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1 Introduction 

Silver-halide holographic plates 1
•
2 are widely used because 

of their high sensitivity and commercial availability. Ac
cording to the coupled wave theory,3 their thickness and 
refracti ve indices strongly influence the characteri stics of 
holograms. To enhance the quahty of a hologram, it is very 
important to measure accurately the assoc iated thickness 
and refractive indices of a holographic plate.2 There are 
several methods4

-
I0 proposed for measuring the refracti ve 

index of materi al, but they are sui table onl y for e ither ab
sorbing materia ls4

-
7 or nonabsorbing materi als.8-

I0 Al
though some other methods 11

-
13 are also proposed for mea

suring the thickness, they are applied only for the thickness 
being smaller than the light wavelength. However, the com
mercial silver-halide holographic plates consist of a weak
absorbing emulsion layer and a nonabsorbing substrate, and 
their thicknesses are far larger than the light wavelength. To 
our knowledge, there is no method for measuring both the 
refracti ve indices and the thickness of a thick weak.
absorbing materi al and its substrate with single optical con
fi guration. In this work, an alternative method for achieving 
all these measurements in one setup is presented. This 
method is based on Fresnel's equations, 14 heterodyne 
interferometry, 15 and multi wavelength interferometry. 16 

Three pieces of holographic plates are measured, and the 
measured results are in good correspondence with the ref
erence data. The validities of this method are demonstrated. 

009 1-3286/2005/$22.00 © 2005 SPIE 

2 Principle 

The schematic diagram of this method is shown in Fig. l. 
For convenience, the + z ax is is chosen to be along the 
light propagation direction and the x axis is along the di
rection perpendicular to the paf er plane. A light coming 
from a heterodyne light source ' has an angular frequency 
difference w between s- and µ-polarizations, and its Jones 
vector 18 can be written as 

1 [ exp( iwt/2) l 
E = fi, exp(- iwt/2) · (1 ) 

It is incident on a beamsplitter (BS) and is divided into two 
parts: the transmitted light and the reflected light. The 
transmitted light is used to measure the refractive indices of 
both the emulsion layer and its substrate, and the reflected 
light is for measuring the thickness. The detail s are de
scribed as follows. 

2.1 Refractive Index Measurements 

The transmitted light passes through a quarter-wave plate Q 
with the fas t ax is at O deg to the x ax is. The Jones vector of 
the light can be written as 19 
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Heterodyne light source 

Tunable 

Laser 

Substrate 

Fig. 1 Schematic diagram for measuring the phase differences. 

(2) 

From Eq. (2), we can see that the right- and left-circular 
polarizations have angular frequency shifts w/2 and -w/2, 
respectively. Thus, there is an angular frequency difference 
w between them. This circularly polarized heterodyne light 
beam is incident at 0 onto the silver-haUde emulsion layer. 
Then the reflected light passes through an analyzer ANr 1 

with the transmission axis at a to the x ax is, and enters a 
photodetector Dr 1 • Hence, the intensi.ty detected by Dr I can 
be expressed as 

(3) 

where 10 and y are the bias intensity and the visibility of 
the ignal , and ¢ 1 is the pha e difference between the p
and s-polarizations coming from the reflection of the emul
sion layer. They can be written as 

(4) 

y= (5) 

(6) 

(7) 

and 

(8) 

where r P, rs , r; , and r; are the refl ection coefficients and 
its conjugate of p- and s-polarization , respectively. Ac
cording to the Fresnel's equation , we have 1 

cos[sin - 1(sin 0/ne)J- ne cos 0 
r = 

P cos[sin - 1(sin 0/ne) ]+ n ecos 0 ' 
(9) 

and 

( 10) 

where ne is the refractive index of the silver-halide emul
sion layer and it can be written a n.= n+ik. 

On the other hand, the modulated electronic signal of the 
heterodyne light ource i filtered and become the refer
ence signal . It has the form of 

(11 ) 

Both these two inu oidal ignaJs / 11 and / , are sent to a 
lock-in amplifier and their phase difference ¢ 1 can be mea
ured accurately. 

From Eqs. (8), (9), and (10), it i obvious that the phase 
difference ¢ 1 i a function of n, k, and a , and it can be 
experimentally measured for each given a. To evaluate the 
value of n and k, we re4 uire two pha e d ifferencc <f., 1 1 and 
<f., 12 that correspond to two azimuth ang les a I and a 2 , 

respectively. Hence, a set of imultaneous equations 

(12) 

(13) 
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are obtained. If these simultaneous equations are so lved, 
then the refracti ve indices n and k of the emulsion layer can 
be estimated. 

Second, let the tested ho lographic plate be rotated by 

l 80 deg such that the I ight beam is incident at identi cal 
incident angle 0 on its substrate, then the test signal has a 
similar mathematica l form of Eq. (3) but with a di fferent 
phase difference <p 13 . It can be expressed as 

{ 

2 2 ( 4n;- 2+2cos20)
112

} 
- l [ 1 + 2n5 + 2(n 5 - l )cos 2 0+ cos 4 0]sin 4a3 - 8n5 cos 0 sin2 0 sin 2a3 n; 

¢ 13 = tan -------------- ---------------- , ( 14) 
4 [ n; - I + ( I + 11;) cos 2 0] 

where n 5 is the refracti ve index of the substrate. Because 
the substrate is a nonabsorbing materi al, its refracti ve index 
can be solved from Eq. (14) only given an azi muth angle 
a 3 of AN11 and the measured value of <p 13 • 

2.2 Thickness Measurements 

As shown in Fig. 1, the reflected light coming from the BS 
is reflected agai n by a mirror M 1 and enters a modified 
Michelson interferometer. It consists of a polarization 
beamsplitter (PBS), two mirrors M2 and M3 , an analyzer 
AN12 , and a photodetec tor D12 . The tested holographic 
plate H is located in one arm and the light beam passes 
through this plate perpendicularly. In the interferometer, 
PBS divides the light into two beams. The paths of these 
two beams are: 1. PBS-+ Mr-+ PBS-+ M 1-+ BS-+ AN,2 

-+ D12 (for the reflected s-polarization light), and 2. PBS 
-+ H---> M2 -+ PBS-+ M 1-+ BS-+ AN12-+ D12 (for the trans-
mitted p-polarization light). lf the transmission axis of 
AN12 is 45 deg to the x axi , then Jones vectors of p- and 
s-polarizations arriving at D12 are 

(15) 

and 

( 16) 

where k 1 is the imaginary index of the emulsion layer at 
wavelength A. 1 , d e is the thickness of the emulsion layer, 
and d5 is that of the substrate, respectively. ¢ 21 is the phase 
difference due to the optical path difference between the 
two arms, and it can be expressed as 

(17) 

where n 1 and n s 1 are the real index of the emulsion layer 
and the refractive index of the substrate at wavelength A. 1 , 

and d is the path difference between the two arms, except 
for the thickness of the tested holographic plate in the in
terferometer, respectively. Hence, the intensity of the test 
signal received by D12 can be expressed as 

(18) 

When the wavelength of the heterodyne light source is 
slightl y shifted to A. 2 , then it becomes 

(19) 

where k 2 is the imaginary index of the emulsion layer at 
wavelength A. 2 . These sinusoidal signals / 21, / 22 , and I , 
are sent to the lock-in amplifier, then ¢ 21 and ¢ 22 can be 
obtained . Hence, the variations of phase difference d<p due 
to the wavelength shift l!,.X. 1( = X. 2 - X. 1) can be deri ved and 
written as 

/),. </J= ¢22- ¢ 2 1 

47T[de( 112"-1 -n 1 "- 2) +ds( ns2 "- I - 11 s1"-2)-d!!,.X. 1 J 
A. 1 A2 

(20) 

where n 2 and n52 are the real index of the emulsion layer 
and the refractive index of the substrate at wavelength A. 2 , 

respectively. 
Then, remove the tested holographic plate H from the 

interferometer, and the phase differences are measured 
similarly. We also obtain ¢ 31 at X. 1 , and ¢ 32 at A. 2 . So the 
phase difference variation l!,.<fJ' between two measurements 
can be written as 

(2 1) 

Consequently, we have 
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Because JAX. I i so small , we have n 1=n2= n and n 5 1 

= n 52= n s . Then Eq. (22) can be rewritten as 

(23) 

From Eq. (23), it is obvious that'¥ is a function of d e , d 5 , 

and AX.. Hence, to evaluate the values of d e and d 5 , we 
require two phase differences '¥ 1 and '¥ 2 that correspond 
to the wavelength shifts AX. 1= X. 2- X. 1 and AX. 2= X. 3 
- X. 1 . Hence, a set of imultaneou equations 

(24) 

(25) 

are obtained. If the e imultaneous equation are so lved, 
then the thickness d e and d 5 can be estimated. 

3 Experiments and Results 

To show the fea ibiLity of thi method we measured the 
refractive indices and the thickne s of two Slavich holo
graphic plate (PFG-01 and VRP-M) and a hologram fab
ricated with a VRP-M ho lographic plate at 25 °C. The het
erodyne light source con isling of a tunable diode laser 
(Model 6304, New Focus) and an electro-optic modulator 
(EO) driven by a function generator (FG) was used , as 
shown in Fig. 1. The frequency of the sawtooth signal ap
pUed to the EO was I kHz. A lock-in amplifier with reso
lution 0.001 deg (Model SR850, Stanford Research Sys
tem) was used to measure the pha e difference, and a 
personal computer wa employed to record and analyze the 
data . For convenience, the experimental conditions 0=59 
deg, a 1 = 40 deg, a 2 = 60 deg, a 3 = 45 deg, X. 1 = 632.8 nm, 
X. 2= 632.79nrn, X. 3 = 632.8 lnm, AX. 1=- 0.0lnm, and 
AX. 2= 0.01 nm were u ed. The measurement and e timated 
re ults are ummarized in Tables l and 2. The reference 
data from Ref . 2 and 7 and the measured value of the 
plate thickne with a conventional micrometer are Ii ted in 
Table 3 for compari on. It is clear that they how good 
agreement. 

Table 1 Measurement results. Note that VRPM * means the holo
gram fabricated with a VRPM holographic plate. 

Phase difference 
(in deg.) PFG-01 VRPM VRPM * 

</>11 1.957 2.056 - 0.05 

</>12 0.945 0.995 - 0.03 

</>13 5.247 5.038 4.833 

'I' 1 23.252 23.085 23.161 

'I' 2 - 23.252 - 23.086 - 23.162 

(22) 

In the prior experiments, we showed that the values of n 
and k could be evaluated by measuring two pha e differ
ences </> 11 and </> 12 that correspond to two azimuth angles 
a I and a 2 , respectively. To evaluate the values of n and k 
more accurately, the relations between </;> 1 and a were also 
measured under the conditions 0=59 deg and X. 1 
= 632.8 nm. The mea ured re ults and the a sociated fitting 
curves are shown in Fig. 2. Then, based on these fitting 
curves, n and k can be evaluated with Eqs. (4) through (8) 
and by the least-square method. For comparison, these 
evaluated values of n and k are also li sted into Table 2 with 
super cript #. Theoretically, they are more accurate than the 
results obtained with two phase differences </;> 11 and </;> 12 . 
The differences between the e two results are small. 

4 Discussions 

From Eq . (8), (14), and (23), we get 

IAn l = - B2I A</>11 J + B, IA</>d 
A 1B2 - A 2B 1 

IAk l= - A2I A</> 11l+A,I A</> d 
A 2B 1- A 1B2 

and 

where 

IA'I'IA eq 

4'1T(n e- l )' 

IA 'l'I A eq 

41T(n 5 - 1)' 

(26) 

(27) 

(28) 

(29) 

(30) 

Table 2 Estimated results. Note that superscript # represents the 
estimated values with the fitt ing curves of </> 1 versus a shown in Fig. 
4, Eq. (8) , and the least-square method. 

Parameter PFG-01 VRPM VRPM * 

n 1.60923 1.60626 1.66591 

1.60875# 1.60544# 1.66513# 

k 0.000071 0.000043 0.004866 

0.000075# 0.000039# 0.00541 # 

ns 1.51508 1.51508 1.51508 

d6 (µ.m) 7.32 5.69 5.35 

d5 (mm) 2.502 2.486 2.494 
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Table 3 Reference data. Note that superscripts a, b, and c repre
sent the reference data coming from Refs. 7 and 2, and Scott Lim
ited, and superscript d represents the measured values with a con
ventional micrometer, respectively. 

Parameter PFG-01 VRPM VRPM* 

n 1.6098 1.604b 1.665b 

k 0.000088 0.00004 0.00536 

ns 1.51509c 1.51509c 1.51509c 

d8 (µm) 7.31 " 5.7b 5.35b 

d 5 (mm) 2.51d 2.50d 2.50d 

B =la<f>,21 2 ak ' 
(3 1) 

and IAnl , IAkl, IAn,. I, !Adel, IAd5 I, IA¢>11I , IA</>121, 
IA</>131, and IA'l'I are the errors of n, k, ns , d e, d,., </> 11 , 
¢,12, ¢,13, and'¥, respectively. A eq is the equivalent wave
length (=40 mm in our experiments). The angular resolu
tion of the lock-in amplifier, second harmonic error, and 
polarization-mixing errors are the factors that influence the 
accuracy of the phase difference in this method. According 
to Chiu, Lee, and Su's calculations,20 the total phase differ
ence errors of IA¢> 11 1, IA<l>d , IA¢> 131, and IA'¥1 can be 
decreased to 0.03 deg. Substituting the conditions I A cp I ii 
= IA<l>12I = IA</>nl = IA '111 =0.03 deg, X. 1 =632.8 nm, X. 2 
=632.79nm, AX. 1 = -0.01 nm, and the measurement re
sults of ne and n 5 into Eqs. (26) through (31), the measure
ment errors of each plate can be calculated with the soft
ware MATHEMATICA. The results are summarized in 
Table 4. 

According to Chiu, Lee, and Su,20 we understand that 
the phase difference error depends on the phase difference, 
and it becomes very small as the phase difference ap
proaches zero. Substituting our experimental conditions 
into Eqs. (4) and (8), the curves of ¢ 1 and -y versus a for 
some different 0 can be plotted in Figs. 3(a) and 3(b), re-

5 

4 

3 

---oil 2 ., 
~ 
~ 

0 

20 30 40 50 

a (deg.) 

o PFG-01 

o VRPM 
t:i. VRPM' 

60 70 

Fig. 2 Measured data between </> 1 and a, and the associated fitting 
curves. 

Table 4 Estimated errors of !:;,n, !:;,k, t,.n 5 , /:;,d8 , and t:i.d5 • 

Parameter 
error PFG-01 VRP-M VRP-M * 

11::;,n l 2.28 x 10- 5 3.48X 10- 5 1.07X 10- 5 

IH I 2.41 X 10- 6 2.70X 10- 6 2.33X 10- 6 

11::;,nsl 5.24 X 10- 4 5.24 X 10- 4 5.24 X 10- 4 

l !:;,del (µm) 0.913 0.917 0.835 

l !:;,d5 I (µm) 3.24 3.24 3.24 

spectively. It can be seen that when 0 approaches Brew
ster 's angle (=57.99 deg) of the silver-halide emulsion 
layer, both the phase difference ¢, 1 and its associated -y are 
almost equal to 0. Compromising between ¢, 1 and -y, 0=59 
deg is chosen for our experiments. 

The relations between cp I and a had been measured and 
depicted in Fig. 2. Here only the measured data for PFG-01 
are rearranged and listed in the columns ( a 1 , a 2) and 
(¢, 11 ,<Pd of Table 5. The associated evaluated values of n 
and k are listed in the same table. From this table, it is 
obvious that the evaluated values of n and k are indepen
dent of (a 1 , a 2). 
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Fig. 3 Relation curves of (a) <f> 1 versus a and (b) 'Y versus a for 
some different incident angles. 
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Table 5 The values of n and k for PFG-01 obtained at (a1 , a2}. 

( a1 ,a2) ( ¢11 ,¢12) n k 

(20,30) (4.508,2.835) 1.60921 0.000069 

(30,40) (2 .835, 1.949) 1.60926 0.000071 

(40 ,50) (1.949, 1.372) 1.60922 0.000072 

(50 ,60) (1 .372 ,0.943) 1.60925 0.000072 

(60 ,70) (0.943,0.595) 1.60923 0.00007 

To avoid phase wrapping,2 1 it is necessary to let 'I' be 
smaller than 7T. So our experimental conditions are suitable 
for the emulsion layer and its substrate with thickness 
smaller than Aeq/4(n- I) and Aeql4(n 5 - I ), respectively. 
Substituting n = l.67 and n = 1.52 into Aegi4(n - I ) and 
Aeql4(n,- I ), their measurable thicknesses are smaller 
than 14.93 and 19.23 mm, respective ly. 

5 Conclusions 

An alternative method for measuring both the refractive 
indices and the thickness of the silver-halide emulsion layer 
and its substrate is presented by using the multiwavelength 
circularly polarized heterodyne interferometry. These opti
ca l parameters can be estimated with only one optical con
figuration . Thi s method has many merits such as simple 
optical setup, easy operation , and rapid measurement. Its 
validity is demonstrated. It is suitable for the emulsion 
layer and its substrate with thicknesses smaller than 14.93 
and 19.23 mm, respectively, in our experiments. 
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