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Abstract

There exist few sources of tunable electromagnetic radiation at frequencies between

0.1–10 THz. Of the sources based on nonlinear optical processes which do exist, the

conversion efficiencies are on the order of 10−6 for systems which fit on an optical ta-

ble. With the advent of quasi-phase-matched (QPM) nonlinear-optical frequency con-

version processes, coherent sources of frequency-tunable radiation in the visible and

infrared were developed. QPM can be extended to generating tunable THz-frequency

radiation via parametric frequency down-conversion where energy is transferred from

radiation in the near-infrared (λ ∼ 2 µm) to the far-infrared (λ ∼ 300 µm). GaAs

is an excellent nonlinear-optical material for QPM THz generation due to its large

nonlinear-optical coefficient, small absorption coefficient at THz frequencies (∼1 or-

der of magnitude smaller than other nonlinear-optical materials), and small mismatch

between the optical and THz refractive indices. Three types of micro-structured GaAs

have been used to generate THz radiation by parametric frequency down-conversion:

(i) orientation-patterned GaAs, OP-GaAs (ii) optically contacted GaAs wafers, OC-

GaAs, and (iii) diffusion-bonded GaAs plates, DB-GaAs. THz frequencies between

0.5–3.5 THz were generated using the various GaAs samples.

THz average powers as large as 1 mW generated from a pump power of 8.5 W,

corresponding to an optical-to-THz power conversion efficiency of 1.2 × 10−4, were

observed by placing the GaAs inside a doubly resonant synchronously pumped optical

parametric oscillator. The quantum conversion efficiencies were as large as 1.2%. The

parametric conversion efficiency for THz generation is inherently small since the ratio

of the THz and optical frequencies is small. Difference-frequency generation (DFG)

between the intracavity signal and idler waves generated the THz radiation. The
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doubly resonant optical parametric oscillator (DRO) resonated the signal and idler

pulses, with picosecond-scale pulse widths and greater than 50 W of average power in

each wave at λ ≈ 2 µm. The frequency splitting between the signal and idler waves

was tuned by adjusting the temperature of the DRO gain material, periodically poled

LiNbO3 (PPLN). The bandwidths of the resonant signal and idler waves were between

100–200 GHz since the OPO process used Type-II QPM where the signal and idler

fields were orthogonally polarized. Designs for maximizing the THz power for both

the singly and doubly resonant OPOs were described yielding expressions for the

THz, signal, idler, and pump powers in terms of crystal length, optical beam size,

and optical absorption coefficient.

A THz-cascading process was observed during which the THz wave was amplified

in the GaAs crystal by multiple pairs of infrared waves. Quantum-mechanically,

THz cascading corresponds to the generation of multiple THz photons from a single

infrared photon. For proper designs of the OPO-cavity losses and compensation

of the dispersion of the intracavity PPLN and GaAs crystals, quantum conversion

efficiencies far greater than 100% can be achieved.

An electronic feedback system was developed to stabilize the intracavity power of

the DRO as well as the generated THz power. Locked operation lasted as long as

30 minutes limited only by the thermal expansion of the optical table and the finite

expansion of the PZT element. A passive thermo-optic feedback effect also stabilized

the DRO power, where absorbed optical power in the GaAs deposited heat leading

to a rise in the refractive index of the GaAs. A characterization of this thermo-optic

effect in terms of a negative feedback system has been described.

Independently varying the signal and idler cavity lengths in the DRO led to the

discovery of certain cavity-length regimes where oscillation may not occur as well as

cavity-length regimes where the temporal overlap of the signal and idler pulses is

maximized. A numerical simulation was developed modeling the temporal features

of the DRO. The results of the numerical simulations agreed well with experimental

measurements. The temporal overlap of the pulses was calculated for several values

of parametric gain and DRO round-trip loss, and operating regimes where the pulses

were symmetric and the temporal overlap was nearly maximized were identified. An

vi



approach to re-time the pulses using a pair of intracavity birefringent crystals such

that the temporal overlap is maximized is described.

Fluctuations of the intracavity power of the synchronously pumped optical para-

metric oscillator were measured. Over certain cavity-length detunings, the fluctua-

tions were aperiodic with microsecond-scale transients. At longer cavity-length detun-

ings, the fluctuations were periodic (and nearly sinusoidal) with fundamental frequen-

cies between 200–700 kHz. The numerical simulations reproduced the fluctuations

and showed that the minimum set of physical effects necessary to produce the fluctu-

ations are three-wave mixing, group-velocity mismatch, and self-phase-modulation of

the resonant wave in the case of a singly resonant oscillator. Operating regimes that

evade the appearance of these oscillations were identified.
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Chapter 1

Introduction to Terahertz

Frequency Radiation Generation

1.1 Motivation

Terahertz frequency radiation (0.1-10 THz) resides within a portion of the electro-

magnetic spectrum surrounded by microwave frequencies on one side and infrared

frequencies on the other. Several centuries of studying radiation outside the THz

region has contributed to civilization-changing achievements including but not lim-

ited to world-wide optical communications, development of computers, and wide-scale

electrical power distribution. Most of this development has occurred without compa-

rable advancements in the generation of THz radiation. This has left a hole in the

electromagnetic spectrum conveniently known as the “THz gap” (Fig. 1.1) where

there are very few sources and detectors of THz radiation as powerful and efficient

as those in the microwave and optical regimes. However, the study of THz radia-

tion has progressed greatly over the last 120 years dating back to the seminal works

of Heinrich Nichols and Ernest Fox Rubens [1, 2, 3] and their development of THz

sources and characterization of material properties at frequencies corresponding to

what they termed “waves of great wave-length.” The THz waves were considered to

be of long wavelength since at that time they were using flames as the light sources

1
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which mostly emitted in the infrared and visible where wavelengths are several or-

ders of magnitude smaller than THz wavelengths. When they wrote, “since we have

become accustomed to think of waves of electrical energy and light waves as forming

component parts of a common spectrum, the attempt has often been made to extend

our knowledge over the wide region which has separated the two phenomena, and to

bring them closer together” they might have been the first to acknowledge that such

a gap exists [1]. It is perhaps fitting then that this gap was officially traversed in

1923 by Nichols and Tear after they further decreased the wavelengths emitted by

“improved Hertzian oscillators” [4].

100 PHz
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1 PHz
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10 THz
30 µm
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THz
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Television

Gamma
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Figure 1.1: The THz Gap and where it is located within the electromagnetic spectrum.

Even in the late 18th century the importance of exploring the THz gap was dis-

cussed as experiments were determining that many gases and materials had inter-

esting responses to THz light. Several molecular resonances, whether vibrational or

rotational, in gases and solids are excited by THz radiation. Also, materials such

as plastics, cloth, and semiconductors are transparent at certain THz frequencies.

THz sources could also be used to detect and identify explosives and narcotics by

analyzing chemical “signatures.” There are several practical reasons to develop the

technology that will help populate the THz gap, and the potential for developing new

applications is inspiring.

The years since Rubens and Nichols has seen an explosion of work performed to

populate the THz gap with coherent light sources as well as the development of de-

tectors and measurement techniques to aid characterization of the sources. This has

led to the development of powerful large-scale THz sources such as particle accelera-

tors followed by undulators, which have building-size footprints, as well as low-power

systems based on photomixers that fit on a single table. The advances in computer
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technology, specifically the fast calculation of Fourier transforms, widely enabled the

use of Fourier transform spectroscopy to measure the THz properties of materials and

sources. Even with all this progress a powerful compact THz source that spans the

THz gap is lacking. In this dissertation, we describe a compact frequency-tunable

THz source that can emit average powers ∼1 mW. The system uses nonlinear optical

frequency conversion from the near-infrared (NIR) to the far-infrared (FIR) in GaAs,

which is placed inside am optical parametric oscillator with large peak and average

intracavity powers.

1.2 Nonlinear Optics

1.2.1 Background

Nonlinear optics in one sense refers to the study of phenomena where the response of

a material system depends on the strength of the optical fields. Some of the earliest

recorded nonlinear optical effects date back to the late 19th and early 20th centuries

such as: the Kerr effect in 1875 [5], stimulated Brillouin scattering in 1922 [6], and

stimulated Raman scattering in 1928 [7, 8]. After the demonstration of the first ruby

laser by Maiman in 1960 [9], the field of nonlinear optics experienced an exciting

period of discovery and expansion. In 1961, Franken et al. demonstrated second-

harmonic generation in quartz generating ultra-violet radiation from a pulsed ruby

laser [10], and in 1962 the work of Armstrong, Bloembergen et al. provided a sound

theoretical foundation for the field [11].

1.2.2 Interaction of Matter and Light

A polarization, P , is induced within a material in response to an electric field, E.

This can be written as a power series expansion in terms of E, as shown in Eq. (1.1).

P = ε0χ
(1)E + ε0χ

(2)E2 + ε0χ
(3)E3 + . . . (1.1)

Each term in the power series is accompanied by a susceptibility, χ, which provides
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a comparison of the relative strengths of the terms. The Lorentz model of a single

electron of charge −e bound to a nucleus by a spring, which provides a linear restoring

force proportional to the displacement, x, of the electron from the nucleus, is a useful

model for linear optical effects. The microscopic polarization is the product of the

charge times the displacement of the electron, p = −e x. In this linear model the

electron moves in response to an applied electric field, Fig. 1.2(a), within a symmetric

parabolic potential energy profile U , Fig. 1.2(b). Even with very intense incident

electric fields, the oscillating electron will generate a polarization only at the same

frequency as the incident electromagnetic wave. This linear polarization is described

by the first term of Eq. (1.1).

Input
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Figure 1.2: (a) Applied electric field versus time. (b) Parabolic potential energy profile
and resulting polarization versus time. (c) Potential energy profile with quadratic
and quartic terms and the generated polarization. (d) Potential energy profile with
quadratic and cubic terms and the generated polarization.
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Nonlinearities are described by the higher-order terms of the potential energy

profile, Fig. 1.2(c). The polarization generated by a charge moving in such a potential

has additional spectral components due to the quartic term of U , but it does not

contain a DC component, as would be required for optical rectification and generation

of THz radiation. Inversion symmetric materials, including liquids, gases, and glass,

always have symmetric potentials and thus a vanishing χ(2) while having a non-zero

χ(3). To induce a nonlinear polarization, the electron must be displaced far enough

from the nucleus to “see” the non-parabolic regions of the potential well. In the case

of nonlinear optics, this is done by applying an electric force to the electron with a

strong electric field, F = −eE, such as those produced by lasers.

As a third example consider materials without inversion symmetry such as quartz,

GaAs, and lithium niobate. The potential well is no longer symmetric due to the cubic

term of U , Fig. 1.2(d), and such materials will possess a non-zero χ(2) value. The

polarization of an electron moving in such a potential contains additional spectral

components as well as a DC term.

The generation of additional spectral components can be described in a more

quantitative fashion. In a nonlinear optical material without inversion symmetry,

we assume an incident electric field of the form E = E0cos(ω1t) + E0cos(ω2t). The

second-order nonlinear polarization, P (2) = 2ε0dE
2, will be generated with frequency

components at 0, 2ω1, 2ω2, ω1 + ω2, and ω1 − ω2, corresponding to the processes

optical rectification (OR), second-harmonic generation (SHG), sum-frequency gener-

ation (SFG), and difference-frequency generation (DFG), respectively, as shown in

Eq. (1.2), with the relation 2 dijk = χ
(2)
ijk [12]. All these processes fall under the

broader category of three-wave mixing.

P (2)(t) = 2 ε0 d [E0cos(ω1t) + E0cos(ω2t)]
2

= 2 ε0 dE
2
0 [cos2(ω1t) + cos2(ω2t) + 2cos(ω1t)cos(ω2t)]

= 2 ε0 dE
2
0

{
1 +

1

2
cos(2ω1t) +

1

2
cos(2ω2t) + cos[(ω1 − ω2)t] + cos[(ω1 + ω2)t]

}
.

(1.2)
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The dispersionless behavior of the nonlinear response implicit in the time-domain

description used in Eq. (1.2) is generally not observed for processes in different

spectral ranges. The dispersion could be represented by different coefficients for each

of the processes shown in Eq. (1.2), usually denoted by χ(2)(ω3, ω2, ω1). To the

extent that over the frequency range involved in a given process the dispersion of

χ(2)(ω3, ω2, ω1) is negligible, it is often convenient to write 2d = χ(2)(ω3, ω2, ω1), and

assume d is constant, corresponding to an instantaneous time-domain response of the

form P (2)(t) = 2ε0dE
2(t).

Nonlinear optical frequency conversion is a parametric process. Power is trans-

ferred from one field to another without depositing any into the nonlinear medium.

Higher-order nonlinearities can also be used to generate additional harmonics, such

as using χ(3) for third-harmonic generation, however, in this dissertation all frequency

conversion is performed utilizing the second-order nonlinearity of a material though

we will show how the third-order nonlinearity will lead to effects such as self-phase

modulation and self-focusing. THz radiation can be generated through nonlinear-

optical methods such as optical rectification of an ultrashort optical pulse and DFG

between two optical pulses. In this work we concentrate on DFG. Since readily

available optical sources have frequencies of several hundred THz, the two optical

frequencies usually differ by only a few percent.

1.2.3 Nonlinear Optical Materials for THz Generation

For a material to be considered an excellent nonlinear optical medium, it must have a

large nonlinear-optical coefficient, d, for the interaction of the three waves of interest

as well as be transparent at all three waves. The nonlinear-optical coefficient for

DFG is 2 dijk = χ
(2)
ijk where i,j, and k correspond to the polarization states of the

three waves. The constituitive relationship between the electric field and second-

order nonlinear polarization is

P (2)(t) = 2ε0dE
2(t). (1.3)

The nonlinear optical coefficient for THz generation is best calculated from the
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linear electro-optic coefficient, rijk by [13]

dijk = −
n4

optrijk

4
(1.4)

since the frequency of the THz field is below the lattice Restrahlen band, where

optical-phonon resonance contributes to the nonlinearity. For fields with frequencies

above this band, the nonlinear effects are induced by electronic motions since the

lattice motion is too slow to respond to the incident electric fields. This results in

a separate nonlinear optical coefficient which is in general different from the THz

nonlinear coefficient.

Table 1.1 gathers important parameters for several nonlinear optical materials

[14]. The THz absorption coefficient is αTHz, and the THz refractive index is nTHz.

For continuous-wave (CW) operation and confocal focusing, d2/(n2
opt nTHz αTHz) is a

figure-of-merit (FOM) that can be used to compare the THz conversion efficiencies of

several materials. The analysis leading to the definition of this FOM will be performed

in Sec. 2.2.1. In this table, the FOM for each material is normalized to the GaAs

value. GaAs and LiNbO3 are good choices for generating THz radiation, and in this

dissertation we utilize the former.

Table 1.1: Properties of materials used for THz generation.

Material λopt r nopt d nTHz αTHz FOM
(µm) (pm/V) (pm/V) (cm−1) (norm. to GaAs)

LiNbO3 1.06 r33 = 28 2.16 d33 = 152.4 5.2 21.7 0.83
LiTaO3 1.06 r33 = 27.7 2.14 d33 = 145.2 6.5 95 0.14
GaAs 2.1 r14 = 1.5 3.33 d14 = 46.1 3.6 0.5 1
GaP 1.06 r14 = 0.94 3.11 d14 = 22 3.31 3.3 0.09
GaSe 1.06 r22 = 1.58 2.8 d22 = 24.3 3.26 2.5 0.17
ZnTe 0.8 r14 = 1.4 2.85 d14 = 23.1 3.2 9.9 0.04

1.2.4 Manley-Rowe Relations and Quantum Defect

Parametric frequency down-conversion is a three-wave mixing process where energy

is transferred from an electric field E3 at frequency ω3 to electric fields E2 and E1 at



8 CHAPTER 1. INTRODUCTION

frequencies ω2 and ω1, respectively, where ω3 > ω2 > ω1. Classical electromagnetic

theory describes this as an amplification of E1 and E2 as E3 is depleted, as discussed

in Sec. 2.5. According to a quantum-mechanical description, a photon at frequency

ω3 is destroyed in the process of creating a photon at ω1 and ω2 such that

−
(

∆P3

ω3

)
=

(
∆P1

ω1

)
=

(
∆P2

ω2

)
(1.5)

where P is the power [15, 16, 17].

We generate THz radiation by DFG between two optical waves with wavelengths

near 2128 nm (∼140 THz). If we assume the case of generating 1-THz radiation from

two optical fields with frequencies of 140 THz and 141 THz, using Eq. (1.5) and

assuming complete conversion of E3, the generated THz power P1 is

P1 =

(
ω1

ω3

)
P3, (1.6)

and the conversion efficiency (η = P1/P3) is

η =

(
ω1

ω3

)
. (1.7)

The efficiency η for our numerical example has a value of 7 × 10−3. For a single

three-wave mixing process, η is the upper limit on conversion efficiency, which is very

small in the case of generating THz radiation through DFG between two optical fields.

The quantum defect can be defined as (1/η).

1.2.5 Quasi-Phase-Matching

All nonlinear optical materials exhibit dispersion; the index of refraction varies with

frequency, n(ω). This places upper limits on the conversion efficiency for three-wave

mixing. Consider SHG where energy is converted from a field at ω1 called the first

harmonic (also known as the fundamental frequency) to a field at ω2 = 2ω1 called the

second harmonic. The fundamental travels within the nonlinear material at a phase

velocity v1 = ω1/k1, where k1 = n(ω1)ω1/c. The wavevector of the fundamental is

k1 and c is the speed of light in a vacuum. The second harmonic wave travels at a



1.2. NLO MATERIALS FOR THz GENERATION 9

phase velocity v2 = ω2/k2 where k2 = n(ω2)ω2/c. The nonlinear polarization at ω2,

generated by E1 is

P (2)(t) = 2 ε0 d [E01cos(ω1t− k1z)]2

= ε0 dE
2
01

{
1 + cos

[
2k1

(
ω1

k1

t− z
)]}

. (1.8)

P (2) is a propagating wave traveling at a phase velocity of v1, and it radiates

field E2 which travels at v2. Since P (2) and E2 oscillate at the same frequency but

travel at different velocities, they slip in and out of phase periodically. The distance

over which they slip by π radians is defined as the coherence length of the mixing

process, lc, where P (2) and E2 accumulate phase according to φP = 2ω1t − 2k1z

and φE = ω2t − k2z, respectively. Assuming at z = 0 both φP and φE are zero for

convenience, the coherence length occurs when ∆φ(z = lc) = φP − φE = π. The

phase mismatch after one coherence length is

(2ω1t− 2k1lc)− (ω2t− k2lc) = π

−2k1lc + k2lc = π. (1.9)

The coherence length is

lc =
π

k2 − 2k1

=
π

∆k
. (1.10)

In a dispersionless system, P (2) and E propagate at the same phase velocity,

∆k = 0, and lc is infinite. E2 grows linearly as the fields propagate through the

nonlinear medium, and the intensity of the second harmonic, I2 = n(ω2)cε0|E2|2/2,

grows quadratically. This is called the phase-matched condition, and is achieved

for SHG most easily by taking advantage of the birefringence of a nonlinear material.
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Unfortunately, birefringent phase-matching enables efficient generation at specific sets

of wavelengths limited by the availability of materials which are optically transparent

at the frequencies of interest, birefringent, and do not have an inversion symmetry,

such as LiB3O5 (LBO) and BaB2O4 (BBO).

When operating in a normally dispersive region of a material’s transparency win-

dow, n(ω) is increasing with ω resulting in finite lc values. The coherence length is

inversely proportional to the wavevector mismatch, ∆k = k2− 2k1, and over a length

l there will be a phase mismatch of ∆kl. After one coherence length, P (2) ceases to

constructively add to E2, but instead energy flows back to the first harmonic, E1.

This continues until there is no longer energy in E2. This completes an oscillatory

exchange of energy between fields E1 and E2 which repeats every ∆z = 2lc. This is

called phase-mismatched operation.

If after every coherence length, the phase difference between P (2) and E2 is changed

by π radians, then the phase slip would be periodically reset and energy would only

flow into E2 over the entire propagation length. This is called quasi-phase-matching

(QPM) and was first suggested in 1962 [11]. In the 1980s this was achieved in fer-

roelectric materials such as LiNbO3 by reversing the orientation of the spontaneous

dipole moment of the material after every coherence length [18, 19, 20, 21]. This

corresponds to changing the sign of the nonlinear coefficient, d, after every coherence

length. In Fig. 1.3, I2 over four coherence lengths is plotted for phase-matched,

phase-mismatched, and QPM interactions assuming an undepleted fundamental, CW

operation, and plane-wave fields. All curves are normalized to the largest phase-

matched intensity. For the phase-matched case, I2 grows quadratically, while for the

phase-mismatched case I2 oscillates between 0 and 0.025. The QPM case resides be-

tween the previous examples and reaches a value of (2/π)2. At every position where

the slope of I2 reaches 0, the phase of P (2) is flipped by π radians thus allowing energy

to continue to flow to the second harmonic. At the top of the figure a sign changes

from plus to minus every coherence length signifying the change in the sign of d. The

periodic change in the sign of d has a fundamental spatial period Λg = 2π/∆k and

fundamental spatial harmonic kg = 2π/Λg. SHG using QPM can be analyzed math-

ematically as equivalent on average to a conventional process with a phase-matched
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∆k = k2 − 2k1 − kg and an effective nonlinear coefficient

deff = 2 d/π. (1.11)
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Figure 1.3: SHG intensity versus propagation distance for three types of interactions:
phase-matched, quasi-phase-matched, and phase-mismatched.

The parametric nature of this nonlinear optical frequency conversion destroys two

photons at ω1 to create one photon at ω2 where the energy of a photon is Ep = h̄ω

where h̄ is the reduced Planck constant. This is illustrated in Fig. 1.4 with each of

the three photons being represented by an arrow whose length is proportional to the

energy of the photon it represents.

A complementary view of QPM can be optained with a reciprocal-space (or

momentum-space) description. In the phase-matched case photon momentum, p =

h̄k, is conserved and ∆k = 0. In general, the spectral width of the phase-matching

peak is that given by the uncertainty relation relating momentum and position

∆p∆z ≥ h̄ (1.12)



12 CHAPTER 1. INTRODUCTION

ω1

ω1

ω2

Figure 1.4: Quantum-mechanical illustration of SHG where two photons at ω1 are
destroyed in the process of creating one photon at ω2.

where ∆z is the crystal length. Processes that violate this uncertainty principle are

of low probability.

The QPM momentum diagram is shown in Fig. 1.5. The periodicity Λg is control-

lable down to micrometer scale by use of well-developed photolithographic techniques.

Therefore, for a general three-wave mixing process with a finite wavevector mismatch

∆k, Λg can be engineered such that the intensity of the second harmonic rises mono-

tonically with a conversion efficiency of (2/π)2 compared to the truly phase-matched

case where ∆k = 0. SHG is a degenerate case of three-wave mixing where the two

lowest-frequency waves are at the same frequency. In addition to SHG, Fig. 1.5

applies to both SFG and DFG using QPM.

1.2.6 Introduction to Optical Parametric Oscillators

Optical parametric oscillators (OPOs) can be used as tunable sources of coherent light

across the visible and infrared spectra [22, 23, 24], and they can greatly enhance the

conversion efficiency of three-wave mixing processes. OPOs use optical parametric

frequency down-conversion as the gain mechanism and positive feedback in an optical

cavity with a finite amount of loss to achieve steady-state oscillation of an optical

wave. The OPO is similar to other oscillators with an active gain medium, such as
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g

Figure 1.5: SHG momentum conservation using QPM.

a laser, where at steady-state the saturated gain for the resonant wave equals the

round-trip loss. One difference from a laser is that an OPO uses the second-order

nonlinear optical response of a material as the gain mechanism instead of population

inversion followed by stimulated emission.

The concepts of optical parametric amplification and oscillation were developed

in the early 1960s [25, 26, 27, 11, 28], and the first OPO was operated in 1965 and

was pumped by a Q-switched Nd:CaWO4 laser that was first frequency doubled to

the green in LiNbO3 [29]. The interaction of Gaussian light beams and the effect

on parametric amplification and oscillation threshold for a CW OPO was calculated

in 1968 by Boyd et al. [30, 31]. Later that year, the first CW, visible, OPO was

demonstrated at Stanford by Byer et al. [32]. Since then many advancements for

both CW and pulsed OPOs have occurred, but in this section we will outline the

basic nomenclature, principles, and layout of an OPO.

An electric field at frequency ω3, called the pump, is incident on an optical cavity

which contains a nonlinear optical crystal such as LiNbO3 and two mirrors M1 and

M2 (Fig. 1.6). This is a linear cavity topology since the signal wave propagates along

the same path in the forward and backward directions. As the pump field propagates

through the nonlinear crystal energy is transferred to two waves at frequencies ω1

and ω2, called the idler and signal, respectively, where ω3 > ω2 > ω1. An OPO that

resonates either the signal or idler is a singly resonant oscillator (SRO), while an OPO
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Resonant SignalPump

Idler

Signal

Pump

χ(2)

HT pump 
HR signal

HT pump, idler 
HR signal

M1 M2

Signal

Figure 1.6: A singly resonant OPO in a linear cavity configuration with a resonant
signal wave.

that resonantes both the signal and idler is a doubly resonant oscillator (DRO). We

will discuss an SRO where the signal field is resonant for this introduction.

The depleted pump field and newly generated idler field are outcoupled from the

cavity by a highly transmitting (HT) mirror which is simultaneously highly reflective

(HR) for the signal. In order to have an input and output port for the pump wave,

two of the cavity optical components are highly transmitting at the pump frequency.

All optical components are highly reflective for the signal except for one which may

be designed as an output coupler with a transmission between 1–3% at the signal

frequency for CW OPOs and between 5–10% for pulsed OPOs. The round-trip optical

path length for the signal must be equal to an integer number of signal wavelengths

to ensure positive feedback.

The single-pass unsaturated gain must be greater than or equal to the round-trip

loss of the signal wave in order to achieve oscillation, and for a CW OPO the single-

pass gain is proportional to the average pump power. SROs with round-trip losses of

only a few percent have been shown to have threshold powers less than 1 W [33], and

in certain cases quantum conversion efficiencies are greater than 80% [34].

1.2.7 THz Generation Overview

THz waves are potentially useful for numerous applications including real-time imag-

ing and rotational-vibrational spectroscopy, both in condensed and gaseous phases

[35, 36]. Parametric frequency down-conversion of optical pulses is an established,

but so far inefficient, method for generating THz radiation. Potentially, it enables
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compact tunable THz emitters working at room temperature, by using efficient solid-

state or fiber laser sources with different temporal formats: CW to femtosecond pulses.

This technique can generate THz radiation using DFG with two laser input beams

[37, 38, 39, 40, 41, 42] or through THz-wave parametric oscillation [43, 44, 45] with a

single fixed-frequency optical pump. Alternatively, broadband THz transients can be

generated by OR of ultrashort (typically femtosecond) laser pulses [46, 47, 48, 49].

There are three significant factors which limit THz conversion efficiency in both

OR and DFG, namely (i) conventional crystals used for THz generation (e.g. LiNbO3

and ZnTe) have large absorption coefficients at THz frequencies (characteristically

10–100 cm−1 [50, 51]) (ii) there is a mismatch between propagation velocities of the

THz wave and the optical pulse which limits (especially for OR) the useful length of

the crystal, and (iii) a large quantum defect. Optical-to-THz conversion efficiencies

achieved so far are low [52], typically 10−6–10−9, even with femtosecond-pump pulse

energies as high as 10 mJ [53].

A way to solve the problem of propagation velocity mismatch and increase the

interaction length is to use tilted pulse front excitation. A conversion efficiency of

5× 10−4 and a THz average power of 240 µW was reported in [49] using bulk lithium

niobate pumped by optical pulses from a 1-kHz Ti:Sapphire oscillator-regenerative

amplifier system with 500 mW of average power. Another approach to increase

the efficiency of OR is to use quasi-phase-matched nonlinear materials, as was first

demonstrated with PPLN [47, 54]. The effective mixing length is increased due to

quasi-phase-matching allowing for looser pump focusing, reducing the magnitude of

parasitic nonlinear effects for a given pump pulse energy. The authors of [47] and [54]

used femtosecond pulses at 800 nm and a PPLN crystal with multiple QPM periods

and achieved a conversion efficiency ∼10−5. The PPLN crystal was cryogenically

cooled (T = 18 K) to reduce the amount of THz absorption.

More recently, THz-wave generation was demonstrated in QPM-GaP [42] and

QPM-GaAs [55, 56]. III-V semiconductors are attractive for QPM THz-wave gener-

ation because of several properties, including (i) a small THz absorption coefficient

(smaller by more than one order of magnitude than commonly used electro-optic crys-

tals: LiNbO3, ZnTe, CdTe, and ZnSe) [50, 51, 57], (ii) a large nonlinear coefficient,
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and (iii) a large coherence length due to a small mismatch between the optical group

and THz phase velocities. In [42], THz waves were generated by DFG in a periodically

inverted GaP wafer-stack, which was pumped with 10-ns pulses near 1.55 µm. The

authors of [55] produced THz radiation via OR using femtosecond laser pulses and

two different QPM-GaAs structures: (i) diffusion-bonded GaAs (DB-GaAs) [58] and

(ii) orientation-patterned GaAs (OP-GaAs) [59]. By changing the GaAs QPM period

(504–1277 µm), or the pump wavelength (2-4.4 µm), tunable (0.9–3 THz) output was

achieved with up to 3.3% quantum conversion efficiency with 2.3 µJ of pump-pulse

energy. With a Tm-fiber laser pump source at λ ≈ 2 µm, 3 µW of average THz power

was generated in an OP-GaAs crystal at 1.8 and 2.5 THz [56].

1.3 Dissertation Overview

In this dissertation, we describe a source of THz radiation generated by optical para-

metric frequency down-conversion in periodically structured GaAs. The THz gener-

ation process is quasi-phase-matched allowing for collinear propagation of the three

waves, and the THz center frequency is tunable from 0.5–4 THz. THz radiation is

generated inside of GaAs which is located outside the OPO and also in an intracav-

ity configuration in both singly and doubly resonant pulsed OPOs where the GaAs

crystal is located inside the OPO.

A theoretical description of the conversion efficiency in generating THz radiation

is discussed, as well as the basic principles of optical parametric amplification and

optical parametric oscillators. A description of the types of micro-structured GaAs

used to generate THz radiation is provided.

Focusing within the GaAs due to Kerr-induced and thermally induced refractive

index profiles and the effect on the OPO power levels is discussed. A design which

maximizes the generated THz power is discussed for both the SRO and DRO OPO

configurations. Stabilization of the DRO power levels both by an electronic system

and a passive thermo-optic effect is presented with theoretical derivations of the

closed-loop gain of the feedback systems.

Results of a theoretical calculation of the temporal shapes of the signal and idler
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pulses versus the cavity length of the signal and idler cavities are compared to exper-

imental results. It was discovered that the cavity-length detunings which maximized

the intracavity average power did not necessarily maximize the temporal overlap of

the signal and idler pulses, and that the signal and idler cavity-length detunings

determined the temporal positioning of the pulses. A regime which maximizes the

intracavity DFG is discussed.

Transient SPOPO dynamics which are a result of self-phase modulation within

the gain medium are discussed. The dynamics of the singly resonant OPO (without

GaAs inside the cavity) are measured, and a theoretical calculation confirms their

existence.

Lastly, future trends and an outlook on THz-frequency generation is provided ana-

lyzing the necessary steps to further improve the intracavity THz conversion efficiency

using GaAs.



Chapter 2

Theory of Nonlinear Optics and

THz Generation

2.1 Introduction

In this chapter we develop the equations for THz conversion efficiency starting from

Maxwell’s equations. A discussion of THz conversion efficiency versus optical pulse

width is presented which results in an optimal pulse width on the order of a few

picoseconds for THz generation inside GaAs. The equations describing operation of

both an SRO and DRO are derived defining terms such as threshold, pump depletion,

and conversion efficiency. A set of coupled nonlinear partial differential equations are

derived which are numerically integrated to calculate the temporal behavior of a syn-

chronously pumped OPO, with results to be compared to experimental measurements

in subsequent chapters. The phase-matching conditions and spectral bandwidths for

the OPO and THz generation processes are also defined.

2.2 THz Conversion Efficiency

This section calculates the optical-to-THz conversion efficiency in the case of DFG

between two optical pulses with picosecond pulse widths. Optical fields E3 and E2

18
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oscillate at frequencies ω3 and ω2, respectively, and generate a THz field E1 at fre-

quency ω1 = ω3 − ω2 where ω1 << ω2. The quasi-phase-matched conversion occurs

within a nonlinear crystal, Fig 2.1(a). The optical wavelengths are near 2 µm, and

the THz wavelengths are between 100-300 µm. In the spectral domain and assuming

infinite plane-wave fields, the field at ω3 amplifies the fields at ω1 and ω2. The power

spectral densities of the two optical fields at frequencies ω3 and ω2 are shown in Fig.

2.1(b). Also shown is the power spectral density of the generated THz polarization

centered at frequency ω1 (red-dashed curve) before being filtered by the QPM effi-

ciency (black curve). Only the THz frequency components within the QPM curve

(solid black sinc-squared) are phase-matched, and therefore the QPM process behaves

as a spectral filter both for center frequency and spectral width.

(a)

(b)

ω0

Intensity

ω3

DFG with QPM

t

E3

t

E1

+ + +- -

QPM

ω1

Λ
g

u3

t

E2

ω2

u2

u1

Figure 2.1: (a) Schematic of THz generation by DFG between two optical picosecond
pulses. (b) Power spectral densities of the two optical fields at frequencies ω3 and
ω2. Also shown is the power spectral density of the generated polarization centered
at frequency ω1 (red-dashed curve) before being filtered by the QPM sinc-squared
efficiency (solid black curve).
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Starting with Maxwell’s equations [13] and following an analysis performed by

Vodopyanov in [60] we have

∇× E = − ∂

∂t
(µ0H) (2.1)

∇×H =
∂

∂t
(ε0E + P) (2.2)

where P is defined in (1.1). The vector notation is dropped, and E3 and E2 are carrier

waves modulated by slowly varying transform-limited Gaussian temporal pulses with

1/e2-intensity half-widths τ

E3(x, t) =
1

2

{
E03 exp

[
−(t− x/u3)2

τ 2

]
exp[i(ω3t− k3x)] + c.c.

}
(2.3)

E2(x, t) =
1

2

{
E02 exp

[
−(t− x/u2)2

τ 2

]
exp[i(ω2t− k2x)] + c.c.

}
(2.4)

where u3 = u2 = u1 = u is the optical group velocity and E03 and E02 are real.

Group-velocity dispersion is assumed to be negligible. The second-order nonlinear

polarization is

P (2)(x, t) = 2ε0d[E2(x, t) + E3(x, t)]2. (2.5)

In this example where group-velocity dispersion is neglected, the group velocity

of the second-order nonlinear polarization is equal to the optical group velocities.

The time-domain envelope of the polarization at frequency ω1, PNL(x, t), defined by

P (2)(x, t) = PNL(x, t)exp(iω1t), is

PNL(x, t) = 2ε0dE03E02 exp

[
−2(t− x/u)2

τ 2

]
e−i∆kx. (2.6)

The wavevector mismatch is ∆k = k3 − k2 − k1 + 2π/Λg where the negative QPM

grating wavevector is used, and the nonlinear coefficient is 2d = χ(2). Using the

Fourier transform pair
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f(ω) =
1

2π

∫ ∞
−∞

f(t)eiωtdt (2.7)

the nonlinear polarization in the frequency domain centered at ω1 and evaluated at

x = 0 is

PNL(0, ω) =
ε0dE02E03τ√

2π
exp

[
−τ

2(ω − ω1)2

8

]
. (2.8)

Assuming the field amplitudes change in small amounts with x such that k1∂E1/∂x

>> ∂2E1/∂x
2, the equation describing the evolution of THz field E1 neglecting ab-

sorption is

dE1(x, ω)

dx
= −iµ0ωc

2n1

PNL(0, ω)e−i∆kx (2.9)

where the assumption of negligible GVD and E02 and E03 constant with respect

to x allows us to take the envelope of the nonlinear polarization to depend on x

only through the phase-mismatch factor. Substituting Eq. (2.8) into Eq. (2.9) and

integrating from x = 0 to x = L, |E1|2 is

|E1(L, ω)|2 =
1

8π

(
ωdeffE02E03τL

c n1

)2

exp

[
−τ

2(ω − ω1)2

4

]
sinc2

(
∆kL

2

)
. (2.10)

Since the generated intensity varies quadratically with ω, the THz intensity is usually

orders of magnitude smaller than the optical intensity. In a quantum-mechanical

picture, when the optical photon at frequency ω3 is destroyed most of the energy is

transferred to the newly created optical photon at ω2 and very little is transferred to

the THz photon at ω1.

The shape of the THz spectrum is calculated from Eq. (2.10) by the multiplica-

tion of a Gaussian with full-width half-maximum (FWHM) ∆ωopt = 4
√

ln2/τ and a

sinc-squared waveform with an approximate FWHM defined by ∆kL = 1.8π. The

Gaussian feature is the bandwidth limitation set by the optical pulse width, and
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the sinc-squared feature is the QPM bandwidth limitation set by the dispersion and

length of the nonlinear crystal. Since ω1 << ω2, ∆k can be approximated as

∆k =
∂k

∂ω
ω1 − k1 +

2π

Λg

=
ngω1

c
− n1ω1

c
+

2π

Λg

=
ω1

c
(ng − n1) +

2π

Λg

= −ω1∆n

c
+

2π

Λg

(2.11)

where ∆n = n1 − ng is the difference between the THz refractive index and optical

group index. The center THz frequency f1 = ω1/2π is determined by the peak of

the sinc-squared curve, where ∆k = 0. It is assumed that both curves are symmetric

about ω1. The center THz frequency f1 and center wavelength λ1 = c/f1 are

f1 =
ω1

2π
=

c

Λg∆n
(2.12)

λ1 = Λg∆n. (2.13)

For GaAs, the expression for the THz center wavelength is approximately λ1 =

Λg/4, and for generation of light at 3 THz (100 µm) using optical waves with wave-

lengths near 2 µm the period of the QPM grating should be 400 µm. Dispersion

information from [61] and [62] was used for GaAs at near-IR and THz frequencies,

respectively. Assuming for the moment the spectral width of the THz wave is limited

by the QPM bandwidth, the spectral width is calculated by differentiating ∆k with

respect to ω1 and approximating (∂∆k/∂ω1) as (δ∆k/∆ω1) and solving for ∆ω1 when

δ∆kL = 1.8π which gives
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∆f1 =
∆ω1

2π

=
0.9 c

∆nL
. (2.14)

The QPM-limited THz bandwidth is (1.1 ∆nL)−1 cm−1.

We now remove the assumption that the process is QPM-bandwidth limited. The

optical-to-THz conversion efficiency for plane waves is defined as the ratio of the THz

fluence F1 evaluated at x = L to an input optical fluence F2 where fluence, defined

as the pulse energy per unit area, is calculated using Parseval’s relation [63] to be

F (L) =
1

2
ncε0

∫ ∞
−∞
|E(L, t)|2dt = ncε0π

∫ ∞
0

|E(L, ω)|2dω. (2.15)

Substituting Eq. (2.10) into Eq. (2.15) and integrating from x = 0 to x = L, the

plane-wave efficiency is [60]

ηPW
THz =

[
F1(L)

F2

]
=

2ω2
1d

2
effLF3

ε0c2n1n2n3∆n
a1. (2.16)

The term a1,

a1 (y) =
1

π

∫ ∞
−∞

exp

(
− µ2

πy2

)
sinc2 (µ) dµ, (2.17)

is an efficiency term which depends on the crystal length L normalized to a crystal

length LQPM where the dimensionless quantity y = L/LQPM is used. LQPM corre-

sponds to the crystal length where the bandwidth of the optical pulses are equal to

the QPM bandwidth. The new variable of integration is µ =
√
πτ(ω − ω1)y/2. A

reasonable definition for the optical bandwidth of Fourier-transform limited pulses is

assumed to be

∆fopt =
1

τ
, (2.18)
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and the QPM bandwidth is defined as

∆fQPM =

√
π c

∆nL
. (2.19)

The effective QPM length where Eqs. (2.18) and (2.19) are equal is

LQPM =

√
π c τ

∆n
. (2.20)

The value of a1 is plotted in Fig. 2.2. The term a1 takes into account contributions

to efficiency from the optical pulse width and the width of the QPM curve. In order

to achieve a large ηPW
THz it is necessary to make the QPM bandwidth comparable to

the bandwidth of PNL(ω) similar to the case illustrated in Fig. 2.1(b).

L/L
QPM

a
1

10-1

100

10010-1 101

Figure 2.2: Picosecond-pulse DFG optical-to-THz efficiency term a1 defined in Eq.
(2.17).

This analysis has a time-domain analog obtained by introducing the walk-off

length between the optical and THz pulses as `w =
√
πcτ/∆n [64], which is the

length over which the difference in group velocities of the optical and THz pulses
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leads to a walk-off comparable to the duration of the pump pulses. In fact, the walk-

off of the optical and THz pulses and the finite QPM bandwidth are the equivalent

temporal and spectral descriptions, respectively, of the efficiency term a1. Using Eqs.

(2.18) and (2.19) as well as the definition of the walk-off length `w, this equivalence

can be expressed as

∆fopt

∆fQPM

=
L

`w
. (2.21)

To achieve higher peak optical intensities for a given optical pulse energy and

increase the optical-to-THz conversion efficiency, the pulse width can be decreased

(increasing y = L/LQPM = L/`w), until the optical bandwidth becomes so broad

that the QPM bandwidth filtering causes the efficiency to roll-over. In the temporal

domain picture, the optical pulses become short enough that the walk-off of the optical

and THz pulses over the crystal length causes the efficiency to roll-over. It is useful to

note that the prefactor of Eq. (2.16) (y ≈ 1) is the conversion efficiency in the limit

of optical and THz pulses which walk-off approximately one pulse width. It is the

approximate boundary between the walk-off limited and non-walk-off limited regimes.

A similar prefactor is derived in [31] corresponding to the conversion efficiency for

optical parametric amplification between Gaussian beams in the presence of spatial

Poynting-vector walk-off and negligible diffraction. It is in fact the same analysis

given the space-time analogy.

The term a1 monotically rises as y increases but at a nominal value of y = 1,

a1 = 0.68 which is not far from the maximum value of 1. Choosing y = 1 is the

point where the QPM and optical bandwidths are equal. As a numerical example

and using data from Tab. 1.1, in order to generate 1-THz radiation in a 1-cm-long

GaAs crystal from optical pulses at wavelengths near 2.1 µm the optical pulse width

should be τ = ∆nL/c = 9 ps. Further reduction of τ will lead to larger values of ηPW
THz,

but as the peak optical intensity correspondingly increases for the same optical pulse

energy, the efficiency will be limited by the effects of higher-order nonlinearities such

as self-focusing and self-phase modulation of the optical Gaussian beams as discussed

in [14]. Another upper limit on the crystal length is set by the characteristic THz
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absorption length as discussed in Sec. 2.2.1.

When operating in the regime of y >> 1 the bandwidth of E1 is limited by the

QPM bandwidth either due to long crystal lengths, short optical pulses, or both, and

the Gaussian feature is assumed to be unity and can be factored out of the integral

in Eq. (2.17). The optical-to-THz conversion efficiency will be

ηPW
THz =

√
2ω2

1d
2
effL `wI3

ε0c3n1n2n3

(2.22)

where I3 is the peak intensity at ω3. Using Eqs. (2.13) and (2.14) the THz pulse

width will be

τ1 =
λ1L

Λgc
. (2.23)

Rearranging Eq. (2.23), the THz pulse width is

τ1c

λ1

=
L

Λg

, (2.24)

or equivalently

τ ′1 = N (2.25)

where N is the number of QPM periods in a crystal of length L and τ ′1 = τ1c/λ1 is

the spatial extent of the THz pulse in the propagation direction normalized to the

THz wavelength. After every QPM period of propagation, another cycle of the THz

wave is added to the THz pulse. Since the THz wave propagates more slowly than

the optical pulses, the THz pulse will be longer in duration, and only the very front

edge of the THz pulse will overlap with the optical pulses, Fig. 2.3. Therefore, only

the leading edge of the THz pulse is being generated, and ηPW
THz scales linearly with L

as shown in Eq. (2.22), for y >> 1.

This is analogous to the case of pulsed SHG where the second-harmonic trails

the fundamental harmonic as well as optical rectification with a single femtosecond

optical pulse. In both cases, the efficiencies scale linearly with the product (L `w) in

the walkoff-limited regime. The temporal overlap of the optical and THz pulses is
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Figure 2.3: Temporal overlap of optical pulse and THz wave for (L/`w) >> 1.

analogous to the spatial description of SHG including the effects of double refraction

[65], where the aperture length `a is the characterstic SHG interaction length. For

L > `a, the SHG power scales linearly with crystal length instead of quadratically.

In the limit of very long optical pulses, y << 1, the Gaussian function in the

integrand of Eq. (2.17) is much narrower than the sinc-squared function. The sinc-

squared function is assumed to be unity over the bandwidth of interest determined

by the inverse of the optical pulse width and can be factored out of the integration.

The conversion efficiency in the long-pulse limit is then

ηPW
THz =

√
2ω2

1d
2
effL

2I3

ε0c3n1n2n3

. (2.26)

The factor of (L `w) in the numerator of Eq. (2.22) corresponding to the short-pulse

limit becomes L2 in the limit of long pulses.

2.2.1 Effect of THz Absorption on Conversion Efficiency

Another limitation on the crystal length is due to absorption of the THz field. Equa-

tion (2.9) describes the linear growth of E1 in the absence of diffraction, temporal

walkoff, and THz absorption. If we allow for absorption of the THz field, E1, the

differential equation describing the evolution of E1 for ∆k = 0 is
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dE1(x)

dx
= c1 −

α1

2
E1(x) (2.27)

where α1 is the THz intensity absorption coefficient and c1 is the right-hand side of

Eq. (2.9). The solution to Eq. (2.27) is

E1(x) = c1

[
1

α1/2
(1− e−α1x/2)

]
(2.28)

where (2/α1)[1 − exp(−α1x/2)] is an effective absorption length which equals x as

α1 → 0 and zero as α1 →∞. This yields the expected solution in the limit of α1 → 0

as given in Eq. (2.10). The new solution for E1(x) can be written in terms of the

solution for the THz field in the absence of absorption, E
(0)
1 (x) = c1x

E1(x) = c1

[
1

α1/2

(
1− e−α1x/2

)]
= c1x

[
1

α1x/2

(
1− e−α1x/2

)]
= E

(0)
1 (x)

[
1

α1x/2

(
1− e−α1x/2

)]
. (2.29)

The square modulus of E1(x = L) is

|E1(L)|2 = |E(0)
1 (L)|2

[
4

(α1L)2

(
1− e−α1L/2

)2
]
. (2.30)

A characteristic absorption length is defined as Lα = 1/α1. Additionally, the dimen-

sionless parameter z = L/Lα is the crystal length normalized to this characteristic

absorption length. In terms of this dimensionless parameter, Eq. (2.30) can be

rewritten as

|E1(L)|2 = |E(0)
1 (L)|2

{
exp (−L/2Lα)

[
sinh2(L/4Lα)

(L/4Lα)2

]}
. (2.31)

An efficiency term a2 describing the reduction in efficiency due to THz absorption is

defined as
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a2(z) = exp(−z/2)

[
sinh2(z/4)

(z/4)2

]
, (2.32)

and Eq. (2.31) can be rewritten as

|E1(L)|2 = |E(0)
1 (L)|2 a2. (2.33)

The dimensionless quantity a2 is plotted in Fig. 2.4. In the limit of no THz

absorption, z → 0 corresponding to α1L → 0, and a2 approaches unity. In the

limit that the THz field is completely absorbed, z → ∞, and a2 approaches zero.

A reasonable compromise between absorption and nonlinear mixing length is z = 1

where a2(1) = 0.62 corresponding to a reduction in efficiency of only 38%.

L/Lα

a
2 10-1

100

10010-1 10110-2

10-2

Figure 2.4: Picosecond-pulse DFG optical-to-THz efficiency term a2 defined in Eq.
(2.32). The normalized crystal length parameter is z = L/Lα.

With the inclusion of THz absorption, the plane-wave THz conversion efficiency

becomes
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ηPW
THz =

2ω2
1d

2
effLF3

ε0c2n1n2n3∆n
a1 a2 (2.34)

with THz frequency ω1.

In the limit of long optical pulses, L/`w << 1 where temporal walk-off no longer

dominates the THz pulse shape, the length-dependent terms of Eq. (2.34), making

use of Eq. (2.26), are

4

α2
1

(
1− e−α1L/2

)2
, (2.35)

which monotonically increases with increasing L and asymptotically approaches 4/α2
1

as L → ∞. The length corresponding to a 25% decrease in this value, or 3/α2
1, is

Lnom = 4/α1 which is equal to four characteristic absorption lengths, 4Lα. Choosing

L = 4Lα corresponds to operation at z = 4. The modified conversion effiency

assuming L = 4Lα in the limit of long optical pulses is

ηPW
THz =

3
√

2ω2
1d

2
eff α

−2
1 I3

ε0c3n1n2n3

, (2.36)

where α−2
1 has taken the place of L2 in the numerator of Eq. (2.26).

Consider the numerical example of generating 1-THz radiation from 200-ps long

optical pulses at optical wavelengths near 2.1 µm in QPM GaAs for z = L/Lα = 1.

The THz intensity absorption coefficient in GaAs near 1 THz is approximately 0.5

cm−1: L = Lα = 1/0.5 cm−1 = 2 cm, `w = 0.59 m, L/`w = 0.03, a1 = 0.03, and

a2 = 0.62. For the case of long optical pulses where absorption does not place an

upper limit on the crystal length, diffraction of the THz Gaussian beam can reduce

the conversion efficiency for very long crystal lengths as will be discussed in Sec. 2.2.2.

2.2.2 Effect of Gaussian-Beam Focusing on Efficiency

The conversion efficiency can be increased by focusing the optical waves and increasing

the peak intensity. If we assume the optical beams are Gaussian with 1/e2-intensity

radius w2 = w3 = w and in the limit that diffraction of the optical beams is negligible

over the crystal length, E2(r), E3(r), and PNL(r) are
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E3(r) = E03 exp

(
− r

2

w2

)
(2.37)

E2(r) = E02 exp

(
− r

2

w2

)
(2.38)

PNL(r) = 2dε0E03E
∗
02 exp

(
−2r2

w2

)
. (2.39)

PNL is a source of radiation for E1, so the THz field is generated initially with

pulse width τ1 = τ/
√

2 and waist w1 = w/
√

2. With well-defined transverse profiles

for all three fields, conversion efficiency can be defined as the ratio of energy in the

THz wave at x = L to the incident energy in either optical wave. For this analysis,

the optical pulse energy is U2, and the efficiency is

ηTHz =
U1(L)

U2(0)
(2.40)

where energy, U , for Gaussian beams is

U =

∫ 2π

0

∫ ∞
0

F (r) r drdθ

= F (0)

∫ 2π

0

∫ ∞
0

exp

(
− r

2

w2

)
r drdθ

= F0
πw2

2
. (2.41)

Eq. (2.34) can be written as

ηTHz =
U1

U2

=
F1

F2

πw2/4

πw2/2

=

(
2ω2

1d
2
effLa1 a2

ε0c2n1n2n3∆n

)
U3

πw2
(2.42)
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where w2 = w3 = w. The confocal parameter b = kw2
0, which is equal to twice

the Rayleigh length for a Gaussian beam with focused waist w0, is used to define

an efficiency factor, h, describing the effect of focused optical beams [31] on ηTHz.

The confocal parameter with respect to the THz wavevector and optical beam size

is b1 = k1w
2. A focusing parameter is then defined ξ1 = L/b1 which scales inversely

with the area of the optical beams. It is also the crystal length normalized to four

Rayleigh lengths for the THz wave. The normalized focusing parameter is then

ξ1 =
Lλ1

2πn1w2
. (2.43)

In the limit that diffraction of the THz and optical waves is negligible over the

crystal length, ξ1 << 1, the conversion efficiency is

ηTHz =
2ω3

1d
2
eff

πε0c3n2n3∆n
(a1 a2 ξ1)U3 (2.44)

showing that ηTHz scales linearly with ξ1.

As ξ1 approaches and exceeds 1, the diffraction of the THz wave is no longer

negligible. In this case, the function h(ξ1) can be calculated by a Green’s function

method [66, 67] where the power in the THz wave evaluated at x = L is calculated.

In this approach, PNL is assumed to be a set of dipole moments which behave as

point sources of radiation at ω1 located throughout the crystal with a distribution

determined by the transverse profiles of the optical beams. The contribution by all

point sources to the THz field evaluated at x = L is calculated resulting in h(ξ1) for

a given ω1. This calculation provides the functional form of h, which for convenience

is normalized to the efficiency for the confocal case evaluated in the loose-focusing

limit (normalized to ξ1 for ξ1 << 1). In Fig. 2.5, h(ξ1) is calculated in GaAs

with f1 = 1 THz, n1 = 3.6, L = 1 cm, and λ2 ≈ λ3 = 2128 nm. The focusing

parameter varies between 10−3–102 corresponding to optical waist sizes between 12

mm and 36 µm, respectively. Designing the system for values of ξ1 between 1–10

is a decent compromise between conversion efficiency and increased nonlinear effects

when focused more tightly.
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Figure 2.5: THz focusing efficiency h versus ξ1 for ω1 = 2π×1 THz in GaAs, n1 = 3.6.
For each value of ξ1, the value of h which maximizes the energy transfer to E2 with
respect to the optimum wavevector mismatch, ∆km, is plotted.
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In [66, 67], h is calculated by varying the wavevector mismatch, ∆k, and max-

imizing the energy transfer to E2 following a Green’s function method. The value

of ∆k which maximizes the energy transfer, ∆k = ∆km, is nonzero when diffraction

of the three waves is included. It is assumed that this condition also maximizes the

energy transfer to the THz field E1 since each photon at ω3 simultaneously generates

a photon at ω2 and ω1.

The axial phase-matching condition is ∆kx = k3 − k2 − k1,x + kg, where k1,x

is the wavevector component of the THz field along the direction of propagation,

x, and k2
1 = n2

1ω
2
1/c

2 = k2
1,x + k2

1,y + k2
1,z = k2

1,x + k2
1,T where k1,T is the largest

tranverse wavevector component assuming azimuthally symmetric fields (r2 = y2+z2).

Energy transfer is maximized by the mixing process with the smallest axial wavevector

mismatch, ∆kx. The approximate shift in the THz frequency, ∆ω1, to accommodate

nonzero k1,T values due to tightly focused optical beams is

∆ω1 =
c

n1

√
(k3 − k2)2 + k2

1,T − ω1. (2.45)

This is not a rigorous derivation of ∆ω1 but it shows that more tightly focused optical

beams will lead to an increase in the phase-matched THz center frequency. This is

confirmed by the results of the Green’s function calculation. In Fig. 2.6, the phase

mismatch term ∆kmL (left vertical axis) which maximized h at each value of ξ1 is

plotted versus ξ1 for L = 1 cm. The phase mismatch of 3.9 radians occurs at ξ1 = 10.

The center THz frequency shift was calculated assuming ∆f1 = c∆km/(2π∆n) with

∆n = 0.18 and is plotted in Fig. 2.6 with values in units of GHz (right vertical axis).

At ξ1 = 10, the shift of the center frequency is ∆f1(ξ1 = 10) = 103 GHz.

The conversion efficiency including h for generation of radiation at THz frequency

ω1 is

ηTHz =
2ω3

1d
2
eff

πε0c3n2n3∆n
(a1 a2 h) U3. (2.46)

As a final numerical example for calculating the optical-to-THz conversion efficiency,

assume the following parameters: λ2 ≈ λ3 = 2128 nm, f1 = 1 THz, deff = (2/π) 46.1

pm/V = 29.3 pm/V, n1 = 3.6, n2 = n3 = 3.33, ng = 3.42, ∆n = 0.18, τ = 10 ps,
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Figure 2.6: The phase mismatch ∆kmL which maximizes the THz conversion effi-
ciency h with respect to the focusing parameter ξ1 (left vertical axis) for L = 1 cm,
and the corresponding shift in the THz center frequency (right vertical axis) ∆f1

versus ξ1 for f1 = 1 THz in GaAs, n1 = 3.6, L = 1 cm, and ∆n = 0.18 as calculated
following the analysis of [66].
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L = 1 cm, α1 = 0.5 cm−1, w = 300 µm, U3 = U2 = 1µJ (50-W average power at

50-MHz repetition rate), ε0 = 8.85×10−12 F/m, and c = 3×108 m/s. The calculated

values are then: a1 = 0.32, a2 = 0.78, h(ξ1 = 1.47) = 1.06, ηTHz = 7.54 × 10−5,

U1 = 75.4 pJ, and a THz average power of 3.8 mW. Due to the focused optical beams,

the energy transfer was maximized for a phase mismatch ∆kmL = 1.98 radians. This

corresponded to a positive center THz frequency shift of 52.3 GHz. These are typical

material parameters, optical parameters, and energies for a resonantly enhanced THz

generation process as described in Sec. 4.2.2.

2.3 Design Guidelines for Intracavity THz Gener-

ation

In this section, design guidelines are discussed which determine parameters including

the optical pulse width, the optical beam size, the length of the GaAs crystal, and the

optical pulse energy for generation of a desired THz average power. The concept of

intracavity DFG is introduced highlighting the relationship between incident pump

power, loss of an optical cavity, and generated THz power. The design is based on

the THz conversion efficiency derived in Sec. 2.2. A more thorough design including

the limitations of the intracavity optical powers in the SRO and DRO cavities are

discussed in Sec. 3.5.3 and 4.2.3, respectively.

The GaAs-crystal length L is determined by the THz absorption coefficient of the

GaAs, αTHz, at THz frequency f1 such that

L = 1/α1. (2.47)

This corresponds to the normalized value z = 1 defined in Sec. 2.2.1 and a reduction

in conversion efficiency of only 28% compared to the case where THz absorption

is negligible. The efficiency in the limit of long optical pulses, where the optical

bandwidth is small compared to the QPM bandwidth and negligible diffraction is

ηPW
THz =

√
2ω2

1d
2
effL

2I3

ε0c3n1n2n3

(2.48)
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which was introduced in Eq. (2.26). The optical intensity I3 is approximated as

I3 =
U3

τ3w2
3

(2.49)

with pulse energy U3, pulse width τ3, and beam size w3. I3 can be made large to

increase the THz conversion efficiency until the effects of higher-order nonlinearities

such as self-phase modulation and self-focusing lead to reductions in efficiency. A

characteristic quantity describing the strength of the third-order nonlinearities is the

nonlinear phase accumulated by the optical wave as it propagates through the GaAs

crystal. The nonlinear phase is also called the B-integral, and in the limit of constant

intensity throughout the GaAs crystal is defined as [68]

B =
2πmI3 L

λ3

(2.50)

where m is the nonlinear refractive index defined in Sec. 3.5.1. The system is de-

signed for B < 1 to avoid the deleterious effects of third-order nonlinearities (Kerr

nonlinearities), which places an upper value on the product I3L.

The optical pulse width can be decreased causing an increase in I3 according to

Eq. (2.49) for a given pulse energy up to the point where the optical bandwidth is

comparable to the QPM bandwidth. This corresponds to the normalized value y ≈ 1

as defined in Sec. 2.2 and a pulse width

τ3 =
∆nL

c
. (2.51)

Decreasing the pulse width further will result in larger I3 values, but this will only

increase the conversion efficiency an additional 20–30% (Fig. 2.2). The pulse width

defined in Eq. (2.51) corresponds to a balance between conversion efficiency and

higher-order nonlinear effects.

The optical beam size can also be decreased causing an increase in I3 to the

point where diffraction of the THz beam causes the conversion efficiency to roll-over.

Choosing the optical focusing to be confocal with respect to the THz beam, ξ1 ≈ 1

where ξ1 is defined in Eq. (2.43), leads to the following choice of optical beam size
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w3 =

√
Lλ1

2 π n1

(2.52)

where n1 is the refractive index of GaAs at THz frequency ω1.

With the above choices for L, τ3, and w3, the optical pulse energy U3 is the last

quantity to choose. The pulse energy which yields a B value of unity and therefore

an upper limit on the pulse energy is

U3 =
τ3w

2
3 λ3

2πmL
. (2.53)

For a train of optical pulses with a repetition rate frep, the average optical power

P3 = U3 frep corresponding to a B value of unity is

P3 =
τ3w

2
3 λ3 frep

2 πmL
, (2.54)

and the corresponding optical intensity I3 is given in Eq. (2.49).

The values for generating 1.5-THz radiation are the following: α1 = 1.1 cm−1 [69],

λ2 = 2139.4 nm, λ3 = 2116.7 nm, deff = (2/π) 46.1 pm/V, n1 = 3.60, n2 ≈ n3 = 3.33,

∆n = 0.19, and m = 1.5 × 10−17 m2/W [70]. This corresponds to values of L =

9.1 mm, τ3 = 5.7 ps, w3 = 283.4 µm, and the maximum pulse energy as determined

by the Kerr limit is U3 = 1.1 µJ. At a repetition rate of 50 MHz, this yields a maximum

optical average power of P3 = 57 W. Average powers of P2 = P3 = 10 W, well below

the Kerr limit of 57 W, yield an internal THz average power of P1 = 4.1 mW. Taking

into account the Fresnel reflection at the GaAs-air interface of R = 0.32, the external

THz power is P1 = 2.8 mW. For an input average power of 10 + 10 = 20 W and an

output power of 2.8 mW, the power conversion efficiency is 1.4× 10−4. The quantum

conversion efficiency is 1.4× 10−4 · (ω3/ω1) = 0.013.

Placing the GaAs crystal inside an optical cavity with round-trip power losses A

for the optical waves, similar THz average powers can be achieved with significantly

less input optical average power. For input powers of P2 and P3, the intracavity

optical powers are roughly P2/A and P3/A where A is on the order of 1–5%. For

a loss of A = 0.05, the same THz average power of 2.8 mW can be achieved with

input powers of P3 = P2 = 10 × 0.05 = 500 mW. The conversion efficiency in this
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resonantly enhanced scheme is 2.8 × 10−3, and the quantum conversion efficiency is

0.26. In general, the THz power P1 scales with the input optical powers and cavity

loss as

P1 ∝
P2 P3

A2
. (2.55)

For a constant THz power, the system can be designed for efficiency by reducing both

the numerator and denominator without affecting P1.

Instead of using two separate 2-µm lasers as the input sources, the signal and idler

pulses of an OPO can be used for intracavity THz generation. In this case, a single

pump laser with frequency ω4 = ω2 + ω3 (λ4 = 1064 nm) and average power P4 is

incident on an optical cavity with small cavity losses for the idler and signal. For a

pump power of P4 = 1 W and cavity losses of A = 0.05 for the signal and idler and

assuming complete pump depletion, the intracavity signal and idler powers will be

P3 = P2 = 10 W. This will lead to an external THz average power of P1 = 2.8 mW,

equivalent to the extracavity and intracavity examples in the previous two paragraphs.

The power conversion efficiency is 2.8× 10−3, and the quantum conversion efficiency

is 0.26. The THz power P1 scales with the pump power P4 and cavity loss A as

P1 ∝
(
P4

A

)2

. (2.56)

In the case of intracavity THz generation, focusing of the signal and idler beams in

the GaAs due to Kerr lensing and thermally induced lensing will place an upper limit

on the intracavity power. This focusing is described in Secs. 3.5.1 and 4.2.3. These

sections are followed by more precise design calculations for the THz power when the

OPO performs at the focusing limit. The design determines the pump power and

optical absorption which will yield operation at the cavity-focusing limit as well as

the generated THz average power versus the GaAs optical absorption coefficient for

both the singly and doubly resonant cases.
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2.4 Nonlinear Coupled Partial Differential Equa-

tions

In this section, we derive a set of three coupled nonlinear partial differential equa-

tions which were used to calculate the temporal performance of the synchronously

pumped OPO whose signal and idler waves pump the THz mixing process. The

simulation calculated the complex electric field envelopes of the OPO pump, signal,

and idler (optical fields) in time and longitudinal space. The equations described

the temporal performance in the presence of linear phenomena including round-trip

loss, group-velocity mismatch (GVM), and group-velocity dispersion (GVD). The

calculated nonlinear phenomena included three-wave mixing, self-phase modulation

(SPM), and cross-phase modulation (XPM).

2.4.1 Nonlinear Coupled Partial Differential Equations

The electric fields of the pump, signal, and idler are

Ej(t, x) =
1

2
{E0j exp[i(ωjt− kjx)] + E∗0j exp[−i(ωjt− kjx)]}êj (2.57)

where j = {1, 2, 3} corresponding to the idler, signal, and pump, respectively. E0j

is the slowly varying complex electric field envelope, and kj = njωj/c is the spatial

frequency. The signal and pump fields are polarized along the LiNbO3 y-direction,

and the idler is polarized along the z-direction. All fields propagate along the x-

direction. The spectral definitions of the 2nd- and 3rd-order nonlinear polarizations

are

Pi = ε0
∑
jk

χ
(2)
ijk : Ej Ek + ε0

∑
jkl

χ
(3)
ijkl : Ej Ek El (2.58)

with second- and third-order nonlinear susceptibility tensors χ
(2)
ijk and χ

(3)
ijkl, respec-

tively. The instantaneous nonlinear polarization, PNL(t), at frequency ω is the

sum of the Fourier amplitudes at frequency ω, calculated in Eq. (2.58). The in-

stantaneous polarization is modulated by a slowly varying envelope P0 such that
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PNL(x, t) = 1/2 {P0 exp[i(ωt− kx)] + P ∗0 exp[−i(ωt− kx)]}. The idler wave equation

in the frequency domain, which can be derived from Maxwell’s equations [13], is

∇2E1 + k2(ω)E1 = −µ0ω
2
1P. (2.59)

The dispersion relation k2(ω) can be expanded around ω1 as

k2(ω) ≈ k2
1 + 2

k1

u1

(ω − ω1) +

(
1

u2
1

+ k1β1

)
(ω − ω1)2 (2.60)

where the idler inverse group velocity is u−1
1 = dk/dω|ω1 , and the group-velocity

dispersion coefficient is β1 = d2k/dω2|ω1 . We assume paraxial beams and neglect

diffraction. In a frame co-propagating with the pump pulse in which the time variable

is T = t − x/u3 (pump local time), the time-domain equation for the complex idler

envelope is

i
∂E01

∂x
+ iδν1,3

∂E01

∂T
+
β1

2

∂2E01

∂T 2
=
ω2

1µ0

2k1

P0 exp(ik1x) (2.61)

with the group-velocity mismatch (GVM) parameter δν1,3 = u−1
1 − u−1

3 . For LiNbO3

at a wavelength of 2128 nm, the GVD terms are dominated by kjβj such that 1/u2
j <<

kjβj. After selecting only the terms which are polarized along the z-direction and at

frequency ω1 the right side of Eq. (2.61) becomes

2πdeff

n1λ1

E03E
∗
02 exp(−i∆kx)+

π

n1λ1

(a11χ
′(3)
11 |E01|2 + a12χ

′(3)
12 |E02|2 + a13χ

′(3)
13 |E03|2)E01 (2.62)

where deff = (2/π) d is the effective nonlinear coefficient of the periodically poled

LiNbO3 crystal with spatial frequency kg = 2π/Λg where Λg is the poling period.

The wavevector mismatch ∆k = k3 − k2 − k1 − kg is set to zero by the appropriate

choice of Λg. The third-order nonlinearity provides self- and cross-phase modulation
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of the idler wave [71] with modulation strengths determined by coefficients a1j and

χ
′(3)
1j , which are effective third-order susceptibilities determined by the trigonal crystal

symmetry of LiNbO3 and the polarization states of the pump, signal, and idler.

Harmonic generation via third-order nonlinearity is neglected since the calculated ∆k

values were large. Nonlinear polarizations which propagate normal to the propagation

direction of the incident electric fields are neglected. The combination of a1j and χ
′(3)
1j

describe the modulation of the idler by wave j. The three coupled-wave equations

are

i
∂E01

∂x
+ iδν1,3

∂E01

∂T
+
β1

2

∂2E01

∂T 2
=

2πdeff

n1λ1

E03E
∗
02 exp(−i∆kx)+

π

n1λ1

(a11χ
′(3)
11 |E01|2 + a12χ

′(3)
12 |E02|2 + a13χ

′(3)
13 |E03|2)E01

(2.63)

i
∂E02

∂x
+ iδν2,3

∂E02

∂T
+
β2

2

∂2E02

∂T 2
=

2πdeff

n2λ2

E03E
∗
01 exp(−i∆kx)+

π

n2λ2

(a22χ
′(3)
22 |E02|2 + a21χ

′(3)
21 |E01|2 + a23χ

′(3)
23 |E03|2)E02

(2.64)

i
∂E03

∂x
+
β3

2

∂2E03

∂T 2
=

2πdeff

n3λ3

E02E01 exp(i∆kx)+

π

n3λ3

(a33χ
′(3)
33 |E03|2 + a32χ

′(3)
32 |E02|2 + a31χ

′(3)
31 |E01|2)E03

(2.65)

where deff = 2.35 pm/V [72], a11 = a22 = a33 = 3/4, a12 = a21 = a13 = a31 = 1/2,

a23 = a32 = 3/2, χ
′(3)
11 = χ

(3)
zzzz, χ

′(3)
22 = χ

′(3)
33 = χ

′(3)
23 = χ

′(3)
32 = χ

(3)
yyyy, χ

′(3)
13 = χ

′(3)
12 =

χ
(3)
zzyy + χ

(3)
zyzy + χ

(3)
zyyz, and χ

′(3)
21 = χ

′(3)
31 = χ

(3)
yyzz + χ

(3)
yzyz + χ

(3)
yzzy. Due to the lack of

published values for the LiNbO3 χ
(3)-tensor elements, isotropic symmetry is assumed

and the value of χ
(3)
zzzz = 1.43× 10−21 m2/V is used for all χ

′(3)
mn coefficients [73].

The effects of diffraction are approximated by assuming the homogeneous solution

to Eq. (2.59) at frequency ωj is a Gaussian TEM00 mode of the form
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E0j(r, x) =
iE ′0jXRj

qj(x)
exp

[
−ikjr2

2qj(x)

]
(2.66)

where qj(x) = x + iXRj is the complex radius and XRj = πw2
0jnj/λj is the Rayleigh

length with a focused Gaussian beam waist w0j occurring at the center of the PPLN

crystal [68]. The nonlinear coupling strengths between the three waves vary radially,

and we integrate over the radial and azimuthal dimensions to evaluate their average

effects at each longitudinal PPLN-crystal position, x. By assuming the mode shape

unchanged throughout the crystal, we assign these averages to changes in the Gaussian

amplitudes only. For the idler equation we take the projection of both sides of Eq.

(2.63) onto −iXR1/q
∗
1 exp (ik1r

2/2q∗1) and integrate from r = 0→∞ and θ = 0→ 2π.

This calculation is similar, but more general, to the those performed in [74], which

was only valid at x = 0, and to the calculation in [75] which defined the second-order

nonlinear coupling terms for doubly resonant second-harmonic generation. We also

expand this calculation to include the effects of third-order nonlinearities.

This results in the correction g1(x) to the 2nd-order nonlinear term and corrections

f11(x), f12(x), and f13(x) to the 3rd-order nonlinear terms. The corrections account

for coupling which is strongest when the beam size is smallest as well as shifts in

the phase-matched center frequencies due to the phase-matching considerations for

focused Gaussian beams. The right side of Eq. (2.63) becomes

2πg1(x)deff

n1λ1

E ′03E
′∗
02 exp(−i∆kx)+

π

n1λ1

[
f11(x)a11χ

′(3)
11 |E ′01|

2
+ f12(x)a12χ

′(3)
12 |E ′02|

2
+ f13(x)a13χ

′(3)
13 |E ′03|

2
]
E ′01

(2.67)

where the functional form of the corrections g1 and f1j are
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g1 =
−2k1XR3XR2

k3q∗1q
∗
2 − k2q3q∗1 − k1q3q∗2

(2.68)

f1j =
w2

0j

w2
1 + w2

j

(2.69)

where w2
j (x) = w2

0j[1 + (x/XRj)
2]. This procedure applied to Eqs. (2.64) and (2.65)

yields signal and pump equation corrections of

g2 =

(
w01

w02

)2

g1 (2.70)

g3 =

(
w01

w03

)2

g∗1 (2.71)

f2j =
w2

0j

w2
2 + w2

j

(2.72)

f3j =
w2

0j

w2
3 + w2

j

. (2.73)

As a numerical example, we consider λ3 = 1064 nm, and ω2 − ω1 = 2π × 1 THz

in LiNbO3. The pump and signal fields are polarized normal to the optical axis, and

the idler field is polarized parallel to the optical axis. Similar to the THz focusing

parameter described in Sec. 2.2.2, we define focusing parameters ξj for the OPO

pump, signal, and idler fields where ξj = L/(2XRj). All three fields are confocally

focused (ξj = 1) such that XRj = L/2. The real and imaginary components of g1(x)

are plotted in Fig. 2.7(a) and (b), respectively, versus normalized position in the

nonlinear crystal. The maximum magnitude of g1 occurs in the center of the crystal

where the waists of all three waves occur, which is also where g1 is purely real. The

magnitude of g1 at the crystal edges is 30% less than at the crystal center since the

spot sizes are largest at the crystal edges and the peak intensities are correspondingly

smaller. The imaginary component of g1 contributes an additional phase term which

can be combined with ∆k. At crystal positions away from the crystal center, non-zero

∆k will lead to phase-matched generation of additional frequencies.
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Figure 2.7: The second-order nonlinearity position-dependent coupling parameter
g1 for the idler wave (a) real component and (b) imaginary component. The fo-
cusing parameters are unity for all three waves in LiNbO3 for λ3 = 1064 nm and
ω2 − ω1 = 2π × 1 THz.

The third-order nonlinearity coupling terms f1j describing the intensity-dependent

modulation of the idler by the idler, signal, and pump are plotted versus position

within the crystal in Fig. 2.8. The coupling is strongest at the crystal center where

the waves are the most intense. The terms f1j are real at every position in the crystal.

The coupling term at the crystal edges is nearly half the maximum values, with the

self-modulation term being the strongest.

In the limit of negligible diffraction, L << XRj, the waist size throughout the

crystal is nearly constant, wj(x) ≈ w0j. Therefore, the quantity qj(x) ≈ iXRj and

second-order nonlinear correction terms gj are constant with respect to x. This is

the near-field Gaussian limit discussed in [74]. The above gj equations can then be

written as
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Figure 2.8: The third-order nonlinearity position-dependent coupling parameters f11,
f12, and f13. The focusing parameters are unity for all three waves in LiNbO3 for
λ3 = 1064 nm and ω2 − ω1 = 2π × 1 THz.

g1 =
2

1 + w2
01

(
1
w2

02
+ 1

w2
03

) (2.74)

g2 =
2

1 + w2
02

(
1
w2

01
+ 1

w2
03

) (2.75)

g3 =
2

1 + w2
03

(
1
w2

01
+ 1

w2
02

) . (2.76)

We define the usual effective waists w2
0j by
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1

w2
01

=
1

w2
02

+
1

w2
03

(2.77)

1

w2
02

=
1

w2
01

+
1

w2
03

(2.78)

1

w2
03

=
1

w2
01

+
1

w2
02

(2.79)

leading to the same results as [74]

g1 =
2

1 + (w01/w01)2 (2.80)

g2 =
2

1 + (w02/w02)2 (2.81)

g3 =
2

1 + (w03/w03)2 . (2.82)

The results of the near-field Gaussian analysis are equal to the maximum value of

Eq. (2.68), which occurs at the center of the nonlinear crystal. Therefore, the near-

field Gaussian analysis overestimates the amount of coupling that occurs between

the three waves along the entire propagation distance. When all three waves are

accurately described as transverse modes, as is true for a DRO assuming the pump

to be uniformly depleted, position-dependent parameters g1(x) and f1j(x) accurately

describe the effects of second- and third-order nonlinearities on the idler mode. For

a DRO, g2(x) and f2j(x) accurately describe the effects of second- and third-order

nonlinearities on the signal mode.

2.4.2 Symmetric Split-Step Fourier Method

Eqs. (2.63)–(2.65) only have analytic solutions under certain limiting conditions. In

this work, we numerically integrated the equations to calculate the complex field

envelopes within the nonlinear crystal. We developed a numerical simulator which

implemented the symmetric split-step Fourier method where halfway through the
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linear dispersive integration step of size ∆x the nonlinear effects are calculated (at

∆x/2) [71]. The fast Fourier transform (FFT) and inverse FFT (IFFT) are used to

calculate the fields in the spectral and temporal domains at certain positions within

the crystal. This procedure is illustrated in Fig. 2.9.

x = 0 x = h

D(ω)

D(ω)

N(t)

11

22
33

IFFT

FFT

x = h/2

44
55

E(0,ω)

E(h,ω)

. . .

Figure 2.9: A single step, h, of the split-step Fourier method where the full nonlin-
earity is applied halfway through the dispersive calculation.

The nonlinear crystal is divided into L/h steps, and the procedure for calculating

the fields at point x = h given fields at x = 0 is as follows. Starting at x = 0 with

fields E0j(0, ω), the first operation is the integration of the three coupled nonlinear

partial differential equations (pump, signal, and idler), dropping the nonlinear terms

for the moment, over a distance of h/2 using a finite difference approach. This

is most easily done in the frequency domain as each spectral component acquires

a phase of (kj(ω)h/2) where kjω is expanded to second-order to include GVM and

GVD (Eq. (2.60)). In Fig. 2.9, this integration is denoted by the operator D̂(ω). The

IFFT then calculates the fields at position h/2 in the temporal domain, E0j(h/2, t).

The second integration takes place in the temporal domain where the nonlinear

terms are included, but this time the dispersion terms are dropped. The fields are

integrated from x = 0 to x = h, as indicated by an operator N̂(t), with initial

conditions E0j(h/2, t). The integration of the nonlinear step is easily performed in

the temporal domain since the nonlinear polarization is defined as the multiplication

of two fields in the temporal domain, which is implemented numerically. The fields

in the spectral domain are then calculated, E0j(h, ω), and the third integration from

x = h/2 to x = h is performed again including only the dispersion terms, D̂(ω).
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This 5-step cycle [D̂(h/2, ω), IFFT, N̂(h, t), FFT, D̂(h/2, ω)] is repeated until the

end of the nonlinear crystal is reached as illustrated in Fig. 2.9. With this symmetric

approach where the nonlinear step is surrounded by two dispersive steps, the error of

the numerical integration is reduced to an order of h3.

Each round trip of the OPO cavity involves integrating the coupled fields from

x = 0 to x = L using the symmetric split-step Fourier algorithm, applying intensity

loss and cavity-length detuning to the resonant fields, and returning to the nonlinear

crystal with a new pump pulse. This calculation is repeated until steady-state so-

lutions for the resonant fields are found as determined by a set convergence criteria

where the maximum allowable change in the intensity of the fields per round trip is

set.

2.5 CW Optical Parametric Amplification

Optical parametric amplification is a process whereby energy is transferred from an

incident pump field E3 to the two lower-frequency signal and idler fields, E2 and E1,

through a nonlinear polarization. For each pump photon which is destroyed, both a

signal and idler photon are created, Fig. 2.10. A noise input equivalent to 1/2 photon

per mode of signal and idler leads to the quantum mechanically correct spontaneous

fluorescence rate [76].

ω3 ω2

ω1

Figure 2.10: Illustration of optical parametric amplification where signal and idler
photons are created from a single pump photon.
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The coupled nonlinear differential equations assuming infinite plane wave solu-

tions, no absorption, and CW operation are [74]

dE1

dx
= −iκ1E3E

∗
2e
−i∆kx (2.83)

dE2

dx
= −iκ2E3E

∗
1e
−i∆kx (2.84)

dE3

dx
= −iκ3E1E2e

i∆kx (2.85)

where κj = 2πd/(njλj). If we assume an undepleted pump field where E3 is constant

throughout the crystal, Eq. (2.85) becomes dE3/dx = 0 leaving only two equations

and two uknowns, E1(x) and E2(x). The solution for general initial field conditions

E1(x = 0) = E1(0) and E2(x = 0) = E2(0) are

E1(x) = E1(0)

[
cosh(gx) + i

∆k

2g
sinh(gx)

]
e−i∆kx/2

− E∗2(0)

[
i
κ1E3

g
sinh(gx)

]
exp−i∆kx/2 (2.86)

E2(x) = E2(0)

[
cosh(gx) + i

∆k

2g
sinh(gx)

]
e−i∆kx/2

− E∗1(0)

[
i
κ2E3

g
sinh(gx)

]
e−i∆kx/2 (2.87)

where g =
√

Γ2 − (∆k/2)2 and Γ2 = κ1κ2|E3|2. If we assume the initial idler field is

zero and ∆k = 0, the solutions become

E1(x) = −iE∗2(0)
κ1E3

Γ
sinh(Γx) (2.88)

E2(x) = E2(0) cosh(Γx). (2.89)

The idler and signal intensities at the end of crystal x = L are
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I1(L) =
1

2
n1cε0

κ2
1|E3|2

Γ2
|E2(0)|2 sinh2(ΓL) (2.90)

I2(L) =
1

2
n2cε0|E2(0)|2 cosh2(ΓL). (2.91)

The single-pass gain for the signal field, G2, is

G2(L) =
I2(L)− I2(0)

I2(0)

=
I2(L)

I2(0)
− 1

= sinh2(ΓL). (2.92)

As a numerical example, consider the amplification of light in LiNbO3 at λ2 =

2121 nm (signal-idler frequency splitting of 1 THz) by a CW pump at wavelength

λ3 = 1064 nm with P = 10 W of average power. The QPM period Λg is assumed

to perfectly compensate the wavevector mismatch ∆k, and the effective nonlinear

coefficient is deff,31 = 2.35 pm/V. The remaining optical constants are n3 = 2.23,

n2 = 2.19, λ1 = 2136 nm, and n1 = 2.12. An area for the pump wave is required to

calculate |E3|, therefore a spot size of 30 µm is assumed corresponding to an electric

field of |E3| =
√

4P/(n3cε0πw2) = 1.55 MV/m. For this spot size the pump Rayleigh

length is 5.7 mm, which is approximately confocal, ξ3 = 0.84, for a 1-cm long LiNbO3

crystal. The effects of diffraction on single-pass gain will therefore be ignored for

the purposes of this numerical example. The gain coefficient is Γ = 4.98 m−1, and

G2 = 2.5× 10−3 or an increase (gain) of 0.25%.

2.6 CW Optical Parametric Oscillator

The pump will not be depleted until G2 is very large, for inputs that are small

compared to the pump, therefore to achieve a significant amount of power conversion

from the pump to the signal and idler the optical parametric amplifier system can be
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placed inside an optical cavity where either the signal, the idler, or both propagate

multiple times through the nonlinear crystal. In this section we discuss CW OPOs

to establish concepts which are also relavent to picosecond-pulse OPOs, which were

used experimentally to generate THz radiation and are conceptually described in

Sec. 2.7. Specifically, a doubly resonant OPO (DRO) is of interest since both the

intracavity signal and idler powers in a DRO can be several times larger than the

incident pump power in the case of a low-loss optical cavity. This can lead to large

amounts of generated intracavity THz power since according to Eq. (2.46) the THz

average power is proportional to the product of the signal and idler average powers

for nominal optical pulse widths of a few picoseconds.

The CW DRO cavity is composed of the nonlinear crystal and optics which are

reflective at the frequencies of the resonant fields. The resonating waves suffer loss

every round trip through the cavity due to imperfect mirror and crystal coating

reflections, scattering of light from mirrors, and absorption in the crystal. For a DRO

in a standing-wave configuration (linear cavity) the cavity mirrors are reflective at

the signal and idler frequencies ω2 and ω1 respectively, Fig. 2.11. For simplicity, the

cavity is a nonlinear crystal of length L with its ends serving as the reflective surfaces.

The physical round-trip length of the cavity is 2L. Both surfaces are assumed to pass

the pump field E3 with 100% transmission. In the backward pass through the cavity,

the pump is absent and the signal and idler do not experience gain. Let us also ignore

the back-conversion of the signal and idler in the backward pass through the cavity.

This can be accomplished in a CW ring cavity, as well as in a suitably designed linear

cavity for synchronous pumping, as will be described in Sec. 4.2.1.

2.6.1 Self-Consistent Field Analysis

We develop the threshold condition using the self-consistent field approach in the

form of matrix algebra and solving for the eigenvalues of the system comparable to

the analysis in [13]. The complex fields starting at the reference plane shown in Fig.

2.11 are equal to the complex fields after completing one round trip of the cavity and

arriving back at the reference plane. A QPM grating is present which phase-matches
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L

Signal, E2

Idler, E1

Pump, E3
E3
E2
E1

E1
E2

Reference
Plane

Figure 2.11: A simple schematic of a doubly resonant OPO in a standing-wave config-
uration with a reference plane defined by the dashed vertical line. Oscillation occurs
within a QPM crystal, and back-conversion is ignored in the backward direction for
this analysis (See Sec. 4.2.1).

the three-wave mixing process in the forward direction only allowing for collinear

interactions.

The combined vector Ev(x), describing the idler and signal fields with the inclusion

of their spatial carrier waves at position x in the crystal, is defined as

Ev(x) =

[
E1(x) exp(−ik1x)

E∗2(x) exp(ik2x)

]
(2.93)

allowing Eqs. (2.86)–(2.87), evaluted at x = L, to be recast as

Ev(L) =

[
E1(L) exp(−ik1L)

E∗2(L) exp(ik2L)

]
= Mg

[
E1(0)

E∗2(0)

]
(2.94)

where the matrix defining the gain process, Mg, is
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 [cosh(gL) + i∆k
2g

sinh(gL)
]
e−i(∆k/2+k1)L −iκ1E3

g
sinh(gL)e−i(∆k/2+k1)L

i
κ2E∗

3

g
sinh(gL)ei(∆k/2+k2)L

[
cosh(gL)− i∆k

2g
sinh(gL)

]
ei(∆k/2+k2)L

 .
(2.95)

A series of matrix multiplications is used to propagate the fields around the cavity

as well as to account for loss. Assuming the left and right cavity surface reflections are

equivalent, the matrix describing reflection of the signal and idler Mr from a crystal

surface is

Mr =

[
r1e

iφ1 0

0 r2e
−iφ2

]
(2.96)

where r1 and r2 are real, and φ1 and φ2 are the phases added to the idler and signal,

respectively, upon reflection. The intensity reflection coefficients are then R1 = |r1|2

and R2 = |r2|2. The matrix describing the propagation of the signal and idler in the

backward direction Ml is

Ml =

[
e−ik1L 0

0 eik2L

]
. (2.97)

The total round-trip matrix is then MT

MT = MrMlMrMg. (2.98)

The self-consistent field requires

Ev(0) = MTEv(0) (2.99)

which has non-trivial solutions given by

det (MT − I) = 0 (2.100)

leading to the expression
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[
1−R1 cosh(gL)e−i[(2k1+∆k/2)L−2φ1]

] [
1−R2 cosh(gL)ei[(2k2+∆k/2)L−2φ2]

]
=

i
∆k

2g
sinh(gL)

(
R1e

−i[(2k1+∆k/2)L−2φ1] −R2e
i[(2k2+∆k/2)L−2φ2]

)
+R1R2 sinh2(gL)e−i[2(k1−k2)L−2(φ1−φ2)]. (2.101)

It is more interesting to explain the behavior of the OPO as L is varied on a scale

of ∆L ≈ λ in the DRO and ∆L >> λ for the SRO. We will assume R1 = R2 = R

and φ1 = φ2 = 0 for a symmetric cavity. In general for the CW OPO, the phase upon

reflection φ will not influence oscillation since at some length L resonance will still

occur. In the case of non-zero ∆k, Eq. (2.101) reduces for the symmetric case to

[
1−R cosh(gL)e−i(2k1+∆k/2)L

] [
1−R cosh(gL)ei(2k2+∆k/2)L

]
=

i
∆kR

2g
sinh(gL)

[
e−i(2k1+∆k/2)L − ei(2k2+∆k/2)L

]
+
(
R sinh(gL)e−i(k1−k2)L

)2
. (2.102)

In most cases, ∆k = 0 by choosing the appropriate QPM grating period, and the

self-consistency equation becomes

[
1−R cosh(ΓL)e−i2k1L

] [
1−R cosh(ΓL)ei2k2L

]
=
[
R sinh(ΓL)e−i(k1−k2)L

]2
.

(2.103)

Equation (2.103) becomes real when the two conditions are simultaneously met

2k1L = 2m1π (2.104)

2k2L = 2m2π (2.105)

where m1 and m2 are integers. This corresponds to the case where the round-trip
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optical path length of the cavity is exactly an integer number of both signal and idler

wavelengths. The CW DRO cavity length is usually only a few centimeters in length

corresponding to m values of approximately 104 for optical waves.

The DRO is therefore a phase-constrained system where the round-trip phases for

the signal and idler must be integer multiples of 2π (i.e. signal and idler frequencies

must be longitudinal modes of the cavity) as described by the complex exponentials

on the left-hand side of Eq. (2.103). The phases of the signal and idler fields at the

reference plane of Fig. 2.11 must also satisfy the requirements for amplification set by

Eqs. (2.83) and (2.84) for a set pump phase at the reference plane. This requirement

corresponds to the complex exponential term on the right-hand side of Eq. (2.103).

Additionally, energy conservation requires ω3 = ω2 + ω1.

Due to the many phase and frequency requirements the DRO must satisfy in

order to achieve oscillation, the stability of the DRO is sensitive to length changes

on the sub-wavelength scale. The SRO only requires one of the signal or idler to

be at an axial mode frequency of the cavity. With its relaxed phase requirements,

the SRO can maintain operation while the length is changed by several millimeters.

The frequency-tuning range of the SRO is usually limited by the phase-matching

bandwidth or spectral reflectivity of the optical cavity components.

2.6.2 DRO and SRO Thresholds

The DRO threshold is defined as the pump field strength when Eqs. (2.104) and

(2.105) are true. The more general case of unequal R1 and R2 is considered. Sub-

stituting Eqs. (2.104) and (2.105) into Eq. (2.103) the self-consistency equation

becomes

cosh(ΓL) =
1 +R1R2

R1 +R2

. (2.106)

For low-loss optical cavities, R1,2 ≈ 1 and the left-hand side can be approximated as

cosh(ΓL) ≈ 1 + (ΓL)2/2 and we have
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(ΓL)DRO =

√(
2

R1 +R2

)
[1− (R1 +R2) +R1R2]

=
√

(1−R1)(1−R2). (2.107)

The quantities (1 − R1) and (1 − R2) are approximately half the round-trip power

losses for the idler and signal, respectively. Since Γ2 is proportional to |E3|2, the

pump intensity to achieve oscillation in a DRO is proportional to the product of the

idler and signal round-trip power losses.

The idler-resonant SRO provides feedback for the idler wave due to non-zero R1

values. To derive the SRO threshold condition, the signal feedback is removed by

letting R2 = 0. Substituting Eq. (2.104) into Eq. (2.103) the threshold is

cosh(ΓL) =
1

R1

. (2.108)

By allowing R2 = 0 the phase of the signal field is not restricted, but instead

every round trip the signal field starts from noise and acquires the phase necessary

to maximize the gain for the resonant idler field. For R1 ≈ 1, the SRO threshold is

(ΓL)SRO =
√

2 (1−R1). (2.109)

For both the SRO and DRO, the threshold pump intensity I3,t = n3cε0|E3,t|2/2 is

proportional to Γ2, and the ratio of the SRO and DRO thresholds is

I3,t(SRO)

I3,t(DRO)
=

2

(1−R2)DRO

. (2.110)

The SRO threshold is larger than the DRO threshold by approximately 4 divided

by the round-trip intensity loss of the SRO’s non-resonant wave, using the DRO R2

reflection coefficient. As a numerical example, consider a monolithic LiNbO3 cavity of

nominal length L = 2 cm pumped by a CW laser at a wavelength λ3 = 1064 nm. The

OPO resonates the signal and idler at frequencies near degeneracy (λ1 ≈ λ2 ≈ 2λ3),

and we assume a Type-II phase-matched process where the pump and signal fields
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are polarized normal to the LiNbO3 optical axis (o-waves) while the idler field is

polarized parallel to the optical axis (e-wave). The frequency difference between the

signal and idler (ω3 − ω2) will be 2π × 1 THz corresponding to λ1 = 2135.6 nm and

λ2 = 2120.5 nm. The indices of refraction are n1 = 2.12, n2 = 2.19, and n3 = 2.23.

The nonlinear coefficient is deff = 2.35 pm/V, and the mirror intensity reflection

coefficients are R = 0.98 corresponding to a 4% round-trip intensity loss for both the

signal and idler fields for a DRO. The smallest threshold occurs when (2.104) and

(2.105) are satisfied, and Γ2(DRO) = 1 m−2 corresponding to a pump intensity of

I3,t(DRO) = 0.29 GW/cm2. Assuming the pump is a Gaussian beam with a focused

waist of 39 µm (ξ3 = 1), the pump power is P3,t(DRO) = 680 mW. The SRO threshold

is larger by 2/(1− 0.98) = 100 giving P3,t(SRO) = 68 W.

The DRO threshold is lower than the SRO threshold because the presence of the

second resonant wave increases the gain of the first. This can be traced back to the

OPA expressions in Eqs. (2.86)–(2.87) where for the DRO both E1(0) and E∗2(0) are

non-zero due to non-zero R1 and R2 values. This reduces the required value of E3(0)

necessary to achieve oscillation.

2.6.3 OPO Conversion Efficiency

An OPO can greatly enhance the conversion efficiency from the pump wave to the

signal and idler waves since the signal and idler mix with the pump multiple times.

This occurs until a steady-state condition is met for a given pump strength. Until

the threshold condition is satisfied the conversion efficiency is small, however, once

above threshold the single-pass gain will saturate down to a level equal to the round-

trip loss. This nonlinear saturation effect occurs due to significant levels of pump

depletion, i.e. conversion efficiency, which can lead to large generated powers in both

the signal and idler. Intracavity nonlinear-optical experiments such as intracavity

THz generation where the THz energy depends on the product of the signal and idler

energies benefit from the large powers in both waves in a DRO. This section will

develop expressions for conversion efficiency for OPOs above threshold.

For an idler-resonant SRO with small losses, in the steady-state the single-pass
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gain for the idler field is small enough that one can assume the idler field to be

constant in the nonlinear crystal. For ∆k = 0 and neglecting absorption, the three

coupled nonlinear equations in the limit of plane-wave solutions are

dE1

dx
= 0 (2.111)

dE2

dx
= −iκ1E3E

∗
1 (2.112)

dE3

dx
= −iκ3E1E2. (2.113)

The signal field builds from noise for the first pass through the crystal. For every

subsequent pass through the crystal there will be finite idler and pump fields, and

the initial signal field can be assumed to be zero, E2(0) = 0. The pump field at the

beginning of the nonlinear crystal is E3(0). The solutions for the fields inside the

nonlinear crystal are

E1(x) = E1(0) (2.114)

E2(x) = −i

√
κ2E∗1(0)

κ3E1(0)
E3(0) sin(βx) (2.115)

E3(x) = E3(0) cos(βx) (2.116)

where β = (κ2κ3|E1(0)|2)
1/2

, κ2 = 2πd/(n2λ2), and κ3 = 2πd/(n3λ3). The signal and

pump fields oscillate sinusoidally with propagation distance.

Energy conservation requires that the number of generated idler photons equals

the number of generated signal photons which equals the number of destroyed pump

photons, per unit time and per unit area. This follows from the Manley-Rowe energy

relationships [15, 16, 17] where
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|E1(L)|2 − |E1(0)|2

ω1

=
|E2(L)|2 − |E2(0)|2

ω2

= −|E3(L)|2 − |E3(0)|2

ω3

. (2.117)

Following the analysis of [74], at steady-state the single-pass gain for the idler

field must equal the round-trip loss which is expressed as

1

2
n2cε0|E2(L)|2

(
ω1

ω2

)
= (1−R2

1) I1

≈ 2 (1−R1) I1 (2.118)

where R1 ≈ 1 and E1(0) is real. This leads to the following “gain = loss” expression

defining the steady-state operation of the idler SRO

κ1κ2|E3(0)|2L2sinc2(βL) = 2 (1−R1). (2.119)

As the pump strength is increased, the steady-state idler and single-pass generated

signal intensities increase at the expense of the pump intensity. This is modeled by a

parameter N = 1/sinc2(βL) which is the number of times above the SRO threshold,

which is defined in Eq. (2.109). The idler steady-state intensity is maximized when

βL = π/2 which corresponds to N = (π/2)2. At this pumping level the pump

intensity is completely depleted at the end of the nonlinear crystal, and the conversion

efficiency from the pump to the signal and idler is 100% as shown in Fig. 2.12.

Plots of intracavity idler power, outcoupled idler power, and outcoupled signal

power are plotted in Fig. 2.13(a)–(c) versus pump power for the same numerical

example performed at the end of Sec. 2.6.2. The calculations are performed assuming

plane-wave solutions neglecting diffraction, and it is assumed that all beams have a

waist of 38 µm, which is confocal for the pump field for a crystal length of 2 cm.

Diffraction will have a large role to play in deciding more exactly the power levels

versus times above threshold, but plane-wave operation is assumed here to illustrate
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Figure 2.12: Conversion efficiency of a singly resonant OPO versus times above thresh-
old in the limit of plane-wave operation.

approximate power levels generated by SROs. The threshold is at a pump power of

68 W in agreement with the numerical example in Sec. 2.6.2, and dashed vertical lines

have been plotted to show the pump power level where 100% conversion efficiency

occurs. The pump power at this point is 68× (π/2)2 = 167 W, the intracavity idler

power is 2.09 kW, the outcoupled idler power is 83.5 W, and the outcoupled signal

power is 84.1 W.

The conversion efficiency of a DRO can also be 100% in the plane-wave limit.

Both the signal and idler intracavity powers can be very large in a DRO since optical

feedback is provided for both waves.

2.7 Synchronously Pumped OPO

It was shown in Sec. 2.2 that the optical-to-THz conversion efficiency is large when

the input optical fields are pulses with widths on the order of a few picoseconds.

Therefore, the signal and idler pulses of our doubly resonant OPO should also be

picoseconds in duration to achieve significant conversion efficiencies. One method to

amplify the resonant signal and idler pulses is to use a pump pulse with a duration on

the order of a few picoseconds as well. Additionally, the period between pump pulses
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Figure 2.13: Power levels of an idler-resonant SRO versus times above threshold:
(a) intracavity idler power (b) outcoupled idler power (c) outcoupled signal power.
The dashed vertical lines point out the pump power where 100% conversion efficiency
occurs. P3 = 68 W, λ1 = 2135.6 nm, λ2 = 2120.5 nm, λ3 = 1064 nm, deff =
2.35 pm/V, R = 0.98, and losses of 4%.
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should be equal to the round-trip time, T , of the DRO, describing what is known as

a synchronously pumped OPO (SPOPO). The inverse of the period between pump

pulses is the repetition rate, frep, and therefore T = 1/frep. In Fig. 2.14), the position

of the pump, signal, and idler pulses in the pump cavity and doubly resonant SPOPO

cavity are shown at two times: t = 0 and t = T/2.

Pump-Laser Cavity

L L

SPOPO Cavity

t = 0

t = T/2

i
s
p

Figure 2.14: Position of the pump, signal, and idler pulses of a doubly resonant
SPOPO at times t = 0 and t = T/2.

The peak power of a picosecond pump pulse can be much larger than that of a CW

pump of the same average power. For an average pump power Pavg, 1/e2-intensity

Gaussian pump pulse width τ , and pump repetition rate frep, the duty cycle D of the

pump pulse train is

D =

√
π

2
τfrep, (2.120)

and the peak pump power is

Ppk =
Pavg

D
. (2.121)

In the absence of group-velocity mismatch between the OPO pump, signal, and



64 CHAPTER 2. NLO THEORY AND THz GENERATION

idler pulses, each temporal “slice” of the pump amplifies the corresponding slices of

the signal and idler pulses. In this limit of negligible GVM, the synchronously pumped

operation can be treated as a quasi-CW interaction but with parametric gains that

are several orders larger than the true CW case.

For τ = 8 ps and frep = 50 MHz, the pump duty cycle is D ≈ 1/2000, and the

peak intensity is increased by 1/D compared to the peak intensity of a CW pump

laser of the same average power. The signal and idler pulses have approximately

the same duty cycle (ignoring any signal or idler pulse broadening or narrowing due

to SPOPO behavior), and also have a peak intensity enhanced by 1/D. Equations

(2.107) and (2.109) determine the peak pump intensity required to achieve oscillation

for a CW DRO and SRO, respectively. Since the SPOPO is pumped by a much more

intense pump, the average pump power to achieve oscillation is reduced by 1/D as

compared to the CW OPO. The CW OPO numerical example of Sec. 2.6.2 can be

extended to the synchronous pumping case where a pump laser with a duty cycle of

1/2000 is used to pump the OPO cavity. The average threshold pump powers for

the synchronously pumped DRO and SRO drop to the very small values of 340 µW

and 34 mW, respectively. A more complete description of the SPOPO threshold

involves diffraction [66] and temporal walk-off of the pump, signal, and idler pulses

[77]. Nevertheless, the above calculation illustrates that SPOPO thresholds can be

thousands of times smaller than CW OPO thresholds for the same average pump

power. The efficiency of the intracavity THz generation process also benefits from

the increased peak intensities of the resonant waves. Equation (2.17) shows that

for a set intracavity pulse energy, decreasing τ and subsequently increasing the peak

intracavity intensity causes the terms a1 defined in Eq. (2.17) and subsequently ηTHz

defined in Eq. (2.46) to increase.

In the spectral domain, synchronous pumping of the OPO cavity by the pump

laser corresponds to having equal frequency spacing between two adjacent pump-laser

cavity frequencies and two adjacent OPO cavity frequencies. This frequency spacing,

called the free-spectral range (FSR), is equivalent to frep. For a linear cavity where

the idler pulse travels forward and backward through the cavity (double-pass), the

round-trip phase Φ(ω) (defined as the sum of the phases φ acquired upon completing
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one round trip of the cavity) for each frequency component must equal an integer

number of 2π radians

Φ(ω) =
N∑
i=1

φi(ω) = m 2π m = {1, 2, 3, . . .} (2.122)

where the summation accounts for propagating through N potentially dispersive cav-

ity elements as well as phase acquired upon transmission through and reflection from

intracavity optical elements. For a monolithic cavity structure and assuming the

reflection and transmission phases are negligible, the above equation becomes

2k(ω)L = m2π (2.123)

with a frequency-dependent wavevector k(ω) and cavity length L. The FSR is the

frequency spacing between two adjacent solutions to Eq. (2.123). The FSR of the

SPOPO linear cavity can be approximated as

FSR(ω) =
c

2ng(ω)L
. (2.124)

Typical solid-state mode-locked pump lasers at wavelengths of 1064 nm have frep

values between 50–100 MHz with pulse widths varying from 100 fs to 10 ps. The pump

laser for our work is passively mode-locked with transform-limited 8-ps Gaussian 1/e2-

intensity pulse widths at a repetition rate of 50 MHz, corresponding to approximately

1600 unique pump frequencies (2× the 1/e2-intensity spectral width divided by the

FSR) adding in phase to produce a pulse every 20 ns. The transform-limited pump

pulses correspond to a FWHM spectral width of 47 GHz. Figure 2.15 illustrates the

spectral content of the pump, signal, and idler for a doubly resonant SPOPO. All

three optical spectra have more than 1000 unique frequencies with a spacing of 50

MHz between two adjacent frequencies.

More detailed considerations of SPOPO physics and dynamices are discussed in

Secs. 4.2.3, 5.5, and 6.4.
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Figure 2.15: In a SPOPO, the FSR of the pump-laser cavity equals the FSR of
the OPO cavity. For this DRO case, the signal and idler spectra are composed of
thousands of individual cavity frequencies spaced by 50 MHz.



Chapter 3

THz Generation using a Singly

Resonant SPOPO

3.1 Introduction

Our approach to generating THz radiation is based on DFG inside a quasi-phase-

matched GaAs crystal between the picosecond signal and idler pulses of a low-loss

synchronously pumped OPO. Either extra- or intracavity mixing in GaAs can be per-

formed. A low-loss OPO cavity has large circulating peak powers which can signifi-

cantly increase the optical-to-THz conversion efficiency for intracavity experiments.

This intracavity enhancement scheme has previously been used for intracavity sum-

and difference-frequency generation in the visible and mid-infrared frequency ranges

[78, 79].

In this chapter, we discuss the Type-II QPM OPO design used for intracavity THz

generation as well as a description of the micro-structured GaAs samples. The results

of experimental extra- and intracavity THz generation are shown. A description of

the intracavity GaAs crystal as a power-dependent focusing element and its effect on

the maximum tolerable intracavity optical power as well as the generated THz power

is provided. Upon taking this upper limit for the intracavity power into account,

a design process (both analytical and numerical) for the maximum THz power is

discussed. Experimental observations of higher-order THz QPM is presented, as well

67
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as experimental observations of THz cascading.

3.2 Singly Resonant OPO Design

3.2.1 Type-II QPM

The pump laser operated at λ3 = 1064 nm, with a pulse width approximated by a

Gaussian 1/e2-intensity width of τ3 = 8 ps. The repetition rate was 50 MHz, and the

maximum average power was 10 W corresponding to 200-nJ pulses. The round-trip

time of the SPOPO pulses was 20 ns, to match the repetition rate of the pump laser,

corresponding to a total round-trip length of approximately 6 m. For a linear cavity

topology the end-to-end length of the SPOPO was 3 m.

The OPO gain material was PPLN doped with MgO to reduce the susceptibility

to photorefractive damage at 1064 nm. The PPLN was anti-reflection (AR) coated

(for pump, signal, and idler) with a QPM period of 14.1 µm and length of 10 mm.

The period was chosen to phase-match a Type-II mixing process where the signal

and idler fields were orthogonally polarized with one being polarized parallel to the

LiNbO3 optical axis (e-wave). The pump field was polarized normal to the optical

axis (o-wave). The phase-matching bandwidth for a Type-II process to first-order

approximations of the material dispersion is independent of the frequency splitting of

the signal and idler, ω2−ω1, due to the small dispersion of the birefringence. Even at

degeneracy where ω1 = ω2 = ω3/2, the signal and idler waves are unique due to their

orthogonal polarization states. This differs from the more common Type-0 QPM

where all three waves are polarized parallel to the optical axis resulting in very broad

phase-matching bandwidths near frequency degeneracy. If we assume a CW pump,

the wavevector mismatch, ∆k, due to a shift in the idler frequency of (ω1 − ω01) to a

first-order approximation and assuming a constant pump frequency, ∂ω3/∂ω1 = 0, is

∆k(ω1) = ∆k(ω01) +

(
∂∆k

∂ω1

)
(ω1 − ω01). (3.1)

The expression for the change in wavevector with respect to the idler center frequency

is δ∆k = ∆k(ω1)−∆k(ω01)
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δ∆k = (ω1 − ω01)
(ng1 − ng2)

c
. (3.2)

where ngi = c dki/dωi. For a crystal length L and assuming a sinc-squared tuning

curve shape, the approximate bandwidth is defined by δ∆kL = 2π with final expres-

sion

∆f =
c

∆ngL
(3.3)

where ∆ng = ng1 − ng2. For a 1-cm-long PPMgLN crystal at 95◦C and wavelengths

of λ3 = 1064 nm λ1 = λ2 = 2128 nm, ng1 = 2.17, and ng2 = 2.26. The approximate

Type-II phase-matching bandwidth is then ∆f = 333 GHz.

The Type-II tuning curve is shown in Fig. 3.1 versus the temperature of the PP-

MgLN crystal. It was measured by monitoring with a diffraction-grating monochro-

mator the signal and idler waves output from a singly resonant OPO [80].

The z-axis (c-axis) of the PPMgLN crystal is the vertical dimension, and the fields

polarized along this direction are extraordinary waves (e-waves). The y-axis is the

horizontal dimension, and the fields polarized along this direction are ordinary waves

(o-waves). For temperatures less than 105◦C, the idler (larger wavelength) is an e-

wave, and the signal (smaller wavelength) is an o-wave. For temperatures greater

than 105◦C the polarization states of the signal and idler switch. The wavelength

of the o-wave is fit to a second-order polynomial as a guide (dashed black curve in

Fig. 3.1), and the wavelength of the e-wave (solid red curve) is calculated assuming

a fixed λ3 = 1064 nm and the o-wave fit. The good agreement with the data in Fig.

3.1 shows that, as expected, the data are consistent with the energy conservation

condition ω1 +ω2 = ω3. At a temperature of 80◦C, the wavelength splitting is 46.2 nm

which is equal to an approximate frequency splitting of 3.1 THz as defined by

|∆f | =
(
c

λ2
0

)
|∆λ| (3.4)

with λ0 = 2128 nm. This would be the appropriate operating point for generation

of THz radiation at 3.1 THz by DFG between the signal and idler. The measured
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Figure 3.1: The measured Type-II OPO wavelength tuning curve (data points) versus
PPMgLN-crystal temperature. The wavelength of the o-wave is fit to a second-order
polynomial as a guide (dashed black curve), and the wavelength of the e-wave (solid
red curve) is calculated assuming a fixed λ3 = 1064 nm and the o-wave fit.

spectral lineshapes of the signal and idler are plotted in Fig. 3.2 at two tempera-

tures below 105◦C. The spectral width of 1.5 nm corresponds to 98 GHz which is

comparable to the spectral width of the pump of 47 GHz, and considerably narrower

than the phase-matching bandwidth of 333 GHz. The dashed vertical lines signifies

the degenerate point at 2128 nm. The maximum spectral intensity of each curve was

normalized to unity to highlight the frequency spacing and widths. Further discussion

of pulse shapes and bandwidths in the synchronously pumped OPO appear in Sec.

5.5.

The nonlinear optical coefficient for Type-II QPM at 2.1 µm, d31,eff = (2/π)d31 =

2.35 pm/V calculated from [81] at 1.06 µm and scaled using Miller’s rule [82] to

2.1 µm, was 6.2× smaller than the typical Type-0 (e-ee) coefficient, d33,eff , which

resulted in a reduction of the parametric gain by a factor of 38.4 compared to Type-0

QPM. For the typical conditions in the OPO experiments, the corresponding peak
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Figure 3.2: The signal (o-wave) and idler (e-wave) lineshapes of the Type-II phase-
matched SRO for two temperatures below 105◦C.

gain is G ≈ 2.

3.2.2 Singly Resonant SPOPO

A schematic of the singly resonant SPOPO in a linear-cavity topology is shown in

Fig. 3.3. The cavity consists of four curved mirrors, two flat mirrors, a thin-film

polarizer, and PPLN crystal. The focused 1-µm-laser spot size (1/e2-intensity radius)

at the center of the PPLN was 30 µm. Mirrors M1 and M2 were end mirrors for the

resonating signal wave. Mirrors M3 and M4 were separated by 21.3 cm and had 20-

cm radii of curvature which created a signal spot size of 49 µm in the center of the

PPLN. The focusing paremeters for the signal and pump are ξ2 = 0.64 and ξ3 = 0.84,

respectively.

A second position for focused signal and idler beams (120-µm beam waist) was

created using mirrors M5 and M6, which were separated by 50 cm and had 50-cm
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Figure 3.3: Schematic of the singly resonant SPOPO with resonant signal wave. The
non-resonant idler wave is outcoupled by thin-film polarizer TFP1.

radii of curvature. This second focus is important for intracavity THz generation. The

distance between mirrors M4 and M5 was 30 cm, and the remaining cavity length

of ∼200 cm was divided evenly into the two end lengths (M6 − M1 = M3 − M2).

All mirrors were AR-coated for the pump and HR-coated for the signal and idler

waves with a reflection loss <0.1%. The front surface of the thin-film polarizer,

TFP1, was AR-coated for signal (p-polarization) transmission and HR-coated for

idler (s-polarization) reflection (p-polarization incident on the polarizer is equivalent

to an o-wave in the PPLN crystal). The angle of incidence on TFP1 was 55◦ which

minimized the reflection of horizontally polarized signal wave.

A numerical simulation was developed to calculate the beam size of the resonant

signal wave as a function of position in the cavity, Fig. 3.4. The calculation used

ABCD matrix formalism to calculate the propagation of the Gaussian TEM00 beam

[68] and reflection from the curved mirrors. The stable mode is a Gaussian beam which

retraces itself every round trip of the cavity. This is a self-consistent analysis for the

beam waist similar to that performed in Sec. 2.6.1. The beam size at every cavity

mirror is approximately 1.3–1.4 mm. An angle of incidence of 3◦ on the curved mirrors

was used, and the effective radii of curvature for the curved mirrors is R/ cos (θinc) in
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the sagittal plane. The sagittal plane, which for this example extends in the vertical

direction, is perpendicular to the plane of incidence. At 3◦, this small change in the

effective radius of curvature of the curved mirrors does not significantly affect the

beam waist of the signal-cavity eigenmode.
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Figure 3.4: The intracavity beam size (1/e2-intensity radius, w) of the resonant signal
wave in the SPOPO versus position in the cavity. Important positions are marked
with labels on the top of the plot.

The lowest measured SRO threshold was 690 mW, for a measured round-trip

power loss of 2.4%. The losses of the polarizer, cavity mirrors, and PPLN crystal at

the signal frequency were measured by extracavity measurements. A small amount of

signal power reflected by TFP1 was transmitted through the cavity mirrors to measure

the transmission loss of the mirrors. The extracted signal also reflected off the PPLN

crystal and polarizer to measure the reflection losses of those elements. Cavity mirrors,

PPLN crystals, and polarizers which underwent the same coating processes as those

in the OPO cavity were used to measure the individual losses. In [66], the threshold

pump power for the SRO is calculated based on a Green’s function approach which

calculates the amount of power transferred to the non-resonant wave, together with
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the fact that an equal number of photons are generated at the resonant wave frequency

(see Eq. (2.117)). The effects of group-velocity mismatch which leads to temporal

walk-off of the pump, signal, and idler pulses will increase the threshold, but this effect

is not included in [66]. More detailed numerical calculations including these effects

are described in reference [83]. For L = 1 cm, ω2 − ω1 = 2π × 1 THz, w03 = 30 µm,

and w02 = 49 µm, the signal focusing parameter is ξ2 = L/(k2w
2
02) = 0.64, and

the factor in the gain coefficient is h(ξ2) = 0.27, calculated according to the method

described in [66]. The gain is maximized by a wavevector mismatch (see Sec. 2.2.2) of

∆k = −201 m−1. The calculated SRO threshold assuming perfect temporal overlap of

all picosecond pulses is 228 mW assuming a duty cycle of D = 5×10−4 defined by Eq.

(2.120). The measured SRO threshold is 3× larger than the theoretical calculation.

Using the numerical simulator described in Sec. 5.2, which includes the effects of

group-velocity mismatch and group-velocity dispersion, the measured threshold was

within 20-30% of theory.

As the pump power was increased to 9 W, the idler average power was measured

after TFP1 by a slow average-power meter, and the small amount of the resonant

signal wave which leaked through one of the cavity mirrors was measured using a

calibrated InGaAs photodetector. The intracavity signal power was calculated based

on the measured transmission of the mirror at the signal frequency. The pump power,

which was not depleted by the interaction with the signal wave, was transmitted

through M4 and was measured with a silicon photodetector. Pump depletion, PD,

is defined as

PD = 1− P3t/P3i (3.5)

where P3i is the incident pump average power before M3, and P3t is the transmitted

pump average power after M4.

Figure 3.5(a) shows the intracavity average signal power versus pump power. The

intracavity signal power grows linearly with pump power reaching 119 W at a pump

power of 8.9 W. At 8.9-W pump power, the outcoupled idler average power is 2.8 W,

and the pump depletion is 0.65.
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Figure 3.5: Signal SRO power levels (a) Intracavity signal average power (b) outcou-
pled idler power, and (c) pump depletion.
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Similar to Eq. (2.119), self-consistency requires the number of photons lost to the

resonant signal wave to equal the number of photons removed from the pump. For the

signal round-trip power loss As and signal average power P2 the SRO self-consistent

equation is

AsP2

ω2

=
PD · P3i

ω3

. (3.6)

Using the above power levels, the calcalation of the loss is As = 2.4% which is

consistent with the independently measured signal SRO losses. The SRO converts

65% of the pump power, and stores 119 W of average power in the cavity for λ2 ≈ 2128

nm. The intracavity signal pulse energy is U2 = 2.38µJ, and assuming signal pulse

widths of τ2 = 8 ps the peak signal power is P2,pk = U2/(
√
π/2τ2) = 237 kW.

3.3 Microstructured GaAs Samples

GaAs has many attractive properties for THz generation such as a small THz ab-

sorption coefficient, small mismatch between the optical group index (ng,opt ≈ 3.41

[61]) and THz phase index (nTHz ≈ 3.6 [62]), large thermal conductivity, large nonlin-

ear coefficient, and well-established QPM fabrication techniques. The absorption in

GaAs is <4.5 cm−1 for fTHz < 3 THz, and ∼1 cm−1 at 1.5 THz [69] as shown in Fig.

3.6. The large thermal conductivity of GaAs, 52 W/m-K [84], reduces temperature

changes and thermo-optic index of refraction perturbations at large average pump

powers. The nonlinear coefficient for THz generation from DFG between two optical

waves is d14 = 46.1 pm/V [60].

GaAs is a cubic crystal with 43m symmetry, whose linear properties are isotropic,

and in which 90◦ rotations around the <100> axes result in a crystallographic inver-

sion and hence a sign change of the nonlinear susceptibility. The non-zero elements

of the GaAs nonlinear-coefficient tensor are dxyz and its permutations.

The periodic structure needed for quasi-phase-matching cannot be achieved in

GaAs by ferroelectric poling, as is commonly done in ferroelectric crystals such
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Figure 3.6: Absorption coefficient of GaAs in the THz-frequency range [69].

as LiNbO3. We used three different types of micro-structured GaAs: diffusion-

bonded GaAs (DB-GaAs) [58], optically contacted GaAs (OC-GaAs), and orientation-

patterned GaAs (OP-GaAs) [59]. DB-GaAs samples are made of N individual GaAs

plates by rotating every other plate by 180◦ about [110] to create a sample with

N/2 QPM periods. The GaAs plates are brought together under pressure and high

temperature which allows diffusion to occur across the interfaces between the plates

creating a monolithic structure. The DB-GaAs sample we used for THz generation

had an aperture of 10 mm × 10 mm, length of 6.05 mm, QPM period of 504 µm, and

was constructed of 24 GaAs plates (Fig. 3.7(a)).

OC-GaAs fabrication also involves separate [110] wafers of GaAs which are brought

together with a 180◦-rotation about [110] between neighboring wafers. The wafers,

however, are not heated to create a monolithic crystalline structure. They are con-

tacted creating an interface which is maintained by Van der Waals interactions (Fig.

3.7(b)). The thickness of the GaAs wafers used to fabricate the stacks used in these

experiments ranged from 0.5-1.0 mm. The OC-GaAs samples have lower infrared
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(a) (b) (c)

Figure 3.7: (a) DB-GaAs with dimensions 10 mm×10 mm×6.05 mm and QPM period
of 504 µm. (b) OC-GaAs with diameters of 5.08 cm and QPM periods of 2 mm. (c)
OP-GaAs with thickness of ∼800 µm, width of 6 mm, length of 5 mm, and QPM
period of 704 µm.

losses over larger useful apertures than the DB-GaAs sample. Recently, 15-wafer-

thick OC-GaAs samples have been produced with a useful aperture of 3 mm × 3 mm

and infrared losses of ≈ 1%.

OP-GaAs is the third type of micro-structured QPM-GaAs (Fig. 3.7(c)). OP-

GaAs is manufactured using photolithography and molecular beam epitaxy to grow

a thin-film template with periodic crystal inversions. A thick (∼1 mm) film is then

grown on the template by hydride vapor phase epitaxy (HVPE) to produce bulk

OP-GaAs [59]. The QPM period of OP-GaAs is easily controlled down to tens of

microns, and it can be maintained with good long-range order for lengths greater

than the 1-cm-long samples required for THz generation since they are fabricated

with a photolithographic process. OP-GaAs samples now grown in a single HVPE

step are ∼1 mm in thickness [85] with 2-µm losses <0.005 cm−1 [86].

Table 3.1 lists the several QPM GaAs samples capable of generating THz radiation

together with the QPM periods and dimensions. Sample Q is a bulk GaAs sample with

an optical absorption coefficient of ∼ 0.005 cm−1. Figure 3.8 is an image captured by

a hand-held infrared viewer showing the transmission of near-infrared light through

Sample O. The dark rings correspond to locations where optical interference occurs

due to finite air gaps between plates of GaAs. This leaves only a few spots where

apertures are large enough to be used suitably for THz generation. For OC-GaAs

samples, the aperture size decreases as the number of plates in the sample increases.
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Table 3.1: QPM GaAs Samples Used for THz Generation

Sample Name QPM Type QPM Period Length Aperture
(µm) (mm) (mm×mm)

A DB 504 6 8×8
B OC 2000 2 20×20
C OC 2000 4 20×20
D3 OP 1277 3 6×0.4
D10 OP 1277 10 6×0.4
E3 OP 759 3 6×0.4
E6 OP 759 6 6×0.4
E10 OP 759 10 6×0.4
F5 OP 564 5 6×0.4
G5 OP 2326 5 6×0.4
G10 OP 2326 10 6×0.4
H3 OP 932 3 6×0.4
H5 OP 932 5 6×0.4
H10 OP 932 10 6×0.4
I3 OP 704 3 6×0.4
I5 OP 704 5 6×0.4
I10 OP 704 10 6×0.4
J3 OP 932 3 6×0.8
J5 OP 932 5 6×0.8
J10 OP 932 10 6×0.8
K3 OP 1717 3 6×0.8
K5 OP 1717 5 6×0.8
K10 OP 1717 10 6×0.8
L3 OP 704 3 6×0.8
L5 OP 704 5 6×0.8
L10 OP 704 10 6×0.8
M3 OP 564 3 6×0.8
M5 OP 564 5 6×0.8
N OC 660 1.65 20×20
O OC 1060 5.83 3×3
P OC 1060 7.95 3×3
Q bulk N/A 9.33 1×1
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[110]

Figure 3.8: Image captured by a hand-held infrared viewer showing the transmission
of near-infrared light through Sample O.

3.4 Extracavity THz Generation

Figure 3.9 shows the experimental setup for THz generation outside the cavity of the

signal singly resonant SPOPO. Figure 3.10 shows the far-field signal TEM00 spatial

mode measured by a pyroelectric-array camera. The beam M2 parameter was 1.2 as

calculated by measuring the signal beam size as it propagated through a focus created

after it was outcoupled from the cavity.

Large powers at both signal and idler wavelengths are required for extracavity

THz DFG. The nominal polarizer angle of incidence of 55◦ minimized the signal-SRO

threshold but did not outcouple the signal wave for extracavity experiments. We

chose the polarizer angle of 51.5◦ to increase the signal outcoupling without greatly

reducing the OPO quantum conversion efficiency. The signal and idler reflectivities

at the polarizer were 2% and 99.2%, respectively. The cavity mirrors and PPLN
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Figure 3.9: Schematic of signal-resonant SPOPO and extracavity DFG experiment.
The signal and idler were outcoupled from the cavity by TFP1 and focused into
various QPM-GaAs samples. L1 was a focusing lens for the signal and idler, and L2
was a Picarin lens which focused the THz beam onto the liquid-helium-cooled silicon
bolometer.

Figure 3.10: The transverse spatial profile of the resonant signal beam measured
outside the cavity in the far field.
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surfaces created 2.4% round-trip loss, and the round-trip losses of the polarizer were

4% (total OPO round-trip loss of 6.4%). We measured a signal autocorrelation width

of 8.5 ps corresponding to a signal pulse width of approximately 6 ps. A longpass filter

(λ > 1.9 µm) blocked the unwanted near-infrared- and visible-wavelength light. At

a PPLN temperature of 86◦C, the signal and idler average powers were 620 mW and

180 mW, respectively. The powers varied only slightly with the temperature of the

PPLN crystal. L1 focused the signal and idler beams down to 80 µm at the center

of the QPM-GaAs crystal. The signal field was linearly polarized along the GaAs

[001] direction, and the idler and THz fields were polarized along [110]. All beams

propagated along [110]. THz radiation was generated via picosecond-DFG inside the

QPM-GaAs sample. The optical beams were blocked by a small metal wire located

directly after the GaAs crystal. The majority of the THz wave propagated beyond

the metal wire, because the THz diffraction cone was ∼100× larger than that of the

optical beam. The THz radiation was focused by a Picarin lens (L2, THz transmission

∼40%) onto a cryogenically-cooled silicon bolometer (T =4 K). A black polyethylene

filter (BPE, 0.8-mm thick) was placed directly before the bolometer and blocked any

remaining IR and visible light.

The THz power was measured by the bolometer as the temperature of the PPLN

crystal was varied, which shifted the peak of the QPM parametric gain curve and thus

the difference between the signal and idler center frequencies (Fig. 3.1). Figure 3.11

shows measured (circles) THz center frequencies, fTHz, versus GaAs QPM period

Λg for several OP-, OC-, and DB-GaAs crystals. The THz center frequencies are

calculated from measurements of the signal and idler frequencies using a diffraction-

grating monochromator. They are in good agreement with the theoretical calculations

(dashed curve) using Eq. (2.12). Dispersion information from [61] and [62] was used

for GaAs at near-IR and THz frequencies, respectively.

The expected THz conversion efficiencies and average powers can be calculated

from Eq. (2.46). For optical pulse widths of 6 ps with perfect temporal overlap,

optical spot sizes of 80 µm, GaAs-crystal length of 5 mm, THz absorption coefficient

0.5 cm−1, the calculated THz power at 1 THz with signal and idler powers of 620 mW

and 180 mW, respectively is 230 nW after a Fresnel reflection loss of 32%. The silicon
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Figure 3.11: Measured THz center frequencies (circles) versus GaAs QPM period for
OC-, OP-, and DB-GaAs samples in good agreement with theory (dashed curve) using
dispersion information from [61] and [62] for GaAs at near-IR and THz frequencies,
respectively.
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bolometer operated in a linear fashion, but was not absolutely calibrated. Typical

generated THz average powers, inferred from the manufacturer’s typical specifications

of the bolometer, were between 0.1-1 µW.

In the limit that the signal and idler powers scale linearly with the pump power,

the THz power should scale quadratically with the pump power according to Eq.

(2.46). Figure 3.12 plots the THz power versus the incident pump power. The THz

power was measured by a silicon bolometer, and a small fraction of the incident

pump power was measured by a silicon photodiode. The units are in volts measured

from the two silicon detectors. On the power law plot, the slope is 2.05 in excellent

agreement with theory.
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Figure 3.12: The THz power measured by the silicon bolometer versus the pump
power measured by a silicon photodiode.

3.5 SRO Intracavity THz Generation

Due to the low losses of the singly resonant SPOPO cavity, the intravity power of the

resonant signal wave is approximately 100× larger than the outcoupled signal power

described in Sec. 3.4. The QPM-GaAs samples were placed inside the SRO cavity,
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between M5 and M6 (Fig. 3.13) to increase the generated THz average powers. The

angle of incidence on the TFP1 was set to 55◦ which reduced the polarizer losses to

0.1%.

PPLN

THz beamM1

M6M5

M3 M4

M2

M7

TFP1

 Idler
Signal

Mode-locked Pump Laser
1064 nm, 50 MHz,  8 ps, 10 W

QPM-GaAs

Outcoupled
Idler Room-temperature 

DLaTGS detector

Filters

L2

Figure 3.13: Schematic of measurements of THz average powers generated via in-
tracavity DFG in the SRO configuration. The THz beam was outcoupled by M7,
focused by Picarin lens L2, and measured with a DLaTGS pyroelectric detector.

The THz wave was extracted from the SRO by mirror M7, which was a gold-

coated 90◦-off-axis parabolic mirror with a focal length of 5 cm placed ∼5 cm after

the QPM-GaAs crystal, which created a well-collimated THz beam. A 3-mm-diameter

hole was drilled through M7 to fully transmit the resonating signal wave. The visible

and IR radiation was blocked by two polyethylene filters which transmitted >45% for

f < 3 THz. For a 100-µm THz spot size generated in the GaAs (product of signal

and idler Gaussian 140-µm spots), the 1-inch aperture gold parabolic mirror collected

>90% of the incident power at frequencies >2.8 THz.
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3.5.1 Kerr-Induced and Thermally Induced Refractive Index

Profiles

While the GaAs sample with its planar facets does not act as a lens in the cavity

in the limit of small intracavity optical power, due to power-dependent effects it can

behave as a focusing element with a focusing strength that increases with increasing

intracavity power. There are two significant lensing effects: nonlinear refraction due

to χ(3) (Kerr effect) and thermal lensing due to finite absorption of the signal and

idler waves in the GaAs. In both cases, a transverse refractive-index profile is induced

within the GaAs leading to focusing of the signal and idler waves. At each intracavity

power level, the transverse eigenmode of the cavity, w(x), must accommodate this

focusing to establish a steady-state mode throughout the cavity. The GaAs crystal

is modeled as having a quadratic transverse index profile such that

n(r) = n0 −
1

2
n2r

2 (3.7)

where n0 is the peak index, and the curvature of the profile is

n2 = −d
2n(r)

dr2
|r=0. (3.8)

The crystal of length L can be modeled as a thin lens with a focal length f =

1/(n2L), but when the focal length is comparable to the length of the GaAs crystal

and thus n2 ∼ L−2, the more general index duct analysis is required. A material

with a quadratic index profile can also be called a duct as it provides focusing in a

distributed manner throughout the crystal. Propagation of a Gaussian beam through

the GaAs crystal can be included in the ABCD-matrix analysis. The GaAs duct

matrix is [68]

Md =

[
cos(γL) (n0γ)−1 sin(γL)

−(n0γ) sin(γL) cos(γL)

]
(3.9)

where γ2 = n2/n0 [68]. For this analysis, n0 and n2 are real. The more general case

where n0 and n2 are complex allows for radially varying gain.
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To calculate n2, we must evaluate both the thermal and nonlinear effects. Con-

sider first the third-order nonlinear response of the material, which induces an index

of refraction change proportional to the intensity of the beam. The third-order non-

linear polarization generated in GaAs assuming no dispersion in the susceptibility, as

discussed in Sec. 1.2.1, is

P
(3)
NL,i = ε0χ

(3)
ijkl

∑
jkl

(ETHz,j + E1,k + E2,l)
3 (3.10)

where the summation over {jkl} accounts for all possible combinations of fields which

generate P
(3)
NL terms which are polarized along the i crystal direction. The polariza-

tion terms at ω1 which are generated by mixing of the THz and optical fields are

neglected since |ETHz| << |E1|, |E2|. The symmetry of the GaAs χ(2) tensor requires

that two of the three fields be polarized along the GaAs [110] crystal direction in

order to obtain a non-zero effective nonlinear coefficient. The idler is polarized along

the GaAs ẑ-direction ([001]), and the signal is polarized along the x̂- and ŷ-directions

in equal proportions ([110] polarization). The non-zero elements of the χ(3) tensor

for crystals with cubic 43m symmetry are given in [87]. By the third-order nonlinear

response of the GaAs, several polarizations at frequencies which are linear combina-

tions of the idler and signal frequencies are generated. The polarization states of the

generated electric fields can be along multiple GaAs-crystal directions. The nonlinear

polarization terms at frequency ω1 which are polarized along the GaAs ẑ-direction are

responsible for increasing the GaAs refractive index for z-polarized waves at frequency

ω1. The z-polarized third-order nonlinear polarization at frequency ω1 is

P
(3)
NL(ω1, r) = ε0

[
3

4
χ(3)
zzzz|E1(r)|2 +

1

4
χ

(3)
eff |E2(r)|2

]
E1(r) (3.11)

where χ
(3)
eff = χ

(3)
zxxz +χ

(3)
zxzx+χ

(3)
zzxx+χ

(3)
zyyz +χ

(3)
zyzy +χ

(3)
zzyy. The first term of Eq. (3.11)

describes self-phase modulation (SPM), and the second term describes cross-phase

modulation (XPM). Due to the lack of available published data for GaAs χ
(3)
ijkl values

at wavelengths near 2128 nm, we assume the material to be isotropic in χ(3) such that
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χ
(3)
eff = 2χ

(3)
zzzz, and P

(3)
NL(ω1, r) is

P
(3)
NL(ω1, r) = ε0

3χ
(3)
zzzz

4

[
|E1(r)|2 +

2

3
|E2(r)|2

]
E1(r). (3.12)

The XPM term provides 2/3 the amount of modulation as the SPM term for

equivalent intensities. The electric displacement at ω1 is

D(ω1, r) = ε0

{
1 + χ(1) +

3χ
(3)
zzzz

4

[
|E1(r)|2 +

2

3
|E2(r)|2

]}
E1(r). (3.13)

Assuming n2
01 = 1+χ

(1)
1 >> (3χ

(3)
zzzz/4) [|E1(r)|2 + 2/3|E2(r)|2], the index of refraction

at the idler frequency is

n1(r) = n01 +
3χ

(3)
zzzz

8n01

[
|E1(r)|2 +

2

3
|E2(r)|2

]
. (3.14)

The peak change in the radial index profile is

∆n1(r) = m

[
I1,pk(r) +

2

3
I2,pk(r)

]
(3.15)

with the nonlinear refractive index m defined as

m =
3χ

(3)
zzzz

4n2
01cε0

. (3.16)

The nonlinear refractive with usual notation n2 or nI2 is defined using the variable m

in this chapter to avoid confusion with other variables with similar names.

For Gaussian signal and idler beams propagating through GaAs in the x̂-direction,

the index profile is

n1(r) = n01 +m

[
I01,pkexp

(
−2r2

w2
1

)
+

2

3
I02,pkexp

(
−2r2

w2
2

)]
(3.17)

where for Gaussian beams and pulses the peak intensity is related to the average

power by
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I0j,pk =
P0j,pk

(π/2)1.5w2τfrep

. (3.18)

The exact Kerr-induced index profile assuming w1 = w2 = w is

n1(r) = n01 +
m

(π/2)1.5w2τfrep

(
P01,avg +

2

3
P02,avg

)
exp

(
−2r2

w2

)
, (3.19)

and the corresponding parabolic approximation terms (see Eq. (3.7)) are

n0 = n01 +
m

(π/2)1.5w2τfrep

(
P01,avg +

2

3
P02,avg

)
(3.20)

n2 =
4m

(π/2)1.5w4τfrep

(
P01,avg +

2

3
P02,avg

)
. (3.21)

The Kerr-induced index profile develops essentially instantaneously since the speed

is limited by the electronic response of the material. The peak index change for a

given peak pulse power is proportional to w−2, and the curvature is proportional to

w−4.

Focusing due to the deposition of heat into the GaAs also occurs. A finite amount

of absorbed signal and idler power deposits heat into the GaAs, and a steady-state

temperature profile is established in the crystal. Through the thermo-optic effect,

this temperature profile creates a refractive-index profile. The curvature of this index

profile leads to thermal focusing for the signal and idler waves. Unlike the Kerr effect,

the thermally induced index profile is a result of the solution of the heat equation, and

the solution is dependent on boundary conditions. The steady-state heat equation in

an azimuthally symmetric coordinate system for Gaussian-beam heating is [88]

d2T

dr2
+

1

r

dT

dr
= − α

kth

I0,avgexp

(
−2r2

w2

)
(3.22)

where kth is the thermal conductivity, and α is the optical absorption coefficient. The

GaAs is modeled as a cylinder of radius ` surrounded by a medium of temperature
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T0, which is room-temperature air for our experiments. The radius is chosen to be a

certain number of Gaussian beam waists, ` = Nw, i.e. N is the radius of the sample

normalized to the beam size w. The solution to the heat equation with Gaussian-beam

input P (r) = P0,avgexp (−2r2/w2) is

T (r) = T0 +
αP0,avg

4πkth

[
2 ln

(
Nw

r

)
+ Ei

(
−2r2

w2

)
− Ei

(
−2N2

)]
(3.23)

where P0,avg is the average power and Ei is the exponential integral function Ei(z) =

−
∫∞
−z exp(−t)/t dt.
The exact thermally induced index profile is

n1(r) = n01 + [T (r)− T0] (dn/dT )

= n01 +
α (dn/dT )

4πkth

(P01,avg + P02,avg)

[
2 ln

(
Nw

r

)
+ Ei

(
−2r2

w2

)
− Ei

(
−2N2

)]
,

(3.24)

and the corresponding parabolic approximation terms (see Eq. (3.7))are

n0 = n01 +
α (dn/dT )

4πkth

(P01,avg + P02,avg)
[
ΓE + ln (2) + 2 ln (N)− Ei

(
−2N2

)]
(3.25)

n2 =
α (dn/dT )

πkthw2
(P01,avg + P02,avg) . (3.26)

The quantity ΓE ≈ 0.577 is Euler’s constant, and (dn/dT ) is the thermo-optic coef-

ficient describing the change in index due to a change in temperature. Figure 3.14

shows an example of the increase in the refractive index of the GaAs crystal ∆n ver-

sus radial position normalized to the optical beam size w (1/e2-intensity radius) for

the exact solution of Eq. (3.24) with N = 4 (solid line) as well as the quadratic ap-

proximation calculated using Eqs. (3.7), (3.8), (3.25), and (3.26) (dashed line). This

figure highlights the index increase at r = 0, n0−n01, as well as showing the difference

between the exact thermally induced index profile and the quadratic approximation
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which is inaccurate for r/w > 1.

0 1 2 3 4

r/w
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∆n
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Quadratic
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n0 - n01

Figure 3.14: Exact thermally induced change in the index of refraction profile of
the idler at frequency ω1 described by Eq. (3.24) (solid line) with N = 4 and the
quadratic approximation (Eqs. (3.7), (3.25), and (3.26)) to the exact profile (dashed
line).

The quantity F (N)

F (N) =
[
ΓE + ln (2) + 2 ln (N)− Ei

(
−2N2

)]
(3.27)

describes how the peak index change depends on the boundary conditions and crystal

dimensions. This quantity approaches ∞ as N → ∞ and is plotted in Fig. 3.15. It

increases quickly with increasing N for N < 1 where the exponential integral term

dominates since the aperture size, `, is comparable to w. For N > 1 it scales as ln(N)

increasing more slowly with increasing N since merely more of the logarithmic index

decay in the wings of the profile are being accommodated near the crystal edge (see

dashed curve in Fig. 3.14(b) where N = 4). The peak refractive index depends on

the crystal radius normalized to the beam size through N , and the curvature scales
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as w−2.
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Figure 3.15: Quantity F (N), Eq. (3.27), which determines the peak thermally in-
duced refractive index change versus normalized crystal transverse size N = `/w.

The time necessary for the curvature of the temperature profile, which deter-

mines the strength of the thermally induced focusing in the GaAs crystal, to become

established is approximately

τdiff =
w2

8D
(3.28)

where D is the thermal diffusivity, and τdiff scales as the area of the optical beam

according to Eq. (3.28). The time necessary for the GaAs index at r = 0 as well

as the entire temperature profile to reach steady-state, which determines the amount

of piston-like change in the optical path length of the GaAs crystal, will presumably

scale with the diameter of the crystal. The piston-like change in the optical path

length and its effects on doubly resonant OPO performance will be discussed in Sec.

4.3.2. For the thermal diffusivity of GaAs, 2.8× 10−5 m2/s, and w = 300 µm, the

thermal diffusion time is 400 µs which is much larger than the time it takes the

Kerr-induced index of refraction profile to form.

For an idler-resonant SRO, P02,avg is more than an order of magnitude smaller
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than the resonant wave, and it can be neglected in calculating the induced index

changes, to a good approximation. For linear cavities where the signal and idler

travel through the GaAs twice each round trip, the slow thermal process can be

modeled by modifying the bulk absorption coefficient such that α → 2α. For a

DRO where the round-trip losses for the signal and idler are approximately equal,

P01,avg ≈ P02,avg = P0,avg/2. For room-temperature GaAs and λ ≈ 2128 nm the

material properties are: m = 1.5×10−17 m2/W [70], α = 5×10−3 cm−1 [86], (dn/dT )

= 2.13 × 10−4 K−1 [61], and kth = 52 W/(K-m) [84]. Since λ1 ≈ λ2, the signal

and idler beam sizes are approximately equal. The optical absorption coefficient, α,

is an extrinsic property which varies from sample to sample. For example, GaAs

samples Q and A have single-pass losses at wavelengths near 2128 nm of 0.5% and

6%, respectively. Since both samples are AR-coated for wavelengths near 2128 nm

and neglecting the scattering of light, these loss values place upper limits on the

absorption coefficients of 5× 10−3 cm−1 and 0.1 cm−1, respectively.

As a simple numerical example, the exact and approximate induced index profile

changes ∆n(r) = n(r) − n01 are plotted in Fig. 3.16 as calculated in Eqs. (3.19)–

(3.21), (3.24)–(3.26), and (3.7). A linear DRO cavity which avoids back-conversion of

the signal and idler on the backward pass through the PPLN crystal, as described in

Sec. 4.2.1, is assumed, and the values of λ, m, α, (dn/dT ), and kth from the previous

paragraph are assumed. This calculation corresponds to the foward pass through the

GaAs crystal where the signal and idler pulses are temporally overlapped. Additional

system parameters are frep = 50 MHz, τ = 10 ps, P01,avg = P02,avg = 50 W,N = 4, and

w = 300 µm. For these parameters the curvature of the quadratic approximation to

the thermal profile is 2.3× larger than the curvature of the quadratic approximation

to the Kerr profile. The exact thermal profile has a broad extent which is more

poorly approximated by the quadratic profile for r/w > 1 than for r/w < 1. This

could potentially couple energy from the TEM00 cavity eigenmode to higher-order

TEM modes. The total induced index profile is dominated by the thermal profile

both in refractive index at r = 0 and the transverse width of the index profile. The

curvature of the Kerr-induced index profile change is n2(Kerr) = 627 m−2, and the

curvature of the thermally induced index profile change is n2(therm) = 1451 m−2.
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For larger values of absorption coefficient, α, such as the value of α for GaAs Sample

A which has an absorption coefficient that is approximately 50 times larger than

that of GaAs Sample Q, the Kerr-induced change in the index of refraction profile

will be negligible compared to the thermally induced index of refraction profile. The

relationship between the Kerr and thermal index profiles in the OPO will be discussed

in Sec. 3.5.3 for the SRO and Sec. 4.2.3 for the DRO. At beam center, ∆n =

1.46× 10−4 which adds a round-trip phase of 1.4 radians for L = 5 mm.
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Figure 3.16: The exact index profiles and the corresponding quadratic approximations
performed at r = 0 for a (a) Kerr-induced index of refraction (b) thermally induced
index of refraction and (c) the sum of the two index profiles. Parameters used for
this calculation are given in the text.

The Kerr-induced index profile will dominate the total refractive index profile as
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the optical beam waist, w, decreases, following the scaling in Eqs. (3.20)-(3.21) and

Eqs. (3.25)-(3.26). For an optical beam waist of w = 99 µm, the refractive index

increase at r = 0, ∆n(0), from the Kerr profile is equal to the refractive index increase

from the thermal profile, keeping all other system parameters the same as those from

the previous numerical example. For this beam size, the curvature of the Kerr profile

will be 4× larger than the curvature of the thermal profile.

3.5.2 Comparison of SPOPO and Confocal Fabry-Perot Cav-

ities

In this section, the effect of an intracavity focusing element on the beam size at

the focusing element is calculated for the SPOPO cavity shown in Fig. 3.13 and

a passive (no optical gain) Fabry-Perot cavity in a confocal configuration. In both

cases, the minimum tolerable focal length consistent with a stable cavity eigenmode

as a function of beam size at the focusing element is calculated. It is determined

that in this respect, the complex SPOPO with a linear cavity configuration with a

GaAs crystal modeled as a lens duct and multiple curved mirrors behaves similarly

to a simpler Fabry-Perot cavity with a confocal design and a thin lens located at the

center of the cavity. The calculated relationship between tolerable focal length and

beam size in the SPOPO case will be used in Secs. 3.5.3 and 4.2.4 to develop designs

for the maximum generated THz power.

A passive confocal Fabry-Perot cavity is shown in Fig. 3.17, where the cavity

length L is equal to the radii of curvature of the mirrors R. A thin lens of focal

length f is positioned at the center of the cavity, and the cavity is assumed to be in

air, n = 1. Since it is assumed that L = R, the 1/e-intensity radius w of the Gaussian

TEM00 cavity eigenmode is only a function of R and f .

Using the ABCD matrix definitions for the curved mirrors, the free-space propa-

gation distances, and the thin lens [68], an expression for the size of the eigenmode

at the position of the lens is

w(R, f) =

√
2Rλ

π
√

16− (R/f)2
(3.29)
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Figure 3.17: Passive Fabry-Perot cavity in a confocal cavity configuration where the
length L is equal to the radii of curvature of the mirrors R with an intracavity thin
lens of focal length f located at the center of the cavity. The index of refraction is
n = 1.

where λ is the wavelength of the resonant wave. The cold-cavity beam size wc is

defined as the beam size as f →∞ for which Eq. (3.29) yields

wc(R) =

√
Rλ

2π
(3.30)

which agrees with the usual expression for the focused beam waist in a confocal Fabry-

Perot cavity [68]. The beam size tends to ∞ as f decreases towards R/4, hence a

better criterion for the minimum focal length fmin which can be tolerated by the

cavity, while still maintaining a cavity eigenmode, is one where a particular tolerable

change is observed in the normalized beam size at the thin lens, defined as

a =
wh
wc
. (3.31)

The numerator, called the hot-cavity beam size wh, is the beam size at the position

of the thin lens when the power-dependent absorption is included, and wc is the cold-

cavity beam size. For a given wavelength λ, the hot-cavity beam size is a function of R

and f , which for a given choice of the maximum tolerable change in spot size, a, leads

to a minimum focal length fmin in the Fabry-Perot cavity. The cold-cavity beam size
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is only a function of R for a given wavelength λ. For a confocal Fabry-Perot cavity,

a is always greater than unity. As an example, for a = 1.2 the minimum focal length

fmin is that which causes wh to be 20% larger than wc. Using Eqs. (3.31), (3.30), and

(3.29), for a given wavelength λ, the cold-cavity beam size wc and the maximum hot-

cavity beam size wh for a given choice of a are related to the corresponding minimum

tolerable focal length fmin by Eqs. (3.32) and (3.33), respectively

wc =

√
2 fmin λ

π

√
1− a−4 (3.32)

wh =

√
2 fmin λ

π

√
a4 − 1. (3.33)

For a chosen value of a, we find that wc ∝ (fmin)1/2, and thus for a given spot size,

the tolerable focal length increases as w2
c .

The tolerable focal length fmin can be normalized to the Rayleigh range of the

cold-cavity eigenmode, Zr = πw2
c/λ, resulting in a normalized focal length d given by

d =
fmin λ

π w2
c

. (3.34)

Using Eqs. (3.31), (3.33), and (3.34), the hot-cavity beam size at the position of the

lens and the minimum focal length at which this beam size occurs are related by

d =
1

2
√

1− a−4
. (3.35)

This relationship between normalized variables a and d, illustrated in Fig. 3.18,

describes the dependence of the cavity beam size on the minimum tolerable focal

length of a thin lens located in the center of a Fabry-Perot cavity.

As a goes to unity (no change tolerated in the hot-cavity mode size compared to

the cold-cavity mode size) and the cold and hot-cavity beam sizes become equal, d

approaches ∞ corresponding to a thin lens with an infinite focal length. As a goes

to ∞ (tolerable operation at the margin of instability), and the hot-cavity beam size

correspondingly goes to ∞, d approaches a value of 1/2. This corresponds to a focal
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Figure 3.18: Normalized parameters a and d for a confocal Fabry-Perot cavity which
describe the minimum normalized focal length d of a thin lens corresponding to an
increase in the beam size by a factor of a over the cold-cavity beam size.

length f = R/4 as expected for a confocal Fabry-Perot cavity, with a thin lens located

at the center of the cavity, operating at the edge of instability.

For λ = 2128 nm and a = 1.1, wh is plotted versus fmin in Fig. 3.19. A similar

calculation was performed for the SPOPO with a linear cavity configuration, Fig.

3.13. The GaAs crystal was modeled by the ABCD matrix describing a lens duct

with a quadratic index of refraction profile as defined in Sec. 3.5.1. The duct matrix

is defined by two parameters, the length L of the GaAs crystal, and γ

γ =

√
n2

n0

(3.36)

where n0 is the index of refraction at beam center r = 0 and n2 is the curvature of

the index profile, defined in Eq. (3.8).

A matrix calculation was performed for the SPOPO cavity shown in Fig. 3.13,

for twenty values of L ranging between 0.5–20 mm, and for each value of L the

largest value of n2 for which a cavity eigenmode existed was calculated as well as the

corresponding 1/e2-intensity radius beam size in the center of the GaAs duct, wd.



3.5. SRO INTRACAVITY THz GENERATION 99

fmin (mm)
100 101 102 103

a = 1.1
d = 0.9

w
h
 (µ

m
)

0

100

200

300

400

500

600

700

800

900

Figure 3.19: Plot of the hot-cavity beam size wh versus minimum focal length of the
thin lens fmin (Eq. (3.33)) located at the center of a confocal Fabry-Perot cavity
for normalized hot-cavity beam size a = 1.1 and wavelength λ = 2128 nm. The
corresponding normalized minimal focal length is d = 0.9.
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This calculation was performed for three values for the radii of curvature of cavity

mirrors M5 and M6, R = 50, 100, and 150 cm. In each case, the distance between

mirrors M5 and M6 was equal to R. The cavity lengths between M2–M3 and M1–M6

were kept equal and adjusted to maintain a total cavity length of 3 m. The distance

between M3 and M4 was 20 cm, and the distance between M4 and M5 was 30 cm.

In the limit of weak focusing, γL << 1, the lens duct matrix defined in Sec. 3.5.1

can be approximated as

Md =

[
1 L/n0

−n2L 1

]
. (3.37)

The above duct matrix is equivalent to the matrix describing propagation through a

dielectric of length L and refractive index n0 with a thin lens of focal length feff =

(n2 L)−1 at the crystal’s center in the limit of weak focusing, feff >> L/n0. For

R = 50 cm, the length of the GaAs crystal was varied between 0.5–2.9 mm to avoid

violating the weak-focusing limit which occurred for L > 2.9 mm. The length of

2.9 mm was the nominal length assuming α = 5 × 10−3 cm−1, τ = 6 ps, (dn/dT )=

2.13 × 10−4 K−1, N = 4, kth = 52 W/(K-m), nonlinear refractive index m = 1.5 ×
10−17 m2/W, frep = 50 MHz, and an average power of 30 W. The beam size in the

center of the GaAs lens duct is plotted in Fig. 3.20 versus the effective focal length of

the GaAs in the weak-focusing limit, feff = (n2 L)−1. The red circles are the numerical

calculations with the ABCD matrix calculations for the full SPOPO cavity, and the

blue solid curve is a square-root fit to these results, wd = 7.7× 10−4 · (feff)1/2, which

can be rewritten as

n2 L =
1

feff

=
5.9× 10−7

w2
d

, (3.38)

where the numerator 5.9× 10−7 is a fitting parameter with units of meters. Equation

(3.38) describes the strength of the focusing in the GaAs which is proportional to the

product of the curvature of the index of refraction profile and the length of the lens

duct. The radii of curvature, R, of the curved mirrors M5 and M6 are placed next to

the corresponding theoretical calculations.
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Figure 3.20: Plot of the beam size in the center of the GaAs, which is modeled as a
lens duct, calculated for twenty GaAs-crystal lengths ranging between 0.5–20 mm for
three separate pairs of equivalent curved mirrors M5 and M6, Fig. 3.13, with three
radii of curvature R = 50, 100, and 150 cm. The dots are the numerical results, and
the solid curve is a square-root fit to the data (Eq. (3.38)). The radii of curvature,
R, of mirrors M5 and M6 are placed next to the corresponding numerical results.
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The beam size at the center of the intracavity GaAs crystal wd corresponding to

the smallest effective focal length of the GaAs lens duct for which an eigenmode was

found, feff , scales with feff in a similar manner as the beam size wh in the thin lens of

the Fabry-Perot example scales with thin lens focal length fmin, Fig. 3.19. In fact, the

square-root fit to the SPOPO data plotted in Fig. 3.20 is equivalent to the confocal

Fabry-Perot cavity case with normalized beam size parameter a = 1.05, where a is

defined in Eq. (3.31).

As a simple numerical example, consider the signal-resonant SRO cavity in Fig.

3.13, where the length of the GaAs crystal is L = 5 mm, τ = 6 ps, and frep =

50 MHz. The GaAs material properties are assumed to be α = 5 × 10−3 cm−1,

(dn/dT )= 2.13× 10−4 K−1, N = 4, kth = 52 W/(K-m), and m = 1.5× 10−17 m2/W.

The idler absorption and XPM in the GaAs are neglected for the signal-resonant

SRO-eigenmode calculations. At an intracavity signal average power of 1 W, the

eigenmode profile is similar to that in Fig. 3.4. As the intracavity power level is

increased to 20 W, the eigenmode profile must adjust to the focusing occurring in the

GaAs. In Fig. 3.21, the beam comes to a focus just before and after the GaAs crystal

as a result of the focusing within the GaAs. The inset shows that the GaAs crystal

behaves as a lens duct with lensing which is distributed throughout the length of the

crystal.

For L = 0 mm, the lens strength (Eq. (3.38)) is zero, and the GaAs does not

place a limitation on the intracavity power level. For finite length GaAs crystals,

the beam size becomes power dependent. Figure 3.22 plots the 1/e2-intensity radius

beam size, w, in the GaAs and PPLN crystals as a function of the average intracavity

signal power, P2. As the intracavity power increases the beam size in both crystals

decreases. For GaAs-crystal length L = 5 mm, an eigenmode cannot be established

for P2 > 20 W, placing an upper limit on the amount of intracavity signal average

power. For powers within the stability range (<20 W), the change in the beam size

within the PPLN crystal will change the coupling to the pump beam which can affect

the steady-state intracavity power as well. This potential change of the parametric

gain is not included in this calculation.

Assuming α = 5×10−3 cm−1, the maximum sustainable intracavity average power
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Figure 3.21: The intracavity beam size (1/e2-intensity radius, w) of the resonant
signal wave in the SPOPO versus position in the cavity at a power level of 20 W
and GaAs-crystal length L = 5 mm. Inset: The beam size in the GaAs crystal (solid
black vertical lines indicate the extent of the GaAs crystal.

in the SRO was calculated for GaAs-crystal lengths varying between 0.5–10 mm. The

maximum power is plotted in Fig. 3.23 (solid red curve). The average cold- and hot-

cavity 1/e2-intensity radius beam sizes in the PPLN and GaAs crystals are 50 µm

and 130 µm, respectively (see Fig. 3.22). The beam sizes are roughly the result of the

20-cm and 50-cm radii of curvature mirrors surrounding the PPLN and GaAs crystals,

respectively. Numerical results are plotted by the solid red curve, corresponding to

the largest intracavity average power where a cavity eigenmode was found for each

GaAs-crystal length. The dashed black line plots the intracavity average power at

which point the beam size had decreased by 20% from the cold-cavity beam size

versus GaAs-crystal length. The blue circles are experimental measurements of the

maximum intracavity signal average power for GaAs samples where α ≈ 0.005 cm−1

which are Samples C (4 mm), L5 (5 mm), M5 (5 mm), K10 (10 mm), L10 (10 mm),

and a 2-inch-diameter GaAs wafer with a thickness of 0.5 mm. The intracavity powers

were measured at an SRO pumping of P3 = 9 W. The maximum tolerable intracavity



104 CHAPTER 3. THz GENERATION USING A SINGLY RESONANT SPOPO

P2 (W)
10-1 100 101

140

136

132

128

124

120

G
aA

s 
B

ea
m

 S
iz

e 
(µ

m
)

P2 (W)
10-1 100 101

65

60

55

50

45

40

PP
LN

 B
ea

m
 S

iz
e 

(µ
m

)

(a)

(b)

Figure 3.22: The beam size in the (a) GaAs crystal and (b) PPLN crystal versus the
intracavity signal average power for GaAs-crystal length L = 5 mm.

power varies inversely with the GaAs-crystal length with a power-law slope of -1 for a

given optical absorption coefficient α and beam size w in the GaAs crystal. The power

resulting in a fixed percentage change in beam size seems a more appropriate criterion

for the maximum tolerable intracavity power than would be the largest intracavity

power where convergence for the eigenmode calculation occurred, since the beam size

in the PPLN affects the gain of the OPO. A full self-consistent calculation including

the effects of spot size on intracavity power through effects like reduction of OPO

gain, increased clipping loss, etc., would eliminate this ambiguity, but is beyond the

scope of this dissertation. In any case, the beam size criterion seems only to shift the

numerical data points of Fig. 3.22 vertically.
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Figure 3.23: The maximum tolerable intracavity average signal power versus the
length of the GaAs crystal. Numerical results corresponding to the largest intracavity
power for which convergence was obtained in the eigenvalue calculation versus GaAs-
crystal length are shown as the solid red curve. The dashed black line plots the
intracavity average power where the beam size had decreased by 20% with respect
to the cold-cavity value, and the blue circles are experimental measurements. Two
horizontal lines (blue solid lines) corresponding to cavity-loss upper limits on the
intracavity power for cavity losses of 4% and 8% are also plotted. The assumed pump
power and pump depletion are 9 W and 75%, respectively.
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The experimentally measured data points in Fig. 3.23 correspond to operation of

the SPOPO at varying signal and idler frequencies as a range of THz frequencies were

being generated by the many GaAs samples. Furthermore, the cavity mirror reflection

losses and thin-film polarizer losses also varied with signal and idler frequency. The

cavity loss varied between 4–8% for the measurements plotted in Fig. 3.23. Horizontal

lines corresponding to cavity-loss limits of the intracavity signal power for P3 = 9 W,

pump depletion of 75%, and losses of 4% and 8% are plotted.

3.5.3 SRO Intracavity THz Generation Design

In this section, a detailed design procedure for the generation of THz radiation using

a singly resonant synchronously pumped OPO and intracavity DFG is discussed. The

design accounts for limits on the intracavity power due to Kerr and thermal focusing

inside the GaAs crystal. System parameters including the length of the GaAs crystal,

optical beam size in the GaAs, optical absorption coefficient, and pump power are

chosen to maximize the generated THz power. The expressions for optical-to-THz

conversion efficiency defined in Sec. 2.2 are used to maximize the THz power with

respect to crystal length L and beam size w; the absorption coefficient α (as well

as L and w) will determine the maximum intracavity power with an upper limit

determined by the maximum tolerable focusing of the resonant wave in the GaAs

crystal.

The assumed parameters are THz frequency ωTHz, which determines the idler and

signal frequencies ω1 and ω2, respectively, as well as the THz absorption coefficient

αTHz. Additional input parameters are the optical pulse widths τ1 and τ2 which are

assumed to be equal, and a pulse repetition rate frep.

The optical-to-THz conversion efficiency, derived in Sec. 2.2 as the ratio of the

THz pulse energy at the output of the crystal to one of the optical pulse energies at

the input of the crystal, UTHz(L)/U1(L = 0), is

ηTHz =
UTHz

U1

=
2ω3

THzd
2
eff

πε0c3n1n2∆n
a1(L) a2(L)h(L,w)U2(α,L,w) (3.39)

where the dependence on the extrinsic value of the GaAs optical power absorption
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coefficient α, length L of the GaAs crystal, and cold-cavity optical 1/e2-intensity

radius beam size w is explicitly noted. In Eq. (3.39), U2 is the maximum tolerable

optical pulse energy, which is a function of α, L, and w, limited by focusing in the

GaAs crystal. The quantities a1, a2, and h are efficiency terms describing limitations

of the THz efficiency due to finite optical bandwidths, THz absorption, and Gaussian-

beam focusing, respectively and are defined in Sec. 2.2. In terms of a ratio of average

powers, the conversion efficiency, defined as PTHz/P1 is

ηTHz =
PTHz

P1

=
2ω3

THzd
2
eff

πε0c3n1n2∆nfrep

a1(L) a2(L)h(L,w)P2(α,L,w), (3.40)

and the maximum generated internal THz average power (before the Fresnel reflection

at the GaAs-air interface) is

PTHz(α,L,w) =
2ω3

THzd
2
eff

πε0c3n1n2∆nfrep

a1(L) a2(L)h(L,w)P1(α,L,w)P2(α,L,w). (3.41)

The design problem becomes one of maximizing the product of the last five quantities,

a1(L) a2(L)h(L,w)P1(α,L,w)P2(α,L,w) with respect to α, L, and w.

In Eq. (3.38) of Sec. 3.5.2, it was shown that the relationship between the beam

size in the center of the intracavity-GaAs lens duct wd and the effective focal length

of the GaAs crystal feff = (n2L)−1, with the curvature of the index profile n2 renamed

κ to avoid confusion with the refractive index at frequency ω2, is

κL =
5.9× 10−7

w2
d

(3.42)

where κ is the curvature of the quadratic approximation to the index of refraction

profile in the GaAs duct, and the numerator is a fitting parameter (see Fig. 3.20 and

Eq. (3.38)) which has units of meters. Equation (3.42) will be used to calculate the

maximum intracavity optical power, Pmax, at which the SPOPO cavity eigenmode

exists as a function of L and wd (referred to in this section simply as w).

It is assumed that the operating point corresponding to the maximum tolerable
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intracavity power is when the sum of the thermal and Kerr focusing in the GaAs is

equal to the maximum tolerable focusing allowed by the cavity. Using Eqs. (3.42),

(3.21), and (3.26) for an idler-resonant SRO (P1 >> P2) the cavity-focusing limit is

defined by

5.9× 10−7

w2
=

4mP1,max L

(π/2)1.5w4 τ1 frep

+
αP1,max L (dn/dT )

π kthw2
, (3.43)

where P1,max is the maximum tolerable intracavity idler average power. Solving Eq.

(3.43) for P1,max, the maximum intracavity idler power as a function of α, L, and w

is

P1,max(α,L,w) = 2.9×10−7

(
frep τ1

mL

)[
1

w2
+

√
π

128

(
α frep (dn/dT ) τ1

mkth

)]−1

(3.44)

where m is the nonlinear refractive index, and the value 2.9 × 10−7 has units of

meters. The intracavity power is described in terms of α, L, and w, because L and

w are design parameters, and α is an extrinsic property of the GaAs crystal. The

second term in the bracketed denominator of Eq. (3.44) is a ratio of the thermal

to Kerr properties of the system. It is interesting to note that for pulsed systems

dominated by thermal lensing, a compromise between α and frep exists where for

a given α, frep can be decreased to increase the maximum intracavity pulse energy

U1,max = P1,max/frep, and hence increase the generated THz-pulse energy, UTHz.

The pump power P3, at frequency ω3, assuming cavity losses of A and complete

depletion of the pump, required to generate intracavity power P1,max in Eq. (3.44) is

P1,max =
P3 ω1

Aω3

. (3.45)

The round-trip power losses for the resonant idler wave are A = a0 + 2αL which is

the sum of background losses a0 due to imperfect mirror coatings and losses at the

intracavity polarizers and the optical absorption 2αL during both the forward and

backward pass through the GaAs crystal. The pump power required to reach the

intracavity power P1,max (Eq. (3.44)) is
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P3 = (a0 + 2αL)P1,max

(
ω3

ω1

)
. (3.46)

The corresponding power of the non-resonant signal wave P2 is

P2 = P3

(
ω2

ω3

)
(3.47)

= (a0 + 2αL)P1,max
ω2

ω1

. (3.48)

Before considering numerical optimization of the THz power dictated by Eq.

(3.41) in the general case, it is worth exploring analytical results obtained in a limit-

ing case of loose focusing in the GaAs crystal. In this limit, some useful expressions

for the THz power, intracavity power, and pump power defined in terms of optical

absorption coefficient α, crystal length L, and beam size w can be derived for singly

and doubly resonant OPOs. This analysis provides a better understanding for both

a singly and doubly resonant OPO with an intracavity power-dependent focusing

element, with the analysis being, in fact, more applicable to the DRO. The singly

resonant OPO is discussed in this section, and the DRO analysis is performed in Sec.

4.2.3. For the case of the SRO, we rewrite Eq. (3.43) as

Ccav

w2
= P1,max L

(
αCth

w2
+
CK

w4

)
, (3.49)

where Ccav = 5.9×10−7 describes the stability limit of the OPO cavity due to focusing

in the GaAs crystal, Cth = (dn/dT )/(πkth) is a material property characterizing the

thermal properties of the SRO system, and CK = 4m/[(π/2)1.5τ1frep] characterizes

the Kerr effect for a particular choice of pump pulse properties for the SRO. Solving

Eq. (3.49) for P1,max gives

P1,max =
Ccav

L(Cth α + CK/w2)
. (3.50)

For the idler-resonant SRO and assuming complete pump depletion, the non-

resonant signal power P2 is not set by the cavity focusing limit and is not a function
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of L and w. In the loose focusing and short crystals limit, the THz power becomes

PTHz = B

(
L2

w2

)
P1,max P2, (3.51)

where the scaling coefficient B is

B =
2ω2

THz d
2
eff

π1.5 ε0 c3 nTHz n1 n2 τ1 frep

. (3.52)

The expression for B comes from all of the terms in Eq. (3.41) preceeding the product

of the optical powers (P1 P2) and assumes a1, defined in Eq. (2.17), is L∆n/(
√
πcτ1)

in the limit of short crystals and long pulses, a2, defined in Eq. (2.32), becomes unity

for αTHzL << 1 (negligible THz absorption for short crystals), and h(ξTHz), plotted

in Fig. 2.5, becomes ξTHz = LλTHz/(2πnTHzw
2) for loose focusing, i.e. short crystals

and large beam sizes.

Substituting Eq. (3.50) into Eq. (3.51) yields the internal THz power (inside the

GaAs crystal and before the Fresnel reflection at the GaAs-air interface)

PTHz =
B LCcav P2

Cth αw2 + CK

. (3.53)

The non-resonant signal power P2 is

P2 =
P1,maxAω2

ω1

, (3.54)

where the losses are A = a0 + 2αL. For the SRO, Eq. (3.53) shows that longer

crystal lengths leads to more THz power, and tighter focusing (smaller w) leads to

more THz power until Cth αw
2 < CK when Kerr focusing becomes stronger than the

thermal focusing. If we take the case where Cth αw
2 = CK, where the thermal and

Kerr focusing effects are equal in strength, the THz power becomes

PTHz =
B LCcav P2

2CK

, (3.55)

which assumes a beam size w where the thermal and Kerr focusing strengths are

equal and is defined as
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w =

√
CK

Cth α
. (3.56)

The intracavity power of the resonant idler becomes

P1,max =
Ccav

2αLCth

. (3.57)

The pump power necessary to reach this intracavity power, assuming background

losses a0 and total losses A = a0 + 2αL, is

P3 =
Ccav ω3

Cth ω1

(
1 +

a0

2αL

)
, (3.58)

and for absorption losses much greater than the background losses, 2αL >> a0, the

required pump power goes to

P3 →
Ccav ω3

Cth ω1

. (3.59)

In the more practical limit where the background loss is large compared to the ab-

sorption losses a0 >> 2αL, more likely in practice especially for short crystals, the

required pump power is

P3 →
Ccav a0 ω3

2Cth αLω1

. (3.60)

Equation (3.60) shows that the required pump power to reach the cavity-focusing

limit scales inversely with the length of the GaAs crystal for the case of background-

loss-limited operation.

If we assume an additional background loss which is length-dependent such as

scattering which occurs at the interfaces between the wafers of GaAs in an OC-GaAs

sample, the background loss becomes the sum of the fixed background losses af and

the length-dependent background losses βL such that a0 = af + βL. The necessary

pump power to reach the focusing limit of the cavity becomes

P3 =
Ccav ω3

Cth ω1

(
1 +

af + β L

2αL

)
. (3.61)
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In the limit that the scattering loss is small compared to the fixed background loss,

βL << af , the required pump power to reach the cavity-focusing limit is given by

Eq. (3.58) with a0 = af ; however, in the limit that the length-dependent background

losses are larger than the fixed background losses, βL >> af , the required pump

power goes to

P3 →
Ccav ω3

Cth ω1

(
1 +

β

2α

)
, (3.62)

which is again no longer a function of the length of the GaAs crystal, L, similar to

the case when absorption losses were much larger than background losses, described

by Eq. (3.59).

To summarize the SRO results for the case of loose focusing and short crystals and

assuming the intracavity power reaches the focusing limit of the cavity, the following

key points have emerged from this analysis: The maximum THz power increases

with longer crystals and increases with smaller optical beams and smaller absorption

coefficients α until the thermal focusing is comparable to the Kerr focusing. At the

point where the Kerr and thermal focusing strengths are equivalent, the beam size

scales as w ∝ 1/
√
α, the intracavity average power scales inversely with the product

αL, and the pump power necessary to reach this intracavity power scales inversely

with the absorption losses when the absorption losses are much smaller than the

background losses, which is the practical limit for short crystals. When either the

absorption loss dominates or the length-dependent background loss dominates (e.g.

scattering from interfaces between wafers of an OC-GaAs sample), the required pump

power to reach the cavity-focusing limit is constant with respect to the length of the

GaAs crystal, L.

The following numerical example does not assume loose focusing, short crystals,

or negligible THz absorption but instead maximizes Eq. (3.41) with respect to α, L,

and w. We assume that the background losses are equal to the absorption losses for

this example, a0 = 2αL, the reasoning for this assumption is discussed in the DRO

Sec. 4.2.3. Substituting the expressions for the signal and idler powers, defined in

Eqs. (3.48) and (3.44), respectively, into the expression for the THz power PTHz,
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Eq. (3.41), the THz power generated for the maximum allowable intracavity power

can be calculated as a function of α, L, and w. The calculations of external THz

power (after a Fresnel reflection at the GaAs-air interface, nTHz = 3.6) as a function

of beam size w for GaAs-crystal lengths of 1, 3, 10, 15, 20, and 30 mm are plotted

in Fig. 3.24. Assuming the background cavity losses are a0 = 2αL, the system

parameters used to calculate the THz power are the following: α = 5 × 10−3 cm−1,

fTHz = 1.5 THz, αTHz = 1.1 cm−1, deff = 29.3 pm/V, λ1 = 2139 nm, λ2 = 2117 nm,

∆n = 0.19, τ1 = τ2 = 8 ps, (dn/dT )= 2.13 × 10−4 K−1, N = 4, kth = 52 W/(K-m),

m = 1.5× 10−17 m2/W, and frep = 50 MHz.
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Figure 3.24: Calculated external THz power versus optical beam size w for GaAs-
crystal lengths L of 1, 3, 10, 15, 20, and 30 mm, assuming α = 5× 10−3 cm−1. The
remaining system parameters are in the text.

For a set absorption coefficient α and crystal length L, there is an optimum beam

size wopt which maximizes the generated external THz power, PTHz, as can be seen
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from the curves in Fig. 3.24. Of the six crystal lengths used for the calculations, the

maximum THz power of 83 µW occurs for L = 10 mm and wopt = 392 µm, suggesting

there is also an optimal length Lopt which maximizes the external THz power for

each value of α. The optimal length Lopt of the GaAs crystal which maximized the

generated THz power is plotted versus α in Fig. 3.25(a), and the corresponding

optimal beam size wopt in the GaAs crystal is plotted in Fig. 3.25(b). The maximum

THz average power versus α, assuming the pump power is that which brings the

intracavity idler average power to the maximum tolerable value, is plotted in Fig.

3.26. The THz average power approaches 99 µW as α→ 0.

This same calculation is performed over a range of α values to find PTHz,max(α), and

the corresponding optimal GaAs-crystal lengths and beam sizes in the GaAs, Lopt(α)

and wopt(α), respectively. It should be noted that the curve in Fig. 3.26 agrees with

the functional form of Eq. (3.53) where the THz power plateaus with decreasing α.

Also, the beam size plotted versus α in Fig. 3.25(b) agrees with the scaling for the

beam size with respect to α in Eq. (3.56). This shows that the loose focusing and

short crystals limit analysis is useful for gaining intuition about the behavior of the

THz generation process inside a focusing-limited singly resonant SPOPO. For the

doubly resonant SPOPO described in Sec. 4.2.3, a numerical comparison between

the loose-focusing analytical model and the numerical optimization is performed.

As an example of the use of these plots, consider a crystal whose optical absorption

coefficient is αnom = 3.6 × 10−3 cm−1, which allows generation of 90% as much THz

power, PTHz,nom = 89 µW (Fig. 3.26), as is possible in the α→ 0 limit. The nominal

crystal length and spot size for this absorption value are Lnom = 1.3 cm (Fig. 3.25(a))

and wnom = 461 µm (Fig. 3.25(b)), respectively.

Assuming background losses of a0,nom = 0.009, the total cavity losses are Anom =

a0 + 2αnomLnom = 0.018. The intracavity idler power which reaches the Kerr and

thermal focusing limit of the cavity is P1,max = 57 W (Eq. (3.44)). The required

pump power is P3 = 2.1 W (Eq. (3.46)), and the corresponding non-resonant signal

power is P2 = 1.0 W (Eq. (3.48)). The corresponding THz efficiency terms are

a1 = 0.5, a2 = 0.5, and h = 0.5, defined in Eqs. (2.17), (2.32), and plotted in Fig.

2.5, respectively. Additionally, at this nominal point of operation the ratio of the
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Figure 3.25: (a) Optimal GaAs-crystal length, Lopt, versus GaAs optical absorption
coefficient and (b) the corresponding optimal hot-cavity optical idler-beam size in the
GaAs crystal, wopt.
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Figure 3.26: The maximum external THz average power generated in the SRO versus
optical absorption coefficient, α, assuming the pump power is that which brings the
intracavity idler average power to the maximum tolerable value.

curvatures of the thermal and Kerr index of refraction profiles (Eqs. (3.26) and (3.21),

respectively) is κtherm/κKerr = 1.3, such that the thermal focusing is approximately

30% stronger than the Kerr focusing. At this nominal operating point, the effective

focal lengths of the thermal and Kerr lenses (defined in Eq. (3.38)) are 64 cm and

83 cm, respectively. Since these focal lengths are much larger than the nominal length

of the GaAs crystal, Lnom = 1.3 cm, the GaAs lens duct can be modeled as a thin

lens to a good approximation.

Figure 3.27 plots the THz power as the pump power is varied from the nominal

design value of P03 = 2.1 W, which is marked by the red dashed vertical line and

also corresponds to an intracavity idler power which has reached the focusing limit

of the SPOPO cavity, P1,max = 57 W. The cavity loss is assumed to be constant with

respect to P3. For P3 < P03, the intracavity power is below the focusing limit of

the SPOPO cavity and P1 ∝ P3. The non-resonant signal power scales as P2 ∝ P3

as well, so that according to Eq. (3.41) and for P3 < P03 the THz power scales as

PTHz ∝ P 2
3 . For P3 > P03, the intracavity power has reached the focusing limit of the
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cavity and P1 remains constant with respect to P3 and equal to P1,max. We assume

that the resonant intracavity power clamps at the value set by the focusing limit, but

does not change the cavity losses, which may not be correct in actual operation. The

non-resonant power still increases with pump power, and thus for P3 > P03 the THz

power scales linearly with pump power, PTHz ∝ P3, reaching a value of 433 µW for

a pump power of 10 W. This is true until the pump power is on the same order as

the focusing-limited intracavity power such that the generated non-resonant signal

power is large enough to cause additional focusing in the GaAs crystal. This region

is plotted as a constant THz power for P3 > 14 W where P3 = 14 W corresponds to

a pump power which is 25% of the focusing-limited intracavity idler power of 57 W.

It is assumed that the intracavity power simply clamps instead of another possible

situation where distortion of the cavity mode due to thermal wavefront de-phasing

occurs. At these large pump powers, it might be necessary to reduce the length of the

OPO gain medium (PPLN crystal) so that the pulse widths of the signal and idler

do not become much larger than the pulse width of the pump. This is discussed in

more detail in Sec. 5.6.

Increasing the pump power can compensate for background losses larger than the

nominal value of a0 = 0.9%, such that the intracavity idler power always reaches the

intracavity power limit set by focusing in the GaAs. Figure 3.28(a) plots the pump

power P3 required to obtain an intracavity idler power reaching the focusing limit

versus background loss a0 with the nominal background loss of 0.9% marked with a

red dashed vertical line. In this case, the required pump power scales linearly with

background losses; at a background loss of 2% the required pump power to reach the

cavity focusing limit is P3 = 3.3 W. Figure 3.28(b) plots the corresponding external

THz power versus background loss. The increase in the pump power maintains a

constant intracavity power as well as increasing the non-resonant signal power, cor-

responding to a THz power which scales linearly with pump power. At 3.3-W pump

power and 2%-background loss (total cavity loss of 4% including double-pass optical

absorption), the external THz power is PTHz = 144 µW.

For a set pump power, the cavity loss A, can place an additional upper limit on the

intracavity power which is lower than the GaAs-focusing limit, since the intracavity
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Figure 3.27: The external THz average power versus pump power. The nominal
pump power P3 = 2.1 W, marked by a red dashed vertical line, corresponds to the
intracavity idler power which reached the intracavity power limit set by focusing in
the GaAs.
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Figure 3.28: (a) Pump power required to maintain an intracavity power which reaches
the cavity-focusing limit versus background loss a0, for a system operating at the nom-
inal point αnom = 3.6×10−3 cm−1, Lnom = 1.3 cm, and wnom = 461 µm. The nominal
operating point is marked by a red dashed vertical line. (b) The corresponding ex-
ternal THz power versus background loss a0. The nominal operating point is marked
by a red dashed vertical line.
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power is inversely proportional to A as shown in Eq. (3.45). In this section, focusing-

limited operation was assumed for all numerical examples. The analysis leading to

the numerical results shown in Figs. 3.27 and 3.28, starts at the nominal background

loss of 0.9% marked by red dashed vertical lines and then varies either the pump

power or the cavity background losses (assuming equal background and absorption

losses) while keeping the optical beam size wopt in the GaAs and the length Lopt

of the GaAs crystal fixed at the nominal values. The optimal case, with respect to

maximizing external PTHz, would be to determine new values for wopt and Lopt for

each value of P3 and a0; however, the scalings shown in Figs. 3.27 and 3.28 represent

more experimentally practical ways to generate larger external THz powers for fixed

wopt and Lopt.

3.5.4 SRO Intracavity THz Experimental Results

The largest THz average power for the linear signal SRO occurred with Sample A

(Tab. 3.1), which generated THz radiation with a center frequency of 2.8 THz and

FWHM spectral bandwidth estimated to be ∼250 GHz from the convolution of the

measured 200 GHz bandwidths of the signal and idler waves and limited to 250 GHz

by the QPM-GaAs acceptance bandwidth given by Eq. (2.14). The measured THz av-

erage power was 50 µW (after M7), and the measured intracavity powers of the signal

and idler were 11.1 W and 2.2 W, respectively, with a large signal power enhancement

compared to 690 mW in the extracavity generation experiment, Sec. 3.4 (before the

longpass filter). For a given pump depletion, the signal power enhancement, C, is

C =
Aext
AintR

, (3.63)

where Aext is the round-trip loss for extracavity experiments with signal output cou-

pling R provided by the polarizer, and Aint is the round-trip loss for the intracavity

experiments with no intentional output coupling from the polarizer. In the limit that

the cavity losses for the resonant wave for intracavity THz generation equals the cav-

ity losses for the resonant wave for extracavity THz generation, the enhancement is

C = 1/R. This is true, for example, when the losses of the GaAs crystal are small
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compared to cavity losses other than those of the output coupler.

The cavity losses for the intracavity experiments can be larger than the cavity

losses for the extracavity experiments, even with the intentional output coupling of

the extracavity setup, when accounting for the losses of the GaAs samples. In Sec.

5.6, numerical results from a time-domain SPOPO simulator are presented as well

as a discussion concerning the proper choice of round-trip cavity loss and parametric

gain in order to optimize the temporal overlap of the signal and idler pulses as well

as the generated THz radiation.

With Sample A, the round-trip loss for the extracavity experiments was Aext =

6.4% with signal output coupling R = 2% provided by the intracavity polarizer, and

Aint = 14.4% was the round-trip loss for the intracavity experiments. The round-

trip loss of Sample A was 12%, which accounted for most of the cavity loss for

the intracavity experiments. The calculated enhancement of C = 22 is close to the

measured value of 11.1 W/0.69 W = 16. The idler power of 2.2 W agreed with the

quantum defect of 2 (ω3/ω1 ≈ 2) and the measured 50% depletion of 8.9 W of pump

power. The remaining pump power was measured after M4. The optical-to-THz

conversion efficiency was 5.6× 10−6 (quantum efficiency of 5.6× 10−4). Typical THz

average power values for all GaAs samples used were between 10-50 µW.

Figure 3.29(a) shows the THz-beam-intensity profile after collimating mirror M7,

reconstructed from scanning knife-edge measurements. The horizontal and vertical

1/e2-intensity radius beam sizes were 7.8 mm and 13.3 mm, respectively, at a dis-

tance of two inches from the GaAs crystal. The THz beam 5 cm after THz lens

L2 (f = 5 cm) was captured (Fig. 3.29(b)) by a pyroelectric-array camera [80] and

was ∼2 pixels in width (1 pixel = 100 µm × 100 µm). Taking the input beam size

from the knife-edge measurements, the focused spot size agreed with the theoretical

diffraction-limited spot size of 160 µm. The polarization of the THz beam was along

the [110] GaAs crystalline direction, in agreement with the symmetry of the GaAs

χ(2) tensor [89], and for signal and idler fields polarized along the [001] and [110]

directions, respectively.
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Figure 3.29: (a) The collimated THz-beam intensity profile reconstructed from scan-
ning knife-edge measurements just before lens L2. (b) The focused (f = 5 cm) THz-
beam intensity profile measured by a pyroelectric camera (1 pixel = 100 µm× 100 µm)
5 cm after L2.

3.5.5 Higher-Order QPM

The AR coatings on the crystals, and the HR coatings on the cavity mirrors allowed

tuning of the signal and idler splitting between 0–5 THz. 1st-, 3rd-, and 5th-order THz

QPM peaks were measured as the PPLN-crystal temperature was varied from 105◦C

to 75◦C.

The theoretical THz intensities versus distance in the GaAs crystal of a CW plane-

wave field for 1st-, 3rd-, and 5th-order QPM are plotted in Fig. 3.30 assuming constant

signal and idler fields. All intensities are normalized to the purely phase-matched case.

For an exact QPM duty cycle of 50%, QPM occurs when an odd-integer number, m,

of coherence lengths equals Λg/2: m = 1, m = 3, and m = 5 correspond to 1st-, 3rd-,

and 5th-order QPM, respectively. The single-pass mixing efficiency for higher-order

QPM is less than for 1st-order QPM. The reduced gain is described by generalizing

the definition of the effective nonlinear coefficient (Eq. (1.11)) to incorporate the

reduced amplitude of the higher-order Fourier coefficients
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Figure 3.30: CW plane-wave THz intensity versus position normalized to Λg for 1st-,
3rd-, and 5th-order QPM.

Modeling the QPM crystal as having a fundamental (m = 1) spatial frequency

of kg = 2π/Λg, and equal length positive and negative half-periods, the mth spatial

harmonic of the grating enables quasi-phase-matching when the wavevector mismatch

∆k = k2 − k1 − kTHz −mkg (3.65)

is zero [90]. Assuming perfect phase-matching (∆k = 0), nearly degenerate signal

and idler (f2 ≈ f1 >> fTHz), and negligible THz dispersion (nTHz ≈ constant), the

THz center frequency scales linearly with m,

fTHz = m

(
c

∆nΛg

)
. (3.66)
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We measured the higher-order QPM tuning curves for Sample C with Λg = 2 mm.

Figure 3.31 shows the 1st, 3rd, and 5th-order QPM tuning curves with center frequen-

cies of 0.62, 2.24, and 3.32 THz, respectively. The center frequencies do not scale

exactly with m because of the GaAs dispersion neglected in arriving at the simple

relation in Eq. (3.66).

1st

3rd

5th

o

Figure 3.31: 1st, 3rd, and 5th-order QPM with GaAs Sample C allowing generation of
three different THz center frequencies (0.62 THz, 2.24 THz, and 3.32 THz, respec-
tively) with a single QPM-GaAs sample.

A GaAs sample with a fixed QPM period can be used as a tunable source of

THz radiation by taking advantage of the higher-order QPM peaks. By substituting

Eqs. (3.64) and (3.66) into Eq. (2.34), for plane wave solutions the THz conversion

efficiency is constant with respect to m since Eq. (2.34) scales as f 2
THzd

2
eff . Requiring

a constant ξ1 (Eq. (2.43)) for each THz frequency and neglecting THz absorption, the

efficiency increases linearly with m since Eq. (2.46) scales as f 3
THzd

2
eff . Taking into

account THz absorption, as fTHz increases and approaches a GaAs optical-phonon

absorption resonance near 8 THz, the THz absorption coefficient correspondingly
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increases (Fig. 3.6), which reduces the efficiency at larger THz frequencies. This

scaling of efficiency with fTHz perhaps contributed to the reduction in THz spectral

intensity for the higher-order QPM peaks shown in Fig. 3.31.

3.5.6 THz Cascading

In a DFG process within the GaAs crystal, the largest-energy photon (OPO signal)

is destroyed, and two lower-energy photons (OPO idler and THz) are generated, i.e.

the GaAs crystal parametrically amplifies the OPO idler, depleting the OPO signal

and generating a THz photon. Since the ratio of the THz to the optical frequency

is ∼1%, 100% depletion of the signal energy would correspond to an optical-to-THz

conversion efficiency of only 1% (see Sec. 1.2.4). In order to improve this efficiency,

it may be possible to take advantage of a cascading scheme, to generate more than

one THz photon for each destroyed signal photon [91, 92]. Figure 3.32 illustrates this

process. Similar to the parametric amplification mentioned above, the OPO idler will

amplify the THz wave and generate a down-shifted satellite, ωsat,1.
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Figure 3.32: Parametric down-conversion and cascading illustrating amplification of
the THz spectra after each cascading process, ω2 > ω1 >> ωTHz.

In the photon picture of a simple three-wave mixing process, a signal photon is

destroyed and an idler and THz photon are created. This transfers approximately 1%
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of the energy to the THz photon. Cascading continues to remove energy from the op-

tical photons until theoretically the entire initial signal photon has been decomposed

into several THz photons leading to a power conversion efficiency of 100%. In Fig.

3.33, the process of breaking down a single high-frequency photon at ω2 is distributed

over five serial mixing events. The first down-conversion between the signal and idler

generating the first THz photon is not considered a cascading event and so is defined

here as N = 0. The ratio between the optical and THz freqencies is much larger than

that shown in Fig. 3.33, however this figure demonstrates how several THz photons

(shortest red arrows) are created from a single high-frequency signal photon (largest

black arrow).
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Figure 3.33: Illustration of the photon picture of cascading showing how the initial
optical photon is decomposed into several THz photons.

In order to calculate the acceptance bandwidth ∆Ωaccept for cascaded processes, we

assume a fixed THz frequency, ωTHz, and a sliding pair of signal and idler frequencies

with an arithemetic average of ω0 = (ω1+ω2)/2. Energy conservation requires ωTHz =

ω2−ω1 even as ω0 varies. For operation near degeneracy, ω2 ≈ ω1 ≈ ω0. After taking

the derivative of Eq. (2.11) with respect to ω2 assuming ωTHz is constant gives

d∆k

dω2

=
ωTHz

c

dng2(ω2)

dω2

. (3.67)

The change in ∆k due to a change of the signal frequency ω2 is approximated by
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δ∆k =
ωTHz

c

dng2
dω2

∆ω2. (3.68)

The acceptance bandwidth of the signal center frequency is defined by δ∆kL = 2π,

resulting in an acceptance bandwidth of

∆Ωaccept =
2πc

ωTHzL|(dng2/dω2)|
, (3.69)

and the number of phase-matched satellites is

N =
2πc

ω2
THzL|(dng2/dω2)|

. (3.70)

As a numerical example consider a GaAs crystal of length L = 1 cm, ωTHz =

2π × 1 THz, for optical wavelengths near λ ≈ 2.1 µm at room temperature. The

acceptance bandwidth is 17 THz. Therefore, 17 satellites would fit within this QPM

acceptance bandwidth.

To produce cascading experimentally, we slightly modified the apparatus shown

in Fig. 3.13. By rotating the polarizer by 90◦, the idler rather than the signal was

resonant in the SRO. Resonating the idler rather than the signal wave increased the

efficiency of generating the first satellite. The temperature of the PPLN crystal was

set to 82.3◦C to generate signal and idler waves separated by 2.8 THz. A small

amount of power in each optical wave leaked out through SRO mirror M1 and was

characterized with a grating monochromator. The OPO signal, idler, and two satel-

lites were observed around 2100-2250 nm (Fig. 3.34). Using GaAs sample A, the

generated THz output (not shown) was measured with the DLaTGS detector. The

grating monochromator was not calibrated for relative power measurements of the

four waves shown in Fig. 3.34; the relative heights of the peaks shown are arbitrary,

but indicate the ordering of the strengths of the waves. Consistent with expecta-

tions, the separation between adjacent peaks was 2.8 THz, and adjacent fields were

orthogonally polarized.

The measured spectra proved that two cascading events occurred, however, the

optical-to-THz conversion efficiency was not significantly improved since the average
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Figure 3.34: Measured output spectrum of the SRO with idler wave resonant. The two
satellite peaks are generated by cascading of the THz-DFG process. Peaks are labeled
with their polarization, referenced to the axes of the GaAs crystal. Peak heights are
not calibrated, and they are not proportional to the corresponding powers.
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powers of the two satellites were very small. Having satellite waves with powers

comparable to the signal and idler will require all 2-µm waves (signal, idler, and

satellites) to be resonant in the optical cavity. This requires excellent temporal overlap

of the intracavity pulses as well as small cavity losses. Additionally, the dispersion of

the intracavity PPLN and GaAs crystals must be compensated such that the round-

trip times for the several infrared pulses are equal. Spectrally, this corresponds to

ensuring the free-spectral range is constant over the entire 2-µm band. A dispersion-

compensated cavity designed to obtain such multiply resonant operation is currently

under construction.



Chapter 4

THz Generation using a Doubly

Resonant SPOPO

4.1 Introduction

The generated THz average power in a DFG process scales with the product of the

signal and idler powers. The singly resonant SPOPO had large intracavity powers for

only one wave, but the doubly resonant SPOPO can have large average powers for

both. In this chapter, we describe the intracavity generation of THz waves by DFG

between the resonant signal and idler waves of a doubly resonant SPOPO.

We discuss the Type-II QPM DRO design used for intracavity THz generation.

The results of experimental extra- and intracavity THz generation are shown. A

description of the intracavity GaAs crystal as a power-dependent focusing element and

its effect on the maximum tolerable intracavity optical power as well as the generated

THz power is provided. Upon taking this upper limit for the intracavity power into

account, a design process (both analytical and numerical) for the maximum THz

power is discussed. A theoretical description, design, and experimental demonstration

of a stabilized doubly resonant SPOPO using an electronic stabilization technique as

well as a passive thermo-optically self-stabilized technique is discussed.

130
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4.2 DRO Intracavity THz Generation

4.2.1 DRO Design

The optical feedback at both signal and idler wavelengths present in a DRO leads to a

decrease in the threshold condition as described in Eq. (2.107). The doubly resonant

OPO in a linear configuration is shown in Fig. 4.1. A known problem with linear-

cavity OPOs is the back-conversion of the signal and idler fields to a field at the pump

frequency by SFG on the un-pumped return pass [93]. To avoid this effect, we made

distances TFP1−M1 and TFP1−M3 unequal, so that the signal and idler pulses do

not overlap on the return path. In order to keep the round-trip times for the signal

and idler waves equal, the paths TFP2 −M2 and TFP2 −M4 were correspondingly

adjusted. In this “offset” cavity design, the signal and idler pulses overlapped in time

during their forward pass through the PPLN; however, they did not overlap on the

return pass.

While the offset-cavity configuration suppressed back-conversion, a parasitic non-

linear process, accidentally phase-matched SFG between the resonant signal and

pump waves in the PPLN, generated several mW of average power at wavelengths

near 710 nm. Given the 1.4 eV bandgap of GaAs, radiation with wavelengths shorter

than 890 nm are absorbed within a few microns upon entering the GaAs, resulting

in the deposition of heat and the generation of photocarriers in the sample. The

resulting thermo-optic and free-carrier changes in the refractive index cause beam

distortion for the resonant signal and idler waves. A dielectric filter (red filter) which

reflected the visible light and transmitted > 99% of the signal and idler waves was

inserted in the cavity just before the GaAs to block the SFG radiation.

4.2.2 DRO Performance

The optical-to-THz conversion efficiency for intracavity DFG depends on the intra-

cavity signal and idler powers as well as the spatial and temporal overlaps of the

signal and idler pulses. In this section we describe how the intracavity power of the

synchronously pumped DRO depends on cavity-length changes on the sub-wavelength
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Figure 4.1: Schematic of the synchronously pumped DRO in a linear cavity configu-
ration. The “offset” cavity design (see text) avoids back-conversion of the signal and
idler pulses.

scale. The spatial overlap of the signal and idler modes is discussed as well as the

conversion efficiency from the pump at a wavelength of 1064 nm to the signal and

idler around 2128 nm.

For a DRO, every frequency component of the signal and idler spectra is one of the

cavity-mode frequencies, and additionally photon energy must be conserved between

the pump, signal, and idler. As a consequence of these multiple constraints on the

generated frequencies, the intracavity power is sensitive to the cavity length on a

sub-wavelength scale [17]. Consider the situation illustrated in Fig. 4.2, where for

a conventional cavity with the same cavity length L0 for the signal and idler waves,

the signal and idler frequencies are symmetrically situated about degeneracy, ω3/2,

i.e. they line-up vertically in the figure. The idler frequency increases to the left, and

the signal frequency increases to the right. The cavity frequencies for L = L0 are

shown as solid red vertical lines. For a linear DRO, at L ≈ L0 +λ3/2 (both the signal

and idler cavity lengths increase by λ3/2) the cavity frequencies line up once more

symmetrically about degeneracy where the cavity frequencies are now dashed green
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vertical lines. The horizontal arrows show the direction that the cavity frequencies

move as the cavity length is increased by an amount λ3/2. Thus, the linear DRO

cavity is on resonance when the cavity length is changed by integer numbers of half

the pump wavelength. This is valid in the limit of a dispersionless cavity. The

DRO cavity has dispersion (PPLN and GaAs) and birefringence (PPLN), however

for picosecond-pulse OPOs the dispersion is small enough that aligning the cavity

frequencies at the center of the signal and idler spectra means that all frequencies

within the spectra are also aligned. This assumes the birefringence is compensated by

either the offset cavity design described in Sec. 4.2.1 or by using a second birefringent

crystal.

ω
3
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ω
2

ω
1

ω =
L = L

0 L = L
0 
+ (λ

3
/2)

Figure 4.2: Plot of the signal and idler frequencies for two separate cavity lengths, L0

and L0 + λ3/2. The cavity frequencies at L = L0 are solid red vertical lines and at
L0 + λ3/2 are dashed green vertical lines. The horizontal arrows show the direction
that the cavity frequencies move as the cavity length is increased by an amount λ3/2.

Unlike more common DROs where the signal and idler waves share the same cavity

(and thus a change in L affects the lengths of both the signal and idler cavities), in

the offset cavity, the signal and idler have separate cavity lengths primarily to offset

the birefringence of the PPLN and also to provide an independently controllable

delay for each cavity. If only the signal-cavity length is changed in this offset cavity

configuration (M2 is moved), the signal cavity is resonant for a given signal-frequency

component and the unchanged idler cavity is resonant for the corresponding idler-

frequency component every time the length is changed by an amount ∆L2 ≈ λ3. This
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corresponds to the case where only the signal frequencies in Fig. 4.2 (ω2 axis) move

to the right as the signal-cavity length increases by λ3. The idler cavity frequencies

will not move in response to an increase of the signal-cavity length (M2).

An important parameter for intracavity DFG, in addition to the intracavity signal

and idler powers, is the temporal overlap of the signal and idler pulses. To exam-

ine the dependence of the overlap on system parameters, the PZT attached to M2

was dithered, and the sum-frequency between the signal and idler was generated in a

second PPLN crystal outside the cavity. The signal and idler SFG process is also pro-

portional to the temporal overlap of the signal and idler pulses and is more convenient

to monitor than THz DFG. The SFG was measured as a function of the signal-cavity

length displacement, ∆L2. The SFG is measured outside the cavity (signal and idler

outcoupled at M7) in a second PPLN crystal at the same temperature as the PPLN

crystal in the OPO. The SFG provides a measure of both the temporal and spatial

overlap of the signal and idler waves. We concentrate in this chapter on the transverse

spatial overlap for this analysis. The effect of the temporal overlap of the signal and

idler pulses is discussed in Chap. 5.

A pyroelectric camera measured the transverse spatial profile of the signal and

idler beams that leaked through M8. A 30-cm focal length lens after M8 focused the

beams outside the cavity and produced an image of the spatial distribution of the

beams at a plane between M7 and M8. The cavity length was dithered by a triangle

waveform with a fundamental period of 10 seconds and peak-to-peak displacement of

1600 nm corresponding to a speed of 320 nm/s. The measured SFG signal is shown

in Fig. 4.3. The largest resonance features repeat after a displacement of 1175 nm

which is close to the value expected for a dispersionless cavity, λ3 = 1064 nm. These

features are labeled A and D. There are two intermediate resonance features as well,

labeled B and C.

Figure 4.4 shows the imaged signal and idler modes at cavity displacements A–D.

The largest SFG (as well as intracavity power) occurs when both the signal and idler

are Gaussian TEM00 modes. When either the signal or idler becomes a TEM01, the

SFG drops by 60–70%.

The beams are measured by a pyroelectric-array camera after M8, and a polarizer
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Figure 4.3: Extracavity SFG signal versus signal cavity-length detuning, ∆L2.

is used to project either the signal or the idler onto the pyroelectric array. The far-field

shapes of the vertically polarized idler and horizontally polarized signal are plotted

in Fig. 4.5(a) and (b), respectively. The idler beam is not azimuthally symmetric,

but a large proportion of the energy resides in the Gaussian TEM00 mode for both

the signal and idler.

When pumped many times above threshold, the gain is large enough that in

misaligned cavities higher-order modes such as the Gaussian TEM12 idler mode in

Fig. 4.6 can oscillate. The largest intracavity power occurred when the signal and

idler modes were TEM00.

Measured DRO thresholds were as low as 50 mW, and the total intravity average

power was greater than 120 W at certain cavity-length detunings. The DRO operates

over a broad range of both signal and idler cavity lengths. There is a certain pair

of lengths which minimize the threshold condition, and a different pair of lengths

which maximize the intracavity power. Figure 4.7 shows one such measurement of

the intracavity powers and pump depletion versus pump power with a 1-mm-thick

GaAs wafer placed between M6 and M7 where the beam size is approximately 1

mm (1/e2-intensity radius). At this position, the intracavity power is not limited by

thermal or Kerr lensing in the GaAs. The threshold pump power was less than 200
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Figure 4.4: Imaged DRO signal and idler modes for signal-cavity detunings corre-
sponding to points A, B, C, and D in Fig. 4.3.

mW, and at a pump power of 9.4 W, the signal and idler powers were 40 W and 60 W,

respectively. The pump depletion was 87%. The cavity length was dithered by the

PZT attached to M2, and the peaks of the bursts of oscillation were measured with

a calibrated InGaAs photodetector. The bursts are tens of microseconds long which

is long enough for the DRO to have reached its steady-state intracavity power levels

since the cavity lifetime is approximately 1/(loss · frep) = 400 ns for 5% round-trip

loss and frep = 50 MHz. Control over the cavity length to maintain stable operation

is discussed in Sec. 4.3.

4.2.3 DRO Intracavity THz Generation Design

In this section, a design procedure to maximize the average THz power is presented

for the doubly resonant synchronously pumped OPO including the limitations of

the intracavity power due to Kerr and thermal focusing inside the intracavity GaAs

crystal. This is similar to the procedure for the design of the THz power for the

singly resonant OPO case discussed in Sec. 3.5.3. System parameters including the

length of the GaAs crystal, the size of the optical beam in the GaAs, and the pump
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(a) (b)

Figure 4.5: Far-field beam shapes of the (a) vertically polarized idler and (b) and the
horizontally polarized signal.

power are chosen to maximize the generated THz power in a GaAs crystal of a given

optical absorption coefficient. The expressions for optical-to-THz conversion efficiency

defined in Sec. 2.2 are used to maximize the THz power with respect to crystal length,

beam size, and the absorption coefficient α. These three parameters will determine

the maximum intracavity power with an upper limit determined by the maximum

tolerable focusing of the resonant waves in the GaAs crystal while maintaining an

eigenmode in the SPOPO cavity.

For the DRO, we assume the intracavity signal and idler powers to be equal. The

strength of the Kerr focusing in the GaAs is larger in the forward direction than in

the backward direction since the signal and idler pulses overlap in GaAs during only

the forward pass in the “offset” cavity design described in Sec. 4.2.1 (Fig. 4.1). In

the forward direction, the approximate quadratic index of refraction profile for the

idler is n1(r) = n0 − (1/2)n2r
2 with a peak index, n0, and curvature, n2, of

n0 = n01 +
m

(π/2)1.5w2τfrep

(
P01,avg +

2

3
P02,avg

)
+
α (dn/dT )

4πkth

F (N) (P01,avg + P02,avg)

(4.1)

n2 =
4m

(π/2)1.5w4τfrep

(
P01,avg +

2

3
P02,avg

)
+
α (dn/dT )

πkthw2
(P01,avg + P02,avg) (4.2)



138 CHAPTER 4. THz GENERATION USING A DOUBLY RESONANT SPOPO

Figure 4.6: Far-field shape of resonant idler beam many times above the DRO thresh-
old in a misaligned cavity.
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Figure 4.7: Power levels of the DRO with 1-mm-thick GaAs wafer inside the cavity:
(a) Intracavity signal and idler average powers (b) Pump depletion.
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where F (N) = ΓE + ln (2) + 2 ln (N) − Ei (−2N2) as defined in Sec. 3.5.1. For

this chapter, the nonlinear refractive index is defined as m, instead of a more typical

variable name such as n2, to avoid confusion with the refractive index at ω2 as well

as the curvature of the index of refraction profile. In the backward direction n0 and

n2 are

n0 = n01 +
mP01,avg

(π/2)1.5w2τfrep

+
α (dn/dT )

4πkth

F (N) (P01,avg + P02,avg) (4.3)

n2 =
4mP01,avg

(π/2)1.5w4τfrep

+
α (dn/dT )

πkthw2
(P01,avg + P02,avg) (4.4)

where only the self-phase modulation terms are present in the Kerr-induced index of

refraction profile.

The curved mirrors surrounding the GaAs in the DRO in Secs. 4.2.2 and 4.2.4 have

radii of curvature of 50 cm. Those mirrors are replaced by mirrors with 1-m radii of

curvature for this section. This sets the signal and idler beam sizes to approximately

300 µm at the position in the cavity where the GaAs is placed. The signal and idler

pulses in the DRO are longer than the signal pulses in the SRO. We assume signal

and idler pulse widths of τ = 10 ps, which are perfectly overlapped in time inside the

GaAs. The characteristic shape of the pulses will be described both experimentally

and theoretically in Sec. 5.5.

The eigenmode of the linear DRO cavity is shown in Fig. 4.8 in the limit of

low intracavity power where there is negligle focusing in the GaAs. At lower powers

the beam profiles in the forward and backward directions are equal. At power levels

where focusing in the GaAs is no longer negligible, the beam size has two different

values at positions within the cavity due to asymmetric Kerr focusing in the offset

cavity configuration: one size in the forward direction and another in the backward

direction.

The signal eigenmode for P1 = P2 = 30 W is plotted in Fig. 4.9. For all subsequent

DRO mode calculations, it is assumed that P1 = P2, and the total intracavity power

is P1 +P2. The numerical values assumed for the calculation of the eigenmode plotted
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Figure 4.8: The 1/e2-intensity radius beam size in the linear DRO versus position
in the cavity, assuming negligible focusing in the GaAs. The beam profiles for the
forward and backward propagation directions are identical. The remaining system
parameters are in the text.

in Fig. 4.9 are GaAs-crystal length L = 5 mm, λ = 2128 nm, m = 1.5×10−17 m2/W,

α = 5 × 10−3 cm−1, (dn/dT ) = 2.13 × 10−4 K−1, kth = 52 W/(K-m), τ = 10 ps,

and frep = 50 MHz. The solid line is the beam profile when the pulses propagate

in the forward direction through the DRO cavity, and the dashed line is the profile

when they propagate in the backward direction. The inset shows the beam profile in

and around the GaAs crystal. The beam size in the GaAs is larger in the forward

direction than in the backward direction by approximately 3%.

Similar to Sec. 3.5.3 for the singly resonant SPOPO, the THz power generated in

the DRO will be calculated as a function of the GaAs optical absorption coefficient α,

length L of the GaAs crystal, and beam size w. The curvature of the index profile n2

is renamed κ for the rest of this section to avoid confusion with the refractive index

at frequency ω2. The asymmetry of the Kerr focusing due to signal and idler pulses

which overlap in the forward pass through the GaAs but not on the backward pass

is not included in this calculation. For simplicity we instead assume the worst case
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Figure 4.9: The 1/e2-intensity radius beam size in the linear-cavity DRO versus
position in the cavity for P1 = P2 = 30 W. The solid line is the beam profile when
the signal and idler pulses propagate in the forward direction in the cavity, and the
dashed line is the beam profile when they propagate in the backward direction. Inset:
the beam profile near the GaAs crystal showing two different beam sizes depending
on the direction of propagation. The remaining system parameters are in the text.

by taking the focusing in both directions to be equal to that in the forward direction.

The assumed parameters are THz frequency ωTHz, which determines the idler and

signal frequencies ω1 and ω2, respectively, as well as the THz absorption coefficient

αTHz. Additional input parameters are the optical pulse widths τ1 and τ2 which are

assumed to be equal, and a pulse repetition rate frep.

The optical-to-THz conversion efficiency is

ηTHz =
UTHz

U1

=
2ω3

THzd
2
eff

πε0c3n1n2∆n
a1(L) a2(L)h(L,w)U2(α,L,w). (4.5)

In terms of a ratio of average powers, the conversion efficiency, defined as PTHz/P1 is

ηTHz =
PTHz

P1

=
2ω3

THzd
2
eff

πε0c3n1n2∆nfrep

a1(L) a2(L)h(L,w)P2(α,L,w), (4.6)

and the generated internal THz average power (inside the GaAs crystal and before

the GaAs-air interface) is
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PTHz(α,L,w) =
2ω3

THzd
2
eff

πε0c3n1n2∆nfrep

a1(L) a2(L)h(L,w)P1(α,L,w)P2(α,L,w). (4.7)

Equations (4.5), (4.6), and (4.7), which are identical to Eqs. (3.39), (3.40), and

(3.41) in SRO Sec. 3.5.3, are repeated here for convenience.

The relationship between the beam size in the center of the intracavity GaAs lens

duct wd and the effective focal length of the GaAs crystal feff = (n2L)−1, which was

defined in Sec. 3.5.2, is

κL =
5.9× 10−7

w2
d

(4.8)

where κ is the curvature of the quadratic index of refraction profile in the GaAs duct,

and the numerator of the right-hand side is a fitting parameter which has units of

meters (see Fig. 3.20).

Assuming the sum of the Kerr and thermal focusing in the GaAs equals the cavity-

focusing limit described in Eq. (4.8) and assuming that P1 = P2 in the DRO, using

Eqs. (4.8) and (4.2) the DRO cavity-focusing limit is defined by

5.9× 10−7

w2
=

(20/3)mP1,max L

(π/2)1.5w4 τ1 frep

+
2αP1,max L (dn/dT )

π kth w2
, (4.9)

where P1,max is the maximum tolerable intracavity idler average power. Solving for

P1,max in Eq. (4.9), the maximum idler power as a function of α, L, and w is

P1,max(α,L,w) = 1.7× 10−7

(
frep τ1

mL

)[
1

w2
+

3

20

√
π

2

(
α frep (dn/dT ) τ1

mkth

)]−1

(4.10)

where m is the nonlinear refractive index, and the value 1.7×10−7 has units of meters.

The second term in the bracketed denominator of Eq. (4.10) is a ratio of the thermal

to Kerr properties of the system. As was mentioned in the THz design section for

the SRO (Sec. 3.5.3), it is interesting to note that for pulsed systems dominated by

thermal lensing, a compromise between α and frep exists where for a given α, frep can
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be decreased to increase the maximum intracavity pulse energy U1,max = P1,max/frep.

The pump power P3 and cavity losses A, assuming complete depletion of the

pump, required to generate intracavity power P1,max in Eq. (4.10) are related by

P1,max =
P3 ω1

Aω3

. (4.11)

The round-trip power losses for the idler wave are A = a0 + 2αL which is the sum of

background losses a0, due to imperfect mirror coatings and losses at the intracavity

polarizers, and optical absorption during both the forward and backward pass through

the GaAs crystal. The losses for the signal and idler waves are assumed to be equal.

The pump power required to reach the intracavity power P1,max (Eq. (4.10)) is

P3 = (a0 + 2αL)P1,max

(
ω3

ω1

)
. (4.12)

It will be shown later in this section that the case when the background losses are

equal to the absorption losses, a0 = 2αL, describes a reasonable compromise between

pump-to-THz conversion efficiency and the required pump power to reach the cavity-

focusing limit.

For the DRO, in the limit of loose focusing in the GaAs crystal, some useful

expressions for the THz power, intracavity power, and pump power defined in terms

of optical absorption coefficient α, crystal length L, and beam size w can be derived,

similar to those derived for the SRO in Sec. 3.5.3. For this analysis we rewrite Eq.

(4.9) as

Ccav

w2
= P1,max L

(
αCth

w2
+
CK

w4

)
, (4.13)

where Ccav = 5.9 × 10−7 (units of meters) describes the stability limit of the OPO

cavity due to focusing in the GaAs crystal, Cth = 2 (dn/dT )/(πkth) is a mate-

rial property characterizing the thermal properties of the DRO system, and CK =

(20/3)m/[(π/2)1.5τ1frep] characterizes the Kerr effect for a particular choice of pump

pulse properties for the DRO. Solving Eq. (4.13) for P1,max gives



144 CHAPTER 4. THz GENERATION USING A DOUBLY RESONANT SPOPO

P1,max =
Ccav

L(Cth α + CK/w2)
. (4.14)

For the DRO, both the idler and the signal maximum tolerable intracavity powers

are set by the cavity focusing limit and thus both are functions of L and w. This

differs from the SRO case where the power in only one wave is determined by the

cavity-focusing limit. Therefore, in the loose-focusing and short-crystal limit and

assuming P1 = P2 = P1,max, the internal THz power (power inside the GaAs crystal

and before the Fresnel reflection at the GaAs-air interface) becomes

PTHz = B

(
L2

w2

)
P 2

1,max, (4.15)

where the scaling coefficient B (identical to Eq. (3.52) for the SRO) is

B =
2ω2

THz d
2
eff

π1.5 ε0 c3 nTHz n1 n2 τ1 frep

. (4.16)

The expression forB comes from all of the terms in Eq. (4.7) preceeding the product of

the optical powers (P1P2), assumes a1, defined in Eq. (2.17), becomes L∆n/(
√
πcτ1)

in the limit of short crystals and long pulses, a2, defined in Eq. (2.32), becomes unity

for αTHzL << 1 (negligible THz absorption for short crystals), and h(ξTHz), plotted

in Fig. 2.5, becomes ξTHz = LλTHz/(2πnTHzw
2) for loose focusing, i.e. short crystals

and large beam sizes.

Substituting Eq. (4.14) into Eq. (4.15) yields the internal THz power

PTHz =
B C2

cav w
2

(Cth αw2 + CK)2
. (4.17)

For the DRO, this shows that the THz power is not a function of crystal length in

the short-crystal limit. Using Eq. (4.17) and solving for w when dPTHz/dw = 0, the

beam size which maximizes the THz power is

wmax =

√
CK

Cth α
, (4.18)

which turns out to result in Kerr and thermal lenses of equal strength. This condition,
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assumed in the SRO case but not explicitly shown to maximize the THz power for

the SRO, does in fact maximize PTHz for the DRO. Substituting Eq. (4.18) into Eq.

(4.17), the maximum THz power is

PTHz =
B C2

cav

4CKCth α
, (4.19)

and the corresponding intracavity idler power is

P1,max =
Ccav

2αLCth

. (4.20)

It is assumed for this DRO that P1,max = P2,max.

The pump power necessary to reach this intracavity power, assuming total losses

A = a0 + 2αL, is

P3 =
Ccav ω3

Cth ω1

(
1 +

a0

2αL

)
, (4.21)

and for absorption losses much greater than the background losses, 2αL >> a0, the

required pump power is

P3 →
Ccav ω3

Cth ω1

. (4.22)

In the more practical limit where the background loss is large compared to the ab-

sorption losses a0 >> 2αL, more likely in practice especially for short crystals, the

required pump power is

P3 →
Ccav a0 ω3

2Cth αLω1

. (4.23)

Equation (4.23) shows that the required pump power scales inversely with the length

of the GaAs crystal in the case of background-loss-limited operation.

If we assume an additional background loss which is length-dependent such as

scattering which occurs at the interfaces between the wafers of GaAs in an OC-GaAs

sample, the background loss becomes the sum of the fixed background losses af and

the length-dependent background losses βL such that a0 = af + βL. The necessary

pump power to reach the focusing limit of the cavity becomes
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P3 =
Ccav ω3

Cth ω1

(
1 +

af + β L

2αL

)
. (4.24)

In the limit that the scattering loss is small compared to the fixed background loss,

βL << af , the required pump power to reach the cavity-focusing limit is given by

Eq. (4.21) with a0 = af ; however, in the limit that the length-dependent background

losses are larger than the fixed background losses, βL >> af , the required pump

power is

P3 →
Ccav ω3

Cth ω1

(
1 +

β

2α

)
, (4.25)

which is again no longer a function of the length of the GaAs crystal, L, similar to

the case when absorption losses were much larger than background losses described

by Eq. (4.22).

Lastly for this loose-focusing short GaAs-crystal analysis, we can define the inter-

nal pump-to-THz conversion efficiency ηp as

ηp =
PTHz

P3

. (4.26)

Substituting Eqs. (4.21) and (4.19) into (4.26), ηp becomes

ηp =
B Ccav ω1

4CK α [1 + a0/(2αL)] ω3

. (4.27)

Equation (4.27) is the internal efficiency defined as the ratio of the THz power gener-

ated within the GaAs crystal to the pump power incident on the DRO; the external ef-

ficiency would require the THz Fresnel power-transmission coefficient TTHz = 1−RTHz

to be placed in the numerator where for normal incidence the THz power-reflection

coefficient at the GaAs-air interface is RTHz = [(nTHz − 1)/(nTHz + 1)]2.

For large values of the dimensionless quantity 2αL/a0, the round-trip cavity losses

are dominated by absorption losses, while when this quantity is small the background

losses dominate. The case of 2αL/a0 = 1, corresponds to the background losses

being equal to the absorption losses. The second dimensionless quantity in this anal-

ysis is ηp. As 2αL/a0 → 0, P3 → ∞ and ηp → 0; the pump power necessary to
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reach the focusing limit is infinite since the maximum tolerable intracavity power

approaches ∞ as αL → 0. Consequently, ηp tends to zero. In the other limit, as

2αL/a0 →∞, the required pump power to reach the cavity-focusing limit asymptot-

ically approaches P3 = (Ccav ω3)/(Cth ω1), and the internal pump-to-THz efficiency

asymptotically approaches ηp = (B Ccav ω1)/(4CK αω3). Plots of ηp and P3 versus

2αL/a0 for operation at the cavity-focusing limit are shown in Fig. 4.10, assuming

loose focusing in the GaAs crystal and short crystal lengths. The left vertical axis

is scaled by ηp,max = (B Ccav ω1)/(4CK αω3), and the right vertical axis is scaled by

P3,min = (Ccav ω3)/(Cth ω1).

The following is an example of how to use Fig. 4.10 and the preceeding loose-

focusing DRO analytical model (Eqs. (4.13)–(4.27)) to determine a0, α, and L for

given system parameters B, Cth, CK, and Ccav in order to generate a set internal

THz power using a set pump power with a corresponding efficiency ηp. To generate a

given THz power, the optical absorption coefficient, α, must be smaller than the value

determined by Eq. (4.19). This assumes operation at the cavity-focusing limit set

by thermal and Kerr-focusing in the GaAs crystal. The value 2αL/a0, the abscissa

of Fig. 4.10, is set to determine the required pump power (Eq. (4.21)) to reach this

desired THz power; the corresponding internal pump-to-THz conversion efficiency

ηp is given by Eq. (4.27). For the beam size w corresponding to operation at the

cavity-focusing limit (Eq. (4.18)), L should be chosen such that the optical beam is

loosely focused, h(ξTHz) ≈ ξTHz = LλTHz/(2πnTHzw
2) < 1. The required background

losses a0 to reach the desired pump-to-THz conversion efficiency is then determined

by the design values chosen for α, 2αL/a0, and L and solving for a0. For a given

THz power, a decent compromise between required pump power and pump-to-THz

conversion efficiency is 2αL/a0 = 1 (see Fig. 4.10), when the background losses equal

the absorption losses.

Consider the numerical example for the external generation of THz power (TTHz =

0.68) with the following parameters: ωTHz = 2π × 1.5 THz, deff = 29.3 pm/V, λ1 =

2139 nm, λ2 = 2117 nm, nTHz = 3.6, n1 = n2 = 3.33, m = 1.5 × 10−17 m2/W,

α = 5× 10−3 cm−1, (dn/dT ) = 2.13× 10−4 K−1, kth = 52 W/(K-m), τ1 = τ2 = 10 ps,

frep = 50 MHz, and background losses a0 = 0.5%. This corresponds to values of
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Figure 4.10: Plot of internal pump-to-THz conversion efficiency ηp (left vertical axis)
and required pump power P3 (right vertical axis), maintaining operation at the cavity-
focusing limit of the DRO, versus the round-trip absorption losses normalized to the
background losses 2αL/a0. Loose focusing and short crystal lengths are assumed,
and are shown in Fig. 4.14 to be the case in a full numerical optimization. For
2αL/a0 = 1, the absorption losses equal the background losses of the cavity. The left
vertical axis is scaled by ηp,max = (B Ccavω1)/(4αCK ω3), and the right vertical axis
is scaled by P3,min = (Ccavω3)/(Cthω1). The units of Ccav and Cth are m and m/W,
respectively.
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Cth = 2.6 × 10−6 m/W, CK = 1.0 × 10−13 m2/W, and B = 5.7 × 10−9 W−1. For

crystal lengths of L = 0.1, 1, and 10 mm, the intracavity signal and idler powers to

reach the cavity-focusing limit are P1,max = 2263, 226, and 23 W, respectively. The

pump powers necessary to reach the intracavity focusing limit are P3 = 23.2, 2.7, and

0.7 W, respectively, and the external THz power is a constant PTHz = 2.6 mW. This

corresponds to external pump-to-THz conversion efficiencies of TTHz ·ηp = 1.1×10−4,

9.6× 10−4, and 3.7× 10−3, respectively.

To summarize the DRO results for the case of loose focusing and short crystals

and assuming the intracavity power reaches the focusing limit of the cavity, the fol-

lowing key points have emerged from this analysis: The maximum THz power is not

a function of crystal length L and increases with decreasing optical absorption coef-

ficient, α. The THz power is maximized when the focusing strengths of the Kerr and

thermal lensing are exactly equal, which determines the corresponding optical beam

size, w ∝ 1/
√
α. The maximum tolerable intracavity average power scales inversely

with the product (αL), and the pump power necessary to reach this intracavity power

scales linearly with a0/(2αL) until the total round-trip losses are dominated by the

absorption losses, and then the required pump power is nearly constant with respect

to a0/(2αL).

The following numerical example, which calculates the generated external THz

power, does not assume loose focusing or short crystals, as in the analytical model

just described, but instead maximizes Eq. (4.7) with respect to α, L, and w using

Eqs. (4.7)–(4.12). We assume that the background losses are equal to the absorption

losses corresponding to the abscissa 2αL/a0 = 1 on Fig. 4.10 as a decent compromise

between pump power and pump-to-THz conversion efficiency (see Fig. 4.10). The

results of this numerical optimization will be compared to the corresponding numerical

results of the loose-focusing analytical calculation using Eqs. (4.13)–(4.27).

Substituting the expressions for the maximum signal and idler powers, P1,max =

P2,max defined in Eq. (4.10), into the expression for the THz power, Eq. (4.7), the

external THz power generated for the maximum allowable intracavity power can be

calculated as a function of α, L, and w. The calculations of external THz power

(after a Fresnel reflection at the GaAs-air interface, TTHz = 0.68) as a function of
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beam size w for GaAs-crystal lengths of 0.1, 0.5, 1, 2, and 3 mm are plotted in

Fig. 4.11 assuming the pump power required to reach P1,max and P2,max is available.

Assuming the background cavity losses are a0 = 2αL, the system parameters used

to calculate the THz power are the following: α = 5 × 10−3 cm−1, fTHz = 1.5 THz,

αTHz = 1.1 cm−1, deff = 29.3 pm/V, λ1 = 2139 nm, λ2 = 2117 nm, ∆n = 0.19,

τ1 = τ2 = 10 ps, (dn/dT )= 2.13 × 10−4 K−1, N = 4, kth = 52 W/(K-m), m =

1.5× 10−17 m2/W, and frep = 50 MHz.
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Figure 4.11: Calculated external THz power, numerical optimization, versus optical
beam size w for GaAs-crystal lengths of 0.1, 0.5, 1, 2, and 3 mm assuming α =
5× 10−3 cm−1 and the pump power required to reach the maximum tolerable signal
and idler average powers is available for each value of w and L. The remaining system
parameters are in the text.

Similar to the SRO analysis of Sec. 3.5.3, for a set absorption coefficient α and

crystal length L, there is an optimum beam size wopt which maximizes the generated

external THz power, PTHz,max, as can be seen from the five curves in Fig. 4.11. Of the
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five crystal lengths used for the calculations, the maximum THz power of 2.45 mW

occurred for the smallest crystal length L = 0.1 mm and smallest optimal beam

size wopt = 280 µm. In contrast to the SRO case where for a given α there was

also an optimal length Lopt which maximized the THz power, for the DRO the THz

power monotonically increases as the crystal length decreases. This is illustrated by

the solid curve in Fig. 4.12 where for α = 5 × 10−3 cm−1 and assuming operation

at w = wopt for each length L, PTHz,max is plotted with respect to length L for a

larger range of crystal lengths as compared to the five values assumed to calculate

the curves in Fig. 4.11. We define the nominal length Lnom as the length for which

PTHz,max is 90% of the value as L → 0, and the corresponding beam size is defined

as wnom. For the plot in Fig. 4.12 where α = 5 × 10−3 cm−1 this corresponds

to PTHz,max = 2.2 mW, Lnom = 1.7 mm, and wnom = 290 µm (solid curve). The

dashed curve is a calculation using the loose-focusing analytical expression for PTHz,

Eq. (4.19), where PTHz is constant with respect to L and assumes the same system

parameters as those used for the numerical optimization. In both curves, it is assumed

that 2αL/a0 = 1. There is excellent agreement between the numerical optimization

(solid curve) and analytical expression (dashed curve) at shorter crystal lengths, where

the loose-focusing assumption is valid.

This numerical optimization is performed over a range of α values to find PTHz,max(α),

and the corresponding nominal GaAs-crystal lengths and beam sizes in the GaAs,

Lnom(α) and wnom(α), respectively. The maximum external THz average power ver-

sus α, assuming the pump power is that which brings the intracavity signal and idler

average powers to the maximum tolerable values, is plotted as the solid curve in Fig.

4.13. The THz average power approaches 11.1 mW as α → 10−3 cm−1. In fact, the

THz power varies inversely with α with a power-law slope of -1. As opposed to the

SRO design discussed in Sec. 3.5.3, for the DRO the THz power does not asymp-

totically approach a nominal value as α → 0. Therefore, another system parameter

such as beam size w, crystal length L, or the smallest possible experimental value

of α for the GaAs crystal will place an upper limit on the THz power. The dashed

curve is a calculation using the loose-focusing analytical expression for external PTHz,

Eq. (4.19), which scales inversely with α. The system parameters assumed for the
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Figure 4.12: Calculated external (T = 0.68) THz power generated in the DRO versus
the length L of the GaAs crystal and operation at w(L) = wopt assuming α = 5×10−3

cm−1 and the pump power required to reach the maximum tolerable signal and idler
average powers is available. The solid line is a numerical optimization of Eq. (4.7),
and the dashed line is the result of the loose-focusing analytical model for maximum
THz power defined in Eq. (4.19). In both calculations, it is assumed that 2αL/a0 = 1.
The system parameters are in the text.
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numerical optimization are used in the analytical expression as well. In both curves,

it is assumed that 2αL/a0 = 1. There is excellent agreement between the numerical

optimization (solid curve) and analytical expression (dashed curve) over the entire

range of α values.
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Figure 4.13: The maximum external THz average power (after a Fresnel reflection at
the GaAs-air interface) generated in the DRO versus optical absorption coefficient,
α, assuming the pump power is that which brings the intracavity idler and signal
average powers to the maximum tolerable values P1,max and P2,max, respectively. The
THz power varies inversely with α with a power-law slope of -1. The solid line is a
numerical optimization of Eq. (4.7), and the dashed line is a calculation using the
loose-focusing analytical model for maximum THz power defined in Eq. (4.19). For
both calculations, it is assumed that 2αL/a0 = 1. The system parameters are in the
text.

The nominal length Lnom is plotted versus α in Fig. 4.14(a), and the correspond-

ing nominal beam size wnom in the GaAs crystal is plotted in Fig. 4.14(b) for the

numerical optimization (solid curve) and the loose-focusing analytical model (dashed

curve). As α goes to zero, Lnom asymptotically approaches a value of 1.9 mm and



154 CHAPTER 4. THz GENERATION USING A DOUBLY RESONANT SPOPO

the beam size wnom increases reaching a value of 630 µm at α = 10−3 cm−1. The

loose-focusing analytical expression for the beam size, Eq. (4.18), is plotted as the

dashed curve in Fig. 4.14(b). There is excellent agreement between the results of the

numerical optimization and the loose-focusing analytical model.

We will take the reference limit as a beam size of w0 = 500 µm, where effects

such as beam clipping by the finite aperture of the GaAs crystal due to the crystal

dimensions or the size of the optically transparent region of the crystal place this

upper limit on the beam size, w0. This reference point corresponds to values of

PTHz,0 = 7.4 mW, α0 = 1.5 × 10−3 cm−1, and L0 = 1.9 mm. At this point of

operation and assuming the background losses and absorption losses are equal, the

round-trip cavity loss is A0 = a0 +2α0L0 = 1.1×10−3 and background cavity losses of

a0 = 5.5×10−4 (0.055%). The intracavity idler and signal powers are P1,max = 385 W

and P2,max = 389 W, respectively, and the pump power is P3 = 0.85 W.

The corresponding THz efficiency terms are a1 = 0.07, a2 = 0.9, and h = 0.07,

defined in Eqs. (2.17), (2.32), and plotted in Fig. 2.5, respectively. At this reference

point, the ratio of the curvatures of the thermal and Kerr index of refraction profiles

(Eqs. (3.26) and (3.21), respectively) is κtherm/κKerr = 1.0, such that the thermal and

Kerr focusing strengths are equal. For both the SRO (κtherm/κKerr = 1.3) and DRO,

the calculations suggest that the maximum tolerable intracavity powers are those such

that the thermal and Kerr focusing strengths (determined by the curvature of their

respective index of refraction profiles) are nearly equal for the SRO and exactly equal

for the DRO. At this nominal operating point of Lnom = 1.9 mm, the effective focal

lengths of the thermal and Kerr lenses (defined in Eq. (3.38)) are both 100 cm. Since

these focal lengths are much larger than the nominal length of the GaAs crystal, the

GaAs lens duct can be modeled as a thin lens to a good approximation.

Assuming both the signal and idler intracavity powers have reached the focusing-

limited power levels, increasing the pump power or reducing the background losses has

no effect on the reference THz power of 7.4 mW. However, increasing the pump power

can compensate for background losses larger than the nominal value of a0 = 5.5×10−4

when the optical beam size is wo = 500 µm, such that the intracavity signal and idler

powers always reach the intracavity power limits set by focusing in the GaAs. Figure
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Figure 4.14: (a) Nominal GaAs-crystal length, Lnom, versus GaAs optical absorp-
tion coefficient α calculated by numerical optimization of Eq. (4.7), and (b) the
corresponding nominal optical idler-beam size in the GaAs crystal, wnom, versus α,
calculated by numerical optimization of Eq. (4.7) (solid curve) and using the loose-
focusing analytical model defined in Eq. (4.18) (dashed curve). In both cases, it is
assumed that 2αL/a0 = 1. The system parameters are in the text.
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4.15(a) plots the pump power P3 versus background loss a0 with the reference loss of

0.055% marked with a red dashed vertical line. In this case, the additional required

pump power scales linearly with background losses, and at a background loss of 1%

the required pump power to reach the cavity focusing limit P1,max = 385 W and

P2,max = 389 W is P3 = 8.2 W. Figure 4.15(b) plots the corresponding external THz

power versus background loss which is a constant 7.4 mW with respect to the changes

in a0 and P3 chosen to achieve intracavity powers at the focusing limit.

For the remaining portion of this section, experimental values of the sum of the

intracavity signal and idler average powers P1 + P2 versus the length L of the GaAs

crystal are compared to numerical calculations assuming typical experimental values

for parameters such as pulse width τ , beam size w, and absorption coefficient α.

Two cases are investigated: (i) the DRO cavity length is not dithered and (ii) the

DRO cavity length is dithered quickly such that the time between two DRO resonance

conditions is smaller than the thermal diffusion time across the signal and idler beams

in the GaAs crystal.

Numerical calculations of the focusing-limited maximum intracavity average power

versus GaAs-crystal length are plotted in Fig. 4.16 assuming α = 5 × 10−3 cm−1,

which is equal to the absorption coefficient of our best GaAs crystals, τ = 10 ps with

perfect temporal overlap of the signal and idler pulses, and w = 290 µm. The degree

to which the assumption of perfect temporal overlap is valid is discussed in Sec. 5.6.

The numerical calculations are the red solid lines with power-law slopes of -1, and

the measured data points are blue circles. Similar to Fig. 3.23 and the SRO power-

limitation calculation, the limit on the intracavity power set by the focusing in the

GaAs varies inversely with the GaAs-crystal length with a power-law slope of -1 for

a given α and w. Figure 4.16(a) plots the numerically calculated and experimentally

measured powers when Kerr-induced and thermally induced refractive-index profiles

are established; this is the case when the DRO length is not dithered and the intra-

cavity average power is constant with respect to time. Only the experimental results

from GaAs samples with absorption coefficients of ∼5× 10−3 cm−1 are plotted.

Similar to the SRO case shown in Fig. 3.23, the data points in Fig. 4.16 correspond

to operation of the SPOPO at varying signal and idler frequencies as a range of THz
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Figure 4.15: (a) Pump power required to maintain an intracavity power which reaches
the cavity-focusing limits, P1,max and P2,max, versus background loss a0. The reference
point of a0 = 5.5×10−4 is marked by a red dashed vertical line. (b) The corresponding
external THz power versus background loss a0. The reference point of a0 = 5.5×10−4

is marked by a red dashed vertical line.
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frequencies were being generated by the many GaAs samples as described in Sec.

3.5.2. The cavity loss varied between 5–10% for the measurements plotted in Fig.

4.16. Horizontal lines corresponding to cavity-loss limits of the intracavity power

for P3 = 9 W, pump depletion of 75%, and losses of 5% and 10% are plotted. The

minimum of the two limiting lines (cavity loss and focusing limits) is the maximum

intracavity power as a function of the GaAs-crystal length.

Figure 4.16(b) plots the numerically calculated and experimentally measured pow-

ers when Kerr-induced and reduced thermally induced refractive-index profiles are

established; this figure corresponds to the case when the cavity length is dithered at

a frequency and peak-to-peak dithering such that the time between DRO resonances

(Fig. 4.3) is smaller than the time it takes the deposited heat due to absorption

to diffuse across the optical beam, as defined in Eq. (3.28). For this dithered case,

the average thermally induced refractive-index profile is reduced to only 30% of the

no-dither case since the duty cycle of the waveform in Fig. 4.3 is 30%. Due to this

reduced thermally induced focusing in the GaAs, the theoretical upper limits on the

intracavity power due to focusing in the GaAs are 2.3× larger than the no-dither case

(Eq. (3.26)). The cavity-loss limits for the intracavity powers (solid horizontal lines)

is not a function of the dithering speed.

Experimentally, the cavity length was dithered while measuring the power trans-

mitted through one of the cavity mirrors. The measured power was larger than for

the case when the cavity length was dithered slowly or not at all. At shorter crystal

lengths, the intracavity power is limited by the loss of the DRO cavity where the

loss-limited intracavity power P1 + P2 with pump depletion PD is

P1 + P2 =
P3 PD

A
, (4.28)

where A is the total round-trip loss of the cavity and P3 is the incident pump power.

4.2.4 DRO Intracavity THz Experimental Results

In order to generate THz radiation, both polarizers were set to an angle of 51◦ which

equalized the round-trip losses for the signal and idler waves. This was done to
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Figure 4.16: The maximum allowed intracavity average power versus GaAs-crystal
length in a linear offset DRO cavity for two cases (a) Kerr-induced and thermally
induced index of refraction profiles for CW operation (no cavity-length dithering),
and (b) Kerr-induced and reduced thermally induced index of refraction profile due
to cavity-length dithering (reduced to 30% of the no-dither case). The numerical
calculations are the red solid lines, and the measured data points are blue circles.
The horizontal blue lines correspond to cavity-loss limits of 5% and 10% for a pump
power of 9 W and pump depletion of 75%. Additional values for the numerical
calculations are in the text.
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maximize the product of the signal and idler powers. Many GaAs samples were

used to generate THz radiation at frequencies between 0.5–4 THz, and Sample A

performed the best as was true for the SRO intracavity experiments. In Sec. 5.6,

numerical results from a time-domain SPOPO simulator are presented as well as a

discussion concerning the proper choice of round-trip cavity loss and parametric gain

in order to optimize the temporal overlap of the signal and idler pulses as well as the

generated THz radiation.

The total round-trip loss including GaAs Sample A was 22.4% (2.4% from mirrors

and PPLN, 12% from DB-GaAs, and 8% from two polarizers). In a first experiment,

rather than servo-lock the DRO to a resonance condition for the signal and idler

waves, we simply scanned one of the mirrors through a resonance at a 100-Hz rate

and measured bursts of oscillation with a duty cycle of 30%. During these DRO

bursts we generated 1 mW of average power at 2.7 THz from 8.5 W of pump power

corresponding to an optical-to-THz efficiency of 1.2 × 10−4 (quantum efficiency of

1.2%) [80], which was an increase of 21× over the SRO results with the same sample.

The independently controlled signal and idler cavity lengths were set such that the

temporal overlap of the signal and idler pulses was optimized for THz generation. A

description of the appropriate cavity lengths will be presented in the next chapter.

We found that the generated 1 mW of THz output power was within ±10% of theory

(Eq. (2.46)) for intracavity signal and idler powers of 10.2 W and 17 W, respectively.

The resonant enhancement for both waves was low, because the round-trip losses were

∼20%. At 8.5-W pump power and a measured pump depletion of 67%, the upper

limit on the intracavity power due to cavity losses of 20% is 28.5 W (Eq. (3.6)) in good

agreement with the measured intracavity power of 27.2 W. The DRO with sample

A operated in the loss-limited regime, and it produced more THz power than any

other GaAs sample. Typical THz average power values for all other GaAs samples

used were between 0.1-0.25 mW. More recent results suggest that the pulse shapes

are asymmetric and not well-overlapped in the time domain when operating several

hundreds of times above the DRO threshold. The shapes of the pulses are described

both experimentally and theoretically in Sec. 5.5.

The temperature of the PPLN crystal was varied to change the frequency splitting
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of the signal and idler, calculated from Fig. 3.1, and the THz power was measured by

a silicon bolometer. Phase-matching curves for Samples N and P are shown in Figs.

4.17(a) and (b), respectively, where the THz power was normalized to the product of

the signal and idler powers. The measured data points are plotted with Gaussian fit

functions (red solid curves) versus frequency. The phase-matching peak is normal-

ized to unity. The QPM periods are 660 µm and 1.06 mm with theoretical center

frequencies of 2.21 THz and 1.51 THz, respectively, calculated using Eq. (2.12). The

lengths of N and P are 1.65 mm and 7.95 mm with theoretical QPM spectral FWHM

values of 517 GHz and 158 GHz, respectively, calculated using Eq. (2.14) and as-

suming CW optical and THz fields. The measured center frequencies for Samples N

and P were 2.22 THz and 1.28 THz, which compares well to the theoretical values.

The measured spectral FWHM values were 700 GHz and 260 GHz, respectively. This

approach to measuring the THz QPM bandwidth where the signal and idler spectra

are scanned through the THz QPM peak is comparable to measuring the convolu-

tion of the optical bandwidth with the QPM bandwidth. The measured signal and

idler spectral FWHM were ∼200 GHz at each PPLN-crystal temperature. Assuming

Gaussian spectral lineshapes for both the optical and QPM bandwidths for analytical

convenience, the convolution of two Gaussians with spectral FWHM values ∆f1 and

∆f2 yields a Gaussian with a spectral FWHM ∆f3 given by

∆f3 =
√

∆f 2
1 + ∆f 2

2 . (4.29)

For optical bandwidths of 200 GHz (∆f1) and measured bandwidths of 700 GHz

and 260 GHz (∆f3) using this swept-temperature tuning technique, the actual QPM

bandwidths (∆f2), calculated using Eq. (4.29), were 670 GHz and 166 GHz. The

experimental QPM bandwidths compare reasonably well with the theoretical QPM

bandwidths of 517 GHz and 158 GHz, respectively.
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Figure 4.17: The measured THz power (data points) versus the frequency splitting
between the signal and idler for Samples (a) N and (b) P, normalized to the product
of the signal and idler powers, with Gaussian fits (red solid curves). This measure-
ment technique can be approximated as the convolution of the optical spectra with
approximate widths ∼200 GHz with the QPM peak with spectral FWHM defined in
Eq. (2.14).

4.3 DRO Cavity-Length Stabilization

The DRO power is sensitive to cavity-length changes on the nanometer scale as shown

in Fig. 4.3. In order to create a quasi-CW THz source where the intracavity average

power is constant, the cavity length which maintains resonance of both the signal and

idler cavity frequencies must be maintained. In this section we describe two ways to

accomplish this cavity-length stabilization: electronically and thermo-optically.

4.3.1 Electronic Stabilization

An electronic feedback system was developed which operated on the principle of

locking to the peak of a cavity resonance, similar to those shown in Fig. 4.3. If we

consider a simple Fabry-Perot cavity in a medium of refractive index, n, the intensity

transmission versus cavity length can be expressed as

IT
Ii

=
T 2

(1−R)2

1

1 + F sin2 (φ/2)
(4.30)
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where F = 4R/ (1−R)2 and φ = −2kL + 2φR is the round-trip phase taking into

account the propagation phase, 2kL, and the phase shift on reflection from two cavity

mirrors, 2φR. The intensity reflection coefficient of the mirrors is R. The cavity

transmission has multiple sharp transmission peaks after a normalized cavity length

change of ∆L = λ/(2n), as shown in Fig. 4.18, where the cavity length L is normalized

to the reduced wavelength in the cavity, λ/n. The calculation in Fig. 4.18 assumed a

value of R = 0.85 corresponding to values of cavity finesse for a passive Fabry-Perot

cavity similar to those measured for the doubly resonant SPOPO shown in Fig. 4.3.

A single feature in Fig. 4.3 is fit to a Lorentzian with a corresponding FWHM value.
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Figure 4.18: Transmission of a Fabry-Perot cavity with R = 0.85 versus cavity length
L.

An InGaAs photodetector measures the power which leaks out of the cavity (be-

hind mirror M7, Fig. 4.1) and produces a voltage signal which is proportional to

the leaked power. A crude method of maintaining the peak intracavity power is to

design an electronic feedback system which will actuate the PZT attached to cavity

mirror M2 to maintain a certain voltage at the output of the InGaAs detector. This

is a common way to regulate the voltage of a linear system. This does not work well

for controlling a Fabry-Perot cavity or a DRO near the peak, where the peak is at

∆L = 0, since the Airy function (solid curve of Fig. 4.19) is an even function with
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respect to ∆L. Therefore, all non-zero values of ∆L would correspond to an error

signal of the same sign, and the feedback loop would not be capable of distinguishing

whether ∆L increased or decreased.

The cavity-length stabilization scheme requires knowledge of the location of the

resonance peak relative to the current cavity length. The derivative of the Airy

function with respect to ∆L provides an odd function, Fig. 4.19. The abscissa

values are normalized to the reduced wavelength, λ/n, and is defined such that the

maximum intracavity power corresponds to ∆L = 0. The derivative of the Airy

function is positive for ∆L < 0, negative for ∆L > 0, and the derivative is zero at

∆L = 0. The goal of the locking scheme is to take the system from an initial state

where ∆L 6= 0 to the final state where ∆L = 0 by actuating the cavity length with a

PZT attached to M2.

By sinusoidally dithering the cavity length by only a few tens of nanometers at

frequency ωd, such that the modulation of the transmitted power is small compared

to the mean power, at an arbitrary ∆L the frequency component of the transmitted

power at ωd will have a magnitude determined by the derivative of the Airy func-

tion and a sign opposite that of ∆L. A demodulator circuit with a local oscillator

at frequency ωd can retrieve the sign of ∆L and with electronic gain and negative

feedback, a slow voltage signal (slow compared to ωd) is generated which actuates the

PZT and subsequently drives ∆L→ 0. The gain (typically defined as volts per nm of

length error) is fixed, independent of ∆L in a linear control system. The error signal,

though, goes to zero at ∆L = 0. At this point, the cavity length is locked such that

the intracavity power is maximized. This type of control loop is therefore called a

“dither-and-lock” system.

The small cavity-length dithering is a mechanism used to produce the derivative

of the Airy function i.e. the cavity transfer function. Dithering centers the transfer

function around ωd. Demodulation is necessary to bring the transfer function back

to baseband. After the demodulation occurs, the signal is conditioned according

to standard linear control theory. It is desirable to have large open-loop gain as

this determines how close to the peak the system can be locked, but it is even more

important to roll-off the gain (with increasing frequency) below unity before the phase
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Figure 4.19: The Fabry-Perot transmission (left ordinate values) and its normalized
derivative (right ordinate values) with respect to cavity-length displacement where the
intracavity power is maximized at zero displacement, and displacement is normalized
to the reduced wavelength, λ/n.
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of the feedback signal is within a designated phase margin, typically < −90◦ [94].

Figure 4.20 shows the schematic of the dither-and-lock negative feedback system.

The local oscillator is a function generator which provides a sinusoidal voltage at a

frequency of ωd = 2π × 80 − 100 kHz and 1-2 Vpp. If the system is locked to the

resonance peak and suddenly experiences a change in cavity length ∆L, the control

loop works as follows. The local oscillator signal is fed into a variable attenuator

circuit which determines the dither amplitude applied to the PZT. The attenuated

sinusoidal voltage waveform is added to a signal coming from “Gain Stage 2”, which

initially is zero at the exact moment the perturbation occurs.

Gain Stage 2 
& LPF

Cavity Mode
Piezo 

Driver/Amplifier

(DC Adjust)

Variable 
Attenuator

Local 
Oscillator

TT YYUUEE
Gain Stage 1 

& HPF

Phase-Shifter
Circuit

φ

Figure 4.20: The dither-and-lock feedback schematic.

The signal E is applied to the PZT amplifier which drives the PZT motion, signal

U . The length perturbation places the system at a position corresponding to a non-

zero value of ∆L as illustrated in Fig. 4.19. The transmitted power at frequency ωd
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is converted to a voltage by an InGaAs photodetector (not shown), signal T . Signal

T has a DC component corresponding to the position on the cavity mode (Airy

function), but it is the demodulated AC component at ωd which is used to lock the

cavity. The voltage waveform is sent through a high-pass filter (HPF) centered at

ωd and electronic gain is supplied producing signal Y which is cenetered at ωd. The

magnitude of Y contains information about the magnitude of the length perturbation,

and the phase of Y relative to the local oscillator indicates whether the cavity length

increased or decreased. For instance, if the cavity length increased then we can for

example assume that Y is in-phase with the local oscillator, but if the cavity length

decreased the slope of the cavity mode changes sign and Y is then 180◦ out-of-phase

with the local oscillator.

The local oscillator then serves its second purpose which is to demodulate Y . A

phase-shifter circuit is placed between the local oscillator and the demodulator to

cancel any fixed phase at ωd which is added to Y as a result of the previous electronic

and electro-optical components. The phase φ is set before operation, and it is not ad-

justed thereafter. The demodulator creates a baseband signal whose sign depends on

whether Y is in- or out-of-phase with the local oscillator, or more relevantly whether

the length perturbation increased or decreased the cavity length, respectively. The

baseband signal resulting from demodulating the AC signal enters Gain Stage 2. The

output signal of Gain Stage 2 contains the information about how much and in which

direction the cavity length has changed from the peak. In Gain Stage 2, the signal is

amplified and sent through a low-pass filter (LPF) whose corner frequency and roll-off

is chosen to ensure a satisfactory phase margin for the negative feedback loop. The

output of Gain Stage 2 is a voltage proportional to the change in the cavity length.

This voltage is added to the dither amplitude at the summing node with an explicit

minus sign shown to emphasize that the output of Gain Stage 2 is first inverted. The

inverted baseband signal can then be regarded as the necessary drive voltage to bring

the system back to ∆L = 0, i.e. the error signal E. The PZT begins to move the

cavity back to the peak of the cavity resonance.

The unitless open-loop gain of the feedback loop including the transfer function

of the Fabry-Perot cavity, detection and amplification circuits, and the PZT driver is
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the displacement of the PZT in response to a perturbation ∆L from ∆L = 0. In order

to calculate the open-loop gain many quantities and calibrations must be determined:

cavity finesse, average power at ∆L = 0, cavity mirror transmission, photodetector

responsivity and electronic loading, demodulator gain, any additional electronic gain,

PZT-amplifier gain, and PZT responsivity (nm/V). It is important to determine the

magnitude and phase of the open-loop gain as a function of frequency from DC to

ωd/2.

The feedback system requires a bandwidth which can correct for the quickest

transient perturbations the system will encounter, which for a Fabry-Perot cavity

can be mechanical vibrations, air currents, or slow thermal expansion of the optical

table. It is advisable to make sure ωd is at least 3× larger than the necessary closed-

loop bandwidth to allow stabilization of the length in the presence of noise. The

high-voltage PZT driver/amplifier was a Trek PZD350 M/S, and the PZT was from

Kinetic Ceramics, Inc. with a capacitance of 4.7 nF and a maximum displacement of

3 µm for an applied voltage of 700 V.

This locking system can be made out of discrete integrated circuit components.

The variable attenuator, gain stages, LPF and HPF, phase-shifter circuit, and sub-

traction node can be made from IC OP-AMPs, potentiometers, and variable capac-

itances [95]. A lock-in amplifier can serve as both the demodulator and the second

gain stage and LPF, but it was found that the phase-margin was reduced below that

possible with a high-speed analog integrated circuit multiplier microchip with a band-

width from DC to several MHz. The demodulator circuit that performed the best

was the Analog Devices AD630. Gain stages 1 and 2, and the HPF and LPF were

low-noise voltage preamplifiers from Stanford Research Systems (SR560).

The resonant features of a DRO are similar enough to the Airy function for a

Fabry-Perot cavity that the dither-and-lock scheme will lock the DRO cavity. The

DRO can be locked to many optical signals including the leaked intracavity power

signal or the pump power which is transmitted through mirror M6, but the best choice

for maximizing the THz signal would be to lock to the THz power directly. Unfor-

tunately, locking to the THz-detector voltage output is difficult since the bandwidth

of THz detectors is compromised when high sensitivity is required. A more sensitive
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detector or larger THz powers might enable locking to the THz voltage signal directly,

but in the current system we found it more convenient to lock to the power generated

at the pump frequency by extracavity SFG between the signal and idler outputs. The

temporal and spatial overlap of the signal and idler pulses as well as the signal and

idler average powers affect the SFG signal in the same manner as the THz signal,

since low-gain DFG and SFG scale similarly with respect to these parameters.
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Figure 4.21: Schematic of the dither-and-lock system for the doubly resonant SPOPO,
based on an error signal derived from the magnitude of extracavity SFG.
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With this system, the DRO was locked to the maximum SFG signal with and

without a GaAs crystal in the cavity. Figure 4.22 shows 30 minutes of data for both

an unlocked DRO and a locked DRO. A 1-mm-thick GaAs sample is in the cavity at

a position where the 1/e2-intensity radius of the beam is ∼900 µm. The intracavity

power for the unlocked DRO drifts from 80 W to 40 W, and the pump depletion

drifts from 80% to 35%. The locked DRO has a nearly constant intracavity power of

∼90 W with 85% pump depletion. The duration of locking was only limited by the

finite displacement of the PZT stack of ∼5 µm and the magnitude of the slow thermal

expansion of the optical table on which the SPOPO components were mounted.
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Figure 4.22: Plots of the DRO (a) intracavity average power for unlocked and locked
operation and (b) pump depletion for unlocked and locked operation over a period of
30 minutes.

The spatial modes of the signal and idler in the near-field were measured by the

extracavity imaging system, and found to be TEM00, Fig. 4.23, for operation under

closed-loop control.

The theoretical and experimental signal waveforms at four positions within the

dither-and-lock schematic are shown in Fig. 4.24(a) and (b), respectively. The four

curves are: channel 1 (yellow) is signal Y , channel 2 (turquoise) is the output of the

demodulator, channel 3 (magenta) is the output of Gain Stage 2 (LPF), and channel

4 (green) is the output of the phase-shifter circuit, referring to the designations given
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Figure 4.23: The reimaged signal and idler beam shapes of the locked DRO with
1-mm-thick GaAs wafer in the 300-µm focused waist. The source plane is at the
location of the intracavity GaAs crystal.

in Fig. 4.20.

The theoretical calculations generating the waveforms shown in Fig. 4.24(a) were

performed assuming the cavity is locked to the exact cavity resonance peak while the

experimental traces are captured while locked to within 1% of the peak SFG signal.

The theoretical and experimental traces are similar and display the correct operation

of the dither-and-lock control scheme. The local oscillator has a frequency of 1 kHz,

and since the peak of the Airy function can be approximated as a parabola, signal

Y oscillates at 2 kHz as expected. The output of the demodulator has frequency

components at 1 kHz and 3 kHz as expected since the demodulator is multipliying

the 1-kHz local oscillator and the 2-kHz signal at point Y . The DC-component of

channel 2 is passed by Gain Stage 2, and it is shown in channel 3 of the oscilloscope

traces. This is the baseband signal applied to the PZT amplifier input to actuate the

PZT.

Figure 4.25 shows the voltage waveform which is generated by Gain Stage 2 (see

Fig. 4.20) and applied to the PZT. It is a direct measure of the amount of cavity-

length perturbation the dither-and-lock system must correct. The cavity length had

fast transient behavior which the dither-and-lock system corrected, but the length

also increased on a longer time scale at an average rate of 5.82 nm/s due to the

thermal expansion of the optical table. It was confirmed that the cavity-length drift
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(a) (b)

Figure 4.24: The (a) theoretical and (b) experimental dither-and-lock signal wave-
forms at four positions within the control loop (Fig. 4.20). channel 1 (yellow) is signal
Y , channel 2 (turquoise) is the output of the demodulator, channel 3 (magenta) is
the output of Gain Stage 2, and channel 4 (green) is the output of the phase-shifter
circuit.

was due to thermal expansion of the optical table by measuring the change in the

temperature of the optical table surface, ∆T , using a thermocouple during this time

scan as well.

The coefficient of linear thermal expansion of the optical table, α, was calculated

according to

α =
1

L0

∆L

∆T
(4.31)

where L0 is the dimension of the optical table in the direction that the cavity length

expanded (since the SPOPO layout shown in Fig. 4.1 has an optical table footprint

which has a large aspect ratio), ∆L is the change in the cavity length during the

measurement, and ∆T is the change in temperature of the surface of the optical

table. The coefficient of linear thermal expansion calculated using Eq. (4.31) was

within 10-20% of known values for stainless steel of ≈ 10−5K−1.
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Figure 4.25: The displacement of the PZT over a period of 400 seconds of locked
operation using the dither-and-lock feedback circuit. The red line is a linear fit to the
PZT displacement with a slope of 5.82 nm/s.

4.3.2 Thermo-Optic Stabilization

The DRO intracavity power was also stabilized for > 30 minutes (only terminated

due to expansion of the optical table due to temperature changes in the room) by a

passive thermo-optic effect. This self-stabilization mechanism provides length-noise

suppression as has been demonstrated in CW DROs based on KTP [96] and AgGaS2

[97, 98]. In [99], a stabilized triply resonant oscillator (TRO) was demonstrated where

AgGaS2 was the stabilizing medium.

In a manner similar to the thermally induced focusing, signal and idler power

absorbed in the GaAs deposit heat resulting in an increase in the temperature of the

crystal, as described by the thermal components of the coefficient n0 in Eqs. (4.1)

and (4.3). Through the thermo-optic effect, this increase in the temperature of the

GaAs crystal causes an increase in the index of refraction. This temperature rise in

turn creates an increase in the optical path length of the GaAs, ∆n `. The reverse is

also true, where a decrease in power leads to a decrease in temperature which in turn

creates a decrease in the optical path length.
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To understand the origin of the thermo-optic stabilization, consider the simpler

case of a passive Fabry-Perot cavity containing a GaAs crystal. Take the length of

the cavity to be slightly longer than the length resonant with the wavelength of the

incident radiation (L > L0), and hence which maximizes the intracavity power P , so

that a decrease in cavity length (∆L < 0) increases the circulating power (∆P > 0)

as is illustrated in Fig. 4.26(a). For (dn/dT ) > 0, the optical path length of the GaAs

crystal will increase by ∆n ` as a result of the thermo-optically induced increase in

the refractive index of the GaAs. The increase in the optical path length in the GaAs,

∆n`, counteracts the contraction of the cavity ∆L resulting in thermo-optic negative

feedback to the net optical cavity length. On the other hand, for L < L0, ∆L < 0,

and therefore ∆P < 0, both the free-space path length of the cavity and the optical

path length of the GaAs crystal are decreasing, resulting in positive thermo-optic

feedback as shown in Fig. 4.26(b).
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(b)

L

L0

L0

Figure 4.26: Simple examples of (a) negative thermo-optic feedback when L > L0 and
∆L < 0 and (b) positive thermo-optic feedback when L < L0 and ∆L < 0 in a passive
Fabry-Perot cavity containing a GaAs crystal with a positive value for (dn/dT ).

Operation with the cavity length slightly longer than resonant with the wavelength

of the incident radiation provides stable operation while operation with the cavity
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length slightly shorter than resonant with the wavelength of the incident radiation

“runs away” from stability. This type of negative feedback does not adjust the cavity

length to that resonant with the wavelength of the incident radiation as the dither-

and-lock system does. The peak of the resonance is an unstable operating point, but

operation at a position close to the peak is possible as long as the thermo-optic gain,

which will be defined in the next few paragraphs, is large.

For a more rigorous explanation, we concentrate on the passive Fabry-Perot cavity

in Fig. 4.26. The cavity frequencies are

fc(L, T,m) =
m c

2 {L+ ` [n(T )− 1]}
m = integer (4.32)

where ` is the GaAs-crystal length and n(T ) is the refractive index of GaAs at tem-

perature T . The first order Taylor series expansion about L = L0 and T = T0 gives

a change in the mth cavity frequency of

∆fm(∆L,∆T ) =
−f0m

{L0 + ` [n(T0)− 1]}
[∆L+ ` (dn/dT ) ∆T ] (4.33)

where f0m = fc(L0, T0,m) ≈ c/λm. We assume the cold-cavity resonance (∆T = 0)

describing the intracavity power P versus frequency is a Lorentzian lineshape given

by

P =
Pmax

1 + (∆fm/β)2 . (4.34)

The frequency half-width half maximum (HWHM) is β. The cavity finesse, F , is

related to β by

β =
c

4F {L0 + ` [n(T0)− 1]}
. (4.35)

Substituting Eqs. (4.33) and (4.35) into (4.34) and defining normalized mirror

displacement and intracavity power variables
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P ′ =
P

Pmax

(4.36)

∆L′ =
∆L

λm
, (4.37)

the Lorentzian lineshape becomes

P ′ =

{
1 + 16F2

[
∆L′ +

` (dn/dT ) ∆T

λm

]2
}−1

. (4.38)

The change in temperature with respect to the intracavity power is

∆T =
αF (N)PmaxP

′

2πkth

, (4.39)

where F (N) is defined in Eq. (3.27) and is a function of the crystal radius normalized

to the optical-beam size. A normalized thermal “strength” term δ is defined as

δ =
αPmax ` (dn/dT )F (N)

2πkthλm
, (4.40)

where the sign of δ is determined by the sign of (dn/dT ). The final hot-cavity

(∆T 6= 0) resonance satisfies

P ′ =
[
1 + 16F2 (∆L′ + δ · P ′)2

]−1

(4.41)

where P ′ is obtained by solving Eq. (4.41) for each detuning ∆L′ = (L − L0)/λm.

Equation (4.41) has three major factors: (i) the cavity finesse F describes the cold-

cavity characteristics (ii) ∆L′ is defined as the change in the physical length of the

cavity due to a PZT displacement or a length perturbation and (iii) δ describes

the magnitude of the thermo-optic effect and hence its addition to or substraction

from the change in the optical path length in response to a change in intracavity

power. Another important feature of Eq. (4.41) is that the peak power occurs when

∆L′ = −δ.
The cavity resonance feature D in Fig. 4.3 has a Lorentzian HWHM of ≈ 45 nm
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corresponding to F = 12. For Pmax = P1 + P2 = 10 W, ` = 5 mm, λm = 2128

nm, α = 5 × 10−3 cm−1, (dn/dT )= 2.13 × 10−4 K−1, kth = 52 W/(K-m), and

N = 4 the thermal strength is δ = 0.031. The resonant wavelength is shifted by

−0.031× 2128 nm = -66 nm or 74% of the cold-cavity FWHM. The cold- (dashed

line) and hot-cavity (solid lines) resonances are plotted in Fig. 4.27 versus ∆L′.
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Figure 4.27: The cold-cavity resonance (dashed line) and the hot-cavity resonance
(solid line) for δ = 0.031 and F = 12. The remaining system parameters are in the
text.

Since the maximum power occurs when ∆L′ = −δ and δ ∝ Pmax, the hot-cavity

resonance leans further to the left as Pmax increases, until the slope on the left side

of the curve approaches ∞. At this point the hot-cavity resonance becomes bistable

as shown in Fig. 4.28 for the case where Pmax = 40 W.

We consider the example where ∆L′ decreases through this bistability and then

is made to increase tracing out a hysteresis loop of P ′ versus ∆L′. As ∆L′ decreases

the power increases linearly until it reaches Pmax (P ′ = 1) at which point the power

drops as positive feedback quickly pushes, due to a large δ value, the cavity length
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Figure 4.28: The hot-cavity resonance (solid line) for δ = 0.124 (Pmax = 40 W) and
F = 12 showing bistable operation. A hysteresis loop is traced as ∆L′ decreases
through the resonance and is then subsequently increased. The cold cavity resonance
is plotted as well (dashed line).
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away from the peak. At this point ∆L′ increases and positive feedback causes a power

spike as the power goes over the peak and down the negative-feedback side.

This effect can be modeled by general feedback theory [94] where the closed-loop

gain GCL with unity feedback gain (B = 1) is

GCL(ω) =
∆n `

∆L
=

A(ω)

1− A(ω)B(ω)
=

A(ω)

1− A(ω)
. (4.42)

GCL is the ratio of the change in GaAs optical path length (∆n `) in response to a

length perturbation ∆L with feedback. A is the forward-loop gain defined by the

ratio of (∆n`) to ∆L without feedback. A schematic of the thermo-optic feedback

loop is shown in Fig. 4.29. The length perturbation is ∆L, the output is the increase

in the GaAs optical path length (∆n `), and the error signal E = ∆L/(1− A) is the

total change of the optical path length of the cavity. The effect of the feedback is

to multiply the perturbation by 1/(1 − A) which is an attenuation for A < 0 as is

the case for negative feedback, and an amplification for 0 < A < 1 as is the case for

positive feedback, with a singularity at A = 1. This quantity describes how close to

L = L0 the optical path length will remain in the presence of noise sources. In the

limit of A→ −∞, GCL → −1, E → 0, and L remains at L0 even for finite ∆L.

Cavity Mode

(∆(∆n n l)l)EE∆∆LL
A(ω)

Figure 4.29: The thermo-optic feedback loop schematic with input perturbation ∆L,
output (∆n `), and total optical path length change of E = ∆L+ ∆n `.

The open-loop thermo-optic gain, A, is a function of position on the cold-cavity

resonance such that
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A(∆L′) = s(∆L′) · δ (4.43)

where s = dP ′/d∆L′ with δ = 0. A has extrema at the inflection points of the

cold-cavity resonance which occur at s = ±3
√

3F/2. The extrema of A are

A± = ±3
√

3F
2

δ (4.44)

where A− < 0 and A+ > 0 for (dn/dT )> 0. Extremum A− corresponds to negative

feedback and occurs at the positive detuning of ∆L′ = (4
√

3F)−1. Extremum A+

corresponds to positive feedback and occurs at ∆L′ = −(4
√

3F)−1. For GaAs sample

C with Pmax = 40 W, α = 5×10−3 cm−1, the maximum forward-loop gain is A− = −3.

For a length perturbation of ∆L′, the net optical path length change of the DRO

cavity is E = ∆L′/4.

The bandwidth of this process is determined by A(ω). The thermally loaded

DRO remains self-stabilized as long as the spectrum of the length perturbations falls

within the unity-gain bandwidth (largest frequency where |GCL| ≈ 1) of the thermal

self-stabilization process. This bandwidth depends on the time necessary to establish

a temperature profile in the GaAs given Gaussian heat sources and the geometry of

the crystal which for end-face-insulated GaAs cylinders is a function only of F (N)

(Eq. (3.27)).

Figure 4.30 shows the measured signal (top curves - channel 2), idler (middle

curves - channel 3), and extracavity signal/idler SFG (bottom curves - channel 1)

as the cavity length was modulated by a triangle wave (channel 4) with a peak-to-

peak displacement of 10 µm. The rising and falling sides of the triangle waveform

correspond to decreasing and increasing cavity lengths, respectively. The modulation

frequency of the dithering waveform in Figs. 4.30(a) and (b) are 80 Hz and 1 Hz,

respectively. The speed of the PZT was 1.6 mm/s and 20 µm/s, respectively. DB-

GaAs sample A was in the DRO cavity. Sample A has 6% single-pass loss due

mainly to optical absorption. The measured intracavity power at the peak was 3.5

W corresponding to δ = 0.26 and A = −8. The cavity fringes in Fig. 4.30(a)

are symmetric and have equivalent widths for both decreasing and increasing cavity
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lengths since the GaAs index changes too slowly compared to the speed of the PZT.

The fringes in Fig. 4.30(b) are elongated for decreasing cavity lengths, and they are

contracted for increasing cavity lengths due to negative and positive thermo-optic

feedback, respectively.

(a) (b)

Figure 4.30: The signal (channel 2), idler (channel 3), and SFG (channel 1) versus time
while the cavity length is dithered by a triangle waveform (channel 4) at fundamental
periods of (a) 80 Hz and (b) 1 Hz. GaAs sample A is inside the DRO cavity, and
Pmax = 3.5 W. The cavity fringes at the slower dithering speed are asymmetric due
to thermo-optic feedback.

A hysteresis loop, Fig. 4.31, was experimentally measured, and its shape compares

well to the theoretical calculation which is plotted in Fig. 4.28. The cavity length

was modulated 1.6 µm by a triangle waveform (channel 4) with a fundamental period

of 2 seconds. The speed of the dithering was 1.6 µm/s. GaAs sample C was inside

the DRO, and the measured extracavity SFG is plotted (channel 1). As the cavity

length decreases (increasing side of triangle), the SFG increases only slowly due to

negative feedback. Once the peak is reached, positive feedback forces the SFG to run

away towards zero. As the cavity length then begins to increase (decreasing side of

triangle), the SFG at a certain point spikes upwards as positive feedback forces the

SFG to run towards the peak. The cavity length continues to increase, and the SFG

begins to slowly decrease due to negative feedback once again. The SFG waveform is
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approximately quadratic as expected since the signal and idler each vary linearly with

displacement, and the SFG is proportional to the product of the signal and idler.

Figure 4.31: Hysteresis curve for thermally loaded DRO cavity with GaAs sample C.
Channel 1 (yellow) is the extracavity SFG waveform, and channel 4 (green triangle
wave) is the modulation waveform of the PZT where the increasing side corresponds
to a decreasing cavity length.

Figure 4.32 shows the 1.5-THz power measured by the DLaTGS detector (chopped

at 10 Hz) for a period of 90 seconds. The DRO cavity contained the 8-mm-long OC-

GaAs crystal (sample P) which simultaneously generated THz power and thermo-

optically stabilized the DRO signal and idler powers. Additional electronic feedback

can be used in conjunction with the thermo-optic self-stabilization to further suppress

length perturbations and to lock to a set THz power level.

Thermo-optic feedback can be a useful technique to stabilize the intracavity power

of doubly and triply resonant OPOs. A design can be made which intentionally

introduces a nominal amount of loss due to optical absorption in order to stabilize
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the power while minimally decreasing the cavity finesse.
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Figure 4.32: Thermo-optically stabilized DRO signal (2.116 µm), idler (2.14 µm), and
signal - idler DFG (1.5-THz radiation chopped at 10 Hz) measured waveforms for a
duration of 90 s. GaAs sample P was used to simultaneously generate THz radiation
and stabilize the DRO signal and idler powers.



Chapter 5

Doubly Resonant OPO

Performance Versus Cavity-Length

Detunings

5.1 Introduction

Synchronously pumped optical parametric oscillators have become widely used sources

of frequency-tunable high-peak-power light [78, 79]. In addition to investigations of

efficient frequency conversion, their use has spread to the fields of spectroscopy [100],

nonlinear microscopy [101], and frequency-comb generation [102]. DROs resonate

both the signal and idler waves which lowers the threshold but requires strict control

of the cavity length to achieve stable operation [103]. The high gain available in

SPOPOs reduces the importance of doubly resonant operation, so the vast majority

of research has been devoted to singly resonant SPOPOs, with higher thresholds but

much looser tolerances on control of the cavity length. For our purposes, doubly

resonant operation is important to enhance both waves involved in the intracavity

DFG of THz radiation. Theoretical investigations of singly resonant SPOPOs have

been performed [77], but have not been extended to the doubly resonant case.

We present in this section experimental and numerical results on a synchronously

pumped DRO which has been used for intracavity generation of tunable THz radiation

185
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[80, 72]. The signal and idler pulses are characterized as signal and idler cavity lengths

are varied independently over a range of several millimeters. We identified a region

where oscillation occurs but is split into a first section with large temporal overlap of

the signal and idler pulses and a second section with small overlap. We also identified

cavity-length detuning regions where oscillation is not allowed due to back-conversion

of the signal and idler photons to pump photons.

The temporal width, overlap, and separation of the intracavity signal and idler

pulses is calculated for multiple values of nonlinear coefficient and PPLN-crystal

length. For certain values of the aforementioned parameters, the intracavity signal

and idler pulses have widths that are slightly larger than the pump pulse width and

nearly perfectly overlapped. A scheme to engineer the optimal temporal overlap of the

intracavity pulses for intracavity mixing processes without affecting the parametric

gain in the OPO gain material is presented.

5.2 Experimental Setup and Numerical Simulator

Description

A schematic of our experimental setup is shown in Fig. 5.1. The 6-m-long (round

trip) OPO cavity was pumped by a 1064-nm mode-locked laser with pulse duration

τ3 = 8 ps (Gaussian 1/e2-intensity half width) and repetition rate frep = 50 MHz.

The OPO gain medium was a PPMgLN crystal of length Lp = 10 mm designed for

Type-II QPM (Λg = 14.1 µm) so that the signal and idler fields were orthogonally

polarized. The pump beam size was 30 µm (1/e2-intensity radius) at the center of

the PPLN crystal, and the signal and idler beam sizes were 57 µm (1/e2-intensity

radius). The signal and idler frequencies were tuned to a frequency difference of

1.5 THz (Tp = 85◦C). All cavity mirrors were highly transmissive at 1064 nm and

highly reflective (> 99.9%) at 2128 nm. Two thin-film polarizers (TFPs) and two

sets of end mirrors separated and subsequently recombined the signal and idler pulses

with time delays chosen such that back-conversion was avoided upon the return trip

through the PPLN crystal while maintaining synchronicity with the pump pulses after
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a complete round trip (see Sec. 4.2.1).

PPLN
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/2∆L
1 
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Figure 5.1: Experimental setup of the doubly resonant SPOPO. TFP: thin film po-
larizer.

The SPOPO design allowed independent control of the signal and idler cavity

lengths leading to control of the arrival of the signal and idler pulses with respect to

the pump pulse at the entrance face of the gain medium. M2 and M4 were mounted

on motorized translation stages that controlled the signal and idler cavity lengths,

respectively. The motorized displacements of M2 and M4 introduce round-trip cavity-

length detunings, ∆L2 and ∆L1, respectively, where an increase in cavity length

corresponds to positive detuning values. We define the cavity lengths that minimize

the DRO threshold power as L02 and L01 where by definition ∆L2 = ∆L1 = 0

and define detunings according to ∆L2 = L2 − L02 and ∆L1 = L1 − L01. We define

normalized delays for the signal and idler as ∆T2 = ∆L2/(c τ3) and ∆T1 = ∆L1/(c τ3),

respectively.

We perform numerical simulations where propagation through the PPLN crys-

tal is calculated using a symmetric split-step Fourier method [104, 71] described

in Sec. 2.4.2 that includes three-wave mixing, group-velocity mismatch (GVM),

group-velocity dispersion, self-phase modulation (SPM), and cross-phase modulation

(XPM). We assumed the three waves to be Gaussian TEM00 modes and used the

position-dependent complex corrections to the nonlinear coupling terms defined in
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Sec. 2.4.1. The slowly varying electric-field envelopes at the output of the PPLN

crystal are Ej(Lp, t). Loss and detuning operators are applied, and the pulses are

then sent into the PPLN crystal with a new pump pulse. The fields at the beginning

of the crystal are

E1(0, t) = (1− A1/2)E1(Lp, t−∆L1/c) (5.1)

E2(0, t) = (1− A2/2)E2(Lp, t−∆L2/c) (5.2)

where Aj is the round-trip power loss due to imperfect dielectric coatings and absorp-

tion losses in the PPLN crystal, with a value of 4.5%. The cycle is iterated until the

percent change in the energy in the signal and idler pulses for two cavity round trips

is below a set convergence criterion. Such simulations were performed over a wide

range of ∆L1 and ∆L2.

5.3 Temporal Characterization Setup

Two extracavity SFG processes are used to characterize the shape and delay between

the signal and idler pulses outcoupled through mirror M7 (Fig. 5.2) as ∆L1 and

∆L2 are varied. Both processes occur in a 5-mm-long PPMgLN crystal with the

same poling period as the PPLN crystal in the OPO. It is AR-coated for the pump,

signal, and idler frequencies. A shorter crystal length was chosen to ensure a large

phase-matching bandwidth. This means that the birefringence of the PPLN crystal

would introduce a negligible amount of delay between the pump, signal, and idler

pulses as they propagate through the crystal, important for accurate characterization

since any added delay would influence the temporal overlap measurement. The cal-

culated acceptance bandwidth following Eq. (3.3) is approximately 650 GHz, while

the measured signal and idler bandwidths are between 100-200 GHz.

The first extracavity SFG process is between the signal and idler pulses of the

DRO which generates a pulse at the pump frequency ω3 = ω1 + ω2, hereafter called

the pump-SFG process. This is the reverse process of the down-conversion which
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occurs within the PPLN crystal in the DRO cavity. The energy in the pulse at ω3 is

a function of the energies and the temporal overlap of the signal and idler pulses. In

the limit that the signal and idler pulses are separated by several pulse widths, τ , the

SFG signal is zero. When the signal and idler pulses are the same width and perfectly

overlapped, the SFG signal is maximized for given pulse energies. The schematic in

Fig. 4.21 shows how the signal and idler pulses are extracted at mirror M7 and

mix within the second PPLN crystal. The SFG power is measured with a silicon

photodetector. A narrow band-pass filter centered at 1064 nm with a FWHM of

approximately 2-3 nm is placed just before the detector, which ensures the measured

power is at 1064 nm and not the low-power second harmonic of either the signal or

the idler. Such spectral selection, to distinguish SFG from SHG, requires operation

away from the degenerate frequency.

A second extracavity SFG process is coincidentally but conveniently phase-matched

by the PPLN crystal with Λg = 14.1 µm. It is SFG between the pulses near λ = 2 µm

and the pump wave to make pulses in the visible (red). This SFG process is hereafter

called the red-SFG process to distinguish it from the pump-SFG process. The red

frequency generated by SFG between the idler and the pump is ω4 = ω1 + ω3. The

red frequency generated by SFG between the signal and the pump is ω5 = ω2 + ω3.

Since ω1 ≈ ω2, the two red freqencies are nearly equal, ω4 ≈ ω5. The phase-matching

occurs for fields polarized along the ŷ-direction of the PPLN crystal (o-waves) access-

ing the d22 nonlinear-optical coefficient. The SFG efficiencies were large enough to

easily detect the red pulses with a fast silicon photodetector despite the PPLN d22

coefficient being much smaller than the d33 coefficient.

This red-SFG process was used to individually measure the cross-correlation be-

tween the signal and idler pulses with a portion of the pump pulse picked off before

the OPO cavity. A schematic of the cross-correlation experiment is shown in Fig.

5.2. For the case of the red-SFG process between horizontally polarized signal and

pump pulses, the signal pulse is outcoupled at M7. The pump pulse is split into two

pulses; one pulse goes to the DRO, and the other goes to a delay stage. The signal

and pump pulses are incident on the 5-mm PPLN crystal after the beam combiner.

The red pulse is generated in the PPLN, and the non-red light is filtered out. An HR
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1-µm filter reflects the pump light, an HR 2-µm filter (one of the DRO cavity mirrors)

reflects the signal light, and a GaSe filter absorbs the parasitic second harmonic of

the pump (green) but transmits the red pulse.
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Figure 5.2: Schematic of the pump cross-correlation experiment. Two wire-grid po-
larizers are used to rotate the polarization of the vertically polarized idler wave. The
wire-grid polarizers are not present for SFG between the horizontally polarized signal
and the pump.

For the red-SFG between the idler and pump, the idler polarized along the PPLN

ẑ-direction requires a rotation of 90◦ to make it co-polarized with the pump for Type-0

SFG (o − oo) in the extracavity PPLN crystal. This rotation is accomplished by

passing the idler pulse through two wire-grid polarizers. The first polarizer is oriented

at +45◦ to the vertical, and the second is oriented in the vertical (0◦) direction, for

an overall throughput of 25% from the vertical input to the horizontal output.

The temperature-tuning curve for the red-SFG process is shown in Fig. 5.3. The
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temperatures for phase-matching the SFG processes in the extracavity PPLN crys-

tal are plotted versus temperature of the intracavity OPO crystal (which controls

the wavelengths of the generated signal/idler pair). The SFG phase-matching tem-

perature for the signal and idler are the solid and dashed lines, respectively. For a

temperature of 85◦C for the PPLN crystal in the DRO, the cross-correlation of the

signal with the pump is phase-matched at an extracavity PPLN temperature of 77◦C.

The cross-correlation of the idler with the pump is phase-matched at an extracavity

PPLN temperature of 156◦C.
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Figure 5.3: The temperature-tuning curve for the red-SFG processes. The phase-
matched SFG temperatures are plotted versus the temperature of the PPLN crystal
in the DRO.

5.4 SFG Intensity Cross-Correlation Theory

In this section, an expression of the average power generated by the extracavity red-

SFG mixing process between the signal and pump pulses is calculated as a function

of delay T between the pump pulse with respect to the signal pulse. The results show
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that the measured SFG average power versus delay T is a cross-correlation between

the two input pulses.

The nonlinear differential equations for SFG assuming undepleted signal and pump

fields, CW plane-wave fields, and ∆k = 0 are

dE2

dx
= 0 (5.3)

dE3

dx
= 0 (5.4)

dE4

dx
= −iκ4E2E3. (5.5)

The signal E2(t) and delayed pump pulse E3(t− T ) are

E2(t) = E02 f(t) (5.6)

E3(t− T ) = E03 g(t− T ) (5.7)

where f(t) and g(t−T ) are the temporal envelopes of E2(t) and E3(t−T ), respectively,

with maximum values normalized to unity. The field amplitudes of the signal and

pump pulse envelopes are E02 and E03, respectively. The pulses are defined in a

time frame traveling with the pump pulse, pump local time t. The effects of group-

velocity mismatch and group-velocity dispersion are ignored since the extracavity

PPLN-crystal length is assumed to be small compared to the walk-off and dispersion

lengths of the pulses. Experimentally this is true since the length of the PPLN crystal

used for extracavity SFG measurements is 5 mm.

Substituting Eqs. (5.6) and (5.7) into Eq. (5.5) and integrating from x = 0 to

x = L, the envelope of the SFG pulse versus delay T of the pump pulse at the output

of the PPLN crystal is

E4(t, T ) = −iκ4E02E03 Lf(t) g(t− T ). (5.8)

The fluence of the SFG pulse versus T is
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F4(T ) =
1

2
n4 c ε0 κ

2
4 |E02|2|E03|2L2

∫ ∞
−∞
|f(t) g(t− T )|2dt

=
1

2
n4 c ε0 κ

2
4 |E02|2|E03|2L2

∫ ∞
−∞
|f(t)|2 |g(t− T )|2dt. (5.9)

The fluence of the red-SFG pulse versus delay of the pump pulse T , F4(T ), is

proportional to the cross-correlation of the intensities of the signal and pump pulses.

The integral in Eq. 5.9 is called the intensity cross-correlation, A(2)(T ) [105]

A(2)(T ) =

∫ ∞
−∞
|f(t)|2 |g(t− T )|2dt. (5.10)

Assuming a Gaussian beam of 1/e2-intensity radius w for the red-SFG beam, the

energy of the red-SFG pulse U4(T ) is

U4(T ) =

(
1

4
π w2 n4 c ε0 κ

2
4 |E02|2|E03|2L2

)
A(2)(T ), (5.11)

and for a train of signal and pump pulses at a repetition rate frep such as those

produced by our SPOPO and pump laser, respectively, the average power of the

red-SFG pulse train P4 versus delay T is

P4(T ) = frep U4(T ) (5.12)

=

(
1

4
π w2 frep n4 c ε0 κ

2
4 |E02|2|E03|2L2

)
A(2)(T ). (5.13)

This description of the red-SFG process as the intensity cross-correlation of general

pump and signal pulses, leading to the SFG average power given in Eq. (5.13), is

valid for the pump-SFG process as well where signal and idler pulses with delay T

between them generate a pump pulse at ω3, Figs. 4.21 and 5.4(b). In those cases,

the intensity cross-correlation is used to provide a quantitative measurement of the

temporal overlap of the signal and idler pulses.
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5.5 Comparison of Experimental and Numerical

Results

The sum of the signal and idler average powers was experimentally monitored as ∆T2

and ∆T1 were scanned between -0.8 (-6.4 ps of delay corresponding to -1.92 mm of

cavity-length detuning) and 0.8 (6.4 ps of delay corresponding to 1.92 mm of cavity-

length detuning) (Fig. 5.4(a)) creating a “detuning map”. Cavity mirror M8 (inset

of Fig. 5.2) was mounted atop a PZT micro-positioning stage which dithered both

the signal and idler cavity lengths by several micrometers at a frequency of 20 Hz

resulting in bursts of DRO oscillation. The peaks of the bursts were measured with

an InGaAs photodetector monitoring the total outcoupled signal and idler powers as

a measure of the intracavity power, and the pump-SFG was measured with a fast

InGaAs photodetector as well.

The minimized experimental DRO threshold was 50 mW, which was measured at

cavity-length detunings corresponding to the origin of Fig. 5.4(a), and the numerically

calculated threshold was 10 mW. Measurement of the threshold of the synchronously

pumped DRO involved optimizing the signal-cavity length with respect to intracavity

power while dithering the idler-cavity length approximately 4 µm corresponding to

4 cavity fringes. The accuracy of the DRO threshold measurement decreases if the

dithering speed is too large such that the DRO cannot reach steady-state during the

time the cavity is on resonance. As the pump power decreases so does the single-

pass gain for the signal and idler waves as described in Eq. (2.92). At pump powers

near threshold the time necessary to reach steady-state oscillation was measured to

be between 0.1–1 ms. Therefore, the threshold is best measured by either dithering

the cavity length at speeds less than ∼100 pm/s or slowly scanning near a cavity

resonance by hand.

At a pump power of 9 W, oscillation was observed in quadrants II and IV as shown

in Fig. 5.4(a), where the signal and idler were detuned in opposite directions and

∼100 W of average intracavity power was obtained. For the most part, oscillation

was not observed when operating in quadrants I and III, where the cavity-length

detunings have the same signs. Only for ∆T2 and ∆T1 values near zero, |∆T | < 0.05,
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does oscillation occur for detunings corresponding to points in quadrants I and III.

We find that the largest temporal overlap of the signal and idler pulses occurs

in quadrant II of Fig. 5.4(b) corresponding to a signal-cavity length shorter than

that at DRO threshold and an idler-cavity length longer than that at DRO threshold.

This can be explained by the birefringence of the intracavity PPLN crystal, where

the idler group velocity u1 is larger than the signal group velocity u2 (u1 = 0.460 c,

u2 = 0.443 c, and u3 = 0.436 c). For ∆T detunings corresponding to operation in

quadrant II of Fig. 5.4, the idler pulse lags the signal pulse before entering the PPLN

crystal as shown in Fig. 5.5(a). Earlier times correspond to smaller values of t in

Fig. 5.5. Upon exiting the PPLN crystal, the signal and idler pulses have a large

temporal overlap since in the PPLN the idler group velocity is larger than the signal

group velocity so that it catches up to the initially advanced signal pulse. For ∆T

detunings corresponding to operation in quadrant IV of Fig. 5.4, the idler pulse leads

the signal pulse before entering the PPLN crystal as shown in Fig. 5.5(b), and the

separation of the pulses increases with propagation through the PPLN crystal. Upon

exiting the PPLN crystal, the temporal overlap is reduced from that at the input of

the crystal.

The results of the numerical simulation are plotted in Figs. 5.4(c) and 5.4(d), and

we find good agreement between experimental results and numerical simulations if

we rescale the nonlinear coefficient by a factor of 0.45, chosen to make the theoretical

and experimental threshold pump powers agree. This factor may be required to com-

pensate for biases in determining the threshold power, arising from the measurement

difficulties described earlier in this section. The maximum values in Fig. 5.4(a) and

Fig. 5.4(c) are 95 W and 39 W, respectively, with a difference owing to the differ-

ent absolute pumping levels. The largest values in Fig. 5.4(b) and Fig. 5.4(d) are

normalized to unity.

In Figs. 5.6(a) and 5.6(b), we plot experimentally measured and numerically calcu-

lated cross-correlations of the signal and idler pulses with the pump pulse (red-SFG

process). The signal and idler pulse widths can be substantially longer than the

pump pulse (τ3 = 8 ps) due to nonzero detunings, low loss, and operation many times

above threshold [77, 106]. Figure 5.6(a) plots the experimentally measured (circles
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Figure 5.4: (a) Experimental measurement of the sum of the signal and idler intra-
cavity average powers versus cavity-length detunings at a pump power of 9 W. The
maximum intracavity power is 95 W. (b) Experimental measurement of extracavity
SFG between the signal and idler pulses versus cavity-length detunings at a pump
power of 9 W, with the maximum of the SFG power normalized to unity. (c) Calcula-
tion of the sum of the signal and idler intracavity average powers versus cavity-length
detunings at a pump power of 1.8 W. The maximum power is 39 W. (d) Calculation
of the extracavity SFG between the signal and idler pulses versus cavity-length detun-
ings at a pump power of 1.8 W, with the maximum of the SFG power normalized to
unity. The calculations were performed at 1.8-W pump power to maintain a similar
times-above-threshold operation between the experiment and calculation. ∆T = 1
corresponds to a temporal delay of 8 ps.
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Figure 5.5: The Gaussian idler pulse (red curve) with group velocity u1 in the PPLN
and Gaussian signal pulse (blue curve) with group velocity u2 in the PPLN versus
time, before and after the OPO PPLN crystal. (a) Operation in quadrant II of Fig.
5.4 where the idler pulse lags the signal pulse before entering the PPLN crystal. The
temporal overlap is large upon exiting the PPLN crystal. (b) Operation in quadrant
IV of Fig. 5.4 where the idler pulse leads the signal pulse before entering the OPO
PPLN crystal. The temporal overlap is small upon exiting the PPLN crystal.

and squares) and numerically calculated (solid and dashed lines) signal and idler

cross-correlations with the pump, respectively, normalized to unity. The normalized

detunings for the experiment and simulation were ∆T2 = −0.18 and ∆T1 = 0.1. This

corresponds to a point in quadrant II of the detuning map where the temporal overlap

is large. Also, the signal pulse leads the idler pulse as expected given the signs of

∆T2 and ∆T1. Figure 5.6(b) plots experimental and numerical data at a point in

quadrant IV where the intracavity power is large, but the temporal overlap is small.

The normalized detunings were ∆T2 = 0.17 and ∆T1 = −0.1. The idler pulse now

leads the signal pulse again in agreement with the signs of the detunings, and it can

be seen that the temporal overlap is smaller. Since the signal and idler detunings have

opposite signs, the tails of the signal and idler pulses extend in opposite directions.

These steady-state pulse shapes result from a cycle which repeats on every round trip,

where the cavity-length detunings temporally separate the signal and idler pulses, but

the three-wave mixing with the pump in the PPLN amplifies the pulses near t = 0,

when all three pulses temporally overlap, bringing the pulses closer together.
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Figure 5.6: At an experimental pump power of 9 W and numerical simulation pump
power of 1.8 W (a) experimentally measured (circles and squares) and numerically
calculated (solid and dashed lines) signal and idler, respectively, cross-correlations
with the pump pulse at detunings of ∆T2 = −0.18 and ∆T1 = 0.1 (quadrant II of
Fig. 5.4), and (b) detunings of ∆T2 = 0.17 and ∆T1 = −0.1 (quadrant IV of Fig.
5.4). For all eight curves the maximum values are normalized to unity.
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On the other hand, operation in quadrants I and III corresponds to signal and

idler pulses with tails which extend in the same direction leading to a large temporal

overlap. Due to the large peak powers of the pump and intracavity signal and idler

pulses, the signal and idler pulses would experience several cycles of amplification and

back-conversion with the pump pulse in a single-pass through the PPLN crystal. At

these power levels, stationary signal and idler pulses could not form, hence oscillation

is not observed in quadrants I and III.

Figure 5.7 shows the experimentally measured cross-correlation traces for the

signal and idler pulses at normalized cavity-length detunings of ∆T2 = −0.04 and

∆T1 = 0.13 (quadrant II of Fig. 5.4). As expected, given the negative value of ∆T2

and positive value of ∆T1, the signal pulse leads the idler pulse. Also, the tail of

the idler pulse is much larger than the tail of the signal pulse as expected since the

cavity-length detuning of the idler cavity is more than 4× larger than the cavity-

length detuning of the signal cavity. The temporal overlap is larger than that shown

in Fig. 5.6.
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Figure 5.7: The experimentally measured cross-correlation traces for the signal and
idler pulses at normalized cavity-length detunings of ∆T2 = −0.04 and ∆T1 = 0.13
(quadrant II of Fig. 5.4) showing a large temporal overlap. The maximum values are
normalized to unity.
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In order to investigate the dependence of DRO performance on group-velocity

mismatch, simulations were performed where the signal and idler group velocities (u2

and u1, respectively) were varied. For the experimental work u1 > u2 > u3. Quadrant

II of the detuning map then has the largest temporal overlap of signal and idler pulses

(Fig. 5.4(b) and Fig. 5.4(d)). Three additional simulations were run where one or both

of the signal and idler group velocities were smaller than the pump group velocity.

In all four cases, the DRO only achieved oscillation in quadrants II and IV, however,

when u2 < u1 the largest temporal overlap occurred in quadrant II, and when u2 > u1

the largest temporal overlap occurred in quadrant IV. Assuming ∆T2 and ∆T1 must

have opposite signs, the quadrant with the largest temporal overlap had opposite

signs for the two quantities (ng2 − ng1) and (∆T2 − ∆T1) meaning the detunings

counteracted GVM between the signal and idler pulses such that the overlap was

maximized upon exiting the DRO gain medium.

5.6 Optimal DRO Operation

In this section, we discuss which DRO parameters can be optimized to maximize

the generation of intracavity DFG for THz generation. The results of this study are

applicable to both intracavity and extracavity pulsed mixing processes between the

signal and idler pulses of a doubly resonant OPO, where in each case large temporal

overlaps are desirable.

In Sec. 5.5, extracavity SFG provided a quantitative measurement of the tempo-

ral overlap of the signal and idler of a synchronously pumped DRO. The theoretical

description of the SFG between two general pulses with relative delay between them

as an intensity cross-correlation was discussed in Sec. 5.4. The same intensity cross-

correlation describes the temporal overlap for DFG assuming undepleted input fields,

which is the process responsible for intracavity THz generation inside the GaAs crys-

tal.

Simulations were performed where the DFG between the intracavity signal and

idler pulses was calculated for a range of cavity losses between 1–30%. From Figs.
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5.4(b) and (c) showing the experimentally measured and numerically calculated, re-

spectively, SFG-pulse energy generated from the signal and idler pulses versus cavity

lengths for the signal and idler cavities (Fig. 5.1), the pair of cavity detunings which

maximize the generated SFG is in quadrant II of the “detuning map.” The point of

maximum SFG is located along the trajectory ∆T1 = −∆T2 and more specifically

in quadrant II. Instead of calculating an entire detuning map, the simulations were

performed along this trajectory, illustrated in Fig. 5.8, to reduce the computation

time. On the other hand, a trajectory was simulated instead of a single coordinate

(∆T1,∆T2) to ensure the point of maximum DFG was always determined, since the

point of maximum DFG may move along the trajectory as the cavity loss varies.

∆T2

∆T1

0

Large Intracavity 
DFG∆T1 = -∆T2

Figure 5.8: Illustration of the trajectory followed (dashed line with arrow) while
calculating the DFG between the signal and idler pulses, ∆T1 = −∆T2. This reduced
the computation time compared to calculating an entire “detuning map” for several
cavity losses between 1–30%.

Three separate cases were simulated each with a unique triplet of pump power P3,

OPO PPLN-crystal length Lp, and PPLN nonlinear coefficient deff : (i) the baseline

simulation where typical experimental values of Lp and deff were used, P3 = 1.8 W,

Lp = 10 mm, and deff = 2.35 pm/V, (ii) a simulation where the nonlinearity of

the PPLN crystal was reduced by a factor of ∼5, P3 = 1.8 W, Lp = 10 mm, and
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deff = 0.45 pm/V, and (iii) a simulation where the PPLN-crystal length was reduced

by a factor of 10, P3 = 1.8 W, Lp = 1 mm, and deff = 2.35 pm/V. Table 5.1 lists the

parameters for the three test cases.

Table 5.1: Simulation Cases for Calculating Intracavity DFG Versus Cavity Loss

Case P3 Lp deff

(W) (mm) (pm/V)
(i) Baseline 1.8 10 2.35
(ii) 1.8 10 0.45
(iii) 1.8 1 2.35

For each case, the cavity loss was varied from 1–30%, and the point along the

trajectory ∆T1 = −∆T2 where the DFG between the signal and idler was maximized

was determined. Additional quantities such as generated DFG pulse energy and a

normalized quantity β describing the temporal overlap between the signal and idler

intensity distributions I2(T ) and I1(T ), respectively,

β =

∫∞
−∞ I1 I2dT√∫∞

−∞ I
2
1dT

∫∞
−∞ I

2
2dT

(5.14)

where T is the pump local time (Sec. 2.4.1), were calculated. Two identical pulses

that are perfectly overlapped correspond to β = 1, and two pulses with no temporal

overlap correspond to β = 0.

Figure 5.9 plots DFG pulse energy for the three cases listed in Tab. 5.1 versus

cavity loss. Each data point corresponds to operation at the optimal cavity-length

detunings along ∆T1 = −∆T2 where the DFG pulse energy was maximized (Fig.

5.8). All values are normalized to the pulse energy for the baseline, case (i), at a

cavity loss of 1%. For case (i), the DRO is roughly 180× above threshold, and as the

cavity loss increases by a factor of 10 the DFG energy only decreases by 28%. For ∆T

values near zero and small cavity loss, complex nonlinear DRO behavior was observed

which is described in more detail in Chap. 6. This complex nonlinear behavior was

not observed for cases (ii) and (iii). For case (ii) where the nonlinear coefficient was

decreased by a factor of 5× while the pump power and crystal length were unchanged
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from case (i), at a cavity loss of 1% the DFG pulse energy was a factor of 25× larger

than the DFG energy for case (i). The DFG decreases more quickly with increasing

cavity loss and eventually the DRO does not oscillate for losses greater than 8%. For

case (iii), the pump power and nonlinear coefficient are unchanged from the baseline,

case (i), and the PPLN-crystal length is decreased by a factor of 10, to 1 mm. At a

cavity loss of 1%, the DFG pulse energy was a factor of 53× larger than the case-(i)

value at a cavity loss of 1%. For cavity losses > 2%, oscillation was not achieved.

Cavity Loss (%)
1 10

D
FG

 (a
.u

.)

0.1

1
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100

(i) Baseline

(ii)

(iii)

Figure 5.9: DFG pulse energy versus cavity loss for the three cases listed in Tab. 5.1.
Each data point corresponds to operation at a cavity-length detuning ∆T1 = −∆T2,
located on the trajectory plotted in Fig. 5.8, where the DFG pulse energy was
maximized.

The plots in Fig. 5.9 show that in order to maximize the DFG between the

intracavity signal and idler pulses of a doubly resonant OPO, the cavity losses should

be reduced to small values, ∼1%, and the OPO should be operated only a few times

above threshold. Increasing the input pump power while following the previous two
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guidelines will lead to even larger DFG pulse energies. Additionally, the complex

nonlinear behavior of the DRO observed for ∆T ∼ 0, described in Chap. 6, does not

occur. To ensure large values of pump depletion, it is important to maintain good

spatial overlap between the input pump mode and the signal and idler modes inside

the OPO PPLN crystal. Therefore, reducing the number of times above threshold by

increasing the pump beam size in the PPLN crystal without a corresponding increase

of the signal and idler beam sizes is not advisable.

Comparing cases (i) and (iii) described in Tab. 5.1, the increase in DFG pulse

energy by almost two orders of magnitude is a result of improved temporal overlap of

the signal and idler pulses as the DRO is operated many fewer times above threshold.

Figure 5.10(a) and 5.10(b) plot the signal and idler pulse shapes for cases (i) and

(iii) at a cavity loss of 1% and pump pulse of τ3 = 8 ps (1/e2-intensity half width).

The pulse widths of the signal and idler pulses in Fig. 5.10(a) are > 100 ps, and

the temporal overlap in this case, calculated using Eq. (5.14), is only 0.24. The

signal and idler average powers are P1 = P2 = 30 W at the optimal cavity-length

detunings of ∆T1 = −∆T2 = 0.05 for case (i), where 0.05 corresponds to a round-trip

cavity-length detuning of 120 µm.

The pulse widths of the signal and idler pulses in Fig. 5.10(b) (case (iii)) are

∼15 ps, and the temporal overlap in this case, calculated using Eq. (5.14), is 0.64,

which is nearly 3× larger than the temporal overlap in case (i). The peak intensities

are nearly 3× larger as well. The signal and idler average powers are P1 = P2 = 75 W

at the optimal cavity-length detuning of ∆T1 = ∆T2 = 0 for case(iii), the origin of

Fig. 5.8.

The larger peak intensities due to larger average powers and smaller pulse widths

coupled with the larger temporal overlap explain how a factor of 50 increase in DFG

between cases (i) and (iii), Fig. 5.9, is obtained. This more optimal operating regime

was only investigated late in the project, and more time would allow further experi-

mental investigation.

In Sec. 4.2.3, the Kerr and thermal focusing inside the GaAs crystal lead to an

upper limit on the DRO intracavity average power. The intracavity signal and idler

pulses were assumed to have Gaussian 1/e2-intensity half widths of 10 ps as well as
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Figure 5.10: The signal and idler intensity distributions at optimal cavity-length
detunings for a cavity loss of 1% for (a) case(i) ∆T1 = −∆T2 = 0.05 and (b) case
(iii) ∆T1 = −∆T2 = 0 as defined in Tab. 5.1. The pump 1/e2-intensity half width is
8 ps. The vertical axes of intensity are not calibrated to proper units of W/m2, but
they do illustrate the relative intensities between cases (i) and (iii). The pulses in (b)
have larger peak intensities, smaller pulse widths, and larger temporal overlap than
the pulses in (a).
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being perfectly overlapped. These assumptions appear to be violated according to

the results of Sec. 5.5; however, they might apply better to OPOs operated in the

regime described in case (iii) of Sec. 5.6.

5.7 Intracavity Pulse-Overlap Control

In the previous section, it was shown that choosing the appropriate values for single-

pass gain for the signal and idler pulses in the OPO gain medium, round-trip power

loss, and pump power lead to large enhancements of the efficiency of the intracavity

mixing process. A scheme for further enhancement of the intracavity efficiency is

described here. By further adjusting the relative temporal spacing between the signal

and idler pulses to increase the temporal overlap β, defined in Eq. (5.14), the DFG

power generated intracavity can increase by factors of 2–3.

Adjusting the temporal overlap of the intracavity signal and idler pulses for an

intracavity mixing process such as DFG can be achieved in the case of a Type-II

phase-matched DRO, where the signal and idler are orthogonally polarized, by the

use of two intracavity birefringent crystals. This temporal adjustment for enhancing

the efficiency of the intracavity mixing process is hereafter referred to as “re-timing”

the signal and idler pulses. The two birefringent crystals called C1 and C2 are placed

before and after the nonlinear crystal, GaAs in the case of intracavity DFG for THz

generation, as illustrated in Fig. 5.11. Lithium niobate is a possible material choice

for C1 and C2 since the optical losses are low for λ ∼ 2 µm and AR-coated crystals.

The crystal length L required to re-time the pulses by a delay ∆T is

L =
c∆T

∆n
(5.15)

where ∆n = ng2 − ng1 is the difference between the group indices of the two pulses,

which for orthogonal signal and idler fields in LiNbO3 and wavelengths λ ∼ 2 µm is

∆n = 0.08.

The re-timing of the pulses is achieved whereby C1 adds delay ∆T between the

pulses and C2 adds the equal and opposite-sign delay −∆T . This is accomplished by
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Figure 5.11: Schematic of a DRO for intracavity DFG between the orthogonally
polarized signal and idler pulses in a GaAs crystal. Birefringent crystals C1 and
C2, with C2 rotated 90◦ relative to C1, with equal lengths are used to re-time the
intracavity signal and idler pulses to maximize the intracavity mixing efficiency inside
the GaAs crystal without affecting the temporal overlap of the signal and idler inside
the PPLN crystal. The optical axes of C1 and C2 are illustrated with arrows within
the crystals.
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rotating C2 by 90◦ relative to C1. The optical axes of C1 and C2 are shown in Fig.

5.11. Therefore, C1 and C2 have properly re-timed the pulses for efficient nonlinear

mixing in the GaAs crystal without affecting the temporal overlap of the pulses in

the OPO PPLN crystal.

The numerical calculations performed in Sec. 5.6 produced the intracavity signal

and idler pulses plotted in Fig. 5.10 which are considered here once more. The

energy of the generated DFG pulse was calculated as the idler pulse was temporally

shifted through the signal pulse which yielded a DFG pulse energy versus the temporal

shift ∆Tsh. At an optimized value of ∆Tsh, the DFG pulse energy was maximized

corresponding to the optimal temporal overlap of the given intracavity signal and

idler pulses.

The nominal (Fig. 5.10) and optimized intracavity signal and idler pulses for both

cases (i) and (iii), defined in Tab. 5.1, with cavity losses of 1% are plotted in Fig. 5.12.

Figure 5.12(a) plots the intracavity signal and idler intensity distributions for case (i)

versus local time T before re-timing (nominal), and the re-timed pulses (optimized)

are plotted directly beneath in Fig. 5.12(b) where the idler pulse was shifted by 38 ps.

Shifting the idler pulse by 38 ps corresponds to overlapping the pulses such that the

maximum DFG pulse energy with respect to ∆Tsh is generated. This would require

14.3 cm of LiNbO3 to create this temporal shift as calculated using Eq. (5.15) and

assuming ∆n = 0.08. In the process of re-timing the pulses, the DFG increased from

1 to 2.96, and the temporal overlap β, defined in Eq. (5.14) increased from 0.24 to

0.69.

Figure 5.12(c) plots the intracavity signal and idler intensity distributions for

case (iii) versus local time T before re-timing (nominal), and the re-timed pulses

(optimized) are plotted directly beneath in Fig. 5.12(d) where the idler pulse was

shifted by 8.8 ps. Shifting the idler pulse by 8.8 ps corresponds to overlapping the

pulses such that the maximum DFG pulse energy with respect to ∆Tsh is generated.

This would require 3.3 cm of LiNbO3 to create this temporal shift. In the process of

re-timing the pulses, the DFG increased from 52.5 to 95.2, and β increased from 0.64

to 0.95; ideal overlap occurs for β = 1.

The results for cases (i)–(iii) at cavity losses of 1% are listed in Tab. 5.2 where
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Figure 5.12: Numerical calculations of the intracavity signal and idler intensity dis-
tributions for cases (i) and (iii) as defined in Tab. 5.1 with nominal distributions
and temporally re-timed distributions where DFG is maximized (a) Nominal case-(i)
signal and idler intensity distributions. (b) Optimized case-(i) signal and idler in-
tensity distributions with the idler temporally re-timed by 38.3 ps corresponding to
the maximum increase in the DFG energy by a factor of 2.96 and an increase in the
temporal overlap from 0.24 to 0.69. (c) Nominal case-(iii) signal and idler intensity
distributions. (d) Optimized case-(iii) signal and idler intensity distributions with the
idler temporally re-timed by 8.8 ps corresponding to the maximum increase in the
DFG energy by a factor of 1.8 and an increase in the temporal overlap from 0.64 to
0.95. Temporal overlap is defined in Eq. (5.14) and is unity for perfectly overlapped
pulses. The pump pulse is τ3 = 8 ps, and the cavity loss is 1%.
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the parameters for cases (i)–(iii) are defined in Tab. 5.1. The nominal values (nom.)

correspond to operation without re-timing the pulses, and optimal values (opt.) cor-

respond to pulses which have been re-timed. The baseline, case (i), where the pump

power is 1.8 W, the OPO PPLN-crystal length is 10 mm (experimental value), and

the nonlinear coefficient is 2.35 pm/V (experimental value) are used in the calcula-

tion produces a DFG-pulse energy of unity, the lowest of all three cases, as well as

the lowest amount of temporal overlap, β = 0.24. Secondly, re-timing the pulses for

maximum DFG increases the DFG pulse energy by nearly 3× but requires 14.3 cm

of LiNbO3.

Choosing the OPO PPLN-crystal length of 1 mm, case (iii), as well as re-timing

the intracavity signal and idler pulses increased the DFG-pulse energy to 95.2 which

is nearly an improvement of two orders of magnitude compared to the nominal case-

(i) performance. The optimized temporal overlap is nearly unity, requiring 3.3 cm of

LiNbO3 to re-time the pulses.

Table 5.2: Comparison of Intracavity DFG Improvement for Cavity Loss of 1% and
Cases (i)–(iii) Defined in Tab. 5.1

Case DFG DFG β β Shift Lp
(nom.) (opt.) (nom.) (opt.) (ps) (cm)

(i) Baseline 1 2.96 0.24 0.69 38 14.3
(ii) 24.9 28.3 0.82 0.93 4.4 1.7
(iii) 52.5 95.2 0.64 0.95 8.8 3.3

5.8 Conclusion

The widths and temporal positioning of the intracavity signal and idler pulses of a

low-loss synchronously pumped DRO were characterized versus cavity-length detun-

ing experimentally and numerically using a symmetric split-step Fourier simulator. In

cases pumped 180× above threshold, the DRO produced signal and idler pulses that

were substantially longer than the pump pulse. It was found that the cavity-length

detunings which maximized the intracavity average power did not necessarily maxi-

mize the temporal overlap of the signal and idler pulses, and that the signal and idler
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cavity-length detunings determined the temporal positioning of the pulses. There was

good agreement between the experimental and numerical simulation results when the

nonlinear coefficient was scaled to account for inaccuracy in the difficult measurement

of the threshold pump power for the doubly resonant SPOPO.

A numerical study was performed exploring the performance of the system under

three additional GVM conditions, and it was determined that temporal overlap of

signal and idler pulses is maximized when cavity-length detuning counteracted GVM

between the signal and idler pulses. The results can be used as guidelines for the

design of synchronously pumped DROs with requirements on the temporal widths

and relative position of the signal and idler pulses.

It was determined that the DRO should be operated only a few (2–4) times above

threshold to achieve intracavity signal and idler pulses with pulse widths nearly the

same width as the input pump pulses and perfectly temporally overlapped. The pulse

energies can be increased for a fixed cavity loss by increasing the pump power while

maintaining operation only a few times above the DRO threshold. This can lead to

several orders of magnitude in improvement of the intracavity DFG mixing efficiency

compared to operating the low-loss synchronously pumped DRO several hundreds

of times above threshold. In this regime of nearly perfectly overlapped intracavity

signal and idler pulses, the assumptions made in the THz-power design analyses of

Secs. 3.5.3 and 4.2.3 for the pulse shapes and temporal overlap become valid.

A pulse re-timing scheme was described which lead to an additional improvement

in the intracavity DFG by a factor of 2–3. The scheme uses a pair of birefringent

crystals to increase the temporal overlap of the intracavity signal and idler pulses

inside the GaAs crystal while not affecting the temporal overlap of the pulses in the

OPO gain medium, PPLN.



Chapter 6

Kerr-Induced Dynamics of a

Synchronously Pumped OPO

6.1 Introduction

Synchronously pumped optical parametric oscillators (SPOPOs) have become widely

used sources of tunable coherent visible and infrared radiation since their first demon-

stration in 1972 [107]. Due to the small duty cycles and large repetition rates of mode-

locked pump-laser sources, the average pump power required to reach the threshold

condition for SPOPOs is smaller than that for CW and nanosecond OPOs. However,

the large peak intracavity powers can also drive higher-order nonlinearities that lead

to more complex, and usually undesirable, behavior in SPOPOs. For example, it was

found that the interplay of dispersion, parametric gain, and cross-phase modulation

(XPM) caused asymmetric spectral broadening of the resonant wave of a SPOPO

[108].

An analytical theory of singly resonant SPOPOs was developed to describe the

stationary pulse shape in the presence of wavevector mismatch, cavity-length detun-

ing, pump depletion, and dispersion [77]. The model closely parallels the master

equation approach that describes the behavior of mode-locked lasers [109], and it has

been used effectively to describe the behavior of SPOPOs near threshold. However,

212
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this approach becomes difficult to extend to dynamic systems involving multiple non-

linearities. More recent theoretical work on SPOPOs involves numerical integration

of the nonlinear coupled-wave equations using a symmetric split-step algorithm [104].

Numerical integration allows the flexible inclusion or exclusion of various physical

processes thereby providing a testbed for phenomenological descriptions of SPOPO

dynamics.

The interaction of second- and third-order nonlinearities has been studied theo-

retically due to interest in the possibility of stable soliton propagation in which the

intrinsic losses of the propagation medium are counteracted by parametric gain. In

such studies, a complex Ginzburg-Landau equation for the propagating signal is de-

rived and stable soliton solutions have been shown to exist [110]. In a later study, a

variational formulation of the pulse propagation allows a detailed analysis of the phase

space consisting of the loss and parametric gain [111]. These authors find that under

suitable initial conditions, the signal pulse amplitude will experience small-amplitude

oscillations that are due to a non-uniform self-phase modulation- (SPM-) induced

phase profile across the pulse. They refer to this as a self-induced non-uniform gain

along the pulse, and they also describe a threshold condition for the instability. When

a frequency chirp developed across the pulse, their equations revealed the appearance

of a Hopf bifurcation as a phase effect. Oscillations of this type have also been theo-

retically predicted [112] and observed [113] in passively mode-locked fiber lasers. In

the case of SPOPOs, fluctuations of the intracavity power have been observed but

were not fully investigated [114].

In this work, we investigate the dynamic behavior of a singly resonant SPOPO.

We found that the intracavity power can fluctuate with a characteristic frequency

dependent on system parameters such as pump power and cavity-length detuning.

Numerical simulations show that the oscillations are a result of SPM-induced nonuni-

form temporal amplitude and phase profiles across the pulse which vary from pass-to-

pass but repeat after several round trips. The oscillations are studied experimentally

and numerically. The goal of this work is to describe the SPOPO dynamics and the

operating regimes where they occur as well to provide guidelines that can be used to

avoid these regimes.
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6.2 Setup

We first observed the fluctuations during an investigation of the doubly resonant

SPOPO designed for the generation of THz radiation by intracavity DFG in GaAs

[80] as described in Chap. 4. After reducing the complexity of the system by removing

the GaAs crystal from the cavity and resonating only the signal wave, the fluctuations

remained.

A schematic of the SPOPO is shown in Fig. 6.1. The pump laser is a Nd:YVO4

CW mode-locked solid-state laser with a 50-MHz pulse repetition rate, 8-ps Gaussian

(1/e2-intensity half width) pulse width, 1064-nm wavelength, and 9-W average output

power. The length of the linear cavity is 3 m with a round-trip time equal to the

period of the pump pulses. The SPOPO gain medium is an anti-reflection (AR) coated

(for pump, signal, and idler) Type-II MgO-doped PPLN crystal, with a QPM period

of 14.1 µm and length, Lp, of 10 mm. The center wavelength of the resonant wave

is 2128 nm at a PPLN-crystal temperature of 95◦C. All mirrors are AR-coated for

the pump and HR-coated for the signal and idler waves with a reflection loss <0.1%.

The thin-film polarizer, TFP, is AR-coated for the horizontally polarized signal wave

and HR-coated for the vertically polarized idler wave for an angle of incidence of

67◦. Detectors behind mirrors M4 and M5 monitor the remaining pump power and

intracavity power, respectively. The measured round-trip cavity loss for the signal

is 3.4%. The minimum pump threshold power is 1.27 W which agrees well with the

threshold of 0.95 W predicted by numerical simulations using the spatially dependent

nonlinear coupling terms f and g defined in Sec. 2.4.1. The round-trip cavity length,

L, is the sum of the length which minimizes the threshold pump power L0 and the

round-trip cavity-length detuning ∆L (L = L0 + ∆L).

6.3 Numerical Simulations

We developed a set of simulation tools used to gain insight into the nature of the com-

plex temporal dynamics of the SPOPO. The numerical simulations used an algorithm

based on the symmetric split-step Fourier method, which is described in Sec. 2.4.2,
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Figure 6.1: Singly resonant SPOPO schematic showing delay stage M2 and intracavity
thin-film polarizer.

similar to the studies performed in [108] and [104]. Using the analysis of Sec. 2.4.1, we

have a set of nonlinear coupled wave equations incorporating nonlinear contributions

due to three-wave mixing as well as χ(3)-induced self- and cross-phase modulation.

The evolutions of the pump, signal, and idler fields are calculated by integrating Eqs.

(2.63)-(2.65). In addition to the simulations incorporating an approximate descrip-

tion of diffraction through the spatial dependence of the nonlinear coupling terms (see

Sec. 2.4.1), we also performed simulations with fixed values of the nonlinear coupling

terms, i.e. f(x)=f(0) and g(x)=f(0). The results of the numerical calculations ne-

glecting diffraction effects were more similar to the experimentally measured SPOPO

dynamics than those with diffraction included. The symmetric split-step simulator

solves the coupled equations by alternating the application of the dispersive step in

the frequency domain and the nonlinear step in the time domain at each longitudinal

position in the PPLN [71].

To simulate the SPOPO, we seed the split-step solver with a pump pulse and a

small-amplitude Gaussian pulse in the non-resonant idler, compute the output pulses

after the PPLN crystal, apply cavity-length detuning and loss, send the signal wave
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into the PPLN with a new pump pulse, and iterate. We use a fourth-order Runge-

Kutta technique to calculate the nonlinear step in the time domain, and the linear

dispersive step is computed exactly in the Fourier domain. We generally use a tem-

poral grid consisting of 1024 points and find that the results are accurate using as

few as 100 steps through the PPLN crystal. After each round trip, the total round-

trip cavity power loss A including absorption loss in PPLN (2αLp) and losses due to

imperfect AR and HR coatings, is applied by multiplying the resonant signal field E2

by (1−A/2), and the round-trip cavity-length detuning is implemented by applying

a temporal shift of ∆T = ∆L/c to the signal pulse. Convergence of the algorithm is

declared when the intracavity pulse energy between two round trips changes by less

than 0.04% over a duration of 1500 cavity round trips. Tests were performed with

initial signal and idler seed pulses with the results converging to a single solution in-

dependent of seed-pulse shapes. However, we are interested in the simulations which

do not converge to a constant amplitude solution, but rather in which cycles are ob-

served in the intracavity signal average power P2, as well as other pulse properties

such as pulse mean position

τc =

∫∞
−∞ T |E2(T )|2 dT∫∞
−∞ |E2(T )|2 dT

(6.1)

where T is the pump local time as described in Sec. 2.4.1, Gaussian 1/e2-intensity

half width τ , and optical spectral bandwidth ∆fopt.

When the effects of three-wave mixing, SPM, XPM, GVM, and GVD were turned

on in the simulation, the simulation yielded steady-state results and pulse shapes

consistent with experiment. This is described in Sec. 5.5. When χ(3) interactions

were turned off in the simulation, power fluctuations were not observed. However,

when SPM and XPM were included, at certain detunings the intracavity signal power

fluctuated periodically with frequencies between 200–700 kHz. We found that the

combination of three-wave mixing, SPM of the resonant signal, and GVM were the

minimum set of phenomena necessary to produce the fluctuations in the simulation.

Cross-phase modulation effects and GVD were not found to play a major role in

determining the existence or frequency of the fluctuations.
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6.4 Temporal Fluctuations

Figure 6.2 shows the fluctuations of intracavity signal average power, P2, measured

experimentally and also calculated using the numerical simulator over a 30-µs time

span. The curves are the envelopes of the picosecond-pulse train of the SPOPO. The

pump power was 8 W for the experimental case and 4.5 W for the simulation cases.

Using the two unequal pump powers and assuming nonlinear coupling terms f(x)

and g(x) which are constant with respect to position in the PPLN crystal for the

simulation, there were similar fluctuations for both the experiment and simulation.

Simplifying the simulations to the case where diffraction is neglected in the PPLN

crystal lead to similar behavior between simulation and experiment at the expense of

absolute accuracy with respect to input pump power.

The experimentally measured temporal fluctuations are plotted in Figs. 6.2(a) and

(c), and the numerically calculated temporal fluctuations are plotted in Figs. 6.2(b)

and (d). Near zero detuning, both the experimental, Fig. 6.2(a) ∆L = −4 µm, and

simulated, Fig. 6.2(b) ∆L = 4 µm, intracavity power fluctuates aperiodically with

transients occurring on the microsecond time scale. The amplitude of the fluctuations

is large with a modulation depth >50%, where modulation depth is defined as the

peak-to-peak fluctuation divided by the mean. At larger positive detunings, Ps fluc-

tuates periodically with a modulation depth <20%. For ∆L = 12 µm, Fig. 6.2(c),

the experimental power oscillated with a fundamental harmonic of 525 kHz, and for

∆L = 20 µm, Fig. 6.2(d), the simulation oscillated with a fundamental harmonic of

350 kHz.

Only 30 µs of data is shown, but the oscillations were self-sustaining for obser-

vation times of minutes limited by the time it takes the cavity-length to drift a few

microns due to an increase in the room temperature and thermal expansion of the

optical table. At all other detunings where the SPOPO was above threshold, P2 was

stable. The three types of performance are hereafter referred to as aperiodic, periodic,

and stable. The experimental power in Fig. 6.2(c) is modulated by a slower envelope

with a period of roughly 7.5 µs due to small fluctuations of the pump-laser power.
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Figure 6.2: Intracavity signal average power P2 for a duration of 30 µs. (a) experi-
mentally measured P2 at pump power of 8 W and detuning of -4 µm (b) numerically
simulated P2 at pump power of 4.5 W and detuning of 4 µm (c) experimentally mea-
sured P2 at pump power of 8 W and detuning of 12 µm (d) numerically simulated P2

at pump power of 4.5 W and detuning of 20 µm.
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6.5 RF Spectral Investigation

In order to further investigate the fluctuations and to determine the scaling of the os-

cillation frequency with cavity-length detuning, the extracavity power was measured

with an rf-spectrum analyzer over a range of cavity-length detunings. Several spec-

tral scans were taken for each ∆L value with the time-averaged spectral scan being

recorded. The time-averaged spectrum covering the range of 50 MHz ± 1.25 MHz was

measured at ∆L steps of 2 µm. The SPOPO cavity-length was adjusted and the cav-

ity was aligned such that the DRO threshold was minimized, and the corresponding

cavity length at which the threshold was minimized was defined as ∆L = 0.

In Fig. 6.3(a), the pump power is 8 W, and for each row of experimentally

measured spectral data the peak rf power spectral density is normalized to unity to

emphasize the dependence on ∆L of the peak frequency and the bandwidth of the

rf oscillations. The 50-MHz component corresponding to the repetition rate of the

SPOPO pulses was removed, and the data is displayed at baseband for simplicity.

Three distinct regions appear: (i) −6 µm < ∆L < 6 µm where the fluctuation has

a bandwidth spanning DC–700 kHz (aperiodic region), (ii) 6 µm < ∆L < 24 µm

where the fluctuation is periodic and nearly sinusoidal with frequencies between 150–

650 kHz which increase with increasing ∆L, and (iii) −10 µm < ∆L < −6 µm where

the fluctuation is periodic and nearly sinusoidal with center frequencies between 600–

800 kHz which increase with decreasing ∆L. The frequency scans at ∆L = −4 µm

and ∆L = 12 µm correspond to the experimental time traces of Figs. 6.2(a) and

6.2(c), respectively. The transition from the periodic to aperiodic regions occurs

over a detuning range of only a few microns, the accuracy of which was limited

by the step size of the motorized mechanical stage. Also, at detunings of 8 µm,

higher harmonics are present adding to the temporal structure of the oscillations.

The measured microsecond-scale transients which are plotted in Fig. 6.2(a) have the

corresponding spectrally wide-band behavior shown in region (i) of Fig. 6.3(a). For

detunings of ∆L < −6 µm and ∆L > 24 µm, the intracavity average power was

stable as is discussed in Sec. 6.8.

A similar plot was made from the results of the numerical simulation at a pump
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Figure 6.3: (a) Experimental measurement of rf power spectral density at a pump
power of 8 W using an rf-spectrum analyzer with a resolution bandwidth of 5 kHz.
Each scan is normalized so that the amplitude of the largest spectral component is
unity. For detunings of ∆L < −6 µm and ∆L > 24 µm, the intracavity average
power was stable as is discussed in Sec. 6.8. (b) Numerical simulation of rf power
spectral density at a pump power of 4.5 W. The simulation time window was 30 µs.
Each scan is normalized so that the amplitude of the largest spectral component is
unity. For detunings of ∆L < 4 µm and ∆L > 34 µm, the intracavity average power
was stable as is discussed in Sec. 6.8.
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power of 4.5 W at detunings in which the intracavity average power fluctuates either

periodically or aperiodically. The rf power spectral density of the intracavity power

is calculated and plotted versus cavity-length detuning, Fig. 6.3(b), with the DC

component removed. Diffraction in the PPLN crystal was neglected for a Gaussian

pump beam with a 1/e2-intensity radius of 30 µm and signal and idler beams with

radii of 59 µm. Two distinct regions appear: (i) 4 µm < ∆L < 17 µm where

the fluctuation has a bandwidth spanning DC–600 kHz (aperiodic region) and (ii)

17 µm < ∆L < 34 µm where the fluctuations are periodic and nearly sinusoidal

with center frequencies between 300–700 kHz which increase with increasing ∆L. For

detunings of ∆L < 4 µm and ∆L > 34 µm, the intracavity average power was stable

as is discussed in Sec. 6.8.

Calculations performed at detunings corresponding to operation in region (i) of

Fig. 6.3(b) result in microsecond-scale transients as plotted in Fig. 6.2(b), and the

corresponding rf power spectral densities should have approximately uniform power

spectral densities from DC to several hundred kilohertz. The spectra shown in region

(i) of Fig. 6.3(b) extend from DC–600 kHz, but are sparse. The simulations from

which these spectra were obtained were performed for a 30-µs time interval. Longer

simulations (up to 1 ms) resulted in spectra that more uniformly filled the DC–600 kHz

interval, but they were not used in most cases because of the long computation times

required. The longer simulations were in agreement with the experimental data which

was taken over a duration of ∼1 second and had a bandwidth spanning DC–700 kHz.

Experimentally and numerically, the aperiodic regions (region (i) in both cases)

extend over a detuning range of roughly 10 µm and correspond to detunings near zero.

Also, in both cases the spectral bandwidth in this region is approximately 600 kHz.

The periodic regions (region (ii) in both cases) show nearly sinusoidal fluctuations

with frequencies between 150–700 kHz which increase with increasing ∆L and cover

a detuning range of roughly 20 µm. In the numerical simulations for ∆L ≈ 18 µm

and decreasing, the center frequency jumps from 250 kHz to 450 kHz which is seen

in other systems where behavior transitions to a chaotic operating regime [115] as

region (i) in Fig. 6.3(b) might be described. This period doubling is also present in the

experimental data between ∆L of 8 µm and 10 µm. The simulation data does not have
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periodic fluctuations for ∆L < 5 µm which differs from region (iii) of the experimental

data, which may be due to the assumption in the simulation that all three waves are

in exact Gaussian TEM00 spatial modes with uniform transverse depletion of the

pump wave throughout the entire gain medium. Additionally, there is a shift in ∆L

values of nearly 10 µm between corresponding experimental and simulated behavior;

experimentally measured aperiodic fluctuations (microsecond-scale transients) occur

for ∆L values ∼0 µm whereas the numerically simulated aperiodic fluctuations occur

for ∆L values ∼10 µm, approximately.

A second numerical simulation was performed where instead of ignoring the ef-

fects of diffraction and spatially dependent nonlinear coupling, the nonlinear coupling

coefficients, g and f defined in Sec. 2.4.1, varied along the direction of propagation x

in the PPLN crystal. This simulation was performed to determine how the effects of

Gaussian-beam diffraction might influence the numerically calculated results for the

Kerr-induced fluctuations. For the calculation, the beam size of the pump wave was

30 µm at the center of the PPLN crystal, and the beam sizes of the signal and idler

waves were 59 µm at the center of the PPLN crystal. The results of the two numerical

simulation cases, one where diffraction is neglected and the other where g and f are

functions of position x, are shown in Figs. 6.4(a) and (b), respectively. Figure 6.4(a)

is equivalent to Fig. 6.3(b), and it is shown again to aid the comparison.

In Fig. 6.4(b), a third region appears region (iii), 0 µm < ∆L < 6 µm, where

the intracavity average power was stable (DC component only – removed from plot).

Compared to Fig. 6.4(a), region (i) in Fig. 6.4(b) was shifted approximately 15 µm to

smaller ∆L values. Region (ii) in Fig. 6.4(b) over the range of 5 µm < ∆L < 15 µm

shows the oscillation frequency decreasing with increasing ∆L. This behavior does

not appear in the diffractionless case of Fig. 6.4(a). The two plots in Fig. 6.4 illustrate

that the behavior of the fluctuations appears to depend on the spatial overlap to a

certain degree. For the rest of this chapter, we will concentrate on the case where

diffraction is neglected, i.e. Fig. 6.4(a).
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Figure 6.4: (a) Numerical simulation of rf power spectral density at a pump power of
4.5 W. The simulation time window was 30 µs. Each scan is normalized so that the
amplitude of the largest spectral component is unity. The effects of diffraction in the
PPLN crystal were artifically neglected for a Gaussian pump beam with a constant
1/e2-intensity radius of 30 µm and signal and idler beams with constant radii of
59 µm. (b) Numerical simulation of rf power spectral density at a pump power of
4.5 W. The simulation time window was 60 µs. Each scan is normalized so that the
amplitude of the largest spectral component is unity. The nonlinear coupling terms
g(x) and f(x) defined in Sec. 2.4.1 were used for the calculations. The beam size of
the pump wave was 30 µm at the center of the PPLN crystal, and the beam sizes of
the signal and idler waves were 59 µm at the center of the PPLN crystal.
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6.6 Cycles and Phase Diagram

The simulations enable us to observe the evolution of the pulse shape during a single

period of the periodic fluctuations (Fig. 6.2(d)). A parametric plot of the intracavity

average power P2 versus pulse centroid position τc (Eq. (6.1)) is shown in Fig. 6.5(a)

for ∆L = 20.3 µm, along with inset plots of the resonant pulse intensity distributions

I(t) = cε0n2|E2(t)|2/2 at four positions, marked by circles (1–4), during the cycle.

The dashed vertical lines identify the time t = 0, and the dashed curved lines are the

pump intensity distributions I3(t) at the input of the PPLN crystal, with maximum

pump intensity occurring at t = 0. The blue closed loop traced by the system

provides a narrative of the processes occuring during one period of the oscillation.

As P2 increases, τc moves towards zero. This occurs because the pump pulse, and

therefore the parametric gain, is localized there. Intensity then begins to build, and

the pulse develops SPM-induced nonuniform phase and amplitude profiles. Cavity-

length detuning provides a mechanism for shifting the overlap of the signal and pump

pulses each round trip of the cavity such that the pump pulse “sees” a different portion

of the signal pulse phase and amplitude profiles each cavity round trip. Due to GVM

between the three pulses and phase-sensitive parametric gain, the phase distortion

of the signal causes a decrease in signal intensity near t = 0 and subsequently an

increase in τc completing one period of the oscillation.

The spectral domain offers a second and perhaps complementary description of

the fluctuations shown in the cycle of Fig. 6.5(b). A parametric plot of P2 versus

relative spectral overlap is shown, along with inset plots of the spectral intensity at the

same four positions during the cycle marked on Fig. 6.5(a) (1–4). Relative spectral

overlap is defined as the unity-normalized projection of the spectral intensity onto the

sinc2(∆kL/2) phase-matching curve characteristic of a signal and idler mixing with

an undepleted CW pump, which has a spectral FWHM approximated as

∆f2 =
0.9 c

(ng2 − ng1)Lp
, (6.2)

which for Lp = 10 mm, ng1 = 2.17, and ng2 = 2.26 corresponds to a bandwidth of

308 GHz. While the actual pump assumed in the simulation is an 8-ps Gaussian and
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depletes along the length of the crystal, the bandwidth in Eq. (6.2) for an undepleted

CW pump provides a convenient point of comparison for discussion purposes. The

dashed-line curves are the sinc2(∆kL/2) curves. As the spectral overlap increases so

does P2 since a greater portion of the spectrum falls in the range that is amplified.

Eventually the peak spectral intensity moves away from the phase-matching peak

(point 3 marked on the spectral cycle). The spectral overlap decreases followed by a

decrease of P2 completing one period of the oscillation.

The simulations were also used to determine the behavior of the SPOPO versus

∆L and nonlinear refractive index m = 3χ
(3)
yyyy/4n2

2cε0 (m2/W) [71] at a pump power

of 5 W and cavity loss of 3.4% where n2 is the linear refractive index of PPLN at

frequency ω2. The detuning was varied over a 25 µm range, and m was varied from

0–1.3×10−19 m2/W corresponding to 1.4× an estimate for PPLN at 2 µm based on

data in [73]. Three types of SPOPO performance were observed: stable, periodic

fluctuations, and aperiodic fluctuations. Figure 6.6 maps the three behaviors to areas

of the phase space of ∆L and B-integral [68], the nonlinear phase accumulated by

the peak of the resonant pulse per pass through the PPLN crystal. The definition of

the B-integral, hereafter referred to as B, is in general an integral of intensity and m

over the length of the nonlinear crystal. Applying that definition to Gaussians which

are constant in space and time throughout the nonlinear sample and for a constant

nonlinear refractive index m yields

B = 4

√
2

π

mLpU2

w2τλ
(6.3)

where U2 is the signal pulse energy and w is the 1/e2-intensity radius [68]. For the

fluctuating regimes (non-stable regimes), U2 and τ are time-varying, and in those

cases 〈B〉 is computed over one cycle for the periodic fluctuations and over a set time

window for the aperiodic fluctuations. The peak intensity of every pulse is measured

each pass through the PPLN crystal, and the time-average of that peak intensity is

defined as 〈Ipk〉.

Over the entire detuning range stable SPOPO performance occurs for smaller B

values while the regions of periodic and aperiodic fluctuations exist at larger values of
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Figure 6.5: Results of numerical simulations showing a (a) cycle of intracavity power
and mean position of the centroid of the intracavity signal pulse measured with re-
spect to the peak of the pump pulse. The four insets show the temporal intensity
distributions of the resonant pulse (solid lines) and the input pump pulse (dashed
curved lines) shifted in time to the output of the PPLN, calculated at four times
marked by circles during one cycle (1–4). The pump pulse width is 8 ps (Gaussian
1/e2-intensity radius). (b) Cycle of intracavity power and relative spectral overlap,
defined in the text. The four insets show the power spectral densities of the resonant
wave (solid lines) and the sinc2(∆kL/2) phase-matching curve (dashed curves) at the
same times in the cycle as in Fig. 6.5(a) at points 1–4.
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B. The aperiodic region is closer to zero detuning than the periodic region, and the

periodic region occupies a range extending from 10 µm < ∆L < 25 µm in agreement

with Fig. 6.3(b).

6.7 Fluctuations Threshold and Frequency Scaling

Complicated nonlinear-optical pulse behavior such as spectral broadening and self-

focusing correspond to B-values on the order of π radians [71]. For the SPOPO

performance to be unaffected by such phenomena, it is reasonable to require the

total nonlinear temporal phase accumulated by the intracavity pulses, Bth, during a

characteristic time span of one cavity lifetime, corresponding to 1/A round trips, to

be smaller than π

Bth = π A. (6.4)

As a numerical example, for cavity losses of A = 0.034 the threshold B value is

Bth = 0.1 which is within a factor of 2 from the numerically calculated B values

plotted in the “Stable” region of Fig. 6.6.

The dependence of the oscillation frequency, fosc, on the nonlinear refractive index,

m, was calculated using the diffractionless numerical simulator assuming operation

in the “Periodic” regime shown in Fig. 6.6. In Fig. 6.7, the oscillation frequency,

calculated numerically, at two fixed cavity-length detunings is plotted versus m, which

is varied artificially. The detunings are ∆L = 9.6 and 21.6 µm. For PPLN at

a wavelength of λ ∼ 2 µm, the nominal value of the nonlinear refractive index is

m = 9 × 10−20 m2/W, which is identified in Fig. 6.7 with a vertical blue line. The

oscillation frequency increases with ∆L in agreement with the scaling shown in Fig.

6.3 in region (ii). The frequency also increases with increasing values of m.



6.7. FLUCTUATIONS THRESHOLD AND FREQUENCY SCALING 229

8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0

240

220

200

180

160

140

120

100

80

m (m2/W)

x 10-20

f o
sc

(k
H

z)

∆L = 21.6 µm

∆L = 9.6 µm

Figure 6.7: Numerical calculations of the oscillation frequency (“Periodic” regime)
versus nonlinear refractive index m for cavity-length detunings of ∆L = 9.6 and
21.6 µm. The experimental value of PPLN for λ ∼ 2 µm is m = 9× 10−20 m2/W and
is marked with a vertical blue line.
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6.8 Intracavity Power Versus Cavity-Length De-

tuning

We characterized experimentally the intracavity power and SPOPO behavior as a

function of pump power and cavity-length detuning. Figure 6.8 shows the intracavity

average power versus detuning for pump powers of 2, 4, 6, and 8.36 W. The detuning

of ∆L = 0 is defined as the cavity length which minimized the SPOPO threshold,

and the cavity alignment was performed at the maximum pump power in order to

maximize the intracavity power.

The brackets define the detuning ranges over which both periodic and aperiodic

fluctuations occurred for pump powers of 4, 6, and 8.36 W. The width of the bracketed

range varies from 16 µm at a pump power of 4 W to 30 µm at a pump power of 8.36 W.

It was experimentally observed that the location of the bracketed region relative to

∆L = 0 was a function of the cavity alignment. In Fig. 6.8, the center of the

bracketed region at a pump power of 8.36 W is ∆L = −12 µm, whereas in Fig. 6.3(a)

the center of this bracketed region corresponds to ∆L = 6 µm, i.e. shifted by 18 µm.

The SPOPO was aligned to minimize the threshold in Fig. 6.3(a), whereas the cavity

alignment was performed at the maximum pump power in order to maximize the

intracavity power for the values plotted in Fig. 6.8.

The dependence of the location of the complex SPOPO dynamics, within the

detuning ranges shown in Figs. 6.8 and 6.3(a), on the alignment of the SPOPO

cavity suggests an influence of beam overlap between the pump and intracavity signal

beams in the PPLN crystal on the behavior of the SPOPO dynamics and specifically

at which cavity-length detunings they occur. This influence of the beam overlap could

be due to a finite crossing angle between the pump and signal beams or a transverse

displacement of the signal beam which is introduced as the cavity-mirror alignment is

adjusted. Any attempt to quantitatively model the complex dynamics of the system

clearly must take into account these spatial effects. Such a study is beyond the scope

of this dissertation.
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6.9 Conclusion

We experimentally observed fluctuations of the intracavity average power of a singly

resonant SPOPO under certain cavity-length detunings and pump powers. At ∆L =

0, the fluctuations were aperiodic with ∼700 kHz of bandwidth, while for ∆L detuned

from the synchronous condition the fluctuation was nearly sinusoidal. The frequency

of the nearly sinusoidal fluctuation was between 150–650 kHz, increasing with increas-

ing |∆L|. A numerical simulator was used, assuming Gaussian TEM00 modes and

including GVM, three-wave mixing, SPM, and XPM, to calculate the SPOPO tran-

sient behavior. The results of the simulation produced the fluctuations and showed

similar trends as the experimental data. It was determined that the necessary physi-

cal effects to produce the fluctuations using the numerical simulator were three-wave

mixing, GVM, and SPM of the intracavity signal wave.

The threshold B-integral at which periodic fluctuations occur was calculated, and

it was shown this threshold is approximately Bth = πA, where A is the round-trip

cavity loss. Based on results from the numerical simulations, the oscillation frequency

was found to increase with an increasing nonlinear refractive index of the nonlinear

crystal.

It was also determined that the cavity-lengths at which fluctuations were ex-

perimentally observed, relative to the cavity length which minimized the SPOPO

threshold, depended on the alignment of the OPO cavity. The two common cavity

alignments were to align the cavity to minimize the SPOPO threshold or to maxi-

mize the intracavity average power at the maximum pumping. Any future effort at

quantitative modeling of the dynamics of the SPOPO must account for these spatio-

temporal effects.

Based on the conclusions of the results of Chap. 5, namely that the operating

regime for excellent temporal overlap of the signal and idler pulses requires operation

only a few times above the SPOPO threshold and cavity-length detunings, ∆L, near

zero, calculations similar to those performed in this chapter should be performed in the

regime of excellent temporal overlap described in Chap. 5, i.e. shorter lengths of the

SPOPO gain medium for reduced parametric gain. The results of such a calculation
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could be important, especially for situations where the nonlinear refractive index of

the intracavity nonlinear crystal is much larger, as is the case for intracavity GaAs

for either THz generation (as is the topic of this dissertation) or possibly intracavity

generation of mid-infrared light using GaAs. The nonlinear refractive index of GaAs

is roughly 100× larger than that of PPLN.



Chapter 7

Summary and Outlook

Placing nonlinear-optical materials inside OPO cavities with large peak powers is a

promising scheme to generate THz-frequency radiation. It has the distinct advantage

of frequency tunability compared to other types of THz sources. The small optical

losses of the cavity components, and the recent advances in reducing the optical

absorption in GaAs allow for large intracavity optical powers. Further reduction of

the extrinsic defects in GaAs may lead to less absorption and hence to less thermal

focusing and increase the maximum allowed optical powers. For smaller optical beam

sizes, Kerr-induced focusing owing to the intrinsic nonlinear refractive index can place

an upper limit on the intracavity power. The availability of high-average power fiber

lasers at λ ∼ 1 µm and large wall-plug efficiencies make this type of THz source a

potentially compact and efficient source of THz radiation.

7.1 Summary of Contributions

A nearly degenerate Type-II QPM synchronously pumped OPO was constructed

in both SRO and DRO configurations. The largest intracavity average power ob-

served was > 100 W in the DRO configuration, with approximately 90% pump de-

pletion. The DRO was constructed in a linear cavity configuration which avoided

back-conversion of the signal and idler pulses by introducing a temporal shift be-

tween the two pulses in the backward direction through the OPO gain medium. This

234
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was accomplished by the use of two intracavity thin-film polarizers which created two

separate cavity lengths for the orthogonally polarized signal and idler.

Three types of micro-structured GaAs samples were used for THz generation,

orientation-patterned GaAs, optically contacted GaAs, and diffusion-bonded GaAs.

Radiation at frequencies between 0.5–3.5 THz was generated by both extracavity

and intracavity mixing between the signal and idler picosecond pulses. During the

intracavity THz generation experiments in the DRO configuration, average THz pow-

ers as large as 1 mW were generated with optical-to-THz conversion efficiencies of

10−4. The THz average power was large enough such that the THz beam was de-

tected by a room-temperature pyroelectric-array camera. The THz beam was nearly

diffraction-limited.

A THz-cascading process was observed during which the THz wave was amplified

in the GaAs crystal by multiple pairs of infrared waves. Quantum-mechanically,

THz cascading corresponds to the generation of multiple THz photons from a single

infrared photon. For proper designs of the OPO-cavity losses and compensation

of the dispersion of the intracavity PPLN and GaAs crystals, quantum conversion

efficiencies far greater than 100% can be achieved.

Table 7.1 shows THz power levels and conversion efficiencies achieved in this work

as well as in other works.

Table 7.1: Comparison of THz Conversion Efficiencies

Method Material THz Avg. Conversion Quantum Refs.
Power Efficiency Effic. (%)

Intracavity DFG QPM-GaAs 1 mW 1.2×10−4 1.2% [80]
ns-DFG GaSe 10 µW 1.8×10−4 3.3% [40]
ns-DFG DAST 52 pW 2×10−10 2.5×10−8% [116]
ns-DFG LiNbO3 10 nW 6.3×10−9 10−4% [117]
ps-DFG GaAs – 10−3 3.4% [118]

QPM-OR QPM-GaAs 660 nW 8.7×10−4 3.3% [55]
OR sLN 3.3 mW 7×10−4 ∼5% [119]

The THz average power levels we achieve using intracavity DFG and QPM-GaAs

are comparable to those achieved using tilted-wavefront optical rectification (OR) in
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stoichiometric LiNbO3 [119]. Further development of our system to take advantage of

resonant cascading, described in Sec. 7.2.3, offers a route to scaling the THz average

power to ∼20 mW and quantum conversion efficiencies as large as 20%.

A calculation of the maximum allowed intracavity average power in the presence

of Kerr-induced and thermally induced refractive index profiles in the GaAs was

performed for both SROs and DROs with linear cavity configurations. The iterative

calculation modeled the GaAs as having a quadratic index profile with a curvature

determined by the curvatures of the Gaussian Kerr-induced index profile and the

thermally induced index profile, the latter calculated from the steady-state solution

of the heat equation. Both analytical and numerical optimizations of the THz power

were presented for the SRO and the DRO cavities.

The DRO intracavity power was stabilized by an electronic dither-and-lock nega-

tive feedback system. Stabilized operation lasted for > 30 minutes with nearly 100 W

of intracavity average power. The locking duration was only limited by the thermal

expansion of the optical table and the maximum displacement of the PZT device. A

separate passive DRO self-stabilization due to the GaAs thermo-optic response was

measured. This response was modeled as a negative feedback system as well.

The lengths of the signal and idler cavities in the DRO were varied independently,

scanning a two-dimensional space, and the intracavity power as well as temporal over-

lap of the signal and idler were measured for each coordinate in that space. Regions

where DRO oscillation was not allowed were identified. Within the regions where

oscillation was allowed, the portion where the signal and idler pulses were temporally

overlapped was identified. A numerical simulator based on the symmetric split-step

Fourier algorithm was developed which calculated the steady-state temporal response

of the DRO signal and idler pulses. The results of the numerical calculations agreed

well with the experimental results. The temporal overlap of the pulses was calcu-

lated for several values of parametric gain and DRO round-trip loss, and operating

regimes where the pulses were symmetric and the temporal overlap was nearly max-

imized were identified. An approach to re-time the pulses using a pair of intracavity

birefringent crystals such that the temporal overlap is maximized is described.

Lastly, transient features of a synchronously pumped SRO were measured where
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at certain cavity lengths the intracavity average power fluctuated aperiodically with

characteristic times on the order of microseconds. At slighly longer cavity lengths,

the fluctuations were nearly sinusoidal with a frequency on the order of 500 kHz. The

split-step simulator also produced the fluctuations with similar aperiodic and periodic

fluctuations depending on the cavity length. It was determined that the combined

effects of three-wave mixing, group-velocity mismatch, and self-phase modulation of

the resonant wave were necessary to produce the fluctuations. An upper limit on

the intracavity intensity, above which the intracavity average power fluctuates either

periodically with frequencies between 200–700 kHz or fluctuates aperiodically with

microsecond transients, was discussed.

7.2 Future Directions

After development of a doubly resonant synchronously pumped OPO which has

demonstrated the generation of mW-level THz average powers and optical-to-THz

quantum conversion efficiences ∼1%, there are several improvements to be made to

the system as well as the need for further characterization of the GaAs samples. In

this section, possible future directions for the generation of THz radiation using in-

tracavity parametric frequency down-conversion using quasi-phase-matched GaAs are

described.

7.2.1 Pulsed Intracavity Mixing Processes

The intracavity THz generation process is most efficient when the intracavity signal

and idler pulses are picoseconds in duration, perfectly temporally overlapped, and

have large peak powers. As a result of the work described in Chapter 5, it was

determined that in order to achieve the above-listed requirements, the pump power,

cavity loss, and single-pass gain in the PPLN crystal must be properly chosen.

It is clear that larger pump powers, P3, and smaller cavity losses, A, will lead

to larger intracavity signal and idler powers (assuming a large pump depletion), but

operating several hundred times above the OPO threshold spoils the temporal overlap
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of the intracavity signal and idler pulses leading to a reduction in the THz power as

compared to the perfectly overlapped case. Therefore, to achieve perfect temporal

overlap of the pulses while still designing for large values of P3/A, the single-pass gain

in the PPLN crystal should be adjusted such that the OPO is operating only 2-3×
above threshold.

Future experimental work can further explore this connection between pump

power, cavity loss, single-pass gain, intracavity signal and idler temporal overlap,

intracavity power, and ultimately THz generation.

7.2.2 Ring-Cavity Configuration

In a ring-cavity configuration, the pulses only travel in one direction through the

PPLN and GaAs crystals. Since the dominant loss mechanism is optical absorption

in the GaAs and transmission loss in the thin-film polarizers, this will further reduce

the losses of the OPO. In the ring-cavity, the signal and idler pass through the GaAs

once per round trip, therefore allowing nearly twice as much intracavity average

power assuming thermal-focusing limited operation as compared to the linear cavity

configuration.

For Type-II QPM, the ring cavity requires a means of independently adjusting

the cavity lengths for the signal and idler. The cavity lengths must be adjusted to

ensure temporal overlap of the signal and idler pulses is large since the pulses must

be overlapped in order to generate THz radiation. This can be done by the use of

two wedges of birefrinent material such as LiNbO3 where the temporal delay between

the orthogonally polarized signal and idler pulses can be adjusted.

7.2.3 Resonant Cascading

The cascading which was measured during the intracavity THz generation experi-

ments confirmed that multiple mixing events between the optical and THz waves

occurred in a single-pass through the GaAs crystal. By providing positive optical

feedback for the red-shifted optical satellites, additional optical pulses with λ ∼ 2 µm

will resonate within the SPOPO. This will occur if the gain for the optical satellites
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is larger than the round-trip loss. In a Type-II OPO design where the signal and

idler are orthogonally polarized, the gain for the signal and idler pulses is provided by

the PPLN crystal and the interaction with the pump wave, whereas the gain for the

satellites is provided by the GaAs crystal during the interaction between the resonant

pulses and the THz pulse.

In order to ensure that all optical pulses have equal round-trip times in the SPOPO

cavity, the group-velocity dispersion (GVD) of the cavity must be compensated. The

GaAs crystal dominates the GVD of the cavity for λ ∼ 2 µm. The GVD can be

compensated by introducing into the cavity a transparent crystal the sign of whose

GVD coefficient is opposite that of GaAs, such as Y3Al5O12 (YAG). Additionally,

fine-tuning of the total cavity GVD can be accomplished by the use of cavity mirrors

with dielectric coatings with reflectivities designed to compensate cavity GVD.

If all of the above requirements can be met and resonant cascading occurs, the

THz power generated in a single-pass through the GaAs will be larger than if the

cascades were not present. To first order approximations where the signal, idler, and

N satellites have equal pulse energies, the THz power can be increased by a factor of

N .

7.2.4 Optical Absorption in GaAs

GaAs is becoming a more mature material for nonlinear-optical frequency conversion

applications. Increased thicknesses and reduced optical absorption coefficients in

OP-GaAs have recently been demonstrated [85, 86], and the number of wafers in a

single OC-GaAs sample are now as large as 15, although for a DRO in the cavity-

focusing limit long crystal lengths (> 5 mm) may not be required. Nevertheless,

GaAs is still mainly unproven in high average-power applications. To date, both

CW and synchronously pumped OPOs based on GaAs as the gain medium have not

be demonstrated, and there is initial evidence of pump-induced absorptions in the

infrared.

Techniques such as photothermal common-path interferometry can be used to
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characterize the concentrations of extrinsic defects in OP-GaAs, OC-GaAs, and DB-

GaAs and their effect on transmission and induced focusing. Self-induced absorption

measurements and Z-scan measurements [120, 121] can characterize nonlinear losses

and focusing at high average powers. Further reduction in the optical absorption and

characterization of any induced absorption effects will improve the performance of

GaAs in high average-power OPO cavities limited by thermal lensing.

7.2.5 Spatial and Temporal SPOPO Simulations

Development of a numerical simulator which calculates both the transverse spatial

and the temporal evolution of the pump, signal, idler, and THz fields in both singly

and doubly resonant synchronously pumped OPOs is currently in development. The

temporal domain is simulated with the symmetric split-step Fourier algorithm, and

the spatial domain is simulated with a azimuthally symmetric finite-difference algo-

rithm. Propagation of the signal and idler beams between nonlinear-optical crystals

is calculated using the Huygens-Fresnel kernel [68].

The focusing of the signal and idler beams that occurs in the GaAs are exactly

calculated for Kerr-induced index of refraction profiles which are Gaussian and ther-

mally induced index of refraction profiles, which are solutions to the heat equation

with Gaussian heat sources. The non-parabolic wavefront distortion which occurs for

r/w > 1 (Fig. 3.16) will accurately be calculated as well as the effect of this de-

phasing on the intracavity powers and THz power. Due to the focusing in the GaAs

crystal, the signal and idler beams in the PPLN crystal change as the intracavity

powers increase. The finite-difference simulation also accurately calculates the gain

for the signal and idler beams in the PPLN crystal as the powers increase.

The steady-state fields in the OPO can be calculated in less than one day with

reasonable sampling in the spatial and temporal domains using a standard desktop

computer. This simulation can be extended to calculate the satellite fields generated

due to cascading in the GaAs as well.
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7.2.6 Type-0 QPM Ring Cavity

A ring cavity with Type-0 phase-matching where the pump, signal, and idler are co-

polarized is an alternative design to the Type-II OPO discussed in this dissertation.

Due to the wide phase-matching bandwidth for this type of OPO which is operated

near frequency-degeneracy, an intracavity etalon must be used. The threshold of the

Type-0 OPO will be several orders smaller than that of the Type-II OPO due to

use of the d33 nonlinear coefficient, which is more than 6 times larger than the d31

coefficient used in the Type-II OPO [72]. This type of OPO is currently be researched

by Microtech Instruments, Inc., of Eugene, Oregon.

7.3 Conclusion

This is an exciting time for both research on the generation of THz-frequency radiation

and synchronously pumped OPOs. Research in THz technologies is ever-expanding

including new topics such as fs-pulse excitation, tilted-wavefront optical rectification,

and sensitive detection using sum-frequency generation. Commercial THz products

are finding their way into the marketplace such as real-time THz time-domain spec-

trometers. The industry has room for growth in basic areas such as materials charac-

terization at THz frequencies and sensitive detection. Currently, most transmissive

optics induce losses between 40–50% at THz frequencies, and fast detection systems

using photoconductive switches and electro-optic sampling are very expensive.

Synchronously pumped OPOs also have a bright future as more applications in-

volving SPOPOs are being developed. Recently, they have been used as a stable

divide-by-2 subharmonic generator [122]. This work has shown that DROs with large

intracavity powers can operate stably and be used for efficient intracavity frequency

conversion whether by DFG to the near-, mid-, and far-infrared or SFG to the visi-

ble. With the further maturation of nonlinear-optical materials such as GaAs, GaP,

and LiTaO3, SPOPOs will be a source of tunable high-peak and high-average power

extending from visible to far-infrared frequencies.
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