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d .  Abstract 

We present three new methods for modeling broad-bandwidth, nanosecond opti- 

cal parametric acillators in the plane-wave approximation. Each accounts for the 

group-velocity differences that determine the operating linewidth of unseeded optical 

parametric oscillators, and each allows the signal and idler waves to develop from 

quantum noise. The first two methods are liased on split-step integration methods 

in which nonlinear mixing and propagation are calculated separately on alternate 

steps. One method relies on Fourier transforming the fields between t and w to 

handle propagation, wiih mixing integrated over a AZ step: the other transforms 

between z and I C ,  in the propagation step, with mixing integrated over At. The third 

method is based on expansion of the three optical fields in terms of their respective 

longitudinal empty cavity modes, taking into account the cavity boundary condi- 

tions. Equations describing the time development of the mode amplitudes are solved 

to yield the time dependence of the three output fields. These plane-wave models 

exclude diffractive effects, but can he readily extended to include them. 
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operated by Sandia Corporation, a 
Lockheed Manin Company, for the 
United States Department of Energy 
under contract DE-ACO.2-94AL85000. 
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1. INTRODUCTION 

In recent years the discovery of new nonlinear optical materials, improvements in the per- 

formance of solid-state pump lasers, and progress in high-damage-threshold optics has stim- 

ulated renewed interest in optical parametric oscillators (OPO’s). Despite recent progress, 

these devices have yet to reach their full potential as sources with broad tunability, narrow 

linewidth, and good beam quality. One reason is their behavior is more complex than is often 

appreciated. This complexity makes computer simulations essential in interpreting labora- 

tory observations and in optimizing OPO designs. We reported earlier on a numerical model’ 

of nanosecond, pulsed OPO’s that included diffraction. birefringent walk off, and pump de- 

pletion. Its predictions agreed well with detailed measurements of spatial beam profiles and 

beam quality, spatially-resolved temporal pulse shapes, and frequency spectra for a single- 

frequency, injection-seeded KTP ring OPO. The primary limitation of that model was its 

assumption of narrow bandwidth operation which is appropriate for injection-seeded, single- 

longitudinal-mode devices pumped by single-longitudinal-mode pulses, but not for broad 

bandwidth operation or for multi-longitudinal-mode pumps. To address this shortcoming, 

we present here three new methods for modeling multimode, or broad-bandwidth OPO’s 4 

pumped by single-mode or multimode lasers, in the plane-wave limit. Each method can be 

extended to include diffraction and birefringent walk off, but that work is deferred, in part 

due to the computing power Fequired for such a comp1et.e model. 

1.  

These models of broad-bandwidth 0PO’s.should prove useful in understanding the spec- 

tral properties of unseeded, or free running, pulsed OPO’s that start from quantum noise, 

and also in understanding the conditions necessary for injection seeding them. For example, 

we noted in an earlier paper2 that a free-running, pulsed OPO generated broadband light 

with nearly pure phase modulation. The models presented here can test the generality of 

this observation. They can also be useful in predicting line widths and efficiencies of free 

running OPO’s, , I .  , , , , ,  and , ,  with i , i l ‘  realistic quantum noise models: they can predict the pulse-to-pulse 

fluctuations. in qutput :spectra and conversion efficiency. They should also answer questions 
. ,;. , I 
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of interest in injection seeding, such as the tolerance for detuning of the seed light from a 

cavity mode; tolerance to phase mismatch in the crystal; comparison of seeding with cw and 

pulsed light; the influence of t-he pump pulse's temporal shape and energy: and the role of 

pump bandwidth in seeding. A general model to address these issues should permit multi- 

mode pump light, arbitrary mirror reflectivities, a realistic quantum noise model, arbitrary 

seed light properties, frequency selective cavity elements, and variable crystal properties. As 

we nil1 show, our models meet these criteria. 

\Ve have chosen the OPO diagrammed in Fig. 1 as the target for our models, although the 

extension to other configurations is straightforward. The model must integrate the signal, 

idler. and pump wave equations through the crystal including nonlinear source terms, and 

it must apply appropriate boundary conditions at the mirrors and crystal interfaces. 
I .  

IVe define the signal field in ternis of a carrier frequency w, by 

so temporal and spatial structure is described by the coefficient ~ , ( t ,  z). Outside the crystal 

I;, = LJ,/C, and inside the crystal I;, = n,g,/c, where n, is the crystal index of refraction a t  

the signal wavelength. Similar relations describe the idler and pump waves. The boundary 

conditions simply require that at the input mirror the field amplitudes of the output waves 

are ihe sum of reflected input and transmitted circulating field amplitudes: 

and the circulating amplitudes are the combination of the transmitted input amplitudes and 

the reflected circulating amplitudes 

where j = s : i , p  for signal, idler, or puInp, and the Rj's are t.he reflectivities of the input 

mirror. The z values 0 and L refer to positions just after and just before the input mirror, 

and rhe phases qjj are residual round-trip phases proportional to the detuning of the carrier 
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waves from cavity resonance. At the crystal input face the field in the crystal is related to 

the circulating field by 

1-lc,. . 
& j ( t , Z  = z;,) =j nj &T(t, z = Zi,). 

and at the exit face the relation is 

(4) 

The three-wave parametric mixing equations that must be integrated inside the crystal itre 

well known3 to reduce in the plane-wave limit to 

k i d e f f  
E;(z, t )  = -&Jz, t)E:(z: t) esp(iAl;z) Pi(z, t )  n; c 

where Ak is the phase velocity mismatch for the carrier waves defined by 

Ak = kp - k, - ki,' 

and the carrier frequencies satisfy 

wp = w, + w;. 

(9) 

The second terms on the left in Eqs. (6-8) are associated with the group velocity, 'u, of each 

wave, defined by 

The third term describes group-velocity dispersion and is usually important only for band- 

widths greater than several hundred wavenumbers. Because this is seldom the case for 
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nanosecond OPO’s except near degeneracy for type 1 mixing, we disregard that term 

throughout this paper. 

In our previous model of single-longitudinal-mode OPO’s, we ignored group velocity 

differences among the three waves, in effect assuming that all three waves propagate with 

equal group velocity. This was appropriate for near-monochromatic operation where the 

time structure on the optical fields was limited to a scale much longer than any of the group 

velocity walk off times defined by 

where L, is the crystal length. For a broad-bandwidth OPO, in contrast, the waves are 

structured on a time scale a s  short as the signal-idler walk off time, ~ , i ,  so the group velocity 

terms must be retained. In fact, it is the time slippage heween t h e  signal and idler waves 

due to their differing group velocities that  is responsible for smoothing structure over times 

shorter than TG, limiting the operating bandwidth of a free running OPO to about 7;’ or 

less. Our new models integrate Eqs. ( 6 4 ,  retaining the group velocity term. 

There are a few published theoretical treatments of multimode OPO’S~-~. However, most. 

neglect the group velocity term and consequently they provide a poor physical description 

of broad-bandwidth OPO’s, although in some cases they predict spectral band widths rea- 

sonably well. Several of the  model^^-^ are based on an early theory of OPO’s by Yariv 

and Louisel19. This analysis starts with three coupled first-order equations of motion For 

longitudinally space-averaged field amplitudes derived by expanding the intracavity signal. 

idler, and pump fields in a set of lossless and ort.honorma1 cavity modes. The resulting 

rate equations are supposed to describe the time development of these fields in the case of 

single-mode operation with a single-mode pump. Cassedy and Jain4, Kong e t  ai.’, Schroder 

et aleG, and Boller and Schroder7 adapted these rate equations to the case of multiple signal 

and idler modes, assuming a single pump mode. However, it has been shown by numerous 

experiments and modelslJOJ1 that the assumption of spatially uniform fields is violated for 

most nanosecond OPO’s. Generally, the pump beam is not resonated and is severely de- 

b 
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pleted as it passes through the crystal. Additionally, the idler wave is often unresonated 

and must grow from zero at the input end of the crystal to its output value. Even the 

resonated signal wave is nonuniform because the output coupling in nanosecond OPO’s is 

high: typically 0.1 to 0.5. To allow for nonuniform fields, Fix and Wallensteins modified 

this approach by using the mixing equations above without the group velocity terms. A 

single-mode pump was assumed but N pairs of signal and idler modes were allowed with 

a value of Ak assigned to each pair. The (2N + 1) equations corresponding to Eqs. (6-8) 

above were integrated in z, assuming equal group velocities for all waves, and applying the 

boundary conditions at the mirrors on each round trip of the cavity. One problem with this 

method is that it does not properly handle group velocity effects. The Ak’s appear only 

in the nonlinear polarizatiod. terms and describe the phase adjustments due to nonlinear 

mixing but not those due to linear propagation. All temporal structure that develops on the 

pulses is assumed to propagate with the same velocity for the three waves rather than with 

their actual group velocities. This method has been successful in predicting thh linewidths of 

unseeded nanosecond OPO’s, but a more realistic model that includes group velocity differ-’ 

ences is needed to accurately describe the full range of broadband OPO behavior, including 

the effects of injection seeding. Only the model recently presented by Arisholm12 includes 

the group velocities. He treats them in an approximate way and he also incorporates start 

up from quantum noise fields. 

In contrast to Fix and W&enstein*, we folloiv the time development of only three waves, 

the carrier waves for the signal, idler, and pump. Spectra are deduced from the time- 

dependent structure that develops on these waves. Generally, the structure will be nearly 

periodic with a cavity round-trip repetition time. corresponding to the usual longitudinal 

cavity modes. The time structure will be smoothed over a time scale of t s i ,  the signal/idler 

walk off time, limiting the spectral width to the crystal’s acceptance bandwidth or less. Using 

this approach. Equations (6-8), including the group velocity term, have successfully described 

single-pass parametric mixing of broad-bandwidth pu1ses13-18*20~22*23 as well a s  synchronously 

pumped 0PO:s”’. Two common methods of numerical solution are the Runge-Kutta direct 
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integration method as outlined by Baker  et d e l 3 ,  and the split-step integration method in 
which linear propagation steps are alternated with nonlinear mixing steps. We present two 

examples of the latter method. We also present a method of solution based on the exact 

cavity equations of motion, which axe derived by expanding the fields in a Fourier series of 

longitudinal modes. Our mode-expansion formulation allows for spatially non-uniform fields, 

arbitrary mirror reflectivities, and group velocity mismatch. All three models described 

below give identical results for simulating broad-band OPO's in the plane-wave limit. 

2. SPLIT-STEP METHOD 1 

In our first implementation of the split-step method, the field ( E j ( t ,  z + Az) is determined 

from Ej(t,z) by first integrdting the equations without the nonlinear source term. In a 

reference frame with time transformed to keep the pulse with the fastest group velocity, vm, 

stationary in time, defined by 

2' = 2 

t' = t - z/v,, 

the propagation equations inside the crystal have the form 

Fourier transforming from t' to w converts this equation to 

where 

and Awj is the detuning of the j t h  wave from its carrier frequency. Eq. (16) shows tha t  

linear propagation over step AZ in (2, Awj} space is equivalent to shifting the phase of each 
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monochromatic wave of frequency shift Awj by (.kAwj[l/Uj - l/vm]), SO linear propagation 

is handled by transforming to { z ,  nu} space, shifting the phase of each monochromatic wave 

as indicated, and transforming back to {z ,  t'} space. The nonlinear mixing half-step is then 

performed in {z, t '}  space by integrating the mixing equations without the group velocity 

term 

a 
-E&, t') = Pj(%, t') aZ 
over the step Az, using a Runge-Kutta method. 

Figure 2 illustrates the details of our implementation. The input fields ~ y ( t )  are specified 

gridded in time. They are modified by the input mirror and input face reflections to give 

the fields just inside the crystal input face E j ( t . z o ) .  As ire just described. these fields are 
Fourier transformed from {t, zo} to {Aw: zo}? rhe  phase shifts are applied. and the fields 

are transformed back to { t ,  z g }  space. The use of the transformed time t' is it. convenience 

* 

to keep the pulses nearly centered in the time grid. The mixing step then modifies the 

fields at each point of the time grid according to Eq. (18): giving zj(t! 21). This process 

is repeated until the final z-step in the crystal is reached. The fields exiting the crystal 

are then delayed on the time grid by the round trip time of the fastest wave and split into 

components reflected and transmitted by t.he input mirror. The reflected components are 

added to the transmitted components of the original input fields and the resulting fields are 

again passed through the crystal giving results accurate for two crystal passes or over the 

time interval (0 - 2t;). This process is repeated for a third pass giving results accurate over 

(0-3tZ) and so on until the entire pulse duration is modeled. 

* 

We have verified that this method works. However. it. is computationally inefficient 

because the entire time range of the pulses is propagated through the crystal to extend the 

time history of the pulses by only.tE , requiring many passes with large time arrays. A much 

more efficient method is to propagate only one round-trip t.ime slice per pass. To find the 

starting fields for pass N, the reflected light frorii pass (-Y - 1) is combined with the Nth 

slice of transmitted input light and the entire history is hilt up one pass at a time. In 



practice, we use time slices somewhat longer than a single round-trip time, specifying the 

field over the interval ([N - l]t$ - At) to (Nt; + At). This is necessary because group 

velocity differences make the round-trip times different for the different waves. We use the 

round-trip time of the fastest wave to set the time slices. Propagation of the slower waves 

causes light from one round-trip slice to flow into the next: so a portion of the preceding 

slice must be included to accommodate this flow. Additional extra time is used to prevent 

aliasing in the Fourier transform. This extra interval is usually about 20 time points, and 

we weight them so the field amplitudes smoothly drop from actual amplitudes at the splice 

point to zero at the end points. A t  the end of each round-trip calculation, the spliced-on 

time zones are dropped, and the remaining field is the calculated field for the N t h  pass of the 

cavity. This method assumes that light in the A t h  time slice is unaffected by light outside 

the included time interval, a good approximation so long as there are no sharp features in 
J .  

the spectral response of the crystal that would have a corresponding time transform longer 

than At. This requirement is almost always met with nonlinear crystals of interest in OPO 

applications, and is essentially the same assumption made in dropping higher order time 

derivative terms (group velocity dispersion and higher order dispersion terms) in the mixing 

equations. 
I 

Frequency selective intracavity elements such as etalons can be accommodated in this 

method even though they might have narrow spectral structure. Reflections within an etalon 

will introduce time delays that cause some of the light from one OPO round-trip time slice 

to overflow into later slices. This can be handled by passing the fields covering the full 

currently known time range from t = 0 to t = Nf; through the intracavity element on each 

pass. Two copies of the fields must be kept. One that has been modified by the element and 

one that has not. The former is used in the crystal calculations, the latter is passed through 

the intracavity element to find the new time history after each pass of the cavity. 

To illustrate this method: we modeled the OPO of Fig. 1: using the operating parameters 

listed in Table 1. As a starting point we create an input time grid, identical in size for all 
three waves, with a time step adjusted to resolve the full acceptance bandwidth of the 
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crystal, and a length sufficient to contain the full duration of the input and output pulses, 

We fill this grid with the applied pump, signal, and idler fields. The signal and idler fields 

include quantum noise in addition to any seed light. Quantum noise is simulated by filling 

each longitudinal, or frequency mode of the input grid with light of random phase and with 

Gaussian amplitude distribution normalized to an average of one photon per longitudinal 

mode. Enough modes are filled so the spectrum spans the full acceptance bandwidth of the 

crystal, and they are centered on the carrier frequency of the signal or idler. These fields 

are Fourier transformed to the time domain and inserted in the input grid. This gives a 

Gaussian field amplitude distribution at the input mirror with a correlation time less than 

the inverse crystal acceptance bandwidth. Usually broad-bandwidth OPO’s have linewidths 

three to five times smaller thhn the crystal acceptance bandwidth, so starting with a noise 

spectrum slightly broader than the acceptance bandwidth should avoid artificial narrowing 

of the output spectrum. The time spanned by the input grid is a few times the duration of 

the pump pulse which in turn is many times the cavity round-trip time! forcing the frequency 

spacing of the noise modes to be much less than the cavity mode spacing. In this model, 

the cavity boundary conditions and the crystal gain select the oscillating modes; we make 

no assumptions about them. We do assume a single Gaussian transverse mode of specified 

diameter in our simulation. This should be realistic for low-Fresnel-number OPO’s which 

support oscillation on only a single transverse mode. 
* 

3. SPLIT-STEP METHOD 2 

The second model is also based on split-step integration, but rather than transforming 

between t and w,  we transform between z and kz in the propagation half of the split step. 

This propagates the fields over equal t steps rather than over equal z steps. In a reference 

frame with z transformed so the fastest moving pulse is stationary in 2‘: defined by 

I z = z - v m t  



, 
. , 

t' = t, 

the propagation equations take the form 

In {kzJ t }  space they take the form 

A z-grid is set up in the crystal. We define a time step, At, as the time for the fastest 

wave to move one z-step. Grids with this time step are set up as shown in Fig. 3. The 

input fields are placed on the input grid with time proceeding right to left as shown. Each 

step in the integration will iepresent a time snapshot of the fields. Propagation in the 

crystal proceeds by Fourier transforming all but the fastest wave from {z', t }  to {kz ,  t }  over 

the full crystal length, phase shifting each monochromatic wave by (AkzAt[v; - v,]), and 

transforming back to {z ' , t } .  Here, Akz is the offset from the wave vector of the associated 

carrier wave. This shifts the slower waves to the left, or toward smaller 2, by the amount 

(At(v, - v i ] ) .  All the fields are then clocked one grid space clockwise - over the full cavity 

and input and output grids, applying the mirror and crystal transmission and reflection 

coefficients to satisfy boundary conditions. The propagation transform is performed only 

over the crystal length, rather than over the full cavity. As before, we justify this by noting 

that ordinarily it is only theiight within the crystal that determines the propagation in the 

crystal. Buffer zones are appended to the crystal fields similar to those described for method 

1 above to avoid aliasing in the FFT's. 

The mixing half of the split step consists of integrating Eqs. (6-8) from t o  to (to + At), 

neglecting the propagation term. The mixing equations of form 

a 
01 

are integrated at each grid point within the crystal. We applied this method under identical 

conditions to the example above and achieve results identical to those of method I. 

-Cj (Z ' ,  t )  = 7Jj Pj(Z', t )  

11 



It is possible to include intracavity etalons in this method directly by adding the etalon 

mirror reflective boundary conditions to the grid propagation. This is straightforward if the 

etalon mirrors lie on grid points. If not. FFT methods can be used to shift fields a fraction 

of a grid spacing to accurately simulate the etalon. 

4. CANTTY-MODE-EXPANSION 'METHOD 

The cavity-mode expansion method derives exact, cavity equations of motion for the intra- 

cavity fields by expanding each field in terms of the longitudinal spatial modes of the OPO 

cavity. This approach has been successfully applied to lasers with externally injected fields=. 

The key step in expanding the fields in a Fourier series of longitudinal modes is to write the 

field amplitudes inside the cavity as 
1 .  

The motivation is to define amplitudes .4j(t, z) that are continuous throughout the cavity 

and satisfy periodic boundary conditions at z = 0 and z = L. The functions uj(z)  satisfy 

duo(%) 3- - 0  
dz (25) 

inside and outside the crystal except at the crystal faces and mirrors where they are dis- 

continuous. They satisfy all boundary conditions at discrete locations in the cavity (mirror 

reflections, crystal surface losses, and phase shifts upon reflection and transmission at sur- 

faces). Since all the discontinuous boundary conditions inside the cavity are handled by the 

functions uj (z) !  the amplitudes Aj(t ,z)  are continuous bet.ween 0 < z < L. At z = 0 the 

functions u j ( z )  satisfy the reduced boundary condition 

* 

The eigenvalues rj are found from the solution of Eq. (26) to be 



with 4j being the residual round trip phase due to detuning of the carrier from cavity 

resonance. Thus the functions uj(z) and the constants rj handle discontinuities in the 

cavity fields for arbitrary mirror reflectivities, crystal reflectivities, and cavity detunings. 
In order to make the Aj(t,z)’s periodic, it is also necessary to factor out the injected 

fields as in Eq. (24). These are the fields that develop in the passive cavity due to the input 

fields so they satisfy the homogeneous plane-wave equation (no nonlinear polarization term) 

with boundary conditions 

Analytical expressions for ~ f ” j ( t $  z)  are easily obtained for the OPO cavity shown in Fig. 1. 

Substituting Eq. (24) into the mixing equations, we find the amplitudes A j ( t ,  2) satisfy 
d .  

throughout the cavity, where Vj(Z) is ‘uj in the crystal and c in air. Using Eqs. (26) and 

(28)’ the Aj(t, 2)’s satisfy the periodic boundary conditions 

Aj(t, 0) = Aj(tJ L)  

at all times. Because they are also continuous functions of z: they can lie expanded in a 

Fourier series of longitudinal modes of the empty ring cavity 

A&, z )  = CAi(t) exp[-i 27rqz/L] (31) 
4 

where y is the cavity mode integer. The expansion coefficients evolve in time according to 

where 

Equation (32) represents the coupled equation of motion for each Fourier component of 

each field inside the OPO cavity. We solved these equations under identical conditions to 
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the example above and achieved results identical to those of methods 1 and 2. This gives 

us confidence that  all three methods solve correctly the three-wave mixing equations with 

group velocity differences subject to the OPO cavity boundary conditions. 

Including intracavity etalons is not straightforxud in this formulation. In principle, one 

could find the longitudinal modes of the OPO cavity with an etalon in the cavity, and then 

expand the fields in terms of these modes. However, methods 1 and 2 offer a much more 

straightforward approach for including etalons. Finally, transverse effects can be included 

by expanding the fields in the transverse modes of the bare cavity. 

5. COiMPARISON OF METHODS 

d .  
Each of our models has its own strengths and weaknesses. For a direct comparison among 

them, we chose the example of Table 1. For method l7 the time step was 0.303 ps, the number 

of time steps included in each single-pass integration \-vas 256. and the number of z steps in 
the crystal was 50. Run time was about 5 minutes on a 300 JIHz Pentium I1 computer. For 

method 2: the time step was 0.188 ps and the number of z grid points in the crystal was 

256. Run time was slightly longer at about 15 minutes. The modeled OPO performance 

was identical for the two methods. The two run times should each scale approximately the 

same with changes in bandwidth, pulse duration? crystal and cavity length, so there is not a 

clear winner in computation speed or memory requirements. Both dan be readily extended 

to include diffraction and birefringent walk off by including in the propagation half-step 

the transform from {z, y} to {a, Icy). Diffraction and walk off are handled by adding the 

diffractive and walk off phase shifts, followed by transformation back to (2, y}”. This should 

apply equally to both spit-step methods. This combination of group-velocity walk off with 

diffraction and birefringent walk off has been demonstrated by Milonni et d.?’ in a model of 

single-pass second-harmonic generation that uses the (t tf g) transform method to handle 

group velocity. , d 

If the group velocity dispersion terms in Eqs. (6-8) are important, for example in a 



degenerate type 1 OPO, method 1 has an advantage because the nonlinear mixing equation 

remains a first order equation, whereas in method 2 it becomes second order. One attractive 

feature of method 2 is that it gives a series of snapshots of the fields permitting a movie-like 

display of the fields as they propagate through the crystal. This can provide valuable insight 

into the evolution of the mixing fields. Implementations of these two methods are included in 

the public domain software package SNL02'. The cavity mode expansion method is much 

slower than the other two, with a run time of about 2 hours. The reason for this is not clear, 

and we did not pursue this method further since methods 1 and 2 give identical results and 

run much faster. We speculate that one reason method 3 may be slow is because the pump 

and idler are not resonant in the example calculation yet they are expanded in OPO cavity 

modes. The expansion coefficients seem to vary rapidly in time requiring small time steps 

and higher-accuracy integration schemes. We used a fourth-order Runge-Kutta scheme to 

solve the coupled equations Eq. (42), a time step of 0.076 ps, 12'7 longitudinal modes: and 

120 z-grid points in the crystal for the example of Table 1. Method 3 is of interest primarily 

as an extension of previous models of multimode lasers and OPO's, showing how they can 

he adapted to correctly model nanosecond OPO's. 

I ,  

6. EXAMPLE RESULTS AND DISCUSSION 

In a pair of earlier papers1i2, we presented detailed laboratory measurements of the behavior 

of two similar KTP ring OPO's. We reported the unseeded linewidths, seed power threshold, 
c 

and aset of measurements that indicated the unseeded spectrum was nearly phase modulated 

with little amplitude modulation. I t  is interesting to compare the predictions of our new 

models with these observations. The parameters for the KTP OPO are listed in Table 2. 

First we consider the unseeded spectra. The model predicts large pulse to pulse variation 

in the signal and idler spectra reflecting the variation in the start up noise. Fig. 4 shows 

two calculated unseeded spectra under identical operating conditions except for the signal 

and idler st,arting noise. This large variation is in qualitative agreement with our laboratory 

15 



observations. Fig. 4 also shows the signal spectrum averaged over 10 pulses. The averaged 

linewidth is about 2.5 cm-', in good agreement. with the measured linewidth of about 3 

cm-l. In these runs the linewidth of the start up noise was 15 cm-I. When cw seed light at 

the signal wavelength is added, the spectrum narrows as espected. Fig. 5 shows a series of 

spectra corresponding to seed levels of 0, 1, 10: and 100 n W  for the same starting noise in 

each case. There is slight narrowing with 1 nW, but for 10 nW the seeded mode is about 100 

time the strength of the other modes, and for 100 nW the seeded mode is about 1000 time 

the strength of the other modes. The seed light was exactly resonant with a cavity mode. 

This observation of a seeding threshold power of about 10 nW agrees with our measured 

seeding threshold' of about 10 nW. 
The situation with modedcorrelation or phase modulation is more complex In our 

earlier paper we presented a number of measurements that taken together indicated that. 

the light from the KTP OPO was nearly purely phase modulated, although there was no 

single definitive measurement. We measured directly the signal wave amplitude modulation 

(AM) at frequencies less than 5 GHz, using a fast oscilloscope and detector. This resolved 

only the 3.66 GHz adjacent mode beating. We found significant Ah4 with pump levels near 

threshold, but it disappeared as the pump level was increased to 2 and 3 times threshold. 

We also summed the signal and idler waves in a, mixing crystal to create light at the pump 

wavelength. With no delay between the signal and idler pulses, the reconstructed pump 

light was nearly monochromatic, but with a delay it developed sidebands. This indicated 

that the signal and idler waves had large conjugate phase excursions but relatively little AXI. 

* 

We also frequency doubled the signal wave, comparing doubling efficiency with and without 

injection seeding. The efficiency changed by 3% or less indicating that the output signal 

light had much less AM than the quantum noise from which oscillation I builds. From this 

experimental evidence we conclude that, unlike many Q-switched lasers, an OPO does not 

amplify the starting noise with weak correlations between modes to give nearly chaotic light. 

but rather produces light in several longitudinal modes with strong intermode correlations. 

The light behaves more like phase modulated (PlI) than chaotic light. In our earlier paper. 



we also presented a model calculation that pointed toward pure PM light. The model started 

with two signal cavity modes seeded so the seed had strong AM. We integrated the mixing 

equations without the group velocity terms and found that the Ab1 was strongly suppressed 

at high pump levels but not near threshold, in qualitative agreement with experiment. We 

have now applied our new models that include the group velocity terms to  address the 

question of the correlation between modes. Based on a limited number of model runs, we 

find strong suppression of amplitude modulation in a signal-resonant OPO if the group 

velocity of the pump is midway between those of the signal and idler. With increasing 

deviation from that value, the amplitude modulation tends to grow. Interestingly, this 

optimum value corresponds to exact phase matching for frequency summing pairs of signal 

and idler sidebands with equal detuning from their carriers. That is, all processes satisfying 

([ALJ, = Nd] + [Aw; = N6]-,[AwP = +2N6]) are exactly phase matched. Why this should 

suppress AM most effectively is not obvious. This’ case is illustrated in Fig. 6 which shows 

d .  

time profiles of the signal wave for various pump levels for the OPO of Table 1. Each run 

uses the same starting noise. The suppression of AM with increasing pump is apparent. 

Further, the leading edge of the signal pulses retains some modulation even at the higher 

pump levels: qualitatively agreeing with our laboratory observations. The details of the 

leading-edge modulation reflect the modulation in the start-up noise fields and fluctuate 

from pulse to pulse if different starting noise is used. 

However in the KTP ORO’s of our earlier papers, the pump group velocity is slower 

than both the signal and idler velocities. Our model indicates that AM suppression is 

weaker here. In fact, rather than producing a smooth time profile the model predicts a 

smooth profile interrupted by amplitude excursions with the characteristic shape shown in 

Fig. 7. The location and abundance of these blips depends on the starting noise but their 

shape is nearly universal. They persist for the duration of the pulse, recurring with a round 

trip period. They are a direct consequence of the difference in group velocities of the three 

waves and their width approximates the pump/idler walk off time Tip of 4.9 ps. Different 

sets of group velocities develop other characteristic shapes. Interestingly, when we calculate 



the relative efficiency for frequency doubling the predicted signal wave, it is within 3% of 

a temporally smooth pulse, so the second harmonic test of our previous work which had a 

3% detection limit would not have clearly detected this type of AM. Further, when we filter 

the signal wave as detected by a square law detector to pass only frequencies less than 5 

GHz, corresponding to our direct AM measurement, very little modulation appears on the 

pulse profile because the blips are bipolar with nearly equal positive and negative excursions. 

Also, near threshold the characteristic shape is replaced by only negative excursions so more 

AM is predicted. This trend is in qualitative agreement with our earlier report. However, 

as the pump level is increased to 4 times threshold the number of blips increases as does 

the 3.66 GHz AM, in disagreement with laboratory observations. We must conclude that 

while there is strong correlation between modes: perhaps AM suppression is not complete 

in all cases! including the KTP OPO's we studied. We note, however, that a few percent 

idler feedback significantly reduced the number of blips. Also, the velocity of the blips slows 

slightly with increasing pump level so it may be that including realistic transverse beam 

profiles and diffraction would reduce or eliminate them. 

Another testable feature predicted by our model is the existence of many low level side- 

bands on the depleted pump light. A predicted power spectrum shown in Fig. 8 for the KTP 

ring OPO has many sidebands at the sub-percent. level spread over a range approximately 

equal to the 8 cm-' crystal acceptance bandwidth, with peaks separated by the OPO mode 

spacing, 6. For seeded operaGon, these sidebands are absent. We have verified this behavior 

in a laboratory OPO by analyzing the depleted pump light using a Fabry-Perot etalon. Fig. 

9 compares depleted pump spectra for seeded and unseeded operation along with a reference 

spectrum taken by blocking the signal wave inside the OPO cavity to prevent oscillation. 

Note the presence of many low level modes only in the unseeded case. Our analyzing Fabry- 

Perot had a free spectral range of 45.4 GHz and finesse of about 35. We scanned the central 

spot of the etalon with each point on the trace representing the average over approximately 

10 pulses. The sidebands on the depleted pump extend beyond the free spectral range of 

the etalon so each side band is actually a sum of sidebands associated with different etalon 



orders. The etalon spacing was adjusted to overlap the orders. From a separate etalon scan 

with the free spectral range extended to 6 cm-I. we find the sidebands extend at least 5 

cm-’ on each side of the input pump frequency. The individual sideband energies are in the 

range of 0.3% to 1%. 

7. CONCLUSIONS 

We demonstrated three methods of modeling broad-bandwidth nanosecond OPO’s in the 

plane-wave limit and show excellent agreement among them. We pointed out the advantages 

and limitations of each and indicated how they could be modified to include diffraction and 

birefringent walk off as well as how intracavity frequency selective elements could be included. 

The models predict unseeded. OPOk generate light with unusual spectral properties. I t  is 

broad band but has  much less amplitude modulation than it would if random phases were 

assumed for the longitudinal modes. Evidently the modal phases are locked in such a 

way that they produce nearly phase modulated light, in accord with our earlier laboratory 

observations’. We also find that the group velocity of the pump light relative to those of the 

signal and idler has an impact on the spectral properties of an OPO. With a pump velocity 

intermediate between signal and idler velocities. Ah1 suppression is strongest. .4dditionally, 

the output waves tend to develop characteristic blips whose shape depend on the relative 

group velocities. We expect these models will provide aguide in designing nanosecond OPO’s 
m 

with spectral control either by injection seeding or by use of intracavity frequency selective 

elements. Although we have not presented examples here, our models also permit the use of 

multimode pump light, so the influence of the pump spectrum can also lie studied. Finally, 

we note that method 1 can readily accommodate group velocity dispersion terms so it should 

lie possible to model degenerate type 1 OPOk with their extremely wide bandwidth. 
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FIGURES 
Fig. 1. Diagram of the optical parametric oscillators modeled in this paper. The reflectivities of 

mirrors M2 and M3 are 1.0 for all three waves. Mirror M l  reflectivities and other parametels are 

given in Tables 1 and 2. 

Fig. 2. 

time at each z point. 

An example of OPO model gridding for split-step method 1. The pulses are gridded in 

Fig. 3. An example of OPO model gridding for split-step method 2. The z grids outside the 

crystal are spaced by Az = c/At, that in the crystal is spaced by AZ = vmaz/4t where vmnz is 

the fastest of the three group velocities. 

Fig. 4. Signal spectra for OS.0 of Table 2 pumped at twice threshold. Top avo traces are for 

individual pulses with different start up noise. Bottom trace is the average of ten pulses with 

fluctuating start up noise. The averaged spectral width is about 2.5 cm-' compared with the 

crystal acceptance bandwidth of 8 cm-l. 

Fig. 5 .  Signal spectra for OPO of Table 2 pumped at twice threshold. The cw seed power incident 

on the input mirror is varied from 0 to 100 nW with the same start up noise for each pulse. The 

spectra are normalized so the sum of the energy in all modes is unity. Bote the scale changes 

behveen the graphs. 

Fig. 6. Time profiles of the2ignal wave for the OPO of Table 1 with pump pulse Auences neax 

threshold, twice threshold and four times threshold. The pump pulsc is centered a time zero and 

has a, 7 ns width (FWHM). 

Pig. 7. 

half of a cavity round trip is displayed starting about midway through the signal pulse. 

Time profile of the signal wave of the OPO of Table 2 pumped at twice threshold. One 

Fig. 8. 

threshold. 

Computed spectrum of the depleted pump wave for the OPO of Table 'I! pumped a t  twice 



Fig. 9. Measured spectra of the depleted pump wave for unseeded (top trace) and seeded (middle 

trace) OPO of Table 2. The bottom trace is a reference trace with the signal path blocked inside 

the OPO cavity. Each sideband is the overlap of sidebands from several etalon orders. The etalon 

free spectral range is 45.4 GHz and the OPO cavity free spectral range is 4.1 GHz. The peaks at 

+2 and +14 GHz are measurement artifacts. 
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TABLES 

Table 1. Parameters of Example OPO 

Parameter Pump Signal Idler 

Wavelength (nm) 

Refractive Index 

Group Velocity Index 

Crystal Absorption (cm-') 

Input Energy (J) 

FWI-TM Piilse Duration (ns) 

FWHM Beam Diameter (mm) d .  

Input Mirror Reflectivity 

35.5 

2.2 

2.275 

0 

0.4 

2 

4 

0 

710 

2.2 

2.2 

0 

quant noise + variable seed 

4 

0.7 

710 

2.2 

2.35 

0 

quant noise 

4 

0 

Cavity Length (mm) 

dsfr (pm/V> 

11 Crystal Length (mm) 5 

2 AI; (mm-') 0 
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Table 2. Parametels of KTP Ring OPO 

Parameter Pump Signal Idler 

Wavelength (nm) 
~- 

Refractive Index 

Group Velocity Index 

Crystal Absorption (cm-l) 

Input Energy (J) 

FWHM Pulse Duration (ns) 

FWHM Beam Diameter (mm) 

Input Mirror Reflectivity 

532 800 1588 

1.79 1.818 1.736 

1.911 1.875 1.765 

0 0 0 

0.4 quant noise + variable seed quant noise 

7 

0.6 0.G 0.6 

0 0.84 0 

Cavity Length (mm) 73 Crystal Length (mm) 10 

deff (pm/V) 3.1 Ak (mm-’) 0 
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