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Figure 8: Left: Diagram of four-level laser. Right: Stark shifts in Nd:YAG. [25] 

 1064 nm is most widely utilized Nd:YAG laser wavelength, however other transitions can 

occur. For the 4F3/2 level, it has been measured that only 40% of the population is associated with 

the 1064 nm transition. The majority of the remaining inversion is associated with 946 nm, along 

with emission at 1123 and 1319 nm, however all have a lower cross-section (low gain). Some of 

the population from the 946 nm line can replenish the 1064 nm line by phonon-assisted transition, 

or thermalization. This specific thermalization process can occur over time within 3-5 ns [19] and 

was tested using the 19 mm amplifier modules used in this system, which will be discussed in 

further detail in section 3.3.  

 This work is part of the first demonstration of DPA to maximize energy extraction in 

Nd:YAG amplifiers. As long as the duration of the pulse train is shorter than or equal to the 

fluorescence lifetime, the sum of all the pulses contributes to the saturation fluence. Table 2 list 

values for optical parameters of Nd:YAG which are useful for calculation for the gain 

characteristics. 
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Property Value 

Nd atoms/cm3 1.38 x 1020 

Linewidth 120 GHz 

Stimulated emission cross section (1064 nm) 2.8 x 10.-19 cm2 

Fluorescence lifetime 230 µs 

Photon energy (1064 nm) 1.86 x 10-19 J 

Index of refraction (1064 nm) 1.82 

Table 2: Tabulated values of important properties of Nd:YAG. From [19]. 

 Pumping of Nd:YAG and other solid-state gain mediums have primarily been done using 

diode or flashlamp technology. Flashlamps are specially designed glass tubes housing a gas with 

electrodes on both ends. A high voltage introduced to the ends of the tube can trigger ionization 

of the gas between the electrodes, leading to an emission of incoherent broadband light. The energy 

of the emitted light is directly proportional to the pump voltage of the flashlamps. This broadband 

light is flexible to be a pump source for a variety of materials of different absorption spectrums. 

On the other hand a narrow bandwidth diode laser can selected to be highly resonant with the 

strongest absorption band of a gain medium for high conversion efficiencies. Diode pumping also 

allows a much more stable energy output as well as operation with higher laser repetition rates. 

3.2 Diode-Pumped Nd:YAG Regenerative Amplifier 

 A regenerative amplifier is a laser resonator which provides high gain and helps to define 

the beam profile. The regenerative amplifier for these experiments has been designed (figure 9) 

such that the seed laser is coupled into the amplifier cavity and makes several round trips to saturate 

the gain medium. With a small seed energy many round trips are necessary to saturate the Nd:YAG 

crystal.  
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Figure 9: Schematic of regenerative amplifier. TFP: Thin-film polarizer. PC: Pockels cell. 
QWP: Quarter Wave Plate. VBG: Volume Bragg Graing 

A Q-switch is used to enable the input coupling of the seed pulse as well as to eject the output 

pulse from the cavity, specifically a Pockels cell (PC) operating at the quarter wave voltage. 

Initially when the seed laser is injected into the resonator from the reflection off the TFP, the PC 

is in the off state and the double-pass through the QWP rotates the polarization of the beam so that 

it transmits through the TFP. Then as it is traveling towards the other end mirror, the PC is turned 

on to the quarter wave voltage. Note that there is a rise and fall time for the PC to reach the full 

quarter wave rotation. Thus the length of the regenerative amplifier cavity is chosen such that only 

a single pulse from the seed oscillator is trapped by the Pockels cell. With the PC held in the on 

position, as the laser travels through the TFP such that the return-pass through the PC acting as a 

QWP and the passive QWP, produce a full wave rotation such that pulse transmits through the PC 

and is re-amplified in the cavity for another pass. Once a sufficient number of passes have been 

made through the Nd:YAG amplifier to surpass the saturation fluence, the pulse is ejected out of 

the cavity by simply turning off the PC in the same manner it was turned on. As soon as the pulse 

leaves the PC for its last round trip, the PC will be turned off and as it returns to the end mirror the 

pulse sees a half wave voltage rather than a full wave and reflects off the TFP to counter-propagate 

VBG

QWP

TFP

PC
3 mm

Nd:YAG
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along its original injected path. Incident pulse energies in the nano- or micro-joule-level can be 

amplified up to the milli-joule regime, thus meaning regenerative amplifiers can realize a gain as 

high as ~106. In order to decouple the output from the input, a Faraday isolator can rotate the 

polarization of the output to make it orthogonal to the input pulse so that at a PBS they would split 

into different paths. 

 The regenerative amplifier can be operated either as Q-switched or seeded Q-switched 

shown in figure 10. In the Q-switched operation, no seed laser is injected into the cavity, so the 

gain builds up when the PC is off and stored in the cavity until the PC is turned on to its quarter 

wave voltage.  

 

Figure 10: (a) Unseeded cavity pulse buildup. (b) Unseeded cavity pulse with Q-switching. (c) 
Seeded cavity pulse buildup. (d) Seeded cavity pulse with Q-switching. 

A key feature in the design of this particular regenerative amplifier is the volume Bragg grating 

(VBG) used as one of the end mirrors of the resonator. A VBG is a dispersive element which is 

used in this system is used to narrow the pulse spectrum during each pass in the regenerative 

amplifier. With this element in place, active control of the pulse duration can be achieved in the 

amplifier by controlling the number of round trips the pulse makes via the PC. The PC used in the 
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operation of the regenerative amplifier in this system is Q-switched at a rate of 2.5 Hz, and the 

pulse duration when seeded is 230 ps. This becomes a quick and integrated way for tunable 

picosecond pulses (figure 11) which would have otherwise required grating or prism based 

stretchers for stretching of the Ti:Sapphire pulses. However these stretchers would only produce 

chirped pulses and therefore, the VBG offers the ability to create transform-limited picosecond 

pulses directly from a broader pulse.   

 

Figure 11: Left: Plot showing the transform-limited pulse duration as a function of round-trips 
in the regenerative amplifier. Right: Spectral amplitude plots of the resultant output pulse 
spectrum from the regenerative amplifier with and without the VBG. 

3.3 Design of Flashlamp-Pumped Nd:YAG Amplifier Chain 

 After the regenerative amplifier, several flashlamp-pumped Nd:YAG amplifiers are used 

for energy scaling during the DPA tests done in chapter 4. The majority of amplifiers used in this 

work are based on flashlamp pumping. Flashlamp pumping enables relatively high-energy output, 

although it is less efficient than diode pumping and therefore is restricted to low repetition rate. 

The rods used in the modules have various diameter sizes ranging from 6 mm - 19 mm. A single 

6 mm amplifier is used in a double-pass configuration since the seed from the regenerative 

amplifier is not high enough to saturate it with a single-pass. Then 7 mm and 10 mm rods are 
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arranged in series in a single-pass configuration in the experiments. After exiting the 7 mm rod 

and before entering the 10 mm rod, a telescope is used to increase the beam size so that the beam 

completely fills the aperture of the rod. 19 mm amplifier modules were used for testing the DPA 

technique. These rods have low small signal gain but contain a large amount of stored energy. As 

part of these experiments, several configurations were tested which will be discussed in chapter 4. 

Each amplifier unit has a separate power supply controlled from a computer as depicted in figure 

12. Each of the 19 mm modules utilize four flashlamps in these modules as compared with only 

two flashlamps in the 6 mm, 7 mm, and 10 mm rods. Two amplifiers have the lamps clocked in a 

+-like configuration and two are clocked in an x-like configuration (figure 13). The arrangement 

of the amplifiers in two lines was chosen so that each line had one +-like and one x-like clocked 

module. Since the geometry of the flashlamps in the module determines the gain profile in the rod, 

and this setup allows for an almost uniform gain distribution for each amplifier channel. Energy 

extraction was tested using 10 ns pulses pre-amplified with the 7 and 10 mm rods and the energy 

output from each flashlamp pair is 5 J assuming a seed energy of ~500 mJ (figure 13). Therefore 

the total extractable energy from all four amplifiers is ~10 J.  

 

Figure 12: Schematic of 19 mm amplifier modules and supporting components. 
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Figure 13: Left: Diagram showing the different clocking configurations of the 19 mm amplifier 
modules. Right: Measured gain of 2 19 mm amplifiers in line with both clockings. 

 In an effort to determine the best DPA configuration for compensating of thermal effects, 

several trials were conducted with the four 19 mm amplifiers. All 19 mm amplifiers were pumped 

at a max voltage of 1600V with a low seed energy of ~1 mJ. Surprisingly, no effect of 

thermalization was seen with four cases. The results are shown in table 3. For the DPA experiments 

carried out in the next chapter, the effect of thermalization was ignored due to the results obtained 

from this experiment. However the final system configuration was designed in order to 

accommodate this effect if it were to occur. From the four trials, the first case consisted of a single 

10 ns pulse which has a long time duration. 

Pulse Configuration Seed Energy (mJ) Output Energy (mJ) 

10 ns 1.033 156.86 

1x 230 ps 1.025 157.36  

2x 230 ps (790 ns delay) 1.019 157.5  

4x 230 ps (790 ns + 7 ns delay) 1.028 164.5  

Table 3: Results from the thermalization experiment. 

 By operating the regenerative amplifier in the unseeded Q-switch operation 10 ns pulse 

were generated and used as the control for this experiment since the thermalization would occur 

less than half-way during the pulse duration. Then a single 230 ps pulse was used to seed the 
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amplifiers with a single pulse splitter generating two 230 picosecond pulses separated by 790 ps. 

In addition, the PC in the regenerative amplifier is set so as to amplify two pulses of equal 

amplitude separation by 7 ns. These two pulse are then sent through the pulse splitter to generate 

a total of four pulse in two groups separated by 790 ps and 7 ns respectively. In this experiment 

the variation in seed energy for all four cases were kept below 1% and the RMS stability of the 

pulses were around 3-4%. Thus the variations in the energy were not high enough to conclude any 

effects of thermalization. Several reasons may give as to why the effect was not observed. Since 

our input seed energy was on the order ~1 mJ, we may not have seen the effect since the amplifiers 

were not completely saturated, or the inversion in the main laser transition was not truly depleted.   
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CHAPTER 4: DIVIDED-PULSE AMPLIFICATION 

 Divided-pulse amplification is a method for intensity reduction of pulses for high 

efficiency energy extraction [26]. Relative to pulse stretching in CPA, in DPA pulses are divided 

into replicas prior to amplification and subsequently recombined coherently. DPA is a form of 

CBC, and the requirements are the same. CBC systems enable power and energy scalability 

relative to overall recombination efficiency and the total number of channels/replicas. Phase 

stabilization is required for coherent pulse recombination, either using active or passive 

techniques. Fundamentally, CBC is simply the coherent superposition of several wave vectors. 

Although simple theoretically, experimental implementation is complex with tight alignment 

tolerances.  

 Ultimately, single-aperture DPA is limited by the same damage issues as associated with 

long pulses and/or high average power systems. Thus spatial multiplexing is necessary for scaling 

towards higher energy levels. In temporal DPA, a larger amount of pulse replication would require 

more degrees of freedom for compensating saturation effects. In spatial DPA, the increase in the 

number of multiplexed channels will require much more robust phase locking.   

 This chapter includes discussion of basic beam combining theory and the results obtained 

with active, passive and hybrid DPA in both temporal and spatial domains.  From these results, we 

have demonstrated the implementation of DPA within a flashlamp-pumped Nd:YAG laser with 

the use of both active and passive methods for coherent addition of up to four pulse replicas. 

4.1 Coherent Beam Combination 

 In order to coherently combine individual beams, conditions for constructive interference 

must be met. Three factors must be identical in order to achieve ideal constructive interference. 
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First, only superposition between waves with the same frequency spectrum will produce 

observable interference. If superposition of many waves of different frequency occurs, the 

resulting amplitude modulation occurs in a beat pattern leading to temporal modulation. Secondly, 

all combining elements must have the same polarization state for interference to occur. Lastly, the 

combining elements must have identical temporal and spatial phase. Spatial coherence requires 

identical beam size, orientation and wave fronts. Likewise, temporal coherence assumes perfect 

temporal overlap.  

The primary metric for CBC laser system performance is most often reported in terms of 

the combination efficiency in terms of the experimental output power or energy as compared to 

the expected theoretical value. For an overall combination efficiency one must consider the spatial 

𝜂𝜂𝑠𝑠, temporal 𝜂𝜂𝑗𝑗 and linear polarization 𝜂𝜂𝑝𝑝 combining efficiencies (equation 4.1) [27]. 

                                                              𝜂𝜂𝑗𝑗𝑜𝑜𝑗𝑗𝑝𝑝𝑡𝑡 = 𝜂𝜂𝑠𝑠𝜂𝜂𝑗𝑗𝜂𝜂𝑝𝑝 (4.1) 

In this equation a simple way to calculate an efficiency 𝜂𝜂 is by 𝐸𝐸𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐/∑ 𝐸𝐸𝑖𝑖𝑖𝑖  where 𝐸𝐸𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 is the 

energy of the combined beam and ∑ 𝐸𝐸𝑖𝑖𝑖𝑖  is the sum of all powers after final amplification and before 

pulse re-combination. 

 In order to provide optimal control of temporal or spatial separation among DPA pulses, 

interferometers are the optical system of choice. Michaelson (MI), Mach-Zehnder (MZI), and 

Sagnac (SI) interferometers are all useful for DPA. These interferometers can be used both as pulse 

splitters and combiners and are depicted in figure 14. Amplifiers can be placed within the cavity 

to amplify the separate components individually. In addition, phase modulators could also be 

utilized in the interferometers, such as placing a piezoelectric transducer on a mirror.  Alignment 

and stabilization of these interferometers is the most challenging issue in CBC experimentally.  
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Figure 14: Various interferometer geometries. (a) Mach-Zehnder. (b) Sagnac. (c) Michaelson. 

 To achieve pulse splitting/combining, polarizing optics are used to resolve a pulse into two 

orthogonally polarized and separate pulses. Birefringent crystals (BFCs), TFPs and PBSs can be 

used as splitting and combining elements in the design of DPA (figure 15). If the same splitting 

stage is used as the both the pulse splitter and combiner, then the DPA setup is said to be passive 

while separate splitter/combiners systems require active stabilization [17]. Since each stage can 

only resolve a pulse into two separate components, 2N pulses are produced from N 

splitters/combiners [9].  

 

Figure 15: Different polarizing optics. (a) Polarizing beam splitter (PBS). Thin-film polarizer 
(TFP). (c) Birefringent crystal (BFC). 

 In a birefringent crystal, the ordinary and extraordinary axis have differing refractive 

indices [28]. Thus if an incident pulse with orthogonal polarization components propagates 

through the crystal with proper orientation to the crystal axes, the two polarizations travel along 

the two axes and exit separated in time due to the GVM. For pulse division using a sequence of 

birefringent crystals the required length of each successive crystal for equal separation is 𝐿𝐿𝑁𝑁 =

(b)(a) (c)
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2𝑁𝑁−1𝐿𝐿𝑁𝑁 [26]. For high numbers of pulse replicas, crystal lengths become too large to be 

economically feasible for implementation.  

 On the other hand, polarizing beam splitters (PBSs) or thin-film polarizers (TFPs) transmit 

one polarization component while reflecting the other. The spatially separated p-polarized and s-

polarized pulses can be recombined using a folded path, thus forming two temporally separated 

pulses with a time delay equal to the optical path difference. In this thesis, PBSs and TFPs with 

high damage threshold are used with various aperture sizes to implement the DPA technique. 

During the combination process, a HWP is used to rotate the combined cross-polarized pulses so 

that the linear polarization matches with the transmission axis of a TFP (see figure 16).  

 

Figure 16: Coherently combining two pulses into a single polarization state using a HWP and 
TFP. 

One of the major complications in the application of DPA is gain saturation. Since the upper state 

lifetime of optical amplifiers are much longer than the duration of short pulses, initial pulse replicas 

will have higher gain than subsequent one [19]. Thus, the pulse train must be shaped such that the 

first pulse to enter the amplifier has the lowest relative amplitude [29]. The orientation angle of a 

half wave plate (HWP) can be chosen so that one polarization component is attenuated, allowing 

for simple shaping before entering splitter or for adjustment after combiner. Combination 

efficiencies will suffer without the compensation of gain saturation due to differences in amplitude 

and the accumulated nonlinear phase of each pulse [30]. Scaling of DPA to larger numbers of 
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divided pulses is limited by the degrees of freedom required to stabilize the arms of the 

interferometers forming the splitters/combiners [31]. 

 

Figure 17: Flow diagram of divided-pulse amplification. 

4.2 Active Divided-Pulse Amplification 

 In the initial experimental investigation of DPA using an Nd:YAG laser, active DPA was 

done using a simple two pulse replica setup shown in figure 18. An active DPA laser requires a 

separate splitting and combining stages whose optical path lengths for each replicated pulse are 

matched. The front end of the active DPA setup consists of the Ti:Sapphire oscillator, the 

regenerative amplifier and a double-pass pre-amplifier. After the 6 mm double-pass a 1064 nm 

CW laser was injected into the same optical path of the pulses. Since the pulses in the system have 

a repetition rate of 2.5 Hz, the CW laser is injected to provide a longer sampling time for fast 

feedback active phase stabilization. The performance of the phase locking will be discussed in 

further detail in chapter 5. The pulses and the CW beam were aligned to be collinear throughout 

the laser and they are orthogonal in polarization. The splitter and combiner were designed for low 

loss, large aperture and low back-reflection. Using interferometric free-space delay lines an arm 

of the splitter can be used to control the phase for active stabilization and the polarization in the 

combiner can be adjusted to be highly reflective for both paths. Back-reflection could not be 

compensated with the use of an isolator in a temporal pulse splitting configuration. 
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Figure 18: Laser architecture of active DPA. 

 The splitter is a Mach-Zenhder type interferometer which uses TFPs to resolve a cross-

polarized pulse into s- and p-polarized components. The p-polarized component travels straight 

through and is used as the main optical path. In the reflected path of the splitter, the s-polarized 

pulse travels through a HWP and transmits through a TFP. Then a double-pass is made through a 

QWP using a 0 degree mirror mounted on a piezoelectric transducer (PZT). The mirror is also 

placed on a translation stage. Then as the pulse reflects off the TFP and two 0 degree mirrors, it is 

recombined in the same path of the p-polarized pulse. Collinear alignment is achieved using two 

0 degree mirrors before the exit port of the splitter. The optical path length difference of the two 

arms is about 23.7 cm, which is equivalent to a time delay between the peaks of two pulses by 790 

ps. This time delay is enough to resolve a 230 picosecond pulses into two replicas with orthogonal 

polarizations. In the 10 ns case, the two replicated pulses are almost completely overlapped with 

little separation.  
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 Coalignment of the CW beam and pulses was critical to obtain the optimum combination 

efficiency. Although the linewidth of the pilot laser is within the gain bandwidth of Nd:YAG it 

has a relatively low fluence and therefore experiences negligible gain through the system. As the 

pulse leaves the combiner it is overlapped in space and are phase-matched to within the phase error 

of the feedback loop. The time delay in the s-polarization component introduced by the splitter is 

compensated by the combiner path length thus temporally resolving the two pulses back into a 

single pulse. This combined pulse contains both s- and p-polarizations with a phase error 

introduced in the splitter and combiner. Thus the combination efficiency was measured by how 

well the polarization of the pulse can be controlled to transmit through a TFP. Compensation of 

the amplitude differences introduced by gain saturation on the output pulse can be made by rotating 

the HWP after the combining TFP. The phase locking system described in chapter 5 is used to 

suppress the phase error due to the separate path lengths which the pulses take. Figure 19 shows 

the output beam profiles of both the combined and rejected outputs (the transmitted and reflected 

arms of the analyzing TFP, respectively). They represent the phase-matched and non-phase-

matched parts of the pulse replicas. In the beam profile of the rejected output, it can be seen that 

the wings and center of the beam were not coherently combined. This is due to the amplification 

asymmetry between the two pulse replicas, leading to different accumulation of B-integral in these 

regions. Since the flashlamps in the 7 and 10 mm amplifier modules are placed at the sides of the 

Nd:YAG rod, the pump absorption is much stronger in these two sides of the rod than the other 

portions. From a comparison of the combination efficiency of 10 ns and 230 ps pulses (figure 20) 

it can be seen how the B-integral degrades the performance of the system towards higher energies. 

The reason for a higher efficiency in the picosecond pulses at low energy can be attributed to the 

3% rms energy fluctuation of the laser. 
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Figure 19: Left: Beam profile of combined output. Right: Beam profile of rejected output. 

 

Figure 20: Combination Efficiency of the active DPA experiment as a function of the cross-
polarized pulse energy. 
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 Using an oscilloscope, a temporal tracing of the picosecond pulses before and after the 

combiner was taken. Figure 21 shows the 790 ps delay between the two pulses and the combined 

output of the output pulse. The oscilloscope does not resolve the pulse entirely since its bandwidth 

is < 230 ps resolution. 

 

Figure 21: (a) Trace of the picosecond pulses before the combiner with a separation of 790 ps. 
(b) Trace of the pulse at the combiner output. 

4.3 Passive Divided-Pulse Amplification 

 A SI was built after the amplifier chain of the active DPA configuration in the previous 

section. Four 19 mm amplifiers were arranged in an interferometer as depicted in figure 22. The 

splitter was adjusted to only have p-polarized transmission. The input pulse in the passive Sagnac-

type splitter/combiner had its polarization rotated such that the electric field intensity was split 

50:50 between s- and p-polarizations. Thus after the beam splitter two pulses, one reflected and 

one transmitted, counter-propagate through the interferometer and meet back at the PBS at the 

same instant with almost the same phase. This common phase shift experienced by the pulses is 

due to the common optical path shared by the s- and p-polarized pulses. Thus the interferometer is 

passively stabilized which does not require an active phase stabilization scheme. This makes the 

790 ps (b)(a)



  36 
 

passive DPA approach much simpler both in alignment and phasing of the pulses. However, the 

maximum combined energy is inherently limited by gain saturation and the damage threshold of 

the splitting/combining polarizing optic.  

 

Figure 22: Laser architecture of passive DPA. 

 In an experimental study of the SI, a case where 10 ns pulses were seeded with none of the 

amplifiers on, and cases using 230 ps pulses with 0, 1, 2 and 4 amplifiers pumped. As the number 

of pumped amplifiers increased, the alignment of the SI changes due to the increase of the total 

thermal loads of the rods. The heat created by an increased pump voltage will introduce slight 

expansion of the crystal as well as a slight variation of the refractive index. The alignment had to 

be adjusted several times while taking measurements of the combination efficiency at various 

energies. Figure 23 shows the output beam profile of SI looking after an analyzing polarizer. The 

left figure is the coherently combined beam while the right figure is the rejected beam profile. The 

energy of this beam profile is at 150 mJ, which is almost at the maximum pulse energy before 

damage (~185 mJ) of the PBS in the SI. The combination efficiency was plotted in figure 24, as a 

function of energy of the cross-polarized pulses before the analyzing TFP. 


