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ABSTRACT 
 

 

Flash-lamp pumped disk amplifiers suffer from thermally-induced aberrations which 

greatly limits the repetition rate of the disk amplifiers. A comprehensive 3D, time-

dependent mathematical model is presented which can successfully model the small 

signal gain, temperature, and the induced wave-front error. The key outputs of the 

model are verified using a Position Sensitive Detector wave-front sensor, a novel 

method of measuring the rise in thermal aberrations and small signal gain with a high 

temporal resolution. The experimental verification of the mathematical model is a 

critical contribution added to the existing body of knowledge. An alternative design, 

namely the Active-Mirror In a Cavity (AMIC) geometry based on active-mirrors is 

presented, which is shown to be three times more efficient (measured as Strehl 

efficiency) than the Vulcan’s 150 disk amplifier. The AMIC geometry consists of four 

active-mirrors pumped by two sets of flash-lamps. Furthermore, the maximum 

repetition rate of the AMIC geometry is derived by solving the time-dependent, three-

dimensional heat equation using the Finite Element Method (FEM). The RMS wave-

front error due to thermally-induced aberrations are predicted to be much lower for the 

AMIC geometry operating at a repetition rate of one shot per 5 minutes, compared to 

the 150 disk amplifier operating at one shot per 20 minutes. The adaptability of the 

mathematical model described in the thesis, can be used to explore, and simulate the 

performance of any new flash-lamp pumped disk amplifier geometry.  
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1 Introduction 

 

 
 

1.1 Vulcan Laser Facility 
 

The Vulcan laser facility is part of the Central Laser Facility (CLF) based at Harwell 

Campus, Oxfordshire. It’s a government funded user facility designed for researchers to 

investigate light-matter interactions of extreme intensities. It currently consists of two 

functional target areas, Target Area West (TAW) and Target Area Peta-watt (TAP). The 

facility consists of eight beams operating in both long and short pulses. The long pulse 

beamline can generate nanosecond pulses of up to 250J. The short pulse beamline can 

deliver up to 500J in 500fs pulses (1 PW). Energy 𝐸, of a pulse is defined in Joules: 

𝐸 =  ∫𝑃(𝑡) 𝑑𝑡         (1.1) 

Where 𝑃(𝑡) is the power measured in Watts as a function of time. Energy is the integral 

of the power performed over the duration of the pulse. For a pulse shape 𝑠(𝑡), which is 

normalised to a maximum amplitude of one, 𝑃(𝑡) can be expressed as a function of the 

pulse shape and the peak power 𝑃𝑝𝑘. 

𝑃(𝑡) = 𝑃𝑝𝑘 𝑠(𝑡)         (1.2) 

Therefore, the peak power of a pulse as a function of the pulse shape can be defined as 

the following in units of Watts. 

𝑃𝑝𝑘 =
𝐸

∫ 𝑠(𝑡) 𝑑𝑡
          (1.3) 

In order to achieve 1PW peak power, a series of rod amplifiers and disk amplifiers are 

employed in a Chirped Pulsed Amplification (CPA) scheme [1]. This chapter is 

designed to give an overview of the Vulcan laser focusing particularly on the short 

pulse beamline. One of the main limitations of the Vulcan laser system is the repetition 

rate at which it operates. Flash-lamps as a pump source for Nd:Glass results in 

considerable amounts of heat deposited on the Nd:Glass medium. The heat deposited in 

the Nd:Glass amplifiers is distributed non-uniformly resulting in the formation of 

temperature gradients. A laser beam propagating through a non-uniform temperature 
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profile results in the beam becoming aberrated. The focal spot intensity for an aberrated 

beam is larger compared to a laser beam free from aberrations [2]. As users are 

interested in the focal beam intensity, a cooling period is required to cool down the 

amplifiers which have been measured to be in the order of 20 minutes, limiting the 

repetition rate of the Vulcan laser system to one shot per 20 minutes [1], [3]-[4]. In the 

third chapter of the thesis, the origin and the consequences of thermal aberrations in 

Vulcan’s disk amplifiers will be discussed in detail following an in-depth analysis of a 

new mathematical model developed in this work. It is important however, to first 

introduce the concept of CPA before we navigate towards the individual amplification 

stages such as flash-lamp pumped rods and disk amplifiers. 

 

1.2 Chirped Pulsed Amplification (CPA)  
 

Prior to CPA technology, high power laser pulses were difficult to design due to the 

damage threshold of the various intermediate optics within the Vulcan system. High 

intensity beams would also suffer from large B-integral values leading to non-linear 

effects such as self-focusing [5]. At high peak intensities, the self-focusing effect would 

lead to an increase in the beam intensity, further increasing the risk of optical damage. 

Another unwanted non-linear effect is self-phase modulation which distorts the 

temporal shape of the propagating laser pulse [6]. To overcome the limitations of 

propagating and amplifying high powered short pulses, CPA technology was invented 

to decrease the intensity of the pulse prior to amplification by stretching the pulse in the 

temporal domain and recovering the stretched temporal pulse by compressing the pulse 

after the amplification stages [7]. Intensity is defined as the power of the pulse divided 

by the cross-sectional area of the beam in units of W/m2. Increasing the temporal width 

of the pulse, reduces the power of the pulse leading to a lower pulse intensity while the 

energy in the pulse can be amplified. A simplified schematic diagram of the CPA 

structure is shown in Figure 1.1. 
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Figure 1.1 - Chirped Pulsed Amplification (CPA) structure. Red side of spectrum, lower 

frequency components. Blue side of spectrum, higher frequency components of the 

spectrum [3]. 

 

Typically, a mode-locked short pulse seed laser oscillator is stretched using a dispersing 

medium such as prisms or diffraction gratings. Figure 1.1 shows a pair of double passed 

diffraction gratings as a pulse stretcher. When a short pulse is reflected off a grating, the 

distance travelled by the lower frequency region of the pulse (Figure 1.1, red part of 

spectrum) travels a shorter distance compared to the higher frequency region (Figure 

1.1, blue part of spectrum). This is achieved by moving the retro-reflector mirror (flat 

mirror top-left of Figure 1.1) out of the image plane. The stretched pulse, with a longer 

temporal pulse (lower peak power) is then amplified (shown in Figure 1.1 as power 

amplifiers). The amplified stretched pulse is then re-compressed by reversing the 

dispersion process by further use of prisms or diffraction gratings. The compression of 

the pulse results in a shorter temporal pulse, which results in a high peak power laser 

pulse. The stretcher and compressor designs of the Vulcan laser are well described in 

[8]-[9].  

Short pulse generation and the stretcher part of the Vulcan laser is referred to as the 

front end of the facility. In the next section, the details of the front end of the Vulcan 

laser facility will be introduced. 
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1.3 Vulcan Front End 
 

A Ti:Sapphire laser source at 1053nm is used as the seed oscillator in Vulcan. Optical 

Parametric Chirped Pulse Amplification (OPCPA) technique is used to pre-amplify the 

seed pulse for the Vulcan laser [10]. OPCPA uses the concept of CPA described 

previously in Section 1.2 but uses Optical Parametric Amplifiers (OPA) as 

amplification stages rather than a laser gain medium. OPCPA systems have many 

advantages over traditional laser medium amplifiers. One of the main advantages of 

using an OPCPA system is the ability to amplify broad spectral bandwidth laser pulses 

which can later be compressed to very short pulses [3], [11]. A simplified optical 

schematic of the front end is shown in Figure 1.2. 

 

Figure 1.2 – Vulcan TAP short pulse beamline front end 

 

The Ti:Sapphire seed oscillator enters a beam-splitter where one portion of the beam 

(transmitted in Figure 1.2) is stretched from 200fs to approximately 3ps. The other 

portion (reflected in Figure 1.2) enters a regenerative amplifier (Regen in Figure 1.2) 

consisting of a Nd:YLF medium, where the pulse duration increases from 200fs to 3ps 

through gain narrowing in the regenerative Nd:YLF amplifier. Refer to J.S.Coe et al 

[12] for more information regarding gain narrowing in Nd:YLF regenerative amplifiers. 

The amplified pulse is frequency doubled (2𝜔) using a BBO crystal. The 527nm beam 

(2𝜔) is used to amplify the seed pulse via the first OPA stage. The now amplified seed 

pulse is further stretched from 3ps to approximately 4.5ns. To further amplify the 4.5ns 

seed, a frequency doubled Nd:YAG source (532nm (2𝜔), 4.5ns) is used as a pump for 

the second OPA stage. The seed pulse is now amplified to approximately 10mJ at 4.5ns 

before it leaves the front end and enters the rod amplification stage.  
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1.4 Rod Amplification 
 

The rod amplification stage consists of four different sized rod amplifiers. The rod 

amplifiers are flash-lamp pumped Nd:Glass rods. The four different rods are mainly 

characterised by the size of the aperture, namely 9mm, 16mm, 25mm and 45mm. The 

9mm and the 16mm rods are Silicate based whilst the 25mm and 45mm rods are 

Phosphate based. Rod amplifiers are used due to their ability to provide high optical 

gain for relatively low energy pulses (10mJ at 4.5ns). The definition of optical gain used 

in the thesis presented is defined as the ratio of the amplified output laser energy, with 

respect to the input laser energy. 

𝐺0 =
𝐼

𝐼0
           (1.4) 

The small signal gain is defined as the following: 

𝐺 = exp (𝑔𝐿)          (1.5) 

Where 𝐿, is the optical path length propagated by a laser in the amplified gain medium, 

and 𝑔 is the gain-coefficient defined as: 

𝑔 =
𝜖𝑠𝑡𝜎𝑠

ℎ𝑣0
          (1.6) 

Gain-coefficient 𝑔, has units of m-1, and is proportional to the energy stored for laser 

amplification per cubic meter 𝜖𝑠𝑡 in units of J/m3. 𝜎𝑠 is the stimulated emission cross-

section in units of m2, and ℎ𝑣0 is the energy of a single laser photon. Small signal gain 

is not equivalent to optical gain 𝐺0, described in Equation (1.4), this is because the small 

signal gain does not take factors such as gain saturation, ASE (Amplified Spontaneous 

Emission) and other energy depleting mechanisms into account.  

The optical layout of the rod amplification section of the TAP beam line is shown in 

Figure 1.3. 
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Figure 1.3 - Rod amplification stage of the TAP beamline. S = Silicate rods and P = 

Phosphate rods, PC = Pockels Cell [1]. 

 

Upon leaving the front end, the laser pulse propagates through the first Vacuum Spatial 

Filter (VSF 1) before being amplified by the 9mm silicate rod (9mm (S)). A VSF is 

used to filter out any high order intensity fluctuations in the spatial beam profile. This is 

achieved by focusing a laser beam using a lens and matching the pinhole size to the 

focal spot size. On the Fourier plane, the pinhole allows the low-order frequency 

components to propagate whilst inhibiting the higher order frequency components. 

Once the beam has been spatially filtered through a pinhole, a collimating lens is used 

to re-collimate the beam. In the rod amplification stage, the pinhole size is close to the 

focal spot size to ensure high filtration of higher order spatial frequencies. However, as 

the pinhole size decreases, a loss in intensity transmission is also observed. Another 

major advantage of using a VSF is its ability to filter out wave-front aberrations. As a 

laser beam becomes aberrated, the size of the focal spot scales with the RMS (Root 

Mean Square) of the wave-front profile as will be seen later in Chapter 2. If the pinhole 

size is closely matched to the un-aberrated focal spot size, the pinhole can filter out 

wave-front aberrations in an aberrated beam, with a larger focal spot size, at the cost of 

intensity transmission. In the rod amplification stage, defocus is the dominant aberration 

term, and the higher order wave-front terms are usually insignificant [13]. After the 

9mm rod amplification, a second VSF (VSF 2) is used to spatially filter the beam and to 

increase the beam size from ~8mm to ~14mm. The diameter of the beam is maintained 

at 88% of the rod’s full aperture (0.88 x 9mm = 8mm and 0.88 x 16mm = 14mm). The 

next rod amplification stage consists of a double pass 16mm silicate rod (16mm (S)). 

Beyond the 16mm rod it once again enters another VSF (VSF 3) and the beam size is 

further increased. The final two stages of the rod amplification stage is amplified by the 

25mm (25mm (P)) and 45mm (45mm (P)) Nd:Glass phosphate rods. A Pockels Cell 
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(PC), is placed just before the 45mm rod to minimise any back propagation of the beam. 

To avoid optical damage, the fluence of the beam (defined as J/m2) is decreased at each 

amplification stage by increasing the beam size. Beyond the 45mm rod, the aperture of 

the beam is increased from ~40mm to ~96mm. In order to amplify beam apertures 

beyond 40mm, disk amplifiers are used which can accommodate larger aperture sizes. 

In the next section of this chapter, the disk amplification stage will be introduced which 

is the main topic for this thesis.  

 

1.5 Disk Amplification 
 

Rod amplifiers are no longer feasible in amplifying higher energy pulses. However, a 

rod amplification stage is preferred as a prior step to disk amplification due to its ability 

to provide high optical gain for relatively low energy pulses. The small signal gain for 

the 9mm, 16mm, 25mm and 45mm rods is approximately 25, 32, 12 and 6 respectively 

[14]. For the short pulse beamline, a 2J beam exiting the rod amplifiers are split into 

two beams with a 50:50 ratio. Only one of the two beams will be discussed in this 

chapter. The double-pass, 108 disk amplifier, amplifies the 1J beam into approximately 

40J. Using a rod amplifier to amplify to a 40J beam would require the rod amplifier to 

withstand 3.2J/cm2 which is in the upper range of the damage threshold of rod 

amplifiers (rod amplifiers in Vulcan are usually limited to a maximum of 30J). To 

reduce the laser fluence, the beam size of the laser is increased from ~40mm to ~96mm. 

Disk amplifiers can amplify larger beam sizes with high powered laser pulses but are 

usually limited by the small signal gain it can provide. Although Chapters 2 and 3 

discusses the Vulcan disk amplifier geometries in greater detail, in this section, only a 

brief overview of the disk amplifiers will be given. To connect the rod amplification 

stage to the disk amplification stage, an optical layout of the full beam path from the 

front end to the interaction chamber is shown in Figure 1.4. 
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Figure 1.4 - Optical layout of the full beam path of the TAP beamline from the front end 

to the interaction chamber [1]. 

 

After the beam expansion from 40mm to 96mm (VSF 5), the laser pulse is amplified by 

the 108 disk amplifier. The 108 disk amplifier consists of six disks pumped by two sets 

of four flash-lamps. The 108 disk amplifier is double passed with an Adaptive Optics 

(AO) mirror acting as a retro-reflector.  

The AO mirror is a bimorph type deformable mirror [15] capable of altering its shape to 

compensate for the wave-front aberrations induced in the laser beam. Two HASO wave-

front sensors are placed after the 208 disk amplifiers. One HASO wave-front sensor 

uses the on-shot, short pulse laser beam to measure the prompt aberrations in the laser 

beam, whilst the second HASO wave-front sensor uses the TAP CW (Continuous 

Wave) laser source and measures the long-lasting dynamic wave-front aberrations 

(please refer to section 1.9.1 for prompt and long-lasting dynamic wave-front 

aberrations). The prompt aberrations are pre-compensated prior to the firing of the laser 

shot by changing the shape of the AO mirror, and by tuning VSF 4 prior to the 45mm 

rod. Defocus is the dominant aberration term arising from the heating of the rod 

amplifiers. Changing the length of VSF 4 can compensate for the on-shot defocus term 

[16]. Higher order aberrations cannot be corrected by the VSF alone. Therefore, the 
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shape of the AO mirror is changed to compensate for the higher order prompt 

aberrations before the firing of the next laser shot.  

Once the laser shot has been fired, the CW laser beam turns on and propagates through 

the TAP beam path. The second HASO wave-front sensor measures the long-lasting 

dynamic wave-front aberrations present in the CW laser and communicates with the AO 

mirror in an open-loop configuration. The AO mirror has the capability to provide some 

correction power to the dynamic wave-front errors present in the TAP beamline. 

However, currently the AO mirror is limited by the stroke range of the actuators. 

Previous studies have shown that 20 minutes after the flash-lamps have fired, the 

magnitude of the wave-front error is well within the correcting capabilities of the AO 

mirror. In the first 5 minutes after the flash-lamps have fired, the magnitude of the 

wave-front error exceeds the AO’s capability. Also, within the first 5 - 10 minutes the 

wave-front aberration is constantly changing. The time between the last AO correction 

using the CW laser source and firing the next laser shot is approximately 1 minute, 

which results in a difference between the measured/corrected wave-front, and the actual 

wave-front error present at the time of the next laser shot [13]. Both the AO and VSF 4 

are used for dynamic, static and prompt wave-front corrections.  

The AO mirror also acts as a retro-reflector for the double pass 108 disk amplifier. The 

double pass configuration consists of a Faraday Rotator (FR) and a polarisation 

dependent beam splitter (BS), as shown in Figure 1.4. Initially the laser beam is 

transmitted through the polariser. The faraday rotator rotates the polarisation of the 

incoming laser beam by 45⁰, the second pass through the rotator, rotates the beam by an 

additional 45⁰. Due to the change in the polarisation state of the laser beam propagating 

through the 108 disk amplifier, the 108 disk amplifier is rotated by 45⁰. The change in 

the orientation of the laser’s polarisation allows the laser beam to be reflected off the 

polarisation dependent beam splitter on towards the beam path leading to the 150 disk 

amplifier. The small signal gain of the 108 amplifier is approximately 9 for a single 

pass, this is discussed in Chapter 3 in greater detail. The next disk amplifier in the beam 

path is the 150 disk amplifier, which consists of four phosphate disks pumped by two 

sets of four flash-lamps. A VSF (VSF 6) increases the beam size from 96mm to 132mm 

for the 150 amplifier. The flash-lamps used in the 150 amplifier are shorter in length 

compared to the 108 and the small signal gain across the 150 amplifier is approximately 

4. The last set of disk amplifiers used are the three 208 amplifiers (208mm (1), 208mm 

(2) and 208mm (3)). A VSF (VSF 7) increases the beam size from 132mm to 183mm 
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for the 208 disk amplifiers. A single 208 amplifier consists of three large disks pumped 

by the same flash-lamp specification as used in the 150 amplifier. Chapter 3 discusses 

the 150 and the 208 disk amplifier geometries in further detail. The small signal gain of 

a single 208 amplifier is ≈ 2.2. After the beam leaves the last 208 amplifier, it is sent to 

the compressor chamber. The beam is temporally compressed using two gratings in a 

compressor arrangement (Compressor in Figure 1.4), and then propagates towards the 

interaction chamber as shown in Figure 1.4. For further information regarding the 

compressor, refer to the following reference [8]. 

The VSFs used in the Disk amplifier section of the laser beam path (VSF 6 – VSF 8) 

consists of pinholes which are considerably larger than the diffraction limited focal 

beam spot size (5 – 20 times bigger). This is to ensure maximum laser energy is 

transmitted through the pinholes, and to avoid pinhole closure. For more information 

regarding pinhole closure, refer to reference [17]. Therefore, little to no spatial filtering 

is achieved by the pinholes, which contrasts with the VSFs used in the rod amplification 

stage of the laser beam path. As discussed previously, VSFs can also play a role in 

filtering out wave-front errors. However, the pinhole sizes in the VSFs used for the disk 

amplification stage far exceeds the focal beam spot size, leading to little or no change in 

the wave-front of the beam at the output of the VSF with respect to the wave-front at the 

input of the VSFs. 

TAP interaction chamber is the final destination of the laser pulse. After the compressor 

the laser pulse is focused using a large parabolic mirror. The focal spot intensity is the 

source for all the interesting experimentation that involves light-matter interaction. 

Continuing in sequence from the front end, rod and disk amplification stages and 

compression, the next section of this chapter will focus on the interesting research that 

comes out of the Vulcan laser facility in the target areas. 

 

1.6 Key light-matter interaction research 
 

The Vulcan laser facility being a user facility, provides the users with a laser pulse 

which is used to investigate light-matter interaction experiments. In this section, two 

key experiments which were carried out using the Vulcan laser will be discussed, and 

how the two experiments could be further improved if the repetition rate of the Vulcan 
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laser could be increased. This section provides the reasoning and the purpose of the 

thesis presented. 

A recent interest of experimental physicists using the Vulcan laser facility is the 

generation of high energy proton beams (5-30MeV) for applications such as the use of 

volumetric dose deposition for medical applications. Other applications also include 

isotope production and laser-driven fast ignition fusion [18]-[19]. In 2013, an 

experiment using the TAP beam line demonstrated a laser to proton conversion 

efficiency of 15% using a thin foil target. A mechanism known as Target Normal 

Sheath Acceleration mechanism (TNSA) was used to convert the laser pulse energy into 

proton generation. A simplified description of the TNSA mechanism is illustrated in 

Figure 1.5. 

 

Figure 1.5 - Target Normal Sheath Acceleration (TNSA) mechanism used to produce 

proton beams [20]. 

 

The laser pulse is usually separated temporally into two pulses, a less intense pre-pulse 

and a more intense main pulse. The pre-pulse creates a pre-plasma on the front side of 

the solid target (the laser-matter interaction face), the main pulse then interacts with the 

pre-plasma creating a beam of electrons propagating through the thickness of the target. 

Due to mechanisms such as electron-electron and electron-ion collisions, the hot 

electron flux diverges during its propagation through the target. The electrons then leave 

the target forming a dense sheath on the rear side of the target (shown as the blue layer 

in Figure 1.5). The intense electric field in the order of TV/m ionises the contaminant 

layer on the rear side and ejects the protons away from the target. The surface of the 
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target is usually contaminated with water vapour which provides an abundant source of 

protons (H+) [20].  

A 1053 nm laser source from Vulcan was temporally separated into two pulses 

separated in time by up to 4ps. The pre-pulse intensity was ten times smaller than the 

main pulse. The total pulse energy was approximately 180J at 800fs pulses (FWHM). 

The peak intensity of the main pulse was in the order of 3.2x1019W/cm2. The temporal 

separation between the two pulses were varied from 0ps – 4ps to maximise the number 

of protons generated, it was found that a shorter separation between the two pulses was 

the key to maximising the number of protons generated. Presented in Figure 1.6 are the 

key results of the experiment [21]. 

 

Figure 1.6 - Number of protons generated as a function of proton energy for varying 

pulse separations[21]. 

 

The pulse separation of approximately 1ps maximised the number of protons generated 

as shown in Figure 1.6. For a more thorough analysis of the experiment, the reader is 

referred to Brenner et al [21].  

Applications which rely on proton generation such as medical applications (proton 

beam therapy), a highly efficient source of protons such as laser-driven protons would 

certainly have its benefits. Currently medical physicists use large and expensive 

accelerators to produce a well-collimated beam of protons for proton beam therapy. 

V.Malka et al [22] presents a method of producing up to 10MeV proton beams using a 

10Hz, 100TW laser system delivering laser intensities of 6x1019W/cm2 to a thin foil 

target. In order to produce high repetition rate and high energy proton beams in the 
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therapeutic window of 60 – 200MeV, the repetition rate of the Vulcan laser system will 

need to be improved, whilst maintaining high peak power laser pulses. This is a key 

example of how the output of the thesis presented, can have an impact on laser driven 

proton beam therapy. 

Another key piece of research from the user’s perspective is the Bremsstrahlung 

radiation source imaging of nuclear waste packages conducted by P.C.Jones et al [23].  

A 28mm diameter uranium penny encased in grout was imaged using an x-ray source 

driven by Vulcan’s high peak power laser pulse. A high intensity laser pulse incident on 

a Tantalum foil can generate X-rays with energies exceeding 500keV. These high 

energy X-ray sources can be used to image encased elements in grout such as the 

uranium penny which could be an ideal method of imaging nuclear waste materials 

encased in large drums. Especially in cases of Intermediate Level Waste (ILW) where 

spent fuels are encased in 500L stainless steel drums. The stainless-steel drums are 

filled with magnex cladding, aluminium, uranium, and steel, and then further 

encapsulated in a grout mixture.  

Currently there are only two valid methods of assessing the material which is either 

direct investigation of the waste or simulated studies. The two methods are either unsafe 

or lack the accuracy required to assess the state of the nuclear waste. Therefore, a 

passive, non-destructive technique such as Bremsstrahlung X-ray imaging would be 

beneficial towards the science of nuclear waste management.  

A laser pulse of intensity greater than 1018W/m2 fully ionises the surface of the tantalum 

target forming a high-density plasma. It is the electric field of the laser pulse interacting 

with the charged particles which accelerates the electrons in the target, which then 

forms a bright source of Bremsstrahlung X-ray radiation [24].  

Vulcan’s 1053nm, 10ps laser pulse delivers an energy of approximately 150J on to a 

100µm thick tantalum foil. Image plates such as BAS-TR and BAS-SR (Refer to [25] 

for information regarding BAS-TR and BAS-SR image plates) were used for detection. 

The uranium penny was successfully resolved to sub-mm accuracy. The image of the 

uranium penny can be seen in Figure 1.7. The image on the top left and bottom left is 

the front surface of the penny. The image on the right is the image of the penny taken 

from the side. The grid features observed in Figure 1.7 are an artefact of the detector 

used (CsI array).  
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Figure 1.7 - Image of the Uranium penny (5x magnification). The red lines shown in the 

upper figures illustrate the location of the Uranium penny. Top left (lower figure) and 

bottom left (lower figure) are images of the penny seen from the front. Image of the 

penny seen from the side can be seen in the image on the right (lower figure) [23]. 

 

Results from this experiment demonstrates a passive, non-destructive method of 

imaging a uranium material in an environment like the nuclear waste using high 

intensity pulses. This is another example of an experiment which has a direct impact to 

science and industry, especially in the field of nuclear waste management. 

The brief introduction of the Vulcan laser facility and the two key examples of research 

conducted using the laser pulses generated in Vulcan, should give the reader a 

perspective on the scale and importance of the laser system. In the next section of this 

chapter, the purpose of the work presented will be discussed. 
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1.7 Purpose of the Thesis 
 

As highlighted earlier, Vulcan currently operates at 1 shot per 20 minutes which puts 

time constraints on the users using the facility. Increasing the repetition rate to 1 shot 

per 5 minutes could increase the experimental output from the Vulcan Laser facility by 

four times. The 5 minutes repetition rate goal was suggested by the Vulcan laser team. 

For a 5 minutes repetition rate laser system, the time taken to remove and replace laser 

targets would also have to be reduced by a factor of four. Adding constraints on the time 

required to replace targets. From a safety perspective, high repetition rate lasers can 

cause radiation build-up in the laser target areas due to nuclear activation of target 

materials. From a logistics point of view, high repetition rate laser systems can cause 

target contamination problems when many targets are used. The reader is referred to the 

following reference [26] for a more in-depth discussion on the logistical, and safety 

challenges faced with high repetition rate laser systems. The 5 minutes goal is a 

compromise between decreasing the time taken to complete an experiment and reducing 

the logistical and safety challenges faced with high repetition rate systems. Ultimately, 

the underlying limitation on the repetition rate is the time taken to charge the capacitors, 

which is currently in the order of 1 minute.  

For experiments such as proton generation discussed in the previous section, rely on the 

flux of protons generated to get reliable data to base conclusions on. A higher repetition 

rate laser would certainly mean more protons generated, more data taken, thus 

increasing the reliability of the data. If in the near future, high intensity pulses were 

used to generate protons for applications such as proton beam therapy, a high flux of 

photons generated per unit time would be desirable.  

Another key example of research discussed was the Bremsstrahlung X-ray imaging of 

nuclear waste. If technology allowed the use of high intensity pulses to be used in x-ray 

imaging of nuclear waste, then the time required to image large barrels of nuclear waste 

would be greatly reduced.  

The most important benefit however is the potential increase in number of users that 

would be able to use the facility. Limited to 1 shot per 20 minutes greatly limits the 

number of users that can use the facility because of the time required for each user to 

complete an experiment. Increasing the repetition rate could allow more users to 

participate, opening an avenue for more experiments, and variety of experiments.  
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As mentioned in Section 1.2, the AO mirror alone is unable to correct for the wave-front 

errors present in the first 5 minutes after the flash-lamps have fired. Therefore, the thesis 

presented focusses on improving the efficiency of the disk amplifiers by reducing the 

thermally-induced aberrations in the laser beam propagating through the disks. 

Reduction in the thermal aberrations would help bring the wave-front error within the 

correction range of the AO mirror in the first 5 minutes. Currently a residual of 0.4µm 

PV is still present in the laser pulse even after AO correction [4].  

The heat deposited by the flash-lamp pump source is non-uniformly distributed along 

the disk amplifier which will be discussed in Chapters 2 and 3. As the change in the 

refractive index and the dimensions of the disk amplifier are a function of temperature, 

the propagating laser beam travels a non-uniform optical path length through the disk 

causing the laser beam to become aberrated. This will be discussed in Chapter 2. The 

aberrations caused by the change in temperature will be referred to as thermal 

aberrations in the thesis, which causes the focal beam intensity used for experiments to 

decrease. One method of increasing the repetition rate is to implement cooling 

geometries to decrease the time required to cool the heated disks, another method is to 

optimise the geometry of the disks in a way that the heat deposited on the disks are 

uniformly distributed. The thesis focuses on the latter option by employing an active-

mirror design which is pumped on both surfaces by flash-lamps, which is discussed in 

Chapter 5.  

 

1.8 Novelty of the thesis 
 

In the thesis presented a novel disk amplifier geometry is simulated. The new geometry 

consists of four active-mirror disks being pumped on both sides by four flash-lamps. In 

total there’s four active-mirror disks and only eight large flash-lamps. The new disk 

amplifier geometry has considerable advantages over the disk amplifier geometries 

currently operating in the Vulcan laser system: 

1. Flash-lamp intensity distribution incident on the surface of the active-mirrors 

is more uniform in comparison to the Vulcan disk amplifier geometries (for 

the same flash-lamp power and seed pulse properties), which leads to a 

lower magnitude of thermal aberrations, hence increasing the focal beam 

intensity. 
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2. All active-mirrors are pumped on both surfaces by flash-lamps increasing 

the overall pump intensity incident on the disks. As active-mirrors are 

double passed, the small signal gain of the propagating laser beam is higher 

than the disk amplifier geometries currently in Vulcan. Therefore, the flash-

lamp power can be reduced in order to decrease the overall thermal 

deposition on the active-mirrors yet still maintaining a reasonable small 

signal gain. 

3. As opposed to traditional active-mirror geometries whereby each active-

mirror is pumped by a dedicated set of flash-lamps on one face [27]-[28]. 

The new geometry proposed uses the same two sets of four flash-lamps 

(eight in total) to pump all four active-mirrors, which utilises the flash-lamps 

more efficiently. 

In order to model the proposed active-mirror geometry and reasonably compare the 

results to the current disk amplifier geometries in Vulcan, a comprehensive time-

dependent, three-dimensional flash-lamp pumped disk amplifier model was developed 

to simulate the rise in thermal aberrations (discussed in Chapter 2). The thermal model 

is coupled with ZEMAX ray tracing to accurately model the flash-lamp rays incident 

upon the disks.  

In order to experimentally support the mathematical model, a Position Sensitive 

Detector (PSD) wave-front sensor was designed and implemented to measure the rise in 

thermally-induced, wave-front aberrations for a flash-lamp pumped Nd:Glass disk 

amplifier (Chapter 6). The PSD wave-front sensor was able to capture the wave-front 

aberrations with a temporal resolution in the 10’s of µs with only one scan (not 

including the background scan). This has never been reported before and adds further 

novelty to the thesis. 

The next section of the thesis will be dedicated to the well-established body of 

knowledge in flash-lamp pumped Nd:Glass disk amplifiers. Firstly, an alternative flash-

lamp pumped Nd:Glass disk amplifier system in the National Ignition Facility (NIF), 

and the research they have conducted in the sources and effects of thermally-induced 

aberrations will be discussed. Later in the Literature Review section, the advancements 

in modelling the small signal gain and the stored heat in flash-lamp pumped Nd:Glass 

disk amplifiers will be reviewed. Lastly, the results of the thermally-induced aberration 

measurements in the Vulcan laser system will be reviewed. The aim of this section is to 
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provide the reader an insight to the challenges that are faced in modelling and designing 

disk amplifiers geometries with higher repetition rates.  
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1.9 Literature Review 
 

The literature review is designed to give the reader the necessary background 

knowledge in order to better understand the problem of thermally-induced aberrations 

and its limitations on the repetition rate. Section 1.9.1 describes the National Ignition 

Facility’s (NIF) disk amplifiers, and the sources of thermally-induced aberrations. 

Section 1.9.2 discusses the heating processes in flash-lamp pumped Nd:Glass 

amplifiers. Lastly, Section 1.9.3 looks at two mathematical models from literature 

which were used to formulate the mathematical model described in Chapter 2. 

 

1.9.1 National Ignition Facility Laser Amplifier Chain 

 

Currently there are many high-powered laser facilities in the world being used for 

experiments in light-matter interactions. The NIF facility for ICF (Inertial Confinement 

Fusion) is another example of a flash-lamp pumped Nd:Glass laser system [29]. It 

consists of 192 beams delivering a total of 1.8MJ of energy in 3.4ns pulses. The 

Nd:Glass slabs in the NIF arrangement are stacked in 4x2 modules (4 high and 2 wide). 

Each disk in the 4x2 module has a 40cm square aperture. All the Nd:Glass slabs in the 

4x2 module are pumped by three sets of flash-lamps, two sets of flash-lamps pump the 

two ends of the module, whilst one central set of flash-lamps pump all 8 disks in the 

module. The 8 apertures form 8 independent beams which are called ‘beamlets’. The 

4x2 modules are replicated to form 192 independent beams in total. The 4x2 module 

described is illustrated in Figure 1.8. 
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Figure 1.8 - A 4x2 Nd:Glass modular unit used in the NIF amplifier system [30]. 

 

The whole modular unit fits into the Frame Assembly unit. The side flash-lamp 

cassettes which consist of six flash-lamps can be installed and removed as one unit 

without causing any disturbance to the neighbouring parts. The central set of flash-

lamps also designed as a cassette consists of eight flash-lamps. The eight disks that 

make up the 4x2 module are separated into two, 4x1 slab cassettes (Figure 1.8 only 

shows one of the two cassettes). The flash-lamp cassettes and the slab cassettes fit into a 

single frame assembly unit supported by the top plates shown in Figure 1.8, the plenums 

section of the module provides the necessary electrical power and the cooling channels 

to cool the flash-lamp cassettes [30]. 

Prior to the 4x2 module, the largest module that had been successfully tested was the 

2x2 module consisting of four, 39cm square aperture disks. Bruno M.V.Wontergham et 

al [31] published a detailed paper on the performance of the 2x2 module. The 

performance tests included gain-uniformity measurements, temporal pulse 

measurements, wave-front distortion measurements and the efficiency of 2nd and 3rd 

harmonic generation. 

During 1997, prior to the existence of NIF, a mega-joule beam line for the upcoming 

NIF user facility was proposed. A detailed thermal aberrations characterisation was 
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performed for the prototype. The characterisation of the new beam line highlighted 

some significant aberration contributions which can be divided into two main 

categories, static and dynamic (time-dependent) aberrations. Dynamic aberrations 

studied in reference [31], included several contributions such as: Thermal convective 

currents present within the disk amplifier cavity, prompt aberrations and the long-term 

residual thermal aberrations. The reader is referred to [32]-[34] for more information 

regarding prompt aberrations. The magnitude of the wave-front error due to the sources 

of aberrations described, are shown in Table 1.1 for the prototype.  

 

Aberration Sources  Magnitude of 

Error (Peak – 

Valley) 

Time constant 

for change 

Static Aberrations  

 Optical quality of components 2.5 λ Static 

 Small – Scale noise in optical 

components. 

λ/100 – λ/50 Static 

Dynamic Aberrations  

 Thermal convection currents 0.5 - 1λ Seconds 

 Prompt aberrations λ/10 – λ/20 (per 

slab) 

µs 

 Long-term residual thermal 

aberrations 

2 - 6λ Hours 

 

Table 1.1 - Magnitude of the wave-front errors in the NIF amplifier chain [31]. 

 

As shown in Table 1.1, prompt aberrations can become a serious concern for multiple 

disks in a multi-pass configuration. The total contribution from prompt aberrations were 

in the region of 2.45λ to 4.9λ (for the whole prototype beamline). Prompt aberrations 

will be the focus of the mathematical model described in Chapter 2. The next major 

contribution discussed in [31], is the long-term residual thermal aberrations which tends 

to dominate between a few minutes to a few hours after the flash-lamps have fired. 

Chapter 7 will be the focus of the long-term residual aberrations. Due to the finite scope 

of the thesis, thermal convective currents and the static aberrations will not be discussed 

beyond this chapter. Table 1.1 gives an insight to the key aberration sources and the 

relative magnitude of the errors in comparison. 

S.B.Sutton et al [32] highlighted some key sources of the long-term residual thermal 

aberrations in the NIF amplifier (Figure 1.8). The edge cladding of the disks was the 



22 

 

biggest source of heat transfer to the glass disks. The edge cladding which will be 

discussed in Chapter 5, can reach peak temperatures of up to 9.8⁰C above room 

temperature and are always in thermal contact with the glass disks which usually have a 

temperature of approximately 1 - 2⁰C above room temperature [32]. After the flash-

lamps have fired, the flash-lamps themselves heat up to a temperature of approximately 

20⁰C above room temperature, but they are usually separated by a thick blast shield and 

are often cooled down within a few milliseconds after they have been fired. Therefore, 

the heat transfer of flash-lamps to the disk amplifiers has not been included in the thesis. 

We assume that the flash-lamps are cooled to room temperature and the blast shields 

thermally isolate the disk amplifier cavity from the flash-lamps.  

As discussed earlier in this section, prompt aberrations are one of the major sources of 

thermally-induced aberrations. To accurately quantify the magnitude of the prompt 

aberrations in a disk amplifier laser system, a full three-dimensional, time-dependent 

mathematical model of the disk amplifiers was formulated. The research mentioned in 

Section 1.9.3 – 1.9.4 was crucial in the formation of the mathematical model which will 

be discussed in greater detail in Chapter 2. The next section will discuss the 

spectroscopic nature of Nd:Glass and the instantaneous heating processes which 

contribute to thermally-induced prompt aberrations. 

 

1.9.2 Nd:Glass and the Heating Processes 

 

Trivalent neodymium Nd3+ is an active ion that can be used in various crystalline and 

glass hosts, some common examples being Nd:YAG [35], Nd:YLF [36] and Nd:Glass. 

Although the lasing wave-length can vary depending on the host, most Nd gain 

mediums emit around the region of 1µm. In a glass host such as phosphate Nd:Glass, 

the laser emission region is approximately 1.054µm which is referred to as the lasing 

wave-length 𝜆0, in the thesis. Nd:Glass is a four-level laser system with the ground state 

4I9/2, the pump bands which extend from 2D9/2 – 4F5/2, upper laser level 4F3/2, and the 

lower laser levels extending from 4I15/2 – 4I9/2 [37]. Figure 1.9 shows the simplified four-

level laser system of Nd:Glass.  
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Figure 1.9 – Four-level laser system of Nd:Glass [37]. 

 

Nd:Glass can be pumped optically into five separate pump bands, which excites the 

electrons on the ground level to the multiple pump bands in the region between 2D9/2 – 

4F5/2. The five pump bands are tabulated in Table 1.2. 

n Pump Bands 

(nm) 

Central wave-

length (nm)  

Energy (1x10-19J) 

1 500 - 540 ≈ 525 ≈ 3.79 

2 560 - 600 ≈ 580 ≈ 3.43 

3 720 – 760 ≈ 755 ≈ 2.63 

4 780 – 820 ≈ 808 ≈ 2.46 

5 860 - 890 ≈ 875 ≈ 2.27 

 

Table 1.2 - Pump bands of Nd:Glass [38]. 

 

The pump bands ranging from 500nm – 890nm are all excited due to the broad emission 

spectrum of the flash-lamps. The excited electrons in the pump bands relax non-

radiatively (Shown as red arrows in Figure 1.9) to the upper laser level. A percentage of 

the excited electrons also decay non-radiatively back to the ground state shown as red 

arrows from the pump bands to the ground state in Figure 1.9. This percentage is 

defined by the quantum efficiency, 𝜂. For Nd:Glass materials, the quantum efficiency is 

0.8. 80% of all excited electrons in the pump band end up in the upper laser level, and 

20% is lost as non-radiative decay back to the ground level [34], [38]. The upper laser 

level which has a relatively long lifetime (in comparison to the pump bands and the 
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lower laser level), there are four possible laser transitions that can occur from the upper 

laser level, 4F3/2 – 4I15/2, 
4F3/2 – 4I13/2, 

4F3/2 – 4I11/2 and 4F3/2 – 4I9/2. The most probable laser 

transition is the 4F3/2 – 4I11/2, which emits at the laser wave-length of 1.06µm as shown 

in Figure 1.9. The probability of a laser transition from occurring is determined by the 

branching ratio of the transition. The four laser transitions and the probability of those 

transitions are summarised in Table 1.3. 

 

m Transition Wave-

length (µm) 

Branching 

Ratio 𝜷𝒎 

Energy of the lower 

laser level state 

(1x10-19J) 𝑬𝒎 

1 4F3/2 – 4I15/2 1.80 5.0x10-3 1.169 

2 4F3/2 – 4I13/2 1.35 0.094 0.828 

3 4F3/2 – 4I11/2 1.06 0.544 0.406 

4 4F3/2 – 4I9/2 0.88 0.361 0 (ground level) 

 

 Table 1.3 - Laser transition probabilities in Nd:Glass [41]-[42]. 

 

Please note that the sum of all the branching ratios for all laser transitions equals to 

unity. As mentioned earlier, the transition emitting at 1.06µm has a likelihood of 54.4%, 

which suggests that more than half of the laser transitions emit at a wave-length of 

1.06µm. A full description of the spectroscopy of Nd:Glass can be found in the 

following reference [37].  

There are two main heating mechanisms which occur due to the interaction between 

flash-lamp light and the Nd:Glass material. The quantum efficiency which was 

discussed earlier in this section, and the quantum defect term. Quantum defect is 

defined as the ratio of the energy between the pump photon and the laser photon. In a 

four-level laser system with multiple pump bands and laser transitions, the quantum 

defect term is calculated as two individual terms. The first quantum defect term takes 

into account the non-radiative transitions that occur during the pump process (ground 

level → pump bands → upper laser level), and the second quantum defect term takes 

into account the non-radiative transitions from the upper laser levels back to the ground 

level. The first quantum defect term can be defined as the following [38]: 

𝑄𝐷1 = ∑ 1 −
𝜆𝑛

𝜆𝑙 

5
𝑛=1          (1.7) 
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Where 𝜆𝑙, is the wave-length equivalent of the energy of the upper laser level and 𝜆𝑛 is 

the central wave-length of the pump band n (see Table 1.2). The five integrals 

calculated for all five pump bands are summed to give the first quantum defect term 

𝑄𝐷1. 

To calculate the second quantum defect term, a probability average of the lower laser 

level 𝐸𝐿, is calculated as the following: 

𝐸𝐿 = ∑ 𝐸𝑚𝛽𝑚
4
𝑚=1          (1.8) 

Where 𝐸𝑚 is the energy of the lower laser level m, and 𝛽𝑚 is the probability (branching 

ratio) of the laser transition 𝑚 from occurring. The values for 𝐸𝑚 and 𝛽𝑚 are given in 

Table 1.3. If the energy stored in the upper laser level is denoted as 𝜖𝑠𝑡, then the fraction 

of the energy lost as non-radiative decay from the upper laser level 𝐸𝑟, can be calculated 

using the second quantum defect term 𝑄𝐷2, the reader is referred to the following 

reference for more detail [38], [40]: 

𝑄𝐷2 =
𝐸𝐿

ℎ𝑐/𝜆0
          (1.9) 

𝐸𝑟 = 𝜖𝑠𝑡 𝑄𝐷2           (1.10) 

Now that the Nd:Glass’s four-level laser system has been discussed along with the two 

main heating processes (quantum efficiency and quantum defect) that contribute to the 

thermal loading of Nd:Glass in the prompt-aberrations regime, the next section of this 

chapter will be dedicated to the numerical modelling of the flash-lamp pump source, 

which will then be integrated into the full flash-lamp pumped disk amplifier model in 

Section 1.9.4.  

 

1.9.3 Mathematical description of the Flash-lamps (Spectral and 

Temporal) 

  

In order to help the reader understand the mathematical model which will be described 

in Chapter 2, this section is structured to give a background knowledge of the numerical 

modelling of a flash-lamp pump source. The spectral intensity of a Xenon type flash-

lamp type will be discussed. 
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A paper published by J.H.Kelly et al [43] gives a brief narrative on two numerical 

models developed to model the spectral properties of flash-lamps. The first model 

designed in the late 60’s simulated the spectral properties by solving the transport 

equations for a temperature dependent flash-lamp consisting of an ionised monatomic 

gas. The model uses the transition probability and the continuum absorption spectra of 

the ionised monatomic gas to determine the spectral features of flash-lamp light. This 

method implemented by Church et al [44]-[45] allowed theoreticians to predict and 

optimise the performance of pulsed-arc flash-lamp. Efforts were also made to 

experimentally verify the model, such as the work carried out in spectroscopy by 

L.Liberman et al [45]. 

H.T.Powell [47] developed an empirical model whereby the intensity of a flash-lamp 

can be easily modelled. The main advantage of using this model is that it is based purely 

on experimental data. From the perspective of an engineer who is only interested in the 

output spectral intensity of the pump source rather than the physics of the flash-lamps, 

this method proved to be accurate and simple to use. It is simple because it only requires 

three variables to calculate the spectral intensity of a flash-lamp: the flash-lamps bore 

diameter (inner diameter of the flash-lamp), the pressure of the Xe gas in the flash-

lamps and the current density flowing through the flash-lamps. Following H.T.Powell 

model, the Blackbody spectral intensity of a flash-lamp can be derived using the 

Planck’s radiation law 𝐼𝐵𝐵. 

𝐼𝐵𝐵(𝜆, 𝑇) =
2𝜋ℎ𝑐2

𝜆5  [exp (
ℎ𝑐

𝜆𝑘𝐵𝑇𝐵
) − 1]

−1

        (1.11) 

Where ℎ is the Planck’s constant, 𝑘𝐵 is the Boltzmann’s constant, 𝑐 is the speed of light 

in vacuum and 𝑇𝐵 is the blackbody temperature. The blackbody temperature of a flash-

lamp can be derived from the following empirical relationship [43],[46]-[48]: 

𝑇𝐵 = 9300 𝑗0.18𝑑0.092𝑝−0.017        (1.12) 

Where 𝑗 is the current density measure in kA/cm2, 𝑑 is the bore diameter of the flash-

lamps measured in cm, and 𝑝 is pressure of the Xenon gas measured in units of Torr. 

The blackbody temperature is strongly dependent on the current density, and weakly 

dependent on the bore diameter and the pressure of the flash-lamps. Another major 

advancement in the spectral model of the flash-lamps was the realisation that the plasma 

within the flash-lamps absorb some of the flash-lamp light generated. This is best 

described by Kirchhoff’s emissivity term shown in Equation (1.13). 
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𝜀𝜆 = [1 − exp (𝛼(𝜆)𝑑]        (1.13) 

The emissivity term 𝜀𝜆, is dependent on the absorption lines of the Xenon plasma 

measured in units of m-1. The effective blackbody spectral intensity in units of W/m2.m 

can be derived as the following: 

𝐼𝑒𝑓𝑓 = 𝐼𝐵𝐵 𝜀𝜆          (1.14) 

The absorption co-efficients of for the plasma consists of two broad Gaussian terms and 

20 discrete Lorentzian terms. The width, magnitude and location of the absorption lines 

can be found in the following reference [47]. 

However, an additional term was introduced by H.T.Powell named the standardization 

factor which attenuates the magnitude of the Xenon plasma absorption lines by a factor 

which is also dependent on the current density, bore diameter and the pressure of the 

flash-lamps. The standardization factor 𝑀, is expressed empirically as the following: 

𝑀 = exp [1.57 log𝑒 𝑗 + 0.071(log𝑒 𝑗)2 + 0.19 log𝑒 𝑑 + 0.46 log𝑒 𝑝]  (1.15) 

The effective spectral intensity of the flash-lamps in Equation (1.14), is further 

expressed as the following: 

𝐼𝑒𝑓𝑓 = 𝐼𝐵𝐵[1 − exp (−𝛼(𝜆)𝑀𝑑)]       (1.16) 

According to Kirchhoff’s law, the emissivity term in Equation (1.16) gives the radiation 

output spectrum, dependent on the observers viewing angle of the flash-lamps. The 

emissivity factor as stated isn’t valid for all viewing angles. Flash-lamp rays travelling 

at oblique angles will experience a longer path length compared to 𝑑 in Equation (1.16). 

Hence, an angle averaged emissivity factor 𝐹 is used instead of Kirchoff’s law. The 

factor 𝐹 has been numerically calculated by Trenholme as a function of 𝛼𝑀𝑑. The 

polynomial fit to his numerical solution is illustrated in Figure 1.10 and the polynomial 

co-efficients can be found in the following reference [48].  

𝐼𝑒𝑓𝑓,𝐴𝑉 = 𝐼𝐵𝐵 𝐹(𝛽𝐹)         (1.17) 

Where 𝛽 is determined by the expression: 

𝛽𝐹 = 𝛼(𝜆)𝑀𝑑          (1.18) 
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Figure 1.10 - Angle-averaged emissivity as a function of absorption in the Xenon 

plasma (Note: 𝛼𝐷 in the graph corresponds to 𝛼𝑑 in Equation (1.11) [48]. 

 

Once the emissivity factor 𝐹 is calculated, the angle-averaged effective blackbody 

temperature 𝐼𝑒𝑓𝑓,𝐴𝑉, can be expressed as a function of wave-length. The full flash-lamp 

spectral intensity 𝐼𝑒𝑓𝑓,𝐴𝑉 as a function of wave-length is illustrated in Figure 1.11. 

 

Figure 1.11 - Flash-lamp spectral intensity as a function of wave-length [47]. 

 

H.T.Powell’s empirical model of the flash-lamp spectral intensity was in good 

agreement with the experimental data as shown in Figure 1.11. H.T.Powell’s model was 

used to describe the pumping source in the mathematical model described in Chapter 2.  
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The current density, however, is also a function of time. Therefore, the full flash-lamp 

model would also be time-dependent. The temporal dependency of the flash-lamp 

spectral intensity will be discussed later in Section 2.2.2. 

In the next section of the chapter, the flash-lamp spectral intensity model will be 

integrated into a full Nd:Glass disk amplifier model.  

 

1.9.4  A Full Mathematical Model 

 

A full mathematical description for a flash-lamp pumped Nd-doped Phosphate laser 

rods was carried out by M.S.Mangir et al [40]. Using the Xenon flash-lamp model 

described in Section 1.9.3. M.S.Mangir et al managed to calculate the normalised 

heating parameter defined as the heat generated per unit stored energy as a function of 

Nd3+ concentration, flash-lamp pulse length and the current density. The discussion that 

follows is based on the work conducted by M.S.Mangir et al. 

The energy density stored for laser amplification 𝜖𝑠𝑡, is related to the small signal gain 

in the following manner, as shown previously in Equation (1.6): 

𝜖𝑠𝑡 = 𝑔ℎ𝑣0/𝜎𝑠         (1.19) 

The energy of the laser photon is ℎ𝑣0, the stimulated cross-sectional area is 𝜎𝑠, and the 

gain coefficient 𝑔 in units of m-1. The units of energy stored in Equation (1.19) is given 

in units of J/m3. As shown in Equation (1.19), the energy stored for laser amplification 

is proportional to the gain co-efficient. 

In order to calculate the energy stored density in units of J/m3 in a flash-lamp pumped 

rod amplifier as a function of time, the following differential equation was numerically 

solved [49]. 

𝑑

𝑑𝑡
𝜖𝑠𝑡(𝑦, 𝑡) = −

𝜖𝑠𝑡

𝜏
+ ∫ 𝐼𝐹𝐿(𝜆, 𝑗(𝑡)) 𝐾(𝜆, 𝑡) exp(−𝑦𝛼𝑁𝑑(𝜆)) 𝛼𝑁𝑑(𝜆)𝜂(𝜆)

𝜆

𝜆0
 𝑑𝜆

 

𝑃𝐵
 

           

           (1.20) 

The flash-lamp pump power which is defined as 𝐼𝐹𝐿 𝑑𝜆 increases the energy stored as a 

function of time, the factor 𝜖𝑠𝑡/𝜏 decreases the energy stored density in a laser glass due 

to the decay of electrons in the upper laser level (see Figure 1.9) determined by the 
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upper state lifetime 𝜏. The exponent term describes the magnitude of the flash-lamp 

spectral intensity which is absorbed as it penetrates deeper into the rod amplifier in the 

y-axis. The absorption of the flash-lamp spectral intensity in glass is determined by the 

strength of the absorption coefficient 𝛼𝑁𝑑. As mentioned in Section 1.9.2, the quantum 

efficiency term defined as η dictates the efficiency of the glass rod in converting pump 

energy to stored energy. 𝐾 is another efficiency constant which takes into account how 

the reflectors around the flash-lamp modifies the flash-lamp spectral intensity. 𝜆/𝜆0 

refers to the quantum defect term, where 𝜆0 is the amplified laser wave-length. The 

integral shown in Equation (1.20) is performed over all the pump bands of Nd:Glass 

(see Table 1.2). 

The heat deposited as a function of time is calculated via the quantum defect and the 

quantum efficiency term. As previously mentioned, the quantum defect term is split in 

two parts, the ratio corresponding to the non-radiative transitions from the ground level 

to the upper laser level, and the non-radiative transitions occurring from the upper laser 

level back to the ground level. The heat deposited as a function of time is calculated in 

the following manner: 

ℎ(𝑦, 𝑇) = ℎ0(𝑦) + ∫ [𝑞1(𝑦, 𝑡) + 𝑞2(𝑦, 𝑡)] 𝑑𝑡
𝑇

0
     (1.21) 

Where ℎ0 accounts for any residual heating already present in the system. For 

simplicity, Chapter 2 assumes that no residual heating is present prior to the firing of the 

flash-lamps.  

𝑞1(𝑦, 𝑡) =  
𝑟

𝜏
𝜖𝑠𝑡(𝑦, 𝑡)         (1.22) 

𝑟 =
1

ℎ𝑐/𝜆0
[𝐸11/2𝛽11/2 + 𝐸13/2𝛽13/2 + 𝐸15/2𝛽15/2]     (1.23) 

Where 𝑟 is equivalent to 𝐸𝐿/(ℎ𝑐/𝜆0) in Equation (1.9), which is used to determine the 

heating parameter 𝑞1 in Equation (1.22). 

𝑞2 = ∫ 𝐼𝐹𝐿(𝜆, 𝑗(𝑡)) 𝐾(𝜆, 𝑡) exp(−𝑦𝛼𝑁𝑑(𝜆))𝛼𝑁𝑑(𝜆) [𝑓1 + 𝑓2] 𝑑𝜆   (1.24) 

𝑓1 = 1 − 𝜂(𝜆)          (1.25) 

𝑓2 = 𝜂(𝜆) [1 −
𝜆

𝜆𝑙
]         (1.26) 

The term 𝑞2 includes the heating contribution from the quantum efficiency term 𝑓1 and 

the non-radiative transitions that occur from the ground level to the upper laser level via 
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the pump bands, denoted as 𝑓2. Where 𝜆𝑙 is the wave-length equivalent of the energy of 

the upper laser level 4F3/2. 

To adapt this model to a two-dimensional flash-lamp pumped disk amplifier, H.Zhu 

[38] used a Monte-Carlo ray tracing method to trace the flash-lamp rays to the disk 

amplifier and used M.S.Mangir et al’s approach to solve for the energy stored and the 

heat deposited in a two-dimensional disk amplifier. The reader is referred to the 

following publication [38] for an in-depth analysis. 

H.Zhu used the following differential equation to solve for the energy stored in two 

dimensions. Where the x-axis is the long axis of the disk, the y-axis is the thickness of 

the disk and 𝑃𝑒 is the flash-lamp pump power: 

𝑑

𝑑𝑡
𝜖𝑠𝑡(𝑥, 𝑦, 𝑡) = −

𝜖𝑠𝑡(𝑥,𝑦,𝑡)

𝜏
+ 𝑃𝑒(𝑥, 𝑦, 𝑡)      (1.27) 

𝑃𝑒(𝑥, 𝑦, 𝑡) = ∑∫ 𝐼𝐹𝐿(𝜆, 𝑥, 𝑦, 𝑡) 𝜂(𝜆)
𝜆

𝜆0
𝑑𝜆      (1.28) 

The spectral intensity of flash-lamp light incident upon a disk amplifier 𝐼𝐹𝐿, is integrated 

over the Nd:Glass pump bands with respect to 𝑑𝜆. However, Nd:Glass consists of five 

pump bands (see Table 1.2). Therefore, a summation has to be performed over all the 

pump bands of Nd:Glass. Once a two-dimensional, time-dependent pump power 

incident on the disk amplifier is determined, then the same method as M.S.Mangir et al 

can be used to calculate the heat deposited on the disk amplifier.  

ℎ(𝑥, 𝑦, 𝑡) = ℎ0(𝑦) + ∫ [𝑞1(𝑥, 𝑦, 𝑡) + 𝑞2(𝑥, 𝑦, 𝑡)] 𝑑𝑡
𝑡𝑇
0

    (1.29) 

The time-dependent, two-dimensional formulation allows this model to be easily 

adapted to any flash-lamp pumped disk amplifier geometry. In Chapter 2, the 

mathematical model described in this chapter will be further developed to a three-

dimensional geometry, since a three-dimensional description of the heat deposited is 

needed to determine the 2D wave-front profile of the propagating laser beam. 

Determining the wave-front error was crucial for characterising the performance of 

Vulcan’s disk amplifiers. Instead of using a Monte-Carlo simulation to trace rays from 

the flash-lamps to the disks, Chapter 2 uses ZEMAX for ray tracing. A sophisticated ray 

tracing mechanism provided by ZEMAX allows the design of more complicated disk 

amplifier geometries.  
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In the next section, the thermally-induced aberrations previously measured in the 

Vulcan laser system will be discussed. The next section is designed to give the reader an 

insight to the thermal aberrations problem specifically for the Vulcan beam line. 

 

1.9.5  Thermally-induced aberrations in Vulcan 

 

This section will explore an earlier work on measuring the thermal aberrations in the 

Vulcan laser system.  

In 2000, a study on the time-dependent thermal aberrations was conducted by 

C.Hernandez-Gomez et al [50]. A radial shear interferometer [51] was used to detect the 

aberrations as a function of time. The experimental setup of the radial shear 

interferometer used in the experiment is illustrated in Figure 1.12. 

 

Figure 1.12 - Radial Shear Interferometer used for measuring the wave-front aberrations 

in the Vulcan laser beamline [50]. 

 

The input aberrated beam enters a beam splitter, the reflected and transmitted portions 

of the beam propagate through a pair of lenses which make up a downsizing telescope, 

both portions of the beam interfere with each other on the beam splitter, the interference 

pattern is then focused on to a CCD camera for image analysis. The radial shear 

interferometer is a self-referencing method which doesn’t require an additional laser 

beam as a reference. A commercial software [52] was used to re-construct the wave-

front from the interference fringes. The high contrast fringes were post processed and 
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fitted to the first 13 Zernike terms. Using a video recorder to record the changes in the 

interference fringes allowed a time-dependent analysis of the changes in thermal 

aberrations at a rate of 1/50th of a second. The dominant aberration type observed was 

the astigmatism term. The magnitude (measured in waves, 𝜆0 = 1.053µm) and the 

orientation of the astigmatism term (measured in degrees 𝜃) are presented in Figure 1.13 

and Figure 1.14. 

 

 

Figure 1.13 - Astigmatism wave-front error (magnitude measured in waves) as a 

function of time for the Vulcan laser beamline [50]. 
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Figure 1.14 - The orientation (measured in degrees 𝜃) of the astigmatism wave-front 

error as a function of time [50]. 

 

As illustrated in Figure 1.13, at approximately 20 minutes the thermally-induced 

astigmatism has returned near its original value. At approximately 16 minutes, the 

blowers which cool the flash-lamps are turned off, and the magnitude of the 

astigmatism term peaks at 17.5 minutes before it returns to its original value at 

approximately 20 minutes, which explains the spike in the astigmatism readings shown 

in Figure 1.13. As mentioned previously in Section 1.5, the change in thermal 

aberrations during the first 5 minutes is significant, which is re-emphasised in both 

Figure 1.13 and Figure 1.14. 

The results from the wave-front measurements performed on the Vulcan laser system in 

Figure 1.13 formed the main motivation for the EngD project. In order to increase the 

repetition rate of Vulcan’s disk amplifiers, an entirely new geometry needed to be 

explored in order to minimise the thermal aberrations. 
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1.10  Thesis Structure 
 

In the introductory chapter of the thesis, the TAP beamline of the Vulcan laser facility 

has been introduced and the relevant background research (Section 1.9) associated with 

the thesis. In Chapter 2, a three-dimensional, time-dependent mathematical description 

of the flash-lamp pumped Nd:Glass disk amplifier will be formulated. The simulation 

results of the mathematical model will be compared and verified to the simulation 

results from literature. In Chapter 3, the model described in Chapter 2 will be used to 

simulate the Vulcan’s disk amplifiers namely the 108, 150 and the 208 disk amplifiers. 

The simulation results of the 108 disk amplifier will be compared to experimental 

results. In Chapter 4, a flash-lamp pumped active-mirror geometry will be introduced 

and modelled using the same model as described in Chapter 2. Using the mathematical 

model described in Chapter 2 and the active-mirror geometry from Chapter 4, an 

entirely new geometry will be proposed in Chapter 5. The proposed geometry uses the 

concept of active-mirrors in a disk amplifier setup. In Chapter 6, a novel time-dependent 

wave-front sensor experiment will be discussed which can resolve the rise in thermal 

aberration with a high temporal resolution. In Chapter 7, the heat equation will be 

solved for the new proposed geometry and the repetition rate of the new amplifier 

design will be calculated and compared to the existing Vulcan disk amplifiers.  

 

1.11  Conclusion 
 

In the introductory chapter of the thesis, an overview of the Vulcan laser facility was 

described to give the reader an understanding of the scope of the Vulcan Laser. Later, 

two key experiments conducted using the Vulcan laser were mentioned. The purpose of 

the key experiments was to show the potential benefits of a higher repetition rate laser 

system to the wider scientific community. Section 1.7 further highlighted the purpose of 

the thesis by making references to the key experiments discussed earlier. In the 

literature review section, relevant key research from literature was discussed and its 

relevance to the overall thesis. In the literature review section, two, time-dependent 

models were reviewed and the need to extend the 2D model to a 3D model was also 

discussed. Highlighting the need of a 3D model to calculate the wave-front error 

induced by the thermal loading of the disks. 
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The next chapter will be dedicated to the formulation of a 3D, time-dependent flash-

lamp pumped Nd:Glass disk amplifier, and the model described in Chapter 2 will be 

used throughout Chapters 3-5 to simulate different disk amplifier geometries. 
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2 Flash-lamp pumped, Disk amplifier Model 

 

 

 

2.1 Introduction 
 

In the previous chapter, the Literature review section of Chapter 1 discussed two flash-

lamp pumped Nd:Glass disk amplifier models. In this chapter a new mathematical 

model will be formulated and it’s strengths compared to the two models described in 

Chapter 1 will be highlighted. The model described in this chapter share some key 

concepts with M.S.Mangir et al [40], and H.Zhu’s [38] model, but extends it to a 3D 

problem, which is required in order to calculate the wave-front error of a laser pulse 

propagating through a thermally loaded disk amplifier. Additionally, to get a true 3D 

representation of the flash-lamp intensity incident upon the disk amplifiers, ZEMAX’s 

non-sequential ray tracing is used. In ZEMAX, complex disk amplifier geometries (with 

several reflective components) can be modelled with relative ease. The model described 

in this chapter, can be adapted to any flash-lamp pumped disk amplifier geometry given 

that an accurate model of the disk amplifier geometry can be constructed in ZEMAX.  

In this chapter, the model described will be compared to the simulation results of H.Zhu 

[38] and will be further verified in Chapter 3 using experimental data. It is important to 

state at this point, that the model only includes the heat generated from the flash-lamps 

which is stored in the disk amplifiers. The model does not include any heat transfer or 

cooling mechanisms. The wave-front error calculated for a propagating laser beam is 

dependent on the thermo-optic co-efficient and the thermal expansion coefficient of the 

laser glass medium. In the next chapter, the model described in this chapter will be used 

to simulate the three Vulcan, Brewster-angled disk amplifiers. In Chapter 4, the same 

model will be applied to a flash-lamp pumped active-mirror type geometry (see Figure 

2.1), and Chapter 5 will use both the active-mirror and the Brewster-angled geometry to 

form an entirely novel disk amplifier design. In Chapter 7, the simulation results 

obtained in Chapters 3 and 5 will be used to solve the 3D heat equation, and the 

repetition rate of the amplifiers will be calculated.  
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Figure 2.1 - Brewster angled geometry (left) and Active-mirror geometry (right). 

 

The overall structure of the mathematical model is illustrated in Figure 2.2. The model 

has three major inputs. The three major inputs are defined as ‘Input Models’ (shown as 

yellow, red and blue dashed boxes). Each input model depends on the input model 

parameters, shown as white boxes. The three input models will be discussed under the 

section heading ‘Input Models’. The main code, which is shown in red boxes will be 

described under the section heading ‘Main Steps in the Code’. Finally, the output 

parameters shown in green will be discussed under the ‘Model Outputs’ section of the 

Chapter.
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Figure 2.2 - An overview of the mathematical model described in this chapter.
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2.2 Input Models 
 

In this section, the ZEMAX Model shown as a yellow dashed box in Figure 2.2 will be 

formulated in Section 2.2.1. The Flash-lamp Model in Section 2.2.2 and the Nd:Glass 

model in 2.2.3. 

 

2.2.1 Normalised Intensity Profiles using ZEMAX 

 

In order to model the flash-lamp intensity incident upon each disk in a disk amplifier, 

ZEMAX in non-sequential mode was used to model the disk amplifier. The flash-lamps 

were modelled using cylindrical incoherent sources of light and the disk amplifiers were 

modelled as 2D rectangular detectors. The intensity profile incident on the disks were 

simulated in units of W/m2. The ZEMAX model includes the entire geometry including 

the reflectors. Vulcan’s 108 disk amplifier geometry is shown in Figure 2.3 as an 

example. 
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Figure 2.3 - An artist’s impression of the 108 Disk amplifier geometry shown as an 

example without the ridged reflectors (top), 3D layout of the ZEMAX model for the 108 

disk amplifier including the ridged reflectors (bottom). 

 

The cylindrical sources (flash-lamps) used in the ZEMAX model were normalised to an 

output power of one-watt to ensure that the intensity profile simulated on the 

rectangular detectors could easily be scaled to the output of the flash-lamp power. The 

108 disk amplifier which is used as an example, consists of six elliptical disks. Due to 

the simplicity of modelling rectangular detectors on ZEMAX, the disks were modelled 

as rectangular detectors as opposed to elliptical detectors. The width of the detectors is 

Disk 1 Disk 2 Disk 3 Disk 4 Disk 

5 

Disk 6 

4 Flash-lamps 

(Upper set) 

4 Flash-lamps 

(Lower set) 
Front - 

Reflector 

Back - 

Reflector 
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equivalent to the minor axis of the elliptical disks, and the length of the detectors are 

equivalent to the major axis of the elliptical disks.  

Elliptical cross-sections of the rectangular disks are used throughout the thesis for small 

signal gain and wave-front error calculations. In order to justify the use of 2D disks as 

opposed to 3D disks, two scenarios will be considered where a 2D rectangular disk 

might not accurately describe a 3D disk. The discussion will then follow on towards 

justifying the use of rectangular shaped detectors as opposed to elliptical shaped 

detectors.  

Lets first consider two major scenarios where a 2D disk may not accurately represent a 

3D disk. The two scenarios are described in Figure 2.4. 

 

 

Figure 2.4 - Flash-lamp ray entering the side of the amplifier disk (left). Flash-lamp ray 

transmitting through the disk and being reflected back into the disk (right). 

 

As shown in Figure 2.4 (left), the flash-lamp ray is entering the disk through the edges 

of the disk, the disk edges are usually cladded with an absorbing material, therefore any 

rays entering through the disk edges would have little to no impact on the small signal 

gain or the wave-front error. The second scenario shown in the right-hand figure of 

Figure 2.4 shows a flash-lamp ray passing through the disk amplifier, reflecting off a 

mirrored surface and back into the disk amplifier. To best evaluate this scenario, 

transmission efficiency of flash-lamp light passing through the 30mm disk is shown in 

Figure 2.5. 
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Figure 2.5 - Transmission curve for LG-760 for a 30mm disk [53]. 

 

As illustrated in Figure 2.5, flash-lamp light within the pump band regions has little to 

no transmission through the 30mm disk. Flash-lamp light beyond 900nm has 37% 

transmission. However, this is well beyond the pump bands of Nd:Glass (see Table 1.2). 

Therefore, the impact of the second scenario on the small signal gain and the wave-front 

error is also minimal.  

However, it must be noted that one of the limitations of using 2D rectangular disks as 

opposed to 3D elliptical disks is when the two scenarios illustrated in Figure 2.6 occur.  
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Figure 2.6 – Flash-lamp ray transmitted outside the elliptical cross-section of the disk, 

reflects off, and is incident within the elliptical cross-section. Flash-lamp ray generated 

outside the elliptical cross-section and transmits towards the elliptical cross-section of 

the disk (bottom). 

 

If a flash-lamp ray transmits through the disk outside the elliptical cross-section, reflects 

off a mirror and re-enters into the elliptical cross-section of the disk, then this ray would 

not be included in the model. As the flash-lamp ray would be absorbed before it 

transmits. This scenario is shown in Figure 2.6 (top). The second scenario illustrated in 

the bottom figure of Figure 2.6, whereby a flash-lamp ray is incident outside the 

elliptical cross-section of the disk, and then transmits into the elliptical cross-section of 

the disk. However, this scenario would have little impact if the path length of the ray is 

greater than 10mm, this is illustrated in Figure 2.7, with the transmission curve of flash-

lamp rays with a path length of 10mm.  
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Figure 2.7 - Transmission curve for LG-760 through a 10mm sample [53]. 

 

As shown in Figure 2.7, path length of a ray exceeding 10mm has a transmission of less 

than 20% in the pump bands. As some rays would indeed have a path length of less than 

10mm, then the small signal gain predicted using this model would be higher in 

comparison to a model which uses elliptical disks. This is one of the limitations of using 

rectangular disks in the ZEMAX model presented. 

The first scenario illustrated in the top figure of Figure 2.6, is only problematic for a 

small range of angles for the flash-lamp rays which are incident outside the elliptical 

cross-section of the modelled disk, which then exits the disk outside the elliptical cross-

section and then reflects back into the elliptical cross-section.  

A rectangular disk geometry is used throughout the thesis for all disk amplifier 

geometries. Behind the flash-lamps, as shown in Figure 2.3 (bottom), are a pair of 

ridged reflectors which reflect back any flash-lamp light back towards the main cavity 

of the amplifier. 

The disk geometry is split into two sections, the first section is the rays traced from the 

upper four flash-lamps to the upper surface of the disks. The second section traces the 

rays from the lower set of flash-lamps to the lower surface of the disks as shown in 

Figure 2.8. 
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Figure 2.8 – The rays from the upper four flash-lamps shown in red, are traced to the 

upper surface of the disk. The lower flash-lamps (blue) are traced to the lower surface of 

the disk. 

 

Separating the geometry into two sections allows the two sets of flash-lamps to be 

considered independently. As the intensity simulated on a 2D rectangular detector is in 

units of W/m2, Beer-Lambert’s law is used to calculate the flash-lamp light intensity 

absorbed across the thickness of the disk, as shown in Figure 2.9. 

 

Figure 2.9 - The absorbed flash-lamp intensity from the lower set of flash-lamps is 

shown as a blue arrow and the absorbed flash-lamp intensity due to the upper set of 

flash-lamps is shown as a red arrow.  

 

In a 3D disk, the absorbed flash-lamp intensity from the upper four flash-lamps is 

proportional to exp (−𝛼𝑧), and the absorbed flash-lamp intensity from the lower four 

flash-lamps is proportional to exp (−𝛼(𝑙𝑧 − 𝑧)), where 𝑙𝑧 is the thickness of the disk in 
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the z-axis. If a 3D detector was modelled in ZEMAX, then a single intensity profile 

from both flash-lamps would have been sufficient, but that would add further 

complexity as 𝛼 is wave-length dependent, which would mean the flash-lamp intensity 

would also need to be wave-length dependent alongside the absorption co-efficients. 

Instead, the wave-length dependence of the flash-lamp light and the disk is captured in 

the MATLAB code instead (see Figure 2.2). 

25 million rays were traced from each set of cylindrical sources on to the rectangular 

detectors to simulate an accurate representation of the flash-lamp intensity distribution 

on the two surfaces of the disks. The rays were traced into 10,000 pixels (100x100) 

rectangular detectors. 100 pixels in each spatial dimension was sufficient to resolve the 

intensity profile accurately in two dimensions. 𝐼𝑁,𝑈 and 𝐼𝑁,𝐿 will be used as the 

normalised intensity profiles derived from ZEMAX, representing the upper surface and 

the lower surface of each disk respectively.  

The intensity profiles 𝐼𝑁,𝑈 and 𝐼𝑁,𝐿 are inputs to the main code as an expression rather 

than a 100x100 data points set for each disk face. Figure 2.10 illustrates how the 

100x100 data set is converted to a 32x32 data set using a 5th order polynomial fit. A 

32x32 data set was chosen to reduce the computational time required in MATLAB [54]. 

The R2 error of the 5th order polynomial fit is approximately 0.99, which means 99% of 

all the variations in the original data set is captured by the polynomial fit. All intensity 

profile fits in the thesis presented are above 0.95. All intensity profiles presented in the 

thesis consist of two elliptical annotations. Dash-lined ellipse represents the elliptical 

disk, and the solid-lined ellipse represents the laser beam footprint on the disks. 
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Figure 2.10 - Example Intensity profile, from top to bottom. (i) Normalised intensity 

profile 100x100 data set from ZEMAX, (ii) 100x100 data set fitted to the 5th order 

polynomial, (iii) Re-size the data set to 32x32 data set, and (iv) Shading interpolation of 

the 32x32 data set. 

 

As shown in Figure 2.10, the 100x100 data set input from ZEMAX is first fitted to the 

5th order polynomial fit in the x and y co-ordinates (Figure 2.10 (ii)). This was achieved 

using MATLAB’s least square fit method [55]. The 5th order polynomial expression was 

used to resize the initial 100x100 data set to a computationally easier 32x32 data set 
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(Figure 2.10 (iii)). Finally, MATLAB’s shading interpolation [54] feature was used to 

smoothen the code’s output graphs, such as the small signal gain profiles, temperature 

profiles and the wave-front error profiles which will be illustrated later in Chapter 3. 

 

2.2.2 Flash-lamp Spectral Intensity as a function of time 

 

In the previous section, the intensity profiles 𝐼𝑁,𝑈 and 𝐼𝑁,𝐿 were determined using the in-

built ray tracing feature in ZEMAX. The cylindrical sources used were normalised to an 

output power of one-watt. In order to scale the normalised intensity profiles to the actual 

flash-lamp power, the time-dependent flash-lamp spectral intensity was determined. As 

discussed in Chapter 1, H.T.Powell et al [47] method in empirically determining the 

flash-lamp spectral intensity was in good agreement with the experimental data 

provided. The same method was used to determine the flash-lamp spectral intensity in 

the mathematical model described in this chapter. In order to verify the simulation 

results of the flash-lamp spectral intensity input into the model, the same parameters 

used by H.T.Powell et al were used to reproduce the results in his paper. Figure 2.11 

and Figure 2.12 show the results obtained by the mathematical model in comparison to 

the results obtained by H.T.Powell et al.  

 

Figure 2.11 – Xenon Absorption spectra modelled using the mathematical model (right) 

as comparison to the absorption spectra by H.T.Powell et al [47] (left) using the same 

flash-lamp parameters (𝑗 = 1.34kA/cm2, 𝑑 = 1.5cm2 and 𝑝 = 300Torr) 
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Figure 2.12 – Flash-lamp spectral intensity generated using the mathematical model 

(right) for the same flash-lamp parameters used by H.T.Powell (left) [47]. 

 

However, the flash-lamp spectral intensity is also a function of time. The current density 

flowing through the Xenon type flash-lamps can be modelled using the fit Equation 

(2.1), refer to the following reference for more information [56]: 

𝐴𝑁(𝑡) = 𝐴𝛼[𝑡 exp (−(𝑡 − 𝐴𝛽)
2
/𝐴𝛾

2)]      (2.1) 

𝑗(𝑡) = 𝐴𝑁(𝑡)𝑗𝑝         (2.2) 

Where 𝐴𝛼, 𝐴𝛽 and 𝐴𝛾 are constants which are determined numerically using MATLAB. 

The 150 and the 208 Vulcan disk amplifiers use identical flash-lamps, whilst the 108 

Vulcan disk amplifier uses longer flash-lamps. The flash-lamp pulse is generated by the 

PFN (Pulse Forming Network) which consists of an RLC circuit [48]. The properties of 

the PFN and the flash-lamps can be found in Table 2.1. 
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 108 Disk Amplifier 150 and 208 Disk 

Amplifier 

Voltage 𝑽𝟎 (V) 20000 19000 

Inductance 𝑳 (𝝁𝑯) 200 200 

Capacitance 𝑪 (𝝁F) 260 208 

Circuit Impedance 𝒁𝟎 

(Ω) 

0.98 0.88 

Diameter 𝒅  (cm) 2.5 2.5 

Length 𝑳 (cm) 1120 1000 

 

Table 2.1 - Properties of the PFN and the flash-lamps for the 108, 150 and 208 Disk 

Amplifier [57]. 

The peak current and the peak current density can be calculated using the following 

expressions [58]: 

𝑗𝐶 = 0.5(𝑉0/𝑍0)          (2.3) 

𝑗𝑝 = 𝑗𝑐/𝜋𝑟2          (2.4) 

Where 𝑗𝑐 is the peak current and 𝑗𝑝 is the peak current density flowing through the 

flash-lamp. The peak current density for the flash-lamps in the 108 disk amplifier is 

2.08kA/cm2, and the peak current density for the flash-lamps in the 150 and 208 disk 

amplifier is 2.21kA/cm2. One can also derive the rise time 𝑡𝑝, the time taken to reach 

the peak of the flash-lamp pulse, and the time taken 𝑡𝑟 to release 97% of the flash-lamp 

energy [59]-[60]. 

𝑡𝑝 = 3√𝐿𝐶          (2.5) 

𝑡𝑟 = 𝑡𝑝/0.4          (2.6) 

0.97 = ∫ 𝐴𝑁
𝑡𝑟
0

𝑑𝑡 / ∫ 𝐴𝑁
∞

0
𝑑𝑡         (2.7) 

According to the flash-lamp specifications shown in Table 2.1, the fit parameters 𝐴𝛼, 

𝐴𝛽 and 𝐴𝛾 in Equation (2.1) were optimised such that the rise time in Equation (2.5), 

and the expression in Equation (2.7) were satisfied. 𝐴𝑁 in Equation (2.1) has a 

maximum value of one, which was the last optimisation parameter.  

The peak of the flash-lamp time curve occurs at approximately 245µs and 273µs for the 

flash-lamps in the 108 disk amplifier, and the 150, 208 disk amplifiers respectively. The 
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time taken for the flash-lamps to release approximately 97% of its energy is 612µs for 

the 108 disk amplifier and 684µs for the 150 and the 208 disk amplifiers. The optimised 

co-efficients are tabulated in Table 2.2 for all three disk amplifiers. 

 

Fitting 

coefficients 

Values (108) Values (150 

and 208) 

𝑨𝜶 4.79e3 4.28e3 

𝑨𝜷 1.65e-4 1.9e-4 

𝑨𝜸 2.0e-4 2.1e-4 

 

Table 2.2 - Fitting coefficients for the 108, 150 and 208 disk amplifier’s flash-lamp time 

curve. 

 

Values for 𝑡𝑝 were calculated numerically by finding the maxima of the data points 

using MATLAB and were found to be 244µs for the 108 and 274µs for the 150 and the 

208 disk amplifiers. Numerical integration was performed on the data using the discrete 

trapezium function in MATLAB from t = 0, to t = 𝑡𝑟, the evaluated integral was 97% of 

the integral over the whole flash-lamp time pulse. The normalised flash-lamp time curve 

𝐴𝑁, and the time-dependent current density for the two flash-lamps are shown in Figure 

2.13. 
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Figure 2.13 – Flash-lamp time curve in Normalised units (top) and in Current Density 

units (below) for the 108, 150 and 208 disk amplifiers. 

 

Having derived the time-dependent current density flowing through the flash-lamps, the 

spectral intensity of the flash-lamps can now be expressed as a function of time. The 

time-dependent flash-lamp spectral intensity will be denoted as 𝐼𝑒𝑓𝑓,𝐴𝑉 in units of 

W/m2.m . The next major input parameter to the mathematical model is the Nd:Glass 

Input model which will be discussed in the next section.  

 

2.2.3 Nd:Glass Absorption Spectrum 

 

The last major input into the mathematical model is the Nd:Glass Absorption spectra. In 

this section, LG-760 [53] Phosphate Nd:Glass is modelled using the known absorption 

lines of Nd:Glass. The spectroscopy of Nd3+ ions show several absorption bands in the 

region of 0.3µm to 0.9µm which conveniently overlaps the Xenon type flash-lamp 

spectra shown in Figure 2.14 and Figure 2.12.  
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Figure 2.14 - Nd:Glass Absorption spectrum and the Xenon Flash-lamp spectrum. 

 

Nd3+ in a glass host such as phosphate shows a clear absorption band in the UV region, 

which is not a problem for quartz doped flash-lamps as they strongly absorb in the UV 

region, which reduces the UV output from the flash-lamps to the disk amplifiers [61]-

[62]. The absorption spectrum for a 3% doped Nd:Glass was modelled using discrete 

Lorentzian line. 3% doping was chosen due to the abundance of spectroscopy data 

available [42]. The Lorentzian lines were only fitted for the spectral region between 

500nm to 890nm, this is because the Nd:Glass pump bands do not extend below 500nm 

or above 890nm. In order to accurately model the Nd:Glass absorption spectrum, two 

separate references were used [42], [53]. The Nd:Glass absorption spectrum modelled 

consists of 15 Lorentzian lines. The absorption spectrum is illustrated in Figure 2.15. 
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Figure 2.15 - Nd:Glass Absorption Spectrum fitted using 15 Lorentzian lines. 

 

The absorption spectrum modelled for Nd:Glass was cross-referenced with the LG-760 

material in SCHOTT’s glasses catalogue [53]. The transmission curve (shown in Figure 

2.16 (top)) is derived using a 5mm glass sample. The transmission curve can be derived 

from the spectrum shown in Figure 2.15 using the following expression for a 5mm 

sample, where 𝛼𝑁𝑑 is the wave-length dependent absorption co-efficients shown in 

Figure 2.15. 

𝑇(%) = exp (−𝛼𝑁𝑑 𝑥 5𝑚𝑚)        (2.8) 

Transmission curve derived from Equation (2.8) is shown in Figure 2.16 (bottom). The 

comparison between the SCHOTT data and the modelled absorption co-efficient of the 

Nd:Glass is in good agreement within the pump band region of Nd:Glass (500nm – 

890nm). 
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Figure 2.16 – SCHOTT Catalogue for LG-760 transmission curve measured using a 

5mm sample (top). Transmission curve derived from the modelled absorption spectrum 

of Nd:Glass illustrated in Figure 2.15 (bottom) [53]. 
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The position, magnitude and width of the Lorentzian lines used to construct the 

spectrum shown in Figure 2.15 can be found in the Appendix A. 

Within the discussion of modelling the Nd:Glass absorption spectrum, the absorption 

cross-section 𝜎𝑛, of Nd:glass depends on the doping concentration of the Nd:Glass used. 

The absorption cross-section is used to define the pump parameter 𝑊𝑝, in the laser rate 

equation (see section 2.3.1). Increasing the Nd ion density increases the number of 

active ions that can be excited to the upper laser level. Therefore, naturally it would be 

an advantage to increase the Nd concentration in glass to maximise population 

inversion. However, as the concentration of Nd ions increase, concentration quenching 

can occur, which reduces the upper state lifetime of Nd ions. Concentration quenching 

occurs primarily through two mechanisms, cross relaxation, and energy migration [63].  

The rate at which the relaxation of Nd ions occur due to concentration quenching is a 

function of r-6, where r is the distance between two neighbouring Nd ions. r-6 is similar 

to the square of Nd ions density measured in m-3. Therefore, an empirical relationship 

between the upper state lifetime varies with the Nd ion density squared [37]. The 

relationship between the upper state lifetime 𝜏, and the active ion density is as follows 

[53]: 

𝜏 =
𝜏0

1+(𝑁𝑁𝑑/𝑄)2
         (2.9) 

Where the zero-concentration lifetime is 𝜏0 (323µs for LG-760), the number of Nd ions 

in the gain medium is 𝑁𝑁𝑑 and 𝑄 is the zero-concentration constant. For LG-760, as 

shown in Figure 2.17, the Q factor is approximately 1x1020cm3. 
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Figure 2.17 - Upper state lifetime as a function of concentration for Nd3+ doped 

phosphate laser glass (LG-760). 

 

At near zero concentration, the lifetime is reduced to the zero-concentration lifetime 𝜏0, 

when 𝑁𝑁𝑑 = 𝑄, the lifetime reduces to 𝜏0/2.  

Now that the main input parameters shown in Figure 2.2 have been discussed. The next 

section of this chapter will discuss the main steps in the code, as shown in Figure 2.2 as 

red boxes.  

 

2.3 Main steps in the code 
 

Having established the main input parameters in the previous section, the mathematical 

model performs the necessary calculations to determine the main outputs of the code. 

References will be made to previous sections of this chapter when necessary.  

The time-dependent current density flowing into the flash-lamps ensures the spectral 

intensity of the flash-lamps is also time-dependent. The angle averaged spectral 

intensity is therefore dependent on both wave-length and time (refer to Section 2.2.2 

and 1.9.3 for more information).  

𝐼𝑒𝑓𝑓,𝐴𝑉(𝜆, 𝑡) = 𝐼𝐵𝐵(𝜆, 𝑡)𝐹[𝑎(𝜆, 𝑡) 𝑑]       (2.10) 

The normalised flash-lamp intensity incident upon the disks were separated into two 

sections, the flash-lamp intensity incident upon the upper surface of the disk due to the 
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upper four flash-lamps 𝐼𝑁,𝑈, and the flash-lamp intensity on the lower surface of the 

disk due to the lower set of flash-lamps 𝐼𝑁,𝐷. In order to express the flash-lamp intensity 

𝐼𝑒𝑓𝑓,𝐴𝑉 incident on the disk amplifiers as a function of space, the following expression 

was used: 

𝐼𝐹(𝜆, 𝑡) =
4

𝐼𝑍,𝐹
∫ 𝐼𝑒𝑓𝑓,𝐴𝑉(𝜆, 𝑡)  𝑑𝐴       (2.11) 

Where 𝐼𝑍,𝐹 is the normalised output power of the cylindrical sources used in the 

ZEMAX model. The normalised output power was kept at one-watt (refer to Section 

2.2.1 for more information). The factor four refers to the number of flash-lamps used 

per flash-lamp set to derive the intensity profiles 𝐼𝑁,𝑈 and 𝐼𝑁,𝐷. The time-dependent 

flash-lamp spectral intensity 𝐼𝑒𝑓𝑓,𝐴𝑉 is integrated over the surface area of the flash-

lamps 𝑑𝐴. The factor 𝐼𝐹, is expressed in units of 1/m. If integrated over the wave-length 

range, the factor 𝐼𝐹 would return a dimensionless parameter. 𝐼𝐹 is multiplied by the 

normalised intensity profiles 𝐼𝑁.𝑈 and 𝐼𝑁.𝐷 to express the flash-lamp pump intensity 

incident upon the disk amplifiers in units of W/m3. 

𝐼𝐷,𝑈(𝑥, 𝑦, 𝜆, 𝑡) = 𝐼𝐹 (𝜆, 𝑡) 𝐼𝑁,𝑈(𝑥, 𝑦)       (2.12) 

𝐼𝐷,𝐿(𝑥, 𝑦, 𝜆, 𝑡) = 𝐼𝐹(𝜆, 𝑡) 𝐼𝑁,𝐿(𝑥, 𝑦)       (2.13) 

Now that the flash-lamp pump intensity incident upon the disks have been derived in 

units of W/m3, the next section of the code converts the two-dimensional intensity 

profiles into three-dimensional intensity profiles. In order to achieve this, Beer-

Lambert’s law is used in conjunction with the absorption co-efficients of Nd:Glass 

shown in Figure 2.15. The integral is performed over the pump bands of Nd:Glass (see 

Table 1.2), where 𝑛1 and 𝑛2 are the start and end of the pump band 𝑛. Therefore, 𝐼𝐷,𝑈 

and 𝐼𝐷,𝐿 are also a function of the pump band 𝑛. Five values of 𝐼𝐷,𝑈 and 𝐼𝐷,𝐿 are obtained 

using MATLAB, corresponding to the five pump bands of Nd:Glass for each thickness 

layer. 

𝐼𝐷,𝑈(𝑥, 𝑦, 𝑧, 𝑡, 𝑛) = ∫ 𝐼𝐹(𝜆, 𝑡) 𝐼𝑁,𝑈(𝑥, 𝑦) exp(−𝛼𝑁𝑑(𝜆) 𝑧)
𝑛2

𝑛1
 𝑑𝜆   (2.14) 

𝐼𝐷,𝐿(𝑥, 𝑦, 𝑧, 𝑡, 𝑛) = ∫ 𝐼𝐹(𝜆, 𝑡) 𝐼𝑁,𝐿(𝑥, 𝑦) exp(−𝛼𝑁𝑑(𝜆)[𝑙𝑧 − 𝑧] )
𝑛2

𝑛1
 𝑑𝜆  (2.15) 

Where 𝑙𝑧 is the thickness of the disk, as mentioned earlier in this chapter (refer to Figure 

2.8), the distance a flash-lamp ray travels across the thickness of the disk due to the 

lower four flash-lamps is calculated as (𝑙𝑧-z), whilst the flash-lamp ray from the upper 
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four flash-lamps travel a distance of 𝑧 across the thickness of the disk, where 𝑧 = 0 is 

defined as the upper surface of the disk. MATLAB was used to numerically calculate 

the flash-lamp intensity 𝐼𝐷,𝐿 and 𝐼𝐷,𝑈 in units of W/m2 at each thickness layer of the disk 

z. Each disk was split into 20 layers, for a 30mm disk, each layer modelled is 1.5mm 

thick. 𝐼𝐷,𝑈 and 𝐼𝐷,𝐿 are expressed as a 3D disk with 32x32x20 pixels. 

The final factor considered in the formulation of a three-dimensional disk amplifier 

geometry is the cavity transfer efficiency 𝜏𝑐𝑎𝑣. Not all of the flash-lamp light emitted by 

the flash-lamps is absorbed by the Nd:Glass disks. There are several mechanisms such 

as opacity and disk reflection that limits the efficiency of the flash-lamp light emitted 

and absorbed by the disks. The cavity transfer efficiency has been studied extensively 

by previous researchers [64]-[65], for flash-lamps operating at current densities of 2 – 

2.2kA/cm2, the cavity transfer efficiency is approximately 0.31. 

𝐼𝐷,𝑈(𝑥, 𝑦, 𝑧, 𝑡, 𝑛) = 𝜏𝑐𝑎𝑣 ∫ 𝐼𝐹(𝜆, 𝑡) 𝐼𝑁,𝑈(𝑥, 𝑦) exp(−𝛼𝑁𝑑(𝜆) 𝑧)
𝑛2

𝑛1
 𝑑𝜆   (2.16) 

𝐼𝐷,𝐿(𝑥, 𝑦, 𝑧, 𝑡, 𝑛) = 𝜏𝑐𝑎𝑣 ∫ 𝐼𝐹(𝜆, 𝑡) 𝐼𝑁,𝐿(𝑥, 𝑦) exp(−𝛼𝑁𝑑(𝜆) [𝑙𝑧 − 𝑧])
𝑛2

𝑛1
 𝑑𝜆  (2.17) 

In the next section of this chapter, 𝐼𝐷,𝑈 and 𝐼𝐷,𝐿 will be used to calculate the small signal 

gain of a disk amplifier using the well-known rate equations.  

 

2.4 Output Parameters 
 

This section will focus primarily on the three Model Outputs, Section 2.4.1 discusses 

the small signal gain outputs, Section 2.4.2 on the thermal loading and the temperature 

profile outputs, and finally Section 2.4.3 for the predicted wave-front error.  

 

2.4.1 Calculating the Small Signal Gain 

 

The amplification of a laser beam propagating through an amplified gain medium can 

be calculated using the laser rate equations. For a full derivation of the rate equations, 

the reader is referred to the following reference [66]. Please note, in this section of the 

thesis, both 𝐼𝐷,𝑈 and 𝐼𝐷,𝐿 will be referred to as 𝐼𝐷. As discussed in Chapter 1, (refer to 

Figure 1.9) Nd:Glass is a four-level laser system. The population density in units of m-3 
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on the ground level is denoted as 𝑁0, the population density in the pump bands as 𝑁3, 

the upper laser level as 𝑁2 and the lower laser level as 𝑁1. The lifetime of the pump 

bands in comparison to the upper laser level 𝑁2, are insignificant and the lifetime of the 

lower laser level 𝑁1 is also negligible in comparison to the lifetime of 𝑁2. Therefore, 𝑁1 

≈ 𝑁3 ≈ 0. To achieve population inversion in a four-level system, the number density in 

𝑁2 must be greater than 𝑁1. As 𝑁1 ≈ 0 [66]-[67], population inversion can be achieved 

with a relatively small pump power compared to a three-level system.  

The change in population of the upper laser level can be described by the following 

expressions: 

𝑑𝑁2(𝑥,𝑦,𝑧,𝑡,𝑛)

𝑑𝑡
= 𝑊𝑝(𝑥, 𝑦, 𝑧, 𝑡, 𝑛) [𝑁0(𝑥, 𝑦, 𝑧, 𝑡, 𝑛)] − 

𝑁2(𝑥,𝑦,𝑧,𝑡,𝑛)

𝜏
   (2.18) 

Where 𝑊𝑝 is the pump parameter, pumping electrons from the ground state 𝑁0, to the 

upper laser level 𝑁2. The second term on the right-hand side of Equation (2.18) refers to 

spontaneous emission whereby the population density in the upper laser level 𝑁2, is 

being de-populated at a rate 𝜏, where 𝜏 is the lifetime of the upper laser level. The pump 

parameter is defined in units of s-1: 

𝑊𝑝(𝑥, 𝑦, 𝑧, 𝑡) =  
𝐼𝐷(𝑥,𝑦,𝑧,𝑡) 𝜎𝑛

ℎ𝑣𝑛
         (2.19) 

Where 𝐼𝐷, is the pump intensity measured in W/m2, 𝜎𝑛 is the absorption cross-section of 

the pump band n in m2, and the energy of the pump photon is ℎ𝑣𝑛 for pump band n (see 

Table 1.2). 

The electrons which decay from the upper laser level 𝑁2 to the lower laser level 𝑁1 

through stimulated emission is coherent with the propagating laser beam [46], [66]. 

Therefore, the laser beam intensity is amplified and the gain coefficient 𝑔, is 

proportional to the population density in the upper laser 𝑁2,𝑛, for each pump band n. 

The total gain coefficient is calculated by summing 𝑁2,𝑛 over all Nd:Glass pump bands. 

The stimulated cross-section is denoted as 𝜎𝑠 in units of m2.  

𝑔 = 𝜎𝑠 ∑ ∆𝑁2,𝑛
5
1          (2.20) 

The gain co-efficient 𝑔 is calculated for both 𝐼𝐷,𝐿 and 𝐼𝐷,𝑈 seperately, the total gain co-

efficient can be calculated by adding 𝑔𝐿 (gain co-efficient due to 𝐼𝐷,𝐿) and 𝑔𝑈 (gain co-

efficient due to 𝐼𝐷,𝑈). The small signal gain 𝐺, in the laser beam propagating through the 

amplified disk amplifier can therefore be calculated as [67]: 
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𝐺(𝑥, 𝑦, 𝑡) = exp (∫ 𝑔(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑧
𝑙0
0

)      (2.21) 

Where the z-direction is defined as the optical axis of the laser beam and 𝑙0 is the 

distance the laser beam propagates through the amplified gain medium. The small signal 

gain depends on the population density 𝑁2, and the stimulated cross-section 𝜎𝑠. At 

higher laser fluences, the gain can become saturated. Gain saturation can be calculated 

using the Frantz-Nodvik’s equation, where 𝐸𝐹𝑁 is the amplified laser fluence measured 

in J/m2 and 𝐸0 is the fluence of the input, unamplified laser fluence [68].  

𝐸𝐹𝑁 = 𝐸𝑠 ln [1 + 𝐺(𝑒𝐸0/𝐸𝑠  −   1)]       (2.22) 

Where the saturated fluence 𝐸𝑠 is determined by: 

𝐸𝑠 =
ℎ𝑣0

𝜎𝑠
          (2.23) 

Figure 2.18 shows the saturated output fluence 𝐸𝐹𝑁, as a function of input laser fluence 

𝐸0 calculated using MATLAB. For higher small signal gain, the saturation fluence is 

reached faster compared to smaller, small signal gain values. It is also evident that for 

large input fluences, the output fluence becomes saturated. Figure 2.19 shows the 

saturated gain as a function of input fluence. For a small signal gain of 15, it drops to 

approximately half for an input fluence of 1J/cm2. Gain saturation is also one of the 

reasons as to why larger aperture disk amplifiers are used once a certain laser fluence 

has been reached in the amplification process.  

 

Figure 2.18 - Saturated output fluence as a function of input fluence. 
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Figure 2.19 - Saturated gain as a function of input laser fluence. 

 

The saturated gain becomes important in active-mirror amplifier as they are double 

passed (increasing 𝑙0 in Equation (2.21)). Saturated gain will be revisited in Chapter 5. 

In the next section, the thermal loading section of the model will be described.  

 

2.4.2 Calculating the Thermal Loading in Disk Amplifiers 

 

The wave-front error in Section 2.4.3 is a 3D problem, therefore the existing 2D models 

discussed in Chapter 1 are extended to a 3D problem. 𝐼𝐷,𝐿 and 𝐼𝐷,𝑈, as discussed 

previously are the flash-lamp pump intensity incident upon the lower and upper surfaces 

of the disk amplifier in units of W/m2. The reader is referred to Chapter 1, and the 

works of H.Zhu and M.S.Mangir et al for a complete description of the heating 

mechanisms. The quantum defect term is split into two terms. (1) non-radiative 

transitions which occur from the ground level to the upper laser level and, (2) non-

radiative transitions occurring from the upper laser level to the ground level (see Section 

1.9.2 and Figure 1.9). Recalling the first quantum defect term 𝑓1 and the quantum 

efficiency term 𝑓2 from Chapter 1, where 𝜆𝑛 is the pump wave-length (see Table 1.2). 

𝑓1(𝜆) = 𝜂 [1 −
𝜆𝑛

𝜆𝑙
]         (2.24) 

𝑓2 = 1 − 𝜂          (2.25) 

The total heating due to the first quantum defect term and quantum efficiency is 

calculated as the following in units of W/m3: 

𝑄𝐷,𝑈(𝑥, 𝑦, 𝑧, 𝑡, 𝑛) = 𝜏𝑐𝑎𝑣 ∫ 𝐼𝐹(𝜆, 𝑡) 𝐼𝑁,𝑈(𝑥, 𝑦) 𝛼𝑁𝑑(𝜆) exp(−𝛼𝑁𝑑(𝜆) 𝑧)
𝑛2

𝑛1
[𝑓1  +  𝑓2] 𝑑𝜆

           (2.26) 
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𝑄𝐷,𝐿(𝑥, 𝑦, 𝑧, 𝑡, 𝑛) = 𝜏𝑐𝑎𝑣 ∫ 𝐼𝐹(𝜆, 𝑡) 𝐼𝑁,𝐿(𝑥, 𝑦) 𝛼𝑁𝑑(𝜆) exp(−𝛼𝑁𝑑(𝜆) [𝑙𝑧 − 𝑧])
𝑛2

𝑛1
[𝑓1  +

 𝑓2] 𝑑𝜆           (2.27) 

The total contribution from heating due to the first quantum defect term and quantum 

efficiency is calculated by summing Equations (2.26) - (2.27) over all the five pump 

bands of Nd:Glass in units of W/m3. 

𝑄𝑄𝐷(𝑥, 𝑦, 𝑧, 𝑡) = ∑ [𝑄𝐷,𝑈(𝑥, 𝑦, 𝑧, 𝑡, 𝑛) + 𝑄𝐷,𝐿(𝑥, 𝑦, 𝑧, 𝑡, 𝑛)]5
𝑛=1    (2.28) 

In order to calculate the second quantum defect term, the relationship between the gain 

co-efficient and the energy stored for laser amplification must be first defined. Equation 

(1.19) is recalled from Chapter 1: 

𝜖𝑠𝑡(𝑥, 𝑦, 𝑧, 𝑡) =
𝑔(𝑥,𝑦,𝑧,𝑡)ℎ𝑣0

𝜎𝑠
        (2.29) 

Where the energy stored for laser amplification 𝜖𝑠𝑡 is expressed in units of J/m3. As 

mentioned in Chapter 1, the second quantum defect term is calculated as the ratio of 

non-radiative transitions and radiative transitions which occur from the upper laser level 

to the ground level. Please refer to Section 1.9.4 in Chapter 1. The heat contribution due 

to the second quantum defect term 𝑄𝐹𝐷 is expressed in the same units as 𝑄𝑄𝐷. 

𝑄𝐹𝐷(𝑥, 𝑦, 𝑧, 𝑡) =
𝑟

𝜏
𝜖𝑠𝑡(𝑥, 𝑦, 𝑧, 𝑡)       (2.30) 

The total heat contribution 𝑄𝐻, due to the total quantum defect term and the quantum 

efficiency term is expressed as the following in units of W/m3: 

𝑄𝐻(𝑥, 𝑦, 𝑧, 𝑡) = 𝑄𝐹𝐷(𝑥, 𝑦, 𝑧, 𝑡) + 𝑄𝑄𝐷(𝑥, 𝑦, 𝑧, 𝑡)      (2.31) 

To convert the total heat contribution 𝑄𝐻 in units of W/m3 to temperature in K, a time-

dependent integration is performed from the start of the flash-lamp pulse till the end of 

the flash-lamp pulse 𝑡0, on 𝑄𝐻, and the result is divided by the mass density 𝜌 

(2.6g/cm3), and the heat capacity 𝐶𝑃 (0.75J/g.K) of the Nd:Glass material used [40], 

[53].  

∆𝑇(𝑥, 𝑦, 𝑧, 𝑡) =
1

𝜌𝐶𝑝
∫ 𝑄𝐻(𝑥, 𝑦, 𝑧, 𝑡)

𝑡0
0

 𝑑𝑡      (2.32) 

The change in temperature profile ∆𝑇, was calculated using MATLAB. The disk is 

geometrically split into 32x32x20 pixels. 32 pixels in the x and y-axis, and 20 pixels in 

the z-axis. The total heat contribution 𝑄𝐻 is calculated for each pixel as a function of 

time. Now that the temperature profile has been formulated, the change in temperature 
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∆𝑇, can be used to calculate the predicted wave-front error profile for a propagating 

laser beam. 

 

2.4.3 Calculating the Predicted Wave-front Error 

 

The temperature rise in the disks due to the flash-lamps can alter both the spatial 

dimensions of the disk due to the thermal expansion co-efficient (𝛼𝑇 = 125x10-7K-1), 

and the refractive index due to the thermo-optic co-efficient (𝑑𝑛/𝑑𝑇 = -6.8x10-7K-1) 

[53]. The change in the optical path length of the laser pulse propagating through a 

thermally loaded disk amplifier is a function of 𝑑𝑛/𝑑𝑡 and 𝛼𝑇 [69].  

∆𝑂𝑃𝐿(𝑥, 𝑦, 𝑡) = [
𝑑𝑛

𝑑𝑇
+ 𝛼𝑇(𝑛 − 1)] ∫ ∆𝑇(𝑥, 𝑦, 𝑧, 𝑡)

𝑙𝑧
0

 𝑑𝑧    (2.33) 

As mentioned earlier, the change in temperature is calculated for each 32x32x20 pixels. 

Each temperature pixel in the x and y-axis (32x32 pixels) are integrated over the 

thickness of the disk in the z-axis (20 pixels). Therefore, the optical path length is 

expressed in x, y and t dimensions only. This was achieved using MATLAB’s 

trapezoidal integration method [54].  

However, in order to derive meaningful information from the wave-front error ∆𝑂𝑃𝐿, 

such as the Zernike co-efficient terms. A least square fit method in MATLAB was used 

to fit the first five Zernike terms to the ∆𝑂𝑃𝐿 in cartesian co-ordinates. The first five 

Zernike terms in both cartesian and polar co-ordinates are tabulated in Table 2.3. 
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N M RMS Zernike Term Cartesian 𝒁𝒏
𝒎(x,y) Polar  𝒁𝒏

𝒎(𝒓, 𝜽) 

0 0 √2 Piston 1 1 

1 -1 2 Tilt x 𝑥 𝑟 sin (𝜃) 

1 1 2 Tilt y 𝑦 𝑟 cos (𝜃) 

2 -2 √6 Astigmatism 0 2𝑥𝑦 𝑟2sin (2𝜃) 

2 0 √3 Defocus 2𝑥2 +  2𝑦2 − 1 2𝑟2 − 1 

2 2 √6 Astigmatism 45 𝑦2 − 𝑥2 𝑟2cos (2𝜃) 

 

Table 2.3 - The first five Zernike terms (excluding piston) in Cartesian and Polar co-

ordinates [70]. 

 

Once the magnitude of the Zernike co-efficient are derived using the least square fit 

method using the cartesian co-ordinates, the same co-efficients were used to express the 

wave-front error in polar co-ordinates. Where the radius 𝑟 is normalised from 0 to 1 in 

the positive x and y-axis, and 0 to -1 in the negative x and y-axis.  

The total wave-front error is calculated by summing the wave-front error of all the disks 

the laser pulse propagates through. The re-constructed wave-front error using the least 

square fit method is defined in the thesis as 𝑊. 

The Root Mean Square (RMS, 𝜎𝑅𝑀𝑆) value is a measure of the relative flatness of the 

wave-front error. It calculates the deviation from the mean value of the wave-front error 

�̅�, and an integration is performed over the total area of the beam, 𝐴 [70]. 

𝜎𝑅𝑀𝑆 = [
1

𝐴
∫(𝑊(𝑥, 𝑦) − �̅�)2 𝑑𝑥 𝑑𝑦]

1/2

      (2.34) 

The Strehl ratio is another important figure of merit as it measures the ratio of the on-

axis intensity of a focused beam with respect to the theoretical intensity of an un-

aberrated focused beam [71]. In applications where high-power lasers are used to create 

high intensity focal spots, the Strehl ratio becomes important. The Strehl ratio can be 

approximated as a function of the RMS wave-front error [72]: 

𝑆 ≈ exp (−4𝜋2𝜎𝑅𝑀𝑆
2
)        (2.35) 

For an un-aberrated beam, the RMS error reduces to approximately zero, which equates 

to a Strehl ratio of one. Various expressions are used to calculate the Strehl ratio, 

V.Mahajans [72] expression described in Equation (2.35) is accurate to within 10% for 

Strehl Ratios S ≥ 0.3. Below S = 0.3, the approximate expression in Equation (2.35) 

over estimates the Strehl ratio with an error exceeding 10%. In the thesis presented, a 
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caution is included whenever the Strehl ratio falls below 0.3 to ensure the reader 

understands that the error associated with values below 0.3 exceeds 10%. 

In order to quantify the performance of a disk amplifier, a figure of merit called Strehl 

efficiency is used [34]. M.S.Mangir et al used the normalised heating parameter as a 

figure of merit, which is defined as the heat generated per unit stored energy. H.Zhu also 

used the same heating parameter. However, the heat generated doesn’t necessarily 

equate to a thermally aberrated laser pulse. As shown in Equation (2.33), it is the 

temperature distribution that results in a non-uniform ∆𝑂𝑃𝐿, resulting in a thermally 

aberrated laser pulse. The Strehl efficiency used in the thesis, depends on the Strehl 

ratio, which depends on the RMS wave-front error, and the small signal gain. The Strehl 

efficiency is defined as the following: 

𝜒𝑎(𝑡) = 𝐺(𝑡). 𝑆(𝑡)         (2.36) 

The Strehl ratio is the final output of the mathematical model and is a time-dependent 

property. The small signal gain 𝐺(𝑡), is evaluated as the mean small signal gain 

calculated as the average value over the x, and y-axis for each time-step.  

The next section of Chapter 2 will be dedicated to the verification of the mathematical 

model described in this chapter. Comparisons will be made to H.Zhu’s simulation 

results for the disk amplifier described in the reference [38]. 

 

2.5 Output Parameters and Comparison of Results 
 

In order to verify the mathematical model described in this chapter, key results from 

H.Zhu’s paper were compared to the output results of the mathematical model. As 

mentioned in the introductory chapter of the thesis, H.Zhu presents a 2D space-time-

dependent model of a flash-lamp pumped disk amplifier. It is therefore not suitable to 

compare a 2D model to a 3D model. However, the time-dependent outputs of the 

mathematical model can be qualitatively compared to the simulation results of H.Zhu. 

The ZEMAX geometry used is similar to the one shown in Figure 2.3. The factor four 

present in Equation (2.11) for 𝐼𝐹 was replaced with six for the flash-lamp pump 

intensity due to the upper six flash-lamps 𝐼𝐷,𝑈, and the factor 4 was also replaced with 

eight for 𝐼𝐷,𝐿 to account for eight flash-lamps in the lower set. This method is adequate 

in verifying the time-dependent temperature, stored heat density and the gain co-
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efficient, but is not adequate in comparing the spatial distribution of temperature, stored 

heat density and the gain co-efficient. Table 2.4 tabulates the important parameters that 

define the disk amplifier model presented by H.Zhu. Please note that the flash-lamp 

distribution of 6-8-6 refers to two disk amplifier modules being pumped by six flash-

lamps in the upper set, eight flash-lamps in the centre set and six flash-lamps in the 

lower set. Only one module was considered with a flash-lamp distribution of 6-8.  

The time-dependent current density of the flash-lamps used to model H.Zhu’s disk 

amplifier geometry is shown in Figure 2.20. Equations (2.1) – (2.7) were used to derive 

the fit co-efficients 𝐴𝛼, 𝐴𝛽 and 𝐴𝛾. The current density 𝑗 of the flash-lamps was derived 

from expressions in Equations (2.3) – (2.4) using the circuit parameters tabulated in 

Table 2.4.   
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Flash-lamp parameters 

Length 140cm 

Diameter 3.2cm 

Pressure 200Torr 

Flash-lamp distribution 6-8-6 

Circuit Parameters 

Voltage 23kV 

Capacitance 220µF 

Inductance 127µH 

Pulse duration 500µs 

Nd:Glass parameters 

Length 56.5cm 

Thickness 4cm 

Mass Density 2.83g/cm3 

Heat capacity 0.75J/g.K 

Stimulated emission cross-section 3.8x10-20cm2 

Fluorescence lifetime 330µs 

Quantum efficiency 0.8 

 

Table 2.4 – Parameters considered in modelling the time-dependent properties of the 

disk amplifier presented by [38]. 

 

Figure 2.20 - Flash-lamp time-dependent current density modelled using H.Zhu’s circuit 

parameters. Fit parameters: 𝐴𝛼=5.837x103, 𝐴𝛽=1.39x10-3 and 𝐴𝛾=1.55x10-3 and 𝑗 = 

1.882kA/cm2. 
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The current density peaks at approximately 200µs with a current density of 

1.882kA/cm2 and the duration of the pulse is approximately 500µs as shown in Figure 

2.20 and confirmed in Table 2.4. Each disk in the disk amplifier was split into a grid of 

32x32x20 pixels, using MATLAB the time-dependent temperature, stored heat density 

and the gain-coefficient were calculated for all pixels. A single pixel in the disk was 

chosen which had a gain-coefficient value of approximately 0.13cm-1. The same pixel 

was chosen to study the time-dependent stored heat density and the temperature.  

 

Figure 2.21 - Time-dependent gain-coefficient comparison. H.Zhu’s model (left) 

compared to the mathematical model (right) [38]. 

As the flash-lamp pulse intensifies, the rate at which population inversion occurs is also 

increased. The gain co-efficient is proportional to the population in the upper laser level 

𝑁2 as seen in Equation (2.20). Therefore, the gradient of the gain co-efficient shown in 

Figure 2.21 is maximum at the peak of the current density graph shown in Figure 2.20. 

The maxima of the gain co-efficient is reached when the term 𝑊𝑃𝑁0 (build-up of 

electrons in the upper laser level due to the pump process) is equal to the term 𝑁2/𝜏 

(rate of decay of electrons in the upper laser level spontaneous emission) in Equation 

(2.18). The maxima occurs at approximately 375µs.  

It is evident from Figure 2.21 that the results obtained from the model described in this 

chapter is in good agreement with H.Zhu’s simulation results. There is a slight 

discrepancy in the region between 0 – 125µs, the results obtained by the model 

described in this chapter has a faster rise compared to the paper’s simulation results. 

This discrepancy is most likely due to the shape of the current density-time graph 

shown in Figure 2.20.  
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Figure 2.22 - Time-dependent stored heat density comparison. H.Zhu’s model (left) 

compared to the mathematical model (right) [38]. 

 

The stored heat density as a function of time (for 𝜂 = 0.8) also increases as the flash-

lamp pulse intensifies. Without considering the effects of heat dissipation, the heat 

energy stored in the disk continues to increase until the flash-lamp power is completely 

exhausted, at this point a constant maximum is reached. The two graphs shown in 

Figure 2.22 are in good agreement with one another, other than the region between 0 – 

125µs for the same reasons as discussed earlier.  

Using Equation (2.32), the temperature of the disk pixel can be calculated using the 

stored heat density. Temperature is proportional to the stored heat density as shown in 

Figure 2.22 and Figure 2.23, which is also in good agreement with H.Zhu’s simulation 

results.  

 

 

Figure 2.23 - Time-dependent temperature comparison. H.Zhu’s model (left) compared 

to the mathematical model (right) [38]. 
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So far, only the time-dependent outputs of the mathematical model can be reasonably 

verified. In the next chapter, the three Vulcan disk amplifiers (108, 150 and 208) will be 

simulated using the mathematical model described in this chapter. The 108 disk 

amplifier’s simulation results will be compared to the experimental data in Chapter 6 of 

the thesis, time-dependent RMS error and the spatial wave-front profile will be 

compared to add further validity to the mathematical model.  

 

2.6 Conclusion 
 

The main aims of this chapter was to give the reader an understanding of how the 

mathematical model is formulated. In comparison to the models described in Chapter 1 

of the thesis, this model presents some clear advantages: 

1.) Using Zemax non-sequential ray tracing, complex disk amplifier geometries 

with multiple reflectors, and shapes can be modelled with relative ease. 

2.) The model outputs a three-dimensional, time-dependent temperature profile. The 

3D temperature profile can be used to predict the thermally-induced aberrations 

in a propagating laser beam. This could not be achieved using a 2D temperature 

profile. 

In order to verify the output simulation results of the model, comparisons were made 

with H.Zhu’s simulation results. The time-dependent properties such as gain-coefficient, 

temperature and stored heat density were in good agreement with the results obtained 

using the model described. In the following chapter, further verification of the model 

will be discussed. Experimental measurements of the time-dependent wave-front error 

will further strengthen the validity of the model. 

The model described in this chapter will be used throughout the thesis. In the following 

chapter, the three main Vulcan disk amplifiers will be simulated and the key results will 

be discussed. 

As we will see later in this chapter, the predicted wave-front error is dependent on the 

temperature gradient of the disk amplifiers, which in turn is dependent on the flash-

lamp light distribution on the disk amplifiers. To accurately determine the spatial 

distribution of flash-lamp light incident on the disk amplifiers, ZEMAX was used to 

trace flash-lamp rays to the disks. A major advantage of using ZEMAX is that is 
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provides the capability of including complex reflecting components in the ray tracing. 

Once the mathematical model was created, different disk amplifier geometries could be 

explored in ZEMAX, making the model universal for all disk amplifier geometries.  

 

2.7  Appendix 

 

2.7.1 Appendix A  

 

The Nd:Glass absorption spectrum consists of 13 Lorentzian lines which have been 

fitted for Nd:Glass at 3% concentration.  

𝛼𝑁𝑑 = ∑ 𝛼𝑁𝑑,𝑚𝑎𝑔,𝑚
1

1+[(𝛼𝑁𝑑,𝑐𝑒𝑛,𝑚−𝜆)/𝛼𝑁𝑑,𝐿𝑊,𝑚]
2

13
1    

 (A1.1) 

 

 

 

Table 2.5 - Nd:Glass absorption spectrum data for 3% doped glass. 

  

𝐦 Centre wave-length 

(nm) 

𝜶𝑵𝒅,𝒄𝒆𝒏,𝒎 

Magnitude (cm-1) 

𝜶𝑵𝒅,𝒎𝒂𝒈,𝒎 

Linewidth (nm) 

𝜶𝑵𝒅,𝑳𝑾,𝒎 

1 325 2 11 

2 335 2 12 

3 430 0.4 8 

4 480 0.4 6 

5 490 0.42 6 

6 518 1.2 5 

7 525 2 7 

8 581 6.85 6 

9 687 0.4 15 

10 750 4.42 7 

11 803 6.5 6.5 

12 878 1.3 17 

13 340 0.2 340 
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3 Brewster-Angled Disk Geometries 

 

 

 

3.1 Introduction 
 

In Chapter 2, a complete model of the flash-lamp pumped disk amplifier model was 

formulated. It’s a complete 3D, time-dependent mathematical model which uses 

ZEMAX non-sequential ray tracing to model the flash-lamp spectral intensity incident 

upon the amplifier disks. This allows the output temperature to be expressed in 3D, 

which can be used to predict the wave-front error experienced by a propagating laser 

pulse. The time-dependent outputs of the model were compared to previous models 

available in literature and were found to be in good agreement.  

In this chapter, the model described in Chapter 2 will be used to simulate the Vulcan’s 

disk amplifiers. The 108, 150, and 208 disk amplifiers which were mentioned briefly in 

Section 1.5. The purpose of simulating all three disk amplifier geometries (108, 150 and 

208) is to see whether the approach used in the mathematical model is universal for all 

disk amplifier geometries. This was a crucial step in validating the performance of the 

model with different input geometries, after which the model will be used to propose an 

entirely new geometry with a better overall performance in Chapter 5. The 108 disk 

amplifier simulated using the model will be compared to the experimental results 

obtained using a 2x2 Position Sensitive Detector (PSD) wave-front sensor, the 

experimental setup and the justification will be discussed later in Chapter 6, to add 

further validity to the model. The input parameter models for the three Vulcan disk 

amplifiers is Tabulated are Table 3.1. 
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Table 3.1 – 108, 150 and the 208 disk amplifier’s flash-lamps, disk properties and 

amplifier specifications [57]. 

 

As shown in Table 3.1, the flash-lamps used in the 150 and the 208 amplifiers are 

identical, and shorter in length than the flash-lamps used for the 108 amplifier. The 208 

disks are the largest in Vulcan and are used in the final amplification stage before the 

laser beam enters Target Area Peta-watt (TAP) (see Section 1.5). The Pulse Forming 

Network (PFN) circuit properties of the flash-lamps (to model the temporal shape of the 

flash-lamp pulse) were shown previously in Table 2.1, the flash-lamp temporal profile 

was also discussed in Chapter 2 and the reader is referred to Figure 2.13. In the next 

section, the spectral intensity of the two flash-lamps will be discussed, only the results 

will be presented, the reader is referred to Section 2.2.2 and 1.9.3 for more information. 

 

 

 108 Disk 

Amplifier 

150 Disk 

Amplifier 

208 Disk 

Amplifier 

Flash-lamps   

Current Density 

(kA/cm2) 

2.08 2.21 2.21 

Bore Diameter (cm) 2.5 2.5 2.5 

Pressure (Torr) 300 300 300 

Arc Length (mm) 1240 1100 1100 

Number of Flash-

lamps 

8 8 8 

Cavity Transfer 

Efficiency 

0.32 0.34 0.34 

Disk Properties   

Semi-minor Axis 

(cm) 

5.7 7.5 10.1 

Semi-major Axis 

(cm) 

10.7 15.1 20.9 

Thickness of disk 

(cm) 

3.0 3.0 3.0  

Number of disks 6 4 3 

Beam Size 96mm 132mm 183mm 

Amplifier 

Specifications 

   

Small Signal Gain ≈ 9 ≈ 4 ≈ 2 

Material LG-760 LG-760 LG-760 

Doping  3.0% 3.0% 2.0% 
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3.2 Flash-lamp Input Model for Vulcan Amplifiers (Results) 
 

The flash-lamps used in the 208 and the 150 disk amplifiers differ from the 108 flash-

lamps in arc length and the current density. The spectral profile for the flash-lamps used 

are shown in Figure 3.1 calculated at the peak of the flash-lamp pulses shown in Figure 

2.13. 

 

Figure 3.1 - Flash-lamp spectral intensity for the flash-lamps used in the 108, 150 and 

208 disk amplifiers (blue), and associated blackbody spectral intensity (red). 

 

The calculations indicate that the spectral intensity of both flash-lamps (108, 150 and 

208) emit between 20 – 50kW/cm2.𝜇m in the pump bands of Nd:Glass as shown in 

Table 1.2 and Figure 3.1. The 150 and 208 flash-lamps have a higher current density of 

2.21kA/cm2 compared to the 108 flash-lamps. Therefore the overall output of the 150 

and 208 flash-lamps is higher, which can be observed in the 0.4 – 0.5µm region. As 

mentioned in Chapter 2, the spectral intensity of the flash-lamps is also time-dependent. 

The combination of Figure 3.1 and Figure 2.13 forms the flash-lamp Input Model as 

illustrated in Figure 2.2. The next section of this chapter, the normalised Intensity 

profiles incident on the disks will be derived using ZEMAX non-sequential ray tracing. 
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3.3 Normalised Intensity Profile Incident on Disks (Results) 
 

Using Table 3.1 the 108, 150 and 208 disk amplifiers were modelled in ZEMAX. As 

well as the data in Table 3.1, a measuring tape was used to measure the position of the 

flash-lamps and the multiple reflectors with respect to the centre of the disks. The 

uncertainty associated with measuring the position of the disks, flash-lamps and the 

reflectors within the disk amplifier was in the order of mm, which is insignificant 

compared to the overall size of the disk amplifier geometry. All three disk amplifier 

geometries were all unique and varied considerably. For example, the flash-lamps in the 

208 disk amplifier are further apart compared to the 150 and 108 to account for the 

larger disk size (to uniformly illuminate the large 208 disks). For the same reason, the 

distance between the upper and lower set of flash-lamps is also larger, with a larger 

clearance between the disk edges and the flash-lamps. A 3-D layout of the 150 and the 

208 disk amplifier geometry is shown in Figure 3.2 and Figure 3.3. The 3D layout of the 

108 disk amplifier has been previously illustrated in Figure 2.3. 

 

Figure 3.2 – 150 disk amplifier geometry consisting of four disks, as implemented in 

ZEMAX. 
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Figure 3.3 – 208 disk amplifier geometry consisting of three disks, as implemented in 

ZEMAX. 

 

In order to accurately resolve the spatial distribution of the flash-lamp light incident on 

the disk amplifiers, a total of ten million rays were traced from the upper and lower set 

of flash-lamps and the intensity profiles for all the disks in the three disk amplifiers 

were derived. As mentioned in Section 2.3, the units for the normalised intensity 

profiles are in W/m2.  

The two intensity profiles incident on the first disk of the three disk amplifiers (Figure 

2.3, Figure 3.2 and Figure 3.3) are shown in Figure 3.4 for the 108 disk amplifier, 

Figure 3.5 for the 150 disk amplifier and Figure 3.6 for the 208 disk amplifier. 

The normalised intensity profiles at this stage do not correspond to the flash-lamp 

spectral intensity but purely on the geometry of the disk amplifier (cylindrical sources 

modelled as flash-lamps have an output power of one-watt for all three disk amplifiers 

shown). As one can instantly notice in the elliptical cross-section of the disk (dash-lined 

ellipse), all six intensity profiles show a gradient in the intensity profiles along the y-

axis (where the y-axis is the major axis of the disk). The upper surface of the disk for all 

three disks show higher intensity values towards the positive y-axis. This is because the 

positive y-axis is closer to the upper set of flash-lamps. Therefore higher irradiance is 

expected in that region. The lower surface shows higher intensity values towards the 

negative direction of the y-axis, this is because the region of the y-axis is closer to the 

lower set of flash-lamps. This pattern was a common feature in all Brewster-angled disk 

amplifier geometries studied in the thesis. The intensity gradient along the x-axis is 
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more uniform in comparison to the gradient in the y-axis, this is because the flash-lamps 

are equally spaced in the x-axis. However, around the extremities in the x-axis, a lower 

intensity profile is observed, this is because one would expect a higher intensity output 

in the centre of each flash-lamp set. The change in intensity observed in the extremities 

of the y-axis is larger for the 150 and 208 disks, this is because of the larger physical 

size of the 150 and the 208 disks compared to the 108 disks. The intensity profiles are 

illustrated with the elliptical disk cross-section (dashed lines) and the beam aperture 

incident on the disks at Brewster’s angle (solid line). 

 

Figure 3.4 - Intensity profiles for Disk 1 in the 108 Disk amplifier. Rays traced from the 

upper four set of flash-lamps (top) and the rays traced from the lower four set of flash-

lamps (bottom). Elliptical cross-section of the disk shown as dashed lines, beam 

aperture shown as a solid black line. 
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Figure 3.5 - Intensity profiles for Disk 1 in the 150 Disk amplifier. Rays traced from the 

upper four set of flash-lamps (top) and the rays traced from the lower four set of flash-

lamps (bottom). Elliptical cross-section of the disk shown as dashed lines, beam 

aperture shown as a solid black line 
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Figure 3.6 - Intensity profiles for Disk 1 in the 208 Disk amplifier. Rays traced from the 

upper four set of flash-lamps (top) and the rays traced from the lower four set of flash-

lamps (bottom). Elliptical cross-section of the disk shown as dashed lines, beam 

aperture shown as a solid black line 

 

So far, the time-dependent spectral intensity of the flash-lamps, the normalised intensity 

profile of the three disk amplifiers have been shown. The last Input Model is the 

Nd:Glass absorption spectrum. As all three disks are using the LG-760 Nd:Glass 

material, the Nd:Glass absorption spectrum shown in Figure 2.15 can be used for all 

three disk amplifiers.  
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3.4 Small Signal Gain (Results) 
 

The small signal gain was calculated for each disk the laser beam propagates through. A 

circular beam is propagated through a rectangular disk, the beam footprint on the disk is 

elliptical and the output beam is circular as shown in Figure 3.7. 

 

Figure 3.7 - A circular input beam (left) produces an elliptical footprint on the disk 

(centre), which in return results in a circular output beam (right). 

 

In presenting the results of the small signal gain and the wave-front error, the area of 

interest is the elliptical cross-section on the disk (shown in Figure 3.7 (centre)) which 

the laser beam propagates through. The mean, small signal gain calculated as the mean 

value over the beam’s aperture on the disks in the 150 and 208 disk amplifiers are 

shown in Figure 3.8 as a function of time. 
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Figure 3.8 – Temporal (mean) small signal gain for the four disks in the 150 amplifier 

(top), and the three disks in the 208 amplifier (bottom). 

 

As the 150 and the 208 disk amplifiers use the same flash-lamps and the same Nd:Glass 

amplifier medium, the peak of the small signal gain curves for all disks in the 150 and 

the 208 disk amplifiers are calculated to be around 490µs. The outer disks in the 150 

disk amplifier (Disk 1 and Disk 4) have a lower, small signal gain compared to the inner 

disks (Disk 2 and Disk 3). The same result can be observed for the 208 amplifier, where 

the outer disks (Disk 1 and Disk 3) have a lower small signal gain compared to the inner 

disks (Disk 2). This is because a disk amplifier geometry such as the 108, 150 and 208, 

the central disks, are illuminated more by the flash-lamps than the outer disks.  

The 2D small signal gain profiles are calculated for all disks at the peak of the mean, 

small signal gain time curve. Only the small signal gain profiles of the six disks in the 

108 disk amplifier are illustrated in Figure 3.10, Figure 3.11 and Figure 3.12. Please 

refer to Figure 3.9 for the co-ordinate system used to illustrate the 2D small signal gain 

profiles and the temperature profiles which will follow in Section 3.5. 
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Figure 3.9 – Co-ordinate system used to illustrate the 2D small signal gain profiles and 

the 3D temperature profiles. The y-axis is the longest side of the disk amplifier, the z-

axis is referred to as the thickness of the disk, and the x-axis is perpendicular to the y 

and z-axis. 

 

 

 

Figure 3.10 - 108 disk amplifier small signal gain profile for Disk 1 and Disk 2 

calculated at the peak of the mean small signal gain curve. Solid line shows the 

elliptical footprint of the beam incident on the rectangular disks modelled.  
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Figure 3.11 - 108 disk amplifier small signal gain profile for Disk 3 and Disk 4 

calculated at the peak of the mean small signal gain curve. Solid line shows the 

elliptical footprint of the beam incident on the rectangular disks modelled. 

 

Figure 3.12 - 108 disk amplifiers small signal gain profile for Disk 5 and Disk 6 

calculated at the peak of the mean small signal gain curve. Solid line shows the 

elliptical footprint of the beam incident on the rectangular disks modelled. 
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As illustrated in Figure 3.10, Figure 3.11 and Figure 3.12 Disks 2-5 of the 108 disk 

amplifier have two regions where the small signal gain is higher. The regions closest to 

the flash-lamps have higher small signal gain values (Disk 5, 𝐺 = 1.525) compared to 

the central region (Disk 5, 𝐺 = 1.5) in the y-axis. The inner disks of the 150 and the 208 

disk amplifiers have higher small signal gain values compared to the outer disks. The 

same phenomena can be observed for the 108 disks, where the small signal gain in 

Disks 3-4 are much higher than the outer disks, with Disk 1 and Disk 6 having the 

lowest small signal gain values. Disk 1 and Disk 6 only have one high small signal gain 

region compared to Disks 2-5, this is because one of the edges in the y-axis are 

positioned on the far edges of the flash-lamps. The reader is referred to Figure 2.3 for a 

better understanding of the positioning of the disks in comparison to the flash-lamps. 

Although the small signal gain profiles for the 150 and the 208 disks are not included in 

the thesis, the same pattern is observed for the 150 and the 208 disks. The total small 

signal gain experienced by a laser beam propagating through all the disks were 

calculated using Equation (2.21). The mean time-dependent small signal gain for the 

108, 150 and the 208 disk amplifiers are illustrated in Figure 3.13. 
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Figure 3.13 – From top to bottom. (i) Time-dependent mean small signal gain simulated 

for the 108, 150 and 208 disk amplifiers. (ii) Small signal gain profile for the whole 108 

disk amplifier, (iii) small signal gain profile for the whole 150 disk amplifier, and (iv) 

small signal gain profile for the whole 208 disk amplifier. Solid lined ellipses in (ii) – 

(iv) show the elliptical footprint of the laser beam incident on the rectangular disks 

modelled. 
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The average small signal gain shown in Figure 3.13 (i), is calculated by taking the mean 

value of the small signal gain profiles within the beam aperture, at each time step. The 

108 disk amplifier consisting of six disks provides an average small signal gain of 9.0, if 

the seed laser pulse extracts the stored energy at the peak of the small signal gain curve 

(t = 400µs). Likewise, the 208 and the 150 can provide a small signal gain of 2.2 and 

4.0 respectively. This is an important result as it confirms the small signal gain values 

shown in the disk amplifier specifications (see Table 3.1). The peak of the small signal 

gain curve occurs at approximately t = 490µs. This is because the peak of the flash-lamp 

pulse used for the 150 and the 208 disk amplifiers occurs later than the peak of the 108 

flash-lamps (see Figure 2.13).  

The net small signal gain measured for the 150 disk amplifier is almost a factor of two 

more than the 208 amplifier. However, the temporal gain profile of the two amplifier 

geometries are similar in shape as expected (Figure 3.13 (iii) and (iv)). A major 

disadvantage of having a non-uniform spatial gain profile is the formation of hot spots 

in the amplified laser beam. Regions of higher gain in the beam profile can lead to 

intensities close to the damage threshold of the relay optics used in Vulcan. In more 

extreme scenarios, detecting a beam with large variations in intensities could prove to 

be a disadvantage, as regions of higher intensities may saturate the camera whilst the 

lower intensities may be difficult to detect. Data for the spatial small signal gain profiles 

for Vulcan is not available to present. However, the spatial intensity profile of the beam 

in the Vulcan laser is near uniform. The PV and RMS values for the 108 disk amplifier 

are 2.7 and 0.7, for the 150 disk amplifier it is 1.9 and 0.4, and finally the 208 disk 

amplifier, the PV is 1.2 and the RMS value is 0.3 (calculated over the beam apertures 

shown in Figure 3.13). To further improve the spatial gain profiles, gain saturation 

effects will be considered next.  

After the rod amplifier chain as shown in Figure 1.4, the energy of the laser pulse is 

approximately 1J. However, approximately 0.77J is amplified by the 108 disk amplifier, 

this is due to the transmission efficiency of VSF 5 which is approximately 90%, and 

losses incurred in the Beam-Splitter (BS) and the Faraday Rotator (FR), which is 

approximated to be 5% each (see Figure 1.4). The double-pass 108 disk amplifier, 

amplifies the beam to approximately 54J. Further losses are incurred due to VSF 6, 

second pass through the FR, and reflection losses on the BS. The 150 disk amplifier has 

an initial input energy of just 40J. Further losses are incurred due to VSF 7, and 

approximately 135J is expected as the input energy for the first 208 disk amplifier. 
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Using Frantz-Nodivk’s gain saturation equation (Equation (2.22)) and the beam aperture 

size (see Table 3.1), the saturated gain profiles can be simulated. Please note, the 108 

disk amplifier is orientated at 45° (see Figure 1.4).  

 

Figure 3.14 - Small signal gain of the 108 disk amplifier (top-left), saturated gain after 

first pass (top-right), and saturated gain after the second pass (bottom). 

 

It is evident from Figure 3.14, that after gain saturation effects are considered, the gain 

profile is more uniform compared to the small signal gain profile shown in the top-left 

figure of Figure 3.14. A spatially uniform input beam of 0.77J is used to calculate the 

saturated gain after the first pass of the 108 disk amplifier. As the energy of the laser 

pulse is only 0.77J, the effects of gain saturation for the first pass is minimal. However, 

during the second pass the input energy is 7J and the effects of gain saturation becomes 

significant. The PV and RMS for the double pass saturated gain is 2.1 and 0.4 

respectively, which is an improvement in comparison to 2.7 and 0.7, simulated for the 

small signal gain profile of the 108 disk amplifier. Improvement in the gain uniformity 

of the 150 and the 208 disk amplifiers are also improved when the effects of gain 

saturation are considered. As shown in Figure 3.15, an initial spatially uniform beam of 
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40J and 135J are used as the input energy for the 150 and the 208 disk amplifiers 

respectively. 

 

 

Figure 3.15 - Comparison of the small signal gain profiles with the saturated gain 

profile for the 150 disk amplifier (top 2 figures) and the 208 disk amplifier (bottom 2 

figures). Uniform spatial profiles are used as input. 

 

For the 150 disk amplifier, the saturated gain for a 132mm beam of 40J, has a PV gain 

of just 1.2. There’s a maximum of 12% variation in gain with respect to the mean gain 

value of the 150 disk amplifier. Similarly for the 208 disk amplifier, the saturated gain 

variation with respect to the mean value is also within 14%. The RMS value is greatly 

increased after gain saturation effects are considered. For the 150 disk amplifier, the 

RMS value improves to 0.31, and similarly for the 208 disk amplifier the RMS value 

after considering saturation effects is 0.27. 

However, when the cumulative effect of multiple disk amplifiers are considered, gain 

uniformity is further improved. A 150 disk amplifier beam is propagated through three, 

208 disk amplifiers, and the saturated gain is shown in Figure 3.16 alongside the small 

signal gain of the three 208 disk amplifiers. 
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Figure 3.16 - 150 disk amplifier beam of 135J amplified by 3, 208 disk amplifiers. 

Initial small signal gain of the 3, 208 disk amplifiers (left) and the saturated gain of 3, 

208 disk amplifiers (right). 

 

As shown in Figure 3.16, the saturated gain profile of the three, 208 disk amplifiers is 

more uniform in comparison to the small signal profile. The RMS value for the 

saturated gain is 1.52, which is an improvement from the RMS value of 2.94 for the 

small signal gain profile of the three, 208 disk amplifiers. The majority of the gain is 

centred in the central part of the beam and is near-uniform across the y-axis with values 

within 7% of the mean value. However, in the x-axis the saturated gain can fall below 4 

along the extremities of the x-axis.  

However, one must be cautious in comparing the gain uniformity profiles shown in 

Figure 3.16 and Figure 3.15 with the spatial beam profile of the Vulcan laser. As 

mentioned earlier, the spatial beam profile of the Vulcan laser is near uniform. As 

discussed in Chapter 2, the reflectors govern the flash-lamp intensity profile incident on 

the disk amplifiers, which in turn governs the spatial gain profile of the amplified laser 

beam. As shown in Figure 3.16, a non-uniform gain profile is observed in the x-axis, 

this is primarily due to the way the ridged reflectors placed above and below the flash-

lamps reflect light back towards the disk amplifier cavity. To improve the gain 

uniformity in the x-axis, the reflectors in the disk amplifier design in ZEMAX, can be 

further investigated to accurately model the flash-lamp light distribution on the disk 

amplifiers.  

Other factors not included in the mathematical model are ASE (Amplified Spontaneous 

Emission) and PO (Parasitic Oscillations). Spontaneous emission naturally occurs in 

amplified gain mediums, which are amplified as they propagate through an amplified 

gain medium. In regions of high small signal gain, one would also expect more ASE 
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generation. Including the effects of ASE in the mathematical model would indeed result 

in more representative gain profiles.   

When ASE is internally reflected back into the amplified gain medium, this results in 

the formation of PO. The reader is referred to Section 5.9 for a detailed discussion on 

PO. A minimum gain co-efficient threshold can be calculated for PO generation. 

Therefore, in regions of high small signal gain, one would expect PO to oscillate more 

easily, depleting the gain stored for amplification. Including the effects of PO would 

further reduce the regions of high small signal gain, improving the overall uniformity of 

the gain profiles shown in Figure 3.15 and Figure 3.16. 

This concludes the small signal gain section of the chapter presented, the next section 

will be on the stored heat density and the temperature profiles derived using the model. 

 

3.5 Stored Heat Density and Temperature (Results) 

 
In Chapter 2, the stored heat density is calculated for each pixel in the disk as a function 

of time. The stored heat density is calculated in units of J/m3 (∫𝑄𝐻 𝑑𝑡 in Equation 

(2.32)) and is defined as the amount of heat contribution that is stored in the disk as a 

function of time. As soon as the flash-lamp pulse starts, the disk amplifiers start to 

become thermally loaded. At approximately 1.5ms, the rate at which heat is being 

stored in the disks reduces until a constant value at approximately 2.5ms is reached 

(neglecting heat transfer and cooling mechanisms). The mean stored heat density for the 

first disks in the 108, 150 and 208 disk amplifiers are shown in Figure 3.17. 

 

Figure 3.17 - Heat Density as a function of time for the 108, 150 and 208 disk amplifier. 
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This result is significant because it shows the rate at which the disks are becoming 

thermally loaded. Initially the 108 disk amplifier stores more heat than the 150 and the 

208 disk amplifier, this is because the 108 flash-lamp’s pulse peaks earlier than the 150 

and 208 flash-lamps. However, the 150 and 208 flash-lamps have a higher spectral 

intensity compared to the 108. Therefore, at 2.5ms the 150 and 208 flash-lamps deposit 

more heat on to the disks than the 108.  

Once the stored heat density has been evaluated as a function of time and space, the 

temperature profiles can be derived using Equation (2.32). The temperature profiles for 

the first disk in the 108 disk amplifier is shown in Figure 3.18, the 150 disk amplifier in 

Figure 3.19 and the 208 disk amplifier in Figure 3.20. The temperature profiles are 

calculated at 2.5ms after the flash-lamps have been fired (see Figure 3.17) and the co-

ordinate geometry used is illustrated in Figure 3.9. A 2.5ms time has been chosen to 

show the maximum rise in temperature due to the heating processes described in 

Section 1.9.2. 

 

Figure 3.18 - Simulated temperature profiles of the first disk in the 108 Disk amplifier. 

 

The upper and lower surface of the disk corresponding to Surface a) and Surface b) 

respectively, are analogous to the intensity profiles shown in Figure 3.4. Regions of 
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higher flash-lamp intensity are warmer compared to regions of lower flash-lamp 

intensity. A temperature gradient is also observed in the thickness axis (z-axis) of the 

disks. According to Beer-Lambert’s law, the flash-lamp light falls exponentially as the 

light penetrates deeper into the disk. The disks are being pumped on both surfaces, 

therefore the highest temperature change is observed at z = 1.5cm and z = -1.5cm, with 

the lowest temperature change being observed in the central regions of the disk (z = 

0cm). A maximum temperature change of 0.65K is observed for the first Disk in the 108 

amplifier (Surface b).  

The 150 and the 208 disk amplifier store more heat than the 108 disk amplifier as 

shown in Figure 3.17. This is also reflected in the maximum temperature change in the 

150 and 208 disks, which is approximately 1.2K in Figure 3.19 (Surface b), and 0.85K 

in Figure 3.20 (Surface b) respectively. 

 

 

Figure 3.19 – Simulated temperature profiles of the first disk in the 150 Disk amplifier. 

 



95 

 

 

Figure 3.20 - Simulated temperature profiles of the first disk in the 208 Disk amplifier. 

 

In the next section of this chapter, the temperature profiles will be used to predict the 

wave-front error profile of a laser pulse propagating through the thermally loaded disk 

amplifier.  

 

3.6 Wave-front Profile (Results) 
 

Using the same method as shown in Section 2.3.3, the wave-front profiles were derived 

for the 108, 150 and 208 disk amplifiers at the peak of the maximum stored heat density 

at 2.5ms shown in Figure 3.17. The resulting wave-front profiles are shown in Figure 

3.21 for a laser pulse propagating through all the disks in the 108, 150 and 208 disk 

amplifiers. The wave-front profiles are simulated at 2.5ms after the flash-lamps have 

fired, this is to ensure the maximum wave-front error is captured, which is at 2.5ms 

coinciding with the maximum heat density stored in the disks (see Figure 3.17). 
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Figure 3.21 – Wave-front profile of the laser pulse propagating through a 108 amplifier 

(top), 150 amplifier (bottom - left) and the 208 amplifier (bottom - right) measured at 

2.5ms after the flash-lamps have been fired. 

 

The 108 disk amplifier has the highest Peak to Valley (PV) wave-front profile in 

comparison to the 150 and the 208 disk amplifier. The PV value for the 108 amplifier is 

approximately 2µm. This is because the 108 disk amplifier consists of six disks. The 

150 disk amplifier has a PV of approximately 1.75µm and the 208 disk amplifier, which 

only has three disks has a PV of less than 1µm. All three wave-front profiles suffer 

mainly from astigmatism. Both the small signal gain and the wave-front error profiles 

are calculated as an integral in the z-axis, that is why both the small signal gain profiles 

in Figure 3.13, and the wave-front error profiles have similar shapes.  

If no heat transfer or cooling mechanisms are included in the model, then the change in 

the RMS error as a function of time will be proportional to the stored heat density as a 

function of time as shown in Figure 3.17. The change in the RMS error as a function of 

time for all three Vulcan disk amplifier geometries studied in this chapter are shown in 

Figure 3.22 
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Figure 3.22 - RMS error as a function of time for the 108 (blue), 150 (red) and 208 

(yellow) disk amplifier. 

 

At 2.5ms, the 108 disk amplifier shows the largest RMS error of 0.37µm, the RMS error 

calculated for the 150 disk amplifier and the 208 amplifier is approximately 0.26µm and 

0.09µm respectively. Having derived the RMS error for all three disk amplifiers, the 

Strehl ratio can be derived using Equation (2.35) as a function of time as shown in 

Figure 3.23. However, as mentioned in the introductory chapter of the thesis, the Strehl 

ratio expression used in Equation (2.35) is only valid for ratios greater than 0.3. For 

Strehl ratio’s lower than 0.3, the error associated with Equation (2.35) exceeds 10%. 

Therefore, for the 108 disk amplifier, values beyond 400µs and values beyond 630µs 

for the 150 disk amplifier should be taken with caution.  

 

Figure 3.23 - Strehl Ratio as a function of time for the 108 (blue), 150 (red) and the 208 

(yellow) disk amplifiers. 
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It is important to understand at this stage, that the mathematical model doesn’t include 

any heat transfer mechanisms, therefore the calculated RMS error assumes the disk 

amplifier stores all the heat generated without any heat dissipation. It will be shown in 

the next section of this chapter, that this assumption is only valid when the rate of heat 

being stored in the disks are relatively low. 

 

3.7 Comparison of Mathematical model with Experimental Data 
 

The experimental data shared in this section of the Chapter are obtained using a 2x2 

PSD wave-front sensor. A full description of the 2x2 PSD wave-front sensor is 

discussed later in Chapter 6. In this section only the results will be discussed. 

 

Figure 3.24 - Comparison of PSD wave-front sensor RMS error with the mathematical 

model. Error associated with the time axis is ±23.3µs due to the bandwidth of the PSDs. 

Error bar in the y-axis is determined by the analysis shown in Appendix E. 

 

In Figure 3.24, the experimental data is shown as red circles whilst the simulation data 

is shown as a solid blue line. In Figure 3.24 it is apparent that after 300µs, the RMS 

error measured using the PSD wave-front sensor does not continue to increase. There 

can be two possible explanations as to why this is the case, (i) At 300µs the rate of heat 

being stored in the disks decreases, resulting in a lower increase of RMS error due to 

thermal aberrations. (ii) The initial heat generated is being transferred from warmer 

regions of the disk amplifier to the cooler regions by conduction, this would result in the 

temperature distribution along the disks becoming more uniform. Resulting in a lower 
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increase in RMS error (see Equation (2.33) relating the OPL to temperature). As shown 

in Figure 2.13, the flash-lamps continue to deliver spectral intensity far beyond 250µs. 

Therefore, it only seems reasonable that the decrease in the RMS gradient beyond 

250µs decreases due to heat being transferred within the disks, and/or to the disk 

surroundings. In the first 250µs, the heat stored in the disks is relatively small, transfer 

of heat is therefore, also relatively small. As more heat is being stored in the disks, the 

transfer of heat also increases. A mathematical model which does not take into account 

any transfer of heat mechanisms can only be compared reliably for the first 300µs in 

Figure 3.24. For the first 300µs region, the experimental data is in good agreement with 

the RMS error calculated using the mathematical model. The full error analysis of the 

RMS wave-front error can be found in Appendix E. 

The next comparison will be the wave-front error profile measured and simulated using 

the PSD wave-front sensor. Figure 3.25 shows both the measured and simulated wave-

front error profiles at 324µs. 

 

 

Figure 3.25 - Comparison of Simulated wave-front error profile (top-left) and 

experimentally measured wave-front profile (top-right) at 324µs. Experimentally 

measured wave-front profile rotated by 40⁰ (bottom). 
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Both experimentally measured wave-front error profile and the simulated wave-front 

error profile show significant astigmatism. There is a discrepancy in the rotation axis of 

astigmatism. The measured wave-front profile has an astigmatism axis rotated at 40⁰ 

with respect to the simulated wave-front profile. It is a constant phenomenon present in 

all wave-front profiles derived from the PSD wave-front sensor measurements and does 

not change over time. There could be several reasons as to why the astigmatism axis 

may be rotated. One reason could be due to the build-up of rotation error due to the 

rotation of the disk amplifier and the PSD wave-front sensor. However, this is unlikely 

as the rotation of the PSD wave-front sensor and the disk amplifier would both have to 

be significant. Another possible explanation could be a discrepancy between the power 

of the eight flash-lamps in the 108 disk amplifier, altering the distribution of the flash-

lamp light incident on the disks, leading to a tilted wave-front error. This is possible as 

the flash-lamp’s power do tend to degrade over its lifetime (typical lifetime of a flash-

lamp in Vulcan is approximately 5 months). Rotation of the astigmatism axis is not an 

unheard phenomenon and has been reported before, as shown in Figure 1.14. During the 

first 5 minutes after the flash-lamps have fired, the orientation of astigmatism can vary 

from -10⁰ to -37.5⁰. The mathematical model presented in Chapter 2 does not take into 

account any heat transfer mechanisms, and models all eight flash-lamps with equal 

power. Therefore, the mathematical model cannot simulate orientation dependent 

astigmatism. 

However, if the measured wave-front profile is rotated by 40⁰ (see Figure 3.25 - bottom) 

the two profiles can be reasonably compared. The simulated wave-front profile has a PV 

of 0.4µm, whilst the measured wave-front profile has a PV of 0.33µm. In terms of PV 

measurements, a discrepancy of 0.07µm between the simulated and the measured wave-

front profiles are within the error margin. Both profiles show an astigmatic profile, with 

differing curvatures in the x and y plane. The curvature in the y-axis in the simulated 

wave-front profile is higher in magnitude compared to the measured wave-front profile. 

However, the curvature in the x-axis of the simulated profile is in good agreement with 

the measured profile. 
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3.8 Strehl Efficiency (Results) 
 

As mentioned in Section 2.3.3, Strehl efficiency which is defined as the product of the 

Strehl ratio and the small signal gain as shown in Equation (2.36) is a method of 

measuring the performance of the disk amplifier. The Strehl efficiency as a function of 

time for all three Vulcan disk amplifiers are shown in Figure 3.26. As already 

mentioned in Section 3.6, values for the 108 disk amplifier beyond 400µs should be 

taken with caution as the expression stated for the Strehl ratio in Equation (2.35) is only 

valid (with errors of less than 10%) from 1 – 0.3. The same applies for the 150 disk 

amplifier beyond 630µs. Nevertheless, the peak of the Strehl efficiency curves for the 

150 and the 108 disk amplifier occur well before 630µs and 400µs respectively. 
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Figure 3.26 - Strehl Ratio, Strehl Efficiency and Small Signal Gain for the 108 

Amplifier (top), 150 Amplifier (centre) and 208 Amplifier (bottom) 

 

The Strehl efficiency is approximately 4.9 for the 108 disk amplifier which occurs at 

approximately 300µs. Extracting the stored energy using a laser pulse at 300µs is the 

most efficient time to do so in terms of beam quality (Strehl Ratio) and the energy 

extracted (small signal gain). The most efficient time to extract the stored energy in the 

150 and the 208 disk amplifier is 350µs and 400µs respectively. As discussed earlier in 

the chapter, the flash-lamp pulse of the 108 disk amplifier reaches its maxima earlier 



103 

 

than the flash-lamps used in the 150 and the 208 flash-lamps. This results in the maxima 

of the small signal gain also occurring earlier than the 150 and the 208 disk amplifiers. 

As the calculated Strehl ratio for the 108 disk amplifier is considerably lower (than the 

150 and the 208 disk amplifiers), the quality of the laser beam deteriorates rapidly as a 

function of time. Beyond 300µs, the Strehl ratio dominates the Strehl efficiency term, 

even though the small signal gain continues to increase. The 208 amplifier has a 

relatively high Strehl ratio compared to the 108 and the 150 disk amplifiers. Therefore, 

the small signal gain term continues to dominate till 400µs.  

Out of the three disk amplifiers, the 108 disk amplifier was calculated to be the most 

efficient out of the three Vulcan disk amplifiers. This is because the small signal gain 

value of the 108 is considerably higher than the 150 and the 208 disk amplifier, even 

though the Strehl ratio is lower than the 150 and the 208.  

 

3.9 Conclusion 
 

A full description of a 3D, time-dependent flash-lamp pumped disk amplifier model was 

described in Chapter 2. The main aim of this chapter was to convince the reader that the 

model described in Chapter 2 can be successfully used to simulate a wide range of 

flash-lamp pumped Nd:Glass disk amplifier geometries. In the previous chapter, time-

dependent results were compared to the results presented by H.Zhu. In this chapter, the 

RMS wave-front error (Figure 3.24) and the wave-front profiles (Figure 3.25) were 

compared to the simulation results of the 108 disk amplifier. It was concluded that the 

main limitation of the mathematical model described, is the heat transfer mechanisms 

which are not included in the model. The heat transfer section of the model will be 

described later in Chapter 7, and the repetition rate of the disk amplifier geometries will 

be determined by solving the heat equation. The small signal gain of the 108 disk 

amplifier was calculated to be 9.0, the 150 disk amplifier was calculated to be 4.0 and 

for the 208 disk amplifier the small signal gain was calculated to be 2.2, which is in 

close resemblance to the values shown in Table 3.1. It was also shown that the 108 disk 

amplifier has a higher Strehl efficiency compared to the 150 and the 208 disk 

amplifiers, even though the Strehl ratio for the 108 disk amplifier is considerably lower 

than the Strehl ratio of the 150 and the 208 disk amplifiers.  
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Having successfully modelled the three Vulcan disk amplifier geometries, and having 

successfully compared the model to the experimental data, and to the simulation results 

from H.Zhu, the next chapter of the thesis will focus on the flash-lamp pumped active-

mirror type geometry. Combining the knowledge of Brewster angled geometries and 

active-mirror type geometries, a novel flash-lamp pumped active-mirror type geometry 

will be introduced in Chapter 5.   
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4 Active-mirror Geometry 

 

 

 

4.1 Introduction 
 

The 108, 150 and the 208 flash-lamp pumped disk amplifiers in Vulcan were simulated 

in Chapter 3 using the model described in Chapter 2. The non-uniform distribution of 

flash-lamp intensity on the disks results in a non-uniform temperature rise in the disks. 

The non-uniform temperature results in a non-uniform change in the optical path length 

of the laser beam propagating through the amplifiers, which results in a thermally 

aberrated laser beam (see Equation (2.33)). 

In Chapter 3, the simulated results of the 108 disk amplifier were compared to the 

experimental data, it was found that the RMS error as a function of time was in good 

agreement with the experimental data till the first 300µs. The wave-front error profiles, 

and the small signal gain values were all in agreement with the calculated values. A 

discrepancy was observed in the rotation of astigmatism in the measured wave-front 

error. Nevertheless, the PV and the RMS error were both in good agreement. 

In this chapter a new disk amplifier geometry will be studied, the active-mirror 

geometry. An active-mirror geometry has three main advantages: (i) A uniform intensity 

distribution on the disk amplifiers resulting in a more uniform distribution of 

temperature on the surface of the disks. (ii) The second advantage is the double pass 

nature of the active-mirrors which results in an increase in the net small signal gain by 

increasing the total path length 𝑙0 of the laser beam propagating through the amplifier 

(see Equation (2.21)). Lastly, (iii) the effects of thermally-induced birefringence in a 

double passed active-mirror geometry is negligible, the mathematical proof will be 

referenced in this chapter. 

In the preceding chapters, the change in the optical length was described as a function of 

the thermal expansion coefficient, thermo-optic coefficient, and the change in 

temperature. A rise in temperature results in a negative value for optical path length, this 

is due to the negative change in the refractive index with respect to temperature (𝑑𝑛/𝑑𝑇 

= -6.1x10-61/K).  
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In this chapter, thermally-induced curvature in an active-mirror disk will also be 

included. The curvature of the disk is a function of the temperature gradient along the 

thickness of the disk (z-axis, see Figure 3.9). As the temperature gradient in the z-axis 

of a disk increases, the thermal expansion within the glass disk causes the disk to 

deform which results in a curvature of the disk. The curvature of the disk introduces a 

focussing term in the wave-front profile, analogous to a laser beam being reflected off a 

concave mirror at an angle 𝜃 with respect to the optical axis. This will be discussed in 

Section 4.6.  

In this chapter, the active-mirror disk amplifier will be compared to a single disk in the 

150 disk amplifier. The physical dimensions of the active-mirror disk are equivalent to a 

150 amplifier disk (see Table 3.1), and the same 150 amplifier flash-lamps (see Table 

2.1 and Table 2.2) are used to pump the active-mirrors. 

The active-mirror concept was first employed by Chernoch [73] and first demonstrated 

by the General Electric Company [74]-[75]. It was a slow developing technology due to 

the unavailability of damage resistant multilayer dielectric coatings, but is now possible 

with the current technology as demonstrated by J.A Abate et al [76]. To successfully 

implement the active-mirror technology, the disk must be coated with an AR (anti-

reflection) and a HR (highly reflected) coating on either side of the disks as shown in 

Figure 4.1.  

 

Figure 4.1 - Active-mirror design concept [77]. 
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In the example shown in Figure 4.1, the disk is mounted with glass beads around the 

edges to supress Parasitic Oscillations (PO). A transparent blast shield is placed 

between the flash-lamps and the active-mirror disk to protect the active-mirror. In the 

example shown in Figure 4.1, the flash-lamps are continuously cooled to reduce the 

transfer of heat from the flash-lamps to the active-mirror disk. The input seed laser 

pulse is incident on the active-mirror at an angle, the laser amplification occurs as it 

makes its first pass through the active-mirror disk, it is then reflected off a HR coating 

and is further amplified as it makes its second pass to exit the amplifier.  

In diode pumped systems, the active-mirror concept has been very successful as thin 

disk amplifiers and have been implemented in various high powered laser systems. The 

first (reported) demonstration of using a diode-pumped thin disk amplifier was in 1994 

by A.Giesen et al [78]. There are now many examples of successful thin disk laser 

systems such as, Ytterbium in host materials such as YVO4 and NaGd(WO4). Thulium 

in host material YAG, Holmium in YAG, and Nd3+ in YAG and YVO4 [79], [80]-[87]. 

In a flash-lamp pumped, active-mirror design only one surface is optically pumped by 

flash-lamps. The active-mirror design presented in this chapter uses four flash-lamps to 

pump one surface of the active-mirror disk only. This chapter will only include the 

simulation results and references will be made to Chapter 2 for more information. 

Modifications are made to the mathematical model to adapt the model to an active-

mirror design.  

To be consistent with Chapters 2 and 3, the next section of the Chapter will first focus 

on the normalised intensity profiles generated using ZEMAX non-sequential ray 

tracing. 
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4.2 Normalised Intensity Profile using ZEMAX (Active-mirror) 
 

As mentioned in the introductory section of this chapter, the physical dimensions and 

the glass type used for the active-mirror design is equivalent to a single 150 amplifier 

disk. The seed laser pulse’s aperture incident on the active-mirror is 132mm incident at 

an angle of 30° with respect to the surface normal of the active-mirror as shown in 

Figure 4.2. 

 

Figure 4.2 - Amplification of a 132mm laser beam incident at 30° with respect to the 

surface normal of the active-mirror. 

 

As shown in Figure 4.2, the beam is transmitted through the active-mirror, then 

reflected off the rear side of the active-mirror. In this chapter we assume that the 

transmitted face of the active-mirror is AR coated at 30° for the laser wave-length, and 

the rear side is HR coated for the laser wave-length. The HR coating also transmits the 

broad spectrum of the flash-lamp light. In Chapter 5, the full coating specifications will 

be given for the final proposed design.  

The active-mirror was modelled in ZEMAX, the side-view of the flash-lamp pumped 

active-mirror is shown in Figure 4.3. 
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Figure 4.3 - Side-view of the active-mirror geometry 

 

The active-mirror is modelled as a 2D rectangular surface similar to the way the disk 

amplifiers were modelled for the 108, 150 and 208 disk amplifiers (see Section 2.2.1). 

The active-mirror is placed parallel to the flash-lamps to ensure that the flash-lamp 

intensity is uniformly distributed across the disk surface. The ridged reflectors were 

replaced with planar reflecting surfaces behind the flash-lamps. The side reflectors were 

also removed as they were no longer needed to reflect the flash-lamp light back into the 

centre of the amplifier.  

The flash-lamps are modelled as cylindrical sources of light and the separation between 

the cylindrical sources and the active-mirror disk is approximately 40mm as shown in 

Figure 4.3. Three planar reflective surfaces surround the flash-lamps which can be seen 

in the front view of the model, illustrated in Figure 4.4. The three reflective surfaces 

ensure that any flash-lamp rays travelling in a direction away from the active-mirror 

disk is reflected back towards the active-mirror.  

 

Figure 4.4 - Front view of the active-mirror geometry. 
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The active-mirror design as shown in Figure 4.3 and Figure 4.4, is only pumped by 

flash-lamps on one surface. Therefore, the ZEMAX Model Input as shown in Figure 2.2 

only consists of one intensity profile 𝐼𝑁,𝑈 (corresponding to the normalised intensity 

profile due to the upper set of flash-lamps only, see Section 2.2.1 and Equation (2.12)). 

The active-mirror placed parallel to the flash-lamps as shown in Figure 4.4, results in a 

more uniform intensity profile, the intensity profile in units of W/cm2 incident on the 

active-mirror disk is shown in Figure 4.5 along with a comparison to the 𝐼𝑁,𝑈 for the 

150 disk amplifier (from Figure 3.5). 

 

 

Figure 4.5 - 𝐼𝑁,𝑈 Intensity profile incident on the active-mirror (top) and 𝐼𝑁,𝑈 incident on 

the upper surface of the 150 disk amplifier (Disk 1). 

 

The normalised intensity profile for the active-mirror in Figure 4.5 (top), is more 

uniform in comparison to the 150 disk amplifier shown in Figure 4.5 (bottom). 

However, the total intensity irradiated on the surface of the active-mirror is higher, 

14x10-4W/cm2 is observed uniformly across the active-mirror. An intensity gradient is 



111 

 

observed across the x-axis of the active-mirror, similar to the 150 disk in the x-axis. As 

previously discussed in Section 3.3, this is due to the relative positioning of the disks 

with respect to the flash-lamps in the x-axis.  

Having completed the ZEMAX Input Model in Figure 2.2, the next section will focus 

on the small signal gain results of the active-mirror. As the same Nd:Glass material is 

used, the reader is referred to Figure 2.15 for the Nd:Glass Input Model, and Figure 2.13 

for the 150 flash-lamp’s temporal pulse, and Figure 3.1 for the 150 flash-lamp’s spectral 

intensity. 

 

4.3 Small Signal Gain (Active-mirror) 
 

As the active-mirror geometry is a double pass system, the small signal gain in Equation 

(2.22) in Section 2.4.1 is modified to account for the transmitted and reflected path of 

the seed laser pulse. 

𝐺(𝑥, 𝑦, 𝑡) = 𝑒𝑥𝑝 (∫ 𝑔(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑧 +
𝑙0
0

∫ 𝑔(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑧
0

𝑙0
)    (4.1) 

The first term in the exponent describes the small signal gain of the seed laser pulse 

when propagating towards the HR coated surface of the active mirror, and the second 

term in the exponent describes the small signal gain of the seed laser pulse whilst 

making the second pass through the amplifier (reflected). The integration of the gain 

coefficient g is performed from 0 to 𝑙0, and the reflected beam is integrated from 𝑙0 to 0. 

Therefore, from Equation (4.1) the small signal gain increases by a power of two 

compared to a single pass system such as the Brewster-angled geometries discussed in 

Chapter 3. This is one of the key advantages of using an active-mirror type geometry. 

For the same flash-lamp power, the small signal gain in an active-mirror can be 

increased by a power of 2, as shown in Equation (4.2): 

𝐺(𝑥, 𝑦, 𝑡) = [𝑒𝑥𝑝 ∫ 𝑔(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑧
𝑙0
0

 
]
2

      (4.2) 

However, a higher small signal gain is not always an advantage, higher laser intensities 

can be detrimental in laser systems with relaying optical components. It is important to 

ensure that the laser fluence is well below the damage threshold of the optics. 
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For the active-mirror geometry described in Figure 4.3, the mean small signal gain 

(calculated as the mean value over the laser beam aperture) for the active-mirror and the 

first disk in the 150 amplifier as a function of time is illustrated in Figure 4.6.  

 

 

Figure 4.6 - Mean small signal gain calculated over the beam aperture’s spatial co-

ordinates. Comparison of the double pass active-mirror geometry with Disk 1 of the 150 

Amplifier 

 

The peak, mean small signal gain for a double pass active-mirror is approximately 1.79 

whilst the peak, mean small signal gain for the 150 disk amplifier is approximately 1.36 

for Disk 1. Even though the active-mirror is only pumped by a single set of flash-lamps, 

the small signal gain is still higher than the 150 disk which is pumped by two sets of 

flash-lamps. The small signal gain profile of the active-mirror disk, and the 150 

amplifier disk are illustrated in Figure 4.7.  
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Figure 4.7 - small signal gain profile for the active-mirror geometry disk (top), and the 

small signal gain of Disk 1 in the 150 Disk amplifier (bottom), calculated at the peak of 

the small signal gain curve in Figure 4.6. Solid ellipse represents the beam footprint on 

the disk. 

 

The small signal gain profiles simulated over the beam aperture for the active-mirror 

disk (Figure 4.7) shows values ranging from 1.8 – 1.7. Please note, the beam aperture 

incident upon the active-mirror disk is smaller in comparison to the beam aperture 

incident on the 150 disk amplifier, this is because the angle of incidence in the active-

mirror is set to 30⁰, whilst the 150 disk amplifier operates at Brewster’s angle of 56.4⁰. 

As discussed in the previous section, the intensity profile incident upon the active-

mirror is more uniformly distributed in comparison to the 150 disk. Therefore, the small 

signal gain profile across the active-mirror is also more uniform as shown in Figure 4.7. 

The uniformity of the small signal gain profiles are analogous to the uniformity of the 

flash-lamp intensity profiles as shown in Figure 4.5. The highest small signal gain is 

observed in the centre of the x-axis of the active-mirror and is near uniform across the 

y-axis.  

In terms of small signal gain, the active-mirror geometry has a considerable advantage 

over a single pass Brewster angled disk amplifier. Due to the double pass nature of 

active-mirrors, the small signal gain extracted by a propagating laser pulse is higher for 

an active-mirror, and the small signal gain profile for an active-mirror geometry is also 
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more uniform in comparison. In the next section of this chapter, the stored heat density 

and the temperature profiles will be simulated for the active-mirror geometry.  

 

4.4 Stored Heat Density and Temperature (Active-mirror) 
 

The same method as shown in Figure 2.2, and discussed in Section 2.3.2 was used to 

derive the heat density stored in an active-mirror disk. The mean stored heat density 

deposited on the disk was simulated for the active-mirror geometry and compared to 

Disk 1 of the 150 amplifier for comparison. The simulation results are shared in Figure 

4.8. 

 

Figure 4.8 - Mean stored heat density calculated over the disk’s spatial co-ordinates. 

Simulated for Disk 1 in the 150 amplifier and the active-mirror disk. 

 

As shown in Figure 4.8, the mean stored heat density across the disk aperture for the 

active-mirror geometry is lower than the first disk of the 150 amplifier. This is because 

the active-mirror geometry is pumped by only four flash-lamps as opposed to the eight 

flash-lamps used for the 150 disk amplifier. However, it is only 0.13J/cm3 lower than 

the 150 disk, this is because of the relative distance between the flash-lamps and the 

active-mirror. As shown in Figure 4.5, the total normalised intensity profile of the 

active-mirror is higher than the total normalised intensity profile of the 150 disk (see 

Figure 3.5).  

Using the stored heat density, the temperature profile of the active-mirror can be derived 

using Equation (2.33) from Section 2.3.2. Using the same co-ordinate system as 

described in Figure 3.9, the temperature profiles of the active-mirror disk are shown in 
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Figure 4.9. The temperature profiles were calculated at the maximum stored heat 

density (t = 2.5ms) in Figure 4.8. 

 

Figure 4.9 - Temperature profile for the active-mirror disk. 

 

As seen in Figure 4.9, the upper surface of the disk (Surface closest to the flash-lamps, 

Surface a in Figure 4.9) experiences the highest temperature change from ambient, with 

1.2K to 1.45K. As discussed earlier in this Chapter, the active-mirror disk is only 

pumped on one surface, therefore the temperature measured at the lower surface of the 

disk (Surface b in Figure 4.9) is considerably lower, with a change in temperature of 

approximately 0.2K to 0.25K. The change in temperature simulated for the two faces of 

the active-mirror disk (Surface a and Surface b) are more uniform in comparison to the 

150 disk shown in Figure 3.19. In the next section, the temperature profiles shown in 

Figure 4.9 will be used to calculate the predicted wave-front error induced in a 

propagating laser pulse.  
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4.5 Wave-front Profile (Active-mirror) 
 

Equation (2.33) in Section 2.3.2 was adjusted to Equation (4.3) account for the double 

pass of an active-mirror amplifier. A 1/cos (𝜃) term was inserted into Equation (2.33) 

to account for the 19° refracted angle of the seed laser pulse (see Figure 4.2). The 

resulting modification is as follows: 

∆𝑂𝑃𝐷 =  [
𝑑𝑛

𝑑𝑇
+ 𝛼(𝑛 − 1)] 

2

𝑐𝑜𝑠 (𝜃)
∫ ∆𝑇(𝑥, 𝑦, 𝑧) 𝑑𝐿

𝑙0
0

     (4.3) 

The predicted wave-front profile in normalised beam units are illustrated in Figure 4.10. 

The reader is referred to Section 2.3.2 and the reference [70], for more information 

regarding the normalisation of wave-front profiles.  

 

Figure 4.10 - Wave-front profile error for the active-mirror. 

 

The Peak-Valley (PV) for the active-mirror wave-front profile is 0.16µm. The wave-

front profile shown for the active-mirror in Figure 4.10 shows a non-uniform 

distribution of the Δ𝑂𝑃𝐿 in the x-axis, this is due to the flash-lamp intensity distribution 

in the x-axis of the active-mirror disk as shown in Figure 4.7. 

As mentioned in the introductory section of this chapter, for active-mirror type 

geometries where the surface temperature of the disk is near uniform (See Figure 4.9 

(Surface a - b) ), and the temperature gradient is the z-axis (see Figure 4.9 (Surface c - 

f)) is less uniform in comparison, thermally-induced curvature can become a significant 

problem. For completeness purposes, in the next section of this chapter, the wave-front 

error due to the thermally-induced curvature will be discussed. 
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4.6 Thermally-Induced Curvature due to Thermal Expansion 
 

Thermally-induced curvature is a consequence of the temperature gradient along the 

thickness axis of the active-mirror disk (z-axis). This is due to the thermal stresses and 

strains that arise due to the temperature gradient present in the active-mirror disk.  

An analytical model is presented in this section, and it will be shown that for significant 

temperature gradients along the z-axis, results in a deformed active-mirror disk. The 

active-mirror’s HR coating deforms into a concave shaped mirror. The reader is referred 

to the following references for an in-depth derivation of the thermally-induced curvature 

in active-mirror type geometries [77], [88]-[90]. The displacement in the z-axis ∆𝑢𝑧 due 

to the thermal stresses present, can be calculated as a function of the x and y-axis, only 

the final result taken from J.Abate et al [77] and R.Sampath [88] is shared in this 

chapter: 

∆𝑢𝑧(𝑥, 𝑦, 𝑧) = (𝑥2 + 𝑦2) [
3𝛼𝑇

𝑙𝑧
2 𝑁𝑇 −

6𝛼𝑇

𝑙𝑧
3 𝑀𝑇] + 𝐶0     (4.4) 

𝑁𝑇 = ∫ 𝑇(𝑧) 𝑑𝑧
𝑙𝑧
0

         (4.5) 

𝑀𝑇 = ∫ 𝑇(𝑧) 𝑧 𝑑𝑧
𝑙𝑧
0

         (4.6) 

Where 𝐶0 is a constant which does not depend on the spatial dimensions of the disk in 

the x and y-axis, 𝛼𝑇 is the thermal expansion co-efficient (𝛼𝑇 = 125x10-71/K) [53], and 

𝑙𝑧 is the thickness of the disk. Equations (4.4) – (4.6) are applicable under the following 

assumptions: 

1. The temperature across the surface of the active-mirror (x and y-axis in Figure 

4.9, Surface a-b) is near uniform. 

2. The thermal stresses in the active-mirror disk obey St-Venant’s principle, which 

is valid if the size of the active-mirror disk in the x and y-axis is appreciably 

larger than the thickness of the disk (z-axis). The reader is referred to B.A.Boley 

et al [90] for more information regarding St-Venant’s principle. 

3. There are no shear forces present due to thermal stresses acting on the active-

mirror disk. Please refer to R.Sampath [88] for further information. 

It is important to note, only the first term in Equation (4.4) is a function of the x and y 

co-ordinates, and 𝐶0 can be regarded as a constant in the x and y plane. As the wave-

front error is calculated as the difference in the optical path length, the constant term can 
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be ignored (the constant can be regarded as a constant Piston value Z0
0 added to the final 

wave-front profile).  

Due to the symmetry assumed in the x and y-axis (assumption 1), the radius of the 

curvature can be calculated by taking the inverse, of the second differential of ∆𝑢𝑧 as 

shown in Equation (4.7) [91].  

𝑅(𝑧) =  𝑅𝑦(𝑧) = 𝑅𝑥(𝑧) = [
𝜕2(∆𝑢𝑧(𝑥,𝑦))

𝜕𝑥2 ]
−1

      (4.7) 

The radius of the thermally-induced curvature is dependent on the temperature profile of 

the disk in the z-axis, the thermal expansion coefficient 𝛼𝑇, and the thickness of the disk 

𝑙𝑧. The analytical solution to Equation (4.7) is as follows: 

𝐵(𝑧) =  
12𝛼𝑇

𝑙𝑧
3 ∫ ∆𝑇(𝑧) 𝑧

𝑙𝑧
0

𝑑𝑧 − 
6𝛼𝑇

𝑙𝑧
2 ∫ ∆𝑇(𝑧)

𝑙𝑧
0

𝑑𝑧 ,         𝑅(𝑧) =  [−𝐵(𝑧)]−1 (4.8) 

The reader is referred to D.C.Brown’s book ‘High-Peak-Power Nd:Glass Laser 

Systems’ for a thorough discussion on Equation (4.8) [75]. If the temperature ∆𝑇 is 

constant throughout the disk, then the integral over the z-axis will return ∆𝑇𝑙𝑧
2/2 as the 

first term in Equation (4.8) and ∆𝑇𝑙𝑧 in the second term in Equation (4.8), which would 

result in no curvature (B=0, R = ∞). From Equation (4.8), a uniform temperature 

gradient is preferred in the z-axis to minimise the effects of thermally-induced curvature 

on the wave-front profile of the propagating laser beam. 

For the active-mirror geometry described in this chapter, the mean temperature was 

calculated for each of the twenty layers (see Section 2.3.2 for more information 

regarding the twenty layers) of the disk in the z-axis and was fitted to a fifth order 

polynomial. A least square fit method in MATLAB was used to fit the twenty data 

points [55], which is illustrated in Figure 4.11. 
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Figure 4.11 - Mean temperature over the x and y plane, calculated as a function of the z-

axis of the active-mirror.  

 

Using Equation (4.7) the radius of curvature for the temperature profile described in 

Figure 4.11 is 5.11x104m. In order to calculate the wave-front profile of the laser beam 

propagating and reflecting off a thermally-curved active-mirror disk, ZEMAX in 

sequential mode was used. A 132mm beam is incident at the thermally deformed active-

mirror disk at an angle of 30⁰. The beam is transmitted through the disk, and then 

reflected off the rear HR coated surface. The wave-front profile is simulated once the 

beam has fully exited the active-mirror disk. The sequential mode setup is shown in 

Figure 4.2. The corresponding wave-front profile due to the thermally-induced 

curvature is shown in Figure 4.12. 

 

Figure 4.12 - Wave-front error due to the thermally-induced curvature in an Active-

mirror disk simulated using ZEMAX. 

The wave-front profile shown in Figure 4.12 shows clear signs of Astigmatism. The 

elliptical footprint incident on the active-mirror disk results in the longer axis (y-axis), 

experiencing more curvature (with a larger beam overlap in the y-axis in comparison to 

the x-axis, see Figure 4.5). The PV wave-front error observed in the y-axis is 0.09µm 
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whilst the PV observed in the x-axis is 0.065µm. The difference in curvature between 

the x-axis and the y-axis is characteristic of astigmatism.  

The total wave-front error contribution from the thermo-optic coefficient 𝑑𝑛/𝑑𝑇, 

thermal expansion co-efficient 𝛼𝑇 and from the thermally-induced curvature is shown in 

Figure 4.13, alongside the wave-front error contribution from the first disk of the 150 

disk amplifier. 

 

Figure 4.13 - The total wave-front error contribution in the active-mirror disk (left) and 

the first disk of the 150 disk amplifier (right). 

 

As illustrated in Figure 4.13, the PV wave-front error for the active-mirror disk is lower 

in comparison to the first disk in the 150 disk amplifier. The PV of the active-mirror is 

approximately 0.2µm whilst for the 150 disk, the PV is approximately 0.6µm. 

Therefore, the active-mirror disk in terms of beam quality does perform better than the 

150 disk, but it’s also apparent that the contribution from the thermally-induced 

curvature is a significant contribution to the overall wave-front error and cannot be 

ignored. 

Another unwanted effect that’s a direct consequence of the thermal stresses present due 

to a temperature gradient in the z-axis, is thermal stress-induced birefringence. Under 

the assumptions stated in the beginning of this section, the thermal stress-induced 

birefringence is insignificant in active-mirror type geometries, due to the double pass 

nature of active-mirrors. The mathematical proof which is not included in the chapter, 

can be found in the following references [75], [77], [88]. The next section of this 

chapter will look at the RMS error, Strehl ratio and the Strehl efficiency of the active-

mirror disk. 
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4.7 RMS Wave-front Error, Strehl Ratio and Strehl Efficiency 

(Active-mirror) 
 

In Section 4.4 – Section 4.6, the mean stored heat density, temperature and the predicted 

wave-front error profiles were simulated for the flash-lamp pumped active-mirror 

geometry. In this section, the Strehl efficiency of the active-mirror will be calculated 

and compared to the 150 amplifier disk. The RMS error and the corresponding Strehl 

ratio as a function of time, for the active-mirror disk and the 150 amplifier disk are 

illustrated in Figure 4.14.  

 

Figure 4.14 - RMS Error and the Strehl Ratio for the active-mirror design and the first 

disk of the 150 amplifier. 

 

The active-mirror geometry suffers from a RMS error of less than 0.04µm at 2.5ms, 

whilst the 150 amplifier disk suffers from a RMS error of more than 0.08µm at 2.5ms as 

shown in Figure 4.14. The Strehl ratio for the active-mirror is above 0.94 and for the 

150 disk it is less than 0.77 which is a decrease in comparison. Lastly, the Strehl 

efficiency as defined in Equation (2.34) is illustrated in Figure 4.15 for the active-mirror 

disk and the 150 amplifier disk. 



122 

 

 

Figure 4.15 - Strehl efficiency calculated for the active-mirror geometry and the 150 

disk. 

 

The Strehl efficiency is considerably better for the active-mirror geometry with a 

maximum efficiency of 1.75 at approximately 490µs. The Strehl efficiency for the 150 

disk is approximately 1.3 and reaches a maxima at less than 490µs. This quantifies the 

performance of the two geometries in terms of the small signal gain and the Strehl ratio.  

 

4.8 Conclusion 
 

The model formulated in Chapter 2 and verified in Chapter 3 was used to investigate an 

active-mirror type geometry in this chapter. Three key modifications were made to 

adapt the model to an active-mirror. Active-mirrors are double passed, hence the small 

signal gain in Equation (2.21) was adjusted to account for the double pass as shown in 

Equation (4.1). The expression relating the change in the OPD and the change in 

temperature in Equation (2.33) were also adjusted to Equation (4.3) to account for the 

double pass. The final key modification made was the ZEMAX normalised intensity 

profile, as active-mirrors are usually optically pumped on a single face only, only one 

expression 𝐼𝑁,𝑈 was used in the ZEMAX Input Model (see Figure 2.2). The small signal 

gain (Figure 4.6 and Figure 4.7) and the wave-front error (Figure 4.10) were calculated 

for the active-mirror, and compared to the first disk of the 150 amplifier. The active-

mirror disk shows a lower PV wave-front error compared to the 150 disk, and had a 

higher small signal gain. This shows that the overall performance of the active-mirror 

disk is better than a single 150 disk, which was further confirmed with the Strehl 

efficiency graphs presented in Figure 4.15. 
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It was also found that for significant temperature gradients in the z-axis, as shown in 

Figure 4.11, the disk undergoes deformation, resulting in the disk being thermally-

curved, similar to a concave mirror. The resulting wave-front error resulting from the 

curvature was shown in Figure 4.12. The total wave-front error contribution was 

illustrated in Figure 4.13. However, even when the total wave-front error contributions 

experienced by a laser beam double passing an active-mirror, it still performed better 

that the single 150 disk amplifier. 

In the next section the idea of an active-mirror will be extended to a full active-mirror 

amplifier design with four disks, and two sets of four flash-lamps. The flash-lamp 

power will be adjusted to minimise the thermally-induced wave-front error whilst 

maximising the energy stored for laser amplification. If an active-mirror disk is pumped 

on both surfaces by flash-lamps, then one should expect a more even distribution of 

temperature in the z-axis, minimising the effects of thermally-induced curvature, whilst 

maintaining a uniform disk surface temperature. 

Two additional parameters will also be considered in the optimisation of the active-

mirror amplifier design, the Parasitic Oscillations (PO) and the Laser-Induced Damage 

Threshold (LIDT) of the coatings applied to the active-mirrors.   



124 

 

5 Active-mirror In a Cavity (AMIC) 

 

 

 

5.1 Introduction 
 

In the previous chapter, the active-mirror geometry was investigated and compared to a 

single 150 amplifier disk. It was shown in Chapter 4, that a uniform flash-lamp intensity 

profile incident on the active-mirror disk results in a uniform temperature profile, 

leading to a lower predicted wave-front error profile. An additional wave-front error 

term was also included due to the thermally-induced curvature effect which arises from 

the temperature gradient in the z-axis of the disk. The total wave-front error for a single 

active-mirror disk is illustrated in Figure 4.13. 

The inherent double pass property of an active-mirror amplifier also results in a higher 

small signal gain compared to the single 150 disk. 

In this chapter, the active-mirror concept will be used to propose a novel concept of a 

doubly pumped active-mirror disk amplifier. It consists of two sets of flash-lamps 

similar to the 108, 150 and 208 disk amplifiers discussed in Chapter 3. The active-

mirror disk amplifier system will consist of four active-mirrors. The performance of the 

Active-Mirror In a Cavity (AMIC) design will be compared to the existing Vulcan 150 

disk amplifier. A lower flash-lamp pump power is required to match the small signal 

gain of the AMIC design to the 150 disk amplifier. A lower pump power would 

naturally result in lower heat energy stored in the AMIC design compared to the 150 

disk amplifier. Pumping the active-mirror disk on both surfaces also results in a more 

uniform temperature profile in the z-axis, decreasing the effects of thermally-induced 

curvature.  

However, there are also some notable disadvantages of using active-mirrors instead of 

Brewster angled disk amplifiers. Active-mirrors perform better with an AR coating on 

the transmission surface, and a HR coating on the reflective surface (see Figure 4.1). 

The appropriate coating specifications will be discussed in Section 5.2. As the active-

mirrors are usually coated with a HR coating, the HR coating can internally reflect 

spontaneous emission photons, depleting the energy stored for laser amplification. 
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These PO and it’s effect on limiting the energy stored for laser amplification will be 

discussed in Section 5.9. 

A ZEMAX model of the AMIC design is shown in Figure 5.1.  

 

Figure 5.1 - Angled view of the AMIC geometry (top), side view of the AMIC amplifier 

(bottom). 

 

In Figure 5.1, the seed laser pulse enters the active-mirror from the right at an angle of 

56° (see right side of Figure 5.1 - bottom) with respect to the surface normal of the 

active-mirrors. Figure 5.1 shows the active-mirrors as 2D rectangular detectors rather 

than 3D disks, this is illustrated in this way to demonstrate the underlying concept of the 

AMIC design. The seed laser pulse is transmitted and reflected off the active-mirror’s 

HR coating, the laser pulse then continues onto Disk 2 and so forth.  

The width of the laser beam entering the AMIC amplifier is set to 132mm in size, which 

is chosen to match the beam aperture of the 150 disk amplifier. The AMIC disk has the 
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same size as the 150 disk 15cm x 30.1cm. A 3D representation of the first active-mirror 

disk in Figure 5.1 is illustrated in Figure 5.2. 

 

Figure 5.2 - 3D representation of the first active-mirror disk. 

 

Figure 5.2 shows a 132mm laser beam incident at an angle of 56° with respect to the 

surface normal of the active-mirror amplifier. The beam is then transmitted through the 

disk and reflects off the HR coating at the rear side of the disk. The next section of this 

chapter will look at the AR and HR coating specifications needed to efficiently transmit 

and reflect the seed laser pulse. 

 

5.2 Coating Designs 
 

The HR coating on the surface closest to the flash-lamps (see Figure 5.1) is designed 

such that it can transmit the flash-lamp pump light over a large range of angles. Xenon 

type flash-lamps have pump bands in the region of 500nm to 890nm (see Table 1.2) and 

are randomly polarised. The second major requirement is the efficiency in which the HR 

coating can reflect a p-pol, 1053nm beam at an angle of 33.4° (angle of refraction for a 
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56° angle of incident). The coating specifications for the HR coating is provided in the 

Appendix of this chapter. The coating specification provided by MPO (Manx Precision 

Optics) [92] shown in Figure 5.24, shows the transmission efficiency in the region of 

560 – 890nm to be approximately 90% for 0°. At larger angles of incidence, the 

transmission efficiency at the longer wave-lengths (875nm – 890nm) falls considerably. 

At 45° angle of incidence, the transmission efficiency falls to almost 50% at 890nm. 

However, the transmission efficiency at the shorter wave-lengths are improved. The 

simulation results which follow from Section 5.3 onwards, assumes that the Nd:Glass 

material is HR coated with 100% transmission efficiency. As the transmission 

efficiency is far from 100% at all angles of incidence for the flash-lamp pump light, the 

AMIC geometry is designed to amplify the seed laser pulse with a larger net small 

signal gain value with respect to the 150 disk amplifier. Therefore, a reduction in 

transmission efficiency would still result in a similar small signal gain in comparison to 

the 150 disk amplifier. 

Figure 5.25 in the Appendix section, shows the transmission efficiency of a 1053nm, p-

pol laser beam. The HR coating applied to the reflective surface of the active-mirrors 

has a reflection efficiency of more than 99.3% for 33.5° angle of incidence. The HR 

coating maintains a reflection efficiency of more than 99% for all angles within the 

range of 0 to 45°.  

The AR coating specification shown in Figure 5.26 in the Appendix section, illustrates 

the transmission efficiency of a 1053nm, p-pol beam entering and exiting the active-

mirror medium. Upon entering the active-mirror, the angle of incidence is 56°, and 

33.4° when exiting the active-mirror medium. The transmission efficiency in both cases 

is above 99.6%. Although an AR coating is not necessary for the active-mirror 

geometry described in Figure 5.1, as 56° is the Brewster’s angle for the laser beam 

propagating into the Nd:Glass medium from air, and 33.4° is the Brewster’s angle for 

the laser beam exiting the Nd:Glass medium back to the surrounding air medium, an AR 

coating is beneficial in order to supress PO from oscillating (see Section 5.9). Figure 

5.27 in the Appendix section shows the AR coating specification for randomly polarised 

light (as PO are randomly polarised). The transmission efficiency of randomly polarised 

1053nm rays is above 98% for all angles between 0 to 45°. The active-mirror disks in an 

AMIC geometry is pumped by flash-lamps on both surfaces, the transmission efficiency 

of flash-lamp light entering the active-mirror disks through the AR coating surface is 
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well above 87.5% for the flash-lamp pump region at angles of incidence ranging from 0 

to 45°.  

In high peak power laser systems, the Laser Induced Damage Threshold (LIDT) for 

coatings often becomes a limiting factor in the design process. According to the 

international standard (ISO 21254-2:2011) [93] the LIDT is defined as the limit at 

which a material will be damaged by a laser pulse. LIDT for a material is usually 

defined as the threshold fluence in units of J/m2, measured using a laser source with a 

well-defined wave-length and pulse duration. For longer pulses (> ns), damage usually 

occurs due to heat absorption, leading to build-up of thermal stresses and fracture. For 

shorter pulses, damage is mainly due to the dielectric breakdown of the coating structure 

due to the presence of the laser’s strong electric field [94]-[96]. Another important 

consideration when it comes to coating active-mirrors are the absorbing surface defects, 

especially in the interface between the coating and the Nd:Glass surface. Therefore, 

optimising the manufacturing process of the coatings is essential to reduce laser-induced 

damage, as suggested in the following reference [97]. 

The AMIC design is proposed to replace the 150 disk amplifier. A 40J laser pulse (at 2-

3ns) is amplified to approximately 160J (small signal gain of 4). As will be discussed 

later in this chapter, the AMIC design has a small signal gain of approximately 6. 

Therefore, the coatings specified should be able to withstand laser energies of 240J at 2-

3ns pulses. Therefore, the last active-mirror amplifier in the AMIC geometry must have 

a coating that can withstand a fluence of 1.94J/cm2 (for a top-hat beam profile, refer to 

Figure 5.3 for the beam cross-sectional area where 𝑅𝑎 is 66mm and 𝛼 is 56.4°). 

 

Figure 5.3 - Cross Sectional area of the beam footprint on the active-mirror where 𝑅𝑎 is 

the beam radius, and 𝛼 is the angle of incidence. 
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Under long pulse operation, the AR coating on the front surface of the active-mirror 

must be able to withstand twice the fluence as the HR coating (possibility of beam 

overlap on the AR coating surface), which corresponds to 3.88J/cm2. However, the 

LIDT for AR coatings specified by MPO also have twice the LIDT compared to the HR 

coating for 2-3ns pulses [92].  

According to the coating specifications provided by MPO [92], the HR coating can 

withstand 10 J/cm2 measured with a 10ns, 1053nm laser pulse. As the seed laser pulse is 

well within the ns temporal pulse regime, a square root scaling factor can be used to 

determine the LIDT of the HR coating for a 2-3ns pulse [98].  

𝐿𝐼𝐷𝑇𝑁 =
1

2
𝐿𝐼𝐷𝑇 √

2 𝑛𝑠

10 𝑛𝑠
       (5.1) 

Where 𝐿𝐼𝐷𝑇𝑁 is the LIDT of the HR coating for a 2ns laser pulse, 𝐿𝐼𝐷𝑇 is the damage 

threshold provided for a 10ns laser pulse. A factor of 1/2 is used to approximate a ‘top-

hat’ beam profile. 𝐿𝐼𝐷𝑇𝑁 equates to approximately 2.24J/cm2 which is above the 

calculated laser fluence of 1.94J/cm2 [92].  

Although the HR coating specified in the Appendix shows that the transmission 

efficiency of the pump wave-lengths are below 100%, for simplicity the results shared 

in this thesis, are calculated as if the transmission efficiency for all ray angles incident 

upon the active-mirror disk are 100%. As shown later in this chapter, the flash-lamp 

power is reduced from 2.21kA/cm2 to 1.45kA/cm2, the flash-lamp power can be reduced 

as the active-mirrors are double passed. The inherent double pass nature of active-

mirrors means the pump power required to achieve a high small signal gain is lower 

compared to a single pass geometry.  
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5.3 Normalised Intensity Profiles (Active-Mirror In a Cavity) 
 

The geometry shown in Figure 5.1 was modelled using ZEMAX, and 25 million rays 

were traced from the upper four flash-lamps to the four active-mirror disks. Another 25 

million rays were traced from the lower four flash-lamps to the active-mirror disks. The 

intensity profile incident on the first active-mirror disk due to the upper and lower sets 

of flash-lamps are illustrated in Figure 5.4, alongside the intensity profiles of the first 

disk in the 150 disk amplifier as a comparison. Please note the effects of disk 

shadowing are included in the ZEMAX model. 

 

 

Figure 5.4 – ZEMAX normalised intensity profile for the first disk in the AMIC design 

(top two profiles) and the ZEMAX normalised intensity profile for the first disk in the 

150 disk amplifier (bottom two profiles). 

 

As shown in Figure 5.4 (top two profiles), the active-mirror disk is closer to the lower 

four flash-lamps, therefore the maximum intensity due to the lower four flash-lamps is 

14x10-4W/cm2 as shown in the top right figure of Figure 5.4. In comparison to the first 

disk of the 150 disk amplifier studied in Chapter 3, the AMIC intensity profiles are 

more uniform. The slight non-uniformity in the AMIC intensity profiles shown in 

Figure 5.1 (top right) is due to the relative positioning of the first active-mirror disk 

with respect to the flash-lamps. Disk 1 is positioned more to the right side with respect 

to the central point of the flash-lamps (see Figure 5.1). Therefore, the left side of the 

active-mirror disk is exposed to more flash-lamp light compared to the right side of the 

disk.  
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In the next section of this chapter, the flash-lamp spectral intensity will be modelled. 

 

5.4 Flash-lamp Spectral Intensity (Active-Mirror In a Cavity) 
 

Two separate scenarios were simulated for the AMIC design, the first scenario uses the 

same current density as the 150 flash-lamps, 2.21kA/cm2 (see Table 3.1). The second 

scenario uses a lower current density value of only 1.45kA/cm2. The flash-lamp pulse 

used for the AMIC design is the same as the 150 disk amplifier (see Table 2.2). The 

spectral intensity of the flash-lamps operating at 1.4 kA/cm2 is shown in Figure 5.5. 

Refer to Figure 3.1 for the 2.21kA/cm2 scenario. 

 

Figure 5.5 - Spectral intensity of a flash-lamp operating at 1.45 kA/cm2. 

 

As illustrated in Figure 5.5, flash-lamps operating at 1.45kA/cm2, emit approximately 

half of the spectral intensity in comparison to flash-lamps operating at 2.21kA/cm2 (see 

Figure 3.1). Having defined the ZEMAX Input Model and the Flash-lamp Input Model 

in Figure 2.2, in the next section the small signal gain of the AMIC design will be 

calculated for both flash-lamp current density scenarios.  

 

5.5 Small Signal Gain (Active-Mirror In a Cavity) 
 

The first set of results presented in this section, is the time-dependent mean small signal 

gain of the entire AMIC geometry shown in Figure 5.6 (top). Alongside the mean small 

signal gain, Frantz-Nodvik’s gain saturation as a function of input laser fluence is also 

shown in Figure 5.6 (bottom).  
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Figure 5.6 - Mean small signal gain of the AMIC geometry for flash-lamps operating at 

2.21kA/cm2 and 1.45kA/cm2 (top), gain saturation as a function of input fluence 

(bottom). All gain values are calculated as double passed. 

 

With the flash-lamp operating at 2.21kA/cm2, the total mean small signal gain for all 

four active-mirror disks can reach values of up to 22.0. As mentioned in Section 5.2, the 

AMIC geometry is designed to amplify a 40J laser seed pulse. Therefore, the risk of 

damaging optics and temporal pulse distortion is high if the flash-lamps operate at 

2.21kA/cm2 are used. If gain saturation is taken into account, an input fluence of 

0.7J/cm2 will have a saturated gain of ≈ 7.5. Therefore, there’s no significant advantage 

of operating the flash-lamps at 2.21kA/cm2. Having established the motivation behind 

operating the flash-lamps at a lower current density in comparison to the 150 disk 

amplifier, the next set of results shared are the small signal gain profiles as illustrated in 

Figure 5.7. 
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Figure 5.7- Small signal gain profiles simulated for the first AMIC disk (top), the first 

150 amplifier disk (centre) and the active-mirror disk (bottom), alongside the beam 

aperture small signal gain profiles (corresponding figures to the right). 

 

The highest small signal gain is observed in the active-mirror disk simulated in Chapter 

4 (see Section 4.3). This is because the active-mirror disk uses flash-lamps operating at 

2.21 kA/cm2 and is double passed. The second highest small signal gain is observed for 

the AMIC disk, the AMIC disk is pumped by two set of flash-lamps as opposed to the 

single active-mirror disk in Chapter 4, but the overall flash-lamp pump power is 

reduced which results in a lower small signal gain. However, both AMIC and the single 

active-mirror geometry have a higher small signal gain compared to the 150 disk. This 

is primarily due to the active-mirrors being double passed. 
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In terms of uniformity in the small signal gain values, the AMIC disk is more uniform 

than the first disk in the 150 disk amplifier. The small signal gain values for the 150 

disk range from 1.3 – 1.46 whilst for the AMIC disk the values are between 1.49 – 1.6. 

In the next section of this chapter, the stored heat density and the temperature profiles 

will be derived. 

 

5.6 Stored Heat Density and Temperature (Active-Mirror In a 

Cavity) 
 

As discussed in Chapter 4, one of the main advantages of using an active-mirror type 

geometry as opposed to the Brewster angled disk amplifiers shown in Chapter 3 is the 

uniform flash-lamp intensity incident on the surface of the amplifiers. In this section, 

the simulated stored heat density and the temperature profiles will be discussed and 

compared to the 150 disk amplifier.  

If the flash-lamp power is reduced from 2.21kA/cm2 to 1.45kA/cm2, the amount of heat 

stored in the active-mirror is also greatly reduced. The stored heat density for the first 

AMIC disk are shown in Figure 5.8. 

 

Figure 5.8 - Mean Stored Heat Density simulated for the first active-mirror disk in the 

AMIC geometry for flash-lamps operating at 1.45kA/cm2 and 2.21kA/cm2. 

 

The maximum stored heat density at 2.5ms for flash-lamps operating at 1.45 kA/cm2 is 

approximately 0.7J/cm3. For flash-lamps operating at 2.21kA/cm2, the stored heat 

density exceeds 1.4J/cm3. Operating flash-lamps at 1.45kA/cm2 reduces the stored heat 
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density in the active-mirror amplifiers compared to flash-lamps operating at 

2.21kA/cm2. The next set of results presented in this chapter are the temperature profiles 

generated for the first active-mirror amplifier at 2.5ms (see Figure 5.8) for flash-lamps 

operating at 1.45kA/cm2.  

As the first active-mirror disk in the AMIC geometry is closer to the lower four flash-

lamps as shown in Figure 5.2, the co-ordinate geometry adopted to present the 

temperature profiles is illustrated in Figure 5.9. The temperature profiles of the first 

AMIC disk are illustrated in Figure 5.10. 

 

Figure 5.9 - Co-ordinate geometry adopted to present the temperature profile of the first 

disk in the AMIC geometry shown in Figure 5.10 

 

Figure 5.10 - Temperature profile of the first active-mirror disk in the AMIC geometry, 

for flash-lamps operating at 1.45kA/cm2. 
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The temperature profile of the surface closest to the lower four lash-lamps (Figure 5.10, 

Surface b) experiences a temperature difference of only 0.2K, which is a vast 

improvement compared to the 150 disk amplifier discussed in Chapter 3 which 

experiences a surface temperature difference of 1.2K for the front surface and 0.7K for 

the back surface (see Figure 3.19). The temperature difference on the back surface of 

the first AMIC disk (Figure 5.10, Surface a) is only 0.15K, the maximum temperature 

difference along the z-axis is 0.6K (Figure 5.10, Surface c) which in comparison to the 

single active-mirror disk studied in Chapter 4 is more uniform in the z-axis. 

In the next section, the predicted wave-front error will be derived from the temperature 

profiles for the AMIC geometry.  

 

5.7 Wave-front Profile (Active-Mirror In a Cavity) 
 

 

In the last chapter it was concluded that for significant temperature gradients in the z-

axis, thermal stresses in the disk causes the disk to deform introducing a curvature term 

in the propagating laser beam. Therefore, in order to accurately determine the wave-

front profile, the effects of thermally-induced curvature must also be included in the 

analysis. Firstly, the wave-front error due to the thermo-optic co-efficient and the 

thermal expansion co-efficient using Equation (4.3) is illustrated in Figure 5.11.  

 

Figure 5.11 - Normalised wave-front error profile for the full AMIC geometry, only 

considering the thermo-optic co-efficient and the thermal expansion terms. 
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As observed in Figure 5.11, the Peak-Valley (PV) wave-front for the full AMIC 

geometry is ≈ 0.47µm. The gradient in the wave-front error is observed in the x-axis, 

with a higher value at the two edges of the x-axis. A lower value is observed in the 

centre of the disk, where majority of the flash-lamp light in concentrated. A near even 

value is observed in the y-axis.  

Using the same method as described in Section 4.6, the radius of curvature is calculated 

using Equation (4.8). The mean temperature calculated over each surface in the z-axis is 

shown in Figure 5.12. 

 

Figure 5.12 - Mean temperature calculated along the z-axis for all four AMIC disks. 

 

As the active-mirrors are pumped on both surfaces with lower powered flash-lamps in 

comparison to the active-mirror disks, the temperature gradient along the z-axis of the 

disks are more uniform in comparison to Figure 4.11. This results in higher radii of 

curvature values for the four disks in comparison to the active-mirror disk studied in 

Chapter 4. The radii of curvature for the four disks range from 6.7x104m – 6.2x104m. 

The total wave-front error contribution from thermally-induced curvature for all four 

disks are shown in Figure 5.3.  
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Figure 5.13 - Total wave-front error contribution from thermally-induced curvature. 

 

The PV of the total wave-front error due to thermally-induced disk curvature is 

approximately 0.35µm. The direction of astigmatism in Figure 5.13 is opposite to the 

direction observed in Figure 5.11. The y-axis of the beam experiences more curvature 

compared to the x-axis in Figure 5.13, the reason behind this phenomena was previously 

discussed in Section 4.6. The total wave-front error contribution for all four disks in the 

AMIC amplifier can be simulated by summing Figure 5.11 and Figure 5.13. This is 

illustrated in Figure 5.14 alongside the wave-front profile of the full 150 disk amplifier. 

 

Figure 5.14 - Wave-front error simulated for the 150 disk amplifier (left), and the total 

wave-front error contribution in the AMIC disk amplifier (right). 

 

As shown in Figure 5.14, the total wave-front error contribution in the AMIC disk 

amplifier is lower than the wave-front profile simulated for the 150 disk amplifier. PV 

for the AMIC disk amplifier is approximately 0.6µm, whilst for the full 150 disk 

amplifier, the PV is approximately than 1.6µm. The two astigmatism dominated wave-

front profiles shown in Figure 5.11 and Figure 5.13 are orthogonal to one another, 

resulting in a wave-front error that is dominated by the defocus term. A defocus 

dominated wave-front error can easily be corrected with a variable system of lenses. In 

the Vulcan laser facility, compensating for the defocus term which arises from the rod 

amplifiers is already being achieved by de-tuning VSF 4 prior to the 45mm rod (see 

Figure 1.4) as mentioned earlier in Section 1.5. 

In the next section the RMS error and the Strehl efficiency will be calculated for the 

AMIC geometry.  

  



139 

 

5.8 RMS Error and Strehl efficiency (Active-Mirror In a Cavity) 
 

The Strehl Ratio and the RMS error for the AMIC geometry are illustrated in Figure 

5.15.  

 

 

Figure 5.15 - RMS error and the Strehl ratio as a function of time for the AMIC 

geometry. 

 

The maximum RMS error measured at 2.5ms is less than 0.1µm, at approximately 

490µs which corresponds to the peak of the small signal gain curve (See Figure 5.6, top 

figure), the RMS error is just above 0.04µm which corresponds to a wave-front flatness 

of λ/25 for this geometry. For a 150 amplifier, the maximum RMS error is more than 

0.1µm at 490µs (See Figure 3.22). Therefore, the predicted RMS error for an AMIC 

geometry at 490µs is 2.5 times better than the 150 disk amplifier. The Strehl ratio of the 

AMIC geometry is above 0.7 at 2.5ms. 

The Strehl efficiency was introduced as an efficiency factor in Chapter 2 which is 

defined as the product of the small signal gain and the beam quality, where beam 

quality is defined by the Strehl ratio in Equation (2.36). Using the small signal gain 

profile illustrated in Figure 5.6 and the Strehl ratio in Figure 5.15, the Strehl efficiency 

for the AMIC geometry is shown in Figure 5.16, with the 150 disk amplifier as a 

comparison. 
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Figure 5.16 - Small Signal Gain, Strehl Ratio and Strehl efficiency as a function of time. 

AMIC amplifier (top) and 150 disk amplifier (bottom). 

 

As mentioned in Chapter 2, the Strehl ratio expression used in the Equation (2.35) is 

only valid for values above 0.3 Below 0.3 the error in using the expression exceeds 10% 

therefore both Strehl efficiency plots shown in Figure 5.16 only extends to 630µs. 

Beyond 630µs the Strehl ratio of the 150 disk amplifier falls below 0.3.  

The maximum Strehl efficiency calculated for the AMIC geometry is approximately 5.9 

at 440µs. The small signal gain term in Equation (2.36) dominates till approximately 

440µs. After 440µs, the Stehl ratio decreases to approximately 0.95 and starts to 

dominate the Strehl efficiency term. In comparison to the Strehl efficiency of the 150 

amplifier, which is 2 as shown in Figure 5.16 bottom, the geometry proposed in this 

chapter performs three times better than the 150 amplifier.  

The simulation results part of the chapter is now complete. The last two sections of this 

chapter will be dedicated towards the engineering challenges faced when designing an 
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active-mirror type amplifier such as AMIC. Supressing Parasitic Oscillation (PO) in 

active-mirrors is a major challenge which will be addressed in the next section. 

 

5.9 Supressing Parasitic Oscillations in Active-mirrors 
 

Compared to the 150 disk amplifier geometry studied in Chapter 3, AMIC disk’s have a 

higher small signal gain value when double passed. In amplified gain mediums, a 

radiative photon can emit through either spontaneous emission or via stimulated 

emission. In large disks, a photon emitted through spontaneous emission can propagate 

long distances within the disk amplifier. Whilst it propagates through an amplified gain 

medium, the spontaneous emission photon becomes amplified, depleting the energy 

stored for laser amplification. The impact of Amplified Spontaneous Emission (ASE) 

increases with the product of the gain coefficient 𝑔, and the diameter of the disk D. The 

reader is referred to [75], [99] for a thorough discussion on ASE in Nd:Glass disk 

amplifiers. 

The impact of ASE on the storage efficiency (ability to store energy for laser 

amplification) of disk amplifiers can become even more detrimental if ASE is allowed 

to oscillate, oscillating ASE is referred to as PO [100]-[102]. PO occur when there’s a 

feedback mechanism for ASE that allows it to oscillate. Total Internal Reflection (TIR) 

or Fresnel reflections at the interface between two refractive index mediums can both 

act as a feedback mechanism [75], [99]. Light rays produced from spontaneous 

emission are amplified if they propagate through an amplified gain medium, once the 

light ray reaches the edge of the gain medium, it can reflect back into the gain medium 

and become further amplified. As this process continues, the energy stored within the 

amplified gain medium is depleted reducing the overall energy storage efficiency. To 

overcome the detrimental effects of PO, high power laser systems often apply a 

cladding layer around the edges of the amplifiers to absorb PO from oscillating any 

further. However, as the cladding surrounding the amplifier absorbs the PO, the energy 

gained from the absorption is transferred to heat. The thermal contact between the 

heated cladding and the disk introduces a secondary heating source for the disk, this 

contributes towards the long-term heating effects in disk amplifiers as mentioned in 

Section 1.9.1 and Table 1.1. A careful analysis of PO, and the edge cladding needs to be 

taken into account to ensure maximum storage efficiency, whilst minimising the 

transfer of heat into the glass disks.  
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PO can be separated into several modes, examples include lossless bulk modes, surface 

modes and transverse modes. The reader is referred to D.C.Brown et al [102] for a 

detailed analysis of the various PO modes described. This section focusses on the PO 

modes that exist in coated disks such as active-mirrors, particularly the lossy bulk 

modes.  

If the disks are cladded with a refractive index which is larger than the refractive index 

of the glass, Lossless Bulk Modes cannot exist and are independent of the HR/AR 

coatings applied to the faces of the disk. This is because if the refractive index of the 

cladding is larger than the glass, Total Internal Reflection (TIR) cannot happen 

according to Fresnel’s relations. However, partial reflection at the interface between the 

cladding and the glass can still occur, which are referred to as lossy bulk modes. If the 

gain co-efficient is large, then the partially reflected photon can continue to be 

amplified. If the gain co-efficient is small, then eventually the PO photon will be 

depleted after multiple reflections. A similar relationship holds for the size of the disk. 

If the disk is large, the PO photon can travel a larger distance in an amplified medium 

before losing energy at an interface. Therefore, to suppress lossy bulk modes, a 

threshold limit exists for 𝑔𝑇𝐷, which should not be exceeded if PO is to be supressed. 

The PO photon can also reflect of the HR/AR coating on the faces of the disk, which 

makes the active-mirror case particularly unique when it comes to PO analysis. The HR 

coating on the back surface of the active-mirror is almost completely reflective (96%) 

for 1053nm (randomly polarised) beam at an angle range of 0° to 45° (See Figure 5.24 

in the Appendix section). The reflection efficiency of the AR coating specified in Figure 

5.27 is illustrated as a function of incidence angle in Figure 5.17. Please note, data for 

the AR coating is only available from 0⁰ - 45⁰. 
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Figure 5.17 - AR Coating for a 1053nm beam (random polarisation) as a function of 

angle. 

 

As shown in Figure 5.17, the randomly polarised 1053nm photon at angles of incidence 

0°, 15°, 30° and 45° are taken from the AR specification shown in Figure 5.27 in the 

Appendix section. For larger angles of incidence, the reflectivity increases to more than 

0.02 at 45° angle of incidence. Two scenarios are considered in the analysis, one with 

the AR coating (as shown in Figure 5.17) and one without the AR coating (Shown in 

Figure 5.18). The scenario in which the AR coating is not applied (only HR coating), 

the Fresnel’s reflection co-efficients as a function of angle, at the interface between the 

active-mirror disk and the surrounding air is used instead.  

 

Figure 5.18 - Fresnel reflections at the interface from the active-mirror disk to air.  
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Figure 5.18, shows the reflection co-efficients for a p-pol, s-pol and the average which 

represents the randomly polarised scenario. The critical angle of the active-mirror to air 

interface is 41.7°, all PO rays incident on the uncoated surface with an angle greater 

than 41.7° will be TIR back into the active-mirror disk. Naturally, without an AR 

coating, a PO ray can reflect of the uncoated surface losing little to no energy back into 

the active-mirror medium. By comparing Figure 5.17 and Figure 5.18, one can see that 

the uncoated scenario could potentially be more detrimental when it comes to 

supressing PO from oscillating.  

Using the method proposed by D.C.Brown et al [102] in Figure 5.19.  

 

Figure 5.19 - Parasitic Oscillation, oscillating in a coated disk. from one edge of the 

active-mirror disk to the other edge [102]. 

 

The worst case scenario would be if a spontaneous emission photon emerged from one 

edge of the disk which reflects from one surface to the other without its energy being 

depleted as shown in Figure 5.19, where 𝐷 is the diameter of the active-mirror disk, 𝐿 is 

the distance between two successive reflections of the surface, 𝜃 is the angle of 

incidence of the PO photon and 𝑑 is the thickness of the active-mirror disk. 𝑥𝑙 and 𝑥 are 

the distance the PO ray travels across the length of the disk and distance the PO travels 

across the width of the disk respectively. From Figure 5.19, one can see that for smaller 

angles of incidence, the PO ray will experience more reflections off the interfaces whilst 

propagating through the length of the disk, D. Therefore, the energy of a PO ray with a 

smaller angle will be depleted quicker as it loses energy per reflection. For larger angles 

of incidence, the PO ray can travel a larger distance in an amplified laser disk before 

encountering an interface and losing energy. 

The number of reflections a PO ray makes in the scenario presented in Figure 5.19 can 

be calculated as the following [102]: 
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𝑁0,1 = 𝑅0 (
(𝐷−𝑥𝑙)

𝐿
+ 1)        (5.2) 

𝑁0,2 = 𝑅0 (
(𝐷−𝑥𝑙−𝑙)

𝐿
+ 1)        (5.3) 

𝑙 = 𝑑 tan(𝜃)          (5.4) 

𝐿 = 2𝑑 tan(𝜃)          (5.5) 

𝑥𝑙 = 𝑥 tan(𝜃)          (5.6) 

Where 𝑁0,1 is the number of reflections at the HR coated surface, and 𝑁0,2 is the 

number of reflections at the AR coated surface shown in Figure 5.19. 𝑅0 is a function 

which returns an integer value (the number of reflections is an integer value). The gain 

co-efficient threshold 𝑔𝑇, can be calculated using the following expressions: 

𝑅𝑇 𝑒𝑥𝑝(𝑔𝑇𝐷/−𝑠𝑖𝑛 (𝜃)) = 1        (5.7) 

𝑅𝑇 = 𝑅 𝑅1

𝑁0,1  (𝜃)𝑅2

𝑁0,2(𝜃)        (5.8) 

The 1/ sin(𝜃) term refers to the distance the PO photon travels within the active-mirror 

disk. The larger the angle 𝜃, the larger the distance the PO photon can travel as 

previously mentioned. 𝑅1 is the reflection co-efficient at the HR surface, and 𝑅2 is the 

reflection co-efficient at the AR surface (or the Fresnel reflections as shown in Figure 

5.18 if no AR coating is applied). The reflectivity at the interface between the glass disk 

and the edge cladding is denoted as 𝑅, as we are only taking into account the worst-case 

scenario, the reflectivity 𝑅 is chosen as the maximum Fresnel reflection co-efficient 

over an angle of incidence range 0° to 45°. Expressing Equation (5.8) for the gain-

coefficient threshold, the following expression is obtained: 

𝑔𝑇𝐷(𝜃) = −sin(𝜃) (ln 𝑅 + 𝑁0,1 ln 𝑅1 + 𝑁0,2ln 𝑅2)     (5.9) 

For a HR surface, 𝑅1→ 1, which reduces the term 𝑁0,1 ln 𝑅1 → 0. For the AR surface, 

N0,2ln 𝑅2 → -∞, as 𝑅2→ 0. The smaller the reflection coefficient 𝑅2, the higher the gain 

co-efficient threshold, the easier it would be to supress PO. In the case where an AR 

coating is applied, the minimum gain co-efficient threshold as a function of time is 

shown in Figure 5.20. The second case, whereby the AR is not applied, the term 𝑅2 in 

Equation (5.9) is replaced with Fresnel reflections (see Figure 5.18). The minimum gain 

co-efficient threshold for an uncoated disk as a function of angle is shown in Figure 
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5.21. The angle is the direction of the PO with respect to the surface normal of the disk, 

for various edge cladding refractive indices. 

 

Figure 5.20 - Lossy Bulk modes in an AR Coated disk as a function of angle, for 

varying cladding refractive indices. 𝑁2 is the edge cladding refractive index. 

 

 

Figure 5.21 - Lossy Bulk modes in a no AR coated disk as a function of angle, for 

varying cladding refractive indices. 𝑁2 is the edge cladding refractive index. 

 

As illustrated in Figure 5.20 and Figure 5.21, in order to suppress PO, the AR coated 

disk is preferred over the no AR coated disk. This is because the gain-coefficient 

threshold is higher for the AR coated disk. The y-axis on the left hand side of Figure 

5.20 and Figure 5.21 shows the gain co-efficient threshold for a unique scenario where 

the cladding refractive index 𝑁2, is equal to the refractive index of the glass 𝑁𝐺𝑙𝑎𝑠𝑠. 

When 𝑁2 and 𝑁𝐺𝑙𝑎𝑠𝑠 are matched, the gain co-efficient threshold is greatly increased, 
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making PO suppression easier. This can be clearly observed in both scenarios. As 

mentioned earlier in this section, when the angle of incidence increases, the path length 

of the PO photon is increased before an interface is encountered as illustrated in Figure 

5.19. In Figure 5.21, where no AR coating is applied, there’s a dip in the 𝑁2=𝑁𝐺𝑙𝑎𝑠𝑠 

curve, this is because of the TIR angle at 41.7° is reached. Therefore less PO energy is 

being depleted at the Nd:Glass and air interface. Beyond 41.7° the gain co-efficient 

threshold continues to increase due to the larger path length travelled before an interface 

is encountered. 

When 𝑁2 > 𝑁𝐺𝑙𝑎𝑠𝑠, the gain co-efficient threshold is dominated by the 𝑁0,2 ln(𝑅2) term 

from 15° to 30°. As the reflection co-efficient of the AR coating increases at higher 

angles of incidence, the minimum gain co-efficient threshold for PO also decreases (see 

45⁰). For the no AR coating scenario shown in Figure 5.21, the minimum gain co-

efficient threshold is the lowest at 41.7° corresponding to the TIR angle of the active-

mirror to the surrounding air interface. To best illustrate the gain co-efficient threshold 

for lossy bulk modes in a AR/HR coated disk, and a HR coated disk only, the minimum 

gain co-efficient threshold calculated over an angle range of 0 to 45° is plotted as 

function of the edge cladding refractive index in Figure 5.22.  

 

 

Figure 5.22 – Minimum gain co-efficient threshold for PO (Lossy Bulk modes) in a 

coated disk as a function of cladding refractive index. 
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It is evident from Figure 5.22, a disk which is coated with both AR and HR coating 

performs better in supressing PO from oscillating. Although when 𝑁2 = 𝑁𝐺𝑙𝑎𝑠𝑠, the 

probability of PO from oscillating is very low for both scenarios as the gain threshold is 

maximised. This is observed in Figure 5.22, as there’s a sharp decrease in the gain co-

efficient threshold in the refractive index region 1.5 – 1.52. 

The average gain co-efficient for the AMIC disks (calculated at the maxima of the small 

signal gain curve in Figure 5.6) is between 0.018 and 0.02 cm-1. Therefore, in order to 

supress PO oscillations, both AR and HR coatings are required. If no AR coating is 

present, then the seed laser pulse must enter the active-mirror disks at Brewster’s angle 

and the edge cladding refractive index must be between 1.5 – 2.3. This concludes the 

PO section of the chapter, In the last section of this chapter, the idea of using liquid 

edge cladding will be explored as an alternative to the solid edge cladding used in 

Vulcan.  

 

5.9.1 Liquid Edge Cladding 

 

As discussed in the beginning of this section, applying a suitable cladding to the 

amplifier reduces the possibility of PO from oscillating. Absorbing PO results in heating 

of the cladding which contributes to the heating of the disk amplifier (as the two 

interfaces are in thermal contact). Applying a liquid cladding introduces an advantage of 

circulating the liquid in order to remove heat from the cladding and the glass interface. 

The choice of liquid is limited however, due to reasons such as: (1) Refractive index 

mismatch between the liquid and the glass disks. (2) Safety associated with handling of 

the liquid. (3) Performance of the liquid when exposed to high flash-lamp intensities 

and, (4) cladding must be in uniform contact with the laser material. As reported by 

G.Dube et al [103], there are many known liquids with refractive indices greater than 

1.55, but a large number of them are deemed either unsafe to handle or unstable under 

flash-lamp light. However, mixing chemicals in an aqueous solution enabled G.Dube et 

al to construct a liquid which was not only safe to handle, but also stable under high 

flash-lamp intensities. ZnI2 – ZnBr2 concentrations were carefully controlled to achieve 

a refractive index of 1.567. By carefully changing the concentration, the refractive index 

of the liquid can be varied from 1.33 – 1.60. FeCl2 concentration was increased to 

increase the absorption co-efficient of the liquid in the 1.053µm region. The maximum 
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absorption was limited by the solubility of FeCl2 in aqueous water. The main 

disadvantage of using the liquid proposed is its ability to turn into a brown liquid when 

oxidised. Oxidation can be avoided if the liquid is sealed and has little to no contact 

with air. This of course presents the inevitable challenge of integrating the liquid 

cladding in an amplifier geometry. The challenge was overcome by S.Guch [104] who 

presented a mechanical design as shown in Figure 5.23.  

 

Figure 5.23 - Mechanical design of a liquid edge cladding design for a laser disk[104].  

 

A clear polyurethane O-ring was used to seal the liquid cladding. A liquid flow channel 

was created whereby the liquid cladding can be pumped into the channel under pressure. 

The outer section of the liquid cladding was coated with an absorptive material to 

minimise PO being reflected back into the direction of the disk. The system was 

successfully tested for over 2 months with no reports of leakages or damage.  

With the use of liquid cladding, PO can be reduced in a similar way to solid edge 

claddings. But the ability to transport the liquid around the edges allows the interface 

between the glass disk and the cladding to be kept at room temperature.  
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5.10  Conclusion 
 

In this chapter an alternative geometry based on the active-mirror concept was 

introduced using the same mathematical model discussed in Chapter 2. The new 

proposed geometry presented as an alternative scheme to the 150 amplifier, is almost 

two to three more efficient than the 150 amplifier discussed in Chapter 3 (see Figure 

5.16).  

Two separate AMIC configurations were discussed in this chapter, one with flash-lamps 

operating at 2.21kA/cm2 (same as the 150 amplifier and 208 amplifier) and another at 

1.45kA/cm2. With a double pass geometry such as the case with active-mirrors, 

2.21kA/cm2 can provide pump spectral intensities between 20 – 70kW/cm2.µm, 

resulting in high amplified laser intensities (small signal gain = 22.0) which could prove 

to be detrimental to the optics in the Vulcan laser facility, the coating designs and for 

PO suppression. To overcome this, flash-lamp spectral intensity was reduced to 10 – 

35kW/cm2.µm by reducing the flash-lamp current density from 2.21kA/cm2 to 

1.45kA/cm2. Reducing the flash-lamp current density also results in lower heat energy 

being stored in the active-mirrors, resulting in lower temperature values. The predicted 

wave-front error for the AMIC geometry has a PV of approximately 0.6µm as shown in 

Figure 5.11. This is a considerable improvement in comparison to the 150 disk 

amplifier, which had a predicted PV of nearly 1.6µm.  

Lastly, the Parasitic Oscillations (PO) were discussed for AR/HR coated active-mirror 

disk and a HR coated only disk. It was concluded that in order to supress PO, an AR 

coating was required and the edge cladding refractive index had to be closely matched 

with the refractive index of the Nd:Glass material. Within the context of PO and edge 

cladding, liquid edge cladding was suggested as an alternative method to a solid edge 

cladding.  

In the next chapter, a Position Sensitive Detector (PSD) wave-front sensor will be 

discussed which can measure the rise in thermally-induced aberrations in a flash-lamp 

pumped, disk amplifier.  
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5.11  Appendix 
 

5.11.1 Appendix B 

 

The Appendix contains the coating specifications provided for the HR and the AR surface of the active-mirrors in the AMIC amplifier geometry. 

The coating specifications were provided by MPO (Manx Precision Optics) [92].  
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Figure 5.24 - HR Reflective coating, showing the transmission efficiency of the randomly polarised flash-lamp light for varying angles of 

incidence (Courtesy of MPO).  
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Figure 5.25 – Transmission efficiency of the HR coating for a 1053nm beam (p-pol) at varying angles of incidence (Courtesy of MPO). 
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Figure 5.26 - Transmission efficiency of the AR coating, designed to transmit a 1053nm (p-pol) beam for varying angles of incidence (Courtesy 

of MPO).  
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Figure 5.27 - Transmission efficiency of the AR coating transmitting a 1053nm (randomly polarised) beam at varying angles of incidence 

(Courtesy of MPO). 
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6 Measuring Thermally-induced Wave-front Error 

 

 

 

6.1 Introduction 
 

So far, the mathematical model described in Chapter 2 has been used to simulate the 

three Vulcan disk amplifiers, a single active-mirror and the proposed AMIC design. In 

Chapter 3, the simulation results for the 108 disk amplifier were compared and verified 

with experimental data. In this chapter, a 2x2 PSD wave-front sensor will be described 

which was used to provide the experimental data in Chapter 3. In the introductory 

chapter of the thesis, an experiment conducted by C.Hernandez-Gomez et al [50] was 

discussed, the experiment measured the thermally-induced aberrations in the Vulcan 

laser. It was concluded that the repetition rate of the Vulcan laser was in the order of 

one shot per 20 minutes. The change in wave-front error was measured within a time-

scale of approximately 30 minutes. However, to confirm the results derived from the 

mathematical model described in Chapter 3, a faster method of detecting wave-front 

aberrations was needed to confirm the validity of the mathematical model. The 

experimental setup will be discussed in this chapter.  

For a flash-lamp pumped disk amplifier, the flash-lamp pulse lasts for approximately 

1ms, the mathematical model predicts a small signal gain in the amplifier which peaks 

at approximately 490µs (see Figure 3.13). The rate of change at which heat density is 

stored in the disk amplifier increases until approximately 500µs, beyond 500µs the rate 

of change of heat energy stored in the disks decreases. The point at which the maximum 

heat density stored is in the region of 2.5ms (see Figure 3.17). Beyond 2.5ms, the stored 

heat density remains constant as no cooling mechanisms are included in the 

mathematical model. The temporal shape of the flash-lamp pulse, the small signal gain 

curve and the heat energy stored is illustrated in Figure 6.1.  
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Figure 6.1 - Temporal behaviour of the flash-lamp pulse (blue), The small signal gain 

curve (yellow) and the stored heat density (red). All values are normalised to a 

maximum value of 1. 

 

In Chapter 3, the rise in the RMS wave-front error was derived from the temperature 

profiles (see Figure 3.22). Under the assumption that no heat transfer or cooling 

mechanisms are included in the model, the RMS wave-front error is proportional to the 

rise in the stored heat density. RMS error for the three Vulcan disk amplifiers (108, 150 

and 208) studied in Chapter 3 as a function of time was shown previously in Figure 

3.22. The RMS error for all three disk amplifiers reached a maxima at approximately 

2.5ms. Therefore, to confirm the validity of the mathematical model, an experimental 

setup was designed to measure the wave-front error with a temporal resolution in the 

order of 10’s of µs.  

A similar study in measuring the rise in thermal aberrations has been performed 

previously on a diode-pumped cryogenically cooled Yb:YAG laser slabs using a SH-

WFS (Shack-Hartmann Wave-Front Sensor). P. Sikocinski et al [105] used a 1065nm, 

probe laser pulse with a pulse duration of 100µs to temporally resolve a 10ms temporal 

window with a resolution of just a few µs. This was achieved by taking a series of 

measurements along the 10ms temporal window by changing the delay of the probe 

laser pulse with respect to the diode-pump. A similar technique was also carried out by 

I.Tamer et al [106] who studied the rise in thermal aberrations for several Yb-doped 

materials using an interferometer. Both I.Tamer and P.Sikocinski were both 

investigating diode-pumped lasers with repetition rates in the Hz regime. In the Vulcan 

laser facility, this method is not feasible due to the low repetition rate (1 shot per 20 

minutes). In order to temporally resolve a 2.5ms window with a resolution of 70µs, a 

total of 35 shots would be needed, which could take more than 11 hours for one 
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complete data set. Additionally, it is difficult to ensure that the initial temperature 

profile of the disk is kept constant prior to the flash-lamps for all 35 shots.  

This chapter discusses a new method of measuring the rise in thermal aberrations in 

flash-lamp pumped disk amplifiers using a Continuous Wave (CW) laser source. The 

method does not only achieve the temporal resolution required but performs all the 

measurements in two 8.5ms frames (one frame to measure the background noise). The 

first part of the chapter will give the reader an overview of two of the wave-front 

sensing techniques (SH-WFS and a Pyramid WFS), the second part will introduce the 

new wave-front sensing method and the associated results. The last part of the chapter 

will conclude the chapter. 

An attempt to mathematically model an entire flash-lamp pumped disk amplifier 

geometry with experimental data to support it, has never been reported before which 

provides further novelty to the thesis presented. 

 

6.2 Current wave-front sensing techniques 
 

There are several techniques of measuring wave-front aberrations which include: 

Interferometry, Shack-Hartmann Wave-Front Sensor (SH-WFS) and the pyramid wave-

front sensor. In this section, only two of the wave-front sensing techniques, SH-WFS 

and the pyramid wave-front sensor will be discussed. For a detailed discussion on 

interferometric methods, the reader is referred to [107], and for experimental techniques 

using an interferometer for measuring thermal-aberrations, the reader is referred to [69]. 

 

6.2.1 Shack-Hartmann Wave-Front Sensor (SH-WFS) 

 

A common method of measuring the wave-front profile is using SH-WFS. Most SH-

WFS’s use a micro-lens array to produce an array of focal spots in the far field. A single 

micro-lens will focus an area of the beam equivalent to the clear aperture of a micro-

lens. The change in the focal spot position produced by a single lens is proportional to 

the slope of the wave-front captured by the clear aperture of the micro-lens. Extending a 

single micro-lens to a micro-lens array, results in an array of focal spot positions, which 

in turn forms an array of wave-front slopes. A wave-front reconstruction method is used 
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to re-construct the entire wave-front of the beam from an array of wave-front slopes. A 

simple schematic of the SH-WFS is illustrated in Figure 6.2.  

 

Figure 6.2 - SH-WFS schematic showing an aberrated beam incident on a lenslet 

(micro-lens) array producing a field of focal spots on the sensor [108]. 

 

From the right-hand side of Figure 6.2, an aberrated beam is incident on a micro-lens 

array. The diagram only shows a one-dimensional array of micro-lenses consisting of 

five lenses. The five sections of the beam are focused on to a sensor. The reference 

position of the beam is shown as grey spots in the sensor, and the red spots correspond 

to the focal spot array produced from an aberrated beam. The change in the focal spot 

position of the aberrated beam with respect to the reference beam is then used to 

determine the wave-front slope. An imaging camera is used to detect the change in the 

focal spot positions, image analysis tools are commonly used to accurately determine 

the change in the focal spot positions. Once the change in the focal spot positions is 

acquired, the next step is to use a wave-front re-construction method to determine the 

wave-front of the aberrated beam. The wave-front slope is proportional to the change in 

the focal spot position and can be described by the following expression [109]: 

∆𝑥

𝑓
=

𝜕𝑊(𝑋,𝑌)

𝜕𝑋
          (6.1) 

Where ∆𝑥 is the change in focal spot position measured using a detector for a single 

micro-lens, the focal length of the micro-lens is denoted as 𝑓 and the corresponding 

wave-front slope is 𝜕𝑊/𝜕𝑋 in the x direction, where the wave-front of the aberrated 

beam is W. Several re-construction methods can be used, the most common method is 

the Southwell’s reconstruction method which uses a least square fit approach to 
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calculate the wave-front of the aberrated beam using the local wave-front slopes. I refer 

the reader to W.H.Southwell for further information regarding the Southwell’s 

reconstruction method [110]. 

A more recent development in the field of wave-front sensing is the pyramid wave-front 

sensor, which will be discussed next. 

 

6.2.2 Pyramid Wave-front Sensor 

 

The pyramid wave-front sensor is a pupil plane wave-front sensing technique [111] 

whereby the focal plane of the beam is incident upon a pyramidal shaped optic. The 

vertex of the pyramidal shaped optic relays the focal image on to four detectors which 

are in the pupil plane. This method has been a favourable choice for wave-front sensing 

in the field of astronomy [112]-[113] and has also been demonstrated using a He-Ne 

laser source [114]. A simple optical schematic of a pyramid wave-front sensor is shown 

in Figure 6.3. 

 

Figure 6.3 - Optical schematic of a pyramid wave-front sensor with an oscillating 

pyramid [115]. 

  

As illustrated in Figure 6.3, the exit pupil of a laser source is focused on to the vertex of 

a pyramid forming an aberrated focal spot (Blurred point source image in Figure 6.3). 

The blurred point source image is relayed (by use of a Relay Lens as shown in Figure 



161 

 

6.3) into the four detectors by the pyramid. The pyramid is often oscillated (rotated 

around the laser’s optical axis) to increase the signal to noise ratio, especially in the 

field of astronomy where the number of photons is usually limited. A single light ray P, 

entering the pyramid will end up on one of the four detectors in the pupil plane P’. 

Oscillating the pyramid will mean that the single light ray P, will spend some time in all 

four detectors increasing the signal needed to re-construct the wave-front [115]. 

The focal plane of a laser beam contains the necessary phase information which can be 

used to derive the wave-front of the incident laser beam. Figure 6.4 illustrates the shape 

of the focal spot of the laser beam subject to low order aberrations. 

 

Figure 6.4 - Aberrations such as piston, tip-tilt, defocus and astigmatism (from top-left 

to top-right) produce the following spot sizes (from bottom left - bottom right) un-

aberrated, tip-tilt, defocus and astigmatism [116]. 

 

The tip-tilt aberration will result in a slightly shifted focal spot with respect to the un-

aberrated reference beam. A laser beam suffering from defocus will result in a slightly 

larger focal spot, with blurred rings compared to the un-aberrated beam. Lastly, 

astigmatism will result in a diamond shaped focal spot. The corresponding signal in 

Figure 6.4 in the four detectors are shown in Figure 6.5.  
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Figure 6.5 - Four detector signals produced by a pyramid wave-front sensor for low 

aberrations. From left to right, un-aberrated, tip-tilt, defocus and astigmatism [116]. 

 

The four detector signals shown in Figure 6.5 are unique to the type of the low order 

aberrations shown in Figure 6.4. In the case of tip-tilt, the detector measures a higher 

intensity in one of the four quadrants compared to the other three as shown in the 

second image to the left in Figure 6.4. In the case of defocus, brighter regions appear on 

the corners of the four quadrants shown in the third image to the left. In the case of 

astigmatism, brighter regions are also observed in the corners of the four quadrants but 

are pointing towards the centre-left and centre-right of the detector plane. Therefore 

observing the intensity distribution across the four quadrants, one can re-construct the 

wave-front profile as shown in the top image of Figure 6.4.  

 

6.3 Wave-front sensing using a 2x2 Position Sensitive Detector 

array 
 

Wave-front sensing techniques such as SH-WFS and interferometry techniques rely on 

imaging cameras as detectors. These techniques are often limited by the low temporal 

resolution of the imaging cameras. To implement a faster method of wave-front sensing, 

imaging cameras can be replaced by a faster detection mechanism. This can be achieved 

using Position Sensitive Detectors (PSDs). As mentioned earlier, an imaging camera in 

a SH-WFS records the change in the focal spot positions produced by an array of micro-

lenses. A PSD can do the same, it can also accurately measure the change in the focal 

spot position. However, a single PSD can only measure the change in the focal spot 

position of one focal spot. Therefore, using PSD’s instead of an imaging camera can 

greatly reduce the number of data points that can be used to re-construct the wave-front. 

The current packaging of the 2x2 PSD array limits the instrument to only four focal 
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spots. A denser packaging or a larger beam size could accommodate larger PSD arrays, 

resulting in more data points.  

There are two common types of PSDs, a lateral effect PSD and the quad cell PSD. The 

two types of PSDs are illustrated in Figure 6.6. 

 

Figure 6.6 - Two common PSDs, quad-cell PSD (Left) and the lateral Effect PSD 

(Right) [117]. 

 

The quad-cell PSD shown on the left in Figure 6.6, consists of four separate 

photodiodes A, B, C and D making up the four quadrants in a quad-cell PSD. The laser 

beam (shown as a pink dot in Figure 6.6) overlaps the four quadrants. The photocurrent 

measured in the four quadrants are used to determine the position of the beam. A lateral 

effect PSD consists of a single photo-resistive layer and the photocurrent is measured at 

the four corners of the lateral effect PSD. If the beam is closer to point A, then the 

output measured at A will be higher than B, C and D. Therefore, in a similar way to the 

quad-cell PSD, the position of the beam can be accurately determined [117].  

For both type of sensors, the position of the beam in the y-axis is determined by the 

photocurrent measured at points A and B with respect to the photocurrent measured at 

points C and D. The x-axis is determined by the photocurrent measured at points A and 

C with respect to B and D, as shown in Equations (6.2) – (6.3). 

𝑋𝑢 = (𝐴 + 𝐶) − (𝐵 + 𝐷)        (6.2) 

𝑌𝑢 = (𝐴 + 𝐵) − (𝐶 + 𝐷)        (6.3) 

Where the laser beam position in the x-axis and y-axis is denoted as 𝑋𝑢 and 𝑌𝑢 

respectively. The total laser intensity incident upon the PSD is denoted as the SUM. 
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Dividing 𝑋𝑢 and 𝑌𝑢 positions by the SUM output gives the intensity normalised position 

in the x-axis and y-axis.  

𝑆𝑈𝑀 = 𝐴 + 𝐵 + 𝐶 + 𝐷        (6.4) 

However, to express the x and y-axis positions in units of distance, 𝑋𝑢 and 𝑌𝑢 positions 

are multiplied by 𝐿𝑥/2 and 𝐿𝑦/2, where 𝐿𝑥 and 𝐿𝑦 are the size of the PSD detector in 

the x and y-axis (𝐿𝑥= 𝐿𝑥 = 10mm for Thorlabs PDP90A [117]).  

𝑥 =
𝐿𝑥𝑋𝑢

2 𝑆𝑈𝑀
          (6.5) 

𝑦 =
𝐿𝑦𝑌𝑢

2 𝑆𝑈𝑀
          (6.6) 

The lateral effect PSD (Thorlabs PDP90A [117]) was preferred over the quad-cell PSD. 

The lateral effect PSD can operate with smaller beam sizes in comparison to the quad-

cell PSD and does not rely on the beam being completely circular. The lateral effect 

PSDs can operate at 15kHz, outputting the real-time position of the laser beam with a 

high temporal resolution. 

 

6.3.1 PSD Array Wave-front Sensor 

 

The PSD wave-front sensor design consists of a 2x2 lens array and a 2x2 PSD array. 

The main advantage of this particular setup is the temporal resolution that can be 

achieved in comparison to an imaging camera, the main disadvantage is the wave-front 

re-construction process, with only four PSDs, the wave-front cannot be reconstructed 

for the higher order Zernike terms. With the setup proposed, the wave-front can only be 

re-constructed for the first five Zernike terms (excluding Piston). However, as discussed 

in earlier chapters of the thesis, the dominant aberrations simulated are the defocus and 

the astigmatism terms. Therefore, all the higher order Zernike terms are assumed to be 

negligible in comparison to the first five terms. The optical setup of the PSD wave-front 

sensor is illustrated in Figure 6.7. 
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Figure 6.7 - The PSD wave-front sensor consisting of a 2x2 F = 1000mm lenses and a 

2x2 PSD array. 

 

A 96mm CW laser source is incident upon a 2x2 lens array, each one-inch lens, has a 

focal length of 1000mm, AR coated for the 1053nm laser wave-length. A 96mm laser 

source was chosen to match the aperture of the 108 disk amplifier (see Table 3.1). The 

four segments of the beam are focused on to a 2x2 PSD array. The initial reference 

position of the four focal spots are measured prior to the flash-lamp pulse. During the 

pulse of the flash-lamps, the thermally aberrated laser beam causes the focal spot 

positions to change (in a similar fashion to a SH-WFS), the movement of the focal spot 

position is measured using a multiple channel oscilloscope capable of resolving the 

temporal resolution of the PSDs.  

In the design phase of the PSD wave-front sensor, a trade-off was made between the 

size of the wave-front sensor and the resolution which is required to detect the wave-

front aberrations. For larger focal length lenses, the change in the focal spot movement 

due to thermal aberrations is increased, increasing the resolution of wave-front detection 

(see Equation (6.1)). However, larger focal length lenses also results in a larger distance 

between the lens array and the PSD array, increasing the overall size of the instrument. 

However, the biggest concern was the recommended spot size needed to operate the 

PSD’s. The recommended spot size of the PSD is in the order of 0.2mm to 7mm [117]. 

For a one inch, 1000mm focal length lens, focusing a laser wave-length of 1053nm 

would produce a smaller far field spot size than recommended. The position of the 2x2 

lens array was moved along the optical axis to introduce a defocus term until the 0.2mm 

recommended spot size was achieved. The defocus term doesn’t contribute to the wave-

front measured, as it arises from the individual lenses in the lens array. 
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6.3.2 Calibration of the PSD wave-front sensor 

 

Before experimental data was taken using the PSD wave-front sensor, a calibration 

method was devised to test the performance of the instrument. A simple experimental 

setup was devised as illustrated in Figure 6.8. 

 

Figure 6.8 - Calibrating the PSD Wave-front sensor 

 

A 633nm HeNe laser was used to test the PSD wave-front sensor, F=25mm and 

F=600mm (F1 and F2) lenses were separated by 625mm to increase the beam size to 

approximately 10cm. A defocus term was introduced by changing the position of the 

25mm lens to ensure a divergent beam was incident upon the 2x2 lens array by 

decreasing the distance between the F1 and the F2 lens per measurement. The change in 

the focal spot positions in the x and y-axis due to the movement of the F=25mm lens 

were recorded for all four PSDs. In order to verify the results, a corresponding ZEMAX 

model was created. The ZEMAX model provided the expected values for the 

calibration. The same process was carried out in the ZEMAX model, where the 25mm 

lens was moved and the spot positions on the four detectors were modelled. A 

schematic of the ZEMAX model is illustrated in Figure 6.9 (the semi-diameter of the 

lenses are exaggerated in Figure 6.9). 
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Figure 6.9 - ZEMAX model of the calibration process. The layout is identical to the 

optical layout shown in Figure 6.8 (without the M1 mirror). F1 = 25mm lens, F2 = 

600mm lens, F3 = 1000mm (2x2 lens array) and a detector. 

 

The 2x2 PSD array detector layout for a diverging beam is illustrated in Figure 6.10, for 

a divergent beam, the expected behaviour of the focal spot movements due to a 

divergent beam is shown as red dots and the reference position is shown as pink dots in 

Figure 6.10. 

 

 

Figure 6.10 – The 2x2 PSD array layout. Pink dot, well collimated beam, and red spots, 

divergent beam. 
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The results from the calibration are shown in Figure 6.11. 

 

 

Figure 6.11 - Experimental data comparison with the ZEMAX predicted values in the x-

axis (top) and y-axis (bottom). 

 

The reference positions were measured at 625mm separation of the F = 25mm and F = 

600mm lenses. The focal spot positions were measured by moving the F = 25mm lens 

in steps of 2.5mm away from the F = 600mm lens. Four sets of positions were taken 

from 2.5mm to 10mm. The nominal reference position 0mm, refers to the separation of 

625mm. The same procedure was carried out in the ZEMAX model and is also included 
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in Figure 6.11. As the F = 25mm lens is moved further away from the F = 600mm lens, 

the divergence of the beam increases, and the focal spots are shifted further away from 

the reference position. The measured values, and the predicted values from ZEMAX 

were generally in good agreement. The resolution of the PSD lateral effect scales with 

the SUM output, which is proportional to the total beam intensity measured at all four 

points of a single PSD detector (See Section 6.4). According to the specification [117], 

the resolution is determined by the following expression: 

∆𝑅 = 𝐿𝑥 (
𝑒𝑛

𝑆𝑈𝑀
)         (6.7) 

The resolution increases with increasing SUM output (higher resolution refers to a 

lower value of ∆𝑅). 𝑒𝑛 is a constant defined in the specification of the PSD (𝑒𝑛 = 

300µV), the SUM output was kept constant at 180mV. Therefore, the resolution ∆𝑅 was 

16.7µm.  

Additionally, the uncertainty of the measured displacement between the two lenses F = 

25mm and F = 600mm was approximately ±1mm, which corresponds to an uncertainty 

in the displacement of the focal spot position to ±100µm. Therefore, the total 

uncertainty due to the instrument’s resolution and the uncertainty in displacement is in 

the order of ±101.4µm ((1002 + 16.72)1/2). Additional uncertainties which have not been 

considered in the above analysis is the uncertainty due to the tip/tilt of the lenses and the 

detectors, and the beam position on the PSD detectors. For larger beam divergences 

(615mm in Figure 6.8), there’s a clear discrepancy between the experimental values and 

the predicted values in ZEMAX. To further ensure the PSD wave-front sensor does 

indeed produce reliable data, a SH-WFS was also used in conjunction with the PSD 

wave-front sensor for further validity which will be discussed later in the chapter.  

 

6.3.3 Experimental setup 

 

Now that the instrument had been successfully calibrated and aligned, the next step was 

to integrate the PSD wave-front sensor into the Vulcan beam line. A 1053nm laser beam 

operating at CW mode was used to measure the thermally-induced aberrations in a 108 

disk amplifier. A simplified optical schematic is illustrated in Figure 6.12. 
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Figure 6.12 - A simple schematic layout of measuring the thermally-induced aberrations 

in a large aperture disk amplifier (108 Amplifier) using a PSD wave-front sensor and a 

reference SH-WFS (Please see Figure 6.7 for PSD diagnostics). 

 

A 96mm beam is amplified by the 108 amplifier, the amplified laser beam travels 

through a Vacuum Spatial Filter (VSF) which is designed to increase the size of the 

laser beam from 96mm to 108mm. Beyond the first VSF, the beam is reflected off two 

HR mirrors at 45 degrees before it propagates through the 2nd VSF. The pinhole does 

not spatially filter the thermally-induced aberrations in the laser beam induced by the 

108 amplifier (as mentioned in Section 1.5). Beyond the 2nd VSF the beam enters a 

beam splitter (BS). The reflected beam enters the PSD diagnostics (See Figure 6.7) 

whilst the transmitted is further reflected off another 45 degrees HR mirror (M3) into 

the SH-WFS diagnostics. The SH-WFS diagnostic consists of a telescope which 

downsizes (DS Telescope) the beam to match the detector size of the SH-WFS camera.  

The SH-WFS was used as a reliable wave-front sensing instrument that can be used to 

reliably compare the data from the PSD wave-front sensor. A single frame captured by 

the PSD wave-front sensor was compared with the SH-WFS detector. This was to 

further ensure that the PSD wave-front sensor is indeed outputting reliable and 

verifiable data. Before the discussion moves on to the results of the experiment, the 

background noise in the system will be discussed in the next section.  
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6.3.4 Noises in the Instrument  

 

A flash-lamp pumped Nd:Glass amplifier can form a noisy environment. There are 

many sources of noise, ASE (Amplified Spontaneous Emission), stray flash-lamp light 

and EMI (Electromagnetic Interference). EMI is simple to eliminate, increasing the 

distance between the high flash-lamp voltage source and the detector greatly reduces the 

EMI noise in the detectors. The PSD diagnostics and the 108 amplifier were separated 

by a distance of at least ten meters. However, ASE and stray flash-lamp light are more 

difficult to eliminate. Flash-lamp light can be greatly reduced by using interferometric 

filters which transmit the laser wave-length and filter out the broadband flash-lamp light 

emission. However, flash-lamp light still emits some quantity of light at 1053nm. 

There’s no definitive method of eliminating ASE noise from the detectors, but with use 

of polarisers and the use of apertures can reduce the noise contribution from ASE. 

Nevertheless, a background noise scan is required, the resulting background noise is 

subtracted from the measured data. However, this treatment is only possible if the focal 

spot positions measured are linearly related to the voltages measured in points A, B, C, 

and D. If the background noise measured at points A, B, C and D are 𝜀𝐴, 𝜀𝐵, 𝜀𝐶 and 𝜀𝐷, 

and the actual data (measurements taken in the absence of noise) are 𝐴0, 𝐵0, 𝐶0 and 𝐷0, 

then the measured values A, B, C and D can be expressed as the following: 

𝐴 =  𝐴0 + 𝜀𝐴          (6.8) 

𝐵 =  𝐵0 + 𝜀𝐵          (6.9) 

𝐶 = 𝐶0 + 𝜀𝐶          (6.10) 

𝐷 =  𝐷0 + 𝜀𝐷          (6.11) 

The total sum of all the voltages measured at all four points can also be expressed in the 

following manner: 

𝑆𝑈𝑀 = 𝑆𝑈𝑀0 + 𝜀𝑆𝑈𝑀        (6.12) 

The unnormalized 𝑋𝑢 and 𝑌𝑢 positions measured (with noise) can be expressed using 

Equations (6.10) – (6.13) and Equations (6.2) – (6.3): 

𝑋𝑢 = [(𝐴0 + 𝜀𝐴) + (𝐶0 + 𝜀𝐶)] − [(𝐵0 + 𝜀𝐵) + (𝐷0 + 𝜀𝐷)]    (6.13) 

𝑌𝑢 = [(𝐴0 + 𝜀𝐴) + (𝐵0 + 𝜀𝐵)] − [(𝐶0 + 𝜀𝐶) + (𝐷0 + 𝜀𝐷)]    (6.14) 
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Separating the noise elements from the actual data elements, we can express the 

unnormalized positions 𝑋𝑈 and 𝑌𝑈 in terms of 𝑋0 and 𝑌0, with the background noise 

elements 𝜀𝑋 and 𝜀𝑌. 

𝑋𝑢 = [(𝐴0 + 𝐶0) − (𝐵0 + 𝐷0)] + [(𝜀𝐴 + 𝜀𝐶) − (𝜀𝐵 + 𝜀𝐷)]    (6.15) 

𝑋𝑢 = 𝑋0 + 𝜀𝑋          (6.16) 

𝑌𝑢 = 𝑌0 + 𝜀𝑌          (6.17) 

Therefore if a background scan can accurately determine the noise elements 𝜀𝑋, 𝜀𝑌 and 

𝜀𝑆𝑈𝑀, then the background noise can simply be subtracted from the unnormalized 

measurements 𝑋𝑈, 𝑌𝑈 and the measured sum, 𝑆𝑈𝑀. In order to verify whether the 

subtraction of noise was a valid method of eliminating the noise, the corrected SUM 

output (subtracting the noise from the measured data) of the four PSD’s were analysed. 

As discussed in Chapter 3, the gain of the 108 amplifier is approximately 9. Therefore, 

the ratio of the maximum SUM output with respect to the SUM output prior to the firing 

of the flash-lamps should be equal to the gain of the 108 amplifier. Presented in Figure 

6.13, are the SUM output values measured for the four PSDs in volts. 

 

Figure 6.13 - SUM outputs for the four PSD's over an 8.5ms temporal window 

(Reference un-amplified SUM outputs are shown at t = 0). 

 

The gain measured for all four PSD’s, range from 8.79 to 8.88, which is in good 

agreement with the small signal gain for the 108 amplifier in Chapter 3 (see Table 3.1). 

The difference in the initial SUM voltages (prior to the firing of the flash-lamps) 

measured for PSD 1 to PSD 4 are due to the spatial intensity profile of the laser beam 

and the interferometric filters used. The difference in the beam intensity incident upon 

the PSDs do not effect the results because the focal spot movement measured are 
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normalised with the beam intensity determined by the measured SUM output. Once the 

PSD wave-front sensor was calibrated and a method of removing the background noise 

was established, the next part of the process was to determine a method of re-

constructing the wave-front profile from the PSD measurements.  

 

6.3.5 Wave-front Reconstruction Method 

 

The change in the gradient of the wave-front profile is proportional to the change in the 

focal spot position measured with the PSDs (see Equation (6.1)). For a single lens in the 

2x2 lens array, this relationship can be expressed as the following [109]: 

𝑑𝑊(𝑥,𝑦)

𝑑𝑥 𝑥=𝑥𝑐

=
𝑥′−𝑥

2𝑓
         (6.18) 

𝑑𝑊(𝑥,𝑦)

𝑑𝑦 𝑦=𝑦𝑐

=
𝑦′−𝑦

2𝑓
         (6.19) 

Where the focal length of the lens is f, and the gradient of the wave-front W is measured 

at the central position of the lens (𝑥𝑐 , 𝑦𝑐). The reference position is measured as x’ and 

y’, and the movement measured due to the aberrated beam is x and y. Equations (6.16) – 

(6.17) are only valid under the small angle approximation regime ( sin(𝜃) ≈ tan(𝜃), for 

≪ 𝜃 ) as shown in Figure 6.14. 

 

Figure 6.14 - Small angle approximation, for small angles A, sin(A) can be 

approximated to tan(A). 

 

For small deviations of less than 1mm, and a lens with a focal length of 1000mm, the 

angle deviation is restricted to 0 ≤ 𝜃 ≥ 0.0573°. As shown in Figure 6.15, The error 

between 𝑓 sin(𝜃) and 𝑓 tan(𝜃) is in the order of 10-4µm, which suggests that for up to 
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at least 1mm displacement measurements on the detector, measurements are well within 

the small angle approximation regime. 

 

Figure 6.15 – Error associated with the small angle approximation. 

 

In comparison to the focal spot shifts of 100s of microns, an error of 10-4 µm is 

negligible in comparison. The wave-front was re-constructed for the first five Zernike 

terms as shown in Table 6.1. 

 

N M Cartesian Form Normalisation  Zernike Term 

1 -1 𝑥 2 Tip 

1 1 𝑦 2 Tilt 

2 2 2𝑥𝑦 √6 Astigmatism 45° 

2 0 −1 + 2𝑥2 + 2𝑦2 √3 Defocus 

2 -2 −𝑥2 + 𝑦2 √6 Astigmatism 0° 

 

Table 6.1 - Five Zernike coefficients in cartesian form (excluding Piston) [118]. 

 

According to Table 6.1, the wave-front profile can be re-constructed for the five Zernike 

terms in cartesian co-ordinates as the following (excluding piston): 

𝑊(𝑥, 𝑦) = 2𝑍𝑎𝑥 + 2𝑍𝑏𝑦 + 2√6𝑍𝑐𝑥𝑦 + √3𝑍𝑑{−1 + 2𝑥2 + 2𝑦2} + √6𝑍𝑒{𝑦
2 − 𝑥2}

          (6.20) 
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Where 𝑍𝑎, 𝑍𝑏, 𝑍𝑐, 𝑍𝑑 and 𝑍𝑒 are the five fitting constants that need to be evaluated. For 

four PSD’s measuring the focal spot position in the x-axis and y-axis, a total of eight 

values are measured for each time frame. The least square fit method in MATLAB [54] 

was used to evaluate the fitting constants, and the full description of the method can be 

found in Appendix C. 

 

6.4 Verification and Results 
 

The next step was to verify the validity of the experimental data by comparing a wave-

front prolife using the SH-WFS from Thorlabs (WFS30-5C) [119]. The PSD 

diagnostics and the SH-WFS were both used to measure a wave-front profile at the 

same time frame. An 80ms scan of the PSD focal spot movements were carried out to 

find a region of relative stability, where the focal spot movements are constant over a 

10ms time period. A 10ms time period was used to match the exposure time set on the 

SH-WFS. At approximately 40ms, the PSD diagnostics and the SH-WFS were 

triggered. The change in the focal spot positions measured with the PSDs were used to 

reconstruct the wave-front profile, and the wave-front profile derived from the SH-WFS 

was used as a comparison. The wave-front re-construction using the data from the PSDs 

were fitted to the first five Zernike (see Table 6.1). The two wave-front profiles are 

illustrated in Figure 6.16 

 

 

Figure 6.16 - PSD wave-front sensor re-construction (left) and SH-WFS wave-front re-

construction (right). Re-constructed for the first five Zernike terms. 
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The wave-front profile re-constructed from the PSDs show a PV wave-front error of 

approximately 0.5µm. The PV measured for the SH-WFS was in the order of 0.45µm. 

Both plots show a larger optical path length with respect to the reference beam on the 

top right-hand corner of the profile. The discrepancy between the shape of the profile is 

due to the pupil positioning of the PSDs and the number of Zernike terms used in the 

SH-WFS. 15 Zernike terms were used to re-construct the wave-front sensor using the 

SH-WFS. Wave-front re-construction method used to re-construct the wave-front 

profile derived from the PSDs does not take into account the shift in the beam position. 

It is evident from the wave-front profiles shown in Figure 6.16, that the beam centroid is 

shifted slightly to the upper left for the SH-WFS.  

Having completed the calibration and using the SH-WFS to cross-reference a single 

time frame, the PSD wave-front sensor was used to measure the temporal change in the 

thermally-induced aberrations in the 108 disk amplifier. An 8.5ms temporal window 

was selected for the measurements as shown in Figure 6.17. 
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Figure 6.17 - Focal spot movements measured for the PSD wave-front sensor. PSD 1, 

PSD 2, PSD 3 and PSD 4 (top to bottom) [34]. 

 



178 

 

The reference positions on the PSDs were acquired by measuring the 𝑆𝑈𝑀, 𝑋 and 𝑌 

output for all four PSDs using the maximum intensity of the CW laser beam to 

maximise the output of the PSD’s and reduce the uncertainty associated with measuring 

the reference positions (see Equation (6.7)). After the reference positions had been 

determined, a polariser was used to adjust the intensity incident on the PSD detectors 

such that the amplified CW laser source did not exceed the detector limit (SUM output 

< 1.5V) . The x and y positions of the beam were continuously measured after the flash-

lamp trigger for a temporal window of 8.5ms. Although no meaningful information can 

be extracted from the data as shown in Figure 6.17 without solving for the Zernike co-

efficients in Equation (6.20), it is still apparent that most of the activity occurs in the 

region between 0 to approximately 3ms. Beyond 3ms, the change in the focal spot 

positions become smaller until a steady value is reached around 7ms. The error analysis 

associated with the change in the focal spot positions shown in Figure 6.17, can be 

found in Appendix D.  

Using the method described in Appendix C, the five Zernike co-efficients (and Piston) 

as a function of time were solved using the least-square fit method in MATLAB [120]. 

The time-dependent Zernike co-efficient are shown for an 8.5ms temporal window in 

Figure 6.18. 
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Figure 6.18 - The first five Zernike co-efficients solved using the PSD focal spot 

position data [34]. 

 

It is apparent from Figure 6.18, the most dominant aberration measured is astigmatism 

(0°) with a magnitude of approximately 0.06 at 373µs. As already mentioned in 

previous chapters, for a Brewster angled disk amplifier pumped by two sets of flash-

lamps, the most dominant aberration is astigmatism. The second most dominant 

aberration is the defocus term, the defocus term peaks at 373µs. The direction of the 

defocus term changes to -0.03 at approximately 1ms and then reaches a relatively stable 

position of -0.01 at 1.5ms. From the experimental data shown in Figure 6.18, the first 

3ms after the flash-lamps have fired, the aberrations are erratic and constantly changing. 

The 108 disk amplifier geometry consists of many heating mechanisms and heat 

transfer mechanisms. During this time, heat is being inputted into the disk amplifiers, 

and at the same time the heat is being transferred via conduction, convection and 

radiation. This complexity gives rise to the erratic behaviour of thermal aberrations.  

Once the Zernike co-efficients were successfully solved using the PSD data shown in 

Figure 6.17, the next step was to re-construct the wave-front profile and derive the RMS 

wave-front error. The re-constructed wave-front profiles at 374µs, 615µs, 918µs, 

2.65ms and 8.5ms are shown in Figure 6.22 in Appendix D, the reader is referred to 

M.Ahmad et al [34] for a thorough analysis of the re-constructed wave-front profiles. 

The RMS wave-front error can be expressed as the standard deviation of the wave-front 

profile, the RMS error can be calculated using the following expression: 

𝜎𝑅𝑀𝑆(𝑡) = √
1

𝐴
∫[𝑊(𝑥, 𝑦, 𝑡)2 − 𝑊(𝑥, 𝑦, 𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅2] 𝑑𝑥 𝑑𝑦     (6.21) 
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The RMS wave-front error is a good indication of the relative flatness of the wave-front 

profiles. RMS wave-front error represents an overall, quantitative description of 

thermally-induced aberrations change over time. Recalling the Strehl Ratio expression 

from Section 2.4.2, the Strehl ratio and the RMS wave-front error as a function of time 

is shown in Figure 6.19. 

 

Figure 6.19 - RMS wave-front error and Strehl Ratio derived from the PSD wave-front 

sensor. 

 

The RMS wave-front error as shown in Figure 6.19 reaches a maxima of 0.06µm at 

373µs which coincides with the astigmatism and defocus terms shown in Figure 6.18. 

At approximately 3ms, the RMS error reduces to 0.005µm. After 3ms, the RMS error 

starts to gradually increase again with another peak at approximately 7ms. It is difficult 

to determine what the nature of the peak at 7ms is, however this is within the error 

margin of the results presented. Between 0 to 2ms, three peaks of approximately 

0.01µm are observed, once again it is difficult to explain the nature of these peaks as all 

the Zernike terms shown in Figure 6.18 oscillate between 0 to 2ms, but are also within 

the error margin of the results presented. The Strehl ratio as shown in Figure 6.19 

reaches a minimum value of 0.87 but quickly recovers to a stable position of 

approximately 0.98.  

As derived in Chapter 2, the Strehl efficiency can be calculated using the small signal 

gain of the amplifier and the Strehl ratio. Once the gain of the amplifier is measured, the 

Strehl efficiency of the 108 amplifier can be derived using the Strehl ratio from Figure 

6.19. 
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Figure 6.20 - Gain, Strehl Ratio and Strehl Efficiency of the 108 amplifier using the 

PSD wave-front sensor. 

 

The Strehl efficiency calculated for the 108 amplifier is approximately 7.8. The small 

signal gain measured for the 108 amplifier is approximately 8.81. The Strehl efficiency 

measured for the 108 amplifier is considerably higher than the Strehl efficiency 

simulated for the same amplifier in Chapter 3. The peak of the Strehl efficiency curve is 

measured at approximately 550µs whilst the simulated Strehl efficiency for the 108 disk 

amplifier peaks at 350µs, there is a discrepancy of 200µs between the measured and the 

simulated Strehl efficiency. This is due to the small signal gain SUM outputs shown in 

Figure 6.13 which peak at 600µs as opposed to 400µs as simulated for the 108 disk 

amplifier (see Figure 3.13).  

 

6.5 Conclusion 
 

In this chapter a technique to measure the temporal change in thermally-induced 

aberrations in a flash-lamp pumped disk amplifier with a high temporal resolution was 

discussed. This technique doesn’t only add an aspect of novelty to the thesis, but also 

validated certain aspects of the mathematical model discussed in Chapter 2.  

The PSD wave-front sensor described in this chapter consists of only four PSD’s in a 

2x2 array. Four PSD’s greatly limits the number of Zernike terms the wave-front profile 

can be reconstructed with. In order to measure the higher order Zernike terms, the 2x2 

PSD array can be scaled to larger, more compact PSD arrays.  
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As mentioned in Section 3.7, the experimental results from the PSD wave-front sensor 

was compared to the simulation results of the 108 disk amplifier, particularly the RMS 

wave-front error (see Figure 3.24) and the wave-front profile (see Figure 3.25). 

Although there’s a 200µs discrepancy in the measured small signal gain in Figure 6.20, 

and the simulated small signal gain for the 108 disk amplifier in Figure 3.13, the peak of 

the small signal gain measured and simulated are both approximately 9. Which agrees 

with the 108 disk amplifier’s specification as tabulated in Table 3.1.  

In Chapter 5, a new disk amplifier geometry was proposed as an alternative to the 150 

disk amplifier using the mathematical model described in Chapter 2. The Active-Mirror 

In a Cavity (AMIC) geometry was designed to minimise the thermal aberrations 

induced in a propagating seed laser pulse by reducing the temperature gradient along the 

surface of the active-mirror disks. Having developed confidence in the mathematical 

model by verifying the simulation results with experimental data, the next chapter will 

focus on the repetition rate of the AMIC geometry.  

  



183 

 

6.6 Appendix  
 

 

 

6.6.1 Appendix C 

 

The wave-front error can be reconstructed by relating the change in the focal spot 

position measured using the PSD array (see Figure 6.17) and the gradient of the wave-

front profile using Equations (6.18) - (6.19). The gradient of the wave-front profile in 

the x and y plane at the central position of the four lenses (𝑥𝑐,𝒏,𝑦𝑐,𝒏), where n is the PSD 

number (1 to 4) is as follows [34]: 

𝑑𝑊(𝑥,𝑦)

𝑑𝑥 𝑥=𝑥𝑐,𝒏,𝑦=𝑦𝑐,𝒏

= 2𝑍𝑎 + 2√6 𝑍𝑐𝑦𝑐,𝒏 + 4√3 𝑍𝑑𝑥𝑐,𝒏 + 2√6 𝑍𝑒𝑥𝑐,𝒏  (6.22) 

𝑑𝑊(𝑥,𝑦)

𝑑𝑦 𝑥=𝑥𝑐,𝒏,𝑦=𝑦𝑐,𝒏

= 2𝑍𝑏 + 2√6 𝑍𝑐𝑥𝑐,𝒏 + 4√3 𝑍𝑑𝑦𝑐,𝒏 + 2√6 𝑍𝑒𝑦𝑐,𝒏  (6.23) 

A total number of eight equations (four PSD’s in x and y-axis) are solved for each time 

step. The eight equations for all four PSDs can be expressed in matrix form: 

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2 0 2√6 𝑦𝑐,𝟏 4√3 𝑦𝑐,𝟏 2√6 𝑥𝑐,𝟏

0 2 2√6 𝑥𝑐,𝟏 4√3 𝑥𝑐,𝟏 2√6 𝑦𝑐,𝟏

2 0 2√6 𝑦𝑐,𝟐 4√3 𝑦𝑐,𝟐 2√6 𝑥𝑐,𝟐

0 2 2√6 𝑥𝑐,𝟐 4√3 𝑥𝑐,𝟐 2√6 𝑦𝑐,𝟐

2 0 2√6 𝑦𝑐,𝟑 4√3 𝑦𝑐,𝟑 2√6 𝑥𝑐,𝟑

0 2 2√6 𝑥𝑐,𝟑 4√3 𝑥𝑐,𝟑 2√6 𝑦𝑐,𝟑

2 0 2√6 𝑦𝑐,𝟒 4√3 𝑦𝑐,𝟒 2√6 𝑥𝑐,𝟒

0 2 2√6 𝑥𝑐,𝟒 4√3 𝑥𝑐,𝟒 2√6 𝑦𝑐,𝟒]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

[
 
 
 
 
 
 
 
 
 
 
𝑍𝑎

𝑍𝑏

𝑍𝑐

𝑍𝑑

𝑍𝑒 ]
 
 
 
 
 
 
 
 
 
 

   =    

[
 
 
 
 
 
 
 
 
 
 
 
 
𝑥′1−𝑥1

2𝑓
𝑦′1−𝑦1

2𝑓
𝑥′2−𝑥2

2𝑓
𝑦′2−𝑦2

2𝑓
𝑥′3−𝑥3

2𝑓
𝑦′3−𝑦3

2𝑓
𝑥′4−𝑥4

2𝑓
𝑦′4−𝑦4

2𝑓 ]
 
 
 
 
 
 
 
 
 
 
 
 

   (6.24) 

The least square fit method in MATLAB [54] was used to calculate the values of 𝑍𝑎, 

𝑍𝑏 , 𝑍𝑐, 𝑍𝑑  and 𝑍𝑒 such that the Matrix stated in Equation (6.24) is satisfied. The 
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calculated values of 𝑍𝑎, 𝑍𝑏 , 𝑍𝑐 , 𝑍𝑑  and 𝑍𝑒 were normalised using the radius of the beam 

(𝑅𝑚𝑎𝑥 = 96mm/2). As the change in the position of the focal beam spot measured on 

the PSDs is expressed in the x and y-axis, it is convenient to express the Zernike terms 

in its cartesian form. However, once the fitting constants have been evaluated, we can 

express the same equation as stated in Equation (6.20) to its polar form using the same 

fitting constants.  

𝑊(𝑟, 𝜃, 𝑡) =
𝑍𝑎(𝑡)𝑟

𝑅𝑚𝑎𝑥
sin(𝜃) +

𝑍𝑏(𝑡)𝑟

𝑅𝑚𝑎𝑥
cos(𝜃) +

𝑍𝑐(𝑡)𝑟
2

𝑅𝑚𝑎𝑥
2 sin(2𝜃) + 𝑍𝑑(𝑡) (

2𝑟2

𝑅𝑚𝑎𝑥
2 − 1) +

            
𝑍𝑑(𝑡)𝑟2

𝑅𝑚𝑎𝑥
2 cos(2𝜃)         (6.25) 

A least-square fit method does not give an exact answer, it gives a value for all the five 

fitting constants such that the Matrix in Equation (6.24) is satisfied. The following 

method was used to determine the residual error in the least-square fitting method per 

time frame [34].  

 

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2 0 2√6 𝑦𝑐,𝟏 4√3 𝑦𝑐,𝟏 2√6 𝑥𝑐,𝟏

0 2 2√6 𝑥𝑐,𝟏 4√3 𝑥𝑐,𝟏 2√6 𝑦𝑐,𝟏

2 0 2√6 𝑦𝑐,𝟐 4√3 𝑦𝑐,𝟐 2√6 𝑥𝑐,𝟐

0 2 2√6 𝑥𝑐,𝟐 4√3 𝑥𝑐,𝟐 2√6 𝑦𝑐,𝟐

2 0 2√6 𝑦𝑐,𝟑 4√3 𝑦𝑐,𝟑 2√6 𝑥𝑐,𝟑

0 2 2√6 𝑥𝑐,𝟑 4√3 𝑥𝑐,𝟑 2√6 𝑦𝑐,𝟑

2 0 2√6 𝑦𝑐,𝟒 4√3 𝑦𝑐,𝟒 2√6 𝑥𝑐,𝟒

0 2 2√6 𝑥𝑐,𝟒 4√3 𝑥𝑐,𝟒 2√6 𝑦𝑐,𝟒]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

[
 
 
 
 
 
 
 
 
 
 
𝑍𝑎
̅̅ ̅

𝑍𝑏
̅̅ ̅

𝑍𝑐
̅̅ ̅

𝑍𝑑
̅̅ ̅

𝑍𝑒
̅̅ ̅]

 
 
 
 
 
 
 
 
 
 

   =    

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
𝑅𝟏,𝑥

𝑅𝟏,𝑦

𝑅𝟐,𝑥

𝑅𝟐,𝑦

𝑅𝟑,𝑥

𝑅𝟑,𝑦

𝑅𝟒,𝑥

𝑅𝟒,𝑦]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    (6.26) 
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[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
𝑅𝟏,𝑥

𝑅𝟏,𝑦

𝑅𝟐,𝑥

𝑅𝟐,𝑦

𝑅𝟑,𝑥

𝑅𝟑,𝑦

𝑅𝟒,𝑥

𝑅𝟒,𝑦]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

−

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
𝑥′

1−𝑥1

2𝑓

𝑦′
1−𝑦1

2𝑓

𝑥′
2−𝑥2

2𝑓

𝑦′
2−𝑦2

2𝑓

𝑥′
3−𝑥3

2𝑓

𝑦′
3−𝑦3

2𝑓

𝑥′
4−𝑥4

2𝑓

𝑦′
4−𝑦4

2𝑓 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 

= 𝐸𝑅𝑅        (6.27) 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝐸𝑟𝑟𝑜𝑟 =  𝐸𝑅𝑅̅̅ ̅̅ ̅̅         (6.28) 

At the end of the time iterations, all the output values for the fitting constants are now 

determined. The determined fitting constants are denoted as 𝑍𝑎
̅̅ ̅, 𝑍𝑏

̅̅ ̅, 𝑍𝑐
̅̅ ̅, 𝑍𝑑

̅̅ ̅ and 𝑍𝑒
̅̅ ̅, are 

the corresponding values of 𝑅𝒏,𝑥 and 𝑅𝒏,𝑦 can be calculated. The values of 𝑅𝒏,𝑥 and 𝑅𝒏,𝑦 

are subtracted from the actual measured values (where 𝑥𝑛
′ − 𝑥𝑛 and 𝑦𝑛

′ − 𝑦𝑛 are the 

measured valued from Figure 6.17). ERR outputs eight values per time frame, the 

average over all the eight values in ERR are taken per time frame as the residual error 

per iteration. To ensure the residual error was minimal, the residual error was plotted 

per time iteration as shown in Figure 6.21. The residual error measured was in the order 

of ± 3x10-15.  

 

Figure 6.21 - Residual Error for the Least Square fit iterations per time step.  
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6.6.2 Appendix D 

 

 

Figure 6.22 - Re-constructed wave-front profiles using the PSD wave-front sensor data. 

For 374µs, 615µs, 918µs, 2.65ms and 8.5ms after the triggering of the flash-lamps [34]. 

 

Please note, a 50µs time delay was used to trigger the PSD wave-front sensor with 

respect to the firing of the flash-lamps which is included in Figure 6.22. All wave-front 

profiles shown in Figure 6.22 show clear signs of astigmatism. At 374µs which 
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corresponds to an RMS wave-front error of approximately 0.06µm (see Figure 6.19), 

shows a peak-valley wave-front error of 0.25µm as shown in the top left of figure of 

Figure 6.22. At 374µs, the wave-front profile is dominated with regions of positive 

wave-front error values ranging from -0.05µm to 0.2µm. The regions of positive wave-

front error decreases at 615µs, giving way to regions of negative wave-front error 

values in the range of -0.15µm to 0.1µm. At 918µs, the negative wave-front error 

regions increase in magnitude whilst the positive wave-front error regions start to 

decrease significantly. Please note the PV error for all three-time steps, 374µs, 615µs 

and 918µs are the same. But the wave-front profiles for all three look significantly 

different. At 2.65ms and 8.5ms, the peak-valley wave-front error has significantly 

reduced to less than 0.1µm. This coincides with the RMS wave-front error 

measurements shown in Figure 6.19. 

 

6.6.3 Appendix E 

 

In order to calculate the error associated in the RMS wave-front error, the resolution in 

the x and y movement was determined using Equation (6.7). As the SUM output of the 

CW laser beam changes as a function of time, the time-dependent error is measured for 

each PSD using the SUM outputs shown in Figure 6.13. The resolution in the X and Y 

position are shown in Figure 6.23. 

 

Figure 6.23 - Calculated error in position measurements for all four PSDs using the 

SUM output values. 
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The maximum error in determining the position on the PSDs is inversely proportional to 

the SUM output of the PSDs. The SUM output is maximum when the laser beam is 

amplified at approximately 500µs. Therefore, the wave-front sensor can accurately 

predict the focal spot positions within the amplification region 0 - 1.5ms.  

The error in the absolute position in time is dictated by the bandwidth of the PSDs. The 

signal amplifiers in the PSDs limit the temporal resolution of the output. The minimum 

time required to resolve two data points in time are related by the known approximate 

RC, time-bandwidth equation for a 3dB cut-off frequency [121]: 

𝑇𝜎 ≈
0.35

𝐵3𝑑𝐵
          (6.25) 

For a low pass signal amplifier set-up such as the PSDs, the time required to resolve two 

distinct signals 𝑇𝜎, is inversely proportional to the bandwidth. A minimum time-step for 

a 15kHz bandwidth PSD is 23.3µs. The PSD will not be able to resolve any two data 

points that are less than 23.3µs apart in time. Therefore, any single data point will have 

an error margin of ±23.3µs in the time scale. 

The change in the focal spot positions shown in Figure 6.17 can be fitted with the 

corresponding error bars derived from Figure 6.23 and Equation (6.25). The resulting 

change in the focal spot positions for the region between 0 – 1ms is shown for PSD 1 

and PSD 4 only. PSD 1 with the highest SUM output (lowest error margin in the y-axis) 

and PSD 4 with the lowest SUM output corresponding to the highest error margin in the 

y-axis are shown in Figure 6.24.  
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Figure 6.24 - Change in focal spot positions for PSD 1 (top) and PSD 4 (bottom) with 

the appropriate error bars for the region (0-1ms). Please note the reference position has 

been subtracted from the data. 

 

The maximum and minimum values for all four PSD’s were used to re-construct the 

Zernike co-efficients as a function of time using the method provided in Appendix C. 

Two graphs have been provided, each corresponding to the maximum and minimum 

change in focal spot positions according to the error bars in Figure 6.25. The maximum 

values for the Zernike co-efficients (+ Err in Figure 6.25) are calculated using the 

maximum values in the y-axis error bars shown in Figure 6.24. The minimum values (-

Err) are calculated using the minimum value in the y-axis error bars. 
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Figure 6.25 - Zernike co-efficients for the maximum and minimum change in focal spot 

positions for all four PSDs, maximum values (top) correspond to the maximum change 

in focal spot positions (lowest values on the error margin). The minimum values 

(bottom) correspond to the minimum change in focal spot positions.  

 

Having re-constructed the wave-front in terms of the normalised Zernike co-efficients, 

the difference between the measured Zernike co-efficients in Figure 6.18, and the 

maximum and minimum error in the Zernike co-efficients calculated in Figure 6.25, the 

error margin in the RMS wave-front error measurements were calculated and compared 

to the simulated wave-front for the 108 disk amplifier in Figure 3.24, where the error in 

time is constant as ±23.3µs as mentioned earlier. 
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7 Repetition Rate 

 

 

 

7.1 Introduction 
 

In Chapter 2, a comprehensive 3D, time-dependent model of the disk amplifier was 

developed and used to simulate the three Vulcan disk amplifiers in Chapter 3. The 

model successfully predicted the small signal gain for all three geometries, the 

mathematical model was further verified using a PSD wave-front sensor discussed in 

Chapter 6 in the prompt aberrations regime. However, beyond the prompt aberrations 

regime, the mathematical model over predicted the RMS wave-front error. The 

mathematical model only takes into account the heating processes within the prompt 

regime (see Section 1.9.1), which includes heating due to the quantum defect term, and 

the quantum efficiency term. At approximately 300µs, the gradient of the RMS wave-

front error starts to decrease. Therefore, heat transfer within the disks become an 

important parameter to consider. As the mathematical model only takes into account the 

heating processes, it is unable to accurately predict the heat energy stored, and the RMS 

wave-front error beyond approximately 300µs. Before t = 300µs, the experimental data 

is consistent with the simulated data as the rate of heat energy being deposited in the 

disks increases as a function of time. As discussed in the introductory chapter of the 

thesis, B.M.Van Wonterghan et al [31] highlighted some key long-term heating 

processes which can limit the repetition rate of a disk amplifier. The model built in this 

chapter is a purely conductive heat transfer problem, to reduce the complexity and the 

computational time required, the convective heat transfer analysis is not included. All 

the assumptions made in the calculations of the repetition rate will be discussed later in 

this section.  

Using the mathematical model described in Chapter 2, a new geometry was proposed, 

AMIC. AMIC consists of four active-mirror amplifiers being pumped by two sets of 

four flash-lamps. The AMIC geometry results in a reduced predicted wave-front error as 

discussed in Chapter 5. In this chapter, the repetition rate of the proposed geometry will 

be compared to the Vulcan’s 150 disk amplifier. The main aim of the thesis was to 
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develop a 5 minutes repetition rate disk amplifier, which will be calculated and 

discussed in this chapter. 

As mentioned earlier, solving the heat equation for the disk amplifier geometry is a 

complicated mathematical problem. To simplify the problem, heat transfer via 

conduction in the disk amplifiers was only considered. Therefore, ignoring all 

convective and radiative heat transfer mechanisms. The underlying assumptions are as 

follows: 

1. A circulating liquid edge cladding solution discussed in Section 5.9.1 assumes 

the heating due to absorption of ASE and PO can be removed from the disk 

interface by circulating the heated liquid cladding away from the disk and the 

cladding interface. This forms the first boundary condition of the AMIC disks 

and the edge interfaces are kept at room temperature.  

2. The flash-lamps are separated from the main amplifier cavity by a relatively 

thick blastshield. The current disk amplifier geometries present in the Vulcan 

laser system consist of blastshields which are approximately 1cm thick. The 

flash-lamps are also cooled via air blowers. Therefore, the convective heat 

transfer from the heated flash-lamps to the disks are neglected. 

3. Heating due to the heating mechanisms outlined in Chapter 2 are the only heat 

sources included in the model. 

Under the assumptions stated, the heat equation model used to derive the repetition rate 

is only valid if the flash-lamps are thermally insulated from the amplifier cavity. The 

surrounding air medium of the disks have little to no effect in the change in temperature 

of the disks, and the heating due to the cladding absorbing ASE and PO can be quickly 

removed from the disk and the edge cladding interface. Without using any active 

cooling mechanisms, the total heat energy deposited in the disk is not transferred away 

but only distributed until thermal equilibrium is reached (steady-state solution). 

Therefore, in all cases studied in this chapter, the change in the maximum to minimum 

temperature within the disk, and the standard deviation of temperature within the disk 

are both positive and non-zero values. This does not reflect the real-life scenario 

whereby the heat energy deposited in the disks are eventually transferred away from the 

disks (see Section 8.1 for further research discussion).  
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7.2 Determining the Repetition Rate 
 

So far in the mathematical model only the heating of the disk amplifiers are modelled, 

neglecting any heat transfer and cooling mechanisms. In this chapter, a heat transfer 

mechanism will be included in the model to determine the repetition rate of the 

amplifiers. In order to determine the repetition rate, the heat transfer equation with an 

initial heat source is described in Equation (7.1) [122]. 

𝜌𝐶𝑝(𝑇)
𝜕𝑇(𝑥,𝑦,𝑧,𝑡)

𝜕𝑡
= ∇. (𝑘∇𝑇(𝑥, 𝑦, 𝑧, 𝑡)) +

�̇�(𝑥,𝑦,𝑧,𝑡)

𝜌𝐶𝑝
     (7.1) 

In Equation (7.1), the thermal conductivity 𝑘, is expressed as a vector. If we assume a 

constant value of the thermal conductivity 𝑘 in all dimensions, then the term ∇. (𝑘∇𝑇) is 

equal to the Laplacian operator 𝑘(∇2𝑇), where the thermal conductivity is expressed as 

a constant. 𝜌 is the density and 𝐶𝑝 is the specific heat capacity. The thermal diffusivity 

term 𝛼𝐷, is a material constant (𝑘/𝜌𝐶𝑝) with units of m2/s (𝛼𝐷 = 2.92x10-7m2/s) [53]. 

𝜕𝑇(𝑥,𝑦,𝑧)

𝜕𝑡
= 𝛼𝐷 [

𝜕2𝑇(𝑥,𝑦,𝑧)

𝜕𝑥2 +
𝜕2𝑇(𝑥,𝑦,𝑧)

𝜕𝑦2 +
𝜕2𝑇(𝑥,𝑦,𝑧)

𝜕𝑧2 ] + �̇�(𝑥, 𝑦, 𝑧, 𝑡)   (7.2) 

�̇�(𝑥, 𝑦, 𝑧, 𝑡) is the heat source in units of W/m3. The heat source term can be derived 

from the stored heat density, ∫𝐸𝐻(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑡, which was derived in Chapter 2 and is 

in units of J/m3. Therefore, the heat equation with a heat source can be expressed as: 

 
𝜕𝑇(𝑥,𝑦,𝑧)

𝜕𝑡
= 𝛼𝐷∇2𝑇 +

𝜕

𝜕𝑡
∫𝐸𝐻(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑡      (7.3) 

As the heat source term 𝜕/𝜕𝑡 ∫ 𝐸𝐻(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑡 is short lived ( ≈ ms), and the heat 

equation is being solved in the order of minutes, the heat source term is exhausted 

quickly. Therefore, the steady state solution 𝜕𝑇/𝜕𝑡 = 0, is reached once the ∇2𝑇 term 

stated in Equation (7.3) reduces to ∇2𝑇 = 0 and a constant steady state temperature 

profile is reached. The temperature profile remains a constant unless an additional 

heating term is introduced. 

In order to solve Equation (7.3), the finite difference method was used. If the 

temperature profile of the disk is expressed in terms of pixels (32x32x20 as shown in 

Section 2.2.1) with a finite pixel size, the 3D temperature profile can be expressed as a 

3D array of pixels. The pixel elements in the x-axis is denoted as i, the pixels in the y-

axis as j and z-axis as k. The size of the pixel from i to i+1 in the x-axis is ∆𝑥, j to j+1 
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in the y-axis as ∆𝑦 and the pixel size in the z-axis as ∆𝑧. The differential term ∇2𝑇, can 

then be solved using the following method [123]: 

𝜕2𝑇(𝑥,𝑦,𝑧)

𝜕𝑥2
=

𝑇(𝑖+1,𝑗,𝑘)−2𝑇(𝑖,𝑗,𝑘)+𝑇(𝑖−1,𝑗,𝑘)

∆𝑥2
      (7.4) 

𝜕2𝑇(𝑥,𝑦,𝑧)

𝜕𝑦2 =
𝑇(𝑖,𝑗+1,𝑘)−2𝑇(𝑖,𝑗,𝑘)+𝑇(𝑖,𝑗−1,𝑘)

∆𝑦2       (7.5) 

𝜕2𝑇(𝑥,𝑦,𝑧)

𝜕𝑧2 =
𝑇(𝑖,𝑗,𝑘+1)−2𝑇(𝑖,𝑗,𝑘)+𝑇(𝑖,𝑗,𝑘−1)

∆𝑧2       (7.6) 

∇2𝑇 =
𝜕2𝑇(𝑥,𝑦,𝑧)

𝜕𝑥2 +
𝜕2𝑇(𝑥,𝑦,𝑧)

𝜕𝑦2 +
𝜕2𝑇(𝑥,𝑦,𝑧)

𝜕𝑧2       (7.7) 

Equations (7.4) – (7.7) is solved using a for loop iterating in the i, k and j array elements 

for every time step using MATLAB [54]. For the finite difference method to be 

numerically stable (for a solution which converges), Δ𝑡 ≤ Δ𝑃2/2𝛼𝐷. Where Δ𝑃 is the 

pixel size (size increment Δ𝑥, Δ𝑦 and Δ𝑧) in units of distance [124]. To solve for Δ𝑡 = 

1s over a time period of 1 hour, the pixel size increments should be equal to or larger 

than 7.64x10-4m.  

∆𝑇𝑡(𝑥, 𝑦, 𝑧) = 𝛼𝐷[∇2𝑇 + 𝐸𝐻]∆𝑡       (7.8) 

To calculate the new temperature profile 𝑇𝑛𝑒𝑤, ∆𝑇𝑡 which is the change in temperature 

over a time element ∆𝑡, ∆𝑇𝑡 is simply added to the previous temperature profile 𝑇𝑜𝑙𝑑 as 

shown in Equation (7.9). 

 𝑇𝑛𝑒𝑤(𝑥, 𝑦, 𝑧) = 𝑇𝑜𝑙𝑑(𝑥, 𝑦, 𝑧) + ∆𝑇𝑡(𝑥, 𝑦, 𝑧)      (7.9) 

If the time division ∆𝑡 = 1s is used, then the initial temperature profile is equal to the 

temperature profile calculated at 2.5ms after the flash-lamps have fired (see Figure 3.17 

for the 150 amplifier and Figure 5.8 for the AMIC amplifier). 

To solve the heat equation with numerical stability, Dirichlet’s boundary conditions 

[123] were implemented by defining a fixed temperature at the surfaces of the amplifier 

(according to the assumptions stated in Section 7.1).  

𝑇(0, 𝑦, 𝑧) = 𝑇(𝑥, 0, 𝑧) = 𝑇(𝑥, 𝑦, 0) = 25°𝐶      (7.10) 

𝑇(𝐿𝑥, 𝑦, 𝑧) = 𝑇(𝑥, 𝐿𝑦, 𝑧) = 𝑇(𝑥, 𝑦, 𝐿𝑧) = 25°𝐶     (7.11) 

The boundary conditions stated in Equations (7.10) – (7.11) state that the temperature 

surrounding the disk amplifier is equal to the room temperature 25°C. This suggests that 

the surrounding medium of the disk amplifier remains constant and doesn’t change per 
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iteration. The temperature profiles simulated in Chapters 3-5 were illustrated as change 

in temperature, if prior to the thermal loading the disk temperature is uniform and equal 

to room temperature, 25°C is added to the temperature profiles to give the actual 

temperature profile of the disks.  

As discussed in Chapter 2, a laser beam becomes thermally aberrated when propagating 

through a medium with a non-uniform temperature distribution. In order to quantify the 

non-uniformity of temperature in the disk, the standard deviation of the temperature 

𝑇𝑆𝐷, inside a disk is used to measure the relative flatness of the temperature profile. 

Another useful quantity defined is the difference between the maximum temperature 

calculated in the disk 𝑇𝑚𝑎𝑥, and the minimum temperature calculated in the disk 𝑇𝑚𝑖𝑛, 

which is expressed as 𝑇𝑃𝑉. 𝑇𝑃𝑉 is a measure of the PV temperature of the disk. Both 𝑇𝑃𝑉 

and 𝑇𝑆𝐷 is space independent quantities and can be expressed as a function of time only. 

𝑇𝑃𝑉(𝑡) = 𝑇𝑚𝑎𝑥(𝑡) − 𝑇𝑚𝑖𝑛(𝑡)        (7.12) 

𝑇𝑆𝐷(𝑡) = √
1

𝑁
∑ (𝑇𝑖(𝑡) − 𝑇𝐴𝑉(𝑡))2𝑁

𝑖=1        (7.13) 

The heat transfer equation as stated in Equation (7.1) was solved for all four disks in the 

150 amplifier and all four disks in the AMIC geometry, only the results of the first disk 

in both amplifier geometries will be discussed in the next section of this chapter.  

  

7.3 Results  
 

Using the heat source term described in Equation (7.2), the heat equation was solved for 

the first disk in the 150 amplifier and the AMIC amplifier. The current density used for 

the flash-lamps in the 150 disk amplifier is set to 2.21kA/cm2 as described in Chapter 3, 

and 1.45kA/cm2 for the AMIC disk as described in Chapter 5. The heat equation was 

solved for a time period of 60 minutes at a resolution of ∆𝑡 = 1s. 60 minutes time period 

was chosen to ensure the full recovery time of the disk amplifiers was captured. A 

longer time period can be set but would lead to unnecessarily high computational time 

and data storage. The results of the heat equation are illustrated in Figure 7.1. 
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Figure 7.1 - Change in Temperature 𝑇𝑃𝑉 and Temperature Standard Deviation 𝑇𝑆𝐷 as a 

function of time. For the first disk in the 150 amplifier (top) and the first disk in the 

AMIC amplifier (bottom). 

 

At approximately 13 minutes, the first disk in the 150 amplifier reaches a steady state 

solution (𝜕𝑇/𝜕𝑡 ≈  0), where 𝑇𝑃𝑉 reaches a steady state value of approximately 0.55 °C 

and a 𝑇𝑆𝐷 of approximately 0.09 °C. The steady state values remain constant from 13 – 

60 minutes, the AMIC geometry also reaches a steady state solution at approximately 

15 minutes, but the steady state values show a lower 𝑇𝑆𝐷 and 𝑇𝑃𝑉  in comparison to the 

150 amplifier. The temperature standard deviation value for the first disk in the AMIC 

amplifier is less than 0.01K and the change in the maximum to minimum temperature is 

just over 0.04K. The temperature standard deviation is nine times smaller. The standard 

deviation as stated earlier is a measure of the relative flatness of the temperature profile, 
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a lower standard deviation states that the AMIC geometry has a far flatter temperature 

profile in comparison to the 150 amplifier.  

The wave-front profile of the laser propagating through a 150 amplifier was constructed 

from the temperature profiles at 60 minutes (please refer to Section 2.4.3) and compared 

to the initial wave-front profile (measured at 2.5ms after the flash-lamps have fired). 

The wave-front profiles are illustrated in Figure 7.2. 

 

Figure 7.2 - Wave-front profile of the first disk in the 150 amplifier before heat equation 

is solved (left) and after the heat equation has been solved for a time period of 60 

minutes (right). 

 

Solving just the heat equation without implementing any cooling techniques, the wave-

front’s PV is only improved by a factor of 2. The change in 𝑇𝑃𝑉 and 𝑇𝑆𝐷 from the initial 

to the final value at 60 minutes is also reduced by a factor of 2. The PV for the initial 

150 disk amplifier wave-front in Figure 7.2 is 0.7μm, the wave-front profile after 60 

minutes is approximately 0.3μm. 

For the AMIC disk, the improvement in TSD is from 0.11°C to less than 0.01°C without 

any active cooling processes. The wave-front profiles for the AMIC geometry are 

illustrated in Figure 7.3.  
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Figure 7.3 – The initial wave-front profile of the first disk in the AMIC amplifier (left) 

and after the heat equation has been solved for a time period of 60 minutes (right). 

 

The resulting wave-front profile shows a PV improvement from 0.15µm to 

approximately 0.01µm after 60 minutes which is an improvement by a factor of 15.  

Instead of a single shot every 60 minutes, the next set of results will look at the change 

in the wave-front profile if the repetition rate is increased to one shot every 20 minutes, 

which is the current operational rate of the Vulcan laser system. The change in 𝑇𝑆𝐷 and 

𝑇𝑃𝑉 for a 20 minutes repetition rate system was calculated as a function of time, and an 

equation of the form 𝐴𝑡𝐵 was fitted to show the change in 𝑇𝑆𝐷  and 𝑇𝑃𝑉 after 60 minutes. 

The change in 𝑇𝑆𝐷  and 𝑇𝑃𝑉  for the first disk in the 150 disk amplifier for a 20 minutes 

repetition rate system is illustrated in Figure 7.4.  

 

Figure 7.4 - TPV and TSD as a function of time for the first disk in the 150 amplifier for a 

20 minutes repetition rate system. 
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For a 150 amplifier being fired every 20 minutes, the 𝑇𝑆𝐷  and 𝑇𝑃𝑉  for the first disk in the 

amplifier increases to 0.265 °C and 1.6 °C respectively after 60 minutes. An equation of 

the form 𝐴𝑡𝐵 was used to fit the rise in 𝑇𝑆𝐷 and 𝑇𝑃𝑉 after every 20 minutes. A = 

4.42x10-3 and B = 1 for 𝑇𝑆𝐷  and, A = 2.73x10-2 and B = 1 for 𝑇𝑃𝑉. Both temperature 

parameters were fitted to B = 1, which suggests a linear rise in 𝑇𝑆𝐷  and 𝑇𝑃𝑉 for the first 

disk in the 150 amplifier at a repetition rate of 20 minutes. As discussed in the 

introduction section of this chapter, the steady state solution reached after 20 minutes 

gives a non-zero 𝑇𝑃𝑉  and 𝑇𝑆𝐷 as shown in both Figure 7.1 (top) and Figure 7.4. 

Therefore, a gradual build-up of temperature is observed at 20 minutes repetition rate 

even though the steady state solution is reached at approximately 13 minutes. The final 

wave-front profile after 60 minutes is shown in Figure 7.5. 

 

Figure 7.5 - The initial wave-front profile for the first disk in the 150 amplifier (left) and 

the final wave-front profile of the first disk after 60 minutes, at 20 minutes repetition 

rate (right). 

 

The wave-front profile of the first disk in the 150 disk amplifier after 60 minutes has a 

PV of approximately 0.4µm. Which is 0.1µm higher than the final wave-front profile 

shown in Figure 7.2 for a single shot. 

For the first disk in the AMIC amplifier, even after firing the flash-lamps every 20 

minutes, the increase in 𝑇𝑆𝐷  and 𝑇𝑃𝑉 is only 0.02°C and 0.1°C respectively. 𝑇𝑆𝐷  and 𝑇𝑃𝑉  

for the first disk in the AMIC amplifier as a function of time for a 20 minutes repetition 

rate is shown in Figure 7.6. 
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Figure 7.6 – TPV and TSD as a function of time for the first disk in the AMIC amplifier 

for a 20 minutes repetition rate system. 

 

Using the fit equation 𝐴𝑡𝐵, values of A = 4.14x10-3, B = 0.9652, A = 1.79x10-3 and B = 

1 were used to fit the values for 𝑇𝑆𝐷  and 𝑇𝑃𝑉  at 20 minutes respectively. The final values 

(at 60 minutes) of 𝑇𝑆𝐷 and 𝑇𝑃𝑉  shown in Figure 7.6 are already a great improvement 

from the values observed in Figure 7.4 for the 150 amplifier disk. The final wave-front 

profile for the first disk in the AMIC amplifier after 60 minutes at a 20 minutes 

repetition rate is shown in Figure 7.7. 

 

Figure 7.7 - The initial wave-front profile for the first disk in the AMIC amplifier (left) 

and the final wave-front profile of the first disk after 60 minutes (right), at 20 minutes 

repetition rate. 

 

The PV of the final wave-front shown in Figure 7.7 is approximately 0.1µm. In 

comparison to the 150 disk, it is a significant improvement. 
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The aim of the thesis was to design a geometry which could operate at a repetition rate 

of 5 minutes. The next set of results presented is the heat equation solved for a time 

period of 60 minutes, with a 5 minutes repetition rate.  

𝑇𝑆𝐷  and 𝑇𝑃𝑉 as a function of time for a 5 minutes repetition rate system is shown in 

Figure 7.8. 

 

Figure 7.8 – TPV and TSD as a function of time for the first disk in the 150 disk amplifier 

for a 5 minutes repetition rate system. 

 

After firing every 5 minutes for 60 minutes, 𝑇𝑃𝑉  reaches values exceeding 6°C, and 𝑇𝑆𝐷  

exceeding 1°C. Whilst for a 20 minutes repetition rate, values of 0.265°C and 1.6°C for 

𝑇𝑆𝐷  and 𝑇𝑃𝑉 were observed in Figure 7.4. Increasing the repetition rate by a factor of 4, 

increases both 𝑇𝑆𝐷  and 𝑇𝑃𝑉
 values by a factor of 3. A fit equation of the form 𝐴𝑡𝐵 was 

fitted to the values of 𝑇𝑃𝑉  and 𝑇𝑆𝐷  for every 5 minutes. The fitting constants A and B 

were evaluated as 1.68x10-2 and 1.011 for 𝑇𝑆𝐷  and 0.1036 and 1.011 for 𝑇𝑃𝑉. B values 

exceeding one suggests that the gradient of 𝑇𝑃𝑉  and the 𝑇𝑆𝐷 curves are not linear, and 

are increasing as a function of time.  

The AMIC geometry as shown in Figure 7.9 only reaches a value of 0.45°C for 𝑇𝑃𝑉  and 

0.1°C for 𝑇𝑆𝐷 as shown in Figure 7.9. 
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Figure 7.9 – TPV and TSD as a function of time for the first disk in the AMIC for a 5 

minutes repetition rate system. 

 

The fit Equation of the form 𝐴𝑡𝐵 was used to compare 𝑇𝑃𝑉  and 𝑇𝑆𝐷 in Figure 7.9 with 

Figure 7.8. The fitting constants A and B were calculated to be 5.62x10-3, 0.693 for 𝑇𝑆𝐷  

and 2.11x10-2 and 0.738 for 𝑇𝑃𝑉. It suggests that there’s a sharp increase in 𝑇𝑃𝑉  and 𝑇𝑆𝐷  

initially, but soon after the gradient gradually decreases. The non-linear increase in 

temperature can also be visualised for 𝑇𝑆𝐷 and 𝑇𝑃𝑉 plots in Figure 7.9, where there’s a 

sharp increase in the first 10 minutes, then the gradient gradually decreases from 15 

minutes onwards. In comparison to a 20 minutes repetition rate, 𝑇𝑆𝐷  increases by a 

factor of 5 and 𝑇𝑃𝑉  increases by a factor of 4.  

The wave-front profiles for the first disk in the 150 amplifier and the first disk in the 

AMIC amplifier after 60 minutes at a 5 minutes repetition rate is shown in Figure 7.10.  
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Figure 7.10 - Comparison of the wave-front profile for the first disks in the 150 

amplifier (left) and the AMIC amplifiers after 60 minutes (right), at a repetition rate of 5 

minutes. 

 

It is evident from Figure 7.10, that the wave-front profile for the AMIC amplifier does 

not suffer much even when the repetition rate is increased to 5 minutes. The PV is only 

0.2µm for the AMIC geometry. The PV for the 150 amplifier increases to 3.5µm after 

60 minutes at 5 minutes repetition rate.  

So far, the heat equation has been solved for a time period of 60 minutes for the 150 and 

the AMIC amplifier. Throughout the analysis of 𝑇𝑃𝑉 and 𝑇𝑆𝐷, a fit equation of the form 

𝐴𝑡𝐵 was used to determine the values of 𝑇𝑃𝑉  and 𝑇𝑆𝐷 as a function of time for each 

repetition rate. In order to understand the limitations of the AMIC disk in terms of 

repetition rate, the heat equation was solved for a time period of 60 minutes for a further 

one shot per 2 minutes and for one shot per 1 minute. Although the full analysis of the 2 

minutes and 1 minute repetition rate is not included in this chapter. The fit function of 

the form 𝐴𝑡𝐵 is illustrated in Figure 7.11 and Figure 7.12 for 𝑇𝑃𝑉 and 𝑇𝑆𝐷.  
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Figure 7.11 -Fit function of the form 𝐴𝑡𝐵, plotted for 𝑇𝑃𝑉  as a function of time for the 

first disks in the 150 and the AMIC amplifier for repetition rates 5 minutes and 20 

minutes, and further 2 minutes and 1 minute for the AMIC amplifier only.  

 

The blue dotted line in Figure 7.11 shows the rise in 𝑇𝑃𝑉 as a function of time for the 

150 amplifier disk operating at 20 minutes repetition rate. An AMIC amplifier disk 

operating at 2 minutes repetition rate is shown as red in Figure 7.11. If the blue dotted 

line is used as the baseline (the repetition rate the 150 amplifier is currently operating in 

the Vulcan laser facility) then it is evident that the AMIC amplifier should also be able 

to operate at 2 minutes repetition rate. At 1 minute repetition rate however, which is 

denoted by the solid blue line is considerably higher than the blue dotted line. Which 

shows that in terms of 𝑇𝑃𝑉, the AMIC disk operating at 1 minute repetition rate would 

result in higher 𝑇𝑃𝑉  values in comparison to the blue dotted base line. However, this 

would still give a lower value of 𝑇𝑃𝑉  in comparison to the 150 amplifier disk operating 

at a 5 minutes repetition rate.  

The flatness of the temperature profile, which is measured via the standard deviation 

𝑇𝑆𝐷 , shows that the AMIC amplifier disk operating at 2 minutes repetition rate would 

initially have higher values for 𝑇𝑆𝐷  in comparison to the 150 disk operating at 20 

minutes repetition rate. However, after 55 minutes, the 𝑇𝑆𝐷  values for the AMIC disk 

would be lower than the blue dotted baseline shown in Figure 7.12. 
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Figure 7.12 - Fit function of the form 𝐴𝑡𝐵, plotted for 𝑇𝑆𝐷 as a function of time for the 

first disks in the 150 and the AMIC amplifier for repetition rates 5 minutes and 20 

minutes, and further 2 minutes and 1 minute for the AMIC amplifier only. 

 

Therefore, it can be concluded that under the assumptions stated in the introduction 

section of this chapter, and from Figure 7.10, Figure 7.11 and Figure 7.12 the AMIC 

disk can indeed operate at a 5 minutes repetition, with a reduced thermally-induced 

wave-front error. 

In the previous chapter, the rise in thermal aberrations were experimentally measured 

using a PSD wave-front sensor. It was discussed that the rise in thermal aberrations 

could successfully be modelled using the mathematical model for the time period 

between 0µs to 300µs. A comparison between the simulated and the experimental RMS 

error was shown in Figure 3.24. Beyond 300µs, the experimental data no longer agreed 

with the mathematical model. In this chapter, a time division of 1 second was used to 

numerically solve the heat equation for a time period of 60 minutes. Increasing the 

temporal resolution by using smaller time divisions would require more computation 

power, computational time and data storage. Therefore, it was not possible to solve the 

heat equation simultaneously with the heat generated (0µs to 2500µs) for a time period 

of 60 minutes. In the first time division (∆t = 1s), all the heat which is generated using 

the mathematical model is stored into the system. Therefore, additional analysis was 

included (Figure 7.13 and Figure 7.14) to show the 𝑇𝑆𝐷  and 𝑇𝑃𝑉  as a function of time for 

the AMIC and 150 amplifier operating at a 5 minutes repetition rate which includes the 

heat generated from 0 to 300µs only.  
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Figure 7.13 - 𝑇𝑆𝐷 and 𝑇𝑃𝑉 as a function of time for the first disk in the 150 amplifier as a 

function of time for 5 minutes repetition rate. two heating scenarios, heating from 0µs to 

300µs and heating from 0µs to 2500µs. 

 

 

Figure 7.14 – 𝑇𝑆𝐷 and 𝑇𝑃𝑉 as a function of time for the first disk in the AMIC amplifier 

as a function of time for 5 minutes repetition rate. two heating scenarios, heating from 

0µs to 300µs and heating from 0µs to 2500µs. 

 

When only the heat generated from 0μs to 300μs is included, 𝑇𝑆𝐷 and 𝑇𝑃𝑉 values are 

reduced by a factor of 3. It’s evident from Figure 7.13 and Figure 7.14 that the only 

difference between the two heat generated scenarios is a scaling factor under the 

assumptions stated in the introduction section of this chapter. 

7.4 Conclusion 
 



207 

 

The major conclusion of this chapter is illustrated in Figure 7.10. An AMIC active-

mirror disk operating at a repetition rate of one shot per 5 minutes results in a much 

lower PV wave-front error at 60 minutes as opposed to the 150 disk amplifier. Figure 

7.11 and Figure 7.12 shows the 𝑇𝑃𝑉 and 𝑇𝑆𝐷 of the AMIC amplifier operating at 5 

minutes repetition rate which results in lower values compared to the 150 disk amplifier 

operating at one shot per 20 minutes. However, it was also concluded that the AMIC 

geometry operating at 2 minutes repetition rate would be the highest repetition rate the 

AMIC geometry can operate in. This is determined by the 𝑇𝑆𝐷 in Figure 7.12, which 

shows a slightly higher value for the AMIC geometry operating at one shot per 2 

minutes compared to the 150 disk amplifier operating at one shot per 20 minutes. The 

conclusions derived are subject to the assumptions stated in the introduction section of 

this chapter.  

Although only the analysis of the first disk in the AMIC and the 150 disk amplifier is 

presented in this chapter, similar results would be obtained for all the disks in the 150 

disk amplifier and the AMIC geometry. In Section 3.4, the small signal gain profiles of 

the 108 disk amplifier are shown in Figure 3.10, Figure 3.11 and Figure 3.12. It was 

concluded that the outer disks in a disk amplifier have a profile which slightly differs 

from the inner disks in the disk amplifier. The same analogy can be applied to the 

temperature profiles in the 150 disk amplifier, whereby Disk 1 and 4 (outer disks) 

would have a different temperature profile compared to Disk 2 and Disk 3 (inner disks). 

However, the difference between the inner and the outer disks is insignificant and 

wouldn’t vastly change the calculations performed in this chapter. For the AMIC 

amplifier, the inner disks would experience a more uniform flash-lamp intensity 

compared to Disk 1 and Disk 4, this is evident from the active-mirror geometry in 

Chapter 4 (see Figure 4.5 and Figure 4.9). The temperature observed would also me 

more uniform for the inner disks compared to the outer disk, even if the flash-lamp 

power of the active-mirror and the AMIC geometry differs.  

Lastly, the calculations presented in this chapter are subject to the assumptions stated in 

the introductory section of this chapter. The heat equation model can be further 

improved to include the convective heat transfer term, this is discussed in the further 

research section of the thesis (see Section 8.1). The next chapter of the thesis will 

conclude the entire work mentioned in the thesis and the suggestions for further work. 
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8 Conclusion 

 

 

 

The introduction chapter of the thesis described the Vulcan laser system, particularly the 

rod and the disk amplifiers used in the system. Later in the chapter, the sources of 

thermal aberrations and the heating processes involved in a flash-lamp pumped disk 

amplifier were discussed. A 2D time-dependent flash-lamp pumped disk amplifier 

model by M.S.Mangir et al [40] and H.Zhu [38] were reviewed, and how the need to 

extend the 2D mathematical model to a 3D model was needed in order to calculate the 

wave-front error profiles, RMS wave-front error and the Strehl Ratio.  

In Chapter 2, a full description of a 3D, time-dependent flash-lamp pumped disk 

amplifier model was formulated and analysed. A full description of the model is 

illustrated in Figure 2.2. The model uses ZEMAX non-sequential ray tracing to trace the 

flash-lamp rays to the disk amplifiers. Incorporating ZEMAX into the model allows the 

user to simulate complex disk amplifier geometries with multiple reflective 

components. In Chapter 2, three main inputs to the model were described, namely: The 

ZEMAX Input Model, the Nd:Glass Input Model and the Flash-lamp Input Model. The 

flash-lamp Input Model was compared and verified in Figure 2.12 using data available 

in literature, and the Nd:Glass input model was compared and verified with SCHOTT’s 

transmission data on LG-760 Nd:Glass material [53], as shown in Figure 2.22. The 

outputs of the model were compared to values from literature which is discussed in 

Section 2.5.  

Having compared and verified the mathematical model’s inputs and outputs with 

simulation data available in literature, the model was used to simulate the small signal 

gain, temperature and the predicted wave-front error for the 108, 150 and the 208 disk 

amplifiers in Vulcan. The peak of the small signal gain curve for all three amplifiers 

(see Figure 3.13) were in good agreement with the disk amplifier specifications 

tabulated in Table 3.1. To add further validity to the mathematical model, the simulated 

RMS wave-front error for the 108 disk amplifier was compared to the RMS wave-front 

error measured using a 2x2 PSD wave-front sensor. In Figure 3.24 it was shown that the 

RMS wave-front error was in good agreement with the simulated RMS wave-front error 
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in the region between 0µs to 300µs. The wave-front profile measured and simulated for 

a single time frame at 324µs was also shown in Figure 3.25. The astigmatism term is 

present in both profiles. However, the measured profile shows a rotated astigmatism 

term compared to the simulated profile. Nevertheless, the PV and the astigmatism term 

are both captured successfully in both profiles. 

In Chapter 4, an active-mirror type geometry was explored and compared to the existing 

150 disk amplifier in Vulcan. The small signal gain, and the optical path difference 

expressions were adjusted to account for the double pass nature of active-mirrors. The 

RMS error calculated at the maximum stored heat density (t = 2.5ms) shows that the 

active-mirror suffers from an RMS error of less than 0.04µm with a Strehl ratio of 

approximately 0.94, compared to the 150 disk amplifier it was a significant 

improvement. It was clear by the end of Chapter 4, that an active-mirror type geometry 

performs better compared to the 150 disk amplifier, which was also confirmed in the 

Strehl efficiency graphs shown in Figure 4.15. Therefore, the Active-Mirror In a Cavity 

(AMIC) geometry was proposed as an amplifier consisting of four active-mirror disks, 

pumped by two sets of four flash-lamps, as an alternative to the 150 amplifier. The key 

result from Chapter 5 is re-illustrated in Figure 8.1. 

 

Figure 8.1 - Strehl ratio, Strehl efficiency and small signal gain for the AMIC geometry 

(top) and the 150 disk amplifier (bottom). 
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The peak of the Strehl efficiency for the AMIC amplifier is approximately 0.2, which is 

considerably better than the Strehl efficiency simulated for the 150 disk amplifier. The 

Strehl efficiency for the AMIC amplifier is almost 3 better than the 150 disk amplifier. 

However, the AMIC amplifier must be coated with both a HR and AR coating in order 

to minimise reflection losses on the transmission surface, and transmission losses on the 

reflective surface. The coating specifications provided by MPO [92] was thoroughly 

discussed in Section 5.2, including an analysis on the Laser Induced Damage Threshold 

(LIDT) of coatings. In coated disk amplifiers such as the active-mirrors in the AMIC 

design, Parasitic Oscillations (PO) can become a considerable issue. It was concluded 

that for a AR/HR coated active-mirror disk, as long as the average gain co-efficient per 

disk was less than 0.5cm-1, PO can be successfully supressed. 

In Chapter 6, an experimental method was discussed which uses a 2x2 Position 

Sensitive Detector (PSD) array to measure the wave-front error in a 108 disk amplifier 

with a high temporal resolution (15kHz). A fast wave-front sensor was needed to 

confirm the mathematical model’s simulation results. Compared to other wave-front 

sensors, a PSD wave-front sensor can measure the rise in thermal aberrations with only 

two sets of measurements. One measurement to measure the background noise, and one 

measurement to gather data in a continuous manner. This has not been reported before 

and adds an aspect of novelty to the thesis presented. The PSD wave-front sensor was 

calibrated using ZEMAX, and verified using a SH-WFS (Shack Hartmann-Wave-Front 

Sensor). The calibration method was discussed in Section 6.3.2 and the verification is 

illustrated in Figure 6.16. The PSD wave-front sensor did not only confirm the 

simulated RMS error for the 108 disk amplifier (between 0 - 300µs), but also verified 

the maximum small signal gain value for the 108 disk amplifier as shown in Figure 

6.13.  

The aim of the thesis was to propose an alternative disk amplifier geometry that was 

capable of operating at a repetition rate of 1 shot per 5 minutes. The 3D time-dependent, 

heat equation was solved for the first disk in the AMIC amplifier and the 150 disk 

amplifier. The first disk in the 150 disk amplifier and the AMIC geometry were both 

solved for a time period of 60 minutes with a time division of Δ𝑡 = 1s. The results for 

𝑇𝑃𝑉 and 𝑇𝑆𝐷 for both disks are shown in Figure 7.8 and Figure 7.9. The corresponding 

wave-front profiles of the 150 disk and the AMIC amplifier are recalled from Figure 

7.10 and presented in Figure 8.2. 
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Figure 8.2 - The wave-front profile calculated at 60 minutes for the AMIC disk (left) 

and the 150 disk (right) operating at a 5minutes repetition rate. 

 

It is clear from Figure 8.2, that the wave-front profile for the AMIC disk is much better 

in comparison to the 150 disk after 60 minutes at 5 minutes repetition rate. The PV for 

the 150 disk amplifier is in the order of 3µm, whilst the AMIC disk suffers very little in 

comparison. However, this only suggests that the AMIC disk has a lower wave-front 

error, the crucial part of the analysis was to compare the AMIC disk at 5 minutes 

repetition rate with the 150 amplifier at 20 minutes repetition rate (as this is the current 

operating condition for the 150 disk amplifier in Vulcan). 𝑇𝑆𝐷 and 𝑇𝑃𝑉 values for 

various repetition rates for the 150 disk and the AMIC disk are illustrated in Figure 7.11 

and Figure 7.12. Both figures clearly show that the AMIC disk operating at 5 minutes 

repetition rate does indeed have lower 𝑇𝑃𝑉 and 𝑇𝑆𝐷 values in comparison to a 150 disk 

operating at 20 minutes repetition rate. 

The mathematical model presented in this thesis can be used by researchers to simulate 

the performance of complex flash-lamp pumped disk amplifier geometries. The model 

can also be used to explore entirely new geometries by optimising the model variables 

such as: The flash-lamp power, the distance between the flash-lamps and the disk, the 

shape of the flash-lamp reflectors, disk thickness, Nd ion concentration, seed laser 

fluence, seed laser aperture and the Nd:Glass material. The model allows the user to 

experiment with trade-offs, such as the distance between the disk amplifier and the 

flash-lamps. Reducing the distance between the flash-lamps and the disk allows the disk 

to capture more flash-lamp light. However, this also results in non-uniform distribution 

of flash-lamp light on to the disks, resulting in a non-uniform wave-front profile of the 

propagating seed laser pulse. Other trade-offs include the thickness of the active-mirror 

disk, increasing the thickness can increase the propagating distance of the seed laser 
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pulse in an amplified gain medium but can also result in more thermally-induced 

curvature. Increasing the Nd ion concentration may result in more absorption of the 

flash-lamp light resulting in a higher small signal gain value but would also result in a 

higher temperature gradient along the thickness axis of the disk.  

A complete 3D, time-dependent flash-lamp pumped disk amplifier model equipped with 

a 2x2 PSD wave-front sensing technique was presented in the thesis. Future researchers 

can both simulate and measure the performance of disk amplifier geometries with the 

work presented in this thesis.  
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8.1 Further Research 
 

 

 

A 3D, time-dependent mathematical model discussed in Chapter 2 can be used to 

describe any flash-lamp pumped disk amplifier geometry. The model includes the heat 

generated from the quantum efficiency term, and the quantum defect term. The model 

can be developed further to include other known heating terms, the term 𝑄𝐻 in units of 

W/m3 in Equation (2.31) can be adjusted to include additional heating terms. Other 

heating terms not currently included in the model are absorption due to impurities 

present. Impurities can exist in the form of OH- ions and transition metal ions. Detailed 

analysis and the empirical relationships are present in literature which can estimate the 

impact of OH- ions and transition metal ions introduced during the manufacturing 

process [37], [125]-[126].  

As shown in Figure 3.19, the rise in the RMS wave-front error can be predicted 

accurately for a time period between 0µs to 300µs, beyond 300µs the measured RMS 

wave-front error no longer increases at the same rate as the simulated RMS wave-front 

error. If the rise in the RMS wave-front error and the heat equation were solved 

simultaneously, then a more accurate description of the rise in thermally-induced 

aberrations can be achieved. However, this would require more computational time, and 

data as the time division would have to be in the order of 10’s of µs compared to 1 

second. Software such as COMSOL [127] is a promising tool that could be used to do 

such calculations.  

As discussed in Chapter 7, the repetition rate of the 150 disk and the AMIC disk were 

derived by solving the heat equation. The assumptions stated may not accurately mirror 

the complex thermodynamics of a thermally loaded disk amplifier. Using the same heat 

equation model as described in Chapter 7, as a comparative study between the 150 disk 

amplifier and the AMIC disk was sufficient to compare the performance. However, in 

order to accurately predict the time required to reach a steady state solution, the heat 

transfer co-efficient can be included in the heat equation. The heat-transfer co-efficient 

describes the rate at which a disk amplifier can dissipate its heat to the surrounding. The 

heat transfer co-efficient is a complex term which depends on many parameters and is 

usually determined experimentally for specific scenarios [123], [128]. The heat transfer 



214 

 

co-efficient includes both the convective and radiative terms. Experimentally measuring 

the heat-transfer co-efficient can be a significant addition to the heat equation model 

presented in Chapter 7.  
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