg wavelength. 
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Fig. 3.8. FSR measurement results at a core-cladding mode coupling wavelength. (a) 
without the R~95% high reflector, and (b) with the high reflector. 
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Fig. 3.9. Schematic of cavities at (a) core-cladding mode coupling wavelength and (b) 
core mode wavelength.  

~ 4.5cm

~ 3.5cm

 

(a) 
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3.5 Hybrid single mode fiber laser 

3.5.1 Hybrid single mode fiber laser configuration 

To make a hybrid mode fiber laser, an active fiber is inevitable. It is preferable to 

use an active fiber that has a doped cladding for high power generation. However at this 

time there are no commercially available cladding doped fibers.  For a hybrid single 

mode fiber laser demonstration, a core doped active fiber with a single cladding was used 

with implementations to suppress core-core mode lasing at the Bragg wavelength that has 

much higher feedback than core-cladding mode coupling wavelength.  

The fiber laser cavity consists of an active fiber and two gratings FBG1 and FBG2 

as shown in Fig. 3.10 (a). Both FBGs are 25 mm long and written in photosensitive fiber 

F-SBG-15 (Newport) using a uniform phase mask and a frequency doubled Ar+ laser. 

FBG1 has its main Bragg reflection at ~1537 nm with ~0.8 nm FWHM as shown in Fig. 

3.10 (b). By exposing to UV-light for a long period of time, the characteristic 

wavelengths at which core-cladding coupling occurs appear as dips of ~10 dB or more in 

the transmission spectrum of FBG1 indicating coupling efficiency to counter-propagating 

cladding modes of ~90% or more. FBG2 has a ~90% core mode reflectivity at ~1535 nm 

with ~0.09 nm FWHM as shown in Fig. 3.10 (c).  The active fiber is a 50 cm long Er3+-

doped fiber Er80-8/125 (Liekki, Finland). These components were fusion spliced to form 

a robust fiber laser cavity.  
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Fig. 3.10. (a) Schematic of the fiber laser setup, (b) transmittance spectrum of FBG1, (c) 
reflectivity spectrum of FBG2, and (d) schematic of an unfolded cavity that is equivalent 
to the fabricated folded cavity with core-cladding mode conversion. 
 

 

To suppress lasing of a core mode at ~1537 nm a part of the fiber core, indicated 

by a black dot labeled DM in Fig. 3.10 (a), was slightly damaged by a focused 

femtosecond laser at 800 nm. The induced propagation loss is ~5 dB for a single path. 

The fiber laser cavity is a folded cavity due to the core-cladding mode coupling by FBG1. 

Figure 3.10 (d) shows a schematic of an equivalent unfolded cavity. During a cavity 

roundtrip the light travels as a core mode from FBG2 to FBG1 where it is converted into 

a counter-propagating cladding mode that travels inside the cladding and is reflected the 
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cleaved fiber facet, i.e., FBG1 couples the two core and cladding halves of the hybrid 

single mode cavity. 

Pump light was provided by a single mode fiber coupled semiconductor laser 

operating at ~980 nm and was coupled into the fiber laser cavity through a WDM fiber 

coupler. The other end of the fiber laser was cleaved straight to provide feedback via 

Fresnel reflection (FR). Spectra emitted from the FBG1-side were monitored by an 

optical spectrum analyzer (OSA) Ando AQ6317B after passing through the WDM fiber 

coupler. Mode profiles and output power of the fiber laser at the cleaved end were 

observed by an infrared camera with a microscope objective and a power meter, 

respectively, through a ~980 nm absorbing filter.  

 

3.5.2 Hybrid single mode fiber laser properties 

Figure 3.11 (a) shows several room temperature emission spectra measured by the 

OSA with 0.01 nm resolution for various pump powers. Since the spectra were measured 

through FBG1, the transmission dips due to core-cladding mode coupling are always 

present in Fig. 3.11 (a). At increased pump powers, a distinct laser emission peak appears 

in the spectra of Fig. 3.11 (a) with measured FWHM of less than 0.02 nm. In Fig. 3.11 (b) 

the measured output power at the cleaved end is plotted as a function of launched pump 

power. A lasing threshold is observed at ~45 mW of pump power. 
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Fig. 3.11. (a) Laser emission spectra at different pump powers, (b) output vs. launched 
pump power, (c) spatial profile of the laser below threshold, and (d)-(f) spatial profiles 
above threshold. Pump power increases from (d) to (f). 

 

Some output mode profiles observed at the cleaved fiber facet are shown in Fig. 

3.11 (c)-(f). Fig. 3.11 (c) is a profile below the threshold while Figs. 3.11 (d)-(f) are mode 

profiles at various laser intensities. Below the threshold only the core is bright and almost 

no light is seen inside the cladding. Above the threshold, all the mode profiles have 

significant light intensity in the cladding area. The patterns above the threshold indicate 

the excitation of a particular cladding mode, HE14 mode, with an intensity that increases 

with pump power. As seen in Fig. 3.11 (d)-(f), the profile pattern was quite stable within 

the measured pump power range. 

To confirm that lasing indeed occurred in the hybrid core-cladding cavity, FBG1 

was dipped in index matching fluid (IMF) without turning off the pump at ~64 mW so 
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that the core-cladding mode coupling at FBG1 could be modified strongly. Due to the 

IMF most of the core-cladding mode coupling dips were significantly reduced and lasing 

of the coupled core-cladding cavity was prohibited. This result emphasizes that the lasing 

shown in Fig. 3.12 can be attributed to the coupled core-cladding cavity. 

 

 

Fig. 3.12. Spectral change and output profile change due to IMF dipping.  
 

As indicated in Fig. 3.10(b) a FBG can couple a core mode to different cladding 

modes in a relatively narrow wavelength range. Thus by changing the resonance 

wavelength of either FBG1 or FBG2, the cladding mode included in the hybrid laser 

cavity could be changed. To demonstrate this “tunability” FBG2 was heated or cooled by 

a Peltier device. Shifting the Bragg wavelength of FBG2, laser cavities with different 

modes labeled CM01 and HE12 to HE15 in Fig. 3.13 were successfully achieved. Since 

there is no core-cladding mode coupling at wavelengths above ~1535.3 nm, the pattern 

labeled CM01 in Fig. 3.13 should be generated by exclusive excitation of the core mode, 

or HE11 mode. This fact is clearly indicated by the observed mode profile. In between 
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the rather clear cases of various single cladding mode excitations shown in Fig. 3.13, 

unstable spectra, or spectra with dual peaks and unorderly profiles can be observed. 

However, only the CM01 mode was observed for any wavelength beyond ~1535.3 nm. 

Although the pump power was fixed to ~64 mW for each measurement, Fig. 3.13 also 

indicates that the observed lasing peak power was higher when lower cladding modes 

participate in the laser operation. One of the reasons for this output trend is probably the 

difference in propagation loss. Since the fiber laser is fabricated in a conventional single 

clad fiber and higher order cladding modes are less confined inside the fiber, they are 

more likely to have larger loss due to interaction with the fiber surface.  

 

 

Fig. 3.13. Lasing spectra and spatial profiles of the fiber laser at different temperatures of 
FBG2. 
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3.6 Discussion 

Although the hybrid laser demonstrated in this letter is far from being optimized, 

it has shown the potential of LMA fiber laser operation in a conventional step index fiber. 

To improve the output power efficiency of the laser, implementing a double clad fiber 

with much lower propagation losses of cladding modes would be the first step. In 

addition, the cladding mode reflection currently provided by the cleaved facet should be 

optimized using a feedback mirror or a grating. There are many potential applications for 

the core-cladding conversion. For high power short length fiber laser, a cladding doped 

fiber with extremely large active medium volume can be utilized. Moreover, since the 

core-cladding mode coupling provides a coaxially folded cavity, ring laser configurations 

that are bi-directional [Demchuk et al. 1989] or uni-directional [Schröder et al. 1977] can 

be built in a straight single fiber with FBGs. That is, if one of the FBGs couples a core 

mode to a cladding mode, another FBG couples the cladding mode to the core mode, and 

the cavity becomes a traveling wave cavity. 
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3.7 Summary 

In conclusion, we have demonstrated a LMA single mode fiber laser based on 

intracavity core-cladding mode coupling by FBGs. The fiber laser operates as a single 

mode laser with a hybrid cavity that consists of a single core mode feedback, a single 

cladding mode feedback, and a FBG based mode converter. Shifting the FBGs reflection 

spectra relative to each other, different cladding modes can be involved in the lasing 

operation. We believe the intracavity core-cladding mode conversion provides many 

potential applications in and beyond the field of high power fiber lasers.  
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CHAPTER 4 

FIBER IMAGE AMPLIFIER 

 

4.1 Introduction 

Low noise and high speed amplification of weak light images is an important 

technology focus in a variety of applications, such as air/space surveillance, biomedical 

imaging, and optical metrology. For example, laser tracking and pointing of remote 

targets for space/air surveillance and control applications requires low noise image 

amplifiers covering a wide field of view to improve signal to noise in image detection. To 

track the movements of rapidly moving targets in free-space, it is also essential to have an 

image amplifier with a high optical gain and rapid response because air turbulence and 

clouds most likely make typical free-space laser communication links suffer from 

intensity fade-outs as frequently as 100 to 1000 times per second [Biswas et al. 2001]. 

Image amplifiers that preserve the optical phase are particularly useful in interferometric 

or coherent imaging applications. In biomedical imaging applications, wavelengths 

ranging from 600 nm to 1300 nm are commonly used to probe tissues due to relatively 

lower absorption at these wavelengths [Le Tolguenec et al. 1997]. Optical beams at these 

wavelengths decay in traversing thick tissue primarily due to scattering – resulting in 

very weak return signals. To overcome the losses, pulsed lasers and sophisticated 

parametric amplification techniques have been used [Le Tolguenec et al. 1997]. To avoid 

tissue damage, however, lower intensity sources and high gain detectors are strongly 

preferable.  



 
 

87 

In this chapter an image amplifier based on an Yb3+-doped phosphate fiber is 

reported [Suzuki et al. 2007]. The amplifying fiber has 19 cores that are made of heavily 

Yb3+-doped phosphate glasses. The cores act as pixels for image amplification and image 

guiding. Also a double clad fiber design is applied to confine pump light from high power 

multimode diode lasers and to efficiently energize the cores uniformly. The amplifier 

delivered high gain per pixel, ~30 dB with 3 W of pump power and this was achieved 

with only 10 cm length of amplifying fiber. Using the image amplifying fiber, image 

amplification results obtained from stationary and moving input images are demonstrated. 
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4.2 Image amplification 

Conventional approaches to image amplification typically involve image 

intensifiers based on the concept of electron multiplication used in the photomultiplier 

tube [Inoue et al. 1997]. Using multichannel plates or photocathodes with electron 

multipliers and fluorescent screens, typical image intensifiers convert photons to electron, 

then multiply electrons, and finally convert electrons to photons. These methods 

introduce noise and inevitably discard important information about the light such as its 

spectral distribution, polarization, and coherence.   

 

Fig. 4.1. Schematic of a typical image intensifier [Inoue et al. 1997]. 
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Optical fiber amplifiers are capable of boosting optical signals with high gain 

(>30 dB) and low noise, making optical-electrical-optical conversions unnecessary in 

optical telecommunications. They also can simultaneously amplify signals at different 

wavelengths within their gain band. This feature is inevitable to realize current broadband 

networks that are utilizing dense wavelength division multiplexing. In telecommunication 

applications, rare earth ion doped optical fiber amplifiers provide a less complicated and 

cost-effective method of amplification in high data rate networks [Ainslie 1991, Digonnet 

2001]. Although the most common optical fiber amplifier is based on Er3+ operating at 

around 1550 nm, other rare earth ions can also provide a wide variety of operating 

wavelengths from visible, ~480 nm, to infrared wavelengths, ~2 µm.  However, these 

fiber amplifiers developed in telecommunications amplify light in single-core fibers and 

are not suitable for amplifying an entire optical image that requires number of pixels.  

Employing the advantages of the optical amplifier, some researchers have studied 

image amplification with optical fiber technology [Nakamura et al. 2001]. They used a 

silica glass based multi-core amplifying fiber for applications in optical interconnects and 

signal processing. The amplifying fiber has 3000 cores. Each core diameter is 4.5 µm, 

and core spacing is 9.0 µm. The 3 meter long amplifier successfully amplified input 

signals launched to the amplifier. However, in their demonstration using single mode 

1.48 µm pump diodes, they achieved a maximum of only <1.2 dB gain per pixel. The 

pump coupling approach using a single mode pump diode severely limited both the 

coupled pump power and the achievable gain across the array of pixels.  
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4.3 Rare earth ion doped phosphate glasses  

Recently developed phosphate glass based optical fiber amplifiers and fiber lasers 

are very attractive devices [Hu et al. 2001, Jiang et al. 2000]. Phosphate glasses are 

promising fiber materials because of their higher solubility of rare earth ions compared to 

conventional silica glass without the major drawbacks associated with elevated doping 

levels, i.e. concentration quenching or nonlinear up-conversion. For example, typical 

doping levels for Er3+ ions can be greater than 5 wt% in phosphate glasses, which is 50 to 

100 times higher than that is possible with silica glasses [Digonnet 2001]. The higher 

solubility of rare earth ions enables to make compact fiber amplifiers and fiber lasers 

[Spiegelberg et al. 2004, Schülzgen et al. 2006]. Importantly, the short length enables 

high pump absorption per unit length into single mode cores using multimode pump 

diode sources – which provides a straightforward scaling to higher output power 

amplification. Due to the higher gain, a short active fiber is able to provide sufficient gain 

and a compact device. The short fiber length also intrinsically prevents introducing 

undesired nonlinear effects in the amplifiers or lasers. 
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4.4 Image amplifying fiber 

4.4.1 Fiber fabrication 

Figure 4.2 shows a cross-sectional microscope image of the amplifying fiber. It is 

fabricated by a modified rod-in-tube technique. Three parts of the fiber pre-form – core, 

inner, and outer cladding, – were fabricated such that they satisfy the required refractive 

index profile as well as have similar thermal properties necessary for fiber-drawing. 

These three different phosphate glasses were machined into 1) the core rods, 2) the inner 

cladding with 19 holes arranged in a hexagonal grid, and 3) the outer cladding. 

Subsequently these parts were assembled to make a fiber pre-form. Then, the pre-form 

was drawn into an optical fiber. The core glass is an Yb3+ 6 wt % doped phosphate glass. 

The nominal core diameter is 5 µm. The nominal core-to-core distance is 14 µm designed 

based on previous experiments [Chavez-Pirson et al. 2003, Chavez-Pirson et al. 2005, 

Chavez-Pirson et al. 2006] so that optical coupling between adjacent cores will not be 

significant as far as a length of the amplifying fiber is short enough, e.g. several 

centimeters. The core elements are formed with a circular cross-section to maintain 

polarization independent operation. The inner cladding diameter is ~80 µm and outer 

cladding diameter is ~140 µm. Both the inner and outer cladding glasses are undoped 

phosphate glasses. The inner cladding confines multimode pump light that is used to 

energize the cores. Numerical apertures of each core and inner cladding were designed to 

0.15 and 0.23, respectively. Thus the full field of view of each core is ~17.3 degrees and 

core filling factor is ~12%. In this design, each core acts as a pixel and is designed to 

operate as a single mode waveguide. The gain uniformity across the array generally 
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depends on the core arrangement (i.e. hexagonal or square) inside the inner cladding. 

This stems from how pump power circulating in the inner cladding is absorbed in the 

cores. When the number of cores is small (< 20), our simulation model shows that the 

pump power is more efficiently absorbed in cores arranged on a hexagonal grid compared 

to a square grid. This results in better gain uniformity for a given pump power – and is 

the reason for our choice of the hexagonal grid in this case. However, when the number 

of cores is large (> 100), the improvement in pump power absorption with core 

arrangement is not a significant factor anymore. Moreover, no matter the size of the array, 

increasing the pump power always improves the gain uniformity. In fact, an image 

amplifying fiber with cores arranged on a 3 × 3 square grid has been demonstrated to 

result in a highly uniform gain across the array [Chavez-Pirson et al. 2003, Chavez-

Pirson et al. 2005, Chavez-Pirson et al. 2006]. 

 

 

Fig. 4.2. Cross-section of the image amplifying fiber. 
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4.4.2 Gain measurement 

Figure 4.3 shows the two different experimental arrangements used to 

characterize the image amplifying fiber; Fig. 4.3(a) is for the gain experiment of the 

central pixel, and Fig. 4.3(b) is for the image amplification experiments. The input signal 

(~7 µW) in Fig. 4.3(a) was generated with an Yb3+-doped fiber amplified spontaneous 

emission (ASE) source and a fiber Bragg grating whose center wavelength and spectral 

bandwidth are 1017 nm and <0.15 nm, respectively, and in Fig. 4.3(b) the input signal 

(~10 mW) was generated only with the ASE source. With this type of input source, we 

had no issue with speckle at the input plane.  The pump power was produced by 

combining 4 fiber pig-tailed 975 nm multimode diode lasers via a fused fiber combiner. 

The generated signal was coupled into the combiner’s signal input port. In this way the 

combiner provides pump and signal via an output fiber. For the gain experiment, both 

sides of a 10 cm 19-core amplifying fiber were spliced to passive double clad fibers 

whose nominal mode field diameter at ~1550 nm and inner cladding diameters are 10.5 

µm and 90 µm, respectively. The input end of the fiber chain was connected to the 

combiner’s output, and the output end was connected to an optical spectrum analyzer. 

Figure 4.4 shows the gain at various pump powers. The gain reaches up to ~30 dB, or ~3 

dB/cm, at ~3 W of total pump power launched through the passive double clad fiber. The 

gain saturation is not yet observed although the gain curve starts to roll over within the 

measured pump power range. Beyond 3 W of pump power, the fiber chain started to lase 

and the gain was clamped. Lasing occurred in this experiment because of small 

reflections at the splice joints between active and passive fibers. Normal cleaved fiber 
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ends were spliced to form the fiber chain.  Since the indices of refraction of the amplifier 

fiber and the double clad fiber are slightly different, the splice joints feed back some 

amount of the amplified signal. By implementing angled cleaving and/or index matching 

that reduce signal feedback, the amplifying fiber’s gain will certainly exceed 30 dB. 
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Fig. 4.3. Schematic of experimental setups. (a) is for gain measurement, and (b) is 
for imaging experiments. 
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Fig. 4.4. Gain vs. pump power of a 10-cm long 
amplifying fiber. 
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The amplifying fiber’s gain uniformity was simulated using NP Photonics’ 

modeling method called the Effective Beam Propagation Method. The results predicted 

that the gain variation of the fiber would be within 0.5 dB at absolute gain of 30 dB. 

Figure 4.5 shows the spatial pattern of ASE from the pixel array of the fiber amplifier 

measured with 10 cm of the amplifying fiber and ~2.2 W of pump power. To obtain this 

result, the set-up in Fig 4.3(b) was used except that there was no signal light and the 

pump combiner’s output was closer to the amplifying fiber. As schematically shown in 

Fig. 4.3(b), for image amplification experiments the output side of the amplifying fiber 

was angled cleaved (~13 °) to prevent lasing. The image in Fig. 4.5 was recorded with a 

spectral filter whose transmittance at the pump wavelength was less than 2 %. Each 

core’s ASE signal is confined inside the core and the standard deviation of the intensities 

of core ASE signals is less than 1 dB. As the simulation predicted, the amplifying fiber’s 

ASE signal distribution is quite uniform. This result implies the cores are uniformly 

excited by the pump light and will provide uniformly amplified signals. 

 

Fig. 4.5. ASE profile of a 10-cm long amplifying fiber. 
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4.4.3 Single pixel amplification and coupling to adjacent pixels 

Figure 4.6 shows an image amplification result with an input signal coupled to the 

center pixel. The input signal was ~1 mW and the net gain of this image amplification 

was ~16 dB. As shown in Fig. 4.6 (a), no significant coupling to adjacent cores is 

observed in the 10-cm long amplifying fiber without pumping. There is also no 

significant coupling to adjacent pixels in the output image with pumping as shown in Fig. 

4.6 (d). 

    

Fig. 4.6. Single pixel amplification result. (a), (b), (c) and (d) are output without 
pumping, ASE image, and amplified signal with ASE, and ASE subtracted 
amplified output, respectively. 

 
 

In general, the fields of a light signal confine to a core extend indefinitely in the 

cladding and interact with any other cores which may be present [Snyder et al. 1983]. 

Consequently there will be an exchange of power between the two or more fiber cores as 

the fields propagate. Assuming there are only two parallel identical cores in a fiber, and 

the core sizes, the core separation, and ∆ are the same as this amplifying fiber, a 10-cm 

long fiber will have significant coupling between cores, i.e. more that 50% power can be 

transferred to other core. However, a fraction of total power transferred to the other core 

depends on differences of core profiles, ration of a core separation to a core size (d/a), 

and v-number of the fiber. For example, if the radii are 4% different, d/a = 4, and v-
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number = 2.4, less than 5% of the total power can be transferred to the other core [Snyder 

et al. 1983]. Moreover for a multiple core fiber, intuitively and theoretically the fraction 

of transferred power to each core will be lower than dual core fibers [Kishi et al. 1988]. 

Consequently the image amplifying fiber shows no significant coupling to adjacent cores.  
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4.5 Image amplification with the amplifier 

4.5.1 Static image amplification 

The stationary image amplification experiment with the amplifying fiber was 

performed using the setup shown in Fig. 4.3(b). For the image amplification, input 

signals with nearly Gaussian profile were generated from the pump combiner’s signal 

output port. Pump sources were again fiber-combined multimode diode lasers. However 

for imaging, both ends of the amplifying fiber were in air. So pump and signal were free-

space coupled. At the output side of the active fiber, amplified images were recorded by a 

CCD camera with a microscope objective lens. Figure 4.7 shows the input images, (a) 

and (e), output images without pumping, (b) and (f), amplified output images, (c) and (g), 

and background (ASE) signal subtracted amplified images (d) and (h). Magnifications are 

the same for all the images in Fig. 4.7, however the input signal spatial distribution is 

broader in (e), (f), (g) and (h). The intensity distributions of the amplified images are 

proportional to the input images’ intensity distributions. For example, in Fig. 4.7 (d) the 

intensity ratio between the pixel at the center and the one next to the center is ~0.24, 

while the corresponding intensity ratio in the input image, Fig.4.7 (a), is ~0.24. The 

images in Fig. 4.7 were recorded with different ND filter configurations because of 

higher power in the amplified images and the need to stay within the linear range of the 

CCD. The net gain in both narrower and broader image inputs in Fig. 4.7 are ~20 dB. 
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Fig. 4.7. Image amplification results. (a), (b), (c) and (d) are images of input 
signal, output without pumping, amplified output, and ASE signal subtracted 
amplified output, respectively. (e), (f), (g) and (h) are those for a spatially 
broader input pattern. 

 

 

4.5.2 Moving image amplification 

Figure 4.8 is a frame of a movie that demonstrates image amplification of a 

moving image [Suzuki et al. 2007]. For this experiment the setup shown in Fig. 4.3(b) 

was used. Compared to the previous image amplification shown in Fig. 4.7, the 

difference in this experiment was that the signal was moving during the amplification. 

The movie shows how this device responds to the spatial and temporal change of the 

input image signal. The response time of the image amplifier is rapid enough that we do 

not see any image lag or blurring in the CCD read-outs. Although the movie does 

demonstrate real-time image amplification, the CCD itself and not the image amplifier 

limits the overall response time.  

Rare earth doped optical fiber amplifiers react quickly to changes in signal power 

– just as in telecommunication applications where data is transmitted at greater than 40 
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GHz rates. Thus the fiber image amplifier is readily able to respond quickly to changing 

images without any extra implementation. This quick response is a significant advantage 

of this fiber amplifier compared to conventional image intensifiers, whose response may 

be limited by phosphor lifetimes. In contrast, the fast response of the image amplifying 

fiber potentially offers GHz order frame rates. Of course, in the electronic detection step 

of an image processing system, the CCD or its equivalent will most likely limit the 

response time. However, in an all-optical system, or in an all-optical sub-system, there 

may be no electronic detection. In such a case, the frame rate limit might reside in the 

image amplifier or in a switching element. It is with this in mind that we mention the 

potential speed of this image amplifier device – and where it might have a unique benefit. 

It is an enabling feature for the detection and tracking of fast-moving targets. 

 

 

Fig. 4.8. A frame of a movie of an amplified moving 
image. 
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4.6 Discussion 

Gain measurements show the fiber amplifier’s gain can reach ~3 dB/cm or more, 

under an appropriate pumping and image amplifier interface design. This high gain 

allows us to detect small signals that are changing rapidly in intensity or sweeping rapidly 

across the pixel array. Because it is based on fiber amplifier technology, it can also be 

operated in various modes. In the small signal regime it can act as a linear amplifier with 

fixed gain. For higher power inputs, it may act as a nonlinear device with a saturated 

output power. It is an intrinsically low-noise amplifying device with ASE noise 

contributions that can be minimized – as has been done in telecommunication 

applications. For a similarly constructed 9-pixel image amplifier a noise figure of less 

than 6dB was measured [Chavez-Pirson et al. 2006]. Although the noise figure for this 

19-pixel image amplifier was not measured, we anticipate the noise figure to be at this 6 

dB level as well. Depending on the wavelength of interest, this general approach to image 

amplification can be extended to other wavelengths besides the 1000 nm - 1080 nm range 

of Yb3+ by using different rare earth doped ions. For example, this same phosphate glass 

supports high doping of Er3+ for comparable operation in the 1550 nm eye safe range.  
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4.7 Summary 

Image amplification with a 19-pixel optical image amplifier array based on high 

gain per unit length Yb3+-doped phosphate glass optical fiber was demonstrated. Highly 

Yb3+-doped phosphate glass cores provided ~30 dB gain per pixel at a 1017 nm operating 

wavelength with a 10-cm-long image amplifying fiber. The amplifier provided excellent 

gain uniformity (<1dB) across the 19-pixel array. The uniformity and linearity of high 

gain are attractive features for image amplification. It also has the interesting feature of 

responding quickly to changes in image position – with the potential to be compatible 

with GHz level frame rates such as in all-optical image processing systems. This unique 

approach makes possible low noise, high gain, and wide field of view image 

amplification in a compact fiber-based device. 
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CHAPTER 5 

CONCLUSION AND OUTLOOK 

 

Development of Ge-doped phosphate glasses opens the door for the fabrication of 

fiber DBR lasers that exclusively use phosphate glasses and can be expected to exhibit 

better performance and reliability than previously demonstrated hybrid phosphate-silicate 

fiber lasers. The Ge-doped phosphate fiber has enough photosensitivity to make 10-mm-

long FBGs with R>99%. Although the slope efficiency of the demonstrated all phosphate 

DBR fiber laser was less than 3%, the FBG successfully stabilized the lasing wavelength 

of the DBR fiber laser. Since currently the splicing loss between the Ge-doped phosphate 

fiber and phosphate fibers is ~2 dB that is comparable to a splicing loss between SMF-28 

and phosphate fiber, for better fiber laser operation, the splicing condition needs to be 

optimized. Since the Ge-doped phosphate fiber showed the UV-induced index change of 

more than 1.1 × 10-3, it is possible to fabricate FBGs with more complex index profiles, 

e.g. sampled grating. Also the result of enhanced photosensitivity due to residual stress 

suggests possibility to develop an active fiber that has reasonable photosensitivity and 

gain by introducing decent internal stress in the active fiber. It is also interesting to 

explore the effects of other photosensitizing dopants (e.g. Sn, Sb, and N) on phosphate 

glass. It is strongly recommended to test the hydrogen loading effects on photosensitivity 

of the Ge-doped phosphate glass fiber because the high pressure hydrogen loading is one 

of the most successful photosensitization techniques for silica glass. 



 
 

104 

As discussed in the Chapter 3, to improve the output power efficiency of the 

single hybrid mode fiber laser, implementing a double clad fiber and the cladding mode 

reflection optimization are required. For high power short length fiber laser, a cladding 

doped fiber with extremely large active medium volume can be utilized, especially if a 

cladding doped phosphate fiber is utilized with FBGs written in photosensitive phosphate 

fibers it would generate much higher power per length than that has been achieved with a 

silica glass fiber. Formation of ring lasers with FBGs is also an interesting research area. 

Possibly bi-directional or uni-directional ring lasers can be built in a straight single fiber 

with FBGs. Also the ring cavity in a straight fiber might be suitable for sensing 

applications. 

For the fiber image amplifier, extensions have been underway to increase the 

number of pixels to above 100 in order to increase the spatial resolution [Chavez-Pirson 

et al. 2008]. Although there are technical challenges both from the point of view of fiber 

fabrication and pumping approaches, we have already made progress in these areas and 

expect this general approach to have applications in various areas. Although the image 

amplifying fiber has no significant coupling between cores, for a higher gain, e.g. 100 dB, 

the length of the fiber needs to be longer and the coupling might have impact on image 

amplification. A multicore fiber with intentional coupling between cores is also an 

interesting device. A signal detection is one of the possible applications of the multiple 

core fiber with coupling between cores. If the gain is saturated and via coupling between 

cores all the cores contribute to the amplification of a signal launched in one of the core, 

it possibly provides higher output power than a single core amplifier.  
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