Phase geographical map for determining the material

type of a right-angle prism
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A phase geographical map for determining a right-angle prism is presented. The proposed method is
based on total-internal-reflection effects and chromatic dispersion. Under the total-internal-reflection
condition, the phase difference between the S and P polarizations, as a function of the wavelength and
refractive index, can be extracted and measured using heterodyne interferometry. Various wavelengths
correspond to various refractive index values. The proposed map is convenient in ensuring the prism
material using a specific V number. The method has the following merits: high stability, ease of operation,

and rapid measurement.
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1. Introduction

It is frequently confusing for a depot or laboratory to
distinguish between various material types of prisms.
Many materials look similar, but these different
prism materials present different chromatic disper-
sion values. Because the refractive index n is de-
pendent on the wavelength (\) (or color) of light, i.e.,
n = n(\), dispersion can be measured by determining
the relation between the refractive index n and the
wavelength \. Many techniques have been proposed
for measuring the refractive index, including the re-
flectance method,3 Abbe refractometers,* the criti-
cal angle,56 Brewster’s angle,”8 the pseudo-
Brewster’s angle,%1° prism couplers,'1-13 total internal
reflection (TIR),4 ellipsometry,’>2° interference,21-26
holograms,?? and the moiré method.28 However, most
of these methods are related to light intensity or in-
terference fringe variation measurements. The pro-
posed method determines a specific V number using
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the phase method with a simplified optical system for
easier operation. Since 1997, Chiu et al.2° and Su et
al.3% have proposed a phase method based on common-
path heterodyne interferometry for measuring the re-
fractive indices of liquids or prisms. We used this
approach with three-wavelength sources to measure
the chromatic dispersion and determine the type of
prism material in this paper.

2. Principle

A. Phase Shifts Due to Total-Internal-Reflection Effects

From the paper proposed by Chiu et al.,2° a ray of
light in air is incident at 6, on one surface of a right-
angle prism with a refractive index n, as shown in
Fig. 1. The incident angle at the prism—air boundary
is then 0, as

0, =45° +sin”'(sin 0,/n). (1)

Under TIR conditions, according to Frensel’s equa-
tion,31 we can express the phase difference of the S
polarization relative to the P polarization as

b=95,-9,
=2 tan Y{[sin’ 6, — (1/n)2]"°/(tan 6, sin 6,)},
(2)
where 8 and 3, are the phase shifts in the S and P

polarizations, respectively. To more conveniently and
quickly align the optical system, let 6; = 0° be the
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n(air)=1.0

Fig. 1. Total internal reflection inside a right-angle prism.

normal incidence. Equation (2) can then be rewritten
simply as

=2 tan '[(1—-2/n%)"7]. (3)

Because the refractive index (n) is a function of the
wavelength (\), the phase difference ¢ is also relative
to the wavelength.

B. Chromatic Dispersion
From the old Schott dispersion equation32 we have

n*(\) =Ag T AN AN+ AN AN AN,
(4)

where the constants (A,, A, A, . . .) are derived for
each individual material by substituting the known
index and wavelength values and solving the result-
ing simultaneous equations for the constants.

To determine the material of an unknown prism,
we measure the phase difference instead of the
light intensity using heterodyne technology and three
commercial lasers, such as a Nd:YAG laser (A =
532 nm), an Ar* ion laser (A = 488 nm), and a Ne—-He
laser (A = 632.8 nm) instead of a d line (0.5876 pm),
F line (0.4861 pm), and C line (0.6563 pwm), respec-
tively. To demonstrate the feasibility of the proposed
method, we define a specific V number as

d>532

Ve
4)488 - ¢632.8’

(5)

where ¢s9, dugs, and bgse g are the phase differences at
the following wavelengths: 532, 488, and 632.8 nm,
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Fig. 2. g3, versus V'.
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respectively. Equations (3)—(5) are used to plot a new
map called the phase geographical map. The result
is shown in Fig. 2, i.e., the phase difference ¢53, ver-
sus the value of V'. Therefore we can use the map
to rapidly determine the right-angle prism material

type.

C. Scheme of the System

The scheme for the proposed system is shown in
Fig. 3. The lasers are mounted on a linear stage
driven by a motor. The lasers are displaced and take
turns focusing their beams incident into the system.
All beams are 45° polarized, pass through an electro-
optic modulator (EOM), and are normal incident into
the test prism. From the configuration used in the
method of Chiu et al.,?® the light passes through an
ANr analyzer, detected by the photodetector D,, and
transferred into an electrical signal such as

L=|E|"=1/2[1+cosi— )], ()

where ¢, is the phase difference between the S and P
polarizations for the light reflected from the beam
splitter (BS) and o is the angular frequency of the
electro-optic modulator.3® On the other hand, the
light is transmitted through the BS, enters the prism,
and passes through another analyzer ANt, and its
intensity on the photodetector D, is

I,=1/2[1 + cos(wt — )], (7)

where ¢ is the phase difference between the S and P
polarizations due to TIR effects and I, is the test
signal. From Eqs. (6) and (7), we can use a phaseme-
ter or a lock-in amplifier to measure the phase dif-
ference between I, and I, as

d'=-d+d, (8)

and can obtain the phase difference ¢ when the initial
phase &, is known.

3. Experimental Results

The experimental setup is shown in Fig. 3. From the
results of Chiu et al.,2° the phase difference varies
obviously if 6, is in the range from 42° to 45°. For
normal dispersion, the shorter the wavelength, the
larger the phase difference. For easier alignment, we

Linear Stage ;
Rotation Stage
i A =632.8 nm Test prism
A =532 nm
A =488 nm — ANt

Phasemeter

Fig. 3. Experimental system configuration.



Table 1.

Experimental Results Compared with Theoretical Data

Theoretical Data

Experimental Data

Parameters BK7 F2 BaF N 10 S-TT H53 BK7 F2 BaF N 10 S-TI H53
biso 39.75 52.01 56.02 65.49 39.76 52.02 56.01 65.49
besos 39.47 51.69 55.80 65.19 39.41 51.63 55.78 65.25
buss 40.70 53.14 56.78 66.47 40.68 53.12 56.77 66.60
%4 32.32 35.87 57.16 51.16 31.31 34.91 56.58 48.51

can measure the phase differences by choosing 6,
= 0°, which is the normal incidence. The minimum
measurable refractive index is equal to 1.414.

According to Eqgs. (3)~(8), we record these phase
differences and calculate the value of V' immediately
using a personal computer. These experimental re-
sults are shown in Table 1. From these results, the
experimental results coincide with the theoretical
values.

4. Discussion

From Eq. (3), we can obtain a plot of ¢ versus n at
0, = 45°, as shown in Fig. 4. Obviously, the phase
difference is proportional to the refractive index. We
can define the phase sensitivity using the differential
function dd/dn. If the phase resolution of the system
is known, the resolution of the refractive index is
achieved using the equation An = Ad(dd/dn)?,
where A¢ presents the phase resolution. Because the
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Fig. 4. ¢ versus n for 6; = 45°.
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Fig. 5. Error of refractive index versus n for A¢ = 0.01°.

S and P polarizations are in a common-path config-
uration, the two beams disturbed by air or mechan-
ical vibrations cancel each other. The interferences
are, therefore, very stable and the phase error is only
about the value of =0.01°. To simulate the refractive
index errors due to the phase error, the simulation
curve is plotted as shown in Fig. 5. The errors are
below 1.8 X 10 * in the range of n = 1.5-1.75. It is
clear that the error increases as n increases.

To consider the errors of V' for A¢p = =0.01°, from
Eq. (5), AV' is equal to £0.5. Using the map, one kind
of prism can be distinguished from another.

5. Conclusion

This paper proposed a new method based on TIR
effects and common-path heterodyne interferome-
try for determining a kind of unknown prism. If the
phase difference ¢55, and the value of V' are achieved,
using the phase geographical map, the kind of prism
is known. The method has the following merits: eas-
ier alignment and operation, high stability, and rapid
measurement.

This study was supported in part by the National
Science Council in Taiwan under contract NSC-93-
2622-E-150-023-CC3.

References

1. W. R. Hunter, “Error in using the reflectance vs angle of inci-
dence method for measuring optical constants,” J. Opt. Soc.
Am. 55, 1197-1204 (1965).

2. R.F. Miller, A. J. Taylor, and L. S. Julien, “The optimum angle
of incidence for determining optical constants from reflectance
measurements,” J. Phys. D 3, 1957-1961 (1970).

3. P. C. Logofatu, D. Apostol, V. Damian, and R. Tumbar, “Opti-
mum angles for determining the optical constants from reflec-
tivity measurements,” Meas. Sci. Technol. 7, 52-57 (1996).

4. P.P. Herrmann, “Determination of thickness, refractive index,
and dispersion of wave guiding thin films with an Abbe refrac-
tometer,” Appl. Opt. 19, 3262-3262 (1980).

5. P. R. Jarvis and G. H. Meeten, “Critical-angle measurement
of refractive index of absorbing materials: an experimental
study,” J. Phys. E 19, 296-298 (1986).

6. G. H. Meeten and A. N. North, “Refractive index measurement
of absorbing and turbid fluids by reflection near the critical
angle,” Meas. Sci. Technol. 6, 214221 (1995).

7. A. C. Traub and H. Osterberb, “Brewster angle apparatus for
thin film index measurement,” J. Opt. Soc. Am. 47, 62—-69
(1957).

8. S. P. F. Humphreys-Owen, “Comparison of reflection methods
for measuring optical constants without polarimetric analysis,
and proposal for new methods based on the Brewster angle,” in
Proceedings of the Physical Society LXXVII (1960), Vol. 5,
pp. 949-957.

10 September 2006 / Vol. 45, No. 26 / APPLIED OPTICS 6783



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

6784

. T. E. Darcie and M. S. Whalen, “Determination of optical con-
stants using pseudo-Brewster angle and normal incidence re-
flectance measurements,” Appl. Opt. 23, 1130-1131 (1984).
M. Akimoto and Y. Gekka, “Brewster and pseudo-Brewster
angle technique for determination of optical constants,” Jpn.
J. Appl. Phys., Part I 31, 120-122 (1992).

R. Ulrich and R. Torge, “Measurement of thin film parameters
with a prism coupler,” Appl. Opt. 12, 2901-2908 (1973).

H. Ringneault, F. Flory, and S. Monneret, “Nonlinear totally
reflection prism coupler: thermomechanic effects and intensity-
dependent refractive index of thin films,” Appl. Opt. 34, 4358—
4369 (1995).

S. T. Kirsch, “Determining the refractive index and thickness
of thin films from prism coupler measurements,” Appl. Opt. 20,
2085-2089 (1981).

T. Hashimoto, H. Matsuzaki, H. Tsuchida, and K. Yamamoto,
“High-precision measurement for refractive index distribution
and dispersion using an improved scanning total reflection
method,” Jpn. J. Appl. Phys., Part I 31, 1602-1605 (1992).

P. S. Hauge, “Generalized rotating-compensator ellipsometry,”
Surf. Sci. 56, 148-160 (1976).

O. Hunderi and R. Ryberg, “A simple automatic ellipsometer
for a wide energy range,” Surf. Sci. 56, 182—-188 (1976).

R. M. A. Azzam, “A perspective on ellipsometry,” Surf. Sci. 56,
6-18 (1976).

R. H. Muller, “Present status of automatic ellipsometers,” Surf.
Sci. 56, 19-36 (1976).

G. E. Jellison and B. C. Sales, “Determination of the optical
functions of transparent glasses by using spectroscopic ellip-
sometry,” Appl. Opt. 30, 4310-4315 (1991).

U. Beak, G. Reiners, and 1. Urban, “Evaluation of optical prop-
erties of decorative coating by spectroscopic ellipsometry,”
Thin Solid Films 220, 234-240 (1992).

. N. J. Harrick, “Determination of refractive index and film

APPLIED OPTICS / Vol. 45, No. 26 / 10 September 2006

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

thickness from interference fringes,” Appl. Opt. 10, 23442349
(1971).

A. M. Goodman, “Optical interference method for the approx-
imate determination of refractive index and thickness of a
transparent layer,” Appl. Opt. 17, 27792787 (1978).

M. Abraham, “Refractive index and thickness determination of
transparent films: an interference method,” Thin Solid Films
109, 93-102 (1983).

R. Swanepoel, “Determining refractive index and thickness of
thin films from wavelength measurements only,” J. Opt. Soc.
Am. A 2, 1339-1343 (1985).

O. Kafri, K. M. Kreske, and E. Keren, “Refractive index
measurement of optical windows by an interferometric—
deflectometric method,” Appl. Opt. 27, 4602—4603 (1988).

S. D. Nicola, P. Ferraro, A. Finizio, G. Pesce, and G. Pierattini,
“Reflective grating interferometer for measuring the refractive
index of transparent materials,” Opt. Commun. 118, 491-494
(1995).

D. Tentori, “High-precision refractometry by hologram inter-
ferometry,” Opt. Eng. 31, 805—-808 (1992).

I. Glatt and A. Livnat, “Determination of the refractive index
of a lens using moiré deflectometry,” Appl. Opt. 23, 22412243
(1984).

M. H. Chiu, J. Y. Lee, and D. C. Su, “Refractive-index mea-
surement based on the effects of total internal reflection
and the uses of heterodyne interferometry,” Appl. Opt. 36,
2936-2939 (1997).

D. C. Su, J. Y. Lee, and M. H. Chiu, “New type of liquid
refractometer,” Opt. Eng. 37, 2795-2797 (1998).

M. Born and E. Wolf, Principles of Optics, 7th ed. (Cambridge
U. Press, 1999), pp. 50-52.

W. J. Smith, Modern Optical Engineering, 3rd ed. (McGraw-
Hill, 2000), pp. 175-178.

D. C. Su, M. H. Chiu, and C. D. Chen, “Simple two-frequency
laser,” Prec. Eng. 18, 161-163 (1996).



