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Abstract

The refractive index profile of a gradient index sphere can be measured rapidly, automatically
and nordestructively by a large aperture shearing harmonic interferomster.

The apparatus, principle and technique of measurement are described and the data treatment
2rd results are discussed, Computer simulation and experiments show that the curved ray analysis
gives better accuracy than the straight ray analys's for large 4z in transverseinterferometry.

Introduction

It is no doubt that the refractive imdex protile of GRIN materials is a most
important parameter. Profiling the refractive index of GRIN rod rapidly, nondestruc-
tively and acourately is still attracting the people in this field. Many nondestructive
methods have been developed to measure the index profile of GRIN rods or fibers®~%,

There are two kinds of analytical methods in transverse or differential interference
techniques, one is straight ray method (ST method™ and the other is real curved ray
method (CT method)®?).

The sample to be measured in the paper is a gradient index sphere, so the
nondestructive technique must be chosen, because of its larger diameter and greater
index difference between the center and the periphery, the differential interference
system ig preferable.

This paper describes a large aperture A. C. harmonic interferometer which was
used to make the sphere index profile measurement rapidly, nondestructively and
accurately. The further computer simulation was taken for large index difference 4n
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in order to compare the 8T method and CT method, the simulation results show that
the CT method gives better accuracy for large 4dn.

Set up (Harmonie inteferometer)

In order to make the measurement of the index profile of GRIN materials rapidly,
antomatically and scourately, many tochniques have been developed. After constant
improvement, A. C. interferometry has hecome a popular interference technigue
meeting the above requirements™?). Having high phase resolution, A. C. interfero-
meter gets phase data easily and treats the data rapidly. Triangular and sinusoidal
modulation were used in A. C. interferometry. Triangular modalation makes large
motion of vibrated mirror and the system is difficult to get good linear response,
the vibration modulation gets much better linear response, but the vibration is still
a little bigger. The A. C. interference system described here, is c¢alled harmonio
differential interferometer since the mirror M, in Fig. 1 is vibrated harmonically
(Equ. 2). This harmonic system just needs a A/2 peak-to-peak modulation and the
modulation is nearly sinusoidal. The sphearing plates §P; and SP, of two parallel
plates are tilted to make the beams shearing a difierential distance d,. The B;, By, M,
and M,are large aperture beam splitters and mirrors, respectively, I, and L, are
lens with large aperture and big f/number to meet the bigger bending of the light
exited from the sample with large 4n. The gradient index sphere 0 be measured, 8
was immersed in index matching oil. The imaging system oonsisted in lens L,, L,
and L,, images the observation plane of the sample on detector D, (photodiode).

The mirror M, scans such that each point passes the detector D, and completes
the data collecting antomatically. The phase of signals from D, (refersnce detector
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Fig.1 Large aperture shearing harmonic interferometer
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photodiode) is subtracted from the phase of signal from D; to eliminate the phase
noise produced at random from outside of the system. After amplifying and conver-
ting to a digital signal, the signal from D; and D, are sent to a microcomputer PO.
The scan mirror M; through A/D converter is also conneoted to the PC, so that the
sample scanning is controlled by the PC automatically, and the phase map and
refractive index profile can be obtained by the PC immediately.
The light intensity distribution of the field of the harmonio interferometer is

I{z, y, $)= I+ Is+2</T 15 008{8(z, y) —$(2)}, ey}
where I, I3 is the intensity produced by the two branch beams independently,
#(w, y) is the phase difference between the two beams which is dependent on the gpatial
coordinator, ¢(t) is the modulated phase varying with the time harmonically,

¢ (1) =Asin wi+ Bsin(2wi+a), (2)

Choosing the values of 4, B and & properly, the electrical phase can be equal the
corresponded optical phase to be obtained at any time. It is easy to get electrical phase
from the oircuits. Let phase shift a=0, the correct combination of the value of 4 with
B leads the vibration of mirror M, be modulated near sinusoidal wave. The less the
value 4, the more sinusoidal the modulated wave is, however too small value of A
leads to a small signal 10 noise ratio. Generally, take A=23/4, A is working wave
length, for example A4 is 0.78 here, then B is1.46. Fig. 2 shows the relationship of 4
and B such that “linear-solution” is obtained when «=0. Fig. 8 is a one kind of wave
shapes of the ¢ (Z).
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¢ (8) = Adsnwt + Bsin2wt
A (P—P wavelength)
Fig. 2 Relationship A with B for linear Fig. 3 An example of modulation
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Computer Simulation

There are mainly two kinds of theoretical analysis methods in caloulating the
index profile of a GRIN rod from the transverse interference pattern. One assumes that
light beams traverse the gradient rod im a straight line, and the index profile is
expressed with a polynomials, then the coefficients of the assumed polynomials are
caleulated from the interference pattern (ST). The other is based on the real curved
ray trace of the light beams in a GRIN rod. It takes some approximation during Abel
inversion of the index profile (CT). The further computer simulation was taken to
ocmpare the resulis of the two kinds of analytical techniques for larger 4n. Fig. 4 and
Fig. b are results of the simulation for 4n=0.05 and 4n=0.0015 and different index
matching oil. It is shown from the fignres that the two methods are compatible when
the 4n is small, the errors of the ST method, however, inereased rapidly when 4n is
larger, such as, when An=0.05, the error increases by an order of magnitunde with
respect to the dn=0.015, but the error of the CT method is nearly constant.

It is also indicated that the effeot of the index mis-matching between the
periphery of the GRIN rod and the index oil in the CT method on the index profiling
is almost uniform over the whole region of the GRIN rod. It is obvious that the CT

method is more preferable when 4n is larger.
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Fig. 4 Effect on Jn on the index diserepancies for straight ray method.
Index mismatching Nm-Na: 4—0.004; B—0.002; ¢—0.0; D—0.002; E—0.004
Nm, index of matching oi}; Na, index of sample periphery; Nt, theoretical value; Ne, calculated value
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Fig. 5 Effect of 4n on the index discrepancies for curved ray method. Index
mismatching Nm-Na: 4—0.004; B—0.002; C—0.0; D—0.002; E—0.004
Nm, index of matching oil; Na, index of sample periphery; Nt, theoretical value; N, calculated value

Data Treatment and Results

Because of symmetry of the refractive index profile of the gradient index sphere,
the light beams passing through the diameter oross section of the spheres have the
same behaviors as the light beams traversed the gradient rod, the formulae used in
the transverse method, therfore, can be applied to sphere with a slight change. On the
other hand, the data obtained in harmonic interference system are the optical phase
difference, 40, between the probing beams and reference beams (in machting 0il). The
formula for calenlating the refractive index profile of the sample in the first

approximation® ig

- 1= A 48y dy }
n(u) = Nuexp{- |7 2 i TR (3)

where u=n(r)r, is working wave length, a is radius of the sphere, N,, is the refractive
index of the matching oil. The gradient index sphere t0 be measured was made using
iron diffusion method by Li Jinker’s group, Xi'an Institute of Optics and Precision
Mechanics, Academia Sinica, Xi’an, China, the diameter of the sphere is 9.182 mm,
and the index of the periphery is 1.546.

The formula used to calculate the index profile from the data is equation (3). I#
is seen that the refractive index of every point of u is almost a result of whole phase
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datd measured. So the phase data was first fitted to a polynomial, then the polynomial
is substituted in the equ. (3) to caloulate the refractive index.

In order to eliminate the system errors as mueh as possible, after scanniné the
sample phase, the background phase also was scanned, then the background phase was
subtracted from the sample phase.

Fig. 6 shows the phase map obtained from this method. The index profile of the
sphere, shown on Fig. 7, was calculated from the phase data on the Fig. 6. Fig. 8 is the
profiles of the sphere using common Mach-Zehnder interferometer. It is viewed from
the fignres that the experiment cunrve is in good agreement with the theoretical
analysis of parabolic profile®®. The index profile obtained from the harmonic
interferometer as we see from the fignres is in good agreement with the resumits
achieved from the transverse method. It also shows that the index mis-matohing effect
of the index 0il is approximately homogeneons over whole region of the sphere.
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Fig. 6 Ehearing phase wap of the GRIN splere
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Fig. 7 Index profile of the GRIN sphere calculated from the phase map in Fig. 6
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Fig. 8 Index profiles of the GRIN sphere as measured on Mach- Zehnder interferometer
Matching oil: @, 1.550; b, 1.552; ¢, 1.554

Conclusion

Computer simulation shows that the CT method is preferable to the ST method
when the dn of the sample is big.

Harmonio interferometer gots data easily and automatically, the amplitude of the
modulation can be as small as possible.

The authors gratefully acknowledge the National Science Foundation for fund
support. One of the authors with pleagure to thank the people in the gradient group,
Institute of Opties, University of Rochester, and especially Joe Miceli for his helps.
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