
Frequency-Domain Interferometer for Measurement of the Group- 
Velocity Walkaway of Ultrashort Pulses in Birefringent Media 

A new technique based on frequency-domain interferometry 
( F D I ) ' ~ ~  has been used to measure the group-velocity walk- 
away (GVW) of ultrashort pulses in birefringent media. As the 
name implies, this technique is based on the spectral interfer- 
ence of two short pulses in the frequency domain and makes 
use of the intrinsic phase delay between the fast and slow 
modes of a birefringent medium. Due to the different group 
delays, two pulses launched along the fast and slow axes will 
come out of the medium at different times. In the frequency 
domain, two temporally separated pulses interfere in the same 
way that two waves with different frequencies do in the time 
domain. In the frequency-domain interferometer described 
here, measurement of the modulation period of the interference 
fringes in the frequency domain gives the GVW directly 
without the need for further assumptions about the properties 
of the light source. By analogy with an ordinary interferometer. 
the two optical axes of the birefringent medium can be re- 
garded as two interfering arms. Apolarizer placed at the output 
end of the medium combines the two field components to 
generate interference fringes in the frequency domain. Tempo- 
rally separated pulses can interfere owing to the linear dispersion 
of the grating in a Different frequency com- 
ponents propagate along different directions, resulting in a 
frequency-dependent time delay. Therefore, two temporally 
separated pulses can physically overlap on the detector surface 
of the spectrometer. In comparison with other methods, the 
experimental setup of our interferometer is quite simple, and 
the alignment is very easy. Of greater significance is the fact 

that the experimental data is directly related to the GVW and 
no further curve fitting is needed. 

To understand the physics of the frequency-domain inter- 
ferometer, we must understand the properties of a spectrometer. 
A simplified version of a spectrometer is shown in Fig. 61.9. 
The incident beam is collimated and has a diameter D. The 
incident angle to the grating is i ,  while the diffracted angle is 
a. Assuming two pulses with pulse width .rIl that are separated 
by T. we find that the amplitude fronts of these two pulses are 
no longer parallel to the phase fronts after the grating. At the 
focus of the image lens, each pulse is temporally stretched to 
a duration of DNAlcos(i)c, where N is the groove number of the 
grating, A is the wavelength of the pulses, and c i s  the speed of 
light. The two separate pulses can physically overlap for a time 
to in at the focal (frequency) plane, provided that the original 
separation T is less than the grating-induced stretching DNA1 
cos(i)c shown in Fig. 61.9. 

FDI for the Measurement of Polarization Mode Disper- 
sion of Single-Mode Optical Fibers 

Single-mode optical fibers have seen increasing use in 
coherent optical transmission systems and as polarization- 
dependent fiber-optic sensors. A knowledge of the polariza- 
tion properties of single-mode fibers is of fundamental impor- 
tance in these applications since these properties govern the 
degree and state of the polarization of the radiation. It is well- 
known that birefringence in optical fibers can be induced by 

Figure 61.9 
A ~irnplified diagram illustrating temporal stretching 

of short pulses in a spectrometer. The incident angle 

to the grating is i; the diffracted angle is a. 
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built-in stress or by geometric deformation of the fiber core. 
The most important parameters characterizing birefringent 
fibers are the polarization mode dispersion (PMD) and modal 
birefringence (MB). Polarization mode dispersion is the group 
delay time difference between two orthogonally polarized 
HE, modes. while modal birefringence is the refractive index 
difference between these two modes. In optical fiber commu- 
nication systems, the presence of PMD results in bandwidth 
~irnitatioris.~ Polarization mode dispersion has two contribu- 
tions: one is the phase delay, which is proportional to modal 
birefringence: the other arises from dispersion difference be- 
tween two modes. Since the first experimental verifications of 
PMD in birefringent optical fibers made by Rashleigh and 
~ l r i c h , ~  many methods for measuring PMD in single-mode 
fibers have been reported.4-1s These methods fall into four 
categories: optical short-pulse  method^,^ frequency domain 
t e ~ h n i ~ u e s , ~ ? ~  interferometric  method^!,^-^^ and optical het- 
erodyne t e c h n i q ~ e s . l ~ - ' ~  The white-light interferometric 
method has proved to be very accurate and applicable to meter- 
length ~ a m ~ l e s . ~ . ~ ~  

The configuration of the frequency-domain interferometer 
as used in our experiment is shown schematically in Fig. 6 1.10. 
The birefringent axes are labeled as x and y;  the laser light 
propagates along the z direction. Two identical pulses tempo- 
rally displaced by T arc launched into the birefringent fiber 
with their polarization directions aligned to the x and y axes, 
respectively. At the input plane ( z  = O), the electric fields of 
these two pulses can be expressed by 

E,  ( t ,  i = 0) = E(t)  exp(i wo t )  
(1) 

E,(t, = 0) = E(t - T )  exp[i wo (t - T ) ] .  

where E(t)  is the slowly varying envelope of the two pulses 
and q is the carrier frequency of the laser pulses. At the exit 
end of the fiber, the Fourier transformations of the electric 
fields are 

where ~ ( w  - w o )  is the Fourier transform of E(t) and fix ( w )  
and By(@)  are propagation constants of the x and y modes. 

A polarizer with its transmission axis set to 45O with respect 
to thc x and y axes combines the two electric fields: 

1 
Eout (w. z = L)  = - [E,  ( w ,  z = L )  + Ey ( o ,  z = L)] .  (3) 2 

The power spectrum detected by a spectrometer can be ex- 
pressed as 

where AP(w) = Px (a)  - PY(w) is the modal birefringence and 
can be expanded as follows: 

I Nonlinear crystal I I 

Computer Digitizer Spectrometer 

Figure 61.10 
Expcrimcntal setup for measurement of GVW in 

birefringent media, where 2 2  = half-wave plate. 

OB =microscope objectives, P = polarizer, and M 
=mirror. Linearly polarized light is coupled into 

thc birefringent sample with the polarization di- 

rection aligned 45" with respect to the optic axes. 

The microscope objectives and birefringent fiher 

(a) were replaced with CDA, KDP. or KD*P 

(b) for measurements of GVW in nonlinear crys- 

talline media. 
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where dAP/do is the polarization mode dispersion. The third then temporally compressed to I ps by a double-pass grating 
term in Eq. (5) is the difference of group-velocity dispersion pair. Two microscope objectives are used to couple the laser 
(GVD), which describes the difference in pulse spreading for beam into and out of a highly birefringent fiber (3M product, 
the two principal axes. For subpicosecond pulses, the disper- FS-HB-565 1).AA/2-wave plate placed in front of the fiber was 
sion distance (the distance at which pulse width becomes twice used to control the polarization direction of the incident laser 
the initial value) could be shorter than 1 m.19 This term can beam. A polarizer placed at the exit end of fiber was used to 
be ignored, as pointed out in Ref. 4, since the difference in combine the electric field components of the fast and slow 
temporal spreading due to GVD is still negligible. Substituting modes. Finally the collimated output beam was sent to a 
Eq. (5) into Eq. (4) gives spectrometer equipped with an optical multichannel analyzer 

(OMA). Another Al2-wave plate placed in front of the spec- 

1 2 
trometer was used to match the polarization direction of the 

I ( O )  = -(E(w - oO)l 
4 

laser beam to that of the grating inside the spectrometer. The 
waveguide parameters of the fiber used in the experiment are 

A P ( o o ) ~  + *AWL + ,TI]. (6) listed in Table 61.1. 
d o  

Table 61 .I: Waveguide parameters of the fiber used 
in the experiment. 

From Eq. (6), the periodicity of the interference fringes is given 

by Fiber length 2.750 m 

Mode field diameter 6.8 p m  

(7) Fiber diameter 

Operating wavelength 1.060 um 

The polarization mode dispersion can be determined in terms 4 x lo-4 

of the measured quantity R, the fringe spacing in the frequency Loss <2 dB/km 
domain. From Eq. (7), we have 

The input spectrum [ ~ ( o  - oo)12] is shown in Fig. 6 1.11. 
(8) The power spectrum has nearly a square-top shape with a width 

of about 31.6 A. In the experiment, the input polarization 

The experimental setup is shown in Fig. 61.10. The laser - 0 . 2 t " ' " " 1 " ' 1 " ' " " " " 1  
20 40 60 80 100 120 140 

beam originates from an actively mode-locked Nd:YLF oscil- 
E6974 Frequency (A) lator that produces a 50-ps pulse train at a 1054-nm wavelength 

with a 100-MHz repetition rate. The pulse train goes through Figure 61.11 

A careful examination of Eq. (8) reveals that there are two 
possible methods of measuring PMD. In the first method, no 

G 0.8 - 
optical delay is needed (T= 0), and a measurement of the fiber .z 1 

length L and interference spacing R gives the required result of 0,6 1 - 

an 800-m, single-mode optical fiber that increases the band- The spectrum of the incident pulses applied to the fiber. The spectrum 

PMD. This method has the advantage in that it is very simple 2 * 
to implement. The second method relies on adjustment of the 2 0.4 
temporal delay such that R = w,  which makes PMD = -T/L. - 

X 
Physically, this means that the predelay T is set so that two .': 0.2 2 
pulses come out of the fiber at the same time, resulting in no g 

C 
interference in the frequency domain. " 0.0 

width from 0.3 A to 3 1.6 A through the combined effects of shape is typical of the combined effect? of SPM and GVD. The peak-peak 

width is 3 1.6 A. 
self-phase-modulation (SPM) and G V D . ~ ~  The pulses are 
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direction was adjusted to 45' with respect to the fast and slow 
axes of the birefringent fiber. The polarizer was also aligned to 
the same angle as described in Eq. (3). The frequency-domain 
interference fringes are shown in Fig. 61.12. The least-squares 
method was used to fit Fig. 61.1 2 using Eq. (6). The value of 
R was found to be 22.7fO.l pixels, giving a modulational 
period of the interference fringes of 9.13f 0.04 A. The length 
of the fiber was measured to an accuracy of 1 mm. From 
Eq. (8), the PMD is found to be 1.42 pslm with an accuracy of 
1 %. The term d A g / d w  of Eq. (8) can also be expressed as 

where An is the modal birefringence and c is the speed of light. 
Substituting the value for AQ from Table 61.1 into Eq. (9) 
makes the first term on the right-hand side of Eq. (9) equal to 
1.3f0.1 pslm, which is very close to the measured PMD. The 
uncertainty comes from the fact that there is not enough 
information about the sample fiber. The contribution of the 
second term in Eq. (9) is much smaller than the first term, 
which is true in most stress-induced birefringent  fiber^.^^,^^ 

tion,22-21 optical parametric oscillators (OPO), and optical 

parametric amplifiers ( o P A ) . ~ ~ , ~ ~  A major limitation in ul- 
trashort frequency conversion is the GVW between the 
ordinary (0-wave) and extraordinary (e-wave) waves due to 
the different group velocities for the two polarizations.27 Since 
birefringence and dispersion exist in all nonlinear crystals, the 
GVW effect becomes a fundamental factor in determining the 
frequency-conversion efficiency. The walkaway has been used 
to increase the conversion efficiency in type-I1 doubling of 
I -,urn, 1-ps laser pulses by using a second crystal to predelay 
the extraordinary wave relative to the ordinary wave.22.23 It 
was also found that the pulse duration could be reduced from 
1 ps to 200 fs.28 Chien et have studied the conversion 
efficiency of high-power ultrashort pulses and have found that 
the GVW between two polarizations causes reconversion of 
the second harmonic back to the fundamental frequency. 

The GVW between the e- and o-wave is of fundamental 
importance in the frequency conversion of ultrashort pulses. 
Typically, the walkaway is inferred by measuring the refractive 
indices and the dispersion of the e- and o-waves. Most values 
of the refractive index have been obtained by the minimum- 
deviation method (MDM) and are accurate to the fifth decimal 
place.29 Extensive measurements of refractive indices of non- 
linear crystals isomorphic to KH2P04 have been made by 
Kirby and ~ e ~ h a z e r . ~ ~  Although MDM provides an accurate 
measurement of the refractive indices of e- and o-waves, it is 
not convenient for many applications involving nonlinear 
frequency conversion. Since the MDM measurement requires 
a high-quality prism made from the sample crystal, this meth- 
od can be expensive and impractical for ordinary fre- 
quency-conversion applications. The dispersion properties are 
usually obtained by fitting to the Sellmeier or Zernike for- 

which requires multiple measurements with different 

t j light frequencies. Since narrow spectral lines of different 
- 0 . 2 ~ " ' ~ " ' ~ ' " 1 " ' ~ " ' ~ " ' ~  

lamps are used in MDM, it is possible that no experimental data 
100 120 140 160 180 200 220 

exists for some specific wavelength that is used in frequency- 
~ 6 9 7 3  Frequency (A) conversion experiments. Another disadvantage of this method 

Figure 61.12 
Frequency-domain interference fringes for the birefringent fiber. The fringe 

spacing is measured to be 9.13 A. 
- - 

FDI for the Measurement of GVW in Nonlinear Crystals 
Frequency conversion in nonlinear crystals is an important 

method for obtaining coherent radiation sources for wave- 
lengths not covered by lasers and is especially valuable in 
applications involving ultrashort laser pulses. Frequency con- 
version includes second (and higher) harmonic genera- 

is that the refractive indices of o- and e-waves are a function of 
propagation direction. All calculations require that the loca- 
tions of optical axes and the propagation angle, as well as the 
relative angle between the propagation direction and the opti- 
cal axis. be known accurately. 

In this section we report on an alternative method that 
allows direct measurement of the GVW between the e- and o- 
waves in a birefringent crystal. There are several other 
advantages of this technique as far as nonlinear frequency 
conversion is concerned. In practical applications of frequency 
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conversion involving short pulses, it is desirable to know the 
walkaway parameter for the laser frequency involved. Since 
the walkaway can be measured using the same laser pulses that 
will be used in frequency conversion, the measured data about 
the walkaway is immediately relevant. For the applications 
involving cascade processes of frequency conversion of short 
pulses, it is crucial to know either the polarization direction or 
the crystal orientation that corresponds to the minimum walk- 
away, so that the orientations of nonlinear crystal for the next 
stage of frequency conversion can be optimized.28 To our 
knowledge, this method provides the first direct measurement 
of angular dependence of the GVW. 

From Eq. (4), the power spectrum detected in the spectrom- 
eter takes the following form: 

where ~ ( c o  - coo) is the spectrum of the incident pulse, Go is a 
constant, AT is the temporal delay between the two pulses 
traveling along the fast and slow axes of the crystal, and 
Am = w - coo. The GVW is therefore equivalent to the period- 
icity of the interference pattern in the frequency domain. 

The experimental setup is as shown in Fig. 61.10, except 
that the birefringent fiber and microscope objectives used for 
in-and-out coupling the incident light are replaced by a nonlin- 
ear crystal. The frequency-domain interference fringes for a 
2.5-cm-thick CDA crystal are shown in Fig. 61.13. A least- 
squares method is used to fit Fig. 61.13 using Eq. (lo), as 

0 
75 90 105 120 135 150 

E7? 14 Frequency (A) 

Figure 61.13 
Frequency-domain interference fringes of the CDA-I sample. The fringe 

spacing is measured to be 6.7 A. The solid line is the experimental data, while 
the dashed line is the theoretical fitting. 

shown by the dashed curve. There are three sources of error 
in the measurements: (1) measuring the length of the crystal, 
(2) calibrating the spectrometer, and (3) determining the spac- 
ing of the interference fringes. The error bar for thickness 
measurement is 1 %. The calibration was performed using five 
spectral lines of a rubidium lamp ranging from 1053 nm to 
1073 nm. The spectral lines were fitted with a Lorentzian line 
shape, and the overall error bar in the calibration was found to 
be 0.2%. The least-squares fit for the interference fringes gave 
an error of 0.3%. The largest source of error is in the measure- 
ment of the crystals' thickness. After taking into account 
these three error sources, we found that the error in deter- 
mining the temporal walkaway is about 1 %. The experimen- 
tally deternlined GVW values for several commonly used 
nonlinear crystals are listed in Table 61.11, along with the cut 
angles and lengths of the tested crystals. The last column of 
Table 61.11 shows the calculated values of the GVW based on 
the dispersion data of Ref. 30; the measured results are very 
close to the calculated ones. As mentioned previously, this 
method can also be used to measure the length of a birefringent 
crystal if its GVW parameter is known. The last row of 
Table 61 .I1 shows the length of a KDP-I crystal determined by 
this method using the calculated result of the walkaway; the 
resolution is about 50 pm. 

Table 61.11: Parameters of nonlinear crystals and measured 
walkaway. 

Length x2 walkaway walkaway (b) 

(ps/cm) (pslcm) 

KDP* I1 53.7' 1.50 0.94M.02 0.97 

1 KDP I1 1 59.2' 1 1.90 1 1.35M.02 1 1.33 1 
I KDPI 1 41.2' 11.029M.005 1 -- 1 0.79 1 

(a) Measured results 
(b) Calculated results 

Since the refractive index of the extraordinary wave is a 
function of propagation direction, the GVW wlll also be 
affected by the direction of propagation, as shown by the plot 
of walkaway dependence versus propagation angle in 
Fig. 61.14. The angle is measured with respect to the phase- 
matching angle of the crystal (KDP-11) in the YZ plane. The 
scattered triangles are experimental data, while the solid curve 
is the theoretical prediction based on the material dispersion.24 
The experimental data fits the theory very well, with an 
accuracy of 1%. The angle shown in Fig. 61.14 is the angle 
inside the crystal as obtained by Snell's law. The propagation 

LLE Review, Volume 61 17 



distance is also a function of angle due to the cube-shaped 
crystal, which has been taken into account in Fig. 61.14. In our 
experiment, the pulses were not transform limited (i.e., the 
pulses are slightly chirped). It is believed that the chirp may be 
responsible for the finite visibility of the interference patterns, 
which could affect the accuracy of the measurements when 
visibility is poor. 

Angle (") 

Figure 6 I. 14 
Dependence of the group-velocity walkaway on the propagation direction. 
The angle is measured with respect to the phase-matching angle of the 

sample (KDP-11). 

conversion in that the walkaway can be compensated for in the 
second crystal.28 Compared to other methods, the frequency- 
domain interferometric technique provides reasonably good 
accuracy, experimental simplicity, and linearity in the sense 
that it is not dependent on the laser power. 
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