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Abstract 

Optical Parametric Amplification for High Peak and Average Power 

by 

Igor Jovanovic 

Doctor of Philosophy in Engineering - Nuclear Engineering 

University of California, Berkeley 

Professor Edward C. Morse, Chair 

Optical parametric amplification is an established broadband amplification 

technology based on a second-order nonlinear process of difference-fiequency generation 

(DFG). When used in chirped pulse amplification (CPA), the technology has been termed 

optical parametric chirped pulse amplification (OPCPA). OPCPA holds a potential for 

producing unprecedented levels of peak and average power in optical pulses through its 

scalable ultrashort pulse amplification capability and the absence of quantum defect, 

respectively. 

The theory of three-wave parametric interactions is presented, followed by a 

description of the numerical model developed for nanosecond pulses. Spectral, 

temperature and angular characteristics of OPCPA are calculated, with an estimate of 

pulse contrast. An OPCPA system centered at 1054 nm, based on a commercial tabletop 

Q-switched pump laser, was developed as the front end for a large Ndglass petawatt- 

class short-pulse laser. The system does not utilize electro-optic modulators or multi-pass 

amplification. The obtained overall 6% efficiency is the highest to date in OPCPA that 

uses a tabletop commercial pump laser. The first compression of pulses amplified in 
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highly nondegenerate OPCPA is reported, with the obtained pulse width of 60 fs. This 

represents the shortest pulse to date produced in OPCPA. Optical parametric 

amplification in fJ-barium borate was combined with laser amplification in Ti:sapphire to 

produce the first hybrid CPA system, with an overall conversion efficiency of 15%. 

Hybrid CPA combines the benefits of high gain in OPCPA with high conversion 

efficiency in Tisapphire to allow significant simplification of future tabletop multi- 

terawatt sources. Preliminary modeling of average power limits in OPCPA and pump 

laser design are presented, and an approach based on cascaded DFG is proposed to 

increase the average power beyond the single-crystal limit. Angular and beam quality 

effects in optical parametric amplification are modeled using plane-wave decomposition. 

Finally, some possible future applications are outlined. 

It is expected that OPCPA will be an important technology for future high power 

short-pulse lasers and will allow novel applications in high-field science. Its scalability 

beyond 10 petawatts using the existing difiactive grating compression technology, and 

the possibility of producing average powers beyond 1 kW in ultrashort pulses provide 

motivation for future work. 
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Chapter 1 

Introduction 

Investigation of nonlinear parametric processes has been at the forefront of optics 

research as the light intensities reached the level necessary for nonlinear effects to be 

readily observed. Optical parametric amplification' and oscillation3 through difference- 

frequency generation (DFG) are some of the earliest observed effects in nonlinear optics, 

and the application of optical parametric amplifiers (OPAs) for light amplification is 

practiced extensively. Today, optical parametric oscillators (OPOs) offer a way to 

produce widely tunable coherent light from solid-state gain media for frequency-sensitive 

applications such as spectroscopy? 

The development of nonlinear optics benefited greatly from powerful laser pulse 

generation through Q-switching' and mode locking.6 More recently, chirped pulse 

amplification (CPA) technology7 allowed the scaling of peak power beyond 1 petawatt' 

and greater than lo2' W/cm2 peak focused inten~ity.~ The development of CPA allows 

explorations of extreme nonlinear optics such as high harmonic generation (HHG)." In 

addition, progress in high average power laser amplification allows the development of 

high average power nonlinear devices. This benefits applications requiring high repetition 

rates, such as short-pulse materials processing.' 
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Historically, the development of nonlinear optical devices has been primarily 

driven by the evolving laser technology. As the CPA technology approaches its limits in 

pulse energy and pulse width, an opportunity exists for the first time to use parametric 

devices to allow scaling of peak and average power of optical pulses beyond the limits 

imposed by the characteristics of laser materials. Extremely broad spectral bandwidth, 

minimal heat deposition and aperture scalability represent a combination of key 

characteristics of optical parametric amplification not present in any solid-state laser gain 

material simultaneously. Used for amplification in CPA, optical parametric amplification 

has been termed parametric chirped pulse amplification (PCPA)*2 and, more recently, 

optical parametric chirped pulse amplification (OPCPA). l3 

High peak and average power scaling is not the only motivation behind the use of 

OPCPA. Additional advantages in performance of small-scale OPCPA exist when 

compared to conventional laser CPA. These include pulse contrast, simplicity and cost. 

Finally, an opportunity exists to use OPCPA in combination with conventional laser 

CPA, producing more efficient tabletop short-pulse sources than the ones accessible with 

either approach alone. 

The purpose of this dissertation is to offer a numerical analysis and small-scale 

experimental demonstration of certain aspects of OPCPA relevant for producing high 

peak power and high average power pulses. This includes the development of actual 

devices, which can replace entire high-power lasers, or some of their components. 

Following this introduction, a formal mathematical description of nanosecond 

three-wave parametric interactions is presented, with a special emphasis on DFG and 

OPA. Several key concepts in OPA are discussed in more detail, such as the phase 
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matching techniques and vacuum-nonlinear material boundaries. In Chapter 3, a more 

thorough background on CPA and OPCPA is given, which is accompanied by a 

description of a numerical model for nanosecond OPCPA devices. The described 

numerical model can assess the performance of OPCPA pumped by a variety of pump 

lasers. A detailed calculation of spectral, temperature and angular bandwidths is given to 

establish some important limitations of light amplification in OPCPA. 

Chapter 4 describes a practical demonstration of a replacement for a 1 pm 

broadband regenerative amplifier CPA with an OPCPA system. Intended as the front end 

for a high-power glass laser, OPCPA produced a 50-fold increase in pulse energy and a 

1 0-fold improvement in conversion efficiency compared to previous experiments that 

used commercial Q-switched pump lasers. Successful pulse recompression and good 

amplified beam quality are encouraging the use of OPCPA in the front end of future 

short-pulse glass lasers. 

A critical element of the scalability of OPCPA to high peak power is achieving 

ultrashort recompressed pulse width. This is demonstrated for the first time in a 

nondegenerate noncollinear OPCPA described in Chapter 5. Recompressed pulse width 

of 60 fs and good energy extraction in the signal pulse temporal window agree well with 

the theoretical predictions for ultrashort pulse amplification in OPCPA. Overall 

extraction efficiency is dramatically improved by construction of the novel hybrid optical 

parametric-Tixapphire CPA system (Chapter 6). Highly efficient production of energetic 

820-nm pulses was achieved for the first time using a single commercial pump laser and 

no electro-optic modulators. It is expected that this approach will find use in both 

scientific and commercial applications. 
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The development of high average power OPCPA depends greatly on construction 

of suitable nanosecond high average power pump lasers. Chapter 7 is dedicated to two 

important issues that have to be examined average power limits and pump laser 

technology. First, realistic average power limits are determined for OPCPA based on the 

available absorption data. A proposal is formulated for higher power scaling through 

advanced cascaded architecture. Second, a possible pump laser technology is discussed 

along with preliminary experimental results. 

High peak power and average power OPCPA will require high-power pump lasers. 

Since the laser beam quality typically degrades with the laser power, the influence of 

beam quality on conversion efficiency in OPCPA is of great concern. A numerical model 

presented in Chapter 8 tackles this problem by plane-wave decomposition of real laser 

beams. It establishes real requirements of the beam divergence that permit high 

conversion efficiency in OPA devices. High conversion criteria are also formulated for 

quick estimates of OPCPA performance. In the final two chapters, some key envisioned 

applications of OPCPA are addressed in more detail and a conclusion is given. 
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Chapter 2 

Nanosecond three-wave 

optical parametric interactions 

In the following text, an introduction to the phenomenology of parametric three- 

wave interactions is given, with a focus on difference-frequency generation (DFG) in the 

nanosecond pulse regime. The use of nanosecond pulses allows the treatment to be 

significantly simplified when compared to the formalism that describes parametric 

interactions of ultrashort (femtosecond and picosecond) pulses. 

First, the wave equation for an electromagnetic wave is derived from Maxwell’s 

equations, and its convenient form is given in the frequency domain. Nonlinear 

polarization is introduced, characteristic for a nonlinear medium in strong laser field. 

Next, coupled wave equations are derived for DFG, and the simplification to plane waves 

is introduced. This is followed by analytical solutions of coupled wave equations in the 

regime of small signal gain and in the regime of depleted pump. 

The importance of phase matching in parametric processes is described in more 

detail in section 4. The most popular phase matching techniques are described in more 

detail, together with representative examples for some common nonlinear crystals. 

Finally, a more thorough description is presented for the nature of light wave propagation 
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on a boundary between vacuum and nonlinear medium, followed by a derivation of 

angular wave vector mismatch. 

While a rigorous approach to three-wave optical parametric interactions includes 

quantum  mechanic^,'^ it is often sufficient and more illustrative to use the classical or the 

semiclassical picture. In the following text, the classical approach is taken following the 

combined work of Shen14 and Boyd.” In the derivations and results presented in this 

Chapter and in the remainder of this dissertation, SI units are consistently used to avoid 

ambiguity. 

2.1. Derivation of the wave equation 

The propagation of an electromagnetic wave at a point in space and time (r, t)  is 

described by Maxwell’s equations: 

v - D(r, 0 = p(r, f) 7 (2.1) 

V-B(r,t) = 0,  (2.2) 

a w ,  t )  
at 

VxE(r,t) = - 

m r ,  t )  V x H(r, t )  = J(r, t )  + 
at ’ 

(2-3) 

(2-4) 

where D is the electric displacement, E is the electric field, B is the magnetic induction, 

H is the magnetic field, p is the charge density, and J is the current density. The 

relationship between vector pairs (D, E) and (B, H) is determined by constitutive 

relations: 

D(r,t) = EoE(r,t)+P(r,t), (2.5) 
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B(r,t) = pH(r,t). (2.6) 

In the constitutive relations, P is the dielectric polarization vector, ri, is the dielectric 

constant of vacuum, and p is the magnetic permeability. In this derivation, only 

nonmagnetic materials (.EM) are considered. Generally, the polarization vector can be 

expanded in its linear and nonlinear terms: 

where the linear term is 

In this relation, x(" is the linear susceptibility tensor. The second and third nonlinear 

terms are somewhat more complicated 

ca 

p(') (r, t )  = jx( ' )  (r - rl ,t - zl;r - rz , t - z,) : E(r, z,)E(r, z,)dr,dz,dr,dz,, (2.9) 

dr, dz, dr2dz2dr3 d z3 , (2.10) 

where x") and x(3) are the second and third order susceptibility tensors, respectively. A 

nearly linear relationship exists between the dielectric displacement and the electric field 

when the electric field is weak. When considering nanosecond three-wave parametric 

interactions, only the second order nonlinear term (2.9) will be included in the nonlinear 

polarization. This approximation is justified by the negligible contribution of the third 

and higher orders of polarization in the intensity regime below -1 GW/cm2, common for 

solid-state materials and nanosecond pulses. 
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The assumption of spatial uniformity and instantaneity of the dielectric response 

results in a simplification of relations (2.8-2.9): 

P(') (r, t )  = E,x'l)E(r, t )  , (2.1 1) 

P(2)(r,t) = x(2)E(r,t)E(r,t), (2.12) 

where 

x(l) (r - r', t - z) = x(')S(z), (2.13) 

x (2) (r -rl ,t - zl;r - r2 , t  - z2) = x(2)S(zl )S(z2). (2.14) 

In a dispersionless medium the displacement vector D can be decomposed into a linear 

(D('1 and nonlinear (P") part: 

D(r,t) = D'"(r,t)+Pm(r,t) = EoE(r,t)+Eox(l)E(r,t)+Pm(r,t), (2.15) 

which is further simplified in case of an isotropic material 

D(t) = E, (1 + ~ ( l )  b(t) + Pm ( t )  = E,E,E(~) + PNL ( t )  . (2.16) 

The quantity E, = 1 + x(') is often termed relative dielectric permeability in linear optics, 

while the total permeability of a dielectric material is E = E,€, . 

By taking a curl of Eq. (2.3) and substituting (2.4) and the constitutive relation 

(2.6), the assumption of no free current (J=O) gives 

= O .  a2D(r, t )  V x V x E(r,t) + p, 
at2 

Nonlinear polarization enters the wave equation by substituting (2.16) into (2.17): 

(2.17) 

(2.18) 

The derived wave equation (2.18) is an inhomogeneous differential equation, with a 

distinct nonlinear drive term on the right hand side. The solution of the homogeneous left 
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hand side of (2.18) is the usual electromagnetic wave propagating through a dielectric 

medium with a phase velocity 1 / & = c / A. 
Since the following discussion includes broad bandwidth pulses at several different 

central frequencies, it is important to derive the frequency-dependent form of the wave 

equation. This can be done by decomposing the electric field, the linear electric 

displacement and the nonlinear polarization into their frequency components: 

E(r,t) = xE,(r , t )  =xEi(r)exp(-imjt) +c.c. (2.19) 
i i 

D(')(r,t) = CDY)(r,t) = xDy)(r)exp(-imjt) + C.C. (2.20) 
i i 

pNL (r,t) = cpi" (r, t )  = C P,? (r> exp(-ioit) + C.C. 

i i 
(2.21) 

Linear electric displacement is obtained from the electric field and the frequency- 

dependent dielectric tensor &(') (0) : 

Dy) (r) = E(*) (@E (r) = E, (1 + x( ' )  (m))E (r) . (2.22) 

Here, the frequency-dependent linear susceptibility tensor x( ' )  (0) is introduced, defined 

by the Fourier transform of the time-dependent susceptibility tensor: 

(2.23) 

The frequency decomposition (2.19-2.2 1) can be now substituted into the wave equation 

(2.18) to obtain a set of wave equations for different frequency components: 

(2.24) 

Finally, decomposition into Fourier components (2.19-2.21) can be included explicitly to 

eliminate the time dependence: 
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V XV x E (r) - w;,uod') (wj)Ej (r) = w;,u,P? (r) . (2.25) 

Eq (2.25) can be simplified if we use the vector identity V X V  x E = V(V - E) - V2E. In 

the case of plane waves, the term V(V-E) vanishes, leaving the wave equation in the 

form of an inhomogeneous Helmholtz equation: 

- V 2 E j  (r) - w~,u0d') (wj)Ej (r) = w;,u0P,? (r) . (2.26) 

Since every beam can be written as a superposition of plane waves, a set of 

inhomogeneous Helmholtz equations is adequate for the subsequent analysis of 

parametric interactions. 

2.2. Coupled wave equations for difference-frequency generation 

The wave equation (2.26) derived in section 2.1. can be used to describe the 

propagation of simple plane waves in a nonlinear medium. Most importantly, it can treat 

simultaneous propagation of waves comprised of different frequency components. A 

multitude of nonlinear effects involving several waves can be described by systems of 

coupled nonlinear wave equations. 

Second-order ~ 2 ) )  nonlinear optical  interaction^'^ include second-harmonic 

generation (SHG), sum-frequency generation (SFG), difference-frequency generation 

(DFG) and optical rectification (OR) - see Fig. 2.1. When the nonlinear wave equation is 

used to describe the propagation of waves coupled through third-order nonlinearity @I), 

effects such as stimulated Brillouin scattering (SBS), stimulated Raman scattering (SRS) 

and self-phase modulation (SPM) can be treated.I5 
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Optical parametric amplification'6 is a process identical to DFG. Historically, DFG 

has been used to describe the mixing of three waves, where the two input waves have 

comparable intensities. The term optical parametric amplification, on the other hand, is 

used to describe the situation when the pump wave exhibits orders of magnitude greater 

intensity than the signal wave on the input face of the nonlinear medium. Since there is 

no fundamental difference between the two processes, particularly when the pump wave 

is appreciably depleted, both terms are used interchangeably in this work. 

Figure 2.1. Second-order nonlinear optical interactions: (a) second-harmonic 
generation (SHG), (b) sum-frequency generation (SFG), (c) difference-frequency 
generation (DFG), (d) optical rectification (OR). 

Before the coupled wave equations for DFG are derived, it is necessary to determine the 

nonlinear source term for DFG. For the two interacting fields I$ and Ek at frequencies q 

and c&, respectively, the second order nonlinear polarization (2.12) takes a form 

= ~ ( ~ 1  (E; (r, t )  exp(-2iwjt) + E: (r, t )  exp(-2iwkt) + P ( ~ )  (r, t )  

€0 

+2Ej(r,t)~,(r,t)exp(-i(wi + q ) t )  + 2~~(r,t)~,(r,t)exp(-i(w, -wilt) +c.c.)+ 
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The component of nonlinear polarization that is responsible for DFG of frequency CQ=CQ- 

4 is 

q(r,t) = 2~,~(~)E~(r,t)E~(r,t)exp(-i(w, - uj)t) +c.c. (2.28) 

Effective nonlinearity deffis defined by the usual relation deocx(2)/2. 

It is assumed that the input fields in DFG are given by infinite plane waves at 

frequencies (signal) and @ (pump), generating a wave at a difference frequency 

@=@-uI (idler). All waves are assumed to be collinear, propagating in 2 direction in the 

lab reference frame, and can be described by 

Ej(z,t) = Aj(z)exp(i(kjz-ujt))+c.c.  ,j=1,2,3. (2.29) 

The nonlinear source term for DFG at the signal frequency is 

e(z , t )  = e(z)exp(-iu,t)+c.c. = 4~ ,d~~A;( z )A , ( z ) exp( i ( (k ,  - k,)z-ult))+c.c. (2.30) 

Substitution of (2.30) into the wave equation (2.26) for signal yields 

+ 2ikl - dA1(z) - k:Al (z) + W:,U,E(~) (u l )A ,  (z) exp(i(klz - q t ) )  + c.c. = 
dz 

(2.3 1) W 2  - 4d, +A; (z)A3 (z) exp(i(k, - k2)z - ult))+ C.C. 
C 

Using the identity k2 =w2,u0d1) and dropping the complex conjugate terms and 

collecting the exponential terms on both sides simplifies the equation to 

4 = 4d, + 2ik, - A; (.)A3 (z) exp(i(k, - kl - k2)z - q t )  
dAl(Z) d2Al (2) 

dz2 dz C (2.32) 

Using the slowly varying amplitude approximation [d ' A  / dz2 I << Ik dA / dzl), the second 

derivative term in (2.32) can be dropped, giving the final wave equation for signal: 
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(2.33) 

where Ak is the wave vector mismatch. Similar wave equations can be derived for idler 

and pump waves: 

(2.34) 

dA3(z) = i 2dg2 A,(z)A2 (z)exp(-ik) . 
dz k3c 

(2.35) 

Equations (2.33)-(2.35) represent the final system of coupled differential equations for 

field amplitudes of signal, idler and pump waves in DFG, with the approximations and 

assumptions introduced above. 

2.3. Solutions of wave equations for optical 

parametric amplification with nanosecond pulses 

Under special conditions, the system of coupled wave equations (2.33-2.35) can be 

solved analytically. The first analytical solution was given by Armstrong et a1." 

Following their treatment, absorption is neglected and an assumption is made that the 

interacting fields consist of infinite plane waves. A simplified solution, which does not 

include pump depletion, is derived first. In this case, AS=const and Eq. (2.33) is 

differentiated to obtain 

(2.36) 

dA; / dz can now be eliminated from (2.36) by substitution of (2.34): 
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(2.37) 

With a definition 

(2.38) 

the equation for the field A1 is 

(2.39) 

For a complete set of boundary conditions for signal and idler, the solution is: l5 

Crystal length 

Figure 2.2. Qualitative behavior of the solutions for signal and idler in OPA 
operating in the small signal regime. Solid lines indicate the solution without 
dephasing, while dashed lines correspond to the solution for A k 3 f i ~ * .  No 
incident idler is present. 
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In Fig. 2.2, the solution is presented for two sets of initial conditions. It is important to 

note the phase sensitivity of optical parametric amplification with respect to the incident 

idler. In the common case of small-signal optical parametric amplification, the incident 

idler is absent (A2(0)=0). In that case, the solutions for small signal optical parametric 

amplification reduce to 

(2.42) 

(2.43) 

An important aspect of the solution is the fact that the fields of the signal, idler and pump 

are coupled and the amplification of the signal cannot be effectively be decoupled from 

the idler amplification (through, for example, idler absorption). 

Armstrong et all7 derived the general solution for DFG with pump depletion. Their 

result for signal and idler contains elliptical sine hctions, and can be written in a 

convenient form for signal gain G 

No)] sinc' (7) , 

(2.45) 

A qualitative solution for the pump conversion to signal and idler is shown in Fig. 2.3. 

An important relation among the intensities of the signal, idler and pump wave can be 

derived from the coupled wave equations (2.33-2.35): 

(2.46) 
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This relation is called Manley-Rowe relation," and it indicates that the rate of the 

creation of the signal and idler photons is equal to the rate of destruction of pump photons 

in a lossless medium. This is fully consistent with a full quantum mechanical description 

of the parametric process. 

Crystal length 

Figure 23. Qualitative behavior of the solutions for signal and idler in OPA 
operating in the regime of depleted pump. Solid lines indicate the solution 
without dephasing, while dashed lines correspond to the solution for 
&3fi@*. No incident idler is present, while the initial condition for the 
signal is Psignclr(0)/~~~~~(0)=0.2.  

2.4. Phase matching 

The flow of energy among the pump, signal and idler waves is sensitive to their 

phase relationship. Maximum conversion is achieved when that phase relationship is 

constant and equals 43 - - & = -n/ 2 . A change of the phase relationship among the 

waves causes the energy to flow back to the pump wave before the pump energy has been 

completely depleted. The change of phase occurs over a distance which is called the 

16 



coherence Zength Zc=l/Ak. The requirement for phase matching can be written in terms of 

wave vectors for the three waves: 

k,  +k,  = k , .  (2.47) 

In the case the waves are collinear, the requirement (2.47) has a simple scalar equivalent 

kl+k2 =k3,  (2.48) 

where kl=lklI, k2=lk21, add k3=lk3]. The cases of collinear and noncollinear phase matching 

are shown schematically in Fig. 2.4. 

Figure 2.4. (a) Collinear phase matching, (b) noncollinear phase matching. 

In a dispersionless medium, phase matching would be achieved naturally for any 

combination of collinear wave vectors, since it would be identical to the conservation of 

energy. However, all media exhibit dispersive properties, resulting in a mismatch in 

phase velocities. Moreover, normal material dispersion prevents the phase matching to be 

achieved by using solely noncollinear geometry in a non-birefringent medium. This can 

be seen by considering the relationship between the refractive indices for normal 

dispersion: n(;l~)<n(&) for A,>&. In a noncollinear geometry we have 

n, /A,  + n, /;12 2 n3 / A ,  which is impossible to satisfjr for the conservation of energy 

requirement 1 / A, + 1 / ;12 = 1 / 4 and the wavelength relationship among three waves (AI, 

22 > &). In an effort to alleviate this problem, different phase matching  scheme^'^ have 

been invented to permit a long coherence length in parametric processes. The three most 
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popular phase matching techniques in nonlinear optics are briefly described here, along 

with some examples. 

Angular phase matching 

Angular phase matching was the first experimentally demonstrated phase matching 

technique?02’ This method utilizes birefringent materials, which exhibit different 

refractive indices for different polarizations. Phase matching can be achieved for a 

particular combination of polarizations used for the signal, idler and pump waves 

propagating in a specific direction through an anisotropic material. Typically, one or two 

of the waves is in the ordinary polarization state, experiencing a constant refractive index 

irrespective of the propagation direction. The other waves are polarized orthogonally, and 

their refractive indices are functions of the propagation angle with respect to the crystal 

axes. These waves are called extraordinary waves. Two types of angular phase matching 

can be designated for DFG: type I corresponds to the case when the signal and the idler 

wave have the same polarization, while type 11 corresponds to the case when they have 

orthogonal polarization. For instance: 

Type I: signal (0) + idler (0) = pump (e); 

Type 11: signal (e) + idler (0) = pump (e), 

where ‘‘o” denotes ordinary and “e” denotes extraordinary polarization. In uniaxial 

crystals, two characteristic refractive indices can be identified no (ordinary) and ne 

(extraordinary). An extraordinary wave propagating at an angle 8 with respect to the 

crystal 2 -axis in the principal plane of the crystal has an effective refractive index ne( 9, 

which is a combination of the two characteristic refractive indices. Analytical solutions 
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can be usually derived for different types of phase matching in uniaxial and biaxial 

crystals. Typical angular phase matching curves calculated for collinear DFG in beta- 

barium borate (BBO)2293 and potassium dihydrogen phosphate (KDP)24 are shown in 

Fig. 2.5. 

22.0 22.2 22.4 22.6 22.8 
Pump angle (") 

41.5 42.0 42.5 
Pump angle (") 

Figure 2.5. Angular phase matching curves for pump in (a) BBO, (b) KDP. The 
pump wavelength is 532 nm. The mixing process is type I: signal (0) + idler (0) 

= pump (e). The geometry is collinear, and the Sellmeier coefficients are taken 
from references (a) 22, (b) 24. 

Temperature phase matching 

While angular tuning can be used to obtain critical phase matching (CPM), phase 

matching along one of the principal crystal axes can be achieved by temperature tuning.25 

Phase matching while propagating along one of the crystal axes is called noncritical 

phase matching (NCPM). NCPM has an advantage over CPM in that no transverse walk- 

off of the beams occurs, resulting in an improved spatial overlap of the beams. NCPM 

can be achieved by using the temperature dependence of the refractive index in a 

nonlinear material. Generally, temperature phase matching can be also used in 
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combination with CPM, particularly when it is more practical to modi@ and stabilize the 

crystal temperature than to implement a mechanism for fine angular tuning. 

An example for temperature phase matching curve in lithium borate (LBO)26 is 

shown in Fig. 2.6. While NCPM can be successfully used in OPAs pumped by divergent 

pump sources due to its large angular bandwidth, its application in high average power 

nonlinear optics remains limited by a narrow temperature bandwidth. 

110 120 130 140 150 160 
Temperature ("C) 

Figure 2.6. Temperature phase matching curves for NCPM LBO 
pumped at 532 nm. The mixing process is type I signal (0) + idler (0) 
= pump (e). The Sellmeier coefficients are taken from reference 25. 

Quasi-phase matching 

Quasi-phase matching (QPM) was the original proposed method for achieving 

phase mat~hing,'~ but it has been used experimentally only re~ently?~ as a consequence 

of the technological difficulties associated with manufacturing thin domains 

corresponding to short coherence lengths. The basic principle of QPM is the alternating 

sign of the nonlinear coefficient with a characteristic period of an integer multiple 

(usually one) coherence length in a periodically poled material (Fig. 2.7). Quasi-phase 
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matching has several significant advantages compared to other phase matching methods. 

Wavelength tuning can be achieved simply by designing the right poling period to match 

the process coherence length (Fig. 2.8). 

depleted pump 

amplified signal, idler 

Figure 2.7. Periodically poled material has an alternating sign of effective 
nolinearity def, with a characteristic period of coherence length. The pump and 
signal beams are incident on the crystal perpendicular to the crystal axis and 
domain interface. 

Wavelength (nrn) 

Figure 2.8. Poling period for QPM along 2axis in lithium 
niobate as a function of signal wavelength. The pump is at 532 
nm, and the crystal is at a temperature of 293 K. 

Advantage can be taken of the crystal axis which produces maximum nonlinearity, 

allowing the crystal to be shorter for the same conversion efficiency. Transverse walk-off 

in the crystal is avoided by propagating along one of the crystal axes. Finally, the 

flexibility of poling allows for construction of monolithic devices which can perform 
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additional operations such as pulse compression simultaneously with nonlinear 

conversion?829 A disadvantage of the periodically poled materials is their limited 

aperture as a consequence of large electric field necessary for material poling. Despite 

these problems, approaches are being taken to increase the available aperture?’ The most 

common periodically poled materials today are PPLN (periodically poled lithium 

n i ~ b a t e ) ~ ~  and PPKTP (periodically poled potassium tripho~phate).~’ 

2.5. Light waves on the boundary of vacuum and nonlinear medium 

For a correct calculation of phase mismatch that occurs due to angular deviation of 

the beams, it is important to include the properties of the interface between vacuum and a 

medium that exhibits nonlinearity. Those properties were first studied by Bloembergen 

and P e r ~ h a n . ~ ~  In Fig. 2.9 the interacting waves on the boundary between the vacuum and 

a nonlinear medium are presented. A pump wave with wave vector k30 and a signal wave 

with wave vector klo are incident on the boundary. The pump wave vector k30 is chosen 

perpendicular to the boundary, and the signal is incident with an external noncollinear 

angle SZ. A perfect phase matching is achieved in the crystal for the combination of 

transmitted signal klo’ and transmitted pump k30’, with the internal noncollinear angle 

SZ’. An incident idler with wave vector k20 conserves the nonlinear Snell’s law32 on the 

boundary and is transmitted as k20’. The amplitude of the incident idler is zero, which is 

consistent with the continuity of the idler wave on the boundary. The waves reflected on 

the boundary are not included, as they do not have relevance to optical parametric 

amplification. 
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. . .  . 

k30’ 
nonlinear medium 

k30 
vacuum 

Figure 2.9. Waves on the boundary of vacuum (air) and nonlinear 
medium. The interface is perpendicular to the plane of paper. 

Next, the wave vectors of the incident signal k1 and pump k3 are considered, with 

the associated transmitted signal wave vector kl’ and transmitted pump wave vector k3’. 

The wave vectors kl and k3 exhibit a small angular deviation from the ideally phase- 

matched waves by the external angles pl and @, respectively. The refracted field angles 

and wave vectors (pl ’, 93’ ,  kl’, and k3’) are calculated from the incident angles and wave 

vectors: 

(2.49) 1 

n1 
sin(nl+pl I) = -sin@ + p, ) , 

~ h p ~ ~ = - s i n p ~ ,  1 (2.50) 
n3 

kl ’= k p , ,  k, ’= k,n,, k3 ’= k3n3, (2.5 1) 

where nl, n2 and n3 are the refractive indices of the transmitted signal, idler and pump. 

The solution for the idler wave in a nonlinear medium consists of a homogeneous and a 

particular ~olution.2~ The driven idler wave kzs’ corresponds to the homogeneous 

solution, while the transmitted idler kz’ corresponds to the particular solution. The 
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transmitted idler k2' is generated in the interaction. The incident idler angle e, the driven 

idler angle es', and the transmitted idler angle e' can be extracted from the boundary 

conditions: 

k2 sinp2 = kl sin(lR+p,)-k3 sinp3, (2.52) 

k 2 s ' ~ ~ ~ p 2 s 1 =  k31~~~p31-k,'~~~(R'+pl'), (2.53) 

sin p2'= -sin 1 p2. (2.54) 
n2 

Finally, the phase mismatch is given by the difference between the transmitted idler wave 

and the driven idler wave: 

Ak = k 2 ' ~ ~ ~ p 2 ' - k 2 s t ~ ~ ~ p 2 s ' .  (2.55) 

In the paraxial limit, the exact expressions (2.49-2.55) give a simple equation for wave 

vector mismatch: 

(2.56) 

The expression (2.56) for the wave vector mismatch is more convenient for numerical 

evaluation. It is sufficiently accurate for numerical modeling of wave vector mismatch 

between laser beams, where angular deviations are relatively small. 

The next task is to determine the wave vector mismatch in biaxial crystals. Three 

distinct crystallographic axes (X, Y, Z) can be defined for biaxial crystals. The refractive 

indices for fast and slow waves are the solutions of the general Fresnel equation:33 

24 



(2.57) sin2 6 cos2 9 sin2 6 sin2 9 cos2 6 
l /n2  -1/ni I /n2 -Un? l /n2  -l/nz + 4- 2 = o ,  

where 6 and 9 are the usual polar angles, and nx, ny and nz are the refractive indices of 

the waves propagating along the respective crystallographic axes. The index of refraction 

in the direction defined by the angles (8, @) is n. Departures from ideal phase matching 

are considered by tilting the beams in both angular directions. In the paraxial limit, the 

transmitted signal and pump wave angles are 

The incident and the transmitted idler wave angles are 

(2.58) 

(2.59) 

(2.60) 

(2.61) 

(2.62) 

A self-consistent calculation can be performed to obtain the transmitted angles from the 

incident angles. This is important because the refractive indices themselves are functions 

of transmitted angles. The driven idler wave is 

k;, COS vis cos Si, = k; cos pi cos 6; - k; COS pi COS 6; . 

The wave vector mismatch is 

Ak = k; cos p; cos 6; - k;, cos pis cos e;, (2.63) 

In Chapter 3, a calculation of angular bandwidth is performed for different nonlinear 

materials using the formalism presented in this section. 
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Chapter 3 

Modeling of optical parametric 

chirped pulse amplification 

Main advantages for the use of OPAs in CPA are substantiated by calculations 

presented in this Chapter. A brief overview of CPA is initially presented, including the 

motivation, basic principle, typical system components and prior experimental results. 

The concept of OPCPA is introduced and its background is presented in a similar fashion. 

The subsequent calculations illustrate the possibility of simultaneous large gain and broad 

amplified bandwidth in OPCPA. The calculations of spectral bandwidth and phase 

illustrate the feasibility of ultrashort pulse amplification and its high-fidelity 

recompression. Broad bandwidth regions are identified in several nonlinear materials. 

Temperature bandwidth calculation is performed to identifl materials capable of handling 

high average power OPCPA. The calculation of angular bandwidth determines the 

practical requirements for pump lasers that are used in OPCPA. A simple calculation of 

pulse contrast in OPCPA is presented, which is of importance for certain classes of target 

experiments. In the end, the developed numerical model is described, which is used for 

OPCPA design in subsequent chapters. 
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3.1. Chirped pulse amplification (CPA) 

The pulse energy extracted from a laser is limited by the available volume of the 

pumped gain medium, which can maximally provide the energy stored in the population 

inversion. With the laser volume and aperture limited by the gain material mechanical 

characteristics, cost, and quality, another approach for producing high peak power is 

decreasing the pulse duration. With the advent of ultrashort pulse generation techniques 

such as mode-locking,6 direct amplification of ultrashort pulses to high energies in laser 

gain media became limited by the induced nonlinear effects and damage threshold of the 

laser medium. At high intensities associated with those pulses, the nonlinear component 

of the refractive index becomes more important: 

n=n, +n,I, (3-1) 

where n is the total refractive index, no is the refractive index in the absence of the 

external field, n2 is the nonlinear refractive index, and I is the laser pulse intensity. The 

origin of the nonlinear refractive index is in third-order susceptibility. In the usual case of 

positive nonlinear refractive index, more intense regions of the laser pulse (typically near 

the transverse beam center) experience a greater refractive index than the less intense 

regions. In effect, laser gain medium acts as a lens that distorts and focuses the beam. The 

result is gain medium damage by the runaway effect of s e l f - f ~ u s i n g ~ ~  seeded by the 

most intense parts of the beam profile. 

Nonlinear self-focusing limits the peak power obtainable directly from a solid-state 

laser aperture to intensities on the order of GW/cm2. Chirped pulse amplification7 (CPA), 

first demonstrated in 1985, represents the enabling technology behind the production of 
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35-37 extremes in peak power from lasers. The basic principle of CPA is shown 

schematically in Fig. 3.1. A CPA system starts with a short-pulse oscillator, which 

typically produces nJ-level pulses. It is followed by a pulse stretcher, which introduces a 

positive group delay on the spectral components of the broadband short pulse, effectively 

stretching it in time and chirping it. The low-energy stretched pulse is subsequently 

injected into a laser gain medium and amplified. Finally, the amplified chirped pulse is 

introduced into a compressor, which produces a negative group delay and recompresses 

the amplified pulse. The result of CPA is an energetic short pulse with otherwise 

unattainable level of peak power. 

Stretcher 

Stretched 

I 
Laser power 

amplified 

Amplified 
short pulse 

ampiifier 

Compressor 

Figure 3.1. Chirped pulse amplification using a laser amplifier 

The fundamental characteristic of CPA is that it allows high fluence level and high 

energy extraction from the laser amplifiers, while avoiding prohibitively high intensities 

and the resulting self-focusing problem. Typical designs of the stretcher-compressor pair 

involve components that induce angular dispersion, such as diffi-active gratings and 
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prisms, or linearly dispersive elements such as optical fibers. The compressor-stretcher 

design shown in Fig. 3.1 is based on the original T reacy-Mar t ine~~~~  difiactive grating 

arrangement and is used extensively to provide large stretching ratios, typically 103-1 04. 

CPA using laser amplifiers has been successfidly applied to develop tabletop 1 TW 

- 100 TW  system^:^.^^ particularly those based on Ti:sapphire. Development of large 

aperture diffractive optics43 has enabled the extremes of power to be produced from large 

glass laser facilities utilizing CPA. The development recently culminated with more than 

a 1 PW of power obtained from a hybrid Tksapphire-Ndglass CPA system.44 

3.2. Optical parametric chirped pulse amplification (OPCPA) 

The fundamental difference between a laser gain medium and an OPA is that a 

laser gain medium stores the integrated pump energy, whereas OPA relies on an 

instantaneous nonlinear process for amplification. In an alternative view, OPA can be 

regarded as a zero-lifetime laser gain medium. The absence of relaxation lifetime in OPA 

indicates that the pump must be present and temporally overlapped with the signal during 

the amplification process in OPA. 

While conventional CPA uses laser amplifiers as gain media, optical parametric 

chirped pulse amplification (OPCPA) instead utilizes OPAs. The principle schematic in 

OPCPA is shown in Fig. 3.2. The important component of the OPCPA system is the 

pump laser and the precise timing system that ensures that the pump and signal pulses are 

overlapped in time during amplification in OPA. 
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n Stretched 

Amplified 
short pulse 

i Compressor : ..................................................................................... : 

Figure 3.2. Optical parametric chirped pulse amplification 

Pump intensity (MW/cm2) 
Figure 3.3. Single-pass gain in a 10 mm long BBO 
crystal; &=lo54 nm, &=532 nm. 

OPCPA was conceived in 1986;’ while the first demonstration including pulse 

compression was done in 1992 by Dubietis et all2 The concept has been subsequently 

expanded by Ross et al. l 3  to determine the practical limits of the technology in obtaining 
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high peak power. Theoretical scaling arguments'3p46 and preliminary were 

presented, suggesting that a maximum power of 15 PW is possible using OPCPA and the 

current state-of-the-art compression grating technology. 

OPCPA is a process which can proceed efficiently in the nanosecond pump regime, 

where the maximum intensities which are safely below damage threshold can be as high 

as 1 GW/cm2. Nonlinear materials are available which exhibit high enough nonlinearity 

to enable large gain from a relatively short (-cm) crystal. As an example, small signal 

gain in BBO as a function of the pump intensity and crystal length is calculated and 

shown in Fig. 3.3. It is apparent that gain as high as 103-104 can be obtained in a single 

pass through a BBO crystal which is only 10 mrn long and is subjected to intensities of 

several hundred MW/cm2, safely below the BBO damage threshold!8 This reveals one 

great advantage of using OPA in CPA: very large gain in OPA allows single pass 

amplification of the chirped signal pulse over many orders of magnitude, eliminating 

expensive and complicated multipass architectures of common CPA laser systems. 

3.3. OPA spectral bandwidth 

Conventional lasers typically exhibit relatively narrow spectral lines, which can in 

certain instances be broadened by processes such as the lifetime, phonon, Doppler and 

strain br0adening.4~ In some cases, the characteristics of the laser gain medium are 

particularly favorable for broadband amplification, such as in Ti:sapphire?' In addition to 

large tunability, a very important feature of amplification in OPCPA is a large spectral 

bandwidth that is possible to obtain in type I phase-matched processes. 
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In OPAs that operate near degeneracy (&=A), broad bandwidth is achieved best in 

collinear geometry (see Fig. 3.4 for spectral bandwidth calculations of nearly degenerate 

OPA in several nonlinear crystals). 

950 1000 1050 1100 1150 
Signal wavelength (nm) Signal wavelength (nm) 

950 1000 1050 1100 1150 
Signal wavelength (nm) Signal wavelength (nm) 

Figure 3.4. Nearly degenerate OPA spectral bandwidth for a) BBO, b) KDP, c) 
critically phase-matched LBO, and d) noncritically phase-matched LBO. The 
crystals are pumped by 4=532 nm at an intensiy of 500 MW/cm2. The length 
of the crystal is adjusted to produce a gain of 10 at the signal center wavelength 
&=lo54 rim. 

In OPAs that operate far from degeneracy, it is necessary to take advantage of 

noncollinear phase matching, which can dramatically increase the bandwidth in some 

instances. Fig. 3.5 shows the result of the spectral bandwidth calculation for 



nondegenerate OPA for a variety of noncollinear angles R. It is important to note that, for 

a given wavelength of the pump, a certain-"magic" noncollinear angle exists which 

maximizes the OPA bandwidth around a certain favorable signal center wavelength. 

140, I 

Signal wavelength (nm) Signal wavelength (nrn) 

750 800 850 900 950 1000 1050 
Signal wavelength (nm) 

Figure 3.5. Nondegenerate OPA spectral bandwidth for (a) BBO, (b) KDP, (c) critically 
phase-matched LBO. The crystals in (a) and (c) are pumped by &=532 nm, while the 
crystal in case (b) is pumped by &=351 nm. Pump intensity is 500 MW/cm2. The length 
of the crystal is adjusted to produce a gain of lo2 at the signal center wavelength: (a) 
&=800 nm, (b) &=550 nm, (c) &=SO0 nm. 

Figure 3.5 suggests that, in addition to degeneracy, a very broad spectral bandwidth can 

be amplified at a center wavelength of 850 nm in BBO and 900 nm in LBO when those 

crystals are pumped at a wavelength of 532 nm (second harmonic of a Ndglass laser). A 
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very broad spectral bandwidth can be obtained from KDP at a center signal wavelength 

near 550 nm when the crystal is pumped at a wavelength of 351 nm (third harmonic of a 

Nd:glass laser). 

3.4. OPA spectral phase 

An important consideration in a broadband OPA is the measure of spectral phase 

imparted on the chirped pulse during amplification. The importance of the spectral phase 

stems from the requirement for high fidelity recompression of the amplified pulses in 

CPA. Since the final recompressed pulse is affected not only by the spectral amplitude 

bandwidth, but also by the spectral phase, it is important to identify the sources of 

spectral phase in OPA. 

The origin of the spectral phase during amplification in conventional laser materials 

is usually the nonlinear refractive index @-integral)” associated with high beam 

intensity while propagating through a relatively long gain medium. In optical parametric 

amplification, the spectral phase is a result of the wave vector mismatch among different 

spectral components of signal, idler and pump waves. The calculation of the imparted 

phase on the amplified pulse across the spectral bandwidth indicates a correlation 

between the amplitude and phase parts of the spectral bandwidth. It can be also observed 

that the imparted phase is sufficiently small for femtosecond pulse amplification and 

follows a pattern which can be compensated. The calculation of spectral phase in 

collinear and noncollinear geometry is given in Figs. 3.6-3.7, accompanying the cases of 

amplitude bandwidth presented in Figs. 3.4-3.5. 
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Figure 3.6. Nearly degenerate OPA spectral phase for (a) BBO, (b) KDP, (c) 
critically phase-matched LBO, and (d) NCPM LBO. The crystals are pumped by 
&=532 nm at an intensity of 500 MW/cm2. The length of the crystal is adjusted to 
produce a gain of lo2 at the signal center wavelength &=lo54 nm. 
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Figure 3.7 Nondegenerate OPA spectral phase for (a) BBO, (b) KDP, and (c) critically 
phase-matched LBO. The crystals in (a) and (c) are pumped by &=532 nm, while the 
crystal in case (b) is pumped by &=351 nm. Pump intensity is 500 MW/cm2. The length 
of the crystal is adjusted to produce a gain of lo2 at the signal center wavelength (a) 
&=850 nm, (b) &=go0 nm, (c) &=550 nm. 

3.5. OPA temperature bandwidth 

Temperature dependence of the refractive index can be successfully applied in 

noncritical phase matching, as described is section 2.4. An important design 

consideration in OPCPA systems that will produce high average power is the temperature 

bandwidth of OPA. The origin of the temperature bandwidth is in the temperature- 

induced wave vector mismatch. The temperature bandwidth of common nonlinear 

materials used as OPAs is shown in Figs. 3.8-3.9. 
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The advantage of BBO in high average power applications is evident from Figs. 

3.8-3.9, indicating that over 30 K cm FWHM temperature bandwidth is available when 

operating near degeneracy. 

-30 -20 -10 0 10 20 
Temperature detuning (K) Temperature detuning (K) 

Temperature detuning (K) Temperature detuning (K) 

Figure 3.8. Nearly degenerate OPA temperature bandwidth for (a) BBO, (b) KDP, 
(c) critically phase-matched LBO, and (d) NCPM LBO. The crystals are pumped by 
&=532 nm at an intensity of 500 MW/cm2. The length of the crystal is adjusted to 
produce a gain of lo2 at the signal center wavelength &=lo54 nm. Center 
temperature is 294 K, except in case (d), where it is 435 K. 

37 



Temperature detuning (K) Temperature detuning (K) 

Temperature detuning (K) 

Figure 3.9 Non-degenerate OPA temperature bandwidth for (a) BBO, (b) KDP, and (c) 
critically phase-matched LBO. The crystals in (a) and (c) are pumped by &=532 nm, 
while the crystal in case (b) is pumped by &=351 nm. Pump intensity is 500 MW/cm2. 
The length of the crystal is adjusted to produce a gain of lo2 at the signal center 
wavelength (a) &=SO0 nm, (b) &=SO nm, (c) &=800 nm. Nonlinear angles are 
identical to the ones in Fig. 3.7. Center temperature is 293 K. 

3.6. OPA angular bandwidth 

OPAs exhibit angular bandwidth associated with the deterioration of phase 

matching when the propagation direction of one or multiple beams deviates from the 

ideally phase-matched direction. This is particularly important in the case of deteriorating 

beam quality, when the beam propagates in an ensemble of directions. Two main effects 
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contribute to dephasing with angular beam deviation. First, modification of the refractive 

index with the propagation direction modifies the magnitude (length) of the wave vectors. 

Second, modified noncollinear geometry contributes to dephasing through differences in 

the projection of the wave vectors in the direction perpendicular to the medium boundary. 

Figure 3.10. Angular bandwidth of (a) BBO, (b) KDP, (c) critically phase-matched 
LBO, and (d) NCPM LBO. The sensitivity is plotted as a function of angular 
deviation of the pump beam in two principal directions (8 and @. The crystals are 
pumped by 4=532 nm at an intensity of 500 MW/cm2. The length of the crystal is 
adjusted to produce a gain of lo2 at the signal center wavelength &=lo54 nm. The 
geometry at zero deviation is collinear. 

The angular bandwidth of OPA with respect to angular deviation of the pump is 

calculated by utilizing phase matching considerations on a boundary between vacuum 

and nonlinear medium, as described in section 2.5. Results are shown in Fig. 3.10 for 
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several nonlinear crystals. Note the particularly 

indicating its large tolerance to beam quality. 

Angular deviation (rnrad) 

-1 0 -5 0 5 10 

large angular bandwidth of NCPM LBO, 

-4 -2 0 2 4 
Angular deviation (rnrad) 

.. . .... .. ... .. 

-1 0 -5 0 5 D 
Angular deviation (rnrad) Angular deviation (mrad) 

Figure 3.11. Angular bandwidth of (a) BBO, (b) KDP, (c) critically phase-matched 
LBO, and (d) NCPM LBO. The sensitivity is plotted as a fhction of angular deviation of 
the pump beam in one of the two principal directions, with zero deviation in the other 
direction. Solid lines represent dephasing in the sensitive direction (9, while dashed 
lines represent dephasing in the insensitive direction (@. The crystals are pumped by 
&=532 nm at an intensity of 500 MW/cm2. The length of the crystal is adjusted to 
produce a gain of lo2 at the signal center wavelength &=lo54 nm. The geometry at zero 
deviation is collinear. 

Another feature of critically phase-matched crystals can be noted from Figs. 3.1 1: 

for extraordinarily polarized beams, a large anisotropy is observed in the angular 

tolerance. This is the result of a much stronger dependence of the wave vector mismatch 

on the change of amplitude of the refractive index than on the change in the wave vector 

40 



projection perpendicular to the crystal surface. It is therefore very important to achieve a 

good beam quality and beam collimation in the crystal “sensitive” direction. These results 

are expanded in Chapter 8, when attention is drawn to beam quality requirements in 

OPAs. 

3.7. Pulse contrast in OPA 

One dificulty with some applications in which high peak power laser systems are 

used is the requirement for high contrast level. In high-intensity target experiments, the 

prepulse associated with poor contrast level can cause a perturbation of the target before 

the arrival of the main laser pulse. The contributing factors to pulse contrast include 

amplified spontaneous emission (ASE)52, leakage from regenerative amplifiers and hard- 

edge spectral clipping on the compressor gratings and other optical components. In the 

regenerative (multipass) amplification process, each time the pulse completes one round- 

trip in the multipass cavity, a small fraction (-1%) leaks out of the cavity. Hence, the 

system produces prepulses spaced at integer multiples of cavity round-trip time ahead of 

the main pulse. While using larger compressor gratings can eliminate spectral clipping, 

the pulse contrast remains fundamentally limited by the ASE and leakage from 

regenerative amplifiers. 

OPAs offer a way to improve the contrast level. Since optical parametric 

amplification is typically realized in a single-pass configuration, the prepulse due to the 

regenerative amplifier leakage is automatically eliminated. It is still important to evaluate 

the parametric fluorescence (PF)53 in an OPA, a process analogous to ASE in lasers. 
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While a full description of PF requires quantum mechanics:3354 it is sufficient to consider 

the process as semiclassical. In that picture, PF is treated as optical parametric 

amplification of one photon per mode, arising from the vacuum field fluctuation. The 

“seed” photon can be in either the signal or the idler field, but the same result is obtained 

if 112 of one photon is contained in each of the two fields. By considering the total 

number of modes, the angular and spectral power distribution can be calculated for PF. 

For a simple calculation of PF, only the modes collinear and phase-matched over 

the entire bandwidth are considered? The seed power for PF is 

PSed = hVAV,  (3.1) 

where h is the Planck’s constant, v is the center frequency, and A v  is the frequency 

bandwidth over which phase matching occurs. The total PF amplified power can be 

simply calculated ad3 

PPF = P,,,Go 3 (3-2) 

where GO is the small signal gain in OPA. This simple calculation can be used to compare 

PF to ASE from laser. Ross et al l3  performed preliminary calculations that indicate an 

improvement of one order of magnitude in the background PF compared to the ASE 

emanating from an equivalent Tksapphire laser. 

The improvement of the contrast level in a system that uses OPCPA is more 

evident when the instantaneous nature of the amplification process is considered. 

Matching the pulse width of the signal and pump pulse in OPA guarantees that the 

amplification occurs only when the main signal pulse is present in the amplifier. This is 

in sharp contrast to laser amplifiers, which provide same or greater gain for prepulses 

than for the main pulse. 
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3.8. Spatial and temporal discretization 

In the experiments described in Chapters 4-6, numerical modeling was found to be 

a critical step for optimizing the performance of OPCPA systems. The developed OPCPA 

model is based on a numerical solution for the system of coupled differential equations 

for difference-frequency generation. The system that describes traveling waves can be 

written in a concise form as derived in section 2.2: 

dA, 2w2 
- = i-dgA,*A3 exp(iAkz), 
dz n2c 

dA, 2w3 
-= i-d&,A, exp(-iAkz). 
dz n3c 

where A I ,  A2 and A3 are the amplitudes of the electric field of the signal, idler and pump, 

respectively, de# is effective nonlinearity, and Ak is the wave vector mismatch. The 

temporal walk-off due to group velocity dispersion is neglected because only long 

(nanosecond) pulses are used. Diffraction effects are not included in the model explicitly 

due to their weak relative impact compared with the temporal and spatial modulation. In 

particular, two effects arising from diffraction can influence gain and conversion 

efficiency in optical parametric amplification. First, variable beam diameter causes 

axially nonuniform intensity. Second, angular dephasing leads to reduced gain due to 

finite angular acceptance of the nonlinear process. Both of these effects are insignificant 

with weakly focused beams used in nanosecond OPCPA. 
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Eqs. (3.2) model the interaction of plane waves and have to be suitably modified to 

describe the situation when the beam diameter is finite and the beam has a nonuniform 

transverse intensity profile. In addition, temporal and spectral modification of the signal 

pulse occurs in OPCPA when the pump pulse intensity is not a temporal constant. 

Finally, the effect of Poynting vector walk-off for extraordinary waves in nonlinear 

crystals presents an additional effect that requires inclusion in the model. This is 

particularly important when the beam diameter is comparable to the total transverse walk- 

off over the nonlinear crystal length. 

Those effects can be included by solving Eqs. (3.2) numerically on a 3-dimensional 

grid in space and time. The assumed intensity distribution at a point is: 

i = 1,2,3 , (3-3) 

where I is the beam intensity, x and y are the two transverse coordinates, and t is the 

temporal coordinate. The intensity distribution is normalized in the following fashion: 

m m m  1 l I i  (x, yy tpxdydt = E j ,  i = 1,2,3 , 

where E is the pulse energy. A zero phase is assigned to the electric field of the seed and 

pump at the input face of the crystal (~0). This is consistent with the insensitivity of 

optical parametric amplification with respect to the initial phase relationship between the 

seed and the pump when an idler is not initially present. Additionally, the effect of pump 

beam Poynting vector and noncollinear angle is introduced. Poynting vector walk-off 

angle, p, is assumed in one direction (x), and the noncollinear angle for the signal 

(.RlX, Q I Y )  and idler beam (GX, .R2,,) is assumed in two directions. The appropriate 
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transverse parts the signal, idler and pump are accounted for at the point z in the crystal 

by calculating the corrected transverse displacement: 

xl'=xl +s2],2,  yI1=y1 +Q,,z, (3.5) 

x z l = x z  +Q22xz, yz l=yz  + Q Z , Z ,  (3-6) 

x 3 ' = x 3 + p z ,  (3.7) 

where (XI', y ~ ' ) ,  (xz', y2') and x3' represent the corrected transverse coordinates for the 

signal, idler and pump, respectively. 

In CPA the spectrum is linearly chirped in time, so the phase mismatch due to 

spectral bandwidth can be included by assigning the appropriate value for wave vector 

mismatch and its projection in the direction normal to the crystal surface: 

k(t) = k3 - k, N-k2 (t) , (3.8) 

Finally, the system of differential equations can be written as 

A discretization of the electric field is performed on the grid of (DX, DY, DT) points with 

a spatial and temporal window size (M, W, E"'), such that the following normalization 

applies: 
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(3.11) 

Fig. 3.12 illustrates the main features introduced in the numerical model. The system 

(3.1 1) in discrete form is solved numerically using a 4th order Runge-Kutta integration 

routine, yielding solutions for electric field amplitude and phase at the crystal output in a 

spatially and temporally resolved form. It is important to note that the model allows 

initial misalignment of the seed and pump beam at the input face of the nonlinear crystal. 

This is a frequent experimental optimization procedure required to achieve best overlap 

of the beams inside a crystal which exhibits walk-off for one of the beams. 
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Poynting vector e walk-off 
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Figure 3.12. Transverse interaction of the signal (red) and pump 
(green) beam in the numerical model. Indicated is the direction of 
transverse walk-off due to Poynting vector and noncolinearity. 
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Chapter 4 

Optical parametric amplifier as a preamplifier 

for high-energy Nd:glass lasers 

In this Chapter, a high pulse energy femtosecond pulse source based on OPCPA is 

presented. 1 pm broadband oscillator pulses were successfully amplified to 31 mJ and 

recompressed to 3 10 fs pulse duration, at a 10 Hz repetition rate. The gain in the system is 

6x107, achieved by single passing only 40 mm of gain material pumped by a tabletop 

commercial Q-switched NdYAG laser. This relatively simple system replaces a more 

complex Tksapphire regenerative amplifier-based CPA system. Numerous features in 

design and performance of optical parametric chirped pulse amplification make it a 

preferred alternative to regenerative amplification based on Ti:sapphire in the front end of 

high peak power lasers. 

In section 4.1, the advantages of the new broadband amplification technology are 

established, followed by a detailed description of the system design. A novel design for a 

high-gain preamplifier is presented as a part of the system. Experimental results follow in 

sections 4.3 and 4.4. The obtained results presented in this section represent a 50-fold 

improvement in extracted energy and a 10-fold improvement in conversion efficiency 

when compared with the previous OPCPA designs utilizing similar tabletop pump lasers. 
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4.1. Motivation 

CPA is now routinely used to generate gigawatt, terawatt, and even petawatt’ peak 

powers for applications such as short-pulse precision ma~hining?~ high-harmonic 

generation and time resolved spectroscopy:6 and fast ignitor driver for inertial confinement 

fL1si0n:~ respectively. Bandwidth limitations of high-energy laser gain media can be 

partially circumvented by using high-bandwidth materials such as Tksapphire in the system 

front end, combined with high-energy storage materials such as Ndglass in the final 

amplifiers (see example in Fig. 4.1). 

........... 

lo................................................................ 

Figure 4.1. Design of the Petawatt laseru front end at the Lawrence Livermore National 
Laboratory. Indicated are two pump lasers and two Tksapphire regenerative amplifiers 
that are replaced by an OPCPA system. 

Different applications require different combinations of pulse energy and pulse 

width spectroscopic applications require pJ to mJ pulse energies with 65-100 fs pulse 

widths, machining applications require pulse energies in the range of 0.1-50 mJ with pulse 
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widths between 0.5-2 ps, and fast ignitor drivers require relatively large pulse energies (10- 

100 kJ) with fairly long pulse widths (1 -1 0 ps). 

The existing technologies for short pulse generation and amplification rely upon laser 

hosts such as Cr:LiSAF, Ti:sapphire, and Yb:YAG. Yb:YAG is used where direct diode 

pumping of the source is desired. Otherwise, green-pumped Tksapphire is utilized. 

Ndglass amplifiers find application when large pulse energies with relatively long pulse 

widths (hundreds of fs) are sought. OPCPA has been recently identified as an attractive 

technology for broadband amplification. An underappreciated feature of optical parametric 

amplification is that it results in a minimal heat deposition in the OPA crystal, allowing a 

different set of material constraints to limit the final energy. Combined with the 

demonstrated performance of existing doubled pump lasers, OPCPA appears capable of 

extending CPA into the kilowatt average power regime.” 

OPCPA has the same broad bandwidth capability as Tixapphire, but offers the 

flexibility of operating at an arbitrary wavelength, making OPAs more flexible than solid 

state lasers. High gain can be obtained from nanosecond OPCPA by single passing a 

relatively short length (several cm) of gain material, which eliminates the need for 

complicated regenerative multipass amplification and electro-optic switching. Since the 

total length of the gain material is short, the accumulated nonlinear phase @-integral) is 

substantially reduced, enabling good amplified pulse recompression.’1 A substantial 

reduction of the prepulse from a CPA system can be achieved by eliminating the pulse 

leakage originating from the regenerative multipass cavity. In addition to the mentioned 

advantages of OPCPA when used to replace regenerative amplifiers, OPCPA also allows 

large energy scaling through large available apertures of potassium dihydrogen phosphate 
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(KDP) crystals. 

Another feature of an OPA makes it even more attractive for applications where the 

reduction of pulse aberrations is crucial. Optical parametric amplification is inherently a 

low-noise amplification process, allowing possible pump phase aberrations to be 

transferred to the idler wave, while introducing a negligible modulation to the signal wave. 

The only noise that is introduced in the process is due to parametrk 

process analogous to ASE in lasers, and is typically less intense than ASE for similar 

gain.13 The condition for signal amplification to occur with high fidelity is a good overlap 

between the signal and the idler waves in space and time. A reduced transverse beam 

overlap and pump beam nonuniformity lead to spatial modulation of the signal, while a 

reduced temporal overlap can produce a modified chirped pulse spectrum. 

4.2. System design 

The design of the OPCPA system is presented schematically in Fig. 4.2, while Fig. 

4.3 shows the OPCPA in operation. A mode-locked Ti:sapphire oscillator (Spectra-Physics 

Tsunami) with a center wavelength of 1054 nm produces 100 fs transform-limited pulses. 

The pulse train consists of 2.5 nJ pulses at 84 MHz. A single pulse is selected from the 

oscillator pulse train using a Pockels cell and a pair of polarizers. The pulse is stretched in a 

four-pass stretcher which contains a 1480 lineslmm diflkction grating and a plano-convex 

lens, with the effective grating separation of 8 m. The stretcher is configured to clip the 

spectrum at its FWHM, with the bandwidth of 16.5 ntn. The stretched pulse width is 3 ns, 

and the stretched pulse energy is 0.5 nJ. As noted in section 4.4, spherical and chromatic 
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aberrations in the stretcher limit the recompression of the seed pulse to 280 fs. 

8.5 ns 

n 420 mJ 
U - U 

Vacuum rday 
tdescopo I 

Figure 4.2. Experimental OPCPA setup for replacing Tixapphire regenerative 
amplifiers. BS-beamsplitter, TFP-thin film polarizer, WP-waveplate, BD-beam 
dump, FI-Faraday isolator, PC-Pockels cell, RM-roof mirror. 

The stretched seed pulse is then relay imaged to the OPA. The OPA consist of three 

p-barium borate @BO) crystals. The size of the first two crystals is 4x4~15 mm3, while the 

third crystal is lOxlOxl0 mm3, permitting scaling to large incident pump pulse energy by 

increasing the pump beam diameter. The crystals are cut at 22.8" to allow type I angular 

phase matching, and they have a 2" wedge on their output faces to prevent intra-crystal 

parasitic oscillation. Without the wedge on the crystals, parasitic oscillation would 

inevitably manifest itself due to a very large gain in a single OPA crystal. The result would 

be too stringent requirements on the crystal antireflection coatings. 
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Figure 4.3. OPA during operation, producing 3 1 mJ pulses at a 10 
Hz repetition rate 

Position 

Figure 4.4. Pump beam near field intensity profile is nearly supergaussian 

The pump source for the OPA is a Spectra-Physics GCR 270-10 NdYAG laser, 

operated in a single longitudinal mode, producing 600 mJ of 532 nm output. The pulse 

width of Q-switched pulses is 8.5 ns, at a 10 Hz repetition rate. The transverse intensity 
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profile of the pump beam is a supergaussian (Fig. 4.4), while the temporal profile is 

gaussian, with a characteristic pulse spatiotemporal evolution for an unstable resonator?’ 

Spatially resolved temporal evolution of the pump pulse was measured first. For this 

purpose, the pump laser beam at the OPA crystal was suitably magnified and relay imaged 

onto a 400 pm pinhole, and a fast silicon diode detector was centered behind the pinhole. 

Amplitude, pulse width and build-up delay was recorded as a hc t ion  of radial position of 

the pinhole and the numerical fit to the results is shown in Fig. 4.5. A significant build-up 

delay and difference in pulse width exists for different radial positions in the pump beam, 

as a result of pulse build-up in an unstable resonator in the pump laser. While the center of 

the pump pulse has a slowly variable build-up delay as a function of radial position when 

compared to the position in the wings of the pump beam, its pulse width is longest at the 

beam center. 

Figure 4.5. Spatiotemporal evolution of the pump pulse originating in an unstable 
laser resonator. Shown is the normalized intensity as a function of the radial 
position r and time t, (a) for entire pulse, and (b) in a 4 ns temporal window. 
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This is a particular difficulty for use in optical parametric amplification, which 

requires high beam intensities and shorter pulses. Additionally, the problem of Poynting 

vector walk-off is anticipated to be more critical in OPA pumped by this pulse compared to 

a pulse which has no radial distribution of build-up delay. This is the result of the 

instantaneous effective beam size in interaction smaller than the temporally integrated 

beam size, giving rise to reduced overlap between the signal and the pump beam. 

principal axis DrinciDal axis 

T2 
f 
L r 

Figure 4.6. High-gain preamplifier design. Two BBO crystals are arranged for walk- 
off compensation. The reduction of the gap between the crystals minimizes dephasing 
in air and allows imaging using only a single pair of telescopes T1 and T2. The signal 
is injected into the preamplifier using beamsplitter BS2, and it is separated from the 
pump beam using beamsplitter BS3. 

The first two BBO crystals are configured as a high-gain preamplifier (Figs. 4.6 and 

4.7) and separated by 2 mm. Walk-off compensation6o is used in order to reduce the effect 

of the intrinsic 3.2" extraordinary beam Poynting vector walk-off in BBO. The pump beam 

is split by a 15% beamsplitter BS1 into a 90 mJ beam and a 510 mJ beam. The 

supergaussian transverse intensity profile of the pump laser is relay imaged between the 

first two BBO crystals by means of a telescope, which simultaneously adjusts the pump 

beam diameter in the first two crystals to 1.6 mm. The proximity of the two walk-off 

compensated crystals in the preamplifier eliminates the need for separate imaging of the 
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pump beam on each crystal, which is a significant simplification when compared to 

previous designs.61y62 The peak intensity of the pump beam in the first and second BBO 

crystal is 450 MW/cm2. The pump beam is collimated in order to minimize dephasing due 

to the small angular acceptance of BBO (0.4 mrad cm). 

Figure 4.7. High-gain preamplifier during operation. The design 
simplicity is achieved by combining walk-off compensation with a 
close proximity of two BBO crystals. 

An additional source of dephasing is the beam quality from the pump source (we 

measured the pump beam quality to be 1.6xDL in the sensitive phase matching plane and 

1.8xDL in the insensitive phase matching plane). The measured deviation of the pump 

beam from ideal beam quality has negligible impact on parametric gain with the selected 

pump beam diameter (see Chapter 8). 

The size of the seed beam is dictated by the requirement to avoid spatial modulation 

on the signal beam due to transverse walk-off of the extraordinary polarized pump beam, 

and is set to 0.4 mm in the first two BBO crystals. The center of the seed beam is displaced 

from the center of the pump beam by 0.4 mm in the sensitive phase matching direction on 
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the front face of the first BBO crystal, maximizing the spatial overlap of the beams in the 

preamplifier. The first two crystals are treated as large-gain preamplifiers and the low 

conversion efficiency resulting from the small spatiotemporal overlap of the seed and the 

pump pulses is neglected. The seed beam is introduced into the crystal at a 1" external angle 

with respect to the pump beam, perpendicular to the crystal principal plane. The amplified 

signal and the idler beam are spatially separated after propagating 30 cm out of the 

preamplifier, and the idler is subsequently blocked, leaving only the amplified signal. 

The supergaussian spatial profile of the pump beam transmitted through the 15% 

beamsplitter BS1 is relay imaged onto the final BBO crystal (power amplifier). The pump 

imaging telescope consists of two vacuum image relays. The use of two vacuum relay 

telescopes in the system is necessary because of spatial constraints and the requirement for 

imaging, beam sizing and temporal matching of the seed and pump between the 

preamplifier and the power amplifier. The pump beam diameter in the power amplifier is 

3.5 mm, with peak intensity of 430 MW/cm2 on the crystal with 410 mJ incident pump 

energy. Operating at an intensity near 0.5 GW/cm2 is a compromise between the 

requirement for strong nonlinear drive and the reduction of the risk of crystal damage, 

leading to greater system reliability. At operating intensities near 1 GW/cm2, crystal 

damage was periodically observed, which is unacceptable in a system with appreciable 

repetition rate. The signal beam is imaged from the preamplifier and introduced into the 

power amplifier using the beamsplitter BS4. The signal and idler beams are separated 

spatially after 2 meters of propagation out of the power amplifier crystal, given the larger 

diameter of the signal and idler beam in the power amplifier. 

The amplified signal pulse is compressed using a single-grating, double-pass 
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compressor. The compressor contains a 1480 lines/mm grating, set at a diffracted angle of 

55.33" to match the stretcher angle. No spectral clipping occurs in the compressor as a 

result of the large size of the associated optics. The spectral range is limited by the hard 

spectral clip in the stretcher, which limits the size of the spectrally dispersed beam in the 

compressor. The measured compressor efficiency is 50%, as a result of the degradation of 

the again surface gold layer. The recompressed pulse width measurement is performed 

using a scanning intensity autocorrelator for the recompressed seed, and a single-shot 

intensity autocorrelator for the amplified signal pulse at 10 H i  

4.3. Experimental results - preamplifier 

Single-crystal experiments were performed first, using 15 mm and 10 mm long BBO 

crystals. With the injected signal of 0.5 nJ, the measured gain from the 14.5 mm uncoated 

BBO crystal was 2400, while the maximum gain of the 10 mm BBO crystal was 180. Gain 

was optimized by adjusting the transverse displacement between the seed and the pump on 

the front face of the first preamplifier crystal. Single pass gain was recorded as a function 

of pump intensity, and the experimental results are shown in Fig. 4.7, along with the result 

of the numerical code described in section 3.7. Excellent agreement was observed between 

the calculation and the experiment. The only adjustable parameter in the code is the 

displacement between the two beams on the crystal front face, which corresponds to the 

experimental gain optimization. 

When the uncoated 14.5 mm long crystal was replaced with a 15 mm long coated 

crystal, the maximum gain obtained was 3700. This crystal was finally used as the first 
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crystal in the OPCPA preamplifier (BBO I), while the 14.5 mm uncoated crystal was used 

as BBO II. From the second BBO crystal 1.5 mJ was obtained (Gain=830). 
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Figure 4.8. Experimental and theoretical results for single-pass 
gain from (a) 14.5 mm long, and (b) 10 mm long BBO crystal. 

The measured amplified signal pulse width, after passing through the preamplifier, 

was 3 ns at the clip points in the temporal domain. This is identical to the original stretched 

pulse width at its clip points in the temporal domain. Through adjustment of the waveplate, 
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the amplified signal energy exiting the preamplifier was varied by changing the pump 

intensity. 

Amplified transverse beam profiles in the near and far field for signal are shown in 

Fig. 4.9. Beam quality measurement was performed on the seed, amplified signal beam and 

the idler beam. The results are shown in Table 4.1, following the usual M2-notation 

described in Chapter 8. 

Position 

Position 

Figure 4.9 Signal intensity profile of the preamplifier, in (a) near field, and (b) 
far field. 
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I I Seed I Signal I Idler I 

I M2 (vertical) I 1.28 I 1.29 I 1.85 I 
Table 4.1. Beam quality from the preamplifier 

The source of the measured imperfect beam quality of the seed is the hard beam clip 

that occurs on the stretcher lens. Optical parametric amplification is a process which 

conserves the signal beam quality to a very high degree. However, the small diameter of 

the pump beam in the preamplifier leads to a strong effect of pump beam walk-off in the 

crystal sensitive direction. It is believed that this spatial effect gives rise to the increase in 

the observed in the sensitive direction of the crystal. 

4.4 Experimental results - power amplifier and compression 

The expected small signal gain in the power amplifier is 160. A maximum gain of 20 

was measured in the power amplifier operating in the regime of strong pump depletion. The 

signal beam is amplified up to 3 1 mJ, with 1.5 mJ of injected signal fiom the preamplifier. 

In Fig. 4.10 the extracted energy for several preamplifier outputs is shown. The maximum 

pump to signal conversion efficiency in the power amplifier crystal is achieved when the 

preamplifier output is set to 1.5 mJ. The pump-to-signal conversion efficiency is 25%, by 

including only the pump energy contained in the temporal overlap of the pump with the 

signal. The overall pump to signal conversion efficiency in this OPCPA system is 6%. The 
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numerical model was applied to calculate the energy extraction in the final amplifier. As 

shown in Fig. 4.10, fairly good agreement was observed between the numerical model and 

the experimental results. The only adjustable parameter in the numerical code was again 

the displacement of the signal and pump beam at the front face of the power amplifier 

crystal. 

30-1 Preamplifier 

0 I00 200 300 400 
Power amplifier pump energy (mJ) 

Figure 4.10. Experimental extraction data from the final BBO 
amplifier, for different preamplifier output energies. The results 
of the numerical model are shown in red. 

Fig. 4.1 1 shows the measured spectra for stretched seed, amplified signal from the 

preamplifier and the amplified signal from the power amplifier. The measured bandwidth 

of the pulse is 16.5 nm at the spectral clip points in both the preamplifier and the power 

amplifier. This is consistent with the absence of bandwidth narrowing due to intrinsic OPA 

bandwidth. In this contigumtion the power amplifier of the OPA is operated in the depleted 

pump regime in order to obtain a large extracted energy. This is done at the expense of the 
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recompressed pulse contrast level, which remains limited by the hard clip on the spectrum 

occurring in the pulse stretcher. The amplified signal spectral shape is modified by strong 

pump depletion in the power amplifier and resembles a top-hat shape. The measured output 

stability of the signal is greatly improved in the regime of strong pump 

reducing the effect of pump energy variation and temporal jitter. 

1045 1050 1055 1060 I( 
Wavelength (nm) 
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Figure 4.11. Seed and amplified signal spectra fiom preamplifier 
and power amplifier. Spectral modifications occur in preamplifier 
and power amplifier. 

The depletion of the pump beam was measured by recording the total scattered pump 

light after the power amplifier. The relative time delay between the seed and pump is 

optimized prior to measurement to obtain maximum extraction. In Fig. 4.12, the 

experimentally measured depletion of the pump beam is evident as a dip which occurs -2.5 

ns prior to the peak power of the pump pulse. To explain the fact that the maximum 

extraction occurs prior to the point of maximum pump power, it is important to evaluate the 

spatially varying power, which is a result of the complex spatiotemporal evolution of the 
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pump pulse. In Fig. 4.12, the measured evolution of the pump pulse is used to calculate the 

pump power of the entire beam, and of the central portion of the beam. The central portion 

of the beam is defined as the beam area which encloses 70% of the true beam l/e2 

diameter. The peak of the power of the central portion of the beam corresponds with the 

measured point of maximum pump depletion. Since the center of the pump beam is more 

relevant to amplification in OPCPA because of its good overlap with the signal, the 

maximum extraction is obtained at the point of the maximum power of the central portion 

of the beam. 

F 0 
n 

-1 0 -5 0 5 10 
Time (ns) 

Figure 4.12. Instantaneous recorded pump power after OPCPA 
shows significant pump depletion. Indicated is the modeled 
instantaneous power for the entire beam, and the instantaneous 
power of the center of the beam (70% of the beam diameter). 

The beam quality obtained fiom the power amplifier is shown in Table 4.2, while the 

near-field and far-field transverse intensity profiles for amplified signal from the power 

amplifier are shown in Fig. 4.13. The beam quality of the signal is improved after 
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amplification, which is the result of spatial filtering in OPA and a minimal effect of pump 

M2 (vertical) 

beam walk-off. 

I .29 1.1 

I Seed I Signal I 
I M2 (horizontal) I 1.6 I 1.03 I 

Table 4.2 Beam quality from the power amplifier 

Position 

Figure 4.13. Signal intensity profile of the power amplifier in (a) near field, 
and (b) far field. 

As mentioned previously, the stretched 0.5 nJ seed pulses were initially compressed 
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to 280 fs FWHM (Fig. 4-14), limited by the spherical and chromatic aberrations occurring 

in the pulse stretcher, which contains a lens-based refractive telescope.64 The intensity 

autocorrelation of the recompressed pulse at an energy of 31 mJ is shown in Fig. 4.14 (b). 

The recompressed amplified pulse duration is measured to be 310 fs FWHM, a 10% 

increase compared to the best achieved seed recompression before amplification in OPA. 

The recompressed pulse pedestal is decreased after amplification. This is probably the 

result of the simultaneous presence of uncompensated phase terms from the stretcher- 

compressor pair and the modification of amplified spectrum in OPCPA operating in the 

regime of strong pump depletion. 

Time Time 

Figure 4.14. Recompressed pulse intensity autocorrelation for (a) seed 
pulses, and (b) amplified pulses. Deconvolved pulse width is (a) 280 fs 
and (b) 310 fs. 

4.5. Conclusion 

In summary, a successful use of OPAs for broadband, high-fidelity CPA was 

demonstrated. The presented OPCPA system produced a 50-fold increase in amplified 
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pulse energy and a 10-fold improvement in efficiency compared to previous systems 

pumped by tabletop commercial Q-switched pump The improved efficiency is a 

result of several factors. Asymmetric splitting of the pump pulse is utilized to obtain a high 

gain from the preamplifier with small fraction of the pump energy discarded. This is 

followed by the efficient power amplifier with a large pump beam and a short BBO crystal, 

resulting in good spatial overlap between the pump and the signal. Walk-off compensated 

doublecrystal preamplifier design allows a relatively small pump beam to be used in the 

preamplifier. Pump beam is collimated to reduce the angular dephasing in the type I 

process in BBO. The increased stretched seed pulse width allows a greater fraction of the 

pump energy to be transferred to signal. The conversion efficiency in the temporal window 

defined by the stretched seed pulse compares with the result of the OPCPA experiment 

performed with a large glass laser as a pump.65 

The wavelength and pulse energy level from the demonstrated OPCPA is ideal for 

seeding high-energy Ndglass amplifiers of high-power lasers. The peak power of 50 GW 

was obtained from a relatively compact and simple setup which does not utilize multipass 

amplification. The focused intensity from this system is expected to be on the order of 10l6 

W/cm2. Although this system did not exploit the full bandwidth capabilities of type I nearly 

degenerate OPAs, high gain, conversion efficiency and amplified pulse fidelity in OPCPA 

were demonstrated. This gives a viable cause for an all OPA-based kilojoule level 

ultrashort pulse source. 

Several improvements should be pointed out that can lead to better performance of an 

OPCPA system. A nondegenerate OPCPA at 800 nm would produce better efficiency 

because of the favorable splitting of the pump energy to the higher frequency field. In 
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addition, the availability of ultrashort pulse sources enables the examination of the 

capability of OPCPA to produce pulses significantly shorter than those possible with this 

source. The experimental results focused at ultrashort pulse amplification in OPCPA are 

described in Chapter 5. Finally, the development of appropriate pump lasers with uniform 

spatial and temporal intensity profile and pulse width matched to the stretched pulse can 

produce better conversion efficiency. 
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Chapter 5 

Nondegenerate optical parametric 

chirped pulse amplification 

This Chapter describes the modeling and experimental effort behind the shortest 

pulse optical parametric chirped pulse amplifier to date. The highly efficient OPCPA 

system described in Ch. 4 did not demonstrate the extent of ultrashort pulse capabilities 

of OPCPA due to the lack of an ultrashort pulse oscillator source and because of the 

aberrations in the pulse stretcher. Here, recompression of 2 mJ pulses was achieved to the 

shortest pulse width of 60 fs, at a 10 Hz repetition rate. The two-stage noncollinear 

nondegenerate OPCPA pumped by a commercial tabletop pump laser was developed and 

exhibited broad amplified bandwidth and good stability. 

Introductory remarks are followed by the results of numerical modeling of 

ultrashort pulse capability of OPCPA. A possibility of white light amplification is also 

addressed in the numerical model. The description of the experimental setup is presented 

in section 5.4. The experimental data are summarized in section 5.5, which addresses 

multiple characteristics of the system: extraction efficiency, beam profiles, and 

recompression. Finally, a perspective is given on the future possibilities of scaling optical 

pulses to the extremes of peak power. 
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5.1. Motivation 

Generation and amplification of ultrashort laser pulses has been at the forefront of 

laser research in the recent period.66 The development has been driven primarily by 

newly accessible physics phenomena and applications. CPA allows a wealth of new high- 

field experiments to performed in the previously inaccessible high-intensity regime. 

Generation and acceleration of energetic particle laser-induced nuclear 

reactions:' and laser-driven cluster fusion6' are some of the exciting recent 

achievements. Short X-ray pulse generation7' has been driven by the production of 

energetic ultrashort pulses from CPA systems. Finally, a great interest exists in the 

phenomena that occur beyond 1 021 W/cm2, the highest intensity achieved to date.g 

Laser oscillators based on mode-locked Tksapphire have produced pulses as short 

as 5 f ~ . ~ '  On the other hand, CPA in Tksapphire has been used to produce pulses shorter 

than 20 fs.72 Maximum peak power from a CPA system of 1.2 PW was achieved using a 

hybrid Tksapphire-Ndglass laser,' with a pulse duration of 450 fs, limited by gain 

narrowing in Nd:glass. Peak power in CPA systems remains fundamentally limited by the 

size and damage threshold of the diffraction gratings used in the pulse compressor. State- 

of-the-art metallic diffkaction gratings43 have a maximum diameter of -1 m, with the 

damage threshold of 0.5 J/cm2. This gives a maximum of -500 J of energy that can be 

compressed in a 30-cm beam. 

In order to increase the peak power, but surmount the optical damage of diffraction 

gratings in the pulse compressor, the preferred approach would be to reduce the pulse 

duration. This leads to a very limited selection of laser materials that allow extremely 
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broad bandwidth to be amplified, such as Ti:sapphireso and Cr:LiSAF.73 A problem with 

those materials is their insufficient scalability to large aperture with good optical quality. 

An additional problem in high peak power systems is the prep~lse:~ which can be of 

detrimental effect in applications that include focusing the pulses on targets, thereby 

producing extreme intensities. OPCPA offers a way to overcome those difficulties 

through its ultrabroad bandwidth capability (section 3.3), coupled with the extremely 

large available apertures of nonlinear crystals such as KDP?' This offers a way to scale 

the peak power of CPA systems beyond the 1 PW level. 

OPAs have been shown to be capable of amplifylng pulses as short as 5 fs76977 

through group velocity matching by tilting the pulse front?' Noncollinear geometry can 

produce a very broad bandwidth:' which was used in femtosecond, thin-crystal OPAs. 

However, short-pulse amplification capability of relatively thick (-cm) crystals used in 

OPCPA remains largely unexplored. In a study of the extent of gain bandwidth,61 a 

glimpse of possible ultrashort pulse amplification was offered, but no recompression has 

been performed. The first degenerate OPCPA experimentl2 showed pulse recompression 

to 70 fs, but the stretching ratio was only -18, allowing a very small energy to be 

extracted from the pump pulse. Subsequent nearly degenerate experiments with large 

stretching ratios and large pump lasers produced recompressed pulses of -280 fs,65 and 

900 fs when pumped by tabletop Q-switched pump lasers.61 The experiment described in 

Chapter 4 produced 3 10 fs pulses when pumped by a tabletop Q-switched pump laser. A 

highly efficient OPCPA in periodically poled lithium niobate pumped by a fiber laser" 

produced 680 fs pulses. In all cases with large stretching ratios, recompression far worse 
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than the transform limit was attributed to the uncompensated higher order phase in the 

stretcher-compressor pair. 

Future attractiveness of OPCPA for generation of extreme peak power is then 

determined by the intrinsic characteristic of OPA to impart a minimal spectral 

modification and a minimal spectral phase on the chirped pulse, allowing recompression 

to much shorter pulses than those obtainable from energy-scalable Ndglass. It is the 

intention of the experiment performed here to establish this capability of OPCPA. As an 

additional benefit of the study, the first pulse compression in a highly degenerate OPCPA 

is demonstrated, which will have an impact on future OPCPA systems that will use 

highly efficient pump-to-signal energy branching ratios. 

5.2. Numerical modeling of simple ultrashort pulse OPCPA 

Since an ultrashort pulse CPA system requires an ultrashort pulse laser oscillator, 

the availability of signal wavelengths is limited. The most practical ultrashort pulse solid 

state source is a Tksapphire oscillator, operating near 800 nm. Pumped by a common 532 

nm pump laser, noncollinear OPCPA in BBO exhibits a broad bandwidth around 850 nm, 

covering the wavelength region near 800 nm. In the experiment presented here, an 820 

nm oscillator was used, and the calculations are based on that center wavelength. 

In KDP, OPCPA at a practical pump wavelength of 527 nm (2nd harmonic of 

Nd:glass) was found to produce a relatively narrow bandwidth (4 nm) for all 

wavelengths far from degeneracy. As an alternative, amplification of pulses centered near 

550 nm, pumped by a 351 nm (3rd harmonic of Ndglass) shows a broad bandwidth. 
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While the generation of 550 nm seed short pulses may require a nontrivial approach, the 

possible reward may be the increase in the maximum focusable intensity at a shorter 

signal wavelength. Another possibility for short-pulse amplification in KDP is in a 

degenerate system at 700 nm signal wavelength, also pumped at 35 1 nm. 

In both nonlinear materials, attractiveness of nondegenerate approach stems from 

generally broader bandwidth that can be obtained in noncollinear geometry for the same 

crystal length, and a favorable energy splitting ratio to signal, which improves the 

conversion efficiency to signal. As a disadvantage of noncollinear geometry, it is 

necessary to point out a large noncollinear walk-off of the three beams in a relatively 

long crystal, limiting the approach to higher peak power, high-energy pump pulses. 

A short-pulse oscillator is assumed to produce 10 fs transform-limited pulses, with 

a sech2-temporal shape and a spectral bandwidth of 7 1 nm FWHM at a center wavelength 

of 820 nm. We assume a three-stage system based on BBO crystals, pumped at an 

intensity of 500 MW/cm2 by a 532 nm pump with a top-hat temporal profile and a pulse 

width of 3 ns. A 1 nJ seed pulse is stretched to 1 ns FWHM, so that the vast majority of 

the seed pulse energy is contained in the temporal window defined by the pump pulse. 

The external noncollinear angle between the pump and the signal is 3-73", maximizing 

the gain bandwidth. The first two crystals are 12.2 mm long, producing a total gain of 

lo6, with both crystals operating in the small signal regime. Idler is discarded after 

amplification in each crystal. 

Numerical results for spectral amplitude and phase and recompression in the first 

two crystals is shown in Fig. 5.1. Some spectral narrowing occurs in the amplifiers, with 

a shift of signal to longer center wavelengths. This is consistent with the calculated 
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spectral bandwidth of BBO, which shows the broadest bandwidth near 850 nm and higher 

gain at longer wavelengths (Fig. 3.5 (a)). The acquired spectral phase of the amplified 

pulse in Fig. 5.1 (b) is cumulative by simple addition of phase from individual stages of 

amplification. Recompressed pulse in Fig. 5.1 (c) is longer after amplification and 

exhibits prepulses. This is a result of the relatively sharp spectral cut-off and rapidly 

varying phase at the shorter wavelength region of the amplified signal spectrum. 

Recompressed pulses are 16 fs and 18 fs long after the first and the second OPA, 

respectively. Recompressed pulse contrast in Fig. 5.1 (d) is 4% and 12% after the first 

and second OPA, respectively. 

750 800 850 900 750 800 850 900 

. . .. . .. . ... .. . . .. 

-40 -20 0 20 40 -40 -20 0 20 40 

Time (fs) Time (fs) 

Figure 5.1. Ultrashort pulse amplification in two BBO crystals in the small signal 
regime. The graphs show (a) spectral intensity, (b) spectral phase, (c) recompressed 
pulse intensity on linear scale, (d) recompressed pulse intensity on logarithmic scale. 
Linear dispersion is not included in the calculation. 
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Figure 5.2. Ultrashort pulse amplification in one BBO crystal in the regime of 
depleted pump. The graphs show (a) spectral intensity, (b) spectral phase, (c) 
recompressed pulse temporal profile for a 13 mm crystal, and (d) recompressed pulse 
temporal profile for a 10 mm crystal. 

The third BBO crystal is pumped by 1 J of 532 nm pump, seeded by the output of 

the second BBO crystal, and it operates in a depleted pump regime. Optimal crystal 

length for energy extraction is determined to be 13 mm. As the results in Fig. 5.2 (a) 

indicate, a strong modification of the spectral profile occurs in the depleted amplifier as a 

result of temporally (spectrally) varying parametric conversion rate, with a relatively 

large phase as shown in Fig. 5.2 (b). Recompressed pulse in Fig. 5.2 (c) is 19 fs long and 

has an unacceptable prepulse level of 60%. If the crystal is shortened to 10 mm, the pulse 
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contrast is somewhat improved (26%) as shown in Fig. 5.2 (d), but the extracted energy is 

reduced to only 40% of the energy in Fig. 5.2 (c). The reason for improvement of the 

pulse contrast is the reduced modification of the amplified signal spectrum when the 

degree of pump depletion is reduced. 

Several modifications are suggested to improve the ultrashort pulse amplification 

performance in a simple BBO OPCPA pumped by a 532 nm pump. The use of an 

oscillator centered at 850 nm takes advantage of a relatively flat and symmetric spectral 

amplitude and phase in noncollinear BBO OPA, allowing amplification of shorter pulse 

and an improvement of pulse contrast. The use of a pump beam with tailored back 

conversion in the amplifier that precedes the last amplifier can improve the amplified 

spectral shape, extraction efficiency and contrast. Compensation of spectral phase can be 

performed using standard CPA techniques for linear dispersion, such as prism pairs, 

mixed gratings, and tailored additional length of material, such as the optical fiber. 

5.3. Angular dispersion and temporal modulation 

for ultrabroad bandwidth in OPCPA 

Since a motivation exists to use OPCPA for amplification of very short pulses, it is 

important to identify the sources of spectral narrowing and spectral phase shown in the 

previous section. The primary “intrinsic” source of spectral narrowing and spectral phase 

is the wave vector mismatch Ak. It is apparent that the gain bandwidth can be increased 

simply by using the same length of gain medium, but separated into shorter stages with 
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idler separation between the stages. This leads to a complicated setup and does not 

eliminate the problem of the cumulative spectral phase. 

The other characteristic of a zero-lifetime amplification process is the influence of 

the pump temporal profile on the spectral profile of the amplified pulse. This is especially 

pronounced in the case of strong pump depletion in high-efficiency extraction. This 

problem can be suppressed by careful tailoring of the spectralhemporal profile of the seed 

and/or pump pulse.81y82 Previous calculations assumed perfectly collimated seed beams 

propagating through the crystal at a specific noncollinear angle that maximizes the gain 

bandwidth. The idea of using noncollinear phase matching for a single wavelength can be 

extended to the use of angular dispersion of the broadband seed to perfectly phase-match 

the entire signal spectrum. A similar method has been successfully used previously for 

broadband frequency doubling.83 As an example of the required angular dispersion, Fig. 

5.3 shows the calculated noncollinear angle as a function of wavelength for a 532 nm 

pumped BBO OPA that amplifies 10 fs FWHM sech2-pulses centered at 800 nm, with a 

spectral bandwidth of 71 nm. 

At a slightly greater noncollinear angle for the center wavelength than the one used 

in broadband amplification, a perfect wave vector matching can be achieved over the 

entire bandwidth of the signal pulse with a relatively linear angular dispersion. It is 

anticipated that this dispersion can be readily produced using one or a combination of 

standard dispersive optical elements, such as prisms. In addition, such angular dispersion 

could be easily reproduced in a multi-crystal system by relay imaging. 

The net result of the use of angular dispersion is the elimination of spectral phase 

and a very broad bandwidth. The dependence of gain on the signal wavelength can still 
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modifl the spectral shape of the amplified signal. In Fig. 5.4, a small spectral shift occurs 

even for a temporally “flat” pump. If it becomes necessary to compensate for this effect, 

temporal shaping of the pump pulse can be used. This is particularly recommended when 

OPCPA works in the regime of strong pump depletion. In that case, pump and seed 

shaping can be used to arrive with the desired spectral shape of the amplified pulse. 

When longer pulses are used, back conversion in an intermediate stage of amplification 

can be used to provide the seed with the correct temporal shape for high-energy 

extraction fiom the final amplifier. 

650 700 750 800 850 900 950 
Wavelength (nm) 

Figure 5.3. Intensity spectrum (black) for a 10 fs pulse centered at 800 nm, and 
noncollinear angle (red) required to achieve perfect wave vector matching. OPA is 
pumped at 532 nm. The entire spectral range can be covered by a relatively linear 
angular dispersion function. 

The idea of using angular dispersion for wave vector matching can be taken even 

further to conceive an OPA-based amplifier capable of amplifying the entire visible 

spectral range (white light). Such amplifier could be pumped by angular multiplexing of 

delayed pump beams centered at different wavelengths, allowing the idler to remain 

77 



within the transparency range of the crystal for all wavelengths. The calculations in this 

and the previous section did not take into account the linear dispersion of the gain 

medium. Compensation of linear dispersion can be also approached by the use of angular 

dispersion in OPA. 

650 700 750 800 850 900 950 
Wavelength (nm) 

Figure 5.4. A small spectral shift occurs in amplified 
signal due to the wavelength-dependent gain in OPA. A 
temporally constant pump is used at 532 nm. 

5.4. Experimental setup 

. Fig. 5.5 depicts the schematic of the ultrashort pulse demonstration experiment, 

which utilizes some of the components of the earlier design of the Falcon laser system.84 

Seed pulses are obtained from a Tixapphire oscillator (Femtolaser Femtosource 20HP), 

with the center wavelength of 820 nm. The oscillator pulses have a 31 nm FWHM 

spectral bandwidth, and their transform-limited FWHM pulse width would be 20 fs. 

Interferometric autocorrelation of the pulses reveals the pulse width of 33 fs (Fig. 5.6), 

which is the result of uncompensated dispersion in the output coupler. A broadband pulse 
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selector slices single pulses from the oscillator at a 10 Hz repetition rate. 

1.5 J, 
532 nm, 8.5 ns T 

stretcher 1 

-3 nJ, " 1 820nrn, 
600 ps 
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1 rnJ, 
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L 

Figure 5.5. Experimental nondegenerate OPCPA setup for ultrashort pulse 
demonstration. h/2-waveplate, TFP-thin film polarizer, BD-beam dump, FI- 
Faraday isolator, PC-Pockels cell, RM-roof mirror, T-telescope. 

, . I . ,  

-60 -40 -20 0 20 40 c 
Delay (fs) 

0 

Figure 5.6. Interferometric autocorrelation of the oscillator 
pulse. FWHM pulse width is 33 fs. 
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An advanced low-aberration all-reflective design is used for the pulse ~tretcher.'~ The 

stretcher uses a 1480 lines/mm gold diffraction grating. A concave spherical reflector is 

used in combination with a flat mirror reflector and a mirror-stripe reflector on the 

diffraction grating to provide positive group delay. Spectral clipping occurs in the 

stretcher at the bandwidth of >lo0 nm. The stretched 1 nJ pulses are 600 ps long at their 

FWHM. 

The OPA in this experiment consists of two BBO crystals. The dimensions of the 

two crystals are 7x7~15 mm3 and 5x5~15 mm3. The crystals are cut at 23.8" for type I 

phase matching, and they have 2" wedges on their output faces for suppression of 

parasitic oscillation. They are antireflection-coated for 532 nm, 820 nm, and 1.6 pm. 

Figure 5.7. Near-field transverse intensity profile of the 
pump pulse (Spectra-Physics GCR Pro 350-10) 

A commercially available Q-switched NdYAG laser is used for pumping the OPA. 

The laser is a Spectra-Physics GCR Pro 350-10, upgraded with an injection seeder for 

single longitudinal mode operation. The laser produces 1.5 J of 532 nm pulses, with a 
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pulse width of 6.9 ns, at a 10 Hz repetition rate. The supergaussian near-field transverse 

intensity profile of the pump beam (Fig. 5.7) is advantageous for pumping the OPA. This 

laser also exhibits spatio-temporal evolution characteristic for an unstable resonator." 

The procedure described in section 4.2 was used again to evaluate the characteristics of 

the pump pulse. The numerical result of the fit is shown in Fig. 5.8. This laser exhibits 

the same qualitative behavior as the previously used Spectra-Physics GCR 270-10 pump 

laser. Since the stretched seed pulse width in this experiment is 5 times shorter than in the 

previous experiment, the effect of the pump pulse shape is less important. The pump 

pulse is slightly elliptical, as a consequence of inefficient frequency doubling in the 

vertical direction in the pump laser, coinciding with the sensitive angular direction in the 

frequency doubling nonlinear crystal. 

Figure 5.8. Spatio-temporal evolution of the pump pulse emanating 
from an unstable resonator in Spectra-Physics GCR Pro 350-10 laser 

The 3.2" walk-off of the pump beam is not the dominant factor that reduces the 

beam overlap in noncollinear OPA. To allow broad bandwidth amplification in BBO, a 

3.7" external noncollinear angle is used between the signal and the pump beam. This 
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implies a strong noncollinear walk-off effect over the 15 mm crystal length. In addition, 

the idler beam walk-off occurs with an external angle of 7.4". The noncollinearity of the 

signal and pump is achieved in the plane perpendicular to the crystal principal plane. In 

this way, the cumulative effect of two different sources of walk-off is reduced. 

300 mJ is split from the pump pulse to pump the OPA. Pump energy can be 

continuously adjusted using a waveplate-polarizer combination. A vacuum telescope 

relays the supergaussian transverse intensity profile between the two OPA crystals in a 

collimated beam. The diameter of the pump beam in the OPA is 3 mm, with a peak 

intensity of 500 h4W/cm2. The pump pulse after the first crystal is essentially undepleted, 

except for the energy lost on dichroic coating inefficiencies. The same pulse is used to 

pump the second crystal, with a peak intensity of 470 MW/cm2. The seed beam diameter 

is 1 mm at its FWHM, and it has a gaussian spatial profile. Signal and idler are spatially 

separated after each amplification stage. Fig. 5.9 shows photograph of the nondegenerate 

OPCPA experimental setup. 

The pulse compressor contains a 1480 lineslmm grating, set at a diffracted angle 

near 55". Fine tuning of the compressor grating angle is used to reduce the amount of 

residual phase in the system. The most significant source of uncompensated quartic and 

quintic phase is the stretcher with its spherical mirror. No compensation is necessary for 

B-integral, since the path length through the gain medium is very short. The compressor 

passes the entire amplified spectrum, with an efficiency of 50%. A simple single-shot 

second-order intensity autocorrelator measures the pulse width of the recompressed 

pulse. 
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Figure 5.9. Nondegenerate OPCPA setup 

5.5. Experimental results 

The maximum gain obtained from the two-crystal system was 4x106, resulting in 2 

mJ pulses amplified in a single pass through only 30 mm of gain material. A poor overall 

pump to signal conversion of 0.7% was obtained in this configuration, resulting from the 

small temporal overlap of the signal and the pump pulse. 

Spectral bandwidth was measured for stretched seed, and amplified signal at two 

different pump energies, resulting in 0.5 mJ and 2 mJ pulses from the OPA. The resulting 

spectra are shown in Fig. 5.10. A shift of the center wavelength to 830 nm is observed, 

which is consistent with the gain bandwidth in nondegenerate BBO OPA, which is 

centered at longer wavelengths (near 850 nm), and with the increase of gain with 

wavelength near 820 nm. The small bandwidth narrowing (<2 nm) at the FWHM 
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observed when the OPA operates far below saturation (0.5 mJ) can be attributed to this 

spectral shift. At the point near saturation (2 mJ), the spectrum is modified further and the 

amplified FWHM is increased to 35 nm. Spectral broadening is the result of different rate 

of nonlinear conversion for the spectral components of different initial intensity. 

Oscillator 
OPA 0.5 mJ 
OPA 2 mJ 

760 780 800 820 ~0 860 8 10 
Wavelength (nm) 

Figure 5.10. Spectral profiles of the seed and amplified signal at two 
energy levels. Notable is the increase of FWHM spectral bandwidth 
when the OPA operates near saturation (green). 

Figure 5.11. (a) Near-field and (b) far-field transverse intensity profiles 
for the signal at the maximum energy from the nondegenerate OPCPA 
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Near-field and far-field transverse intensity were recorded for amplified signal, and 

they are shown in Fig. 5.1 1. Some ellipticity is observed in the beam profiles, which is 

possibly originating from the elliptical seed beam in the near field, combined with the 

noncollinear walk-off of signal and idler in OPA. The ellipticity in the seed beam is the 

result of astigmatism in the oscillator and stretcher. 

Pulses were recompressed and the result of the intensity autocorrelation at the full 

output energy is presented in Fig. 5.12. A careful optimization of the stretcher and 

compressor pair produced the autocorrelation trace in Fig. 5.12. The measured FWHM 

autocorrelation of the recompressed pulse is 104 fs, which is nearly 2 times longer than 

the FWHM of the calculated autocorrelation of the transform-limited pulse with the 

measured spectrum (Fig. 10). With the inclusion of the spectral phase in the the 

calculated FWHM of the autocorrelation is 108 fs, which is within our experimental 

error, indicating that we produced 60-fs pulses. These pulses are the shortest pulses ever 

produced in OPCPA. The calculated shape of the recompressed pulse using the spectrum 

and calculated phase is shown in Fig. 5.13 (a), indicating 52.4 fs pulses after 

recompression. In Fig. 5.13 (b), the calculated recompressed pulse shape is shown with 

the spectral phase removed. In that case, bandwidth-limited recompressed pulse width in 

this system would be 29.4 fs. The recompressibility limit in this experiment is the 

uncompensated quartic and quintic phase originating primarily in the stretcher, which 

employs a spherical lens designed to cancel the high-order dispersion in a system which 

includes more gain material. A calculation shows that 425 cm of fused silica would 

compensate the majority of high-order dispersion and allow compression to 32.7 fs. 
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Figure 5.12. Recompressed pulse intensity autocorrelation. Deconvolved 
pulse width is 60 fs. 
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Figure 5.13. Calculated recompressed pulse shape with (a) total calculated 
spectral phase in the system, and (b) all spectral phase removed. FWHM 
pulse width is (a) 52.4 fs, and (b) 29.4 fs. 

5.6. Conclusion 

In this experiment, the capability of OPCPA to amplify ultrashort pulses was 

demonstrated at a level not achieved in any previous experiment. The 60 fs recompressed 

pulses are nearly five times shorter than the pulses obtained in previous experiments that 

In addition, those short pulses were obtained used appreciable stretching ratios. 61,62,65 
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from an OPCPA system pumped by a tabletop commercially available pump laser. This is 

also the first reported pulse recompression in highly nondegenerate OPCPA. 

The pulse energy obtained from this source is smaller compared to the pulse energy 

obtained in the experiment in Ch. 4. This is the result of the poor overlap between the 

stretched signal pulse and the pump pulse. However, the conversion efficiency in future 

optimized nondegenerate systems should be greater than in nondegenerate because of the 

asymmetric splitting of the pump energy to signal and idler. 

This demonstration of the ultrashort capability of OPCPA is a step further towards 

sources that will produce much higher energy and shorter pulse width compared to 

existing large glass lasers. Scalability of KDP to large apertures allows scaling of 

ultrashort pulses (tens of fs) to kilojoule energies, and its use in OPCPA should be 

evaluated in more detail in the future. In addition, the aperture scaling of other nonlinear 

crystals suitable for OPCPA can be also pursued in order to increase the possible pulse 

energy. 

Numerical modeling presented in this Chapter points to a way to increase and 

flatten the spectral bandwidth by use of angular dispersion of the seed beam and pump 

beam temporal modulation. Pulses shorter than 10 fs can be amplified using this method, 

which is of great interest for scaling the CPA to pulses shorter than the ones possible by 

amplification in Tksapphire. 
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Chapter 6 

Hybrid chirped pulse amplification 

for multi-TW tabletop sources 

OPCPA can exhibit high conversion efficiency only when the seed pulses and the 

pump pulses are suitably shaped and well matched in space and time. This Chapter 

introduces a technique that can improve the conversion efficiency in an OPCPA system 

by using a laser amplifier for efficient conversion of the pump energy which does not get 

converted in OPCPA. This hybrid system leads to pump-to-signal conversion efficiency 

of up to 50%, and to significantly relaxed requirements for the pump laser. 

An experimental demonstration of the concept was undertaken, with the final result 

of 45 mJ of amplified pulse energy in a system pumped by 300 mJ pulses from a tabletop, 

frequency doubled Q-switched Nd:YAG pump laser, with >20% conversion efficiency of 

the absorbed pump energy in the Tksapphire crystal in three passes. Seed pulses centered 

at 820 nm originating in a short-pulse Ti:sapphire oscillator are amplified using OPCPA 

and a final multipass Tksapphire amplifier. Optimized recompression of amplified pulses 

with the demonstrated bandwidth would produce a peak power of 2 TW, at a 10 Hz 

repetition rate. This unprecedented combination of gain and conversion efficiency was 

accomplished without the use of electro-optic modulators, in a relatively simple setup, 
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which has a total gain path of 10.5 cm in a combination of p-barium borate and 

Tksapphire. 

The limitations of tabletop laser-pumped OPCPA are discussed first, and the 

concept of hybrid chirped pulse amplification is introduced. The experimental setup and 

results are described in sections 6.3 and 6.4, respectively. Recapitulation of the results 

and future plans are outlined in the conclusion. 

6.1. Efficiency of tabletop OPCPA 

A common problem that occurs in design of OPCPA systems is the stringent set of 

requirements imposed on the nanosecond pump laser. The ideal pulse width of the pump 

pulse is given by the pulse width of the stretched seed pulse, which rarely exceeds 1 ns. 

The desired spatial and temporal profile of the pump laser is a top-hat, which minimizes 

spatial and temporal (spectral) modification of the signal. To maximize conversion 

efficiency, it is desirable that the signal is also shaped as top-hat in space in time. Shaping 

of the chirped signal as top-hat in time is problematic considering the subsequent sinc2- 

recompressed temporal shape of a pulse with top-hat spectrum. 

Another strategy that can allow large conversion efficiency in OPA was suggested 

by Begishev.81.82 and utilizes gaussian-like shaping of seed and/or pump pulses to achieve 

high conversion efficiency. Different rates of conversion for different signal and pump 

intensities can be balanced by achieving back conversion in a preamplifier stage, 

followed by amplification in the final amplifier stage using a gaussian-like pump. This 

approach has the advantage that no special pulse shaping techniques are necessary. 
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However, the gain material is longer for the same gain, and a careful independent 

optimization of the preamplifier and the power amplifier is necessary to achieve 

maximum conversion efficiency. 

In broadband optical parametric amplification that occurs in critically phase- 

matched birefringent crystals, the walk-off of the pump beam from the signal and idler 

beams inside the crystal limits the effective extraction area of the pump beam. In 

noncollinear OPA, noncollinear walk-off reduces the effective beam overlap even further, 

particularly because the effect of the noncollinear walk-off is additive to the effect of the 

birefringent walk-off. As a consequence, a greater beam diameter and higher pump peak 

powers are required to achieve high conversion efficiency. The effect of birefringent 

walk-off can be eliminated in noncritical phase matching and quasi phase matching. 

Splitting the gain length into several short crystals can reduce the effect of both types of 

walk-off, at an expense of increasing system complexity. 

The required beam quality of the pump laser is often close to diffraction limited, 

determined by the angular acceptance of the OPA. A calculation is performed in Ch. 8 to 

determine the impact of divergence and beam quality on conversion efficiency in OPA. 

Divergence can be reduced by using larger beam sizes, which mandates higher pump 

laser peak power. Beam quality requirements can be also relaxed by splitting the gain 

length into several shorter crystals. 

A motivation exists for using the existing commercial tabletop pump lasers to pump 

OPCPA systems. When pumping OPCPA, another problematic feature of those lasers is 

their spatio-temporal evolution and relatively long pulse width. While temporal 

multiplexing can improve the overall energy extraction, the temporal shape of the pump 

90 



pulses is not a top-hat unless additional pulse shaping is performed. Pulses obtained from 

unstable resonators5' are particularly problematic when used in OPCPA, as they exhibit 

complicated spatio-temporal evolution associated with radially variable build-up time in 

the laser resonator and subsequent nonuniform depletion of the laser gain medium. 

Experimentally achieved efficiency in OPCPA systems has exceeded 20% in the 

spatio-temporal window defined by the seed pulse (Ch. 5, Ref. 65). An overall efficiency 

of 20% was achieved in a fiber laser-pumped OPCPA system,*' in which a good temporal 

overlap was achieved between the pump beam and the signal beam. In Ch. 5, the 

experiment showed the overall conversion efficiency of 6% in a system pumped by a 

tabletop commercial pump laser. These overall efficiencies of OPCPA are typically lower 

than the highest efficiency that can be obtained from a laser amplifier. 

6.2. The hybrid optical parametric-laser CPA system 

Given the relatively modest conversion efficiency in OPCPA pumped by a tabletop 

commercial laser, alternative methods of achieving high conversion efficiency can be 

explored. Here, a hybrid optical parametric-laser CPA system is presented, which can 

relax the requirements on the pump laser and still achieve high conversion efficiency 

from a tabletop, long-pulse, Q-switched laser. 

The basic principle of a hybrid optical parametric-laser CPA system is shown if 

Fig. 6.1. The oscillator generates short pulses, which are stretched in time using a pulse 

stretcher. The pulse width of the pump laser can be significantly longer than the stretched 

seed pulse width. A high-gain OPA pumped by a tabletop Q-switched laser amplifies the 
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stretched seed pulse to the level determined by the temporal and spatial overlap between 

the stretched signal and the pump pulse. A unique feature of OPA that distinguishes it 

from laser gain media is the fact that no pump absorption and energy storage occurs in 

OPA. As a result, the pump energy that remains unconverted in OPA is available for 

pumping an additional stage of laser amplification. The laser amplifier seeded by pulses 

amplified in OPA is used to obtain large energy extraction from the residual pump pulse. 

Recompression of the stretched amplified pulse occurs in pulse compressor. 

1 OPA amplified w t , 4 OPA Laser 
amplifier 

Unconverted 

Laser 
amplified signal 

J 

Figure 6.1. The concept of a hybrid chirped pulse amplification 

If a small temporal slice of the pump beam was converted in OPA, most of the 

pump pulse energy is available for pumping the laser amplifier. Laser amplification is 

insensitive to temporal modulation of the pump pulse after its use in OPA, because laser 

media store the total integrated pump energy. The gain obtained from OPA is typically 

comparable to the gain from a standard regenerative amplifier pumped by the same laser. 

Pulse amplification in a laser can result in excellent conversion efficiency. As an 
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example, conversion efficiency Of 5O%, or 90% of the theoretical quantum efficiency, has 

been reported in Ti:~apphire.*~ It is expected that the overall conversion efficiency in an 

optimized hybrid CPA system which utilizes Tksapphire can be close to 50% before 

compression, which compares favorably with the efficiency that can be achieved in a 

high-gain regenerative amplifier alone. 

In addition to conversion efficiency, hybrid system has other advantages. The 

length of gain material is reduced. This results in reduced dispersion, reduced B-integral 

in the system and easier recompression. Electro-optic modulators are not used in a hybrid 

system which does not employ regenerative amplification, thus significantly reducing 

system component cost and complexity and improving safety. Finally, prepulses 

originating from the regenerative amplifier are eliminated, and the hybrid OPA-laser 

CPA system contrast in the pulse pedestal is limited by a combination of parametric 

fluorescence and amplified spontaneous emission. 

6.3. System design 

Fig. 6.2 depicts the schematic of the highly efficient hybrid CPA experiment. This 

experiment is built as an extension of the nondegenerate OPCPA experiment performed 

in Ch. 5, and its additional laser amplifier is described here. After amplification in the 

OPA, the maximum obtained signal pulse energy was 2 mJ, while the available residual 

pump energy from the OPA is 260 mJ after losses incurred on antireflection coating 

inefficiencies in the system. This beam is used to pump the final three-pass Ti:sapphire 

amplifier. 

The laser amplifier consists of a single, 25 mm long Ti:sapphire crystal, which is 
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antireflection-coated for the broadband signal wavelength centered at 820 rim. The pump 

beam is recovered from the second OPA amplifier and relay imaged into the Tksapphire 

crystal, achieving the peak fluence of 3 J/cm2. Tksapphire crystal is pumped from one 

side. The 2 mJ seed beam from the OPA is suitably delayed in time through a double- 

bounce off a set of broadband dielectric mirrors, producing a -3 ns delay between the 

pump and the first pass of signal in Tksapphire. In this way, the absorption of the energy 

in the back (later part) of the pump pulse is achieved before the seed pulse enters the 

Ti: sapphire amplifier. Simultaneously, oscillator pulses arriving in the multipass 

amplifier prior to the main pulse are not amplified, since their arrival times are prior to 

the arrival of the pump pulse. Short fluorescence lifetime of Tixapphire (-3 ps) precludes 

amplification of pulses using the energy of the prior pump pulse at the repetition rate of 

10 Hz. 
1.5 J, 

532 nrn, 8.5 ns T 

I 

nJ, 
nm, 

45 rnJ I 
compressor 

4 " 
RM 

600 ps 

FI TFP PC TFP 

Figure 6.2. Experimental setup for demonstration of hybrid chirped 
amplification. h/2-waveplateY TFP-thin film polarizer, BD-beam dump, FI- 
Faraday isolator, PC-Pockels cell, RM-roof mirror, T-telescope. 

%+ 

pulse 
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The seed beam is sent directly into the laser amplifier after collimation using a 

single lens. This is possible because of the slight divergence of the signal after 

amplification in OPA. The seed beam slightly overfills the pump beam in Tksapphire, 

with a goal of producing good beam quality. A common bow-tied multipass amplification 

scheme is used. The angle between the pump and the signal in every pass in the multipass 

amplifier is minimized to improve the spatial overlap of pump and signal. 

6.4. Experimental results 

The absorption of 532 nm pump in Ti:sapphire was measured first. From the 

incident 260 mJ of pump approximately 200 mJ were absorbed after taking into account 

the losses on the crystal surface. The obtained maximum gain in the four passes in the 

Tisapphire amplifier was 2.5, 4, and 2.25. The corresponding pulse energies after each 

pass were 5 mJ, 20 mJ, and 45 mJ. The gain in the first pass is reduced because of the 

spatial overfill of the pump beam. Far-field beam profiles after the third pass is shown in 

Fig. 6.3. A relatively good beam quality is the result of amplification, since the 

Tksapphire amplifier acts as a spatial filter on the seed that overfills the pump. 

Amplified spectrum was measured, and their comparison with the seed spectrum 

and the spectrum amplified in OPA is shown in Fig. 6.4. It can be noted that Tksapphire 

slightly shifts the peak of the spectrum back to shorter wavelengths, since its gain peak is 

near 800 nm. The amplified FWHM bandwidth is 34 nm, slightly narrower than after 

amplification in OPA. 
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Figure 6.3. Beam profile of the amplified pulse after the 
third pass in Tixapphire amplifier 

1- Oscillator 1- OPA 
1- Hybrid 8' Mi 

760 780 800 820 840 860 880 
Wavelength (nm) 

. Figure 6.4. Oscillator and amplified signal spectra from the OPA and 
from the Tixapphire multipass amplifier 

Hybrid CPA system exhibited high stability, as a result of high saturation both in OPA 

and in Tksapphire amplifier. The photograph of the experimental setup for hybrid CPA is 

shown in Fig. 6.5. 

96 



Figure 6.5. The experimental setup of the hybrid CPA experiment. 

6.5. Conclusion 

This experiment demonstrate the successful use f a novel hybrid CPA 

architecture based on BBO and Ti:sapphire which does not require electro-optic 

modulators and exhibits superior energetic performance when compared to a system 

based on OPA alone and superior bandwidth and simplicity when compared to a system 

based on Tksapphire alone. The demonstrated overall 15% conversion efficiency is 

highest to date in an all-OPA-based CPA system pumped by a tabletop pump laser. 40% 

conversion should be possible with planned optimization of the multipass amplifier. With 

the optimized compression, transform-limited 30 fs pulses should result, with a peak 

power of 2 TW at a 10 Hz repetition rate. Scaling of this concept using all the energy 
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from a typical 1.5-J pump laser should result in 10 TW pulses, in a simple, all-passive, 

and relatively inexpensive device. Focusable intensity of such source should exceed lo1* 

W/cm2. It is expected that this concept will find its use in university laboratories and 

industry due to its superior performance compared to a system based on OPCPA or 

Tksapphire alone. 
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Chapter 7 

High average power optical parametric 

chirped pulse amplification 

A particularly attractive and frequently overlooked feature of optical parametric 

amplification is the absence of intrinsic heat load in the nonlinear frequency conversion 

process. In conventional gain materials based on a laser transition, heat generation is a 

consequence of three factors: energy gap between the pump level and the fluorescence 

transition level leads to nonradiative phonon transitions; quantum efficiency of 

fluorescence is less than 100%; and, normal material absorption occurs in laser 

material.88 Optical parametric amplification is, on the other hand, a “perfectly elastic” 

process, in which energy is conserved in the optical field. The difference between the 

energy levels of pump and signal photons is channeled to the third optical wave - idler 

(Fig. 7.1). This characteristic of OPA is sometimes viewed as the conservation of the 

photon number, and it is expressed by Manley-Rowe relationsI8 (2.46). 

With the absence of the quantum defect and with the quantum efficiency of 100% 

to signal and idler, the only heat load that remains in OPA comes from material 

absorption due to the imaginary part of the dielectric susceptibility. It is therefore of 

foremost importance to identifl the materials which, along with their favorable nonlinear 

properties, exhibit high transparency for all wavelengths involved in the process. 

99 



Figure 7.1. Optical parametric amplification is a 
perfectly elastic process in which the energy remains 
conserved in the optical field @+*-q 

In this Chapter, a numerical study is presented of the scaling of OPAs to high 

average power, with a particular attention to the enabling pump laser technology. 

Material choice is suggested by previous detailed studies of high average power nonlinear 

conversion. Heating effects in an OPA determine the maximum possible average power 

in a single OPA crystal. The model presented here is based on an iterative algorithm that 

leads to a self-consistent solution of nonlinear conversion equations and the thermal 

diffusion equation. Next, an architecture is presented that has a potential to increase the 

average power limit beyond that obtainable from a single OPA crystal. In the end, a 

design of the high average power pump laser is presented. Some preliminary 

experimental development of the next generation of high average power pump lasers for 

OPCPA is included. This effort should lead to the first OPCPA system with favorable 

characteristics for high-speed short-pulse materials processing. ' ' 
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7.1. Material selection 

Similar to laser gain media, it is important that nonlinear crystals exhibit favorable 

thermo-mechanical properties. In addition, thermally induced dephasing represents an 

important consideration in selection of thermally loaded nonlinear crystals. p-barium 

borate @BO) has been identified earlier as the material with an exceptional promise for 

The absorption coefficients in high average power nonlinear optics applications. 

BBO have been measured to be <0.2% cm-' for 1064 nm wavelength:2 and 4 %  cm-' for 

532 It is noteworthy that the absorption in BBO is due entirely to the presence of 

inclusions, and it is expected that the absorption can be reduced through improvements in 

crystal growth. In the calculations presented here, conservative values for absorption 

coefficients given above are used. 

22,89-9 1 

BBO is a negative uniaxial crystal, with a broad transparency range (0.198-2.6 pm 

at 50% Temperature-induced wave vector mismatch calculations (Figs. 3.8-3.9) 

indicate a particularly broad temperature bandwidth in BBO, allowing relatively large 

temperature gradients. When considering BBO OPAs, one of the limiting factors is the 

narrow angular tolerance for beams with extraordinary polarization, leading to the 

requirement for good collimation and beam quality of the pump laser (Figs. 3.10-3.1 1). In 

high average power applications, thermal load leads to a temperature distribution in the 

crystal. Refractive index gradient is then a result of the temperature-dependent refractive 

index and the stress distribution through stress-optic coefficients. As a result, thermal lens 

arises in the gradium-index medium and modifies the beam diameter and divergence as it 

propagates through the crystal. A small change of beam diameter does not severely 
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influence conversion efficiency of OPA working in the regime of strong pump depletion. 

The beam divergence influences phase matching more severely. While the model 

presented in section 7.2 does not include this effect, it is important to address this issue 

experimentally as high average power pump lasers suitable for pumping OPCPA become 

available. The stress-optic coefficients of BBO are not available to date, and their 

measurement will be necessary to do more complete studies of high average power 

devices based on BBO. Since BBO is a birefringent crystal, depolarization effects are 

weak and they are not expected to contribute significantly to dephasing. 

On of the great difficulties in assessing the high average power performance in 

BBO is the lack of consistent set of data for thermal conductivity. In Table 7.1, the 

available published data for thermal conductivity in two principal directions is given. 

I D. Eimerl et a/. (1987)22 I 0.008 I 0.0008 I 
0.016 I 0.012 I I I J. Beasley (1994)95 

Table 7.1. Thermal conductity in BBO. Kll and IC1 are the conductivities 
parallel and perpendicular to the crystal i axis, respectively. 

While both sets of data show anisotropy, the extent of anisotropy and the general 

magnitude of coefficients vary greatly. While the more recent datag5 is considered more 

reliable:6 a conservative approach is taken, and both sets of coefficients are used in 

calculations. The two sources are referenced appropriately when they are used. 
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7.2. Modeling of average power limits 

A model was developed which can address the conversion in OPA in the regime of 

high average power. The system of coupled wave equations (2.33-2.35) can be rewritten 

to include absorption: 

2dgu’ A, (z)A, (z) exp(-ih) . - dA3(z) - - -- a 3  A3 + i  
dz 2 c2k3 (7.3) 

Here, al, e, and a 3  represent the absorption coefficients at the signal, idler and pump 

wavelength, respectively. Absorption coefficients are available for most optical nonlinear 

materials and represent a trivial addition to the model in the conditions of low average 

power. However, when the average power is increased, nonlinear conversion and thermal 

load have a more complicated relationship, particularly when the absorption is different 

for different wavelengths. In that case, a self-consistent numerical analysis of the optical 

conversion and thermal effects has to be performed. 

The 3-dimensional method of high average power analysis performed in this work 

is illustrated in Fig. 7.2. The calculation starts with an initial guess of the temperature 

distribution T(xy,z) in the crystal. Optimal crystal orientation is determined from the 

temperature distribution by requiring that a zero phase mismatch occurs in the crystal 

center, where the expected conversion efficiency is maximum: 
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Z 

jAk(eOpt , T(X / 2, Y / 2, z)) dz = 0 . (7.4) 
0 

Here, the wave vector mismatch Ak is a function of the optimal phase matching angle Bopt 

and the temperature of the crystal along the 2 axis. The dimensions of the crystal are 

(X,,Y,Z). By ensuring a zero phase mismatch in the crystal center, beam quality can be 

improved at the expense of the overall conversion efficiency. This optimization is an 

improvement over previously developed numerical methods.97 The wave vector 

mismatch as a function of temperature is determined via the temperature-dependent 

dispersion relations22 for two principal polarizations (no and ne) in BBO: 

no (a, T) = 2.7405 + -0.0155A2 (1-16.6~10-~(T -20)) (7.5) 0.0184 J a2 - 0.0179 

In the next step, dephasing is calculated for every point in the crystal oriented at the 

optimal phase matching angle 

TEMPERATURE OPTIMAL DEPHASING 
DISTRIBUTION CRYSTAL ANGLE a CALCULATION 
GUESS T(x,y,z) eJPt dXY,Z) 

TEMPERATURE 
DISTRIBUTION 

NONLINEAR 
CONVERSION 

As, Ai, Ap 
+ 

HEAT 
DEPOSITION 

V 

RESULT 

Figure 7.2. Coupled iterative nonlinear conversion - thermal diffusion 
method for calculation of the self-consistent, steady-state solution of the 
high average power OPA problem 
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Boundary conditions for thermal analysis are the temperatures of the four lateral 

crystal faces and the requirement for zero heat flow across the front and the back crystal 

face. This approximates the usual cooling design, with the crystal faces exposed to air, 

and the crystal surrounded by a heat sink on the remaining four sides. A calculation is 

performed in a usual way to determine the conversion to signal, with absorption effects 

included following Eqs. (7.1)-(7.3). Heat deposition in the crystal is also determined by 

solvings Eqs. (7.1)-(7.3), which is then used to evaluate the steady-state temperature 

distribution. The temperature distribution in the crystal can be calculated by solving the 

thermal diffusion equation: 

where K,, Ky and K, are the thermal conduction coefficients in the principal directions in 

the lab frame, and q"" is the deposited heat power per unit volume at the same point. The 

temperature distribution is calculated from (7.7) by the iterative Gauss-Seidel method. 

At this point, the calculation returns to the readjustment of the optimum crystal 

angle, followed by the conversion and heat deposition calculations with the newly 

calculated temperature distribution. Self-consistency of the coupled nonlinear conversion 

- thermal diffusion calculation is achieved when the difference between two consecutive 

solutions for conversion efficiency becomes negligible. 

As an example of the calculation performed with the developed model, consider a 

8x8~10 mm3 BBO crystal used in a type I process 1054 nm (0) + 1074 nm (0) = 532 nm 

(e). The pump energy is 100 mJ, with a variable repetition rate (0-50 kHz). Crystal lateral 

surfaces are kept at a temperature of 20" C. The mesh size used in the calculation is 

20x20~50 points. Conversion efficiency degradation as a function of repetition rate is 
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presented in Fig. 7.3. The calculation is performed for two sets of thermal conductivities 

from Table 7.1. While there is very little influence of the average power load below 200 

W (2 a), the reduction of conversion efficiency at a pump power of 400 W (4 kHz) 

approaches 50 % (conductivity Ref. 22). If a newer set of conductivities (Ref. 95) is used, 

the conversion efficiency drops to 50% at a pump level >1 kW. In Fig. 7.4 (b), the 

resulting near-field signal profile at a pump power level of 500 W and with conductivities 

from Ref. 22 is presented, indicating a reduction of the signal beam diameter. This is an 

indication of poor conversion far from the phase-matched beam axis. The thermal 

. . . . . . . .  . . . .  . . . . . . . .  . . . .  

. . . .  . . . .  . . . .  . . . .  

. . . . . . . .  . . . . . . .  . . . . . . . .  . . . . . . .  . . . . . . . .  . . . . . . .  . . . . . . . .  
1 o2 1 o3 1 o4 

Repetition rate (Hz) 
Figure 7.3. Signal pulse energy as a function of repetition rate in a high average 
power BBO OPA, for two different sets of thermal conductivities. Conservative 
average power calculations can be based on Ref. 22. 

deposition and temperature profile for the two cases is also shown in Fig. 7.4. 

These results indicate that the maximum possible pump energy that can be passed 

through a 8x8~10 mm3 BBO crystal with a negligible effect of the conversion efficiency 

and beam quality is near 200 W and 500 W in our configuration, with thermal 
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conductivities from Refs. 22 and 95, respectively. This represents a conservative estimate 

since special crystal geometry and thermal removal schemes can be engineered for a 

specific problem. 

0 MWIcm' 5 0 MWIcm' 220 

0 w/cm3 24 20 "C 105 
Figure 7.4. An example of the result of the calculation performed at a repetition rate 
of 5 kHz, with the set of thermal conductivity coefficients from Ref. 22. The size of 
the seed beam (a) is 5.9 mm. The beam size after amplification (b) is reduced to 3.9 
mm. The deposited thermal power in the central YZ plane of the crystal is shown in 
(c). Stronger absorption can be noted on the front of the crystal, where the pump 
beam is not depleted by interaction. The resulting steady-state thermal profile in the 
crystal is shown in (d). 
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It important to note that this model does not include any stress-optic effects and 

does not predict the thermally induced mechanical failure. A previous study8’ indicated 

that the fracture temperature of BBO is 10 times greater than other comparable nonlinear 

materials, with an anticipated fracture toughness of 150 kPa m1’2. Preliminary 

experimental tests of thermally induced fracture in BBO showed that about 300 W of 532 

nm light did not lead to BBO fracture.’* 

7.3. Cascaded difference-frequency generation for high average power 

In this section, a new scalable architecture for OPA is presented. It allows higher 

average power signal output than would be possible in a single crystal as a result of 

thermal effects induced by pump absorption. The average power limit of this architecture 

is set essentially by the thermal load induced by signal and idler absorption. 

An important feature of normal dispersion is the fact that the absorption of shorter 

wavelength light is stronger than the absorption of longer wavelength light. Since the 

absorption in OPA is dominated by the shorter wavelength (pump), a multi-crystal 

scheme is proposed which limits the heat load through each crystal by splitting the 

incident pump power. Let us assume that the average power limit in a particular OPA at 

the pump wavelength is 300 W, while the same limit at the signayidler wavelength is 

1500 W. As shown in Fig. 7.5, the last OPA crystal can be subjected to the maximum 

allowed pump power (299 W) for assumed seed input of 5 W without thermal crystal 

degradation and/or crystal fracture, and with the acceptable level of reduction in 

nonlinear conversion. Assuming 30% conversion efficiency (a conservative and 
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experimentally confirmed value in OPAS~~,~*) ,  the maximum signal output from this type 

of system would not exceed 100 W. 

- 200 w 
OPA " t  Pump 

5 W signal 

Figure 7.5. Final OPA crystal in a high average power system 

Being limited by the pump absorption, OPA design can be modified to allow 

distribution of more total pump power into several OPA crystals. Fig. 7.6 shows an 

example of such design, consisting of three OPA crystals pumped by a total of 840 W of 

pump power, but still within the limits for material fracture. 840 W pump is split by a 

series of beamsplitters into three (300 W, 280 W, and 260 W) beams, which are used to 

pump three OPA crystals. We may note that instead of using a single 840 W pump beam, 

the three pump beams can be originating from more than one pump laser, relaxing the 

requirements on individual pump laser power. Cascaded OPA crystals in this 

configuration work in a large-signal regime (difference-frequency generators), adding 

-30% of the pump beam pulse energy to the signal beam even as the pulse energies of 

signal and pump become comparable. Idler beam is discarded after each crystal using 

angular separation, which allows the large spectral bandwidth to remain conserved. 

The most notable advantage of this architecture is that there is no sacrifice in the 

total conversion efficiency, because the signal power represents a nearly fixed fraction of 

pump power in every stage. A disadvantage of this approach is the growth of system 

complexity as addition stages are added (Fig. 7.6 does not include associated beam relay 
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optics). In this way, the average power of OPCPA can be scaled in any crystal if a 

combination of signal and idler wavelength with low absorption is used, since the effect 

of absorption of short wavelength pump beam is greatly reduced. 

Pump 
900 W signal 

260 W 
Figure 7.6. Distribution of heat load in OPA through cascaded difference- 
frequency generation. In the three-stage example system, the average power 
limit is increased by a factor of 2.6. 

7.4. High average power pump laser design 

A critical component of the high average power OPCPA system is the high average 

power pump laser. High average power OPCPA essentially separates the thermal load 

issues from the amplification process. The thermal issues are largely diverted from the 

short-pulse amplification material into the high average power nanosecond pump laser. 

The availability of narrow bandwidth laser gain materials with good thermal and 

mechanical properties is extensive, allowing the scaling of the pump laser and the entire 

OPCPA system to much higher average power than what can be obtained by using solely 

broadband laser amplification materials such as Tksapphire. 
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yet that exhibits all the required characteristics simultaneously. This necessitates further 

development of the laser technology that will be able to accommodate the very stringent 

pump laser requirements for high-efficiency amplification in OPAs. In this section, a 

conceptual design and some preliminary results are presented for a high average power 

laser that can be used to pump OPCPA. While this is the first step in the direction of 

development of an appropriate pump laser, the final performance limits in OPCPA can be 

reached only by a more extensive development, with performance characteristics that are 

99,100 in many aspects several orders of magnitude beyond the best current technology. 

The proposed pump laser that will allow the development of the first multi-W, high 

repetition rate OPCPA in the near future is presented in Fig. 7.7. 

3.2 mJ 
3.2 mm 

.3 mJ 
3.2 mm 

.5 mJ .3 mJ 
gaussian top-hat 

Roby R ~ b y  - 
optic Optk 

B.m R.l.Y 
.h.Piw optk 

+ 
15 mJ 

Figure 7.7. Design of a 80 W, 532 nm laser for pumping high average power OPCPA. 
Indicated are the pulse energy, transverse intensity profile and diameter of the beam at 
several points in the system. 

The system is based on a master oscillator - power amplifier (MOPA) architecture. 

The master oscillator is a 1064 nm miniature NdYAG seeder laser, which produces 4 ns 

F W H M  pulses at a 4 lcHz repetition rate. The seeder operates in single longitudinal mode 

.to ensure a smooth temporal profile of the pump beam, and in TEMOO transverse mode to 
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OPCPA imposes stiff requirements on the pump pulses, which is a result of the 

instantaneous energy transfer among coherent laser beams, as opposed to pump energy 

storage in conventional lasers. The instantaneous character of interaction indicates that 

matching the pump pulse width with the stretched signal pulse width is desirable. In this 

way, the extraction efficiency can be maximized, and the entire spectral bandwidth of the 

stretched signal pulse can be amplified. As an alternative, if the pump pulse is 

significantly longer than the signal pulse, temporal multiplexing can be employed to 

improve efficiency. As shown in Chapter 8, it is necessary that the pump laser produce a 

good beam quality to allow good conversion efficiency. This requirement is the 

consequence of the relatively narrow acceptance angle for the pump beam in critically 

phase-matched nonlinear crystals such as BBO. The pump laser has to operate with high 

repetition rate, which determines the overall repetition rate of the system. However, it is 

simultaneously important to produce a relatively high energy per pulse, as the OPA 

process can proceed efficiently only if the threshold peak power is exceeded?' A low 

temporal jitter is required because of the instantaneous nature of the process. 

Additionally, constant space-time intensity of the pump pulse is desired (top-hat in space 

and time), which reduces the spatial and temporal (spectral) modification of the signal 

pulse. Finally, the pump pulse has to be-at a shorter wavelength than the signal. This 

usually necessitates the use of frequency doublers, which leads to the loss of a significant 

fraction of the pump pulse energy at the fundamental frequency prior to its use in 

OPCPA. 

Solid-state lasers have been demonstrated in the past that exhibit any one or a 

combination of the above required properties. However, no laser has been demonstrated 
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maximize the beam quality. The seeder laser is described in more detail in the following 

section. The beam shaping section consists of a serrated aperture"' and a telescope with a 

spatial filter. The purpose of the beam shaping section is to produce nearly top-hat 

transverse beam profile by clipping the wings of the pump beam, followed by filtering of 

high spatial frequencies. The use of spatially top-hat beams has two benefits: it allows a 

greater energy extraction from the power amplifiers, and it is favorable for frequency 

conversion in the doubling crystal and OPCPA. It is necessary to relay image the top-hat 

spatial profile from the serrated aperture throughout the laser system, which is shown as a 

chain of relay optics between individual amplifier stages. 

image 
relayed 

output 

Figure 7.8. Design of the 2-rod double-pass amplifier. QR-quartz rotator, 
TFP-thin film polarizer. The gain of each rod is G=2. 

The power amplifier consists of two l-rod 4-pass Nd:YAG amplifiers and a 2-rod 

double-pass Nd:YAG amplifier. The amplifier heads are diode-pumped and made by 

Cutting Edge Optronics (CEO). They accommodate 50 mm x 160 mm NdYAG laser 

rods, and allow extraction of up to 120 W of radiation from a single head when 

configured as a CW oscillator.lo2 The design of the 2-rod double-pass amplifier is 

presented in Fig. 7.8. Lenses are employed between different components to allow relay 

imaging. In addition to the preservation of the top-hat beam shape, relay imaging is 

necessary to compensate the thermal lens and thermally induced birefringence 103,104 in 
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individual amplifiers. Single-pass depolarization loss was measured to be 24% (Fig. 7.9 

(a)), while the measured thermal lens of a single amplifier at full power was 160 mm 

(Fig. 7.9 (b)). 

24 i .____.___.._._ .i _____________..~ .___.__._____. -i __.____._____ *...... ' 

16 , . , . , . , . I  

16 18 20 22 24 26 
Diode current (A) 

16 18 20 22 24 26 
Diode current (A) 

Figure 7.9. Single amplifier measurements for different diode current: 
(a) single pass depolarization, (b) thermal lens. Red lines represent 
polynomial fits. 

Excellent depolarization compensation was obtained with a single-rod 4-pass 

amplifier, producing 4% depolarization. This indicates a good mode matching and 

polarization rotation between individual passes of the amplifier. Depolarization loss of 

8.5% was obtained by double passing the two-rod amplifier. The probable source of the 

depolarization correction imperfection in this case are the slightly different thermal 

properties and fluorescence distribution for two laser rods. Nevertheless, the obtained 

results indicate the possibility of construction of a NdYAG pump laser with a relatively 

good beam quality. 

The amplifier is expected to produce 40 mJ pulses at a 4 lcHz repetition rate at the 

fundamental wavelength of 1064 nm, with a top-hat transverse profile and a gaussian 

temporal profile. Doubling the fundamental wavelength is expected to produce >20 mJ 
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pulses. An addition of a fast temporal pulse slicer between the seeder laser and the first 

amplifier would be an improvement over the existing design, allowing higher conversion 

efficiencies in the final doubler and in the subsequent OPA. 

7.5. High repetition rate seeder laser 

The master oscillator section of the amplifier was developed as a miniature seeder 

laser. A schematic of the seeder laser is shown in Fig. 7.10. The gain medium is a 

NdYAG rod (1.5 mm x 10 mm, 0.7% Nd doping). One side of the rod is coated for high 

reflection at 1064 nm, representing one end of the cavity. Thin film polarizer allows only 

horizontal polarization to be amplified in the laser rod. A miniature, low-loss Pockels cell 

made of deuterated potassium dihydrogen phosphate (KD*P) allows quarter-wave 

switching at a voltage of 2.3 kV. The Pockels cell is followed by a half-waveplate and a 

flat 80% output coupler. 

808 nm 

80 oc % D-J coupling 

J Optic 
6 cm 

Figure 7.10. Seeder laser for high average power OPCPA pump laser. 
TFP -thin film polarizer, PC - Pockels cell, OC - output coupler. 
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The laser was pumped by a fiber coupled diode laser (808 nm, 15 W), with a fiber 

core of 400 pm and a numerical aperture of 0.13. The pump beam was focused into the 

laser rod using a single lens. The small fiber core diameter and numerical aperture was 

essential for achieving a single transverse mode operation. Single longitudinal mode 

operation is also a result of short laser cavity (only 6 cm), which introduces a large cavity 

mode separation and preferential selection of a single mode. The base of the laser is 

water-cooled (base), while the fiber coupled pump diode laser is air-cooled. 

The obtained pulse width from the seeder laser was 4 ns at a repetition rate of up to 

2 kHz. To verify that the laser was operating in a single longitudinal and a single 

transverse mode (TEMOO), a Fabry-Perot interferometer was used. The maximum 

obtained power from the Q-switched laser was 1.2 W at a 3 lcHz repetition rate. The pulse 

energy decreased and the pulse width increased as the repetition rate was increased 

beyond 2 ICHZ. This is in good agreement with the fluorescence lifetime of Nd:YAG of 

230 ps.88 Fig.7.11 shows the high repetition rate seeder laser. 

Figure 7.11. High repetition rate seeder laser 
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Chapter 8 

Angular effects and beam quality in 

optical parametric amplification 

Advances in optical parametric devices, in particular those requiring high 

conversion efficiency, rely on pump laser and gain medium properties. In this Chapter, a 

theoretical model is developed that describes the source of dephasing due to angular 

deviation from ideal phase matching in optical parametric amplification. Real laser beams 

have angular content, which is described by their spatial frequency spectrum. Such beams 

cannot be treated as single plane waves in nonlinear interactions. The mathematical 

model is based on a plane wave decomposition of gaussian and top-hat beams into their 

components in spatial frequencies. Several popular nonlinear materials @BO, LBO, 

KDP) are examined and the angular dephasing is rigorously calculated. The impact of the 

beam angular content on small signal gain and on conversion efficiency in the strongly 

depleted regime is evaluated numerically. In addition, a criterion is formulated for beam 

quality tolerance in OPAs, for critical and noncritical phase matching. The impact of 

initial conditions in optical parametric amplification is considered. The calculations 

presented in this chapter are primarily intended for devices pumped with long 

(nanosecond) pulses. The results should provide insight into the pump laser requirements 

for OPCPA. 
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Careful maximization of efficiency is particularly important for high repetition rate 

OPAs, where the available pump pulse energy is relatively small. The conversion 

efficiency depends on the overlap and shape of pump and signal pulses in space and 

When nanosecond pump pulses are used, longer interaction lengths in the 

crystals are required. Under these conditions, dephasing due to angular, spectral and 

temperature bandwidth and crystal nonuniformity becomes important. Boyd and 

Kleinman'05 performed the first analytical calculations of coupled wave interactions with 

focused gaussian beams. Their calculations included effects of rapidly variable intensity 

in tight focusing conditions, walk-off and diffraction. However, their analysis was limited 

to small conversion efficiency and gaussian beams. More recently, Wong et al lM 

investigated conversion efficiency for second-harmonic generation. In their model they 

used a beam with gaussian distribution of divergence and included depletion effects. 

Here, the calculation of Wong et al. is extended to predict the limits of performance for 

0PAs;using a plane wave decomposition model for gaussian and top-hat beams. A 

relationship between laser beam quality and conversion in OPAs is established. The 

impact of initial conditions in the process of optical parametric amplification is included 

in the model. Finally, a criterion is derived for beam quality requirements that allow large 

conversion efficiency in OPAs, for critical and noncritical phase matching. 

8.1. Preliminary considerations 

In optical parametric devices, nonlinear crystals are commonly placed in the laser 

beam waist, which allows the laser intensity to rise to the level required for efficient 
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parametric interactions and ensure best possible collimation. A perfect gaussian beam 

propagates according to the following equation: 

where w is the beam radius, wo is the beam waist radius, and z is the longitudinal position 

(20 being the waist position). In the beam waist, the one-dimensional distribution of the 

electric field in spatial frequencies can be obtained by taking the Fourier transform of the 

transverse electric field distribution: 

where s is the transverse spatial frequency. The Fraunhofer diffraction pattern in the far 

field is equivalent to the near-field distribution in spatial frequencies (s= MA.). Therefore, 

any real laser beam consists of a superposition of plane waves, with a distribution of 

divergence as indicated by the spatial frequency distribution. This divergence spread 

contributes to dephasing in optical parametric amplification. 

M2-formalism'07 is used to describe beam propagation when transverse beam 

quality differs from the ideal transform limit: 

Imperfect beam quality can be treated as an increase in the minimum beam waist - spatial 

frequency bandwidth product, 

M 2  
2n 

wooso =-, (8.4) 
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where the beam waist wo and spatial frequency bandwidth q,d are defined as variances of 

the beam intensity distribution in configuration and spatial frequency space, respectively. 

In this analysis two ideal beam profiles are considered gaussian, a common beam profile 

obtainable from laser resonators, and top-hat, favored for nonlinear conversion processes 

due to reduced spatial variation of gain and reduced Poynting vector walk-off effects. 

While most real beams used in optical parametric amplification have beam profiles 

intermediate between the two ideal cases, this analysis still gives a quantitative 

assessment of the expected conversion from real beams. 

Perfect gaussian beam intensity distribution can be written in terms of the electric 

field amplitude: 

E(r)  = Eo exp -? . [ 
The corresponding distribution in spatial frequencies is obtained by taking the Fourier 

transform of (8.5): 

I E ( ~ J =  n ~ , , w ~  exp(-n2s2w2), (8-6) 

or, for a beam that is not diffraction limited, 

2 2  2 nE0w2 n s w  
lml= M 4  M 4  (8.7) 

A uniphase distribution is chosen for the pump: E(s) = IE(s)l. This arbitrary choice is 

justified by the phase insensitivity of difference-frequency generation. For every pair of 

angular components of the signal and pump, an idler is generated with the phase given by 

@p - @= - @i = -n/ 2 . Therefore, any initial phase difference among the angular 

components is projected to the idler as idler phase content. 
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Spatial frequency spectrum of the ideal top-hat beam can be calculated by taking 

the Hankel transform of the near-field electric field distribution: 

E(s)=E,,w 2 J,b) 
Y sw 

where J1 denotes the first order Bessel function. For a top-hat beam with a beam quality 

parameter M2, the spatial frequency spectrum can be defined in analogy to the gaussian 

case as 

E,w2 J, (2mwlM’) 
SWIM2 

E(s) =z 
The minimum value of the angular divergence a corresponds to M2=1. 

(8-9) 

Angle (mrad) 

Figure 8.1. Normalized intensity distributions in divergence 
angles. The solid curve represents a gaussian and the dashed 
curve represents a top-hat beam; w0=0.5 mm, A=1054 nm. 

Fig. 8.1 shows normalized intensity distributions in divergence angles for a 

gaussian TEMOO and a top-hat radially symmetric beam of equal radial intensity 

variance. Note that the spatial frequency spectrum for a top-hat beam is broader than for 

the gaussian beam for the same radial intensity variance. While the spatial frequency 
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variance cannot be evaluated for a top-hat beam,lo7 the calculated distribution for top-hat 

beam nevertheless allows quantitative analysis in OPAs. An OPA acts as a spatial filter 

on the spatial frequency distributions (8.7) and (8.9) due to its finite angular phase 

matching bandwidth. This limits the spatial frequency range that needs to be evaluated. In 

the test cases presented here, the relevant spatial frequencies are limited to 3 ~ 0  for 

gaussian beams, and to the secondary zero of the intensity distribution in spatial 

frequencies for top-hat beams. 

When the beam is not propagating along one of the crystal axes, the change of the 

index of refraction is more sensitive to angular deviation in the principal plane of the 

crystal (critical phase matching). As previous calculations in Chapter 3 indicate (Fig. 

3.11), detuning in the principal plane is the dominant contribution to total angular 

detuning. A general two-dimensional analysis for uniaxial crystals can therefore be 

reduced to a computationally less demanding one-dimensional case, where only detuning 

in the principal plane is considered. In biaxial crystals, critical phase matching is 

generally achieved in one of the principal planes of the crystal. In that case, the same 

analysis can be applied to biaxial crystals, taking advantage of the large difference in 

angular sensitivity in the principal plane and perpendicular to the principal plane. The 

one-dimensional field distribution is calculated as 

(8.10) 

where s, and s,, are the spatial frequencies in two principal directions, El(sJ is the one- 

dimensional field distribution, E($ is the radial field distribution in spatial frequencies, 

and C is the normalization constant, such that 

122 



m m 

(8.1 1) 
-00 0 

A notable exception to this simplified treatment is the analysis of noncritically 

phase-matched processes, where beam propagation is achieved along one of the principal 

axes. In that case, angular sensitivity has similar magnitude in both directions, requiring a 

full two-dimensional analysis. A common example for a noncritically phase-matched 

crystal is lithium triborate (LBO), with its sensitivity curve plotted in Fig. 3.10 (d). 

8.2. Model formulation 

This study focuses on dephasing due to angular deviation from the ideal phase 

matching in optical parametric amplification. For this model a single frequency pump 

and signal and negligible group velocity dispersion are assumed. Without parametric 

interaction, the transverse pump beam intensity distribution is assumed constant along the 

length of the crystal z. The parametric interaction is evaluated at an arbitrary transverse 

point (x,y) on the crystal. The calculation is performed from (xaqi) to (x,yq>, where Zi is 

at the input face and zf is at the exit face of the crystal. Aside from depletion effects, the 

initial angular distribution of the pump chosen at zi is maintained throughout the length of 

the crystal. The spatial frequency distribution of the electric field is used as the angular 

distribution for the plane wave decomposition at the input face of the crystal. Intensity 

variations are neglected, as the focus of interest are nanosecond OPAs, with relatively 

weak focusing and long depth of focus compared to the OPA length. Also, the Guoy 
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phase shift that occurs on relatively short scale when tightly focused beams are used is 

not relevant to this calculation with weakly focused beams and short crystals. 

Figure 8.2. (a) Angular plane wave decomposition of a real laser 
beam, (b) assignment of the idler Azij and wave vector mismatch Aku 
for the signal component Ali and pump component A3j. 

The electric field for signal and idler wave is represented as a sum of plane waves 

with angular distribution identical to the one-dimensional electric field distribution in 

angles (8.10): 

N 
E, = AIie, exp[-i(qt - kIir)], I = 1,3 

i=l 
(8.12) 

where eii represents the unit vector perpendicular to the propagation direction of the 

corresponding plane wave, and Ali represents the amplitude of an individual plane wave, 

normalized to the intensity 4 of the corresponding beam: 

2 Po 4 
i=l €0 2n, 

N 
C A I i  =--, 2=1,3. (8.13) 

The limited width of angles about the phase matching angle for the signal and pump is 

uniformly divided into N angular components, as shown in Fig. 8.2. A finite angular 
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range is used for signal and pump as described above. An approximation can be made: kli 

r=krT, as a consequence of paraxial beam propagation. Coupled differential equations 

that govern difference-frequency generation can now be solved 

2w d -=i dA2, 
'ff A,,A;~ exp(iAk,z), i = 1 ,... ~ , j  = 1, ..., N ,  

dz n2c 
(8.14) 

2 w d  N 

dz n3c j=l  

-=i '4 j 
@ ~ ~ , , ~ ~ ~ e x p ( - i ~ k , z ) ,  j = 1 ,  ... N. 

where ku is the wave vector mismatch among the signal angular component Ali, idler 

angular component A ~ v ,  and pump angular component A3p The wave vector mismatch kij 

is given by (2.56) for uniaxial crystals, and by (2.52-2.63) for biaxial crystals. Note that 

an idler angular component A2ij is assigned to each combination of the angular 

components of the signal Ali and pump A 3 ,  The direction of the generated idler angular 

component A2v is defined by the nonlinear Snell's law for the incident signal and pump 

angular components Ali and A3j, respectively. 

The system of coupled differential equations is solved by the 4th order Runge- 

Kutta method for numerical integration. The required number of the integration steps and 

the transverse mesh size are determined by testing the resultant convergence with 

increasing grid finesse. Typical calculations were carried out with N=50 in the spatial 

frequency domain and 1000 steps in the numerical integration per cm of crystal length. 

The analysis tracks the electric field amplitude and phase throughout the interaction 

region, followed by the calculation of total beam intensity and gain. 
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8.3. Results of model calculations 

The analysis now proceeds to calculate the influence of the angular divergence on 

small signal gain in an OPA. In order to quantify the beam divergence in these 

calculations, the pump beam divergence parameter a is introduced 

iw2a a=-. 
W 

(8.15) 

The divergence parameter takes into account beam size, wavelength and beam quality, 

and is proportional to the far-field diffracted angle. The following simulation parameters 

are chosen: I,=SOO MW/cm2, & = l o ”  W/cm2, 4=532 nm, and &=lo54 nm. The 

difference-frequency mixing process used is 1054 nm (0) + 1074 nm (0) = 532 nm (e). 

The minimum radial intensity variance - spatial frequency bandwidth product is assumed 

for the incident seed beam. This corresponds to the experimentally relevant case of 

amplification of a high-quality seed beam using an energetic pump beam of less than 

ideal beam quality. 

. v  

0.0 0.5 1.0 1.5 2.0 
Crystal length (crn) Crystal length (cm) 

Figure 8.3. Small signal gain in BBO for different divergence parameters, for (a) 
gaussian beams, (b) top-hat beams. Simulation parameters: &=lo54 nm, 4=532 
nm, Ip=500 MW/cm2. 
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Figure 8.4. Small signal gain in KDP for different divergence parameters, for (a) 
gaussian beams, (b) top-hat beams. Simulation parameters: &=lo54 nm, &=532 
nm, 1,=500 MW/cm2. 
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Figure 8.5. Small signal gain in noncritically phase-matched LBO for different 
divergence parameters, for (a) gaussian beams, (b) top-hat beams. Simulation 
parameters: &=lo54 nm, 4=532 nm, 1,=500 MW/cm2. Note that the divergence 
parameter scale is an order of magnitude greater than for BBO and KDP. 

Fig. 8.3(a) shows the small signal gain in bbarium borate (BBO) as a function of 

interaction length in the crystal, for several divergence parameters a: with gaussian 

beams. Indicated in Fig. 8.3(a) is the model calculation when zero dephasing (W) is 
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assumed. It is in agreement with a simple calculation based on a single, perfectly phase- 

matched plane wave. An identical calculation is performed with a top-hat beam, with 

results shown in Fig. 8.3(b). It is apparent that a reduction of gain occurs even for modest 

values of divergence parameter a; consistent with the relatively narrow angular 

acceptance of BBO. It can be observed that the gain reduction is more severe for a top- 

hat beam than for a gaussian beam with the same divergence parameter a; resulting from 

the broader spatial frequency distribution for a top-hat beam compared to a gaussian 

beam with the same radial intensity variance w. Identical behavior is observed in 

potassium dihydrogen phosphate (KDP). This crystal is also a uniaxial crystal, but it has a 

much lower nonlinearity than BBO. KDP is available in large apertures and it is therefore 

attractive for high-energy nonlinear applications. Results are shown in Fig. 8.4, with the 

same interaction parameters, except that longer crystal length was observed due to 

relatively small gain. Finally, lithium triborate (LBO) is analyzed in a noncritically 

phase-matched configuration. Noncritical phase matching in LBO for the type I process 

1054 nm (0) + 1074 nm (0) = 532 nm (e) can be achieved by heating the crystal to -150" 

C. This configuration is characterized by large angular tolerance. The result of small 

signal gain calculations in noncritically phase-matched LBO is shown in Fig. 8.5. Note 

the same qualitative behavior for both noncritically phase-matched and critically phase- 

matched crystals. Noncritically phase-matched LBO exhibits an order of magnitude 

greater divergence tolerance than BBO and KDP. 
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Figure 8.6. Large signal gain in BBO for different divergence parameters, for (a) 
gaussian beams, (b) top-hat beams. Simulation parameters: &=lo54 nm, &=532 
nm, 1,=500 MW/cm2, 50 mJ pump, 10 mJ seed., 
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Figure 8.7. Large signal gain in KDP for different divergence parameters, for (a) 
gaussian beams, (b) top-hat beams. Simulation parameters: &=lo54 nm, &=532 
nm, 1,=500 MW/cm2, 50 mJ pump, 10 mJ seed. 

To evaluate maximum conversion efficiency in OPA, large signal gain configurations 

need to be analyzed. Next, gain is calculated when Power,,,,,,= 5 Powerseed. This leads to 

strong depletion of the pump wave and back conversion. Results for BBO, KDP and LBO 
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are shown in Figs. 8.6-8.8, for gaussian and top-hat beam profiles. An important difference 

exists between our results and the results of simple calculations in which a single plane 

wave with a single averaged value of phase mismatch is considered. A plane wave analysis 

without angular distribution results in cycles of conversion and back conversion that occur 

with specific frequency and consistently attain the same maxima and minima. The results 

presented here show conversion behavior similar to the behavior of a damped oscillator, 

where successive oscillations become less pronounced. This is the result of a large number 

of plane waves interacting with different wave vector mismatch and subsequent different 

conversion and back conversion rates for plane wave components across the spatial 

frequency spectrum. The damped oscillatory conversion behavior is consistent with the 

previous calculationlM for second-harmonic generation. 

-no dephasing 
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Figure 8.8. Large signal gain in noncritically phase-matched LBO for different 
divergence parameters, for (a) gaussian beams, (b) top-hat beams. Simulation 
parameters: &=lo54 nm, 4=532 nm, 1,=500 MW/cm2. 

Top-hat beams are preferred in optical parametric processes due to uniform 

conversion. However, for the same radial intensity variance, gaussian beams are less 
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sensitive to angular divergence than top-hat beams in optical parametric amplification. If 

the spatial frequency spectra of gaussian and top-hat beams are compared, it is found that 

the gaussian's spectrum has greater energy content in its central lobe than the top-hat's. 

This can be shown by considering a spatial frequency window defined by the first zero of 

the Bessel function for the spatial frequency spectrum of the top-hat beam. While the top- 

hat beam has only 84%, the gaussian beam with the same radial intensity variance has 

99.9% of its energy concentrated in the same enclosed area. It is this difference that is 

responsible for the observed variation in the angular sensitivity. Common nonlinear 

crystals in critically phase-matched configurations typically exhibit narrow angular 

tolerances. Frequently, only the central lobe of the spatial frequency spectrum of a top-hat 

beam is included in the angular bandwidth for optical parametric amplification. Since the 

rate of difference-frequency generation has a strong nonlinear dependence on beam 

intensity, a significant drop in gain is expected with reduced effective beam intensity. In an 

alternative view, the high spatial frequencies of the pump experience rapid cycles of 

conversion and back conversion, not contributing significantly to the overall conversion. 

8.4. High conversion criteria 

Eimerl"* has previously studied second-harmonic generation and concluded that 

the conversion efficiency in second-harmonic generation is determined exclusively by the 

beam peak power and beam quality in critically phase-matched crystals. While increasing 

the beam intensity by telescoping the beam decreases the required crystal length, there is 
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no impact on the overall conversion efficiency. This result can be extended to optical 

parametric amplification. For this case, the simplified expression for small signal gain is 

1 
4 

G = -exp(2goL)sinc (8.16) 

where go = K K  is the gain coefficient, Ip is the intensity of the pump, L is the crystal 

length, and K = 47rd~/,/2~~n,n,n,cAJ~ . In critical phase matching, the wave vector 

mismatch Ak can be approximated by the linear function of divergence angle for small 

angle: 

Po M 2 A  AkL = pOA6L = -- L , 
4 7rw 

(8.17) 

where Po = d(Ak)/d6 is the angular sensitivity for a critically phase-matched nonlinear 

crystal. We can now rewrite the expression for small signal gain for radially symmetric 

beams as 

G 
4 8 j r t w  

(8.18) 

where Pp is the peak power of the pump beam. While telescoping the b-am changes beam 

radius w, the ratio L/w remains invariant for the same gain. The problem of obtaining 

maximum gain reduces to selecting the proper ratio of crystal length L to beam radius w 

for a particular pump peak power. 

Dephasing can be reduced in uniaxial crystals by using elliptical beams, elongated 

in the principal plane of the crystal. Elliptical beams take advantage of the anisotropy in 

angular sensitivity, reducing dephasing while enabling the same pump intensity. 

Compared to a radially symmetric beam of the same intensity, dephasing is reduced by a 
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factor of A, where A is the beam aspect ratio. As a consequence, the beam quality 

parameter M2 can be times greater compared to a radially symmetric beam. The limit 

of usability of this scheme in uniaxial crystals is determined by dephasing due to 

divergence in the insensitive direction. This dephasing in the insensitive direction starts 

to compete with dephasing due to divergence in the sensitive direction at large aspect 

ratios. This aspect ratio in BBO is calculated to be -20. Another advantage of using 

elliptical beams in uniaxial crystals is the reduction of the impact of walk-off. Walk-off 

occurs for the extraordinary polarized beam and is directed in the crystal sensitive 

direction. Using elliptical beams increases the overlap of the ordinary and extraordinary 

beams. This results in better conversion efficiency, particularly when intersecting beams 

are small and interaction lengths are long. 

In noncritical phase matching, phase mismatch can be approximated by a quadratic 

dependence on the divergence angle 

y6 ~~a~ L A ~ L = Y , A B ~ L = - ~ -  
16 IG w w ’  

(8.19) 

where y6 = d 2  (Ak)l de2 is the angular sensitivity for noncritical phase matching. 

Increasing the beam size can increase the conversion efficiency in noncritically phase- 

matched crystals. Contrary to intuition, weaker beam focusing enables higher conversion 

in noncritically phase-matched crystals. The obvious limit of practicality of this result is 

the availability of large crystals of sufficient quality. Otherwise, the limit is set by the 

dephasing sources that are directly proportional to crystal length, such as spectral and 

temperature bandwidths. 

133 



In a simplified analysis, we now derive the criterion for beam quality that allows 

high conversion efficiency in OPAs. By Eq. (8.16), with dephasing neglected, the desired 

small signal gain can be obtained for a given value of pump peak power by selecting the 

appropriate ratio of crystal length and beam radius 

L l w = -  ‘n ln(4G). 
2K& 

The dephasing term for the selected ratio Llw is 

(8.20) 

(8.21) 

(8.22) 

for critically and noncritically phase-matched crystals, respectively. If the requirement for 

high conversion efficiency is defined as sinc2 (Ah51 2) > 0.5, or AkL / 2 < 1.39 , a 

criterion is obtained for required beam quality for lasers pumping OPAs: 

K J P  M 2  <1.39x16& pen ln(4G) ’ 
(8.23) 

KwdP 
yJ2 ln(4G) ’ 

M 4  < 1 . 3 9 x 3 2 ~ ~ ‘ ~  (8.24) 

for critically and noncritically phase-matched crystals, respectively. Note that for critical 

phase-matched operation the required beam quality M2 does not depend on the beam 

radius. For noncritical phase matching, the required M2 scales as the square root of the 

beam radius. 

An important consideration in OPA design concerns a simple difference between 

harmonic generation and seeded OPAs. While second-harmonic generators build up 
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without an incident harmonic beam, seeded OPAs have radically different boundary 

conditions, where seed beam intensity is typically many orders of magnitude greater than 

the zero-point field fluctuation. Seed power influences the overall conversion efficiency 

in the OPA. A simple calculation was performed to determine maximum conversion in an 

OPA as a function of seed power. The results are shown in Fig. 8.9(a), without walk-off, 

and in Fig. 8.9(b), with walk-off. 

* (a) A k =  0 
1004 

v -  ' . I .  

0.0 0:2 0.4 0:s ' 0:8 . 1:O 
Power(seed) I Power(pump) 

Ak = 0 

0.0 0.2 0.4 0.6 0.8 1.0 
Power(seed) / Power(pump) 

Figure 8.9. Maximum conversion in BBO as a function of the ratio of seed and 
pump input, for (a) no walk-off included, (b) walk-off included. Simulation 
parameters: &=lo54 nm, &=532 nm, Ip=l GW/cm2 

The maximum conversion of the pump beam to signal and idler is plotted as a 

function of the ratio of seed and pump peak power, for different values of wave vector 

mismatch Ak. A single plane wave with wave vector mismatch Ak is assumed. The 

evaluated mixing process is 1054 nm (0) + 1074 nm (0) = 532 nm (e), with pump waist 

size 2 mm (top-hat), and pump intensity of 1 GW/cm2. Maximum conversion is found by 

varying the crystal length with constant input intensity. With A b 0  and in the absence of 
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walk-off, maximum conversion is 100% and it is independent of the seed power. As the 

wave vector mismatch increases, higher conversion efficiency is possible when the input 

seed intensity increases. With the inclusion of walk-off, even zero wave vector mismatch 

leads to a maximum conversion of -85% when Powersee~P~we~pump~l. The efficiency 

can be improved by increasing the ratio Powe~see~Powe~pump, asymptotically approaching 

1 00% when Power,,,dPower,,,,~o. 

8.5. Conclusion 

This Chapter explored the angular effects in optical parametric amplification using 

a numerical model of difference-frequency generation. A numerical model was 

developed, based on plane wave decomposition. The model can be used to isolate and 

evaluate the influence of spatial frequency content of real laser beams on the performance 

of devices based on optical parametric amplification. It was found that top-hat beams 

exhibit greater sensitivity to angular dephasing than gaussian beams with the same radial 

intensity variance. This result is attributed to the more broadly distributed angular 

spectrum of the top-hat beam. 

Criteria were derived for required beam quality in critically and noncritically phase- 

matched optical parametric amplification. It was shown that the required beam quality is 

invariant with respect to the beam diameter in critical phase matching. In noncritical 

phase matching, the beam quality requirements are more relaxed as the beam radius 

increases. Practical tolerances were determined on beam quality for gaussian and top-hat 

beams in several commonly used nonlinear crystals. 
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The conversion efficiency sensitivities with respect to the beam ellipticity and seed 

power was also studied. Beam quality requirements can be relaxed by using elliptical 

beams in critically phase-matched crystals by taking advantage of the large anisotropy in 

the angular sensitivity. The maximum conversion in an OPA is increased for greater 

incident seed power, for all values of wave vector mismatch. 

At an arbitrary point, the angular decomposition model for optical parametric 

amplification describes the input beams more realistically than single plane wave models. 

A complete description would include a variable intensity profile in the spatial and 

temporal domains. Such an inclusion would necessitate considerably more computational 

power than this simple model. As a stand-alone calculation, the angular decomposition 

model nevertheless provides insight into angular effects in OPAs and in estimating their 

relative magnitude. 
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Chapter 9 

Applications of optical parametric 

chirped pulse amplification 

The motivation for development and use of OPCPA stems from applications that 

benefit from the unique characteristics and scalability of the technology. Here, several 

potential important applications are briefly presented. The use of OPCPA in the front end 

of a fast ignitor laser for inertial confinement fusion is discussed in section 9.1. This is 

followed by a brief description of a possible multi-PW source for high-field science 

based entirely on OPCPA in section 9.2. Materials processing applications are addressed 

in section 9.3, along with previous discussions in Chapter 7. Finally, more speculative 

possibilities for use of OPA and OPCPA for amplification of wavelengths used in 

telecommunications are given in section 9.4. 

9.1. Fast ignitor for inertial confinement fusion 

The origin of interest in laser-driven inertial confinement fusion (ICF)"' comes 

from the first realization that lasers enable rapid, high-energy deposition in a very small 

volume. Direct-drive"' and indirect-drivel schemes for ICF were developed and tested 
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in large experimental facilities such as Nova'12 and Omega.'13 Laser-driven ICF is 

anticipated to lead to the first achievement of ignition with the development of the 

National Ignition Facility (NIF). l4 

Some of the problems facing the conventional laser-driven ICF are the very 

stringent requirements on the laser driver pulse energy and uniformity, and too low 

anticipated wall-plug efficiency for future fusion energy production. In a more recently 

proposed approach, a short-pulse laser can be used to produce much higher fusion gain 

and simultaneously relax the requirements imposed on the laser driver. Termed fast 

the process starts with isobaric spherical compression, which leads to a ignition, 115,116 

lower density and a substantially lower temperature than the adiabatic compression in 

conventional ICF. At the point of maximum compression, the ponderomotive force 

associated with a short energetic laser pulse is used to create a thin channel in the 

compressed plasma. Short laser pulse transfers some of its energy to suprathennal 

electrons, which exchange their energy with thermal electrons and ions through rapid 

collisions in the central dense part of the compressed pellet. The result is the heating of 

the pellet center to 5-10 keV, which initiates the fusion reaction. The fusion burn 

propagates rapidly through the remaining fuel, with much higher burnup efficiency. The 

expected gain from a fast ignitor shot is one order of magnitude higher than from the 

conventional ICF shot. The first subscale demonstration of fast ignition has been 

performed, and an order of magnitude greater number of fusion neutrons has been 

detected compared to reaction that uses conventional laser drive at a same energy, but 

without the short-pulse fast ignitor laser.' l7 



The requirements on the short-pulse ignitor laser are formidable: a pulse energy of 

10-100 kJ has to be delivered in a time shorter than the pellet disassembly time (1-20 

ps)."* The challenge of obtaining short pulses from an amplification process that occurs 

over 13-14 orders of magnitude was previously met by a hybrid laser system that 

included a broad-bandwidth front end design.44 The front end relied on Tksapphire 

regenerative amplifiers to produce the majority of gain.' l9 It is proposed that the front end 

of the fast ignitor laser can be simplified by replacing Tksapphire regenerative amplifiers 

with a broad-bandwidth OPCPA. 

One possible conceptual design of the fast ignitor laser on NIF is presented in Fig. 

9.1. The system starts with a short-pulse Tksapphire or Ndglass oscillator, which 

produces 1 ps pulses at 1054 nm. The pulses are stretched to 1 ns and amplified in OPA 

pumped by a pump pulse from the NIF preamplifier module (PAM).'2o The PAM 

produces 1 ns, 1054 nm pulses that are top-hat shaped temporally to facilitate high- 

efficiency doubling. The pulses are frequency-doubled to 532 nm, and maximum pulse 

energy of 2 J is obtained. 

Crystal Input seed Input pump Pump Output signal 
Dimensions Energyldiameter Energyldiameter intensity energy 

BBO 1 nJ 300 rnJ 840 280 UJ 
8x8~15 rnm3 1 rnrn 6.7 rnrn MW/crn2 

BBO 280 uJ 1.7 J 770 650 rnJ I 18x18~11 mrn3 I 16 mm 16.7 rnm I MW/cm2 I 
Table 9.1. OPA design parameters for the OPCPA-based fiont end 

of the fast ignitor laser 

The seed pulse is injected into a two-stage OPA based on p-barium borate (BBO). 

A fraction of the PAM pulse energy (300 mJ) is split from the pump pulse and used to 

pump the first BBO OPA stage, while the remaining energy (1.7 J) is used to pump the 



second BBO OPA stage. The important anticipated system design parameters are 

summarized in Table 9.1. The intensity is chosen such that the damage threshold in BBO 

is avoided with 1 ns pulses. A top-hat transverse profile is chosen for pump and seed. 

2 J, I ns, 

300 rnJ 
650 mJ, 
1054 nm 

I 3 n J , 1  PS, 
1054 nm 

200 mJ 200 m J v  

I 

1-10 - z - - k - 4  2 kJ, ps 1-10 ps 1-10 ps 

Figure 9.1. A possible conceptual design for the NIF fast ignitor laser based 
on an OPCPA front end 

Signal output pulse energies from the first and second crystal are 280 pJ and 650 

mJ, respectively. The anticipated temporal shape of the stretched seed and amplified 
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kJ. The fast ignitor laser on NIF based on an OPCPA front end can benefit from the 

simplicity and robustness of the single-pass broadband high-gain stage. 

9.2. High-field basic science 

One of the most exciting results of the development of short-pulse lasers is the 

opening of the new high-intensity regime for basic science experiments. As an example 

of the conditions that occur in the focused laser spot, it is illustrative to consider the 

focused intensity of 1021 W/cm2, accessible with the JanUSP laser.g The electric field at 

the focal spot exceeds 3x10" V/cm, which is almost 5 orders of magnitude greater than 

the acceleration gradient in modern particle accelerators. Violent acceleration of particles 

in the focal spot resembles the conditions occurring in vicinity of black holes. The light 

pressure at the focal spot exceeds 300 Gbar, which is comparable to pressures that occur 

in extreme astrophysical objects. Finally, the magnetic field at the focus approaches lo5 

T, resulting in anharmonic relativistic motion of particles in the laser focus and intense, 

low-divergence x-ray emission. 

High-field phenomena that can be investigated using ultraintense short-pulse lasers 

include nuclear fusion from atomic clusters, 122 photon-photon scattering in vacuum,123 

nonlinear Thomson and Compton ~cattering, '~~ laser-plasma particle a~celeration,'~~ 

laser-induced nuclear reactions,126 relativistic plasma  physic^,'^' and high-energy 

astrophysical processes, such as supernovae and gamma-ray bursts. 12* 

With the short-pulse energy limited by the size and damage threshold of 

compressor gratings, two main approaches have been proposed to scale the peak power 
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beyond l O I 5  W. The first proposal suggests laser pulse compression in plasma through 

relativistic self-foc~sing'~~ or stimulated Raman backscattering, 130 with the maximum 

power scaling to >lo2' W. However, pulse compression in plasma is relatively 

unexplored. One of the significant problems with those proposals is the required plasma 

uniformity for uniform recompression, which is a difficult requirement to satisfjr over 

relatively large aperture and length.131 

Current large glass laser systems are fundamentally limited by the relatively narrow 

gain bandwidth in Nd:glass, which does not allow amplification of pulses shorter than 

several hundreds of fs without regenerative pulse shaping. 132 Another possibility exists to 

scale the power to >1 OI6 W using the existing compression grating technology and a large 

OPA amplifier in a CPA system pumped by a large Ndglass laser. 13,133 

Recent rapid-growth large aperture scaling of nonlinear KDP crystals75 allows 

construction of a high-energy all-OPCPA amplification system which could produce peak 

powers in excess of 1OI6 W in 20 fs using large-aperture metallic g1atings.4~ High beam 

quality that can be obtained from OPCPA would enable intensities as high as 

W/cm2. Figs. 9.3 and 9.4 show two possible conceptual designs for such OPCPA system 

based on KDP. 

In the degenerate system (Fig. 9.3 (a)), second harmonic of the glass laser (527 

mm) is used to pump the KDP OPA operating at an arbitrary wavelength near 1054 nm. 

While broad bandwidth amplification in nearly degenerate KDP OPCPA has been 

demonstrated availability of short-pulse (<20 fs) sources at degenerate 

wavelength near 1 pm represents the greatest problem with this approach. It is 

conceivable that such source could be built in the future using spectral broadening by 
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self-phase modulation in a bulk material or a photonic fiber. Pulses would be stretched to 

yls, and amplified to -500 J without bandwidth limitation in the KDP OPA. Using a 

metallic grating compressor with overall efficiency of 60%, such system could produce 

15 PW of peak power power. 

2 kJ I 12 kJ, I 1 ns ,  527nm 
500 J I 

f 
300 J 12 kJ, 20 fs 
15 PW I 100 PW 

I 1 ns, 351 nm 
500 J I 

3 nJ, 20 fs, T 550 nm 
f 

300 J I2 kJ, 20 f s  
15 PW I I 00  PW 

Figure 9.3. Conceptual design for a 15 PW / 100 PW all-OPCPA-based source, 
operating (a) near degeneracy, and (b) away from degeneracy. Compressor based 
on metallic gratings may enable peak power of 15 PW, while a compressor based 
on dielectric gratings could be scaled to 100 PW. 
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Another possibility would be the use of KDP in a nondegenerate system (Fig. 9.3 

(b)), pumped by the third harmonic of a large Ndglass laser (351 nm). Like in the system 

shown in Fig. 9.3 (a), generation of ultrashort seed pulses remains to be addressed. Such 

broadband nondegenerate KDP OPA would require seed pulses centered near 550 nm. As 

a potential benefit of amplification at shorter wavelengths, the maximum focused 

intensity would be increased. Additionally, energy loss by conversion of the fundamental 

frequency of the pump laser to its third harmonic would be compensated by the favorable 

2: 1 energy splitting between signal and idler beams. 

A possibility of nondegenerate broadband amplification in KDP at the wavelength 

more readily obtainable from standard Tksapphire oscillators deserves further study. As 

shown in section 5.3, angular dispersion and temporal modulation can be used to obtain 

broadband, uniform amplification over a wide range of center wavelengths. Using 

tailored angular dispersion in combination with a noncollinear angle for the desired 

center wavelength may enable the use of common ultrashort pulse Tksapphire oscillators 

for nondegenerate amplification in large-aperture KDP. Such approach would require a 

special dispersion-producing element, whose output would have to be relay imaged in a 

multi-crystal OPCPA system. 

Advances in aperture and damage threshold of compressor gratings will enable 

even greater peak power using OPCPA. Assuming the development of large size 

dielectric diffraction gratings, scaling to 2 kJ/20 fs may be possible, increasing the peak 

power to 100 PW or 0.1 EW (exawatt). Focused intensities on target in that case may 

approach 1 024 W/cm2, allowing investigations of high-field physics in a new regime. 



9.3. Materials processing 

While materials processing has been one of the traditional industrial applications of 

lasers, the use of short pulses for materials processing has received much attention only 

re~ent1y.I~~ The advantage of using short laser pulses for materials processing is in the 

fundamentally different mechanism of material removal by short pulses when compared 

In the long pulse regime (>lo ps), material removal is dominated by to long pulses. 

heat deposition and melting. As the pulse width is reduced, the characteristic time for 

thermal difision exceeds the laser pulse duration. When the intensity of the short laser 

pulse incident on a dielectric exceeds the multiphoton ionization threshold, the material is 

ablated from the surface without thermal deposition. The ablation occurs in the form of 

plasma plume. 

135,136 

The lack of thermal deposition and the absence of melting allow very high- 

precision machining of dielectrics with short-pulse lasers. As an additional advantage, 

laser cutting can be applied in situations when thermal deposition in the material is 

prohibitive, such as in cutting of high  explosive^.'^^ 

Once the critical pulse energy is exceeded, the cutting rate in short-pulse machining 

is dependent primarily on the laser repetition rate. Hence increasing the cutting rate 

requires development of high repetition rate, high average power short-pulse lasers. With 

a limited number of materials suitable for short-pulse amplification, high average power 

scaling becomes a difficult requirement to satisfy. Recent advances in high average 

power short-pulse laser technology include the use of reduced quantum defect materials, 

such as Yb:YAG,138 and the use of thermal eigenmode amplification in Ti:~apphire.'~~ 
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With its broad bandwidth and zero intrinsic heat load, OPCPA is a serious 

candidate for the next generation of high average power short-pulse lasers for materials 

processing. Chapter 7 describes the energy limits and possible approaches to pump lasers 

which may permit the future power scaling. Conditions exist to scale OPCPA to kilowatt- 

level average power in nonlinear crystals with favorable thermal properties, such as BBO. 

This development would allow unprecedented rates of material removal using short 

pulses. Most importantly, the development of this technology will depend on the 

advances in high average power nanosecond pump lasers, particularly reducing their 

pulse width, improving beam quality and allowing spatial and temporal shaping. 

9.4. Broadband amplification for telecommunications 

In the growing field of optical telecommunications, broadband amplification is 

becoming a necessity. The transmission rate of optical information through optical fibers 

has been steadily increasing through increases in bandwidth. Today, typical broadband 

amplifiers used in telecommunications include Raman amplifiers140 and Er:fiber - based 

laser  amplifier^.'^' A typical requirement for those amplifiers is high-fidelity, low-noise 

amplification with a broad bandwidth (-200 nm) around the central frequency of 1550 

nm. 

As outlined in section 3.7, OPA is a low-noise amplification process, which has a 

useful characteristic of transferring the pump aberrations to the idler wave. This OPA 

characteristic, coupled with the broad bandwidth and tunability, represents a potential 

advantage of OPA for amplification of signals used in telecommunications. For this 
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development to occur, suitable nonlinear materials with high second-order nonlinearities 

and broad acceptance angles will have to be identified. Such OPAs will have to be 

pumped by pump lasers with relatively low peak power, such as laser diodes, or by small 

fiber lasers. The likely candidates for materials for OPAs in telecommunications include 

engineerable periodically-poled materials and organic materials that exhibit very large 

nonlinear coefficients. 
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Chapter 10 

Conclusion 

Optical parametric chirped pulse amplification is a promising technology that has a 

potential to deliver unprecedented levels of peak and average power. While the 

experimental work described in this dissertation is far from representing the ultimate 

limits of the technology, it includes several achievements and proposals that represent 

advances in the state of the art. In the concluding text, the most significant conclusions 

are reiterated, along with proposals for future improvements. 

A numerical model was developed and successfully applied to the case of small 

signal and pump depletion regime in OPCPA. Advantage was taken of the negligible 

impact of group velocity dispersion in nanosecond OPCPA and the numerical model was 

simplified to a 3-dimensional, from the usual 4-dimensional case. The electric field at any 

point of the crystal is evaluated starting from arbitrary spatio-temporal modes for signal, 

idler and pump, with noncollinearity and Poynting vector walk-off included. Systematic 

transverse misalignments of the signal and pump were used as an adjustable parameter in 

the model. Future improvements in the code should include the explicit account of 

diffraction, allowing treatment of beams with short confocal parameters. 

OPCPA was demonstrated as a replacement for Ti: sapphire regenerative amplifier 

in a CPA system. A novel double-crystal design was demonstrated for the high-gain 

preamplifier. Pumped by a commercial pump laser, this OPCPA system resulted in a 50- 
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fold increase in energy and a 10-fold improvement in conversion efficiency compared to 

similar previous experiments by other groups. Moreover, recompression to 310 fs is the 

best recompression of any 1 pm OPCPA so far pumped by a commercial pump laser. In 

the future, a reduction of recompressed pulse width in 1 pm OPCPA may be obtained by 

improvements in the stretcher design. In any case, OPCPA proved to be a viable 

alternative to 1 pm Tixapphire regenerative amplifier for the front end of high-power 

glass short-pulse lasers. 

In the nondegenerate OPCPA experiment, the ultrashort capability of OPCPA was 

demonstrated at a level of 60 fs. This is an improvement of almost one order of 

magnitude compared to previous OPCPA work, and represents the first recompression of 

pulses amplified in highly nondegenerate OPCPA. Achievement of good conversion 

efficiency in the spatio-temporal window defined by the seed pulse, and the 

demonstration of ultrashort pulse recompression provides an argument for scalability of 

the technology to ultrahigh peak power. Future directions include development of 

appropriate short-pulse sources suitable for ultrashort pulse amplification in KDP and 

experimental verification of the concept of broadband amplification at an arbitrary center 

wavelength using angular dispersion in combination with noncollinear angle. 

The first hybrid chirped pulse amplification system described in Chapter 5 goes 

beyond the efficiency possible in OPCPA alone, when pumped by a tabletop commercial 

pump laser. In a simple setup that uses only a fraction of the energy from a commercial 

pump laser, energies of up to 45 mJ were obtained. Simple improvement should lead to 

40-50% overall conversion efficiencies. In addition to performance benefits, the system is 

cheap, robust and safer than then one that uses regenerative amplification because of the 
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absence of high-voltage electro-optic modulators. It is believed that this approach will 

find wide application in the future, particularly because of the possibility of generating 

10-TW pulses in an all-passive setup using a single, commercial tabletop Q-switched 

pump laser. 

A numerical model for high average power OPA was developed and described in 

Chapter 7. The model addresses absorption-induced heat load in OPA and calculates the 

resulting conversion in a self-consistent way. The results of calculations indicate that 

average power of several hundred watts can be obtained from a single OPCPA crystal 

without complicated cooling or pre-stressing. Additionally, beam quality can be 

preserved at an expense of conversion efficiency by simple crystal angle adjustments. An 

approach is presented that can increase the average power in OPA by cascaded 

difference-frequency generation. Preliminary designs and results on the future pump laser 

technology are also presented. While high average power short-pulse generation by 

OPCPA has many promising characteristics, future work will depend on development of 

suitable pump sources. 

An important question in the design of OPCPA is the required beam quality of the 

pump lasers. This problem was approached using a plane wave decomposition model 

described in Chapter 8. Several popular nonlinear crystals were evaluated, and 

conclusions were made on the maximum allowed angular deviation and corresponding 

beam quality. Finally, high conversion efficiency criteria were formulated for critically 

and noncritically phase-matched crystals. 

It is beyond doubt that future scientific and commercial applications will require 

high peak and average power in a coherent optical field. This requires further 
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investigations and development of suitable technologies. It is believed that the results 

presented in this work give a strong case for use of OPCPA as the near-term 

amplification technology of choice. 
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