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Effect of nonlinear crystal thickness on the parameters
of the autocorrelator of femtosecond light pulses

A.V. Masalov, A.V. Chudnovsky

Abstract. It is shown that the finite thickness of the second-
harmonic crystal distorts the results of measurements in
nonlinear autocorrelators intended for measuring the dura-
tions and fields of femtosecond light pulses mainly due to
dispersive broadening (or compression) of the pulses being
measured, as well as due to the group velocity mismatch
between the fundamental and sum-frequency pulses. The
refractive index dispersion of the crystal, scaled by half its
thickness, distorts the pulse duration to a certain extent
depending on its initial chirp and thus determines the width of
the energy distribution recorded in the autocorrelator. As the
crystal thickness increases, the group velocity mismatch leads
to a transformation of the recorded distribution from the
correlation function of intensity to the squared modulus of the
field correlation function. In the case of Gaussian pulses, such
a transformation does not affect significantly the recorded
distribution. Errors of pulse duration measurements are
estimated.

Keywords: femtosecond light pulses, chirp, ultrashort pulse duration
measurement, autocorrelator, nonlinear crystal dispersion.

1. Introduction

An autocorrelator using the sum-frequency generation in a
nonlinear crystal, which was first proposed in Ref. [1], is the
basic element in a number of devices for measuring the
duration and phase modulation of femtosecond light pulses
(see, for example, the method of femtosecond pulse
duration measurement by the SHG-FROG autocorrelator
with spectral resolution [2] and the method of the SPRINT
interference autocorrelator with a spectral —space resolution
of the signal [3]). The thickness of the crystal used in these
devices determines their sensitivity and the accuracy of
reproduction of the correlation function: as the crystal
thickness increases, the signal intensity increases, but also
the dispersive distortions of the recorded energy distribu-
tion become greater. Although, autocorrelators are widely
used for measuring the duration of light pulses, only scant
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quantitative data are available on the distortions of the
correlation function caused by the thickness of a nonlinear
crystal. The dispersive distortions of the correlation
functions were calculated in detail in Ref. [4], where it
was concluded that the group velocity mismatch between
the fundamental and the second-harmonic pulses plays a
dominating role. In the period that has elapsed since the
publication of [4], the progress made in the femtosecond
light pulse generation technique has led to a decrease in
their duration by an order of magnitude. This requires a
more accurate calculation of the dispersion effects in an
autocorrelator by including factors like the chirp of the
initial pulses that were neglected in Ref. [4].

In this work, we performed such calculations and
presented the relations describing the effect of the thickness
of a nonlinear crystal on the profile of the spatial distri-
bution recorded in an autocorrelator based on sum-
frequency generation. The results of calculations showed
that the dispersion broadening (compression) of the initial
pulses is the most important reason for distortions. The
obtained relations are used for quantitative estimates of the
measuring errors.

Calculations are based on the following measuring
scheme for the autocorrelation intensity function [1].
Two copies of the initial pulse are directed to the crystal
which sums the spectral components w; and w, of each of
the pulses at a small angle o (Fig. 1). The spatial distribution
of the radiation energy at the sum-frequency w, which is
interpreted as the autocorrelation function of the pulse
intensity
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Figure 1. Scheme of noncollinear sum-frequency generation.
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is recorded at the output from the crystal. However,
because of the broadening of pulses propagating through
the crystal, the limited spectral phase-matching and some
other effects, the recorded distribution differs from this
autocorrelation function.

In this work, we calculated the field and energy
distributions recorded in the autocorrelator taking into
account four mechanisms of the crystal-thickness effect:
(1) limited spectral width of phase-matching; (2) dispersive
broadening (or compression) of pulses due to the dispersion
of the nonlinear crystal; (3) angular dispersion of the crystal
manifested during noncollinear propagation of the beams;
and (4) dispersion of nonlinear susceptibility of the crystal
during sum-frequency generation.

Note that only the first of these factors was considered in
Ref. [4]. In paper [5], where this computation was genera-
lised to the case of summation of pulses with different
frequencies, only the group velocity mismatch was taken
into account.

We integrated the equation describing the sum-fre-
quency by taking into account the higher-order dispersive
effects compared to the group-velocity mismatch. This
allows us to use the obtained results for studying pulses
of extremely small duration (4—5 fs). Because we obtained
expressions not only for the energy distribution, but also for
the sum-frequency field, the results can be employed for
analysis of images recorded by the SHG-FROG and
SPRINT methods.

2. Equation for the sum-frequency field

The recorded radiation consists of sum-frequency waves
generated by each elementary layer (z’,z'+dz’) of the
crystal. Emission at sum-frequency w is due to polarisation
of matter, proportional to nonlinear susceptibility y(w;,
W, w = w +w,) and spectral amplitudes of incident
pulses,

I P(w,x,2") = g(o), 0330 = o) + o)
x s(wy) exp[—im; ¢ + ik; (xsin By + z' cos f;)]s(w5)
X exp[—iwyt + iky(—xsin B, + z' cos B,)]dz"dw dw,, (1)

where  s(w,) exp[—im; ¢ + ik, (xsin | +z'cos ;)]dw; and
s(wy) exp[—iw,t + iky(— xsin B, + 2’ cos B)]dw, are spectral
components of the waves being summed in a given layer of
the crystal (Fig. 1 shows the coordinate axes and angles).
Polarisation of a given layer generates in the surrounding
space a plane monochromatic wave with a spectral
amplitude

dszF(w,x7 z,z) =

x explik(xsin B + zcos ) +ip(z")|dz'dodw,,  (2)

where the factor 2mim/cn(w) appears due to the transition
from polarisation to the field. The direction of wave (2) and
its phase are determined by the condition of matching of

spatial structures of wave (2) and polarisation (1) at z = z’,
leading to the equations

¢(z") = (kycos By + kycos B, —kcosB)z’ = Akz',  (3)

ksin i = ky sin f; szsin[ﬁzgsin%. 4

These relations assume the type ooe phase-matching
during sum-frequency generation, the refractive index for
the extraordinary wave stands for n(w), while the ordinary
refractive index stands for n(w;) and n(w,). The walk-off of
the sum-frequency beam, which is typical of extraordinary
waves, is not taken into account here because it occurs along
the y axis and does not affect significantly the distribution
along the x axis. Expressions for other types of phase
matching can be written in an identical manner without any
further complication. After integration of expression (2)
over the crystal thickness L, we arrive at the following
expression for the sum-frequency field at the output face of
the crystal (z = L) under the assumption that the energy of
incident pulses are not depleted:

) sinAkL/2 1AKL
d“ssp(m, x, L) Ar SXP 7

X LX((UI , 5 @)s(y)s(w,) exp(ik; xsin B

n(w)

—ikyxsin f, + ik L cos ff)dw;dw,. (5)

This expression coincides with the analogous expression
from [6] where the effect of crystal thickness was not
analysed. The right-hand side of (5) can be factorised
with a good accuracy into frequency multipliers, which
simplifies subsequent integration. Let us factorise the
frequency dependence of the nonlinear polarisability using
the Miller rule:

1(@1, 350) o [ (1) = 1][n*(w;) = 1][n* () — 1. (6)
Then

sin AkL/2

ORI

2
d“sgp(w, x, L) (@)

X exp <ik§c0s [3) [ (w;) — 1]s(w;)

X eXp <ik1xsinﬁ1 + ik, %cosﬁl) [ (7)) — 1]s(s)

. . L
X exXp <71k2x sin f3, + ik, 5 cos ﬁ2> dwdw,. (7

It will be shown below that the frequencies of incident
waves appear in the expression for the mismatch Ak mainly
in the form of a sum which, after replacement of w; + w, by
w, leads to the independence of mismatch from frequencies.
Because the angle [ characterising the direction of the
spectral component of the sum-frequency wave is small,
we can put cos f = 1. Under these conditions, the spectral
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component of the sum-frequency field (7) can be represented
in the form of three factors:
the spectrum

S(en) = [ (o) — 1s(er) exp (ik] %cosﬂl) ®)

of the first initial pulse with factors responsible for
dispersion of half (!) the crystal thickness (exponential
factor) and for dispersion of nonlinearity of the medium
(factor [nz((ul) —1));

the spectrum

§(@2) = [n2(02) — 1)s(ws) exp (kgﬁ) ©)

of the second initial pulse with analogous factors, and the
function sinc(AkL/2) = (2/AkL)sin (AkL/2) with factors
describing the effect of dispersion of half thickness of the
crystal on the sum-frequency wave [the factor exp (ikL/2)],
and the nonlinear dispersion [factor w[n*(w) — 1]/n(w)]:

g(w) = n;z)) () — l]sinc(Akg) exp (1k%> (10)

The separation of the dependences on three frequency
functions allows us to write expressions for the resultant
field. To calculate the total spectral component of the
resultant field, expression (5) should be integrated with
respect to the spectral components dw; and dw, under the
condition w; + w, = w:

ssp(m,7) x g(w) exp(—iwt/2)

xJ?(wl)?(w — o) exp(im;7)dw,

g(w) Js(% - Q)s(% n Q) exp(—iQr)dQ, (1)

where we wuse the exact relation kj,sinf, = w,
x sin(o/2)/c taking into account the fact that all the
spectral components of the initial pulses at the crystal input
have the same incidence angle «/2 and that the transverse
coordinate x is expressed in the form of delay time
7 =(2x/c)sin(«/2). By using the Fourier transform, we
obtain from (11) the time representation of the field at the
crystal output:

Esp(t,7) o< exp(—2imgt)

A W1 ! T 7 ! T !
x[h(t—t)A(t —E)A(z +§)dz7

where the frequency corresponding to the exact phase-
matching is used as the central frequency w,. Here we have
introduced the amplitude envelope of the pulse field A(7)
relative to the central frequency g, which is distorted by
the crystal dispersion at half its thickness and by the
nonlinearity dispersion:

(12)

A(t) = JE(w) exp[—i(w — wp)f]ldw

_ J 12 (00 + Q) — s(wo + Q)

X exp <—iQt+ik172§cosﬁlvz)dQ, (13)
where the frequency dependences of the wave vector and
the angles of propagation are assumed to be the same for
both input pulses. Moreover, the notation /A(¢) is introduced
in (12) for the amplitude envelope of a certain fictitious
pulse characterising the mismatch and the dispersion
properties of the medium in the sum-frequency region:

h(t) = Jg(cu) exp[—i(w — 2wy)f]dw

- J%W(w) - l}sinc<Ak§>

X Xp <1k§> exp|—i(® — 200)1]do. (14)

The physical meaning of the pulse /(7) will be described
below. Its shape is determined by the Fourier transform of
the function g(w) in which the mismatch sinc(Ak x L/2)
plays the main role. Hence the pulse A(f) is nearly
rectangular and has a duration ~ Ld(Ak)/dw.

Relations (11) and (12) for the sum-frequency field in the
spectral and time representations are of fundamental
importance in the subsequent analysis of the effects related
to the thickness of the nonlinear crystal and arise during the
application of one autocorrelation scheme or the other.
Thus, the energy of the spectrally resolved sum-frequency
field, i.e., the square of the modulus of the spectral
amplitude (11), is recorded in the SHG-FROG scheme.
The same field participates in the formation of the inter-
ference pattern in the SPRINT scheme. The transformation
of relations (11) and (12) to the spatial frequency region (i.e.,
with respect to the variable 7) through the Fourier transform
leads to the expressions for the sum-frequency field in the
far-field zone (in spectral or time representations), which
generalise the angular distributions obtained in Ref. [8]. In
the present context, however, we are interested in the energy
distribution of the sum-frequency radiation recorded at the
crystal output, which is obtained by integrating the square
of the modulus of field (12) with respect to time:

Ose(e) ox [ [ "= (1 -3

X /I(t/ +§>/I*(t” —%)/]*<t/' —|—%>dt/dt”7 (15)

where H(1) = [h(t" + 0)h*(t")dt’. In order to analyse the
character of the distribution (15), let us specify the profile
of the pulse h(?).

The properties of the pulse /(f) are mainly determined by
the frequency dependence of the function sinc(AkL/2). Let
us estimate this dependence in the first approximation from
a series expansion of mismatch in frequency around 2w,. In
this approximation, we have

o cosfy 1 @y (dn
Ak(w) = (o = 20) v(wp) U(2w0)+ c (dw>wox
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sin’ B, o — 2w dn dn 1
) cos By } a ¢ K)Laho/z - <)~ﬁ)ao cosﬁo}' (10

Here, v(wy) = 1/k'(wp) and v(2wy) = 1/k'(2wy) are the
group velocities of the radiation pulses at the corresponding
frequencies. Moreover, it is assumed that the exact phase-
matching condition k(2w,) = 2k, »(wy) cos f is satisfied for
the central emission frequency w,. The first equality in (16)
shows the mismatch structure: the main contribution comes
from the difference between the group velocity v(wg)/ cos ff
of the fundamental radiation (the factor cos f§;, where f3, is
the mean angle of propagation of the fundamental sum-
frequency radiation in the crystal, has been introduced due
to the oblique propagation of the input pulses) and the
group velocity of the sum-frequency radiation. The third
term with the frequency derivative of the refractive index is
the correction associated with the angular dispersion of the
fundamental radiation. The second equality in (16) is
written to simplify the practical estimates. One can see that,
in this approximation, the mismatch is independent of
frequencies of incident waves. This is due to the fact that
these frequencies appear in expression (16) as a sum and are
hence replaced by w. In this case, the pulse A(7) acquires a
nearly rectangular shape with a duration T equal to the
difference in group propagation times for the fundamental
and sum-frequency radiation through the crystal:

), (4), )
c d2/ ;. » dz /,, cos fy

The shape of this pulse differs slightly from rectangular and
matches the shape of the pulse with central frequency 2w,
experiencing nonlinearity dispersion and ordinary disper-
sion (14) at half the crystal thickness. The physical meaning
of the pulse A(7) can be seen from expression (12). If we
consider the collinear propagation of initial pulses (r = 0)
of small duration (much smaller than T), /(¢) will obviously
describe the form of the resulting second harmonic field
under the conditions of a strong influence of the mismatch.
The authors of [7] observed just such a rectangular second-
harmonic pulse under identical conditions.

Note that in the second order of the frequency expansion
of the mismatch Ak, its dependence on the frequencies of
incident waves turns out to be quite weak. This is due to the
fact that in the second term of the expansion, these
frequencies also appear mainly in the form of a sum and
are omitted from the expression after their replacement by
o, while the dependence of the mismatch on other combi-
nations of the initial frequencies is not significant. This
statement is illustrated in Fig. 2 showing the zero lines of the
function sin[Ak(w; w,)L/2] in the frequency range
0.375 PHz (800 nm) for a 1-mm thick KDP crystal. The
frequency range of the diagram corresponds to the triple
spectral width of the incident pulses of duration 15 fs. One
can see that the departure of the calculated dependences
from the lines corresponding to the situation in which Ak is
independent of the frequencies of incident waves is quite
insignificant. Hence, we shall ignore in the following
analysis the dependence of Ak on w; and w,.

(17

3. Effects depending on the crystal thickness

The above expressions make it possible to estimate
quantitatively the effect of factors associated with the

Aw,/2n /PHz

0.02 -

—0.02 -

—0.04 -

—0.02 0 0.02 Aw,/2n /PHZ

Figure 2. Dependence of the mismatch on Aw; and Aw; in the form of
lines along which Ak(w;;w,)L/2 = mn, where Aw; and Aw, are devia-
tions of frequencies from the exact phase-matching frequency. Thin lines
illustrate the approximation (11) obtained by taking into account the
dependence of Ak only on the sum-frequency, while the thick lines
correspond to calculations using all second-order terms in the frequency
expansion of Ak and are given for comparison.

crystal thickness on the formation of the output field in the
autocorrelator. The angular dispersion and the nonlinearity
dispersion play insignificant roles in this case.

3.1 Angular dispersion

The angular dispersion of the crystal affects the mismatch
(16) through the factor 1/cos i, and the dispersion of k; »
distorting the pulse (13) propagating in the crystal, through
the factor cos f3; ,. One can see that angular dispersion does
not independently affect the resultant field, but just
quantitatively modifies the ordinary dispersion and the
nonlinearity dispersion effects. Moreover, the correspon-
ding cosinusoidal factors differ insignificantly from unity
(by no more than 1%) for small beam convergence angles
(not exceeding 10°). Hence, angular dispersion can be
treated only as an insignificant correction to the effects
considered below.

3.2 Nonlinearity dispersion

The dispersion of nonlinear transformation factorised in
accordance with the Miller rule appears in the form of the
factor w[n*(w)— 1]/n(w) in the integrand in expression (14)
for h(f), and in the form of the factor [n*(w)—1] in
expression (13) for transformed fields of the pulses being
measured. Simple estimates show that for moderate
thicknesses of nonlinear crystals (L > 10 um), nonlinearity
dispersion plays a much less significant role than ordinary
dispersion. Hence, we neglect the nonlinearity dispersion
effects here.

3.3 Phase-matching width

Phase-matching in a nonlinear crystal is violated due to
first-order dispersion effects (in the frequency expansion of
the wave vector) and is reduced to the difference 7T in the
group delay times. We shall estimate this effect in two
limiting cases when the duration of the initial pulses is
much longer than, and much shorter than 7, i.e., in the case
of thin and thick crystals

For a thin crystal, the functions A4(¢) and H(r) are delta
functions in expressions (12) and (15), and the recorded
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distribution is transformed into the known relation with the
correlation function of pulse intensities:

Osr (1) Ji(tf%>i<t+§>dz,

where I(r) = |A(1)|*.

For a thick crystal, the time variations of light fields
occur against the background of a weakly varying function
H(?), i.e., the role of the delta function will now be played by
the pulses being measured. Consequently, we can take the
function H(f) out of the integration sign, and the recorded
distribution will have the form

(18)

Osk(1) x H/‘](l—;)ﬁ(t—;)dz2.

Formally, this distribution is quite a different correlation
function as compared to (18), which now has the form of the
square of the modulus of field correlation. Such a mod-
ification of the observed distribution (19) was not detected
in Refs [4—-6] devoted to autocorrelation measurements.
However, the very first examples show that there is no
significant quantitative difference between distributions (18)
and (19).

Indeed, in the case of a Gaussian pulse with a linear
chirp b appearing in the amplitude exp (—ibs> /2)
x exp[—2(t/Aty)* In 2] of the Gaussian pulse, these distribu-
tions are exactly identical. The expressions for a noise pulse
representing the Gaussian noise of the light field, inscribed
in a relatively slow pulse envelope, are also identical. In the
case of a hyperbolic pulse with the amplitude
exp (—ibt2/2)/cosh[2(t/Ato)ln(l +1+/2)], the correlation
functions being compared are slightly different (Fig. 3),
the difference between them being determined by the chirp
b. For zero chirp, the distribution width of the function
corresponding to a thick crystal is about 10 % larger than
the correlation function width for a thin crystal. The
situation is reversed in the case of a large chirp. The
correlation function width for a thick crystal is smaller
by about the same amount than the correlation function
width for a thin crystal. Only for a rectangular light pulse
(which is quite hard to realise in the femtosecond range) the

(19)

At (arb. units)
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Figure 3. Dependence of the FWHM of the square of the modulus of the
‘hyperbolic’ pulse field correlation function on the initial chirp. The
width of the intensity correlation function for the same pulse is taken as
the unit width.

intensity correlation has a triangular distribution, while the
distribution (19) is the square of the triangular distribution.

Thus, it can be concluded that the effect of the crystal
thickness, which is taken into account as the group velocity
mismatch between the fundamental radiation and the sum-
frequency pulses, is not the main factor responsible for
distortion of the distribution recorded in the correlator in
most cases of practical importance. Under these conditions,
the crystal thickness is manifested through dispersive broad-
ening of the pulses being measured and propagating in the
bulk of the crystal.

3.4 Dispersive broadening

Finally, let us consider the crystal dispersion effects
described by exponential factors of the type
explik; o(L/2)cos ;5] in expression (13) and exp (ikL/2)
in expression (14). In accordance with the approach used in
linear optics, we shall analyse the role of dispersion through
the series expansion of wave vectors at the central
frequency. In this case, the zero-order terms (in frequency
mismatch) contribute insignificant constant phase shifts to
the expression (12) for the field. The first terms appear in
the form of the group delay times: the resultant sum-
frequency field is delayed by the group time L/v(2w), the
incident pulses will be delayed by their group time, while
the pulse /A(¢) will be in the interval between 0 and 7. These
delays do not introduce any significant variations in the
form of the resultant field (12). Nontrivial contribution
should be expected from the second-order (and probably
higher-order) expansion terms of the wave vectors. These
terms lead to a broadening (or compression) of pulses. We
shall not analyse the broadening of the fictitious pulse /()
because it follows from Section 3.3 that the peculiarities of
the pulse shape affect the energy distribution (15) quite
weakly. Conversely, a change in the shape of the initial
pulses is directly reflected in the recorded distribution and
hence calls for a quantitative estimate.

Thus, the distribution recorded in the autocorrelator is
defined by the pulse shape in the middle of the crystal.
Because of dispersion of the crystal, the pulse in the middle
of the crystal may be broadened or compressed, which
depends qualitatively and quantitatively on the magnitude
of the initial pulse chirp. During the propagation of the
pulse in the medium, its duration Az and chirp 4 change. In
the first nonvanishing approximation in the dispersion
contribution, the combined variation of the duration and
chirp of the pulse at the depth z of the medium are described
by the relation

bAL* = byAt; + k" (wg)zAw?, (20)
where b, and At, are respectively the chirp and duration of
the pulse at the crystal input; and Aw is the spectral width
of the pulse. By solving Eqn (20), we must take into
account the combined contribution of chirp and pulse
duration to the spectral width

(AwAD)* = (AwAn): + (bAL?)?, (21)
where (AwAf?),;, is the minimum possible dimensionless
number for the pulse shape under consideration. Recall that
this value is ~ 27 x 0.44 for a Gaussian pulse, while for
hyperbolic pulses it is ~ 2 x0.31. Approximate expressions
(20) and (21) are satisfied exactly for Gaussian pulses with a
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linear chirp. The solution of these equations gives the pulse o L., L% [ Awk" ()]
duration: Aty 2 8 Aty

Ar? ~ A + 2bA1gk" (wg)z + [k (w)zAm]*. (22)

A distinguishing feature of expressions (20)—(22) is that
the duration and spectral width of the pulse must be defined
in an identical manner (for example, FWHM in both cases).
Figure 4 shows dependence (22) of the pulse duration on the
depth of its penetration into the medium. One can see that at
the initial stage of penetration into the medium, when the
main contribution to (22) comes from the term linear in z,
the magnitude and sign of the chirp determine the rate of
variation of the pulse duration. In this case, the term
quadratic in z is significant only for zero chirp of the initial
pulse, and the broadening of the pulse at the input is
insignificant. It is this small contribution from the quadratic
term (for a small penetration depth of the pulse with a zero
chirp) that serves as a false argument for neglecting the
effect of dispersion broadening of pulses. In the general case,
the linear term associated with the chirp plays a dominating
role.

Atffs |
hoAty = 2n
160
120
80
40
1 1 1 1
0 10 20 30 z/mm
Figure 4. Dependence of the pulse duration on the depth of its

penetration into the crystal for three values of the initial chirp.
Calculations are made for a KDP crystal and pulses with initial duration
50 fs at the central wavelength 0.8 um.

To estimate the pulse duration at the initial stage of its
penetration into the medium (when the relative variation of
the pulse duration is insignificant), we can use instead of (22)
the relation

At — Aty z? [Awk”(wo)r' )

Ay bk o) 5 1

When the duration of a pulse is measured with the help of
an autocorrelator, its chirp is not known as a rule.
However, its magnitude can be determined from expression
(21) if the emission spectrum is measured in addition to the
pulse duration. In this case, the chirp is estimated from the
difference between the product AwAr and the minimum
possible value of this groduct by using the relation
lbo| ~ [(AwAL) — (AwAr):. 1 /AL

For a penetration depth into the medium equal to half
the crystal thickness, i.e., z = (L/2)cos 3, = L/2, formula
(23) can be treated as an estimate of the systematic error in
the measurement of the pulse duration caused by the crystal
dispersion:

The second derivative of the wave vector for traditional
nonlinear crystals is equal to tens of fs> mm™'. To estimate
the pulse broadening, we use the value k” =27 fs* mm™"
characteristic of a KDP crystal (4 = 800 nm). Consider two
examples.

Example 1. We assume that the pulse duration is
measured in an autocorrelator with a I-mm thick KDP
crystal, the resulting pulse duration Az, at the wavelength
800 nm is ~ 50 fs, and the shape of the autocorrelation
function is nearly Gaussian. Let us also suppose that
independent measurements of the spectral width show a
substantial ~ value of the pulse chirp since
AwAtyps ~ 1.6(AwAt),,;,,. This leads to the following esti-
mate for the chirp in expression (21): |b| ~ 1.4 x 107 fs72.
In this case, the error is estimated by retaining the first term
in (24) which gives |6¢/At| =~ 0.02 (the second term is about
two orders of magnitude smaller). Thus, it can be assumed
that the above value of the crystal thickness introduces an
error ~ 1 fs in the measured value of pulse duration (the
sign of the error is not known and is determined only by the
sign of the chirp).

Example 2. We assume that measurements with another
laser source using the same autocorrelator lead to a pulse
duration of 30 fs, the shape of the autocorrelator function is
close to hyperbolic, and independent measurements of the
spectral width give AwAtq, = 1.1 X (AwAf),,;,. In this case,
|b| &~ 107° fs~2. In spite of a decrease in the contribution
from the chirp to the product AwAt¢, its contribution to the
error of measurement of the pulse duration (22) continues to
play a dominant role |87z]/At =~ 0.014. This leads to a
measuring error of 0.4 fs for the pulse duration. Let us
also estimate the difference in group delay times for the
second harmonic pulse and the fundamental frequency
pulse: T = 77 fs. This estimate shows that the results of
measurements of 30-fs pulses in this autocorrelator corre-
spond probably to the case of a thick crystal. If the pulse
shape is close to hyperbolic, the effect of limited phase-
matching width on the results of measurements must be
quite significant. Estimating the dimensionless chirp as
|b|At*> = 0.9, we note in accordance with Fig. 3 that the
measured duration may be 6 % —7 % (i.e., about 2 fs) longer
than the real pulse duration. Thus, it can be assumed that in
this case, the use of an autocorrelator with a 1-mm thick
KDP crystal may increase the pulse duration by 2 fs and
introduce an error of ~ 0.4 fs (due to uncertainty in the sign
of the chirp).

For an unknown pulse chirp, the error associated with
the dispersive distortion of pulses in the medium of the
crystal may also turn out to be indefinite. However, this is a
systematic error of the autocorrelator and can be eliminated.
If a medium with opposite sign of k” is placed in front of the
crystal and its thickness is chosen in such a manner that the
product k"I is modulo equal to the quantity k”L/2 for the
crystal, the pulse returns to its initial duration in the middle
of the crystal irrespective of the magnitude of the chirp, and
the dispersive distortion in the crystal will not affect the
form of the distribution being registered. Standard trans-
parent materials can hardly be used for such an additional
medium, and a compressor (say, a pair of prisms) with a
preset dispersion may perhaps be suitable for this purpose.
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4. Conclusions

Thus, we have used the analysis of the generation of sum-
frequency radiation in the crystal of an autocorrelator to
obtain expressions (12) and (15) respectively for the field
and the recorded second-harmonic energy distribution.
These expressions determine the dependence of both
distributions on the crystal thickness. The effect of crystal
thickness is mainly determined by two factors: a limited
phase-matching width (group velocity mismatch between
the fundamental frequency pulse and the second harmonic
pulse) and the dispersive broadening of the initial pulses.
The limited phase-matching width is manifested when the
difference T between the group delay times (17) exceeds the
pulse duration and leads to a transformation of the
recorded distribution function from correlation intensities
function (18) to the square of the modulus of the
correlation field function (19).The latter distribution differs
slightly from the former distribution, but the two expres-
sions coincide for Gaussian pulses with a linear chirp.
Hence, the second factor, the dispersive broadening of
pulses at half the crystal thickness, may acquire a greater
significance, especially due to the fact that the pulse
broadening increases indefinitely with the crystal thickness.
The dispersive distortion of the duration being measured
can be estimated from expression (24) in which the term
proportional to the chirp of the pulses being measured
plays a significant role. A knowledge of the chirp value
during autocorrelation measurements of the pulse duration
[which can be determined, for example, from the spectral
data with the help of (21)] plays a significant role in the
estimation of the measuring error.
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