
Pivot Point Independent, External Cavity Tunable Laser 

kess• 
Ysgoloriaethau Sgiliau Economi Gwybodacth 
Knowledge Economy Skills Scholarships 

PIVOT POINT INDEPENDENT, 
EXTERN AL CAVITY TUN ABLE LASER 

Daniel Rees-Whippey 

A submission presented in partial fulfilment of the requirements of 
the University of South Wales/Prifysgol De Cymru for the degree 

of Doctor of Philosophy 

October 2016 



Pivot Point Independent, External Cavity Tunable Laser 

Abstract 

An investigation in to a novel pivot point free external cavity tunable laser (PPI ECTL). 

Existing external cavity tunable lasers are constructed using tunable optics, such as Bragg 

gratings to manipulate the cavity length. These elements although functional provide 

instability with prolonged use as they are defined by a centre of rotation or pivot point. 

The aim of this research was to provide a lab demonstrator of a new concept tunable laser 

based on conventional designs. The novel approach to the system design was in the removal 

of a defined pivot point, whilst still maintaining a moving optical component. The 

demonstration system will investigate the improvements upon traditional methods of tuning 

whilst providing greater tuning range and stability. 

The main defect of conventional systems was the reliance on the defined pivot point of the 

movable optics. By changing the position of the pivot point, the cavity length will change 

and the laser mode will change or hop to a side mode. This was known as a mode hop. 

The objective of the research was to design and implement a durable ECTL with a large 

tuning range (>200GHz), mode hop free tuning, fibre coupled, circular output beam and a 

wavelength in the visible. Design and production of a prototype PPI ECT laser that 

demonstrate the process of mode hop free tuning without the need of a defined pivot point. 

The impact of the research may lead in to the integration in to lower cost and more reliable 

commercial applications. 
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Chapter 1: Introduction 

External Cavity Tunable Lasers ECTL's offer attractive optical properties; such as very 

narrow line width and high frequency modulation. The ability to tune their output to one 

or more wavelength and be constructed using visible and near infrared gain mediums. 

ECTL's have found applications in various scientific and engineering fields, including; high 

precision metrology1, spectroscopy2 and interferometry3• 

Semiconductor based lasers have a fairly broad gain spectrum, with the resonant cavity 

having many modes, operating simultaneously. The output from the laser would have 

multiple output wavelengths and a broad line-width. The semiconductor output was also 

susceptible to environmental and electrical drive current changes. Such changes affect the 

refractive index of the semiconductor and induce changes in the output wavelength. A 

standard straight cavity semiconductor laser would not be suitable for an ECTL, as the 

external cavity would be susceptible to optical feedback from the laser. This type of effect, 

where the return path of the laser in the ECTL exhibits changes in their output intensity, 

wavelength and general operation (Morikawa, et al., 1976). 

A multimode output from a laser could not be used unless optical mechanisms were 

implemented within the laser to provide a single mode of operation. Using filters which 

would only allow a selected mode to transmit would provide an ideal solution. Implementing 

a Bragg grating or similar with optical gain properties was a suitable method of mode 

selection. This type of laser was termed a Distributed Feedback Laser (DFB) (Kogelnik & 

Shank, 1972). Another type of Bragg grating filter implements a sampled grating distributed 

Bragg reflectors (SG DBR) (Jayaraman, et al., 1993). Also MEMS vertical cavity surface 

emitting lasers (VCSEL) incorporates a movable reflector. The reflector was mechanically 

moved through the use of Micro Electro Mechanical Systems (MEMS). 

1 Metrology was the science of measurement. Mctrology includes all theoretical and practical aspects of measurement. 
2 Spectroscopy was the study of the interaction between matter and electromagnetic radiation. 
3 Interferometry was a technique where electromagnetic waves are superimposed in order to extract information 
about the waves. Generally electromagnetic waves, but other can be used. 
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Commercially available ECTL's are based upon Littrow and Littman configuration 

diffraction grating tuning schemes, which rotates an optic about an optimum pivot point 

such that the external cavity frequency stays synchronous with the diffracted light to 

achieve tuning without changing the mode. The disadvantage in these schemes was that 

any translation of the optics larger than A/ 4, outside the plane of the optics will destroy the 
synchronisation and cause a mode hop condition. This not only increases the cost of 

construction and maintenance, but also reduces the durability due to mechanical wear with 

continued use. 

Many conventional tunable laser sources are based on the concepts introduced by (Metcalf 

& Littman , 1978), where a dye laser was used in an external cavity. The cavity was 

comprised of a laser source, grating filter and mirror assembly. Although many applications 

based on the (Metcalf & Littman , 1978) method exist such as Sacher Lasertechnik Group, 

LiON4 series and Newport, New Focus Tunable Laser", the technology relies on a mechanical 

means to maintain accuracy. Mechanical elements will become less efficient with time and 

wear. They are also subject to failure due to use, which creates a system that would become 

inaccurate over time and use. Similar works on this topic can be found in research papers 

by (Liu & Littman, 1981) and (Suzuk, et al., 2005). This work focuses on improvements 

made to the design by using a pivot point to move both the end mirror and the diffraction 

grating at the same time. Hence tracking the grating mode with that of the cavity mode. 

The novel aspect of the research was based around the cavity tuning method and the design 

and construction of the tunable optics. Although the tuning methods was not reliant on a 

defined pivot point, there was a rotation of the tunable optics to consider. The parallel 

mirrors alter the cavity length with rotation. As the parallel mirrors rotate around its centre, 

the resulting effect was increasing or decreasing the cavity length. To provide stable mode 

hop free conditions, the mode of the cavity must be tracked at the same rate of change as 

'1 Litt.mun / Metcalf Tunable External Cavity Diode Laser, 6:3011111. 24G0111n, up to lOOmW, patented technology, hands 
off operation, large mode-hop free piczo tuning range, narrow liuewidth, free space and fiber coupled versions. 
5 New Focus tunable diode lasers arc single mode, narrow linewidth, and mode-hop-free over the specified tuning 
ranges, even over l.Os of uanoiuotorx. Mode-hop-free pcrformanco was accomplished by utilizing the Littman-Metcalf 
and Litt.row external cavity designs. To ensure high coherence and single ruode performance, diodes have an anti 
reflection (AR) coating. 
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the rotation. To achieve the objective of a mode-hop-free, durable ECTL with a large tuning 

range >200GHz, a unique tuning scheme was required. Although this scheme has an 

advantage in respect to translation of movement, it only gives a theoretical mode-hop-free 

tuning range of -256GHz and -320GHz for an angle of incidence within the etalon of 8° and 

10°. The rotating tuning optics require clearly defined design to ensure the individual 

components such as parallel mirrors and tuning optics operate together as a mode tracking 

system. 

Light Amplification by Stimulated Emission of Radiation 

The photonic source of narrow band light also known as a Laser, was theorised in 1917 by 

Albert Einstein. Through a derivation of Plank's6 law on radiation a conceptualised idea of 

spontaneous and stimulated emissions as well as absorption were formed. With the 

confirmation of the existence of the phenomena of emissions and photon amplification in 

1928 by Rudolf W Ladenburg, furthered through experiments through the 30's, 40's, until 

1950 where stimulated emissions were observed. Observations were achieved through 

experiments conducted by Willis E Lamb and RC Retherford. As well as standard electrical 

pumping to generate stimulated emissions, optical pumping was also theorised and 

demonstrated in 1952 by Jean Brossel, Alfred Kastler and J.M.Winter. 

The construction of a laser was comprised of a gain medium which gives the output laser 

its wavelength properties. Gain materials can be broken down in to three main categories: 

• Gas: Helium-neon (HeNe) (the first Gas laser), Argon-ion, Krypton, CO, CO2,. Also 
Metal Vapour. 

• Liquid: Most dye lasers and chemical laser using compounds in a solution 
• Solid: Ruby, Nd:YAG, neodymium. Most common use was in the construction of a 

typical laser diode. 

u Max Plank's Radiation Law defines electrornagnetic radiations interaction with matter. It governs the intensity of 
emitted radiation into a fixed direction from a blackbody as a function of wavelength for a fixed temperature. 
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Within each gain medium category, the gain medium can be any number of materials, with 

several hundred known demonstrations proving the use of such materials as a laser gain 

material. 

Stimulated Emission 
Within the semiconductor laser, electrons can interact with photons of a specific frequency. 

During the interaction between the photons and electrons, the electron energy level drops 

from a high state to a low or ground level state (Figure 1). This new photon will be identical 

in wavelength, phase, direction and polarization as the incident photon. 

Before During 
emission emission 

... 

Excited Ez -: 

hv hv 

I\J\I'+ !iE 

After 
emission 

Ground 

hv 

I\J\I'+ 
hv 

I\J\I'+ - 
Figure 1: Photonic Amplification 
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Review of Current ECTL's 

The simplest construction of an ECTL can be seen in Figure 2(a). Details of the individual 

tuning methods are covered later in this chapter. 

For the examples shown Figure 2, a semiconductor optical amplifier (SOA) was used to 

provide a photonic source for the external cavity. The HR Rear facet along with a single 

lens and reflector/mirror. The output from the SOA was collimated using a lens and 

reflected back along the same path. The SOA has a rear and front facet and was coated 

with a high reflective and anti-reflective coating or film. The AR coating was primarily to 

reduce external cavity modes. 

(a) 

Lens 
HR AR \ Mirror 

i- · - · - · - · -~ - · 0- ~ · - · - · - · - · - · · 
SOA ~ 

Grating 

(b) 1- - - - -+0-/- - -· 
(c) 

~ 1-. - . - . - . - · ll-. 0 . - . - . - . - . - . - .. 
~ 

(d) 

(e) 

( f) 

Electro M" 
Optic ,~o, 

1- - - - -11-0-Br· 
Acoustic Mirror 

Optic ~ 

1- - - - -i1-0-BH-u· 
Etalon 

1-·-·-·-·-· ~·-· oD- ·~· - .. 
(a) ECL containing a gain medium (SOA), collimating optics and two mirror SOA HR Mirror and external 

Mirror. (b) Littrow, (c) Littman, (d) Electro-optic (EO) filters, (e) Acoustic-optic (AO) filters, (f) Etalon 

with BP Mirror 

Figure 2: ECTL diagrams based on cited references 

The lens within the external cavity was critical to the design and efficiency of beam 

collimation. The lens needs to be able to capture and collimate the maximum amount of 

light. As the beam exits the AR coated facet the beam will be divergent. A lens was required 

to collect and collimate the output. With good collimation, the external cavity mirror should 

provide optical feedback to ensure lasing can occur through stimulated emissions. 
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Various ECTL's are illustrated in Figure 2, with each of them having a distinct type of 

wavelength selector. The tuning of each design was reliant on a mirror, mirror + grating 
and optical components (electro, acoustic, etalon and grating). The movement of these 

components was what gives the cavity its wavelength tuning ability, as the cavity mode will 

change with cavity length. 

Semiconductor Laser Modes 
A wave confined in a cavity forms a standing wave pattern. The longitudinal mode of the 

resonant cavity corresponds to the wavelengths within the wave which are reinforced by 

constructive interference. This was achieved after many reflections between the end and 

return mirror. Other wavelengths are suppressed by destructive interference. 

EC :?1 
LX:J rxz:3 
P:XYXJ 

Figure 3: Example of longitudinal modes 

The nodes of the longitudinal mode are located axially along the length of the cavity. 

The length of the resonant cavity L can be characterized as: 
-;.._ 

l=q- 
2 (1.1) 

q - mode number 

The wavelength of the laser emitted from a semiconductor or external cavity, was defined 

by: 

2nl 
A.= 

q 

n -refractive index of the semiconductor material 

(1.2) 
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Mode orders are usually in the range 105 to 106 which was greater than the wavelength of 

light in relation to the distance between the cavity mirrors. In a material that was 

transparent to the lasers wavelength, any two adjacent modes q and q±l are identified as: 

C 

Llv = 2nlL1 (1.3) 

c - speed of light. 

External Cavity Laser 
With no filtering of the laser within the cavity, through selective optics and under the 

assumption that of a loss-free system, it can be said that the lifetime of the photon was 

higher. It will be unimpeded within the external cavity over its length L. From Eq.1.2 the 

Mode spacing over a distance L was given by: 

Llv = 2(nl + L) 
C 

(1.4) 

The external cavity, unlike the semiconductor laser, primarily comprised of air with glass 

optics. The semiconductor laser can provide fluctuations in output with changes in 

temperature. This causes refractive index changes in the device (Lang & Kobayashi, 1980). 

The larger cavity length of the ECL provides more stability due to the free to air cavity. 

Instabilities of the ECL may be present if the air within the cavity was perturbed. This 

would alter the cavities properties and change the feedback path which would cause a path 

length change. This would then alter the output wavelength. If the free to air cavity was 

enclosed in a controlled environment, the ECL would be more stable than a semiconductor 

laser and provide a stable single mode of operation. 

All the components of an ECTL must be considered to provide a single mode condition. 

Combinations of several optical path regimes are illustrated in Figure 2 (a-f). An omission 

from the figure in regards to wavelength selective optics was a prism design (Hansch, 1972), 

practical designs of the optic did not perform well. For best results, the tuning wavelength 
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selective element of the ECTL was integrated within the cavity (Bagley, et al., 1990) 

(Arnold, et al., 1998) (Harvey & Myatt, 1991). 

ECTL Components 

Semiconductor Optical Amplifiers (SOA) 

The gain medium of a SOA employs a semiconductor structure similar to that of edge 

emitting diode lasers (Epler, et al., 1985) (D.C. Hall, et al., 1989). Good operation conditions 

would imply an ECL with low lasing threshold current and minimal output power differences 

across a broad wavelength range. 

Semiconductor lasers comprising of 2 or more elements such as Gallium Arsenide, Zinc 

Sulfide and Silicon Carbide, which are common and provide a good platform for most laser 

application. Quantum Well (QW) structures offer threshold current in the range acceptable 

for low current lasing and large wavelength tuning range (D.C. Hall, et al., 1989) 

(Mittelstein, et al., 1989). The selection of compound materials to create a selected output 

wavelength was dependant up on the semiconductor material. It has also been shown that 

a near constant gain can be achieved over a greater tuning range (Mittelstein, et al., 1989). 

Using a graded index confined within the ECL improves low temperature sensitivity in 

respect to the lasing current threshold (Lidgard, et al., 1990). 

SOA material selection was similar to that of a diode laser, although the power output 

requirement for the SOA and diode lasers are different. A diode laser can be configured for 

high powered lasing output (Goldberg, et al., 1992) (Mehuys, et al., 1993). An example of 

a > 1 W CW, near-diffraction limited, 20nm tunable single mode 970nm centre wavelength 

has been documented (Jones, et al., 1995). The ECTL used in this application incorporated 

a SOA made from InGaAs/ AlGaAs as its gain medium. For the main purpose of producing 

a photonic source with minimal lasing capabilities. 
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SOA vs Diode Laser 

The primary difference between an SOA and diode laser was that the diode laser has been 

designed to provide a lasing photonic source. Whereas the SOA requires its lasing ability to 

be prevented or limited. This can be achieved through reducing optical feedback by reducing 

reflectivity of the output facet on the SOA. This can be achieved by using an AR coating 

that would greatly reduce reflections in the order of 10-3 - 10-4 The AR coating was a thin 

layer which was designed to suit the wavelength of the SOA. 

To obtain optimum output from the ECL, the AR coating on the front facet of the SOA 

should be designed to align with the spontaneous emissions excited within the SOA. 

Although as the laser wavelength changes with tuning, the effective AR properties would 

not perform at their peak. As the AR coating design was within a finite range and tuning, 

the wavelength of the cavity or SOA can be achieved through current or thermal effects. 

These effect will shift the gain peak towards the shorter wavelengths. There have been 

developments with a proposed dual-section SOA which avoided the effected of the internal 

mode by using phase-control (Notomi, et al., 1990). 

To conclude, the SOA was a laser diode where the output facet mirror has been replaced 

with an AR coating. Better performance was expected if the semiconductor was constructed 

of quantum structures to enable a large spectral gain. The rear facet has been illustrated in 

Figure 2 with a HR coating but this was dependent upon the application of the laser and 

where the output coupling was to take place. The SOA was often coupled in to a fiber 

pigtail, for example; telecom applications (Jones, et al., 1995). 
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Diffraction Gratings 

A diffraction grating as see in Figure 2 (b), (c) and (h) can be implemented to provide 

wavelength separation in replacement of traditional prisms (Scobey & Zhang, 1998). 

Light paths A and B (Figure 4), of a given wavelength A with incident angle Si on adjacent 

grooves in relation to the grating normal are shown. The path difference between the Al 

and Bl rays can be seen to be: 

d sin Si + d Sin Sr (1.5) 

Constructive interference of the diffracted rays A1 and B1 as a result of summing was equal 

to a multiple of the wavelength. Also known as the order of diffraction (m). 

m A = d(sin Si+ Sin Sr) (1.6) 

m = order of diffraction (integer value) 

The equation (1.6) and Figure 4 below, only takes into consideration two ridges within the 

grating. This was because the inclusion of the other ridges would not change the equation, 

but the peak of the output plot (diffraction intensity vs. 8r ) would sharpen with the 

inclusion of multiple ridges. 
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Figure 4: Section view of a saw tooth grating pattern 
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Littrow and Littman Configuration 

The typical ECL systems that employ diffraction gratings as wavelength selectors are shown 

in Figure 5. The Littrow uses retro-diffraction and Littman with a grazing-incidence angle. 

The Littman configuration was sometimes referred to as Littman/Metcalf configuration 

(Metcalf & Littman, 1978) (McNicholl & Metcalf, 1985). The centre of the dispersion curve 

of the grating defines the lasing wavelength. This can be defined using grating equation: 

m - def fraction order (integer value) 
,1 - Centre Wavelength 
<pi - incident angle 
<pd - diffraction angle 

In the Littrow configuration, the grating angle where both the incident and diffraction angles 
are equal, equation ( l. 7) reduces to: 

m,1 = 2d(sin 0) (1.8) 

The diffracted beam was commonly reflected back along the lasers emitting path and back 

on to the AR coated facet of the SOA. The diffracted beam was a I" order beam where 

(m = -1). 

Resolving for the power of the grating in the Littrow configuration was defined by (Hutley, 

1990) 

Littrow/Littman Configurations 

Both configurations seen in Figure 5 illustrate a wavelength tuning scheme which 

incorporates a moving diffractive optic within the external cavity. Both systems use a 

defined pivot point but the pivot was either on the grating (Littrow) or on a mirror/reflector 

(Littman). 
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Figure 5: ECTL with Diffraction Grating (a) Littrow Configuration (b) Littman Configuration 

The frequency of the retro reflected laser can be derived from Equation (1.6), hence this 

frequency v9 selected by the grating was given by: 

C 
V =---- 
g 2d(sin 0) (1.10) 

v9 centre frequency has a feedback width of tiv9 and can be calculated from the above 

equation (1.10) and was inversely proportional to the grating line number N. 

tiv9 1 
v9 N (1.11) 

26 IP age 



Pivot Point Independent, External Cavity Tunable Laser 

Many cavity modes lie in the grating pass-band (longitudinal modes). The cavity mode 

spacing Llvm also known as the Free Spectral Range (FSR) was given by: 

(1.12) 

The FSR in an optical cavity was defined by the spacing in optical wavelength / frequency 

between the parallel reflective return and end reflectors. 

The group delay T9 can be assumed to be equal to T9 = 2l/c. This provides the more 

traditional expression for longitudinal mode spacing in an ECL. 

C C 

LlVmE = 2(nl + L) = 2l (1.13) 

In some Littrow systems, an etalon was utilised to perform the operation of mode selection 

by forcing the cavity to operate in a single mode. This Etalon was placed within the optical 

path of the cavity with its FSR greater the full-width half-maximum (FWHM) of the grating 

filter. Placement of the Etalon would be between the lens and the grating (Hansch, 1972) 

and Figure 54(f). Also the finesse of the Etalon must be high enough to increase the 

wavelength selectivity. This should be by a factor of 10 to ensure good wavelength selection 

within the FSR. 

This method of wavelength selection was complicated within the Littrow configuration as 

the Etalon was required to track the tuning at the same rate as the grating and cavity 

length. This synchronous tuning would be very complicated and difficult to maintain within 

the Littrow system. 

Littrow and Littman design differences 

The separation between the two methods of design was primarily the wavelength selection 

method. For Littrow configurations (Figure 5a) the emitted light from the gain medium was 

collimated by a lens. The collimated beam was then diffracted by the moving grating. Light 

that was coupled back toward the gain medium providing the wavelength selection in respect 

to the angle of the movable grating. Higher power outputs can be achieved with the Littrow 

configuration due to reduced optical components when compared to the Littman 

configuration. It will also provide a larger linewidth than Littman configurations as the 
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wavelength selection was weaker. Also the Littrow configuration has the disadvantage of 

beam output change which provide complication when coupling the output. 

The Littman configuration has the addition of a movable mirror and a fixed grating. The 

beam was coupled on to the grating using the same method as with the Littrow 

configuration, but by using a mirror, the diffracted beam from the grating was reflected 

back on to the grating. This means the light was diffracted twice before leaving the cavity. 

This second diffraction provides a narrower linewidth but reduced output power and tuning 

range. As the optical path was more complicated that the Littrow methods, optical losses 

are present due to the number of component and the number of interactions of each optical 

component. 

Electronically Tunable Configuration 

Changing the path length of the laser in the external cavity requires the cavity length to 

change. This can be achieved by using a mechanical or electro-mechanical method. This 

method performs a movement of the defined path length components such as diffraction 

grating or return mirror. The major drawback of such tuning schemes was that a mechanical 

or electro-mechanical tuning method was limited by the mechanical speed of the motor or 

piezo actuator. Also, tuning direction change with a mechanical component that was subject 

to instability of movement with a change in direction. 

Implementing a component such as an electro-optical (EO) crystal that changes its refractive 

properties when a voltage was applied. With a change to the refractive index ( n) of the 

crystal optic, the path length of the ray will change in relation to n. This method of tuning 

was faster and more predictable that mechanical means of tuning. Although the tuning 

range was still limited by the mode spacing of the cavity for a mode hop free tuning scheme. 

Mode-hop free ECTL's have been demonstrated to have tuning speeds of >1.5 GHZ /µs 

(Levin, 2002). For this tuning method, an instantaneous linewidth of <300 kHz has been 

observed when elongation of the cavity of proportional to the measured cavity length across 

the beam. 
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Another way of affecting the cavity length was to use a tunable return mirror. This type of 

mirror can be electrically tuned towards a specific wavelength; hence the selection of the 

wavelength can be selected. These types of mirror are generally liquid crystal in construction 

and the wavelength selection was determined by an electrical method. These are termed 

LC-Subwavelength Resonant Grating filters and can be used in an ECL as a tuning 

mechanism. ( Chang, et al., 2007) 

Continuing the use of an electrically excited optic or Etalon but incorporating a mode 

selecting optic that tracks the cavity mode. A fast and accurate tuning method, although 

complicated can perform well and provide mode hop free tuning. This can be achieved with 

the cavity and etalon modes being tracked or tuned at the same rate. (Coquin & Cheung, 

1988) (Takabayashi, et al., 2004) (Duarte, 7 Oct 2003). With the etalon be tuned at the 

same rate as a Tunable Mirror, the tracking of a peak can be achieved within the wavelength 

range (Figure 6). If the peak was tracked at different rates, the mode selected with the 

cavity will change to the dominant mode within the cavity and the etalon. 

Etalon Peaks 

Tunable Mirror 

Figure 6: Tunable Etalon Peaks within an ECTL 

Limitations of current configurations 

On review of the tuning methods used, it can be surmised that the Littrow configuration 

based on rotating a Grating filter within the external cavity was preferred. (Bagley, et al., 

1990) (Wandt, et al., 1996) (Hildebrandt, et al., 2003). The design of all systems based on 

this method are independently different. Each system will have a different wavelength 
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selection and provide different characteristics. Such as tuning range, linewidth and tuning 

speed. 

The pivot point of the grating or mirror was defined within the cavity. If the pivot point 

changes with environmental conditions or mechanical wear, the defined mode of the cavity 

will change and the tuning accuracy will alter (Sebastian D. Saliba, 2009). The combination 

of a standing wave condition and pivot angle will produce continuous tuning greater than 

half the FSR as long as both cavity length and pivot angle movement was synchronous 

(Nilse, et al., 1999). 

As the pivot point of the grating or mirror was a mechanical element, it was subject to 

mechanical wear. As the definition of the pivot point was crucial within the Littrow and 

Littman configurations, nm movement of this point will cause wavelength instability in 

relation to mode hops. 

Other Tunable Laser 
With the advancement in micro-electro-mechanical system (MEMS), very accurate vertical 

tunable lasers can be produced. These lasers are constructed in a vertical form, where the 

back mirror / gain medium / movable front mirror are stacked on top of each other. These 

devices are generally less than 1mm across and can provide a tuning rate of <500kHz 

(Jayaraman, et al., 1993). The linewidth of such lasers has been demonstrated in the range 

of 30MHz which in contrast to <300kHz for commercially available Littrow and Littman 

tunable lasers. The linewidth was larger due to a short cavity length <lOµm. The MEMS - 

VSCEL are also very expensive, with equipment costing £50k and above. 
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Introduction to New Tuning Scheme 

Basis of Research 
Moving away from current convention, the basis of the new design was to create a laser 

cavity with the ability to change its length with no dependency on a defined pivot point. 

Tuning of a diffraction grating and filter in phase with a change in cavity length, producing 

a mode hop free laser output. With this design methodology, the end design will demonstrate 

a stable mode, extended life and possible manufacturing cost reductions. 

Research Challenges 
The main differences between this research and current tuning methods was the removal of 

the defined pivot within the system. Going away from traditional methods of tuning provides 

many design challenges. As a periscope system has not been implemented before in a mode 

hop free tunable laser, the definition of the periscope along with the selective optics provide 

a new approach and challenges to conventional tuning methods. The action of tuning was 

rotational as with conventional tuning schemes but the mode selective optics must be 

defined with a specific incidence angle. This was to ensure the mode of the laser was 

maintained and tracked by the selective optics. The periscope design was critical to the 

tuning range of the final system. As the periscope rotates, the cavity /path length changes 

and the output wavelength was tuned. Small changes in the rotation scheme may impact 

the tuning range of the laser, but still maintain mode hop free tuning. 

Fundamental Improvements 

The one of the major benefit of developing a PPI ECL in respect to future applications 

would be the production of a lower cost tunable source. It has been stated previously that 

the cost and maintenance of currently available products obstructs many developments in 

the world of Life Science. With the creation of the PPI ECL, new products can be developed. 

These products at present would be too expensive to break in to new markets as current 

tuning methods are expensive to produce. 

Reliability was a key factor, as conventional products based on the Littrow or Littman 

configurations are dependent upon a mechanical pivot point within the system to enable 
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cavity length changes. The PPI ECT Laser does not use a fixed pivot point to determine 

its operation. Instead the system was based on the correlated movement of fixed components 

which enables tracking of the cavity mode through angular synchronization. This movement 

can alter over time, but does not impact the functionality. By design the cavity length and 

angular change of components has been designed with no fixed pivot point. With current 

technologies, if the pivot point changes due to mechanical wear the laser will not function 

within its defined parameters. As the PPI ECT Laser has no defined pivot point, changes 

to the pivot angle and speed will not affect operation. Hence allowing longer operational 

lifetime when compared to conventional methods. 

During the initial build, tight selection of components will be imperative, as the final design 

was required to be tunable over a large range of> 1 THz. The main limiting factor in regards 

to tuning range was the tracking of the mode peak by using the etalon and bandpass filter. 

The selected mode was defined by these two components which are co-located on the same 

substrate. The angle of acceptance on the filter has a direct impact on the cavity length as 

the angle of rotation was limited by the incidence angle on the filter. 
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Chapter 2: Background 

Tunable Laser 

The wavelength of the output photonic source was directly related to the cavity length. If 

this distance was static, the resultant standing wave was of a defined wavelength. All lasers 

are able to provide an output that have a range of frequencies within a given bandwidth. 

This spread over a frequency range was called linewidth. For general lasers types the 

linewidth was narrow. By using moveable selective optical components, a selected 

longitudinal mode can be selected and hence change the lasers wavelength. 

Creation of a Tunable Laser 
There are several types of Laser that could be used to describe how a Laser was tuned, but 

for this we shall only consider a semiconductor Laser as it was the basis of the research. 

An ECTL can be created using a SOA to provide the gain medium. With this source, 

photons enter a cavity outside the gain medium. The end mirror was placed at a distance 

outside the gain medium but with the path the collimated laser. 

Using collimation optics, the output from the laser/gain medium was set along a path 

towards an end mirror. This alone does not produce any tuning of the Laser but simply 

provides a cavity in which to create a Laser. For tuning, optical components are required 

to select a given cavity more and to change the length of the external cavity. These two 

features are required to track a given laser mode whilst changing the cavity length. 

The output of the laser can be obtained from either the end mirror ( external cavity) or at 

the rear facet of the gain medium. For the gain medium to function in this way the front 

facet would need a transmittance of at least 80%. The same would be for the external cavity 

end mirror. 

33 I Page 



Pivot Point Independent, External Cavity Tunable Laser 

Key Features 

For precision applications, where stability was key to accurate data collection, such as 

metrology, many facets of the tunable laser are required to be defined. To generate a tunable 

source for metrology applications, the features of the tunable laser must be as follows: 

• Mod hop free over a large free spectral range 
• Stable in relation to temperature (hermetically sealed and temperature controlled) 
• Tuning range to be defined and adjusted mechanically 

• Fibre coupled 
• Small line width <lO0kHz 

Limitations 
Design of the tunable sources that are based on conventional methods which implement a 

pivot point dependant design are restricted to the defined position of the pivot point. 

Stability of the tunable Laser was maintained until the definition of the pivot point changes. 

This could be a change due to mechanical movement of the pivot point due to mechanical 

wear. Once the definition of the cavity changes, the tunable laser parameter would change. 

Possible implications could be an unstable source, mode hopping or even damage to the 

external cavity. 

Rate of change of the tuning optics was limited to the design and specification of the 

mechanical tuning element. This could be a motor, flexture, oscillating coil, MEMS or 

similar. 

Tunable Laser Architecture 

Gain Chip / SOA 

A laser chip with at least one anti-reflection (AR) coated output facet can be referred to as 

a gain medium. The semiconductor material in this instance contains a curved section that 

was present to reduce the effect of reflection from the AR coated output facet on the laser 

mode of the laser medium. This therefore reduces the residual cavity effect of the AR coated 

output facet on the external cavity modes. The term lase refers to the threshold between 

spontaneous and stimulated emissions. Once the stimulated emissions exceed the number of 

spontaneous photonic emissions, a true laser was achieved. For applications where an 
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external cavity was implemented, the photonic source of radiation was in the pre-lasing 

state, where only spontaneous emissions are present. 

To achieve such a device, the gain medium was not created within a straight channel. 

Instead, the gain medium incorporates a curve, which reducing the stimulated emissions by 

inhibiting or absorbing the emissions in the curved section of the channel hence supressing 

the gain blocks ability to lase. 

Gaussian Beam and Beam Propagation 

The propagation properties of a laser beam are a requirement for application design. The 

beam propagation can be approximated with the laser beam having a Gaussian intensity 

profile (see above). Most lasers emit beams with a Gaussian profile and was said to be 

operating in the fundamental transverse mode (TEM00) of the laser's optical resonator. 

Transmission through a lens transforms the Gaussian beam in to another Gaussian beam. 

This beam can be characterised be a different set of parameters and hence why Gaussian 

optics was used as a convenient way to model laser optics. 
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X 

Figure 7: Gaussian Beam 

A Gaussian beam was radially symmetrical. Its electric field was given by the following 

equation: 

E5=Eoexp(-;:z) (2.1) 

The distance from the centre of the beam was defined as r, and W0 was the radius where 

the amplitude was 1/e of its value. See Figure 7. 
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Figure 8: Gaussian Beam Width 

A Gaussian beam propagating in free space, the spot size W(z) will be at a minimum Wo 

at a single place along the beam axis, known as the beam waist. For a beam of wavelength 

A at a distance z along the beam from the beam waist, the variation of the spot size was 

given by: 

~ 
W(z) = W0 ~ 1 -t- \i;) (2.2) 

Where the origin of the z-axis was defined, without loss of generality, to coincide with the 

beam waist, and where: 

2 nW0 
ZR = -A- (2.3) 

Total angular spread of the Beam was given by: 

(2.4) 

The above equation are only accurate within small angle approximations. 
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External Cavity Laser 

As the structure of a typical solid state laser was small in construction, manipulation of the 

photonic emission would require Nano-structures within the cavity. Once laser beam was 

collimated and parallel to the optical bench, the beam can be directed to a high reflective 

surface that was perpendicular to the output facet. The beam was then directed back toward 

the output facet of the gain block. This creates the external cavity without manipulating 

the gain medium. 

This can also be termed free space optics as the laser cavity exists primarily in air. The 

photons within the cavity can be described as intra-cavity photonic emission. 

The longer resonator increases the damping time of the intra-cavity light and thus allows 

for lower phase noise and a smaller emission linewidth (in single frequency operation). An 

intra-cavity filter such as a diffraction grating can further reduce the linewidth. Typical 

linewidths of external-cavity diode lasers are below 1 MHz. 

A simple setup of a diode laser with external cavity (Figure 9). The gain medium was anti 

reflection coated on one side, and the laser resonator extends to the output coupler mirror 

on the right-hand side (return mirror). 

High 
Reflective 
coating on 
the end\ 

i:::::====f< 

Low Refractive 
(AR) coating on 
the output facet 

Gain Medium Collimating Lens Return Mirror 
(80%) and Output 

Figure 9: Simple external cavity setup 

Wavelength tuning was possible by including some adjustable optical filters. Often a 

diffraction grating was used for the purpose wavelength tuning. The external tunable optic 

also adds important features for mode locking. Note that there are external-cavity 
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semiconductor lasers which are not diode lasers, for example; optically pumped vertical 

external-cavity surface-emitting lasers (VECSELs). 

Collimating Optics 
The beam from the gain chip was not collimated upon exit from the return mirror/ output 

facet. Instead it was divergent and requires the addition of an optical component to collimate 

the beam. Using the correct lens or lens combination, the beam can be collimated over a 

distance. Once collimated, the beam can be used productively within the external cavity 

with minimal loss of power. If the beam was poorly collimated, the stimulated emissions 

would be reduced and hence the power output would be affected and reduced. 

Defined Pivot Point 
As referenced previously, conventional methods of laser tuning incorporate a moving Bragg 

grating with a well-defined pivot point. During the design of this system, the angular 

displacement relating to the pivot point was part of the theoretical design. Due to this fact, 

any movement outside the definition of the angular movement will cause unknown effects. 

With conventional systems, life expectancy of the tunable source was a consideration during. 

Maintenance of such equipment can be costly. 

Applications of a Tunable Laser Source 

Some examples of applications for a Wavelength Tunable Source are: 

Spectroscopy 
Spectroscopy was the study of the response of interest from a given material, with the 

spectral data being analysed to identify features. There features could contain information 

regarding material composition. 

Optical Metrology 
Optical Metrology was often necessary to stabilize a lasers wavelength to a certain standard 

or reference. This would be required in analysis of cell absorption at a specific wavelength 

or in a reference optical cavity. This can be accomplished e.g. with an electronic feedback 

system, which automatically adjusts the laser wavelength. 
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Interferometry 

An interference system such, as a Michelson7 interferometer, allows distance measurement 

equipment to be produced that analyse the fringe pattern created from the summation of 

the split paths of the tunable source. Using phase information contained in the output of 

the interferometer, accurate measurement of path length difference can be calculated. 

The distance d in reference to the movement of fringes by a known reference point can be 

calculated: 

m,1 
d = 2 (2.5) 

Where m was the number of fringes 

Coherent 
Light Source 

mirror 

Beam Splitter 
mirror 

Detector 

Figure 10: Michelson Interferometer - Light Path 

Interferometry makes use of the principle of superposition to combine waves in a way that 

will cause the result of their combination to have some meaningful property that was 

diagnostic of the original state of the waves. This works because when two waves with the 

same frequency combine, the resulting pattern was determined by the phase difference 

7 Michelson interferometer uses a beam splitter to generate two separate paths of the original source. Once reflected 
along each separate split path, the beams are combined following the reverse path. At the output, if differences are 
apparent in the two split paths, interference fringes will be apparent in the output beam. Maintaining a known distance 
of a single arm of the split path, relative information can be inferred from the fringe pattern. 
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between the two waves-waves that are in phase will undergo constructive interference 

while waves that are out of phase will undergo destructive interference. 

Typically, (see Figure 11: Michelson Interferometer configuration) a single incoming beam 

of coherent light will be split into two identical beams by a beam splitter (a partially 

reflecting mirror). Each of these beams travels a different route, called a path, and they are 

recombined before arriving at a detector. The path difference, the difference in the distance 

travelled by each beam, creates a phase difference between them. It was this introduced 

phase difference that creates the interference pattern between the initially identical waves. 

If a single beam has been split along two paths, then the phase difference was diagnostic of 

anything that changes the phase along the paths. This could be a physical change in the 

path length itself or a change in the refractive index along the path. 
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Figure 11: Michelson Interferometer configuration 

As seen in Figure Ila and Figure l l.b, the observer has a direct view of mirror Ml seen 

through the beam splitter, and sees a reflected image M'2 of mirror M2. The fringes can be 

interpreted as the result of interference between light coming from the two virtual images 

S'l and S'2 of the original source S. The characteristics of the interference pattern depend 

on the nature of the light source and the precise orientation of the mirrors and beam splitter. 

In Fig. 2a, the optical elements are oriented so that S'l and S'2 are in line with the observer, 

and the resulting interference pattern consists of circles centred on the normal to Ml and 

M'2. If, as in Figure l l b, Ml and M'2 are tilted with respect to each other, the interference 

fringes will generally take the shape of conic sections (hyperbolas), but if Ml and M'2 

overlap, the fringes near the axis will be straight, parallel, and equally spaced. If S was an 

extended source rather than a point source as illustrated, the fringes of Fig. 12a must be 
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observed with a telescope set at infinity, while the fringes of Fig. 12b will be localized on 

the mirrors. 

Telecommunication 

Traditional time multiplexing of communication signals has been a mainstay for generations. 

With increasing demand on communication speed and reliability, fibre communication was 

a major requirement for today's high capacity networks. With internet streaming of data, 

reliability and maintenance of the communication highways was an ever demanding task. 

Although the data transmitted across the fibre requires a coherent light source, the tunable 

laser at present, due to its limited life and cost was used as an engineering tool for testing 

the line. This could be for line break analysis for detecting distance to a fault, or even 

identifying strain within an optical cable. 

For fibre communication which encompasses multiplexing through wavelength separation, 

a tunable laser can be utilised or replace an existing single wavelength source if a channel 

fails. The cost of a tunable source was much high but are employed as the cost reduced with 

new technologies. 
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Areas of Research & Development: Theoretical & Physical System 

System Design Approach 
System design through the process of mathematical analysis was essential to provide 

information in regards to the following: 

• Cavity length for mode hop free conditions 
• Periscope Angle for Maximum Tuning Range 
• Physical size in relation to optical components 

o Enable rotation of components 
o No mechanical collisions 
o Free to move optics within the scope of the design 

As well as ensuring mode hop free conditions through analysis, it was essential to design an 

optical system that would suit the selected optical components. As the system requires a 

lens solution to collimate and focus the laser, physical distances to mechanically parts needed 

to be defined. As the periscope rotates there should be no contact between any other 

components, for obvious reasons. As the laboratory prototype requires flexibility, a tolerance 

for the movement of optical parts was a required for development purposes. 

Gain Medium Design 
As a proof of principle, the wavelength of the tunable source selected was a 650nm gain 

medium. The gain medium was manufactured specifically for this project. 

As the tunable laser was based on an external cavity, the laser required should not lase at 

the time of entering the external cavity. To reduce the lasing capabilities of the gain 

medium, it was essential to enable the ridged waveguide to incorporate a curved section 

(see Figure 12). The straight section of the waveguide acts as a standard laser cavity where 

the appropriate pump method will generate stimulated emissions. The purpose of the curved 

section was to reduce the stimulated emissions by absorbing some of the photons in the 

cladding of the curved section. This reduces the cavities ability to reach lasing conditions. 

The cavity was still able to lase but only under increased pumping methods. This may not 

be possible as the electrical current required to obtain a lasing condition may be beyond the 

physical characteristics of the gain medium. Hence, the electrical pumping may exceed the 
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electrical specification of the chip. Exceeding the electrical specification may damage the 

gain medium. 

There are two approaches to reducing reflectivity within the gain medium. A standard 

straight waveguide can be constructed with a very low reflection coating. The more common 

method was to use a curved section as seen below Figure 12. 

Laser Cavity 

Rear Facet 

~---------+----~ 

Output 

Front Facet 

/ 

Straight Section 

I -<l~t-----•• I 

Curved Section 

Figure 12: Waveguide structure 

Production Waveguide Variations 
The gain medium was produced with several variations in order to provide options during 

the testing phase of design. This enabled the selection of the gain medium to be appropriate 

for the cavity. Several variations were produced with the following combinations: 

• Exit angle of the cavity at O°, 6°and 10° 

• 500 and 1000 microns in length 

Laser diodes constructed with a straight ridge wave guide and both facets anti-reflection 

coated, produce a high current threshold laser. A significant angle of incidence on one of the 

facets (typically the output) will reduce its lasing ability and provides a good gain medium 

for this application. 
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Materials 

Cavity length of the external cavity will be affected by changes in the temperature of the 

materials, jigs and ambient air temperature. As the cavity contains glass components, 

selection of materials to provide low expansion with temperature fluctuations are essential 

to maintain stability. 

Instabilities such as ambient temperature and air flow over any exposed areas of the external 

cavity will provide instabilities during setup and testing. In an ideal setup, all components 

held within the external cavity should be sealed or contained in a controlled environment. 

Such variables will cause the optimisation and tuning range to suffer as a direct consequence 

of these factors. 

Mechanics and Assembly Elements 
As with material selection for mounts, lens holders etc., the mechanical design for use during 

testing should take thermal expansion in to consideration. 

External Cavity 
Construction methods that allow adjustment and refinement, along with precise movement 

was required during cavity construction. Micrometres and other small movement devices 

were used during setup, but once fixed no adjustment apart from the periscope movement 

was possible. 
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Construction 
Using a combination of bespoke mechanical / optical parts and procured 

linear/rotation/goniometer stages. The construction of the tunable laser was affixed using 

a combination of UV and thermal cure adhesives. The techniques for constructing the sub 

assemblies and final assemblies provided some engineering consideration. Poor adhesion and 

misaligned components will affect the overall design. Any movement in component position 

will have a dramatic effect on the laser. 

Testing 

Once completed, a suite of tests was developed to evaluate and characterise the external 

cavity laser: 

• Tuning Range 

o Using a simple interferometry setup, the tuning range and mode hop 

situations can be identified. 

• Optical Wavelength 

o Using a spectrometer to observe the wavelength of the laser formed in the 

external cavity. 

• Continuous Wave Output Power 

o Performance characterisation of the laser beam with changes in Periscope 

Angle, Drive Current and Gain Block temperature. 

• Mode-Hop-free tuning range 

o Perform extensive testing relating to mode hop free performance, using the 

same or similar setup as Figure 103. Observe mode hop condition and repeat 

experiment for different Gain Block drive currents and temperatures. 
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• Beam Shape 

o Using a suitable beam profiler, observe the beam shape from the PPI ECT 

Laser. Also repeat the experiment whilst coupled to a single mode fibre. 

• B earn Output Diameter and Divergence 

o Using the same beam profiler as for the Beam Shape experiment, perform 

diameter measurements at distances of 1, 10 and 100m. Calculate the 

divergence angle from the results obtained. 

• Polarisation 

o Place a polarization stage to measure transmittance power at different angles 

using a power meter. Repeat for different tests altering Gain Block drive 

current and temperature. 

• Wavefront Flatness 

o Measure the beam power in each arm of an experimental interferometer 

system using a similar setup as in Figure 103. Using minimum path length 

of 30m for Path B up to 100m. 

• Temporal Coherence 

o Measuring the monochromatic nature of the PPI ECT Laser source using an 

adapted interferometer setup. 

• Intensity Stability 

o Observe the PPI ECT Laser power with different drive currents and 

characterise the PPI ECT Laser across the full tuning range. Repeat for 

different environmental conditions. 

• Fibre Coupling 

By removing the end lens of the PPI ECT Laser, the fibre can be coupled by mounting a 

stand of fibre to a glass substrate mounted to a jig. Alignment can be achieved using the 

same method of construction as with the PPI ECT Laser and glued in to position. Once 

this has been accomplished, all tests can be repeated. 
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Chapter 3: Design Theory 

The design of the cavity (Figure 13) was such that that path length changes with the 

movement of the rotation platform. The platform contains the periscope (parallel mirrors) 

and selective optics (Etalon and BP filter). As the platform rotates the beam moves across 

the periscope mirrors between defined angular positions. The function of the periscope was 

to maintain the same input and output beam angle. The limitation of this design was based 

on the size of the periscope mirrors and the length / position of the selective optics. With 

an angular change of the periscope of 2 degrees, the beam will move approximately 1mm 

across the surface of the periscope mirror. 

Rear Facet Collimating 
~ Lens 

~t=::====t=:===- 

Gain Medium 

Selective Optics 
Periscope 

Rotation 
Platform 

End Mirror 

Figure 13: External Cavity Design with Rotation Platform, Periscope and Selective Optics 

The cavity length can be extended if required by adding an angled fold mirror in place of 

the end mirror and place the end mirror at some distance towards the gain medium. 

Although there are many considerations to be reviewed when deciding upon an ideal folding 

angle. The size of the periscope will impact the angle as the periscope was required to be 

both large enough to produce a maximum cavity length without clipping the beam. At the 

same time, it must also be light enough to reduce mechanical strain whilst rotating. Another 

consideration was the space requirements of the selective optics attached to the periscope 

assembly. If too large, there was a risk of damaging the selective optics as they may come 

in to contact with other optical or mechanical components. 
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Theoretical Tuning Range 

Angular displacement of the periscope from a given central position was essential to allow 

the largest cavity length change. To accomplish this, the mirrors on either end of the 

periscope should be identical and the optimum width and height to allow for beam 

movement across the surface of each mirror. The width of the beam should be approximately 

5mm diameter with the periscope mirror being defined as 9mm. This will give a ±2mm 

width movement from a central position. The periscope incidence angle {Jp and periscope 

length d are appropriate to avoid the clipping of the beam by the two periscope mirrors. 

This gives a periscope length d=16mm for {J p =14Q 

Periscope 
9000 

N 
::r:: 
l'.) 

I 8000 
(1) 
t» 
C 
~ 7000 
r» 
C ·a 6000 
;:::l 
E-t 

tuning range - angle of incidence 

6 8 
Periscope 

10 12 14 
angle - degrees 

16 

Figure 14: Theoretical Tuning range; wavelength: 650nm, periscoped: 16mm 

To check if the design of periscope (i.e. d=l6mm, {J,,=14°) satisfy condition ii), we use the 

mode hop free tuning condition. 8 

M Me ,1, 
L - Le < 2L (3. l) 

8 Tunable Lasers handbook, Pg 410, Equation 75, (Duarte, 7 Oct 2003) 
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This mode-hop-free tuning condition was based on the following assumed conditions 

i) The change in mode number must be < ½ to avoid a mode hop 
ii) The gain of the laser diode was the same for all the wavelength of consideration 

Figure 13 shows the variation of the theoretical tuning range with initial periscope angle for 

a periscope of 16mm length and operation wavelength at -650nm. The tuning range 

increases with the increase of initial periscope angle. For {JP =14°, the tuning range was 

>8000GHz. 

Lens Selection 

In the external cavity, the beam will be collimated using an external lens that was situated 

several millimetres away from the gain block. The numerical aperture needs to be large 

enough to capture as much of the light from the gain block whilst collimation achieved with 

an acceptable focal length. During collimation of the beam, the focal length will be important 

to determine the beam waist. This will be useful when positioning the lens and achieving 

the theoretical ideal for the lens position. 

Focal Length 

The larger the focal length of the lens the smaller the numerical aperture has to be in order 

to achieve diffraction limited performance. The selected laser source in the system has a 

FWHM divergence angle of 6° and 29° (far field) slow and fast axis respectively. A lens of 

NA= 0.485. Alternatively, the focal length has to be as long as possible to reduce divergence 

of the collimated beam. The selected Geltech 354105 lens has an NA= 0.594 and f=b.Smm. 

For many reasons including symmetry and cost, the collimating lens and end lens will be 

the same. The output lens may differ as it does not affect the external cavity as it was not 

looped back in to the system. 

Astigmatism 

Alignment of the beam through the cavity and insuring that all optical paths are parallel 

was crucial in maintaining a beam shape that was defined as a spot. An astigmatism would 

be visible as an elongation of the beam along one axis more than another. 
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As the exit aperture of the gain medium was rectangular, the output would always have an 

astigmatic appearance. 

Etalon with Band Pass Filter 

The co-rotated Etalon with BP Filter was used to select a specific cavity mode. Where the 

band pass filter was used to select an etalon transmission peak or etalon mode. The co 

rotation of the Etalon/BP Filter along with the rotation of the Periscope was synchronised 

and hence tracks the cavity mode, etalon mode and the peak of the filter. 

Etalon 

The definition of the etalon was based on the Refractive Index n, Etalon Thickness t and 

the Reflectivity of the surface R. Parameters t and R define the distance between the 

transmission peaks of the Etalon. The transmission peak distance decreases as the Etalon 

thickness increases. The laser beam has a physically limited size and the incidence angle on 

the Etalon around 14 °, an Etalon that was thinner will enable better beam overlapping. 

For laboratory testing it was unlikely that the oscillating speed be very low. For future 

benefits and feasibility, the frequency of oscillation must be seen to be in the region of 

> 200Hz. The thickness should be by approximation 400µm. 

Band Pass Filter 

The Etalon peak must be selected through the use of a narrow band pass filter so that the 

cavity mode closest to the selected etalon will lase without mode hop. To maintain this 

condition, a filter peak was required to move at the same rate as the etalon peak movement 

or as close as possible. 

The etalon transmission peak: 

. 0 2 

(
sm e) Ae = Aen 1 - -n- (3.2) 

Where Aen was the etalon peak wavelength at normal incidence. 

Bandpass filter peak wavelength: 
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(
sin0r)

2 

"-f = "-fn 1 - -- (3.3) 
neff 

Where "-fn was the filter peak wavelength at normal incidence and neff was the effective 

refractive index of the filter. 

As the band pass filter was coated on top of the etalon 0e = 01. 

Tracking conditions are n = nett and "-eo = "-to, 

Where; 

"-eo = Etalon Peak Wave length 

"-to = Filter Peak Wavelength 

Fibre Coupling 

For aspects of the final testing phase, experimental testing and also beam coherence the 

output from the end lens assembly will require coupling in to a single mode fibre. With the 

end lens inside the cavity focusing through the glass before reflecting back in to the cavity, 

as the end mirror was 85% reflective the focus point of the laser can be coupled directly in 

to the fibre without the need of extra optical components. 

The PPI ECTL was designed to around the traditional external cavity constructed using 

optical components both off the shelf and bespoke optics. The cavity starts at the back facet 

of the laser diode and ends on the return mirror (Figure 13: External Cavity Design with 

Rotation Platform, Periscope and Selective Optics). 

Cavity Length with Rotation 

The laser path through the cavity has a determinate length dependant on the Periscope and 

Etalon/Filter rotational angle. As the refractive index of the filter and effects of the etalon 

change the path length in a non-linear method. The construction of the Etalon/Filter was 

such that it forms part of the same substrate, hence this component can be considered a 

parallel glass block. 
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The path length equation in respect to angular rotation can be separated in to three steps: 

• Effect of the Parallel Glass Block 
• Effect of Periscope 
• Cavity length expression 

Laser Mode Hops 

In relation to a laser with a single-wavelength, the mode of the laser can change to another 

mode with effect from external parameter. These are mainly in relation to the cavity length, 

as it was the cavity that governs the mode. Through temperature or path length change, 

the mode of the laser can move to the adjacent mode and may maintain two modes at the 

same moment. Once a mode was resonant, the main power of the laser will be in that 

wavelength mode until a different mode was selected. 

In the case of moving between modes, it was possible for the move from mode 'a' to mode 

'b' and back again to be maintained in an oscillating switching pattern. Both modes are 

dominant and continuous mode hops will be observed. The optical power will be distributed 

between both modes. 

Mode Hop Conditions 

External factors can cause rise to mode hops within a laser cavity. The gain chip can be 

subjected to influxes in temperature (ambient and or thermal dissipation). A change was 

temperature will change the mode by shifting the gain from one mode to another. 

Changes in the length of the cavity can cause mode hops. In this effort, modes will be 

tracked with the external cavity via the etalon. Without the etalon, the dominant mode of 

cavity would change with cavity length change. 

Gain medium power changes, (i.e. electrical current) will change the characteristics of the 

photonic source. This could be identified as noise within the system. Other noise that could 

influence the laser are vibration to the optical components (lens's, mirrors, mounts etc.) 
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Mode Hop Free Conditions 
If a lasers mode has a large spacing between its modes (Large FSR) the ability to maintain 

a single mode would be easier. Using optics within the cavity to filter the laser and hence 

track a specific mode over a given range of tuning. These optical filters would be 

traditionally an optical grating. Stabilisation of external factors such as temperature, air 

flow and vibration will in turn provide a more stable environment to maintain a single 

mode. 

Path Length Change of a Laser in an External Cavity 

The ideal condition for mode-hop-free tuning was that the ratio of change of the cavity 

length L was equal to that of the etalon characteristic length Le, i.e. 

(3.4) 

Where b..L and bi.Le are the change of the cavity length and etalon characteristic length 

respectively. 

For simplifying the derivation of the optimum relationship, we neglect the effect from the 

etalon on the cavity length because the etalon thickness was much smaller than the cavity 

length. The cavity length L can be written as: 

1 L == (1 + -)(h + 2d cos 0µ) (3.5) 
cos 2/3 

Where /3 was the tilt angle of folding mirror, h was the single pass optical length excluding 

the effect from the periscope, d was the distance between two mirrors forming the periscope 

and {}v was the light incidence angle on the periscope. We denote has Cavity Height, d as 

Periscope Length. 

The factor _i_ represents the effect of double pass or cavity folding. 
cos 2/3 

(for a single pass cavity L == (h + 2d cos 0µ)· 
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The etalon characteristic length can be written as: 

Le = nt cos a (3.6) 

Where n was the refractive index of the etalon, t was the thickness of the etalon, awas the 

internal angle inside the etalon. So for air gap etalon: 

Le= t COS 0e (3.7) 

While for solid etalon: 

L = t ,Jn2 - sin20 e e (3.8) 

Observing equation (3.5) and (3.8), we can conclude that when Cavity Height was equal 0 

and an air gap etalon was used, the tracking condition (3.4) was satisfied for all angles ( on 

the condition that the cavity length variation resulted from the rotation of etalon was 

neglected). So the tuning range was limited by mechanical restraints only in this case. 

In our optimised design, we use a solid etalon instead of an air gap etalon because a solid 

etalon was much cheaper than an air-gap etalon and the design using solid etalon can 

provide enough tuning range (> 1000GHz). 

For a solid etalon, there was no solution for ideal tracking. To obtain the optimum 

relationship of periscope length, cavity height, periscope angle and etalon angle that gives 

a maximum tuning range, we perform the following steps: 

i) Insert equations (3.5) and (3.8) into equation (3.4). 
ii) Replacing 0P with 0P + 60 and 0e with 0e + 60, respectively. 
iii) Expand the left-hand side and right-hand side of equation (3.1) to the second 

order of 6 0 and obtain an equation set by equating the first order term and the 
second order term: 

2d sin 0P 
h + 2d cos0P 

1 

dcos0P 1 2n2(n2 -1) 
---~-=--+---------'--- 
h+2dcos0p 2 (cos20e +2n2 -1)2 

(3.9) 

(3.10) 
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iv) Solve this equation set to obtain the optimum relationship: 

d4Jin\n2 -1) [(32,i4-321/-15)a+2(2,/-1)(5+3b)+cJ2 g2 
h = -----,=============:===~~~== (3.11) 

3 + (81/ - 4)a + b [(a+ 2,/ - 1)2(15(2112 - l)a + 2(2,i4 - 211
2 
+ 1)(5 + 3b) + (2,/ - l)c ]g

2 

2[(a+21i2-1)2(15(2n2 -l)a+2(2,/-2,i2 +1)(5+3b)+(2n
2 
-l)c]g

2 

0P = arc sec~_:__:_----;:=======================~=~=-~~::_ 
(5 + 8(,i2 -l)a + 3b csc 0e sec 0e + S(sin 0J4(tan 20J

2 (3.12) 

where a= cos20e, b = cos40e, C = cos60e, g = csc20e. 

Equations (3.11) and (3.12) show that the optimum relationship was independent of ~and 

t. 
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Figure l5: Optimal periscope incidence angle versus Etalon incidence angle 

Concept 1: Filter and Etalon as a Glass Block 
As the filter was thin, the effect on rotation in respect to cavity length change was negligible. 

The substrate which the filter was applied was considerable larger and will have an effect 

on cavity length when rotated in relation to Snell's law. 

The periscope system when resting at an initial position was tuned to the cavity. It can be 

said the cavity and etalon are resonant at this optimum configuration. The phase difference 
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between adjacent reflections inside the Etalon was an integer multiple of 2rr. Therefore the 

effect of the etalon on the cavity could be evaluated as a glass block equal to the thickness 

of the etalon. 

The periscope, etalon and filter are corresponding to achieve the mode hop free tuning. The 

transmission peak was defined by the effect of the etalon and the filter. By moving the 

cavity mode position at the same rate as the Etalon/Filter mode, a mode hop free cavity 

was maintained. 

When analysing the effect of rotation on the cavity mode, including the rotation effect of 

the periscope and Etalon/Filter, we must now consider the Etalon/Filter to be equivalent 

to a glass block. 

Analysis of the effect of a parallel glass block 
Consider the cavity shown in Figure 16: Cavity with a glass block, the cavity length was 

given by: 

n = refractive index of the glass, and 

d 
L2 =- 

cosa 

(3.13) 

(3.14) 

d was the thickness of the etalon glass block. a was the refraction angle inside the etalon 

glass block. According to Snell's law, 

sin0 
sin a=- 

n 
(3.15) 

where 0 was the incidence angle. The refractive index of the air was assumed to be 1. 

From equation (3.15), we have 

58 I Page 



Pivot Point Independent, External Cavity Tunable Laser 

h 

Figure 16: Cavity with a glass block 

cos a= (
sin 0)2 1- -- 
n 

(3.16) 

Equation (3.13) can be transformed to be: 

Because 

and 

l4 = l2 cos(0 - a) (3.19) 

Equation (3.17) becomes 

l = h + l2 [n - cos(0 - a)] (3.20) 
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Inserting equation (3.14), (3.15) and (3.16) into equation (3.20), we obtain: 

L = h + d ( .Jn2 - sin2 0 - cos 0) (3.21) 

Concept 2: Analysis of the effect of a periscope 

Consider the cavity shows in Figure 17: Cavity with a Periscope, the cavity length: 

And 

L _ __!!:.E_ (3.23) 
2 - cos 0p 

where dv was the distance of the two mirrors of the periscope. 0P was incidence angle on 

the periscope. 

Because 

and 

Inserting equation (3.23), (3.24) and (3.25) into equation (3.22), we obtain: 

d d 
L = h + __ P_ + __ P_cos 20P = h + 2dp cos 0p 

COS 0P COS 0p 
(3.26) 
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Figure 17: Cavity with a Periscope 

Combine two analyses to give the cavity length expression 
As discussed the etalon and filter can be considered to be a parallel glass block. For this 

method in the configuration of periscope, etalon and filter, the cavity expression was: 

L = h + 2dp cos 0P + de ( Jne2 - sin2 0e - cosee) + dr (jn/ - sin20r - cos 0r) 

dp dp = h +-- +--0-cos 20P = h + 2dp cos 0P cos ep cos p 

(3.27) 

h optical distance between two end mirrors 
distance of the two mirrors of the periscope 

incidence angle on the periscope 

thickness of the etalon 

incidence angle on the etalon 

refractive index of the etalon 
thickness of the narrow band pass filter 

incidence angle on the narrow band pass filter 

the effective refractive index of the narrow band pass filter 
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Considering the periscope system with two etalons, the cavity length expression was: 

L = h + 2dp cos eP + de1 ( .Jne12 - sin2 ee1 - cos ee1) 

+ de2 ( .Jne22 - sin2 ee2 - cos ee2) 

thickness of the etalonl 

(3.28) 

'ne2 

incidence angle on the etalonl 

refractive index of the etalonl 
thickness of the etalon2 

incidence angle on the etalon2 

refractive index of the etalon2 

Mathematical Analysis and Simulation 

Beam Position with Rotation 
The simulation below (Figure 18 and Figure 19) was performed in Zemax optical modelling 

software. The purpose of the model was to perform tolerance analysis to the moving beam 

as the cavity length was changed. The periscope was what makes the PPI ECT Laser adjust 

its cavity length. Although the periscope was rotated near the centre, its rotational point 

was arbitrary. 

Figure 18: PPI ECT (Side View) 
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Figure 19: PPI ECT (Top View) 

The nominal length of the cavity has been calculated to be 152. 79mm. This was designed 

within Zemax. The optimal length of the cavity has been simulated to provide performance 

analysis in terms of beam shape, beam movement and physical constraints. 

The full path length was twice the calculated cavity length as the cavity length only takes 

in to consideration a single pass. 

Other features of the design include a periscope length of 16mm, a working angle 14o±l o 

around x axis and a Return mirror tilt of 4° around Y axis. The double pass of the beam 

forms an angle of 8°. 

Periscope Design 
The periscope design was one that uses two parallel mirrors to relay the laser along the 

external cavity whilst affecting the cavity length with rotation. Low loss of beam integrity 

and strength was important to maintain both a continuous beam and low power loss. Using 

high reflective mirrored surfaced, in the region of 99% reflective, should insure minimum 

Power loss. 

System Analysis for Maximum Tuning Range 

To aid in the calculation a program called Mathematica by Wolfram was utilised to solve 

the series expansions and providing vital analysis. Solving the etalon and periscope equations 

to a second order series expansion to achieve a large tuning range. 

The calculations below are taken from the output of Mathematica and contain functions 

within the application. 
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Cavity length 

The length of the cavity ignoring the etalon, but including the optical length of the laser 

diode and lens was given by the simple ray trace formula of: 

cavitylen = FullSimplify[h + d_ + ___!!:_[ ] * cos[2 * 0]] (3-29) 
sm[0] cos 0 

h + 2 d cos[0] (3.30) 

Used FullSimplify to obtain the simplest equation. Etalon was ignored to first approximation 

because it was a 2n device. To include the etalon requires careful equation addition. 

Now set the angle variation to be 68 with oscillating about an incident angle of 80. 

0 = 0o + 80 (3.31) 

Using the Series expansion to obtain the cavity length as a Taylor expansion in 68. 

cavityser = Series[cavitylen, {80, 0,2}] 

(h + 2 l cos[0o]) - 2 (l sin[0o])80 - d cos[0o]802 + 0[80]3 (3.32) 

Set the zero order term to be: 

cavitylenO = cavityser[[3,1]] 

h + 2 d cos[0o] 3.33) 

Normalising the cavity expansion in terms of its nominal length one obtains the first and 

second order normalised coefficients to be: 

. cavityser[[3,2]] 
cavityserl = . l cavity enO 

2dsin[0o] 
h + 2 d cos[0o] 

(3.34) 
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. cavityser[[3,3]] 
cavityserZ = . l 0 cavity en 

d cos[0o] (3.35) 
h + 2 d cos[0o] 

cavityser 
cavityser = cavitylenO 

2(dsin[0o])80 dcos[0o]802 
3 1 - ----- - ---- + 0[80] 

h + 2 d cos[0o] h + 2 d cos[0o] 
(3.36) 

Etalon length 
This section derives the equations describing the behaviour of a rotating etalon. 

The phase etalon length calculation was: 

etalonlen = 2 n t cosji]r] (3.37) 
Where 

n was its refractive index 

ljJ was its angle of incidence inside the etalon. 

Relating internal angle to the external angle of incidence 

Sin[K] (3 38) 
ljJ = arcSin[--] · 

n 

Where 

K was the angle of incidence on the outside of the etalon. 

n was its refractive index. 

Let: 

K = KO+ 80 (3.39) 

This equation assumes that the etalon was being co-rotated with the periscope cavity, i.e. a 

change in angle of incidence on the periscope of 60 causes the same change in angle of 

incidence on to the etalon. 

etalonlen = 2 t .Jn2 - sin[Ko + 80]2 (3.40) 
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Using Series to give the Taylor expansion in 08 gives: 

etalonser = Series[ etalonlen, { 80, 0, 2}] 

1 2 . [ 12 2 (t cos'[xo] sinhcoj) 
2 t-vn +sui KO - ---;:::::::=====-- 

.J n2 - sin[Ko ]2 
+ (- t cos[Ko]2 sin[Ko]2 _ t cos[Ko]2 

(n2 - sin[Ko]2)312 .Jn2 - sin[Ko]2 
t sin[Ko]2 ) + ,===== 802 + 0[80]3 

.Jn2 - sin[Ko]2 
Setting etalonlenO to be the zero order term. 

etalonlenO = etalonser[[3, 1]] 

2 t .Jn2 - sin[Ko + 80]2 

(3.41) 

(3.42) 

Thus the normalised first and second order coefficients are: 

l 1 F ust l "f [etalonser[[3,Zl]] eta onser = u imp i Y 
1 1 0 eta on en 

1 
-n2 cscjxo] secjico] + tanjxo] (3.43) 

etalonser[[3, 3]] 
etalonser2 = l l 0 eta on en 

1 2 n2 ( -1 + n2) - - + --------- 
2 (-1+2n2+cos[2Ko])2 

(3.44) 

cavityser 
cavityser = ---- 

cavitylenO 

80 l 
1 + ----------+ (-- 
-n2 cscjxo] sechco] + tanhco] 2 

2 n2 (-1 + n2) 
+---------::-)802 + 0[80]3 

(-1 + 2 n2 + cos[2 Ko])2 

(3.45) 

n=l.4565 

66 I Page 



Pivot Point Independent, External Cavity Tunable Laser 

Constructing an Equation Set 

equations= LogicalExpand[cavityser == etalonser] 

. 1 d cos [ 0 o] 2 n 2 ( -1 + n 2) 
equations = { - - + ------ + ---------- == 0 

2 h+2dcos[0o] (-1+2n2+cos[2Ko])2 ' 
2dsin[0o] 1 

h + 2 d cos[0o] + -n2 cscjico] secjxo] + tanjxo] == O} 

(3.46) 

Conclusion 

The co-rotation of the selective optics along with the periscope provides the same change in 

incident angle on the selective optics (See Eq 3.40). By mechanical design the input and 

output angles are maintained by the use of the periscope. This was an improvement on the 

traditional Littrow configuration as the output beam position remains constant. 

The design of the optical path enables the system to direct the beam through the selective 

optics and periscope more than once through the use of a fold mirror. As described 

previously, the output from the periscope can be direct back through the selective optics 

with an offset angle. The benefit of this scheme was to enhance the mode selection by 

directing the beam through the selective optics more than once. This was similar to the 

method used in Littman configuration where the beam was diffracted twice. The main 

benefit was typically a narrower line width which was one of the main scopes of the research. 

Using Mathematica and the FullSimplify, the following equations were calculated. The plots 

for each 90° angle group were created to determine the correct rotation angle set. Figure 20 

G and H defines the solution as the Etalon against cavity height was stable over the angular 

rotation. 

Solution = FullSimplify[Solve [ equations, {h, 80} ] ] 
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Figure 20: Etalon Rotation angle with periscope and cavity height 
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Chapter 4: Design and Component Evaluation 

Mechanical Design 

All components required to construct the PPI ECT laser demonstrator were bespoke and 

hence mechanical designs were required for manufacture. 

The glass supports required to construct the final laser demonstrator have been 

manufactured using Extremely Low Expansion Glass. The specific product used was 

ZERODUR® by Schott Expansion Class 2, which provides a CTE of 0 ± 0.100 . 10-6 /K. 

The total parts manufactured from ZERODUR® are: Items 1, 2, 7 and 8. 

• Item 1: Base Substrate 

o All final laser demonstrator components are mounted to this substrate 

• Item 2: Periscope Substrate 

o Used in the construction of the assembled Periscope. 

• Item 7: Support Pillar 

o Used to mount the glass assemblies and Return Mirror to the Base 

Substrate. 

• Item 8: Interface Support Block 

o Used to construct the End Mirror / Lens Assembly and Input Lens mount. 

All non- ZERODUR® glass components were manufactured using BK7. 
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Table 1: Glass General Assembly 

ITEM NO. PART NUMBER DESCRIPTION QTY. 

l Base Substrate 0103-03-007 l 

2 Periscope Substrate 0 l 03-03-00 l l 

3 Periscope Chamfered Mirror 0 l 03-03-002 3 

4 Filter/ Etalon (Reduced Size) 0 l 03-03-004 l 

5 354105 Lens 3 

7 Support Pillar 0 l 03-03-009 3 

8 Interface Support Block - Input 0 l 03-03-0 l l 3 Lens and End Mirror & Lenses 

9 End Mirror AR & HR COATINGS 0 l 03-03-008 3 

Figure 21: Glass General Assembly 
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Optical Components 

Experimentation of a physical construction was a requirement of this project to provide 

vital information on the operation and behaviour of the PPI ECT Laser. All the components 

were designed (Mechanical and Optical) to perform within the analysis and mathematical 

system design constraints. Definition of the optical components was defined through 

analytical analysis and the design and construction of the bespoke components was 

underway. 

Components 
The details of final laser design were summarised as follow: 

Table 2: Optical Component List 

Laser diode: Length: 500µm, Facet angle: 6°, Ridge width: 3µm. 

Coatings: 95%one end, 0.1%<R<1% the other end. 

Collimation lens: Geltech 354105 AR coated 

Plano-aspherical lens, 

Focal length: 5.5mm, NA: 0.564, Clear Aperture: 6mm 

(Aspherical side), 4.96mm (Plano side), Central thickness: 2.937mm. 

Lens material: 

D-ZK7. 

Etalon & Filter: Etalon: 

1. Thickness: 400µm, reflectivity: 60%, lateral size: 13mmx7.2mm 
Optical window: 9mmx7.2mm, material: BK 7. 

2. A/10 Wavelength flatness over any 6mm spot within the 
optical aperture. 

3. The coatings are polarisation insensitive for angle of incidence 
of 14°± 2° and a wavelength range of 650±20nm. 
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Filter: FWHM=0.8nm 

1. FWHM of 0.8nm for AOI of 14° ±2° and with a beam of wa 
ist radius of 2mm. The transmission wavelength peak for angl 
e of incidence of 14° was within the range of 652±1nm. 

2. For an angle of incidence of 14°, the transmission peak of the 
bandpass filter was aligned to one of the transmission peaks o 
f the etalon ( thistransmission peak of the etalon was denoted 
as the selected peak of the etalon) within the range of 652 
±lnm. The alignment accuracy was better than ±0.lnm. The 
transmission 
of the bandpass at the selected peak of the etalon was >95%. 

3. At the other transmission peaks of the etalon, the transmission 
for angle of incidence of 14° through the bandpass was at least 
5% lower than that at the selected Peak of the etalon. 

4. The Bandpass filter will have an effective refractive index 
that matches that of the etalon gap (BK7) to within ±0.01. 

5. Wavelength Flatness of 71.\10 
Over any 6mm spot within the optical aperture. 

6. The coating was polarisation insensitive for angle of incidence 
of 14°± 2°and wavelength range of 650±20nm. 

Periscope: 

Folding Mirror: 

Retro-reflective 

Lens: 

7. Thermal coefficient: The optical path change of the 
bandpass filter will be different to the etalon gap (BK7) by at 

least 3ppm/K. 
d==Ifimm, nominal incidence angle: 14°, two mirror parallel tolerance 

< 1 ArcSecond. 

Reflectivity >99.5%, lateral size: 13mmx9mm, optical window: 

9mmx9mm. 

Geltech 354105 AR coated 

72 I Page 



Pivot Point Independent, External Cavity Tunable Laser 

End Mirror: 

Lens A: 

Lens B: 

Lens C: 

Fibre: 

Reflective side: reflectivity 85%±5%, the other side: <0.5%, 

lateral size: 13mmx7.2mm 

optical window: 12mmx7.2mm 

Geltech 354105 AR coated 

Comar 08AQ05 

Aspherical lens, Focal length: 7.5mm, NA: 0.3, 

Clear Aperture: 4.5mm, 

Central thickness: 2.75mm. Lens material: Tac - 4. 

Geltech 352280B AR coated 

Aspherical lens, Focal length: 18.4mm, NA: 0.15, 

Clear Aperture: 5.5mm. Lens material: ECO - 550. 

Thorlabs P3 - 630AR - 2 SM Patch Cable, AR - 

Coated FC/ APC to Uncoated FC/ APC, 600 - 

800 nm, 2 m Long. NA: 0.1 - 0.14 

Total optical cavity length: 152.944mm 

Cavity folding angle: 8° 

Design periscope angle: 14° 

Table 3: Optical Distance between elements 

Diode to Collimation lens 3.629 mm 

Periscope Mirror 2 to Folding Mirror 21 mm 

Periscope mirror 1 to Retro-reflective Lens 22.216 mm 

Retro-reflective Lens to End Mirror 3.268 mm 

End Mirror to Lens A 2.376 mm 

Lens A to Lens B 1.126 mm 

Lens B to fibre 5.609 mm 

Fibre to Lens C 16.906 mm 

73 \Page 



Pivot Point Independent, External Cavity Tunable Laser 

Gain Medium Manufacturing 
The construction of the Gain Medium was standard but lengthy process which involves 

many component processes in order to produces a final product. 

IQE 

Semiconducotor 
Production 

• Production of the wafer for 
production of the laser chip 

----:/" 
CST 

Waveguide Ridge 
Production 

• Construction of the laser 
cavity 

Helia 
AR and Mirror 

Coating 

• Provided optical coatings 
to a given specification 

Optocap 
Laser Chip 
Mounting 

• Laser Mounting 

Figure 22: Laser Manufacturer Process 

The IQE9, CST10, Belia Photonics 11 and Optocap 12 involved in the production of the gain 

chip all provide several different functions that only specialised manufacturers can provide. 

" IQE has been at the forefront of the compound semiconductor industry for more than twenty-five years. IQE has 

been at the forefront of the compound semiconductor industry for more than twenty-five years. 

1° CST Compound Semiconductor Technologies Global Ltd are a leading provider of III-V opto semiconductor solutions 

since 2000. 

11 Helia Photonics was a privately owned company specializing in demanding optical coatings for micro-optics and 

light omitting semiconductor devices. With only ten years of trading and -over a hundred well established customers 

Helia aims to become the premier player in its field. 

12 Optocap offers a full range of contract precision assembly processes for semiconductor devices. Optocap's assembly 

process know-how enables reduced costs and reduced time to market for our customers. 
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Gain Block 
The laser cavity was formed external to the diode gain block. Technically the gain block 

was a laser diode with low lasing capabilities. When a current was injected in to the gain 

block, spontaneous photonic emissions occur. Stimulated emissions are by design severely 

reduced due to the curved section of the cavity. Figure 23: Gain Block (Top View) and 

Figure 24: Gain Block Cavity. If the gain blocks construction was that of a straight section 

with no curvature, the device would act as a true laser source. As the PPI ECT Laser 

requires an external cavity, stimulated photonic emissions are attenuated in the gain block. 

Figure 23: Gain Block (Top View) 

Front Facet 
Radius of curvature 
6degs: r=2391.7um 
lOdegs: r=1439. 7um 

30um stra~li~ 

250um 

Curved section (6degs shown here) 

Straight section to back facet 

Back Facet 

Figure 24: Gain Block Cavity 
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Gain Block Testing 
To aid in the development of the PPI ECT Laser gain block, several variations of the devices 

were created. The variations were based on differences in the gain medium construction in 

relation to cavity length, facet angle and ridge width. Table 4 illustrates the variations of 

the tested gain mediums. 

Table 4: Gain Medium Variations 

Length Microns Facet Angle Degrees Ridge Width Microns 
500 
500 
500 
500 
500 

1000 
1000 
1000 
1000 

100 
50 
100 
60 
50 
oo 
10° 
100 
50 

2.5 
2.5 
3 
3 
3.5 
2.5 
2.5 
3 
3 

The lengths of the cavities were split in to two distinct groups. 1000 and 500µm lengths. 

Current pumping was achieved with 2 bond wires on the 500µm block and 4 bond wires on 

the l000µm block. This equally spreads the current pumping evenly across the gain medium 

area. 

To test the gain mediums, individual testing was performed in a test jig. The output powers 

and spectrums were captured and analysed. 

Laser Cavity 

Photo Detector End Mirror 
(Not Fitted) 

Periscope Lens Gain Medium 

Figure 25: Gain Block Output Test Setup 
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Test Procedure 

Align Laser to accommodate output angles (6° or 10°) 
Collimate Laser across the Optical Bench 
Detect power output with a Photo Detector (4 ~ 50 mA, in 2 mA steps) 

Capture spectrum plot using a spectrometer 
Observe Lasing Condition of the Cavity (Error! Reference source not found.) 

All Laser Diode Test Data 
2.5 

2 

jl-5 
E ... 1 (IJ 
:l: 
0 
C..0.5 

0 
~ 

Current (mA) 

Figure 26: Laser Power Output 

As illustrated above in Figure 26, all laser gain blocks provide nominal photonic output 

with drive current. Several of the gain blocks provided higher output power when compared 

to others of a similar construction. This was deemed an anomaly and required some 

investigation (Figure 27). 
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6° 3.0um Ridge Width Data 
2.5 
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Q. 

0.5 
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~ 

-C0046° 
Current (mA) 
-C055 -B048A 

Figure 27: Anomalies with Testing 

The anomalies were inspected using a microscope (Figure 28). It was seen that the electrical 

bond wire to the gain block was damaged on the curved sections. It was likely the higher 

photonic output was due to the current pump being in the straight section of the gain block. 

Pumping the gain block with more power in a section where stimulated emissions are more 

likely to occur. 

COOl 

Figure 28: Inspected Gain Blocks 
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Coating Observation 
During the initial phase of AR and HR coating, it was determined that the coating 

specification could be improved. This was mainly a factor based on the wavelength 

specification. As the coating had been applied prior to the change, the coatings were stripped 

off and the new improved coatings were applied. Helia Photonics 13 provided the rework on 

the gain chips as it would have proven too costly to provide new samples. 

AR Facet Coating 
Inspection of the AR coated faces showed some signs of contamination. With the removal 

of the previous coating the surface would have had imperfections caused by removal of the 

previous coating. Although the removal of the coating was a non-abrasive technique using 

a chemical process, some contamination was present. Suitability of the supplied gain chips 

for the application of determining the feasibility the PPI ECT laser was determined to be 

acceptable. 

Figure 29: AR coating @ SOX magnification 

• Images at 50X magnification 
• Some spots observed on facet 
• Some facet inhomogeneity 

13 Hclia Photouics was a privately owned company specializing in demanding optical coatings for micro-optics and 
light emitting semiconductor devices. With only ten years of trading and -over a hundred well established customers 
Holla aims to become the premier player in its field. 
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HR Facet Coating 

Significant spots on the observed facet but no adverse effects from the contamination should 

be seen once constructed. Some facet inhomogeneity especially around the trench was 

observed under 50x magnification. This may be a result of the metal overhang during the 

recoating process. See Figure 30 and Figure 31. 

Figure 30: Device with HR Coating @ 50X Magnification 

Figure 31: Device with HR Coating @ lOOX Magnification 
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Etalon and Band Pass Filter 
As a narrow band wavelength was required, the use of a filter along with the etalon would 

enable the wavelength selection to be defined. The filter stops all unwanted wavelengths 

and only transmits the wavelengths of interest that was tuned to the output of the etalon. 

The spectrum plot below (Figure 32) shows the output spectrum with respect to angle. The 

spectrum plot shows a wavelength change of approximately 2nm per degree of rotation. 
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Figure 32: Spectrum Change with Angle (BP Filter) 
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Etalon Spectrum 

The Etalon was used to tune the output wavelength win respect to incident angle. Mode 

tracking of the cavity was performed whilst the etalon changes at the same rate as the 

cavity length. This allows the mode of the cavity to remain constant. The spectrum plot 

below (Figure 33) shows the laser spectrum after transmission through the etalon. Within 

the etalon the light path between the mirrored surfaces causes interference. This interference 

in relation to incidence angle performs destructive interference. This in turn creates a narrow 

peak at desired wavelengths. The peak wavelength can be changed with incidence angle and 

can be tracked within a given incident angle. 
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Figure 33: Spectrum Change with Angle (Etalon) 
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Combined Etalon and BP Filter 
After the bench setup was complete using separate filters, a combined filter was required 

that used both Etalon and BP Filter on the same substrate. The action of a combined filter 

provides better stability as a singular component reduces tolerance issues and minimises 

movement of the Etalon in respect to the BP filter. The peak wavelength of the BP filter 

for optimum tracking was required to be in phase with one of the etalon peaks. Etalon and 

BP filter production was provided by Alluxa14 in Santa Rosa, USA. Many organisations 

were approached to provide this type of combined filter but it was only Alluxa who were 

capable in providing accurate components and flexibility during the design process. 

Although a tolerance was given on the accuracy of the peak alignments, the BP filter peak 

could be tuned slightly. This would only be a requirement if wavelength selection was not 

aligned. All received filters were tested for suitability and the peak alignment monitored. 

The output spectrum of the combined filter in respect to incident angle can be seen in 

Figure 34. The tuned wavelengths are clearly defined with a single mode of operation. The 

side peaks are passive and the dominant wavelength will perform the mode tracking for the 

external cavity. 
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Figure 34: Spectrum Change with Angle (BP and Etalon) 

14 Alluxa was an ISO 9001:2008 certified, highest performance optical filter and optical coating 
manufacturer with a diverse background in deposition, automation, metrology, and optics. 
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Surface Quality of Etalon and BP Filter 
When the surface deposition of both Etalon and BP filters were applied, the quality of the 

final surface was dependent on several factors. Mainly the finish / polish of the substrate to 

be coated and the layering of the filters during deposition. On a microscopic scale the surface 

finish may not be perfect and some variations in surface quality may occur. 

Characterising the filters for use in the PPI ECT Laser were carried out to identify any 

possible issues during use. If large changes in surface quality were apparent, changes to the 

output wavelength of the laser would be present. The desired output would be to have no 

wavelength change, but there will be some change in reality. If a certain area of the filter 

were seen to be flat, then the angle of rotation could be within this section of the filter. 

Figure 35 shows the relative intensity and output wavelength of the laser when transmitted 

through the combined filter. The performance of the combined filter was fairly stable over 

several mm of movements. Some of the tested combined filters illustrated poor surface finish. 

This may be due to position in the coating chamber hence producing a combined filter with 

an uneven surface. As the laser travels across the surface of the combined filter for a distance 

of 1mm, the average quality of the surface must be constant or as near as possible. The 

transmission of the desired wavelength must also be fairly constant for laser coherence. 
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652.84 ~----------------------,- 
652.83 +-1a--------.k~=- ... - .. -_-_-,;:-------------' 
652.82 +-~.-----.c,IIC------.:....__--=-=~--------- 
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Figure 35: Wavelength with Linear Movement 
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Return and End Mirror 

The specification of the Return and End Mirror was clearly defined with a tight tolerance. 

A test was required to clarify manufactured components met requirements. Table 5 gives 

the test results for a single mirror whilst using a collimated laser beam on the surface and 

observing the transmission through the mirror. 

The performance of both mirrors was clearly in line with the specification of near 99% and 

85% transmission. 

Table 5: Mirror Transmission 

Laser Normal 0103- Reflectivity Transmission 0103- Reflectivity Transmission 
Power (mW) 03-002 03-008 
(mA) (mW) (mW) 

0.0039 0.0005 
5 5 0 100.0% 0.0% 3 86.6% 13.4% 

10 0.0147 0.0001 99.3% 0.7% 0.0021 85.7% 14.3% 
0.0002 0.0041 

15 0.0287 2 99.2% 0.8% 8 85.4% 14.6% 
0.0003 0.0070 

20 0.0489 6 99.3% 0.7% 2 85.6% 14.4% 
0.0004 

25 0.0836 7 99.4% 0.6% 0.012 85.6% 14.4% 
0.0006 

30 0.162 6 99.6% 0.4% 0.0208 87.2% 12.8% 

35 0.312 0.0026 99.2% 0.8% 0.0406 87.0% 13.0% 
0.0046 

40 0.639 5 99.3% 0.7% 0.101 84.2% 15.8% 
0.0068 

45 1.41 9 99.5% 0.5% 0.275 80.5% 19.5% 
0.0090 

so 3.09 4 99.7% 0.3% 0.606 80.4% 19.6% 

55 5.37 0.0115 99.8% 0.2% 0.899 83.3% 16.7% 

Total 99.5% Total 84.7% 
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Electronics (Laser and Positioning) 

Control 
Testing of the PPI ECT Laser build required control and stability. The following are 

descriptions of the required control elements. 

Laser Driver 
Although suitable lab equipment such as Temperature Controllers and Constant Current 

Source are available, a battery powered laser driver was required. The main objective of 

using a battery driver instead of a mains powered driver was to provide stable power to the 

laser diode with minimal electrical noise. If a voltage or current source was used that 

contained AC components from the mains 230Volt supply, potential instabilities may be 

transposed to the laser. If a laser was powered from an electrically noisy source, adverse 

effects may be present in laser output and provide undesired performance issues. 

A driver based around the IC-HAUS driver chip (IC-NZN) was created to meet the 

requirements of a battery laser driver. The battery driver has a DC input which was used 

to charge the on-board battery and power the laser if required see Figure 36. 
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Figure 36: Laser Driver (Charge Circuit) (Sheet 1) 

87 IP age 



Pivot Point Independent, External Cavity Tunable Laser 

User feedback on battery state was provided using a battery tester or gas gauge, see Figure 

37. 
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Figure 37: Laser Driver (Gas Gauge) (Sheet 2) 
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Figure 38: Laser Driver (Sheet 3) 

The laser driver (Figure 38) provides a constant current source to drive the laser or gain 

block. The output was variable and can be monitored using a multi-meter. 
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Rotation Control of the Periscope 
The rotational stage used in the development of the PPI ECT Laser was the Newport 

SR50CC. For development purposes the motor was required to oscillate between fixed points 

as defined during characterisation of the PPI ECT laser. As the SR50CC controller does 

not provide advanced control from its standard interface, serial communications were 

utilised to perform more defined tasks. The below program (Figure 39) was developed to 

add enhanced features whilst testing the PPI ECT Laser. 

•... m Periscope Control --~ lo!@~ . 1=1@1~ 

DC Motor Controller DC Motor Controller 
Newport SRSOCC Configuration 

Step Size Con!ig 
Rotation 

(( < I ) )) 
Start Position End Po,iion ---- - 

- 
0.000 Q - -- ~ --~ -- 

2 LJ 0.01 0.001 0 0.001 0.0, 

Offset 
Step Mode Actual Poslion 

EJGJ[QQGJ L_ - ---=-- - - -~~ Serial Setup · RS232 

Baud Raio %00 

Speed Cortrol OsciDat e Cortrol Dato Bis 8 

Set Speed Cycles Steps Pause Tme - 
POiiy None - -- --- 

0.5-0 Oegees/Second 100 1 0 ms - 1 Stop Bis - 
Flow Co<trol None 

Options - ~ 
0 OsciUate 0 Osclote with Pause 0 Speed/10 0 Lmt Rotation Tem,jnation 

I Disable I I Comg I I Ru:, I I OK I I CANC EL I 

Figure 39: Custom Motor Control Software 

Angular Accuracy 
The tuning capabilities of the SR50CC stepper motor has the angular resolution of 0.001 ° 

from a DC Servo motor. The positioning was more than adequate for the experimentation 

and allowed a reference datum for accurate set point adjustments. Smooth rotation of the 

DC Servo was achieved through a robust ball bearing design which minimises wobble and 

provides stability of movement. It has also been designed for this type of application 

where an external cavity optic was required to move through an accurate rotation angle. 
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Chapter 5: Laboratory Testing and Results 

The design and build stages of the PPI ECT laser are shown in the appendices. The full 

construction of the external cavity laser has been documented to show the stages required 

to complete the prototype. It also provides detailed information on the individual 

components of the system, including: Periscope assembly with Etalon/BP filter and cavity 

construction and alignment. 

Design Overview 

The constructed prototype was stabilized and all components maintained within tolerance 

specification. Construction and positioning of the retro-reflective end mirror assembly (i.e. 

two lenses plus end mirror) were the last stage in cavity creation Figure 40 and Figure 41. 

The cavity length was adjusted to achieve maximum tuning range for the final design of the 

PPI ECT laser. Once constructed the laboratory bench prototype was tested for tuning 

range mode hop free ability. Other features of the output laser were measured at this time. 

Figure 40: Retro-reflective end mirror assembly 
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Figure 41: Retro-reflective end mirror assembly at lasing threshold 

Mode Hop Free Tuning Observation Experiment 
To observe the mode hop free tuning range, the setup shown in Figure 42 was constructed. 

The setup included the prototype PPI ECT laser, a beam splitter, spectrometer and a Fabry 

Perot interferometer. Using a combination of laboratory software for and an oscilloscope a 

single mode of operation was observed (see Figure 43: Results from 10GHz FSR Fabry 

Perot). 

Beam Splitter 

~ PPI ECT Fabry-Perot 
Laser I~ 

Spectrometer 

Figure 42: Fabry-Perot and Spectrometer Demonstration Setup 

91 I Page 



Pivot Point Independent, External Cavity Tunable Laser 

Spectrometer: 

Ocean Optics HR4000 High Resolution Spectrometer 

• Wavelength range: 620nm-675nm 
• Resolution: <0.02nm 

Scanning Fabry-Perot Interferometer 

• Thorlabs Range: 525-802nm 
• Free-Spectral Range: 10GHz 
• Finesse: 150 (180 Typical) 
• Beam Diameter: 150µm (Maximum) 
• Cavity Length: 7.5mm 
• Mirror Substrate: UV Fused Silica 

Results 

Using the spectrometer, the output of the PPI ECT laser was observed and displayed using 

an oscilloscope. Figure 43 shows the output signal from scanning Fabry-Perot interferometer 

which has an FSR of 10 Ghz. The traces displayed on the oscilloscope only provide cavity 

mode information where the cavity mode space was approximately -0.000lnm (-1 GHZ). 

The etalon peak distance was much larger at -0.36nm (-257 GHz) which was greater than 

the FSR of the scanning interferometer. 

Figure 43: Results from 10GHz FSR Fabry-Perot 
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When the periscope was rotated from a zero angle ( 14 °) through -1 ° to + 1 °, the oscilloscope 
displays a moving peak. This peak was stable whilst moving with no mode hops being 

present. A mode hop condition can be seen at the extremes of rotation which was beyond 

the original design specification. The mode hop was observed as a fast reducing peak, 

followed by a new peak at a different point on the output. 

Although the incident angle on the periscope was defined, the alignment of the cavity allows 

movement of the periscope far beyond traditional methods such as Littman or Littrow 

techniques. Movement of the tuning optics in traditional tuning schemes would provide 

instability, which was not true of the prototype system. Movement of the periscope assembly 

provided good results in terms of mode stability. Where the mode of the laser was 

maintained through tuning although the mode number may differ. The periscope assembly 

was moved around its rotational centre to simulate approximate mechanical misalignment. 

Two builds of the laser were attempted. The first achieved 1020GHz mode hop free tuning 

and the second build achieved 2610GHz mode hop free tuning. The second build of the PPI 

ECT laser provided better beam collimation and better alignment of optical components in 

the external cavity. During the initial testing phase, the tuning range was proven to be 

stable over a range of 1 THz using the 10GHz Fabry Perot. 

Etalon and Cavity Mode Hops 
Mode hops in this experiment can be defined within two categories. These are: Etalon peak 

mode hops and cavity mode hops. The distance between Etalon peaks (-0.36nm or 

-257GHz) was larger than the FSR of the scanning Fabry-Perot (10GHz) and the cavity 

mode space of -0.000lnm or -lGHz was below the resolution of the spectrometer. The 

Spectrometer was used to observe Etalon Peak Mode Hops, whilst the Fabry-Perot 

interferometer was use to observe Cavity Mode Hops. 

The output spectrum from the spectrometer and the output from the scanning Fabry-Perot 

were captured. A clear mode hop free tuning range was observed and recorded. The results 

are shown in Figure 44: Mode Hop Free Tuning ( example 1) and again in Figure 45: Mode 
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Hop Free Tuning (example 2). The figures show an output from the spectrometer and the 

oscilloscope with the scanning Fabry-Perot output (trigger saw-tooth). 

The oscilloscope shows the operating conditions of the Fabry-Perot along with the output. 

The saw tooth edge was the trigger for the scanning Fabry-Perot. Each trigger scan contains 

approximately 2 FSR's. 

Both Examples show a clear peak with no other visible peaks which would provide evidence 

of secondary modes or a transition between modes (mode hop). The oscilloscope shows two 

identical peaks within a trigger period and can be said to be of the same mode as no 

fluctuations were observed. 

Figure 44: Mode Hop Free Tuning ( example 1) 
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Figure 45: Mode Hop Free Tuning (example 2) 

Cavity and Etalon Mode Hop 
The spectrometer was able to detect and show mode hops between two cavity modes in 2 

different Etalon peaks, seen in Figure 46 as the two peaks on the laptop screen on the right 

and as 2 diminished peaks within each FSR of the scanning Fabry-Perot. Figure 47 shows 

2 cavity modes with a single etalon mode. 

Figure 46: Cavity Mode Hop (Dual Peak) 
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Figure 47: Etalon Mode Hop (Oscilloscope Peak Jump) 
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Laser Power 

Using a Lasermet power meter (AMD 1000) as used for other such measurements, the output 

power of the PPI ECT Laser was observed and measured over and angle range 12° to 18°. 

The laser diode stability was maintained at a temperature of 23°C with a drive current of 

65mA. The incidence angle onto the periscope was 14°. When the periscope angle increasing 

from 12° to 15.5°, the power increased from 0.6mW to - lm\i\T. Increasing the incident 

angled from its highest output to 18°, the output power reduces to 0.75mW. 

The plotted power output below (Figure 48) shows the power in respect to the incident 

angle on the periscope. The 0 angle on the graph corresponds to the 14° centre angle of the 

periscope rotation. 

Feedback reflections can create a problem in the form of gain ripples (see Figure 48). The 

ripples are defined by the longitudinal mode spacing of the cavity. The ripples modulation 

frequency corresponds to the longitudinal mode spacing when residual reflections occur. 
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Figure 48: Periscope incidence angle change from 12-18 against power output in mW 
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The reflections from the output facet of the laser diode oscillate due to the 0.1 % residual 

reflection. Mode hops can be observed in the plot and are represented in Figure 48. A 1 ° of 

variation gives lTHz of tuning. For the angles 15-16°, the power variation was <10%. This 

was in line with comparable tunable sources. 

Tuning Range Observation Experiment 
To observe possible mod hop situations, a Michelson interferometer setup was implemented 

(Figure 49). One arm of the setup was a¼ of the laser cavity, approximately 152mm. The 

second arm was as long as possible, but was limited to 25m in the laboratory. This limitation 

was due to the length of the optical bench and the number of mirrors available to fold the 

laser across the bench. Using a detection unit on the Renishaw MLl0, the phase components 

was observed. Another way of achieving this was to produce Lissajous figure using the phase 

of path A and path B. 

Beam Splitter 

Laser 

Retroreflector 

Path A 

Retro reflector 
Path B 

Path A 
Path B 

Renishaw MLlO f--- 
Detection Unit 

Oscilloscope 
and 

Data Capture 

Figure 49: Tuning Range Interferometer (Michelson interferometer) 
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Line Width 

Using a different Fabry-Perot with an FSR of 600MHz, a line width of <12MHz was 

observed. See Figure 50 which shows a screen print from the oscilloscope. The space between 

each peak was 600MHz. Using the measuring tools on the oscilloscope, the line width was 

determined to be < 12MHz. This width was near what was required from the original 

specification for the PPI ECT Laser. 

Figure 50: Result from 600 MHz FSR Fabry-Perot shows a line width <12 MHz 

For accuracy of measurement and observation of the laser linewidth, a Michelson 

interferometer shown in Figure 49. The laser output was converted from linear-polarized to 

circularly-polarized light by the employment of a quarter wave plate. The circularly 

polarized beam was then divided in to two linearly polarized beams by the polarising beam 

splitter. Path A was relatively short, whereas Path B has been extended using mirrors along 

the optical bench. The return beams were directed to the ML 10 unit and observed on the 

oscilloscope as seen in Figure 51 below. 
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Figure 51: Photo of the oscilloscope screen showing the interference signal 

The MLlO detection unit gives two intensity signals: 

Ix = a + b cos q> and Iy = a + b sin q> 

Where a and b are constant and q> was the phase. When the laser was not tuned (i.e. the 

rotation motor was static), there was a distribution of phase /'-. cp which was called the laser 

linewidth /'-. v can then be calculated as: 

L1q> - Co 
L1v = 4nD 

(5.1) 

Co = speed of light in vacuum 

D = interferometer arm length difference 

The two intensity signals are connected to the oscilloscope to generate a XY graph. Figure 

51 shows the XY for an interferometer arm length difference (D) of 17m. From the XY 

graph, we can estimate the phase noise was about n. So the laser linewidth can be estimated 

to be -4MHz. 
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Optical Wavelength 

Using a spectrometer to observe the optical wavelength of the laser formed in the external 

cavity. The spectrometer should have a resolution of <0.02nm. The beam was focused in to 

the fibre by means of a lOx microscope lens as illustrated in Figure 52. 

5mm Focal Length 

11 
Laser 

Ocean Optics 
Spectrometer 

Figure 52: Optical Wavelength Observation 

Fibre Coupling 

Experimentation with three off-the-shelf lenses for fibre coupling was carried out. Table 6 

below lists the maximum coupling efficiency for the laboratory experimentation. 

Table 6: Coupling efficiency of different of off-the-shelf lenses 

Focal length (mm) Coupling Efficiency (%) Product Identification 

4.03 23 Geltech 352340 

7.5 46 Comar 08AQ05 

18.4 15 Geltech 352280 

The experimental and theoretical results can be compared in Figure 53. The trend was 

similar for both plots, with the ideal theoretical having greater coupling efficiency. The 

overall trend was true to the theoretical and provides good evidence that the design theory 

was accurate. Some of the efficiency difference may be due to the beam shape in lab not 

being ideal. 
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Figure 53: Theoretical and experimental coupling efficiency for lenses with different focal lengths 

Im perfections 

As with stepper motors, speed of rotation, direction change (including: breaking, dwell time 

and acceleration) are characteristics that need to be taken in to account whilst observing 

the tunable laser. Mechanical movement during the change of rotational direction could 

introduce unwanted disturbance in the cavity and hence produce unstable results. These 

effects could produce mode hops and would require a dwell time in the sampling of data in 

order to ignore false readings. As well as this, it was unclear as to whether the change in 

direction would also change the mode of the laser. For example, the mode hop within a 

sample dwell time may remain at a different mode. 

When observing the single mode tuning of the laser, a slower speed was adopted in order to 

record and identify any mode hops within a single cavity length change. The cavity length 

change would be from a maximum to a minimum over a rotational angle of 2°. The rate of 
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change would be set to a minimum in order to observe the wavelength change. Although 

this process was ideal for laser characterisation, it would not be a normal mode of operation 

as the tuning speed would be too slow for most scanning applications. 

Higher speed rotation of the periscope assembly would allow greater resolution due to a 

higher sample rate within a given system. Using numerous fabry-perot interferometers with 

a suitable FSR, oscilloscopes and data-loggers, rotation speeds were limited. Slower cavity 

length changes were required in order to record the data and provide evidence of mode hop 

free conditions. 

Improvements 

The constructed system incorporating an external cavity, rotating periscope with co-rotating 

BP and Etalon filter. This demonstrated the mode hop free characteristics of a pivot point 

free system. During the mechanical design and construction phase of the research, techniques 

for creating the external cavity were developed as this type of construction provided a novel 

approach to the design. 

Cavity Design Improvement 

The design of the cavity was based on a folded mirror design to allow the demonstration of 

a tunable laser to be as small as possible but at the same time allow construction of the 

cavity using laboratory equipment. Although for research purposes, it was key to be able to 

observe many states during the construction of the external cavity. Such as essential 

alignment, collimations, beam size, beam waist position and good output power. The actual 

manufacturing build process for such a laser would rely on a more defined build process. In 

theory the cavity can be much smaller, but due to the number of possible construction 

variable for a research project, the mechanics were required to be larger than that of a 

production unit. 
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Rotational Mechanic Improvement 

The central rotational stage connected to the periscope had several benefits as well as 

limitations. Although it was possible to programme the rotation of the motor to perform 

exact rotational within 5 arc minutes, speed of rotation was limited. For a more real world 

application, the speed or rate of changed of the cavity length would be required to be able 

to perform potentially > 1000 scans a second. This would enable more instantaneous 

measurements in interferometry applications and more accurate results based on a high 

sample rate of measurements. 

Build Technique Improvements 

Using a combination of thermal and UV cure glue, the final assembly of the PPI ECT laser 

was possible. The build time for the PPI ECT laser was greatly extended due to the curing 

apparatus available. If more powerful UV equipment was available, better construction of 

the cavity would have been possible. 

The construction of the components parts, such as the periscope assembly were completed 

using several techniques. Thermal, UV and Direct Bonding. The process of Direct Bonding 

was a process completed by Gooch and Housego where by the parallel mirrors were 

bonded together through highly polished surfaces. 
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Chapter 6: Conclusions 

The questions addressed at the outset of the research were based upon the arrangement of 

a tunable optic within an external cavity. Traditional methods of external cavity tuning 

such as Littman-Metcalf employ a moveable grating within the external cavity. Movement 

of the tunable optic suffer from degradation due to mechanical wear. 

The novel tuning method using a periscope with co-rotated tuning optics has been 

successfully demonstrated. The novel tuning method differs from convention as the tuning 

method within the cavity is not defined by a fixed pivot point. The difference in approach 

to the traditional methods of external cavity tuning, such as Littman arrangement, where 

the cavity length is determined by a defined rotation or pivot point have been demonstrated. 

The novel tuning regime incorporating a periscope within an external cavity has 

shown that a tunable optic with no defined pivot can accomplish mode hope free tuning. 

The traditional Littrow configuration, due to a single pass through the moving optic 

produces a moving output beam. As the cavity length is changed, the output beam moves. 

As the output angle remains constant with the rotation of the tuning optic, output coupling 

complexity reduces significant when compared to tuning schemes which adopt a Littrow 

style, single pass tuning regime. 

The novel tuning method demonstrated ideal tracking of the cavity and etalon mode. 

Mode tracking was within the angular displacement about an incident angle of 14° and 

provided a stable output beam. The assembly allowed the periscope and mode selective 

optics to be co-rotated. For mode hop free tuning, the theoretical tuning range was 

calculated at >8THz. Through experimental design and build, a mode hop free tuning range 

of 2.61 THz was observed. This design was a direct result of the theoretical analysis. 

The difference between the practical and theoretical tuning range was most likely a 

result of assumptions made whilst performing the theoretical calculations. Also, the 

differences between the theoretical calculations and the demonstration unit were possible 

due to the movement of the fixed optics during the build phase. Quicker adhesion methods 

could be adopted during the construction of the external cavity to provide better cavity 

alignment. The output beam was Gaussian in shape with periodical power ripples. This was 
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similar to the laser power curve as seen in Figure 48. The periodical ripples are due to the 

residual reflections reflectivity at the AR-coated end of the laser gain chip. 

Mode hop free conditions have been met within the experimentation of the 

constructed demonstrator. The tuning range was larger than an initial requirement of 1 THz. 

It was also possible to achieve a power output with <10% power variations. Although the 

actual power output of lm W was fairly low and a higher output would be required for a 

real world application. The low output power can be attributed to the build of the PPI ECT 

laser and laser gain chip characteristics. Line width of the output laser was larger than 

expected at -4MHz. With the double pass of the laser through the tunable optics the line 

width in theory would be lower. The traditional Littman-Metcalf configuration benefits from 

the use of a double pass on the diffraction optics. This tuning scheme provides better mode 

selection through the use of the double pass. With the periscope tuning method, although 

line widths in the region of a lOOkHz were not observed, it is theoretically possible. For 

some applications, line width above 1MHz would be acceptable, but for accuracy of 

measurement, a narrow line width would be required to enable the device to operate with 

desired attributes. With some adjustments to the final build of the PPI ECT laser, the line 

width was expected to improve. Fibre coupling of the laser by utilising off the shelf lenses, 

a coupling efficiency of -46% was achieved. This was constructed to obtain a circular 

Gaussian beam shape as the output from the demonstration build was. Higher output powers 

would be seen if coupling efficiency could be increased. 

Due to degradation in the power output of the selected laser gain chip, many of the 

tests were not carried out with in the time allocated. The degradation of the gain chip was 

a result of exceeding specification threshold during testing. 

The PPI ECT laser provides good evidence as to the feasibility of using a novel 

tuning method in place of the conventional Littrow or Littman configurations. The research 

has provided evidence of mode hop free conditions as well as desirable attributes, such as 

good beam stability and mode selection. 
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PPI ECTL Mechanical Design 
To allow accurate and repeatable construction, a JIG was design to assemble the PPI ECTL. 

The assembly JIG was designed around the principle of using linear (XYZ) and rotational 

(goniometer) stages to position the components within a high tolerance. Actual build 

procedure used several methods of monitoring the laser/output in order to achieve the best 

alignment, collimation, focus and maximum power output. 

The JIG consists of the following components. 

Raised Platform 

Allowing access to all positioning jig assemblies can be maintained with a suitably design 

platform. This platform must be raised to accommodate the height of the optical positions, 

created from xyz stages, goniometers and translation stages. 

Hotplate (2 x 150 Watt Cartridge heaters) 

The optical assembly was placed on a thermally isolated block of metal (Invar). To allow 

use of thermal glue, the optical components placed on the working area must be subjected 

to temperatures in the range of 80°C to 120°C or above. A thermal feedback probe was able 

to be moved to an optimum position to allow control of the temperature. 

Thermal Break (Material: PEEK™) 
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Expansion of the raised platform was reduced by incorporating a thermal break between 

the hotplate and the platform bed. A thermally insulating material was used to provide 

minimum thermal leakage during thermal glue curing. The reason for this approach was to 

avoid expansion of the metal platform that would distort the optics position, hence 

destroying the ideal optical placement of the lenses, return mirror and end mirror. 

Base Plates 

Material selection for the mechanical build was important as the total expanssion would 

impact the PPI ECTL's operation during and after the build. For this reason a low 

expansion material was required for most of the mechanical JIG's and fixtures. The Metal 

selected was In var 36. The CTE of this material was 1.18 cm2 /°C x 106• This was 

approximately equal to the CTE of the Glass parts used for assembly of the PPI ECTL. By 

matching the thermal expansion, the translation effect due to movement of components 

should be held at a minimum. 

All Jigs were designed using Solidworks () and manufactured using a local Precision 

Engineering company (Formagrind) near Swansea. 
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Build and Build Process 

To construct the PPI ECTL, many bespoke components were required. 

• Mechanical Jigs 

• Mechanical Fixtures 

• Laser Gain Block 

• Glass Components 

o Large Substrate 

o Pillars and Supports 

• Lens's 

o Laser, Return and Output Lens's (same lens) 

• Mirrors 

o Return Mirror (99% reflective) 

o End Mirror (85% reflective) 

o Periscope Mirrors (99% Reflective) 

• Glue 

o Epotek 353ND 

o Dymax OP-29-Gel 

Great care and time was taken in the development and selection of all of the above 

components. All but the Lens's and Glue were custom made items requiring many months 

of development. The mechanical jigs and fixtures alone took 3 months to design and model. 

Gluing Techniques: 

The two glued used in production of the first PPI ECTL demonstrator were Epotek 353ND 

and Dymax OP-29-Gel. 

The Epotek 353ND was thermal cure glue, requiring a minimum temperature of 80°C. This 

would cure the glue in around 30minutes but in most cases higher temperatures were needed 

for quicker cure times. 
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The Dymax OP-29-GEL was UV cure glue, requiring a UV source to activate curing. Time 

of cure was dependent on the intensity of the UV lamp. During the build a 10m W UV 

source was used, which cured the glue in less than 30minutes. 
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Glass Components 

All glass and mechanical components required to construct the final laser demonstrator were 

bespoke and hence drawings were required to accurately manufacture to well define 

specifications. 

The glass supports required to construct the final laser demonstrator have been 

manufactured using Extremely Low Expansion Glass. The specific product used was 

ZERODUR® by Schott Expansion Class 2, which provides a CTE of 0 ± 0.100 . 10-5 /K. 

The total parts manufactured from ZERODUR® are: Items 1, 2, 7 and 8. 

• Item l: Base Substrate 

o All final laser demonstrator components are mounted to this substrate 

• Item 2: Periscope Substrate 

o Used in the construction of the assembled Periscope. 

• Item 7: Support Pillar 

o Used to mount the glass assemblies and Return Mirror to the Base Substrate. 

• Item 8: Interface Support Block 

o Used to construct the End Mirror/ Lens Assembly and Input Lens mount. 

All non- ZERODUR®glass components were manufactured using BK7. 

Table 7: Glass General Assembly 

ITEM NO. PART NUMBER DESCRIPTION QTY. 

l Base Substrate 0 l 03-03-007 l 

2 Periscope Substrate 01 03-03-001 1 

3 Periscope Chamfered Mirror 0 l 03-03-002 3 

4 Filler/ Etalon (Reduced Size) 0103-03-004 1 

5 354105 Lens 3 

7 Support Pillar 0103-03-009 3 

8 Interface Support Block - Input 0103-03-011 3 Lens and End Mirror & Lenses 

9 End Mirror AR & HR COATINGS 0103-03-008 3 
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Figure 55: Glass General Assembly 
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Base Substrate 

The top surface of the Base Substrate was required to be a polished surface to allow clean 

bonding when using thermal glue. 

Dimensions: 45 x 70 x 14 mm 

See drawing 0103-03-007 

Support Pillar 

As used to mount the End Mirror / Lens Assembly to the Base Substrate. Also used to 

mount the Return Mirror. Combination of polished and unpolished surface dependant on 

orientation and use. 

Dimensions: 5 x 10 x 20 mm 

See drawing 0103-03-009 

Interface Support Block 

Used to construct the End Mirror / Lens Assembly and the Laser Lens Assembly. 

Combination of polished and unpolished surface dependant on orientation and use. 

Dimensions: 6 x 15 x 6 mm 

See drawing 0103-03-011 

End Mirror 

Used in the assembly of the End Mirror/ Lens Assembly 

For full specification, see drawing 0103-03-008 
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Periscope Substrate 

The Periscope base was glued to the mechanical JIG. The Periscope Substrate was made 

from ZERODUR® to reduce cavity length changes. This will aid in stabilising the system 

from any ill effect of thermal expansion. 

See drawing 0103-03-001 

Periscope End Mirror 

Optically bonded to the Periscope Substrate, the Periscope End Mirrors manufactured from 

BK7 with a reflective coating of greater than 99.5%. 

See drawing 0103-03-002 

Etalon / Filter 

The Etalon / Filter were manufactured on a single BK7 substrate, with the specified 

coatings applied to a single surface. 

For a detailed specification, see drawing 0103-03-004 

Periscope with Etalon 

The Periscope and Etalon / Filter were manufactured separately and were assembled at 

University of South Wales. During the build process these two components were bonded to 

form the required assembly. 

See drawing 0103-05-003 

See Build Process, Stage 2: Affix Etalon / Filter to the Periscope 
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Mechanical Components 

The next two sections refer to the required Fixtures and JIG's. 

Materials 

1. Invar 36 

a. Invar 36 was a low-expansion alloy containing 36% nickel. 

i. Used On: 

ii. Fixture Components 

iii. Positioning Arm 

2. PEEK™ 

a. Low Thermal Expansion and Conductivity 

b. Reducing thermal expansion of other JIG components 

i. Used On: 

1. Thermal Break 

3. Copper 

a. Used ON 

i. Gain Block Heat Sink 

4. Aluminium 

a. Used On: 

b. All other JIG components 
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Fixtures 

Periscope Vertical Support 

The rotational stage, which was made up from the periscope assembly and motor were 

mounted to a low expansion vertical support.This in turn was mounted to the horizontal 

support. 
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Horizontal Support 

The horizontal support contains two heating elements underneath the ZERODUR® 

substrate. When required, the Horizontal Support was heated to the required curing 

temperature. Component must achieve the required bonding temperature before thermal 

glue was applied. 
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Gain Block Heat Sink 

This Heat Sink removes unwanted thermal activity from the gain block whilst clamping the 

gain block to the Gain Block Support. 
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Figure 58: Gain Block Heat Sink 
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Gain Block Support 

The Gain Block was mounted to the Gain Block Support with the aid of the Gain Block 

Heat Sink and a single screw. Figure 59 also shows tapped holes for Positioning Arm 

mounting. 
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Periscope Rotational Support 

The Periscope assembly along with the attached Etalon / Filter were bonded to the 

positioning slot on Figure 60. Once affixed, the Periscope Rotation Stage was mounted to 

the Motor stage, which was then mounted to the Vertical Support. 
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"' cri "' ..... 
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Figure 60: Periscope Rotational Support 
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JIG's 

The build of the final laser demonstrator takes place on top of a platform. The use of such 

a construction was to allow the Positioning Arm's to be mounted to their XYZ stages, 

Goniometers and Angle Brackets while maintaining a good relative position. 

Table 8: Platform General Assembly 

ITEM NO. DESCRIPTION PART NO. QTY. 
l Thermal Break - 10mm PEEK 0103-04-0 l 1 1 

2 Platform Stage - Top Plate 0103-04-012 l 

3 Platform Stage - Side Plate 0103-04-013 2 

4 Platform Stage - Tie Strut Plate 0103-04-01 0 1 

5 SOC H'D CAP SCREW M4 x 12mm 4 

6 SOC H'D CAP SCREW M4 x 16mm 2 

7 SOC H'D CAP SCREW M6 x 16mm 4 

8 SOC H'D CAP SCREW M6 x 20mm 4 

9 Parallel Pin ISO 2338 - 4 m6 x 18 - St 2 

10 Parallel Pin ISO 2338 - 4 m6 x 22 - SI 8 

Figure 61: Platform General Assembly 
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Thermal Break 

The 10mm Thermal Break between the Horizontal Support (Figure 57) and the Top plate 

(Figure 63) performs the task of thermally isolating the two stages. As the Horizontal 

Support will reach temperatures of up to 150°C, the thermal break reduces the thermal 

crossover between these stages. The PEEK material used in the production of the Thermal 

Break was selected for its thermal expansion and low conductivity properties. 
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Figure 62: 10mm Thermal Break (Peek) 
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Platform 

The Top Plate (Figure 63), Side Plates (Figure 64) and Tie Strut Plate (Figure 65) are 

assembled to construct the base platform on which the thermal break and final laser 

demonstrator JIG sit. Stability was maintained through this mechanical construction. 

175.0 

[ 12.5)_ _ 

I 5(>.0 CTRS TYP 

A 

____ I05.00CTRS(D'fj _ 

,___ __ _,_,90=.00"'-=CTRS (TYP) __ 

B 

EE> 
"- 
/: 

q = "' ~ ti © 8 
Si 

<D f __ :_J~,~ 
--- - . 

SECTION B-B 

SECTION A-A 

35.0 TYP 

THRO' HOLE it, 4 TYP (6 POSJ 
LOCATION CLEARANCE FIT 

WITH 04mm DOWEL 

it, 6.4mmTHRO 
CBORE 0 11 mm x 6.5mm DEEP 

TYP 4 POS 

M4 THRO' TYP 4 POS 

Figure 63: Top Plate 

129 I Pct g e 



Pivot Point Independent, External Cavity Tunable Laser 

0 4.5mm THRO' 
C'BORE08mm 175.0 

V> x 4.0mm DEEP A (>:: ..... 

J t-- u 
0 

" I ,, u V) L' u N 
V, THRO· HOLE 0 4 TYP (2 POS) (I) 
(>:: I ..... TRANSITION FIT u 
8 WITH 0 4mm DOWEL 0... 

------- i': 0 0 I '° V) 0 0 
vi 

,-~ ., __ , 
'' '' 

A 

SECTION A-A 25.0 

225.0 

04 x 10mm DEEP (TYP) 2 POS 200.0 CTRS 
CLEARANCE LOCATION FIT 

WITH 4mm DOWEL 150.0 CTRS 12.500 
0 
vi 

(!) 0 

0 6.4mm THRO' 0... 
C'BORE 0 11 mm x 6.0mm DEEP >- ..... 

TYP 4 POS M6 x 12mm DEEP TYP 2 POS V) 

" 

Figure 64: Side Plate (1 of 2) 

35.0 

HOLE 04.0 x 10mm DEEP 
LOCATION CLEARANCE FIT WITH 
04mm DOWEL TYP 4 POS 

0 
U) 

" 
M4 x I 0mm DEEP TYP 2 POS 

r---- .,....- - 

- _:_ ... .., 

r---- .,....- - - --~ 

Figure 65: Tie Strut Plate 

130 IP age 



Pivot Point Independent, External Cavity Tunable Laser 

Positioning Arms 

From the XYZ / Goniometer stages, the positioning arms are connected. The purpose of 

these arms was to maintain a central point of rotation during alignment. 

Gain Block Positioning Arm 

The Gain Block was attached the positioning arm (Figure 66) via the 2 x M2 fixing holes. 

Position was maintained to the XYZ / Goniometer stage by using dowel positioning and a 

threaded fixing hole. Once the Gain Block Support had been affixed to the substrate, the 

M2 screws can be removed and the whole JIG removed. 
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Figure 66: Gain Block Positioning Arm 
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JIGS 

Laser Lens Arm 

The laser lens assembly was adhered to the two dowels. The adhesion was temporary and 

achieved my using a UV cured gel. Once cured the gel can be cut off once the component 

has been adhered using Thermal Glue. 

Positioning of all other components was achieved using the same method of UV tacking. 

All Positioning Arms use the same UV tacking method whilst positioning the specified 

component. 

• Figure 68: End Mirror Arm (Folded Position) 

• Figure 69: Lens Assembly Arm (Folded Position) 

• Figure 70: Return Mirror Arm 

• Figure 71: Lens and End Mirror Assembly Arm 
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Figure 67: Laser Collimating Lens Arm 
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Positioning Arm JIG's 

To allow complete movement during the build phase of the final laser demonstrator, the 

Positioning Arms were required to be mounted to a goniometer stage. For ease of connection 

and adjustment, the Arm Mounting Plate (Figure 72) was designed to be a multipurpose 

fixing plate. 
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Figure 72: Arm Mounting Plate 
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Connecting Angle Bracket and Goniometer Interface Mounting 

They are used to connect the XYZ and Goniometer stages. Please see Figure 73 and Figure 

74. 
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Assembly Base Plates 

Figure 75 to Figure 79 show the design of the various Base Plates required for the build. 

Depending at which stage the position was taking place, different heights were required. 

Either 10mm or 17.74mm. 7.74 mm was the distance from the laser output to the output of 

the periscope. 
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Gain Block Base Plate (Figure 80) was used as the interface plate between the XYZ / 

Goniometer stage for the Gain Block Support. The slotted holes are present to allow 

positioning of the 6° or 10° laser output angles. 
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Figure 80: Gain Block Base Plate 
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Positioning Assemblies 

As mentioned during the description of the various JIG's, positioning arms are required 

during the build. Six assemblies are required, but only two at any one time. The list below 

details the stages at which each JIG was required. 

• Stage 1 

• Figure 81: Gain Block Positioning Assembly 

• 0103-04-024 XYZ Stage To Bench Connecting Plate - Laser Mount Issue B_02 

• XYZ Stage 

• 0103-04-009 Adaptor Plate - Goniometer to XYZ Stage - Issue A_0l 

• Goniometer (Newport M-GON65-U) 

• 0103-04-007 Connecting Angle Bracket - Goniometers - Issue B_0l 

• Goniometer Lower (Newport M-GON65-L) 

• Goniemeter Upper (Newport M-GON65-U) 

• 0103-04-022 Plate - Support for Location Arm 2 Issue C_0l no_boarder 

L 

Figure 81: Gain Block Positioning Assembly 
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o Figure 82: Laser Lens Positioning Assembly 

• 0103-04-020 XYZ Stage To Bench Connecting Plate - Laser Lens Issue B_0l 

• XYZ Stage 

• 0103-04-009 Adaptor Plate - Goniometer to XYZ Stage - Issue A_0l 

• Goniometer (Newport M-GON65-U) 

• 0103-04-007 Connecting Angle Bracket - Goniometers - Issue B_0l 

• Goniometer Lower (Newport M-GON65-L) 

• Goniemeter Upper (Newport M-GON65-U) 

• 0103-04-022 Plate - Support for Location Arm 2 Issue C_0l no_boarder 

Figure 82: Laser Lens Positioning Assembly 
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• Stage 2 

o Figure 83: End Mirror (Folded Position) 

• 0103-04-015 - XYZ Stage To Bench Connecting Plate - Issue A_0l 

• XYZ Stage 

• 0103-04-009 Adaptor Plate - Goniometer to XYZ Stage - Issue A_0l 

• Goniometer (Newport M-GON65-U) 

• 0103-04-007 Connecting Angle Bracket - Goniometers - Issue B_0l 

• Goniometer Lower (Newport M-GON65-L) 

• 0103-04-022 Plate - Support for Location Arm 2 Issue C_0l no_boarder 

Figure 83: End Mirror (Folded Position) 
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o Figure 84: Lens Assembly (Folded Position) Positioning Assembly 

• 0103-04-023 XYZ Stage To Bench Connecting Plate - Lens Assembly Issue A_0l 

• XYZ Stage 

• 0103-04-009 Adaptor Plate - Goniometer to XYZ Stage - Issue A_0l 

• Goniometer (Newport M-GON65-U) 

• 0103-04-007 Connecting Angle Bracket - Goniometers - Issue B_0l 

• Goniometer Lower (Newport M-GON65-L) 

• 0103-04-022 Plate - Support for Location Arm 2 Issue C_0l no_boarder 

Figure 84: Lens Assembly (Folded Position) Positioning Assembly 
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• Stage 3 

o Figure 85: Return Mirror Positioning Assembly 

• 0103-04-023 XYZ Stage To Bench Connecting Plate - Lens Assembly Issue 

A_OlXYZ Stage 

• 0103-04-009 Adaptor Plate - Goniometer to XYZ Stage - Issue A_0l 

• Goniometer (Newport M-GON65-U) 

• 0103-04-007 Connecting Angle Bracket - Goniometers - Issue B_0l 

• Goniometer Lower (Newport M-GON65-L) 

• Goniemeter Upper (Newport M-GON65-U) 

• 0103-04-022 Plate - Support for Location Arm 2 Issue C_0l no_boarder 

Figure 85: Return Mirror Positioning Assembly 
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• Stage 4 

0 Figure 86: End Lens and Mirror Positioning Assembly 

• 0103-04-021 XYZ Stage To Bench Connecting Plate - End Mirror Issue A 

• 0103-04-009 Adaptor Plate - Goniometer to XYZ Stage - Issue A_Ol 

• 

• 

• 

• 

• 

• 

Goniometer (Newport M-GON65-U) 

0103-04-007 Connecting Angle Bracket - Goniometers - Issue B_0l 

Goniometer Lower (Newport M-GON65-L) 

Goniemeter Upper (Newport M-GON65-U) 

0103-04-022 Plate - Support for Location Arm 2 Issue C_0l no_boarder 

0103-04-026 In Line ARM - for Return Mirror 

Figure 86: End Lens and Mirror Positioning Assembly 
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PPI ECTL Build 
Stage 1: Laser Build and Alignment 

Assemble the metal stage for the tunable laser & glue the Zerodur substrate onto the metal 

stage. 

Figure 87: Assembly and Fixing JIG 
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Figure 88: JIG with Rotation Mount and Zerodur Substrate 

Figure 89: Position and fix the laser diode 
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Figure 90: Position and fix the laser collimation lens 

Figure 91: Position and fix the periscope 

Figure 92: Position and fix return mirror 
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Substrate to lnvar Base 

All glass and laser support components are mounted directly the Zerodur Substrate. Before 

constructing the external cavity, the substrate requires adhering to the Invar Base. The 

Invar base forms the top platform of the support JIG. 

Figure 93: Zerodur Substrate to Invar Base Position 

Thermal Glue Process: Substrate to Invar Base 

• 
• 
• 

• 

Place substrate on the Invar Base against the dowel position 
Heat the Invar Base to 100°c 

Using a single optical fibre, apply a small amount of Epo-Tek 353ND to the locations 
below. 

Allow to cure for 10 minutes, then turn off the heat 
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Figure 94: Thermal Glue Position 

The glue should wick along the material under the Zerodur substrate 

Figure 95: Substrate to Base Glue Position 
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Gain Block Mounting 

Whilst driving the Gain Block the thermal properties of the device require close monitoring. 

The temperature of the device was maintained using a peltier device attached to the cooling 

block. A thermistor was adhered to the back surface of the Gain Block to add feedback to 

the thermal management system. 

Figure 96: Gain Block / Thermocouple Mounting 

The Thermal Bonding Compound used was Electrolube ERTBS20S. A standard epoxy used 

for thermal transfer applications. Figure 50 and Figure 51 show the clamping method and 

epoxy bond. 

Figure 97: Gain Block/ Thermocouple Close-up 
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Gain Block Support: Heat Sink 

To allow better heat dissipation a small heat sink was attached to the Gain Block Support 

using the same Electrolube ERTBS20S Thermal Bonding Compound as used for the Gain 

Block / Thermistor. 

Figure 98: Heat Sink Mounting (Before) 
Figure 99: Heat Sink Mounted and Glued 

Gain Block Thermal Isolation 
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The contact area on the gain block mount requires thermal isolation to avoid thermal 

feedback. The below illustration (Figure 100 has the isolation area highlighted in Blue for 

Kapton tape adhesion to the surface. 

Figure 100: Gain Block Mount Thermal Isolation Area 

Gain Block Ground Path 

Once the gain block has been thermally isolated, the ground path for the Gain Block was 

created using adhesive copper tape (Figure 102). This placed over the Kapton tape, 

undersized to avoid contact with the main body of the Gain Block Support. 

Figure 101: Kapton Tape on Gain Block 
Mount 

Figure 102: Gain Block Ground - Copper Tape 
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With the copper tape adhered to Kapton tape, a length of wire was soldered to the copper 

tape to form the ground path for the Gain Block (see Figure 103) 

Figure 103: Gain Block Ground Path 
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Gain Block to Gain Block Support 

The final stage of the Gain Block Support construction was attaching the Gain Block. Using 

a 2mm nylon screw the Gain Block can be securely affixed to the Gain Block Support. 

Figure 104: Placement of Gain Block 
Figure 105: Fixing Gain Block using Nylon 

Screw 

Peltier to Copper Support 

Using the same Electrolube ERTBS20S Thermal Bonding Compound the Peltier was affixed 

to the Copper Support (Figure 106). Once affixed, the copper support can be attached to 

the Gain Block Support against the Gain Block. To aid in thermal transfer, a thermal paste 

can be used to allow better heat dissipation. 

Figure 106: Peltier Assembly to Copper 
Support 

Figure 107: Final Gain Block Sub Assembly 

Laser Lens Mounting 
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Using an Interface Support Block (0103-03-011 Issue G_0l) and the laser lens, the Laser 

Lens Assembly can be constructed. There were no bespoke JIG's created for the sub 

assemblies. The below Figure 108 shows the Lens to Interface Block glue technique. The 

assembly was clamped between a vee-block and another glass Interface Block. Using the 

same Thermal Glue process as with the Zerodur Substrate, the lens can be adhered to the 

substrate (Figure 108 Image 2). Once the assembly was maintained at 100°C a small amount 

of Thermal Glue can be added to the Lens / Interface Block Assembly (Figure 108, Image 

3). Once adhered to the Interface Block the Laser Lens assembly requires temperature 

cycling to increase the strength of the thermal bond. This will also settle the thermal 

adhesive. 

Figure 108: Laser Lens Assembly Construction JIG 

Gain Block and Lens Positioning 
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Using 2 x M2 screws, attach the Gain Block to the Gain Block Support Arm. 

The Laser Lens was adhered to the Laser Lens Positioning Arm using UV Cured Glue. 

Using a weak bond that can be cut after thermal adhesion to the support pillar and 

substrate. 

Threaded 
---r--- 
___ J--· 

Gain Block Positioning Arm 

Lens Assemblv 

THRO' HOLE /l) 2 TYP (2 POSJ 
LOCATION CLEARANCE FIT 

WITH (/) 2mm DOWEL 

I I t I 

• -.-+- ~-~ 
ti ,, ,, ,, 

"' o .., 

Laser Lens Positioning Arm 

Figure 109: Gain Block and Laser Lens Positioning Arms 
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Gain Block and Laser Lens JIG Setup 

Figure 110 below shows the arrangement of the JIG's for positioning the Gain Block 

Support. Using the CAD model to determine the approximate position on the substrate, the 

Gain Block Support was bonded to the substrate at this point using Epotek-353ND. It was 

possible to keep the Gain Block Support un-bonded until a later stage, but movement due 

to the thermal glue process was likely. 

Figure 110: Gain Block and Laser Lens JIG (Top View) 
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Figure 111: Gain Block and Laser Lens JIG (Perspective View) 

Once the Gain Block has been bonded to the substrate, the positioning JIG can be removed. 

Figure 112 

Figure 112: Bonded Gain Block and Laser Lens JIG (Top View) 
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Laser / Lens Collimation 

Once the Gain Block position has been stabilised, the laser lens can be adjusted to collimate 

the beam along the optical bench. This collimation was performed over a distance of 

approximately 3 meters, using several stages to observe beam quality and shape. Using a 

similar JIG the alignment of the beam can be adjusted. 

Figure 113: Beam Shape and Collimation across the Bench 
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Collimation was performed as follows: 

1. Align Laser Output lens to Gain Block Output 

2. View Laser Spot as close as possible to the PPI ECT Laser JIG (Position A) 

3. Using a Guide (Figure 113) the location can be recorded using an XYZ stage 
aligned to a marker 

4. Move the Guide along the optical bench whilst maintaining its relative position. This 
should be the furthest distance from the PPI ECT Laser JIG (Position B) 

5_ Adjust the Laser Lens position relative to the gain block to provide a constant shape 
across the optical bench 

6. Adjust the Laser Lens and monitor the laser position on the "Guide" 

7. Move the Guide back to Position A and adjust the "Guide" to record a known 
position 

s. Repeat steps 6 and 7 until the beam was at the same position on the "Guide" for 
Position A and Position B. 

9. Check beam size and repeat collimation was necessary 

Figure 114: Lens Alignment (Top View) 
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Laser Lens Bonding 

Once collimation of the laser beam has been stabilised, the laser lens can be bonded to the 

substrate using a support pillar. 

• 
• 
• 
• 
• 

• 
• 

Heat the Invar Base to 100°C 
Monitor the Substrate Temperature 
Place Support Pillar on the substrate, against the laser lens 
Allow to the Support Pillar to reach temperature 

Using a single optical fibre, apply a small amount of Epo-Tek 353ND to the location 
1 and location 2 

o More Epo-Tek 353ND can be added to different sections of glass. 
Allow to cure for 10 minutes, then turn off the heat 

Once cool, use a small sharp blade to cut away the UV glue holding the Laser Lens 
assembly to the Dowel positions on the positioning arm. 

Figure 115: Lens and Gain Block (Mounted) 
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Figure 116: Lens and Gain Block (Top View) 

Stage 2: Periscope Assembly 

periscope Assembly: Affix Etalon 

Alignment of the Etalon was only critical in the parallelism of the Periscope mirror to the 

Etalon Substrate. 

Using a simple clamp setup, which holds the periscope above a secured etalon. See Figure 

117. 

1. Align Periscope with Etalon's edge, 

2. Position Periscope over the Etalon allowing approximately 3mm under the Periscope 
o Check solidworks files for exact position 

3. Lower the Periscope on the surface of the Etalon 

4. Using a suitable optical utensil, push the Periscope on to the Etalon 
5. Heat the Invar Base to 100°C 

6. Allow to the Etalon and Periscope to reach temperature 

7. Using a single optical fibre, apply a small amount of Epo-Tek 353ND to the 
contacted parts. 

8. Allow to cure and remove the heat. 

Once aligned the Etalon should remain adhered to the Periscope assembly indefinitely. 
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Figure 117: Periscope Lowered on to Etalon 

Figure 118: Periscope / Etalon Mounting Jig 
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Figure 119: Periscope and Etalon (Complete Assembly) 

Figure 120: Periscope / Etalon Assembly (Top View) 

Figure 121: Periscope / Etalon Assembly (Side View) 
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Periscope to Rotation JIG 

The assembled Periscope / Etalon requires adhering to the Rotation JIG. This was simply 

achieved by heating up the Rotational JIG and applying Epo-Tek 353 to position 1 on 

Figure 122 

Figure 122: Mounting the Periscope / Etalon Assembly 
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Assembled Rotational Stage and JIG 

Once the Gain Block, Laser Lens and Periscope have been assembled, the first part of the 

JIG can be assembled. See Figure 123 and Figure 124 

Figure 123: Gain Block, Lens and Periscope Assembly 

0 

@ 

0 

Figure 124: Gain Block, Lens and Periscope Assembly (Side View) 
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Stage 3: End Mirror/ Lens Assembly 

End Mirror / Lens Sub-Assembly 

Using a suitable JIG, the assembly of the End Lens Assembly was constructed using a "V" 

block and multiple glass supports. See Figure 125. 

Figure 125: Lens Mounting (End Assembly) 

The two lenses were held apart using an 8mm metal spacer with a Glass Spacer beneath. If 

no Glass Spacer was used, it was possible to adhere the 8mm Lens Spacer to the to the lens 
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assembly. The JIG was placed on a hot plate and allowed to reach 100°C. Once glue curing 

temperature has been attained, Epotek 353-ND was applied to contact surface between the 

lens and End Assembly Glass Substrate. Once bonded, the supports were removed. See 

Figure 126 

Figure 126: T-Piece Pillar Added to End Piece Assembly 
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T-Piece Lens Assembly: JIG Fixing 

Once the End Lens Assembly was been constructed, it must then be adhered to the 

Positioning Arm at the Dowel Fixing points using UV cure glue. This bond should remain 

weak allowing removal after thermal bonding of the End Mirror. 

Figure 127 to Figure 130 illustrates the alignment setup for the End Lens Assembly. The 

End Lens was adhered to its relevant positioning arm and fixed opposite the End Lens and 

Positioning Arm. 

End Mirror 

Figure 127: End Mirror Alignment 
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Figure 128: End Mirror Alignment (Top View) 

Figure 129: End Mirror Alignment (Angled View) 
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Alignment Laser 

For accurate positioning of the End Mirror an external alignment laser was used. With the 

PPI ECT Laser ON the systems laser output was collimated across the optical bench. Once 

collimated, an external reference laser was used to optimise the alignment of the End Mirror. 

Aligning the external laser below the PPI ECT Laser output laser on the End Mirror only, 

missing the output lens. Using the Laser output and Reflected External Reference, accurate 

alignment of the End lens can be achieved. 

Once the alignment has been verified using the external reference laser, the End Mirror can 

be adhered to the End Mirror Assembly. See Figure 130 and Figure 131. 

Figure 130: End Mirror Alignment (Close 
Up) 

Figure 131: End Mirror Assembled 
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End Mirror / Lens Sub-Assembly (Folded Position) 

With the End Mirror aligned and adhered to the End Lens Assembly, it was then free to be 

moved to its final position. See Figure 132 to Figure 134. 

Before this can be done, the systems Return Mirror was needed to direct the laser along the 

required path. 

Figure 132: End Mirror JIG Assembly 

Figure 133: End Mirror JIG Assembly (Overview) 
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Figure 134: End Mirror JIG Assembly (Top View) 

Stage 4: Return Mirror 

Return Mirror Position 

The Return Mirror was positioned using a positioning arm as seen in Figure 135 and Figure 

136. Using UV glue the Return Mirror was temporarily fixed to the positioning arm to allow 

correct alignment. As final adjustment can be achieved using the final End Lens Assembly, 

the positioning of the Return Mirror was not critical within the system but the beam must 

remain parallel to the optical bench. 

Once the Return Mirror has been positioned, the Mirror can be adhered to the base and 

support substrate. This was the same thermal glue process as described in previous stages 

of the build. 

176 IP age 



Pivot Point Independent, External Cavity Tunable Laser 

Figure 135: Return Mirror (Alignment View) 

Figure 136: Return Mirror JIG Setup 
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The Return Mirror was placed between the Periscope and End Lens Assembly. The 

positioning of the mirror adds an angle of 4° parallel to the Optical Bench, which creates a 

beam angle of 8°. Figure 137 and Figure 138 show the return mirror position after adhesion 

to the assembly. 

Figure 137: Return Mirror (Top View) 

Figure 138: Return Mirror (Side View) 
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Stage 5: Final Build Process 

End Mirror / Lens Final Assembly ("T" Piece) 

The final stage in the build was to adhere the end mirror / lens assembly to the substrate 

via a support pillar. To accomplish this, the final stage JIG assembly was required to hold 

the "T" Piece in position. Using UV cure glue, the "T" Piece was affixed to the "T" Piece 

Support. SeeFigure 139. 

Figure 139: End Mirror / Lens Final Assembly (Top View) 

Figure 140 shows the completed stage after all components have been fully aligned and 

adhered to the substrate. 

179 \Page 



Pivot Point Independent, External Cavity Tunable Laser 

Figure 140: End Mirror / Lens Assembly Final Position 
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Tuning Angle of Etalon: Numerical Solution 
To achieve the maximum tuning range, the normalised coefficients must be equal. 

Etalon refractive index, n = l.514440826328486 (BK7) 

Periscope Perpendicular Length, d = 16 

Normal angle of Incidence, 80 = 14 

cavityserl = 2 * 16 * sin[14] 
h + 2 * 16 * cos[14] 

(5.2) 

7. 7415 
h+31.0495 

. 16 * cos[14] 
cauit.yserZ = - h + 2 * 16 * cos[14] (5.3) 

15. 5247 
h +31.0495 

1 
etalonserl = ------------ 

-2.29353 cscjxo] secjxo] + tanjxo] 

1 2n2(-1+n2) 
etalonser2 = - - + ( 1 2 2 [2 ])2 2 - + n + COS KO 

(5.4) 

(5.5) 

1 5.93351 
-- +-------- 

2 (3.58706 + cos[2 1w])2 

H 7 31.7602 

Ko 7 0.0869167 

{h 7 31.7602, Ko 7 0.0869167} 
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Solution 

ansl = FindRoot[{ cavityserl=etalonserl, cavityser2==etalonser2}, { {h, 30}, { Ko, 0.5}}] 

Ko= ans1[[2, 2]] = 0.236445 

h = ansl[[l,2]] = 45.0485 

cavitylen etalonlen 
Plot[ . - l 0 , {00, -0.2, 0.2}] 

cavitylenO eta on 

0.0001 

ol-----------===---1---=----------_J 

-0.0001 

-0.0002 

-0.2 -0.1 

l( cavitylen etalonlen ) 
o0p = FindRoot . l O - l l O * cavitylenO = cavity en eta on en 

= -0.000325, {00, o.o4}] [[1,2]] 

00p = 0.0512003 

. l( cavitylen etalonlen ) 
o0n = Find.Roat . l 0 - l l * cavitylenO = cavity en eta on enO 

= 0.000325, {00, -0.04}] [[1,21] 

o0n = -0.0532108 
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80 = 80p 

cavitylenp = cavitylen 

75.6611 

80 = 80n 

cavitylenn = cavitylen 

76.4658 

80 = 0 

cavityleno = cavitylen 

76.098 

The fractional change in the cavity was: 

cavitylenn - cavitylenp 
tscavitylen. = --------- 

cavityleno 

tscuvitylen. = 0.0105742 

The fractional change in wavelength in nano-meters will be: 

LlA = Scavityleti * 650 

LlA = 6.87322 

Therefore the fractional change in frequency (GHz) will be: 

2.998 * 108 
Llv = tscavitylen. * 

650 

Llv =4877.1464 

h = 45.0458 

Ko » 180 = 13.5479 
TC 

180 
(80p - 80n) * - = 2.99116 z-rr 
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Manual Calculations for Angular Range for Mode Hop Free Tuning 

Periscope 

Incidence Tuning Range 
Angle h Ko Angle Range 

GHz 

{J p 

50 2462.77 41.865 4.97864° ± 4.32992° 

70 3156.69 42.3168 6.94168° ± 3.82499° 

90 3732.45 42.9166 8.87689° ± 3.49885° 

11 ° 4233.31 43.6625 10.7771 ° ± 3.25952° 

13° 4675.38 44.5515 12.6359° ±3.07164° 

14° 4877.14 46.743 13.5479° ± 2.99116° 
15° 5067.07 45.5799 14.4474° ±2.91769° 
17° 5413.84 46.743 16.2066° ±2.78774° 
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Gain Chip Production Manufacturer List 
(In order of process Figure 22) 

IQE Group 

Headquarters 

Pascal Close 

Cardiff, UK 

CF3 0LW 

IQE has been at the forefront of the compound 

semiconductor industry for more than twenty-five years. 

The Group was clearly recognised as the leading global 

supplier of advanced wafer products and wafer services 

to the semiconductor industry. 

CST Ltd 

4 Stanley Boulevard 

Hamilton International 

Technology Park 

Hamilton 

Scotland, UK 

G72 0BN 

Helia Photonics Ltd 

Rosebank Park 

Livingston 

West Lothian 

Scotland, UK 

EH54 7EJ 

Compound Semiconductor Technologies Global Ltd are 

a leading provider of III-V opto semiconductor solutions 

since 2000. 

Helia Photonics was a privately owned company 

specializing in demanding optical coatings for micro 

optics and light emitting semiconductor devices. With 

only ten years of trading and -over a hundred well 

established customers Helia aims to become the premier 

player in its field. 
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Optocap 

5 Bain Square Livingston 

Scotland, UK 

EH54 7DQ 

Optocap offers a full range of contract precision assembly 

processes for semiconductor devices. Optocap's assembly 

process know-how enables reduced costs and reduced 

time to market for our customers. 

Optocap's precision assembly services: 

• 
• 
• 
• 
• 
• 
• 

Wafer Sawing 
Wire Bonding Services 
Die Bonding 
Pick and Place 
Stud Bumping 
Fiber Alignment 
Encapsulation and Hermetic sealing 
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