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Effect of Group Velocity Mismatch on the
Measurement of Ultrashort Optical
Pulses via Second Harmonic
Generation

ANDREW M. WEINER

Abstract—The use of second harmonic generation as a technique for
optical pulse width measurements is analyzed to determine the effects
of both phase velocity and group velocity mismatch between funda-
mental and second harmonic fields. An expression for the time average
second harmonic energy, which except for special cases differs from the
intensity autocorrelation function, is derived. For Type I phase match-
ing, the measurement yields an apparent correlation width which can
be either shorter or longer than the actual intensity correlation width,
depending on the specific pulse shape. When the group velocity mis-
match is nonzero, the measurement becomes sensitive to the phase
matching condition. Two special pulse shapes for which the measure-
ment is independent of group and phase velocity mismatch are the
Gaussian and the single-sided exponential.

I. INTRODUCTION

ECENT advances [1], [2] in the generation of ultrashort
optical pulses less than 0.1 ps long necessitate a reexami-
nation of the methods used to measure the duration of these
pulses. In one of the most popular methods, a pair of time
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delayed but otherwise identical pulses are mixed via phase
matched second harmonic generation (SHG) in a nonlinear
crystal {3]. It is well known that one can obtain the intensity
autocorrelation function by measuring the time average second
harmonic energy as a function of the relative time delay 7 be-
tween the pulses, provided that phase matching can be main-
tained over the entire frequency spectrum of the pulse. It is
not well known, however, what corrections arise when the
pulses become so short that their bandwidth approaches or
exceeds the phase matching bandwidth. The purpose of this
paper is to make the lowest order corrections.

It has long been recognized that group velocity mismatch
between fundamental and second harmonic fields, which re-
sults in a finite phase matching bandwidth, has an important
effect on the up conversion of ultrashort optical pulses. Con-
version efficiencies and second harmonic pulse shapes have
been calculated [4]-[6] as a function of group velocity mis-
match. However, the exact effect on SHG pulse width measure-
ments has not been previously calculated. In this paper the
SHG pulse width measurement technique is analyzed allowing
for both group velocity and phase velocity mismatch. The
next higher order effect, pulse spreading due to group velocity
dispersion in the nonlinear crystal, is not considered in this
publication.
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In order to justify this approach, let us consider the follow-
ing numerical example. The nonlinear medium is a 0.3 mm
long KDP crystal, angle tuned (57.7° phase matching angle) to
achieve phase matching for SHG of a 620 nm fundamental
[7]. The group velocity mismatch (defined as the difference
in the group delay for the fundamental and the second har-
monic) is 56 fs, assuming that the two pulses interact over the
entire crystal length. If the interaction length is less than the
0.3 mm crystal length (e.g., due to beam crossing in a non-
collinear geometry), a proportionately smaller value for the
group velocity mismatch should be used. For pulses of less
than 100 fs duration, we would expect the effect of the group
velocity mismatch to become evident. The spreading of the
fundamental pulses due to group velocity dispersion, however,
will be extremely small; even the shortest pulses on record
[2], with a duration of 30 fs full width half maximum, will
spread only about 0.1 percent, assuming a Gaussian pulse
shape [8]. Thus, our approach appears to be justified.

The calculation yields several interesting results. In the case
of Type I phase matching, the measurement gives an apparent
correlation width which can be either shorter or longer than
the actual intensity correlation width, depending on the spe-
cific pulse shape. Furthermore, when the group velocity mis-
match is nonzero, the measurement becomes sensitive to the
phase matching condition and to frequency chirp, unlike the
case where group velocities are matched. Two special pulse
shapes for which the measurement is independent of the group
and phase velocity mismatch are the Gaussian and the single-
sided exponential.

The body of this paper is divided into four sections. First,
the SHG measurement is analyzed assuming a noncollinear
geometry with Type I phase matching (two ordinary waves
at wy interact to produce an extraordinary wave at 2wg). An
expression for the time average second harmonic energy as a
function of the relative delay 7 is derived. Second, the ex-
pression is examined using several different pulse shapes as
examples. Third, the collinear geometry, still with Type I
phase matching, is considered. Finally, Type II phase match-
ing (in which an ordinary wave wq and an extraordinary wave
at w, interact to produce an extraordinary wave at 2cwyq) is
discussed.

II. NONCOLLINEAR GEOMETRY TYPE I PHASE MATCHING

We consider first the noncollinear measurement geometry
with Type I phase matching [9], [10] shown in Fig. 1. The
phase matching is adjusted so that second harmonic is pro-
duced only when both fundamental beams are present. The
two input pulses have the ordinary polarization; the second
harmonic pulse has the extraordinary polarization perpendic-
ular to that of the input pulses. Geometrical effects due to
beam crossing, incomplete beam overlap in the crystal, double
refraction, and beam divergence are not considered here; in
fact, the fundamental and second harmonic fields are treated
as plane waves. The second harmonic field propagates in the
+z direction. Rationalized MKS units are used throughout.

The approach here is similar to that of Glenn [5]. One
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Fig. 1. Experimental setup for pulse width measurement, with non-
collinear geometry and Type I phase matching.

assumes that the fundamental fields are undepleted, so that
they can be written as a Fourier superposition of monochro-
matic waves whose amplitudes do not vary with z. The posi-
tive frequency part of the field Ef (z, ) is written as the
product of a carrier and an envelope function, using the nota-
tion ky = dkgfdco.

Ep (z,0)=f(t- kfz) exp [f(wot - krz)]
= exp [i(wot= k)] 5= [ deo, Fleor)

cexp [jwt- kfwlz)]. (1

The envelope function (¢ - léfz) is a complex quantity and in-
cludes the phase (which may be time varying). The positive
frequency parts of the time delayed field Ef,(z, #) and the
second harmonic field E¢(z, 7) can be written similarly as

Epa(z, )= Ep(z, t-1)=f(t- 7~ kfz)
“exp (fwoT) exp [{(wot - kr2)]

. ) 1
=exp [(wo? - krz)] exp (-jwoT) - P dwaF(wy)

“exp (-jwy ) exp [(wst = kpw, )] @)
and
Ey(z,0)=s(z, t - kyz) exp [JQwgt - ky2))
=exp [/Qwot - kgz)] ~51;fde(z, w)
“exp [f(wt - kywz)]. 3)

The subscripts f and s refer to the fundamental and second
harmonic fields, respectively. kf and k, are the derivatives of
ky and k; with respect to angular frequency. Components of
the propagation vector k orthogonal to the z direction are
omitted; these will cancel out anyway when the nonlinear
polarization term is written. With Type I phase matching,
both fundamental fields have the same k; and the same I'cf, Al-
though it is unimportant that the same &y is used, the fact that
both k;’s are identical is essential to the following analysis
(compare Section V).

The nonlinear polarization at the second harmonic frequency
is proportional to the product of the nonlinear susceptibility
x and the two fundamental fields. The nonlinear susceptibility
X, written here as a scalar, actually depends on both the actual
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nonlinear susceptibility tensor and the orientation of the vari-
ous fields. By making the substitution w =w; + w,, the
following expression for the polarization is obtained:

Prp(z, )= Pyy (1 - kpz) exp [i(2wo t = 2ks2)]
=exp [[(2wot = 2ksz)] - €9 X exp (~jwoT)

. (51;)2 fdw exp [j(cwt - krwz)]

X fdwzF(w -~ wy) Flw,) exp (jw, 7). 4)

According to the standard [11] formalism of nonlinear optics,
the nonlinear polarization serves as a source in the wave equa-
tion for the second harmonic field E(z, ). In the slowly vary-
ing envelope approximation, the wave equation is written

as(z, ) o (2wo) ,UOCPNLej(kS—kp)z

0z 2n )

where k, = 2k, is the propagation constant of the polarization
and n is the refractive index experienced by the s field. We
now substitute the Fourier expansions (3) and (4) of the second
harmonic field and the nonlinear polarization into the wave
equation (5) and equate terms which vary as e/?. The result
is an equation which describes the growth of the individual
Fourier components of the second harmonic field, as follows:

M A
9E @) A e Coer) exp [I(Ak +aw) 7]
az 2m

[t wn) Py 1o ©
where A4 = wox/nc, Ak =ks - 2ky, and o = l(fs - kf. Ak repre-
sents the phase mismatch and « is the group mismatch.

Equation (6) is easily solved by integration; the result for a
nonlinear medium of length L is given by

AL
S(L,w)=3;e rwor

sin (Ak +aw)1;/2]

. [exp [/(Ak + o) L]2] (Ok + o) L2

—jwaT

X fdwzF(w —wy) Flwy)e 7

We have implicitly assumed that the two fundamental fields
Efy and Ef, interact over the entire length L of the nonlinear
medium.  In the noncollinear geometry, this assumption may
often prove invalid; for example, the interaction length of two
beams focused to a 35 um spot diameter and crossing at an
angle 10° is limited to approximately 0.17 mm. The length L
in equation (7) should be interpreted as the interaction length
when this is less than the crystal length.

It is clear from (7) that the phase matching condition de-
pends on the second harmonic frequency w; the claim that
group velocity mismatch leads to a finite phase matching band-
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width is therefore justified. Effectively, this results in a filter
which acts only on the second harmonic field and not on the
fundamentat fields.

Equation (7) is now inverse Fourier transformed to obtain
the time dependence of the second harmonic field at z= 1.
The result is

(L, 1)=AL exp (-jwoT) [f(O) f(t- 7)] * [a—lqu (a_tL+%)

exp (—jAkt/a)]

= AL exp (~jwoT) g(2) * h(r)

)
*

@®

where

g(O)=f() f(t - 7) exp (~jewoT),

denotes convolution,

h(t) = —&1— sq (i + l) exp (~jAkt/a)

L al, 2
and
1, [xI<1/2
() = {0, otherwise.

According to (8), the resultant second harmonic field can be
viewed as the response of a linear system. The function g(7) =
A f(t- 7)e° isjust the driving term for the SHG process
and serves as the input to the linear system. The function A(?)
can be thought of as the impulse response; even if the input
g(2) is a delta function, the second harmonic field which results
is a square pulse of duration |aL| and height proportional to
I/laL| which either trails or leads the input delta function
depending on the sign of L. The phase of this square pulse is
constant if Ak =0 (perfect phase matching); otherwise, the
phase varies by an amount AkL across the square pulse. The
total second harmonic field is just the convolution integral of
the input function g(?) and the impulse response 4(¢). Thus,
the second harmonic field at time ¢ depends not only on the
fundamental fields at time ¢ but also on the fundamental fields
over the entire time interval between ¢ and - al.

Note that the actual second harmonic field at z = L as defined
by (3) is not the function s(L, r) discussed above but a time
delayed version of this, s(L, ¢ - kyz). This time delay ensures
that the “linear system” above is, in fact, causal.

The quantity one actually measures is the time average inten-
sity at frequency 2wy, which we denote 7((7). An expression
for this quantity is obtained by integrating the second harmonic
intensity over the pulse duration; the intensity in turn is pro-
portional to the product of the second harmonic field given by
(3) and (8) and its complex conjugate.

Ir)~ AL f dti(g = ny )] [(g + W) "N

= |AL? fdtfdt’g(t') h(t-t") fat"

g (" R (= 1), )
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The “#” symbol denotes complex conjugation when written as
a superscript and convolution otherwise. By making the sub-
stitution p=1¢"- ¢" and interchanging the orders of various
integrations, one obtains

I(7)~ |AL? fa’nfdt"g(n +1"M)g* (") |dt
“h(t - ) B¥ (D). (10)

Finally, if one plugs in for the functions g and 4 using (8) and
substitutes n' = n/al, the result is

I(r) ~ |AL? G(7)

= |AL]? fdn' tri(n') exp (GAKLnR") fdt

O - Dt valy) fGraln' -1y (1)

G(r)= fdn' tri(n’) exp (JAKLD)R(r, aln'),

R(r,alny= |dt ¥ () ¢ - 1 f(t +aln)

“ft+aln' - 1)
and
1- x|, IxI<1
tri(x) = .
0, x| >1

Equation (11) is the desired result. If the group velocity
mismatch «L is exactly zero, then one obtains the usual
result, i.e., the second harmonic intensity is proportional to
the intensity correlation function, independent of the phase
matching

I(n) ~ Jar If()P 1f (- 1P, (12)

When alL is nonzero, one no longer obtains the intensity corre-
lation function, except for special pulse shapes; furthermore,
the result is no longer independent of the phase matching.
Note that (11) depends on the complex field amplitude (),
whereas (12) depends only on the magnitude |f(#)|. There-
fore, when the group velocity mismatch becomes nonzero, the
pulse shape measurement becomes sensitive to chirp and to
phase variations; two pulses with identical intensity profiles
but with different phase profiles will in general lead to differ-
ent measurement results. The second harmonic energy does
remain an even function of the delay 7.

III. ExAMPLES AND DiscussioN

We now apply the results of the previous section to several
different pulse shapes.

1279

A. Gaussian Pulse

The form of the electric field envelope is f(r) =exp [-£*/21p*],
with #p? real. Substituting this pulse shape into (11), we find
that

R(r,aln") = /a[2tp exp (-7%2tp* Y exp [~ (aLn'Y/2tp*].
(13)

The dependence of the second harmonic energy on the delay 7
is given by G(r)

G(r) = |dn' tri(n") exp GAKLD)R(r,aln’)

= tp/7]2 P fa’n’ tri(n") exp (jAKLD)

“exp [~(aln'Y/21p?

~exp (-7%/2tp%). (14)

The function G(7) is proportional to the intensity correlation
function, independent of the group velocity mismatch oL and
the phase velocity mismatch AkL. If the parameter 1/fp? is
allowed to be complex, then f(¢) represents a Gaussian pulse
with a linear chirp, and the measurement still yields the inten-
sity correlation function. However, if the Gaussian pulse is
multiplied by a nonlinear chirp function, the result of the
measurement will in general change.

B. Single-Sided Exponential Pulse

The electric field envelope is f(¢) = exp (- #/2¢p) u(¥) where
u() is a unit step function and #p is real and positive. Plugging
into (11) yields

N/ ,
R(r,aLn’) = exp (-Irljtp) exp (-laLn'l/1p)

and
t f - ! . I3
G(r) = ‘§6Xp Clrl/tp) Ydn' tri(n") exp (JAKLY')

-exp (~laLn'|/tp)
(15)

Once again the intensity correlation function is obtained. If
the parameter 1/¢p is allowed to be complex (with positive real
part), then f(¥) represents a single-sided exponential pulse with
a special nonlinear chirp, and the same result still applies.
However, if the single-sided exponential is chirped in any other
way, then the intensity correlation function is no longer
obtained,

The observation that the group velocity mismatch has no
effect of the shape of G(r) in examples A and B is not in-
dicative of a general property but rather results because the
Gaussian and the single-sided exponential are special pulse
shapes. For these two envelope functions, the correlation
function R(r,aln’) separates into the product of the 7 depen-
dence and the n' dependence, i.e.,

~exp (- |7l/tp).
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R(r,alny=r (7) ry(eLn"). (16)

Thus, the 7 dependence 7, (7) can be taken outside the n' inte-
gral in equation (11), yielding a G(r) whose shape does not
change as ol and AkL are varied. Equation (16) applies be-
cause the product f(¢) f(¢ - 7), which serves as the input for
the SHG process, can be written

@) f(z - 7) = a(r) I( - b(7)). 17

Although the product has an amplitude a(7) and a time shift
b(r) which do depend on the delay 7, its shape does not de-
pend on 7. Therefore, the total second harmonic energy can
depend on the properties of the nonlinear medium only
through the multiplicative factor |a(7){>. For these special
pulse shapes, corrections arise only when one includes the
effect of group velocity dispersion on the pulse themselves.

Below we consider some pulse shapes which do not satisfy
the special conditions (16) and (17).

C. Square Pulse

We assume that the electric field envelope is a square pulse
of width T with f(¢) =1 for [¢|<T/2 and f(¢) = 0 otherwise.
The phase is assumed constant. The resultant G(7) is plotted
in Fig. 2 with normalized group velocity mismatch |aL/T] as a
parameter. Perfect phase matching AkL =0 is assumed. The
apparent correlation width decreases with increasing |aL/T;
the curve for |al/T| =< (not shown) is only 59 percent as
wide as the curve for |aL/T| = 0.

D. Secant Hyperbolic Pulse

The envelope of the electric field is f(¢) = sech (¢/tp), with
tp real. Inordertoevaluate R(r, «Ln"), we employ the method
of reference [12], which uses the fact that the Fourier trans-
form of the autocorrelation of a function g(¢) is equal to the
power spectrum |G(w)®. The result is obtained after two
contour integrations.

4

B S (o)

{ ~2in| |7+ 7l
exp 2Inlftp)- 1 exp Qlr+nl/t,)- 1

i7 -l
exp 2lt- nl/tp)- 1

+1/2[-2inl

(18)

where the shorthand n = aln’ is employed. In the limit that
oL = 0, this reduces to

4 T A D
R(r,0)= i i) l:(l‘p)COSh (l‘p> sinh (ZI,)]' (19)

This is exactly the intensity correlation function [12], as
required.

The results for G(r) are given below for two limiting cases.
First, if the group velocity mismatch ol is small compared to
the pulse width, then R(7,n) can be expanded in n up to qua-
dratic terms. The resulting expression for G(7) is as follows.

+I7+n|+lr—ni]}
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Fig. 2. Second harmonic energy G(7) versus normalized delay 7= r/T
for a square pulse of duration 7. «L/T =0, 0.25, 0.5, 1.0, 2.0, and
10.0. AkL =0. The second harmonic energy is normalized differ-
ently for each curve by the value at 7= 0. The numerical value of @
in KDP for a 620 nm fundamental is 187 f/mm.

For &L << 1
A 2(1-cos AKL) | A
=4
G(T) (AkL)2 (T)
4 sin AkL _ cos AkL
(AKLY?  (AkL)?
(1-cosAKL) | n n o
-6 —g= L)Y B 20
where
A AN 4tp ~ h/\ . h/\
(T)_sinh3 ) [T coshT - sinh 7],

ol 4 ~ A o A 1 .
B(1)= si—nh—s—%\-)_ [T cosh7 - sinh 7 - gsmh3 ?:I
and
7 =1/t &L=aL/tp.

A(7) is the intensity correlation function [(21)], and B(7) is
the lowest order correction term. Note that when AL =2mn
[corresponding to a node of the phase matching factor (sin?
(AkLj2)/(AKL[2)?)], the coefficient of A(7) vanishes; only
the B(7) contribution remains.

If the group velocity mismatch is assumed large (ol >> 1),
then R(r, aLn') will be appreciable only near n' =0, so that
tri(n") can be replaced by unity. (Actually, this approxima-
tion will be valid only if 7 << &L in addition, but when this
condition is violated, G(7) will be very small.) The following
expression for G(7 ) is obtained.

Foral >>1, AkL#0
~ _ 2 = "N ]‘
G(7)/G(0) _m(AkL)Z [1- cos (AKLT)] I () ) (21a)
For &L >>1, AkL=0
G(T)/G(0) = C(T) = T¥sinh? (7). (21b)

Fig. 3 shows the graphs of A(7) and B(T) (the &L << 1
limit) and C(7) (the &L >>1 limit). For AKL =0 and &L =
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Fig. 3. Second harmonic energy G(7) versus normalized delay 7= 7-/ tp
for a secant hyperbolic pulse f(#) = sech (t/tp) Curve A4 is the normal
intensity correlation function which applies when al <<t, and
AkL = 0. Curve B applies when al, << 1, and AKL = 2mn. Actually,
this is the lowest order correction to curve A; but when AKL = 2mm,
we are at a node of the phase matching factor and the contribution
from curve 4 vanishes. Curve C is the result for large group mismatch
and zero phase mismatch, ie., aL >> f; and AkL =0.

anything, the plot of G(7) lies in the narrow region between
A(T) and C(T). B(7), which applies for AKL =2mm and
QL << 1, is also fairly close in width to the other plots.

E. Chirped Pulses

We observe from examples A-D that although the shape
of G(7) can be significantly affected by aL, the width of G(7)
is in all these cases on the same order as the width of the
intensity correlation function. For bandwidth limited pulses,
one expects that this will always be the case.

However, this is not necessarily true for chirped pulses. It
has been shown experimentally [13] that the apparent correla-
tion width of a chirped pulse can be changed by filtering the

fdn' tri(n") exp GAKLD") | dt () fF(t - D f(t +aln') f(r + aln' - 1)
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appreciably from the true intensity correlation width if the
group velocity mismatch aL is sufficiently large and if AKL is
tuned so that phase matching occurs away from the spectral
peak. /

IV. CoLLINEAR GEOMETRY TYPE I PHASE MATCHING

Let us now consider what happens when a.collinear geometry
is used, still with Type I phase matching. The geometry is the
same as Fig. 1, except that all the heams are'c()llinear. “The
new feature here is that the measurement i§ ns longer back-
ground free; second harmonic arises from each fundamental
field individually as'well as from cross terms. The standard
result [3] for zero group velocity mismatch is that the second
harmonic energy gives the intensity correlation functlon super-
imposed on a constant background ie., ’

f ar (O 1f( - 1P
I(r)~1+2

+r(1)

(22)
dr (fe)* -

where 7(7) represents 1nterference terms Wthh Vary rap1d1y
with 7 and average to zero.

The formula for al #0 is easily derived if we con51der
individually each of the several terms which arise when £ =
E, +E, is first squared to yield the second harmonic polariza-
tion and then after some intervening steps multiplied by the
complex conjugate to yield the second harmonic intensity.
The algebra involved in evaluating several of the terms is
essentially identical to that in Section II and can be done by
inspection; the remaining terms are rapidly varying and fdr
our purposes need not be computed. The result is

—+7'(7).

I(r)~1+

(23)

fdn' tri(n') exp GAKLn') [dt [f*(O1* [f(t+aLln")]?

second harmonic with a monochromator. The idea is that the
low frequency end of the second harmonic spectrum arises
only when low frequency parts of the fundamental spectrum
mix with each other, and similarly for the high frequency end
of the spectrum. Therefore, by tuning the monochromator to
the low (high) frequency tail of the second harmonic, one
obtains a correlation function which reflects the duration of
only the low (high) frequency portion of the fundamental.
For a chirped pulse, this duration can differ from the actual
pulse width.

In the experiment we are analyzing, there is no monochrom-
ator; however, the nonlinear medium itself can play a similar
role. Because of group velocity mismatch, phase matching can
be achieved only for a certain range of second harmonic fre-
quencies. In effect, this constitutes a filter whose bandwidth
is inversely proportional to el and whose center frequency is
controlled by varying AkL. Thus, the measured correlation
width of a strongly chirped pulse may in some cases vary

¥'(r) is different from r(r) above but still varies rapidly and
averages to zero. Equation (23) is quite similar to (22). The
second harmonic energy still consists of a correlation function
plus background,; the correlation function is just the noncollin-
ear result, (11). The ratio of correlation function to back-
ground, and hence the contrast ratio, is unaffected by the
group velocity mismatch.

V. TypPE II PHASE MATCHING

The pulse width measurement is discussed below for the case
of Type II phase matching [9] [14], in which two noniden-
tical fundamental waves (i.e., one ordinary and one extraordi-
nary wave) interact to produce an extraordmary wave at the
second harmonic frequency. The experimental arrangement is
shown in Fig. 4. ‘

In comparison to the preceding analysis, the new feature here
is that the group velocities of the two fundamental waves are
no longer identical. This means that the delay between the
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Fig. 4. Experimental setup for pulse width measurement, with collinear
geometry and Type II phase matching.
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two pulses wil vary according to the position in the nonlinear
crystal. Because the faster pulse can catch up to and even pass
through the slower one, we anticipate that the second harmonic
peak near zero delay will broaden.. Furthermore, because the
sign of 7 determines whether the two pulses get closer or
separate in the medium, the second harmonic energy does not
remain an even function of delay.

The analysis parallels closely that of Section II. If as before
the fundamental fields are assumed undepleted, the nonlinear
polarization at the second harmonic frequency can be written

Prnp(z, ) =exp [i[2wot - (k1 +k2) z]] eox exp (—woT)
(51;1-) fdco exp [jo(t ~ k,2)]

X f deon (- ) F(eoy) exp (~feon 7)

' eXp [‘f(kz - iﬁ) w, ] (24)

where ky, ki, k,, and k, refer respectively to the propagation
constant and its w-derivative for the two fundamental fields.
Using this polarization as a source in the wave equation for the
frequency doubled field, one obtains the frequency domain
solution

AL
S(L, ) =37 exp (jeonr) [desn oo ) Fless)

“exp (-jw, ) X exp [j(Bw, + aw + Ak)L[2]

sin (Bw, +aw +AK)L/2
(B, +aw + AKYL[2

(25)

where Ak =k~ ki -k, a=ky-k; and 8=k, - k,. This
equation is more complicated than (7), the corresponding
result for Type I phase matching because both frequency vari-
ables w and w, are involved in the argument of the sin (x)/x
function. In contrast to the earlier result, the phase matching
filter effect depends not only on the second harmonic fre-
quency but also on the particular frequency components which
mix together to produce it. For this reason one is unable to
obtain a time domain formula analogous to (8) for s(Z, t)
because it is not possible to inverse Fourier transform equatjon
25).

In order to make the mathematics tractable, let us assume
that oL =0, i.e., the group velocity at 2cw, is the same as the
group velocity of one of the fundamental fields. This is a spe-
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cial case, in general untrue, but it does preserve the principal
difficulty with this measurement scheme, the fact that the
two fields at w, have different group velocities.

With the proviso aL =0, we can now inverse Fourier trans-
form equation (25), with the result

S(L, )= AL exp (-jwoT) f(2) £(0)

where

e0=s00- 1)+ o sa 5+ 5 ) enp i@k ]

(26)

The “*” sign stands for convolution, and the function sqg(x)
was defined previously in (8). The time average intensity is
obtained as usual by multiplying (26) by its complex conjugate
and integrating over time.

According to (26), the time average second harmonic inten-
sity is in effect the cross correlation of an input pulse with a
broadened version of itself. If AkL =0, the broadening func-
tion is just a square pulse of width BL;if AKL # 0, the broad-
ening function is more complicated. Thus, the SHG measure-
ment gives a result which is broader than the actual intensity
correlation function by an amount which increases with
inceasing group velocity mismatch BL between fundamental
fields. Furthermore, because the second harmonic energy
gives a cross correlation measurement rather than an autocor-
relation measurement, the result need not be a symmetric
function of the delay.

VI. CONCLUSION

We have examined the use of SHG for optical pulse width
measurements, allowing for phase velocity and group velocity
mismatch, The effect of group velocity dispersion on the
pulses themselves has not been included.

In the case of Type I phase matching, the shape of the mea-
sured correlation function depends on the group velocity mis-
match ol between fundamental and second harmonic waves,
but for bandwidth limited pulses, its width does not vary
greatly from the ol =0 result; ie., the group velocity mis-
match can distort the correlation function but cannot broaden
it. For strongly chirped pulses, however, the width can in
principal vary appreciably with both aL and the phase velocity
mismatch AkL. Unlike the zero group velocity mismatch case,
the shape of the SHG versus delay plot can be affected by the
amount of phase velocity mismatch. The plot does remain an
even function of the delay 7.

In the case of Type II phase matching, the group velocity
mismatch L between the two fundamental waves has the
dominant effect on the pulse width measurement. As a result,
the measured correlation function does broaden and may be-
come an asymmetric function of 7. As above, the measure-
ment does depend on the setting of the phase mismatch AL,

In terms of the frequency domain, the group velocity mis-
match means that phase matching can occur over a certain
range of frequencies. The result is a filter function whose
bandwidth is inversely proportional to the group velocity mis-
match and whose center frequency is determined by the phase
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velocity mismatch. For Type I phase matching, the filter func-

tion

depends only on the second harmonic frequency; for

Type II phase matching, the filter function deperids on both
the second harmonic frequency and on the particular funda-
mental frequencies which mix together to produce it.
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