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ABSTRACT

We present a simple, accurate and inexpensive interferometric technique based on the spectrally resolved white-light
interferometry to determine the group-delay dispersion of optical elements, such as laser crystals and multilayer mirrors. Due to
the different dispersion properties of these elements, different evaluation methods of the interference fringes are used for the
mirrors and crystals. The reproducibility of our measurements is +5 fs* and +3 % for mirrors and crystals, respectively, with hi gh
spectral resolution over a broad spectral range (700-900 nm). These dispersion data are important for the construction of
compact femtosecond solid-state lasers.
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1. INTRODUCTION

Recently it has been demonstrated that the use of specially designed multilayer (chirped) mirrors' in the laser resonators allows
to generate stable, sub-10 fs laser pulsesz. In contrary to a pair of prisms the dispersion of these mirrors cannot be changed,
hence it is essential to know precisely the dispersion of the multilayer mirrors and the laser crystals to produce low intracavity
dispersion. In connection with femtosecond laser systems the higher derivatives of the phase shift ¢(w) of the optical elements
are important: the group delay (t=0@/dw), the group-delay dispersion (GDD=d’@/dw’), and the third-order dispersion
(TOD=2"/0«"). A number of papers have been devoted to the problem of the group-delay (GD) measurement in optical
components™®. These methods either have high precision with difficult apparatus or vica versa. When multilayer mirrors form
part of a Fabry-Perot interferometer, the GD of the mirrors can be measured simply by determining the spectral position of
transmission maxima, but this technique cannot be applied for measuring GD of other optical components’ .

The spectrally resolved white-light (SRWL) interferometry, which is a relatively simple and accurate method, has proved to
be a useful technique to study the anomalous dispersion of vapourss'9 , to measure the refractive indices of dye solutions'’ and
optical glasses'". In this paper we extend this technique showing how it is possible to determine the GDD of multilayer mirrors

and laser crystals such as Ti:sapphire (Ti:S), Cr:LiICAF, Cr:LiSAF, and Cr:LiSGAF.

2. EXPERIMENTAL SETUP

Our experimental apparatus consists of a Michelson interferometer combined with a simple spectrograph, as shown in Fig. 1.
The interferometer is illuminated by a white-light source (100 W tungsten halogen lamp). A horizontal slit is placed in front of
the light source to increase its spatial coherence in the vertical direction. Both the beam splitter cube (Spindler & Hoyer No.
33520) and the reference mirror, which is a plane gold mirror, have negligible group-delay dispersion (GDD)'. A vertical slit
placed to cut of a thin stripe from the white-light fringes appearing at the exit plane of the interferometer. This stripe is spectrally
dispersed by a transmission grating (200 grooves/mm) and imaged onto a CCD chip (Electrim Corp.,EDC-1000, 165x196
pixels) by an achromatic lens (f=50 mm). When a multilayer mirror is tested, the reference mirror is tilted around a horizontal
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axis at a small angle in order to generate horizontal interference fringes at the exit plane of the interferometer.
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Figure 1. Spectrally resolved white-light interferometer used for measuring the GDD of multilayer mirrors

However, if a laser crystal is studied, some minor modifications are needed. The crystal is inserted in one arm of the
interferometer, whose both mirrors are now dispersion free gold ones and parallel to each other. Since the laser crystals are
birefringent, two different interference patterns are formed corresponding to ordinary and extraordinary rays. In order to avoid
the superposition of these patterns, we insert a polarizer in front of the light source. An additional problem with laser active
media is their fluorescence over the spectral range of our interest, which fluorescence reduces the visibility of the SRWL
interference fringes. This problem can be solved by using suitably chosen long wavelength pass filters. The crystal is placed on
a rotating table and is positioned as if it is built in the laser cavity: the p-polarized light beam hits the surface at the Brewster
angle and the propagation direction in the crystal is perpendicular to the optical axis (extraordinary rays, E parallel with the c-
axis).

3. THE EVALUATION OF THE SRWL INTERFERENCE FRINGES

This section is divided for two parts, since the shape of the SRWL interference fringes and so the evaluation methods are
different when testing the multilayer mirror and the laser crystal. The difference originates from the different position of the
reference mirror. :

3.1. Multilayer mirrors

Let us take a Michelson interferometer, the sample mirror of which is a multilayer mirror having a phase shift @y(A) while the
reference mirror has no dispersion. The reference mirror is tilted around a horizontal axis at a small angle €. We suppose that the
reflected beams propagate in the same direction since € is very small. The phase difference A for a spectral component of
wavelength A at a given coordinate y can be written as

4
Ap(y,A) = <pM(A>—T”[d0 +&(y-yo)l, M)

where d, is the difference between the arms measured at an arbitrary reference coordinate y,. The intensity distribution of the
interference fringes originatig from a monochromatic spectral component along the y axis (parallel to slit S;) is given by

1, A) = 1g(3 D+ 1y, A)+2[1¢(y. DI p(y.A) cos[Ap(y, A)), (2)
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where Ig and Ig are the intensity of light beams reflected from the multilayer (sample) and reference mirrors, respectively,
Substituted Eq. (1) into Eq. (2), it can be seen that the intensity distribution along the y axis is a cosine function with
periodicity of A/2¢. Note that the initial phase [A@(yp;A)] of the cosine function contains the phase shift @y(A), that is, if we
could determined the initial phase for each wavelength we would get the phase shift of the multilayer mirror. Since each spectra]
component of the white-light source produces a horizontal interference fringe system and these fringe systems are superposed at
the exit plane of the interferometer, the phase shift of the multilayer mirror can not be determined directly from the white-light
fringes. However, resolving the white-light fringes spectrally, the different components are separated and appear side by side in
the image plane, i.e. in the A-y' plane. If we fit a cosinusoidal function to the intensity distribution at each wavelength, we cap
determine the phase shift @u(A) (or @um(w)) from the initial phase of the fitted functions. More precisely, @u(®) can be
determined with an additive part which is proportional to  since dy, y, and € are not known. Fortunately, it does not cause
problems since we are interested in only the GDD and it is calculated by a numerical differentiation of @y().

3.2. Laser crystals

When laser crystals are tested, the evaluation method descripted above can not be used since the circular fringes at the exit plane
become so dense due to the thick crystals (2-3mm) that the spatial periodicity of the interference fringes is not constant along
the y axis anymore. In this case therefore we use the method which is based on the description in Ref. 10. The phase difference
can be written as

2 -
Ap(@)= pc(@)==21, G

where @c(w) is the phase shift of the crystal, | is the difference in the geometric length of the arms and c is the velocity of light in
vacuum. Here the dependence on coordinate y is not indicated since the phase shift @c(w) is evaluated along only a fixed
coordinate y. Since the refractive indices of the crystals can be described by smooth functions, dispersion can be retrieved after
expanding the measured phase difference A@(w) around an arbitrarily chosen central frequency ax:

, A ’” 2 A o 3 4
A‘P(&’)=ﬁ€°o+A‘Po(m“wo)+“g@'(w‘wo) +—?'(m“”0) , )

where Agp=A@(ty) and the derivatives Ag'y, A@"o, A", are the Taylor expansion coefficients at ay. If we fit a cosinusoidal
function the argument of which is described by Eq. 4 for the intensity distribution along the A axis (or the w axis) at a fixed
coordinate y, we can determine the phase derivatives. Note that the first derivative is different with only an additive constant
from the GD of the crystal:

’ ] 2! 5
T=¢0=A§00+T (3)

however, the second derivative is equal to the GDD:

GDD = ¢j = Agj. (6)

4. RESULTS AND DISCUSSIONS

First let us consider the SRWL interference patterns of the multilayer mirrors. Figure 2(a) shows the SRWL interference
fringes when the sample and the reference mirrors are the same type. It can be seen that the SRWL interference fringes are
straight lines, but are not parallel as their periodicity is proportional to the wavelength. The higher the order of interference
the steeper the fringe is. When the sample mirror has GDD or TOD ( see Fig. 2(b), 2(c)) the fringes become curved, that is
this method is well suited for rapid comparison of the dispersion of multilayer mirrors. One of the multilayer (chirped)
mirrors was designed for a sub-10-fs mirror-dispersion-controlled Ti:S laser® (Fig. 2(b)) while the other one was designed for
a Ti:S laser amplifier.



Figure 2. SRWL interference fringes when (a) both mirrors are the same type, (b) a multilayer (chirped) mirror having a
nearly constant negative GDD, and (c) superposed a positive TOD. The wavelength increases from the left side to the right
while the vertical axis is the y' axis.

In Fig. 3 GDD functions obtained by computer processing of the images shown in Fig. 2 and numerical differentiation are
plotted. There are two sources of error in our measurement: a systematic error originating from the optical path difference in
the beam splitter cube, and a random-type error that is due to the inaccuracy of the cosine function fitting. The resolution of
the GDD measurement was 5 fs2. It can be seen in the curve (a) that there is a small amount of the GDD when both mirrors
are the same type. We found that this GDD originates from the beam splitter cube and had to be considered during the GDD

measurement.
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Figure 3. The group-delay dispersion of the mirrors shown in Fig. 2

During our studies, we investigated the dispersive properties of colquiriite type solid-state laser active materials such as
Cr:LiCAF. Cr:LiSAF and Cr:LiSGaF. For comparative purposes, we present our dispersion data obtained for highly doped
Ti:S crystals as well. The measured dispersion coefficients (Taylor expansion coefficients) of the crystals are listed in Table
1. The GDD is calculated as: GDD=¢"+¢"(w-ay). The investigated spectral ranges are 760 to 900 nm for the Cr:LiSAF,
Cr:LiSGaF and Cr:LiCAF crystals, and 700 to 900 nm for the Ti:S crystal. Crystal manufacturers: Lighting Optical
Corporation (0.8% Cr doped LiSAF, 0.8% doped LiSGaF, 12% doped LiCAF), Strathclyde University, Glasgow (2.0%
doped LiSAF and 2% doped LiSGaF), and Crystal Systems (Ti:S). The reproducibility of our independent measurements
was within a 3% error bar. To calculate the theoretical GDD values, we used the refractive index polynomials found in the

literature and a ray-tracing program.
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