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Abstract. A method for simultaneous determination of the optical fib er 
parameters by a direct measurement of the differential delays between the 
first several waveguide modes is experimentally realized by utilization of 
a femtosecond dye laser synchronized with a streak camera. Identification 
of the waveguide mode within the temporal structure of the radiation is 
made. The precision of the measurement is of sufficient quality to warrent 
industrial testing of optical fibers. 

1. Introduction 

An increase of the information capacity of the optical communication lines is di
rectly related with the ability to control the optical fiber parameters . At present , 
various methods are well developed which permits the control of individual optical 
waveguide parameters (1]. However , it is of great interest to develop a method which 
allows the simultaneous control of all optical fibre parameters i.e. core-cladding 
refractive index difference ~n, core diameter 2a, normalized frequency V, cutoff 
wavelength Ac, intermode dispersion . A potential approach to this problem lies in 
the measurement of the differential mode delays in various mode groups propa
gating through the optical waveguide and further, on the basis of this data , it is 
possible to determine the normalized frequency V and all remaining fiber param
eters [2) . However for such an approach it is necessary to know first the refractive 
index profile in order to avoid errors in the evaluation. It is possible to eliminate 
this disadvantage [3] by suitable choice of the waveguide modes in some range for 
the normalized frequency V (i.e. the pump radiation wavelength should be chosen 
too). As a result , the accuracy of the determination of optical waveguide parameters 
is satisfying even without knowing the refractive index profile. 

Indirect methods for measuring the differential mode delays are also known as 
well as interference methods [4, 5), and measurement of four-photon parametric 
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oscillation signal frequencies in fibers [6]. 
In this paper we propose a direct measurement of the differential mode delays 

(mode dispersion of the fiber) by the use of a femtosecond dye laser synchronized 
with a streak camera. A technique for identification of the waveguide modes is de
veloped using the temporal structure of the radiation after the fiber and transverse 
distribution of the optical field intensity. 

2. Experimental Geometry 

The experimental geometry is portrayed in Fig. 1. The direct measurement of the 
differential mode delays requires the use of ultrashort laser pulses. In this case, the 
radiation from various waveguide modes is observed as time-resolved pulses at the 
fiber output, i. e. the time interval between two propagating modes 

is grater than the pulse-duration of each mode with account of their dispersion 
broadening Tout = Tin + LDD..>., where: pq, rs are the indices of linearly polarized 

d(BV) . . . . 
LP fiber modes [7], --;_w:-- are the d1fferent1al mode delays, tin is the core-claddmg 

refractive index difference, D is the material dispersion, D..>. is the pulse spectral 
linewidth, L is the fiber length, c is the light velocity. When we use femtosecond 
laser pulses, this relationship holds for relatively short fiber samples. 

0.2 ps 
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X 20 objective 
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XY chart ~-----1 OSA streak 
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Fig. 1. Experimental geometry 
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Furthermore, in order to increase the accuracy in determination of fiber optic 
parameters without knowing the refractive index profile for the first three waveguide 
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modes, it is necessary to work at such a laser wavelength A when the parameter V 
values are within 3.9-4.2 [3]. 

These limitations prompted the choice of an experimental geometry utilizing 
a colliding-pulse mode-locked femtosecond Rhodamine 6G dye laser, pumped by 
Argon ion laser, with three cascade amplifiers of the oscillator output pulses [8] . 
The pulsewidth was measured by a collinear autocorrelation technique. · 

The autocorrelation function of the laser pulses at A = 617 nm and the peak 
output power is shown in Fig. 2, which corresponds to r = 185 fs duration for a 
Gaussian profile and to r = 170 fs for sech2(t) profile. The repetition frequency is 
83 MHz. The output spectral linewidth of L.\.A = 2.2 nm is measured by 1 m-focal 
lenght spectrograph, which proves that the pulses are spectral-limited and its shape 
is probably closer to sech 2 ( t). 

3 

Tc= 265 fs 

3.3 ps 

time 

Fig. 2. Autocorrelation function of the laser pulses at A = 617 nm 

The laser ~adiation enters into the fiber by x 20 objective lens and it is rec
ollimated at the output by equivalent objective lens when directing to the streak 
camera. A diffusible scattering glass is placed in front of the streak camera slit. The 
camera is synchronized to be open at the moment of laser radiation incidence on 
the slit, by means of the tunnel diode signal when recording a part of the radiation 
in front of the fiber. Increased temporal synchronization of the opening of streak 
camera aperture and of the laser pulse, is achieved by the utilization of an optical 
delay line. The space distribution of the optical field is recorded too . 

3. Mode Structure and Identification of the Waveguide Modes 

At a suitable laser radiation wavelength, three peaks are obtained on the temporal 
trace of intensity at the streak camera. Such a trace is shown in Fig. 3a at A = 
617 nm with the corresponding modes marked. 

The identification of the intensity peak is made as it follows . In case of longer laser 
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radiation wavelengths, two peaks appear within the temporal structure which are 
responsible for LP01 and LP11 waveguide modes. For shorter wavelengths, a third 
peak appears between them corresponding to the next LP21 mode. At the scan
ning >., the interval between both first peaks is also changed marginally. Further, 
when the wavelength is at its shortest, an appearance of other peaks is expected 
corresponding to the next LP02 modes etc. 

without bend 

33 ps 

with bend 

time 

Fig. 3. Temporal trace of the radiation after the fiber, when 
recording by streak camera 

(a) - without bend; (b) - with bend of the fiber 

The proposed approach allows the estimation of the V frequency. Since the 
wavelength is close to the cutoff of LP 21 mode, this value is V = 4.0. Thus, for 
the first two peaks, which are far from the cutoff, we can assert that the peak at 
shorter delay corresponds to LP 01 mode, and at longer delay corresponds to LPu 
mode. It is reasonable also, that the higher LP 21 mode which is close to the cutoff 
has a value of differential mode delay smaller than LPu (7]. 

We can additionally verify this identification of the modes. For certain conditions 
of the light pulse entering the fiber, it is possible to exc~te only the fundamental 
LP01 with a Gaussian profile, which is evident also by the space distribution of the 
field on the screen. Since all other conditions of the streak camera operation are 
invariable, we can readily determine that the peak with the shortest absolute delay 
corresponds to this fundamental mode. 

Determination of the highest mode of the fiber is achieved by winding of the fiber 
to produce spirals of 2-3 cm in diameter. As it is evident from Fig. 3b, the central 
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peak is mostly changed, which proves the correct identification of the highest LP21 
from the obtained three modes. 

Under the conditions of these experiments the identification of the modes can 
also be determined by using the transverse intensity distribution for these modes. 
The radiation is focused on the input aperture by a cylindrical lens and the two
dimensional trace of the camera reveals the intensity space distribution as a function 
of time. Such distribution is shown in Fig. 4a, b as well as in the photograph of the 
radiation after the fiber for the far field. From the streak camera two-dimensional 
trace, it is evident that the mode with the least group delay is that of the medium 
sized spot which displays the greatest intensity density which is typical for the 
Gaussian LP01 mode. The mode with the greatest delay has a minimum on the spot 
center which is characteristic for LP11 mode. Finally, the intensity distribution of 
the middle mode also corresponds well with the LP21 . 

a time b 
Fig. 4. (a) - two-dimensional trace of streak camera (b) - photograph of the 
radiation at the output of the fiber, in the far field 

4. Measurement of the Optical Waveguide Parameters 

Determination of the fiber parameters is performed by measurement of the time 
intervals for a passing of the laser pulses for each observed waveguide modes. As 
a result, we give the following equation where the material fiber parameters are 
omitted: 

7 21 _ 7 11 

rll _ rOl 

d(BV) 21 

dV 
d(BV)11 

dV 

d(BV) 11 

d(;~)o1 = R(V) . 

dV 
When the refractive index profile is known, the right part of the equation depends 
only on the normalized fibre frequency V. The various refractive index profiles give 
different values of the differential mode delays [9] and different R(V) dependences . 
However according to (3], when using the first three waveguide modes to appear 
at V = 3.9-4.2, the determination of V is possible with a sufficient accuracy even 
without taking into account the refractive index profile . This is also the case in our 
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experiment with the choice of suitable laser wavelength, when the LP21 mode is 
close to the cutoff. 

We use a fiber of L = 28.5 m length. As is evident from Fig. 3a, the difference 
between the passing times for the LP 21 and LP 11 mode radiation is r 21 -r11 = 28 ps, 
when for LP01 and LP 11 modes we have r 11 - r 01 = 99 ps. Then, the estimation is 
R(V) = -0 .283. 

The plot R(V) is shown in Fig. 5 and the obtained value is V = 4.05. 
Determination of the core-cladding refractive index difference .6.n is performed 

when calculating the differential mode delays d(::) for two modes at known V 
parameter and at known fiber length by the formulae : 

c Tpq - rr• 

.6.n = L d(BV)Pq d(BVY' 

dV dV 

We can use arbitrary modes, but higher accuracy is achieved for the central non
symmetric modes. In the case of LP 21 and LP 11 modes we obtain .6.n = 7.7 x 10- 2

. 

Determination of the fiber diameter at known V and .6.n requires the knowledge 
for the refractive index profile of the core ncor(A), i. e. of the impurity content of 
the glass. If we use for ncor(A) the data for the fused quartz [10], the mistakes will 
not be essential since the impurity density is quite small in the contemporary fib er 
samples. Thus, for the core diameter we have 2a = 5.3 µm. 

0.4 

0 

-0.4 

-0.8 

- 1.2 

- 1.6 
3.85 3.95 4D5 
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4.15 4.25 

Fig. 5. The R(V) variation for the rectangular refractive index profile 

Fiber passport data as well as the experimentally measured values are shown in 
Table 1. The precision of determination of fiber parameters is quite sufficient . Devi
ation of our data from the passport data are negligable when the error limitations 
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imposed on the accuracy of the results on the industrially tested fibers are taken 
into account. 

Table 1 

Standard methods 
Experimental 

5. Conclusion 

8.0 x 10-3 

7.7 x 10-3 

Diameter 

5.6 µ.m 

5.3 µ.m 

v 

4.37 
4.05 

A technique of direct measurement of the differential mode delays for various wave
guide modes propagating in quartz fibers is realized by the use of a femtosecond dye 
laser in conjunction with a streak camera. On the basis of the measured differences 
of the mode delays, all practically important technological fiber parameters are 
simultaneously determined. The proposed technique may prove to be of particular 
value to industrial application, as all relevant fibre parameters are determined in 
real time. 
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