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The azimuthal dependence of second- and third-order coupling are used to measure the 

relative contributions of each to direct third harmonic generation with efficiencies up to 6%. 

The values of xijc3’ are measured. 
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Generation of the third harmonic (THG) in a single process is an idea that has been 
around since the inception of nonlinear optics. ‘-’ However, since the process w + w + w --+ 3w 
is governed by the third order nonlinear electric susceptibility ~(~1, the efficiency of such 
an interaction has been very low. To this date, the high intensities needed to drive this 
process has confined most research into higher order harmonic conversion to highly focused 
beams in gases or liquids. Recently, the increasing number of terawatt-class chirped-pulse 
amplification (CPA) lasers (and beyond) in recent years has made it possible to achieve very 
high intensities (> 100 GW/cm2) in collimated beams in solids without damaging material. 

Efficiencies for THG in solids have been limited to less than a percent with the highest 
conversion achieved using BBO. It has been suggested that unphasematched second-order 
processes can contribute significantly to THG,4p6 similar to the use-of cascaded second- 
order processes giving rise to an effective nonlinear refractive index.7>8 However, experimental 
uncertainties in efforts to assess this contribution by measuring conversion efficiency61g were 
too large to determine the relative contributions of the several processes. We were able to 
vary the azimuthal angle 4 in BBO and measured directly the relative contributions of x(‘) 
and xc31 to THG in BBO for both Type I and Type II phasematching. Consequently, we 
were also able to determine relative values for the tensor element xl0 , x8’, and &I, and (3) 

have achieved conversion efficienies to the third harmonic (355 nm) of up to 6%. 
It has been shown4-” that because the fundamental and third harmonic waves are in 

phase, &k = 0, regardless of the intervening processes, it is possible to have energy transfer 
to the third harmonic by two cascaded second order processes. First the second harmonic is 
generated (SHG) and then is summed with the fundamental to generate the third harmonic 
(SFG). This can occur efficiently even though neither the SHG nor the SFG process are 
phasematched. 

Using the fact that BBO is a uniaxial crystal and so direct THG should be independent 
of the azimuthal angle 4, we varied 4 for a 3 mm long BBO crystal with a sol-gel AR. 
coating to eliminate angular variations in surface reflectivity. Because the phasematching 
angles for Type I and Type II THG at the incident wavelength of 1053 nm, we were able to 
measure the THG efficiency for both Type I (ooo + e, 8, = 37.7”) and Type II (ooe -+ e, 
8, = 47.1”) configurations using the same crystal of BBO (3 mm in length). The effective 
nonlinear susceptibility C,E = xe~/4 (including both second and third order effects) for Type 
I phasematching is 

C,, = A sin 64 + (sin &Cl0 - B) cos 3$ (1) 
with 

A = Ed2 
cos Qm cos3 Qm - 

2c 22 n2,Ak~&G n2,1.1k,S,G 1 = 77.92 pm2/V2, and 

1 

(2) 
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Figure 1: Effective nonlinear coupling for internal azimuthal angle $in+, for (a) Type I and 
(b) Type II phasematching. 

B = ~dazdls 
sin 19~ cos2 8, sin 0, 

nzoAk~~~ - n2,Ak~f~ 1 = -8.76 pm2/V2. (3) 

The values used for d22 and d15 for BBO were 2.2 pm/V and .16 pm/V,r’ respectively. The 
nonlinear coupling for Type I THG as a function of 4 is shown in Fig. 1. Fitting Eq. (1) to 
the measured data gives a value for CL0 = xi”,‘/4 of 1.1 x 1O-23 m2/V2. This compares to an 
effective value for the cascaded second order coupling of 8 x 1O-23 m2/V2. 

Similarly, for Type II phasematching, the effective nonlinear coupling is given by (ne- 
glecting all terms proportional to d&) 

c eff = A cos2 34 + B sin2 34 
+ sin 345 [D + Ed33 + 3Clo sin 2&] 

+ Fd33 + 3 F cos2 8, + (716 sin2 8, 
I (4) 

where 

A+2 [ cos4 8, co2 8, 
2wo ndAk5 - n3 Ales 

1 ds2 = 49.9 pm2/V2, 

2n B zz - x 
2wo [ 

2cos2 l9, cos4 om 
- n3Alc7 n4AlcG 1 di2 pm2/V2, = -21.8 

27r 
D = -2---- 

sin 
x 2wo 

[ 8, 
cos3 

Om 
sin 

n&6 +- 28, 1 d22d15 = 2.0 pm2/V2, 
n3Ak7 

2~ sin3 19~ cos %, E = -- 
x 2wo n&6 

d22 = -2.6 pm/V, and 

F= Fsdls = .20 pm/V. (5) 
2~0 4 6 

The value for Cl0 can be used from the Type I measurements since this is the same crystal. 
However, d33 is unknown and must be used as a parameter for the fit. We obtain a value for 
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Figure 2: Energy output from single BBO crystal at 351 nm along with cubic fit to low drive 
points. (a) Type I phasematching with $int = -15”. (b) Type II phasematching (@in, = 0). 

Cii cos2 0, + Ci6 sin2 8, of 4 x 1O-23 m2/V2 with d 33 = 1.7pm/V. With this method, there 
is no way to further separate the contributions of Cii and Cie. 

For both Type I and Type II processes, it is evident that the cascided, second-order 
interactions can contribute strongly to THG. In fact, for Type I phasematching, there are 
configurations where it dominates over the expected third-order coupling and can lead to 
efficient generation of the third harmonic. major contribution to the THG observed is the 
cascaded process, not the third order process. Finally, Figs. 2(a) and 2(b) show conversion 
efficiency to the third harmonic (355 nm) from the fundamental (1055 nm) for 350 fs pulses. 
In both cases, efficiencies of 5-6% were achieved with saturation beginning to have an effect 
above 200 GW/cm2. 
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