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has revealed a preference for the 28.07 ° bound
ary. Calculations of the energy of cOincidence 
twist boundaries between ionically bonded crystals 
are in progress and will be reported elsewhere. 

Although the results in Fig. 3 show that three 
twist boundaries have lower energies than bounda
ries with slightly larger or smaller angles 
of twist the prevalence of a twist boundary is not 
a very good guide to its energy. This is evident if 
one considers the processes which lead to the for
mation of a coincidence boundary. When a pair of 
crystals meet it is most probable that a pair of 
edges touch, or that a corner of one crystal 
touches a point in the face of the other. Either of 
these events is followed by relative rotation of the 
crystals until an edge of one lies in a face of the 
other. The crystals then rotate about their line of 
contact until two {001} faces meet and join. Finally, 
if the Peierls stress is not too large, the crystals 
rotate about the normal to their contact plane to 
reduce the energy of the interface between them. 8 

This rotation ceases when a minimum in the inter
facial energy-deep enough to terminate the rota
tion-is reached. The fraction of joined crystals 
with a particular twist boundary between them will 
depend on the angle between the adjacent maxima. 
If the maxima are widely separated the boundary 
has a large catchment angle and will be common. 
If the maxima are close to one another the bound
ary will be rare. 

The conclusions to be drawn from the results 
described in this paper are as follows: 

(1) Twist boundaries are formed on {001} planes 

during the clustering of MgO smoke crystals. 
(2) Twist boundaries at 16.5±0.3°, 22.6±o.3°, 

and 36. 6 ± O. 3 ° have lower energies than bounda
ries with slightly smaller or larger angles of 
twist. 

(3) The angles at which low-energy boundaries 
occur are predicted by the coincidence model. 

The authors are grateful to Dr. S. Mader for 
useful discussions. 
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Results of measurements of the second-order intenSity correlation function of the optical 
field produced by cw optical second harmonic generation in a LiNbOa crystal pumped by a 
He-Ne laser operating in two independent axial modes are reported. The observed correlation 
function is shown to be in agreement with theoretical descriptions of second harmonic genera
tion and with coherence theory. 

This letter reports the first measurement of the 
second-order intenSity-correlation function of cw 
second harmonic laser light. As a result of the 
rapid development of nonlinear devices, in partic
ular harmOnic generators, it is of interest to ex
plore the statistical nature of the non-Gaussian 
optical fields associated with second harmonic 
generation in order to assess the influence of the 
statistics of the pump field and the nonlinear 

parameters of the medium. Some experiments 
have been discussed previously using as a pump 
source a pulsed solid-state laser1,2 but reliable 
pulsed-laser measurements are difficult to per
form and the results of any such measurements 
are not easily interpreted since pulsed high-power 
solid-state lasers usually lack spatial and tempo
ral coherence in their output. 

With the photon counting system shown in Fig. 1 

117 



VOLUME 17, NUMBER 3 APPLIED PHYSICS LETTERS 1 AUGUST 1970 

TEMPERATURE 
~CONTROLLED OVEN 

OUAL FREOUENCY 

LASER SOURCE 

FOCUSSING 
LENS 

we have measured the normalized intensity 
fluctuation autocorrelation function ;\(r) for radia
tion produced by second harmonic generation 
(SHG) in lithium niobate (LiNbOs) pumped with the 
focused beam of a continuous He-Ne laser operat
ing in two independent axial modes. ;\(r) is given 
by (: tol(x, t) tol (x, t +T) : ) / (: I(x) : )2 where the 
colons denote a normally ordered product of 
operators and the angular brackets symbolize an 
ensemble average over all realizations of the field 
intensity. The procedure for the measurements of 
;\(T) involves the use of a time-to-amplitude con
verter (TAC) and an associated computational pro
cedure. s The TAC output pulses were stored in a 
512-channel pulse-height analyzer (PHA). The 
rate R(T) at which conversions that correspond to 
photons absorbed at the space-time pOints X; t and 
x, t+r are stored is given by 

x It I(x, t")dt"]: > x dead time factor. (1) 
t-Tw 

0!1 and 0!2 are the dimensionless quantum efficien
cies of the photoelectors, S1 and S2 are the effec
tive surface areas of the photodetectors, T w is the 
full scale TAC conversion range, T L is an arbi
trary delay introduced to identify true coinci
dences' and toT is the width in seconds of each 
channel of the PHA. 

If the photodetector average counting rates 
Rb R2, given by R1•2 = 0!1,2CS1.2 (: f (X):), are kept 
sufficiently low that R1T wand R2T w« 1, R(T) re
duces to 

R(T) is then constant and independent of r for a 
field with no correl~ted intenSity fluctuations. 
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(2) 

FIG. 1. Apparatus used to mea
sure second-order intensity cor
relation function of optical field pro
duced by second harmonic genera
tion. 

The pump wavelength chosen for our measure
ments was the 1.1526-11 line of a He-Ne laser. 
This creates a harmOnic radiation field at 0.576311 
which is detected using photomultipliers with S20 
cathode response. The two-mode output of a 
Spectra Physics Model 120 laser with about 
1x lO- s W in the TEM", mode was focused into a 
stoichiometric LiNbOs crystal phase matched at a 
temperature of 176.6 °C. The second harmOnic 
light (5 -10-6 W) emerging was polarized, filtered, 
and coupled to a O. 25-m monochromotor which 
serves as a selectable narrow band filter. The 
SHG signal is then split into two beams, each of 
which is detected by a cooled C31000F photo
multiplier. The performance of the counting appa
ratus was verified by observing the TAC conver
sion rate R(r) of an optical field produced by a 
6328-A. He-Ne laser operating first in a single 
axial mode and then in a two-mode regime. The 
result of measurements of ;\(T) of second harmonic 
radiation are shown in Fig. 2. This figure dis
plays the number of counts stored in each channel 
of the PHA as a function of photon arrival time 
difference. The observed cosine modulation fre
quency of the two-photon counting rate corresponds 
to the axial mode frequency separation of the He-Ne 
laser (c/2L == 380. 7 MHz) as observed with a scan
ning Fabry-Perot interferometer or rf spectrum 
analyzer. All measurements were made with a 
TAt conversion range of 50 nsec and an average 
SHG photon counting rate of about 2x 105 counts/sec. 

The irregularities of the cosine modulation in 
Fig. 2(a) are not due to intensity fluctuation cor
relations but due to nonlinearities present in the 
electrOnics, in particular in the TAC. This is 
verified by first accumulating 20000 TAC conver
sions per channel for SHG light produced from the 
two-mode laser and then subsequent accumulations 
of conversions in the PHA subtract mode produced 
by radiation from a single-mode laser. The dark 
current counting rate for the two photodetectors 
was sufficiently low « lOS counts/sec) that it could 
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FIG. 2. (a) Number of TAC conversions as a function 
of channel number. Each channel is 100± 5 psec in width, 
with true coincidence (T = 0) corresponding to channel 
No. 206; (b) number of TAC conversions as a function of 
channel number, corrected for nonlinearities in the 
electronics that process the photomultiplier pulses. 

be neglected. The normalized autocorrelation 
function A(r) can then be deduced directly from 
R(T) and is given by A(T) = [R(r) - R 1R2Ar ]/R 1R2Ar. 

The result of the measurement on the SHG radia
tion induced by a laser oscillating in two indepen
dent modes is given by 

corresponding to a cosinusoid of average period 
gi ven by 27 channels x 100 ± 5 psec per channel. 

Assuming perfect 90 0 phase matching for 
focused pump radiation, it can be shown4 that the 
SHG radiation field intenSity is given by Is HO(X, t) 
=K l~uMP(x, t), where K is a nonlinear coupling 
parameter. Hence any fluctuations that may exist 
in the SHG output are determined by both the 
fluctuations of fpUMP(x, t) and a term not correlated 
with Ji,UMP(X, t) which takes into account any ran-

domness that may be associated with K. For a 
two mode with an axial mode separation frequency 
AW and complete spatial coherence, 

A + A • - 2 
(: I SHO(X, t)1 SHG(X, t+r): )/(:lsHG(X):) 

'= 1 +t cos Awr + fa cos 2Awr. 

Therefore, the theoretically expected behavior of 
A(r) is approximately given by t cos Awr since the 
contribution of the 2AW term to the modulation 
amounts to less than 2 %. 

The conSiderable difference between the ob
served maximum value of A(-ry and the theoretically 
expected maximum value is due to the finite time 
resolution of the electronics and a decorrelation 
effect due to the use of focused beams in the pro
duction of the SHG radiation field. Measurements 
of the time slewing of the photon counting system 
yielded a value of 0.7 nsec which reduces the 
theoretical modulation amplitude from 89 to a 25% 
depth of modulation under the assumption of a 
Gaussian system function and its convolution with 
R(r).5 Theoretical analysis of the propagation of 
coherence functions in nonlinear crystals6 indi
cates that the temporal dependence of the intensity 
correlation function of SHG radiation fields is 
deducible directly from the time dependence of the 
intensity correlation functions of the pump radia
tion field, but that the spatial coherence of the 
SHG field cannot be directly deduced from the 
properties of the pump field except in the case of 
a plane-wave pump field. Since the pump field in 
this experiment was neither completely spatially 
coherent nor a plane wave, the SHG field should 
be even less spatially coherent than the pump field. 
The spatial incoherence of the SHG incident on the 
photodetectors resulted in a further reduction of 
the modulation amplitude from 25 to 13 %. The ob
served temporal dependence of the second-order 
intenSity correlation function of the SHG field is 
in good agreement with that predicted from the 
temporal coherence properties of the pump field. 
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