
Quantum Electronics  41 (10)  934 – 938  (2011)  © 2011  Kvantovaya Elektronika and Turpion Ltd

Abstract.  We have proposed a method for increasing the sensitivity 
of measurements of the wedge angle in transparent plates. The 
method is based on formation of the holographic shear interfero-
grams using a combination of 180° rotation of the plate with by-
turn adjustment of interferograms in its images to an infinitely wide 
fringe. The sensitivity enhancement is due to the increased number 
of interference fringes in the observed images of the wedged plate, 
which favours the reduction of the measurement error during opti-
cal processing of the obtained interferograms. Data on the experi-
mental validation of the proposed method are presented. 

Keywords: large lateral shear, 180° rotation of the wedged plate, 
interference pattern, sensitivity enhancement.

1. Introduction

To determine  small angles of wedged plates,  the method of 
wedge  angle measurement  using  a  Fizeau  interferometer  is 
most widely applied  in practice  [1, 2] and recognised as  the 
most sensitive and precise. The classical scheme of the Fizeau 
interferometer, aimed at measuring the wedge angle of trans-
parent plates, has been improved many times [3, 4]. Two prin-
cipal trends can be observed in the development of interfero-
metric methods of small angle measurement, aimed at simpli-
fying  the  optical  schemes  implementing  the  process  of 
interference pattern formation and the wedge angle measure-
ment procedure [3 – 6], as well as at improving the sensitivity 
and, hence, the accuracy of measurements, which is caused by 
increasing  requirements  to  metrological  characteristics  of 
angle  measures  and  quality  of  plane-parallel  and  wedged 
plates  used  in  modern  interferometers,  laser  and  optoelec-
tronic instrumentation [7]. 

According to [9 – 10], the enhancement of the interference 
method  sensitivity  leads  to  a  proportional  increase  in  the 
number of fringes in the observed interference pattern.

To increase the number of fringes in the interference pat-
tern of the wedged plate, use can be made of a 180° rotation 
of the wedge with respect to its edge between the registrations 
of sequential interferograms. This method was implemented 
with a pair of interference images [2, 5], or with formation of 
an interference pattern in a reversal-shear interferometer [4, 6].

The methods of shear  interferometry proved to be most 
promising  for  enhancing  the measurement  sensitivity  using 
the interference patterns from wedged plates. The registration 
of a pair of interference images of a wedged plate in the holo-
graphic  lateral-  or  reversal-shear  interferometry  allows  the 
reduction of  the measurement  error  at  the  expense  of  dou-
bling  the  number  of  interference  fringes  in  the  plate  image 
[11,   12].  To  reduce  the  error  of  the  wedge  angle  measure-
ments, it is necessary to use special techniques, providing the 
reduction of the  interferometer sensitivity to external vibra-
tions  [13]  and  eliminating  the  systematic  component  of  the 
error, associated with aberrations of  the optical part of  the 
device [12].

The  high  accuracy  of  the  interferometric  measurement 
methods is achieved when the high sensitivity of the interfer-
ometry  in  the  phase-difference  measurements  is  combined 
with  the  digital  processing  of  interferograms.  It  should  be 
noted that the minimal error of measurements is provided by 
achieving the maximal sensitivity of the parameter to be mea-
sured in the observed interference pattern.

In the present paper we propose a method for improving 
the  sensitivity of measurements  in holographic  lateral-shear 
interferometry of wedged transparent plates in the from of a 
pair of interference images of the plate; the method is based 
on the combination of a 180° rotation of the plate with by-
turn adjustment of interferograms in its images to an infinite-
width fringe.

Note, that this method of wedging measurement is appli-
cable  to plates with the  linear dimension  in the direction of 
the shear not exceeding 1/3 of the probe light beam diameter. 
The  reduction  of  the  measurement  error  is  ensured  by  an 
increase in the method sensitivity at the expense of increasing 
the number of interference fringes in the images of the inves-
tigated plate.

The  large  lateral-shear  interferometry  in  the  case of  the 
linear dimensions of the investigated object not exceeding 1/3 
of the probe light beam diameter allows formation of several 
interferometric images of the investigated object, modulated 
by  interference  fringes.  In  this  case  the  description  of  the 
interference fringes is similar to that in the two-beam interfer-
ometry with a reference wave [10, 14].

2. Optical scheme implementing the method

Figure 1 shows the optical scheme of a holographic interfer-
ometer  designed  to  implement  the  proposed  method.  The 
He – Ne laser ( 1 ), the plane mirror ( 2 ) and the telescopic sys-
tem  ( 3, 4 )  produce  a  collimated  probe  light  beam  of  the 
appropriate  size.  The  telescopic  system  ( 6, 7 )  is  aimed  at 
reducing  (if necessary)  the diameter of  the probe beam and 
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introducing it into the lateral-shear interferometer ( 8 ), which, 
beside the relative lateral shear between the interfering beams, 
should  provide  the  control  of  the width  and  orientation  of 
fringes  in the  interference pattern. The optimal version that 
satisfies  these  conditions  is  the  interferometer  based on  the 
classical Mach –  Zehnder scheme  [15]. As mentioned above, 
the linear dimensions of the investigated wedged plate ( 5 ) in 
the direction of the lateral shear should not exceed 1/3 of the 
probe light beam diameter.

To eliminate the systematic error of measurements due to 
aberrations  of  the  optical  system,  the  interferometer  is 
equipped with the reference hologram ( 9 ), which is recorded 
in the plane, optically conjugate with the zone of the location 
of the object under study ( 5 ). The system of spatial filtering 
consists of the objective ( 10 ) and the aperture ( 11 ) aimed at 
selecting the interfering waves, diffracted by the hologram ( 9 ) 
into the first and zero orders. The waves extracted as a result 
of filtering produce an interference pattern in the plane ( 12 ), 
optically conjugate with the hologram ( 9 ) and the plate ( 5 ). 
The  aberrations  in  this  process  are  compensated  for  in  the 
same way as in the real-time holographic interferometry [16]. 
To perform  the measurement  operations  visually,  a matted 
screen  is  placed  in  the  plane  ( 12 ).  For  digital  processing  a 
CCD array is placed instead.

The  method  for  improving  the  sensitivity  of  measure-
ments  in  the  holographic  lateral-shear  interferometry  is 
implemented in several stages.

3. Recording a reference hologram 
of the wedged plate

At the first stage, the wedged plate ( 5 ) is placed into the cen-
tral zone of the probe light beam (see the scheme in Fig. 1). 
The  lateral  shear  s,  exceeding  the  linear  dimensions  of  the 
investigated plate ( 5 ), is set between the interfering beams at 
the output of the interferometer ( 8 ), and the reference holo-
gram of the wedged plate is recorded in the plane ( 9 ).

The  wedged  plate  ( 5 )  is  placed  so  that  the  axis  of  the 
probe beam is perpendicular to its surface. The maximal shear 
s should not exceed D/3, where D is the diameter of the probe 
light beam between the objective  lenses ( 4 ) and ( 6 ). In this 
case,  the method can be applied  to measure  the wedging of 
plates having the linear dimensions along the shear direction 
up to D/3 inclusive.

The angle between the interfering beams for recording the 
hologram ( 9 ) is chosen so that the carrier frequency x of the 

hologram fringes is no less than 10 lines mm–1. This condition 
is a practical recommendation [16], providing the spatial sep-
aration  of  the  zero  and  first  diffraction  orders  and,  corre-
spondingly, allowing the separation of appropriate diffracted 
beams by means of the aperture ( 11 ).

Let us choose the coordinate system xyz in the following 
way. The axes x and z are chosen so that the x axis coincides 
with the direction of the shear of the wave fronts in the inter-
ferometer ( 8 ), and the z axis coincides with the direction of 
propagation of the probe light beam. Figure 2a presents the 
contours of the probe light beam (circle) and the investigated 
wedged plate  (polygon), and Fig. 2b  shows  the contours of 
the interfering light beams and the images of the wedged plate 
in the plane of the recording reference hologram ( 9 ).

To simplify  the mathematical calculations,  in describing 
the method we assume  that  the edge of  the wedged plate  is 
oriented parallel to the x axis. In this case, after passing the 
wedged  plate  (Fig.  2a),  the  phase  of  the  probe  light  wave 
F1(x, y) may be described as follows:
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where e(x, y) is the phase distortion by the aberrations of the 
optical  system producing  the probe  light beam;  2phy  is  the 
phase change caused by  the wedged plate; h = a/l; a  is  the 
angle of the light beam deflection by the wedged plate (for the 
case of small wedge angles); l  is the wavelength of the light 
source. The quantity a is determined by the wedge angle g and 
the refractive index n of the plate material [17]: a » g(n - 1).

In the interferometer ( 8 ) (Fig. 1), the probe light wave is 
amplitude-split  into  two waves.  The  superposition  of  these 
two waves in the plane of the recording reference hologram 
( 9 ) yields an  interference pattern (Fig. 2b) with the  fringes, 
separated by the distance s from each other. In the case when 
the interference fringes are oriented parallel to the y axis, the 
phase of the  interfering waves  in the plane of the hologram 
( 9 ) may be presented as follows:
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Figure 1. Optical scheme of the lateral-shear holographic interferome-
ter: ( 1 ) He – Ne laser; ( 2 ) mirror; ( 3, 4 ) telescopic system; ( 5 ) wedged 
plate; ( 6, 7 ) telescopic system; ( 8 ) small-size lateral-shift interferome-
ter;  ( 9 )  reference  hologram;  ( 10 )  objective;  ( 11 )  aperture;  ( 12 )  the 
plane of observation of the interference pattern.
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Figure 2. Image of the contours of the probe light beam (circle) and the 
investigated wedged plate (polygon) after passing the wedged plate (a) 
and in the planes of the reference hologram and of observation of the 
interference pattern (b).
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where  x  is  the  carrier  spatial  frequency  of  the  hologram 
fringes; e1(x, y) and e2(x, y) are the phase distortions of the 
first and second light beams acquired while travelling along 
different  paths  in  the  interferometer.  The  waves  with  the 
phases described by Eqns (2) and (3) overlap and produce a 
reference hologram of the wedged plate in the regions A and 
B (Fig. 2b), provided that the appropriate zones of the first 
and second interfering beams overlap. The spatial period of 
the interference fringes of the hologram is 1/ x. The amplitude 
transmission  coefficient  of  the  reference  hologram  of  the 
wedged plate may be presented in the form:

The quantity x is determined by aberrations of the optical sys-
tem, recorded in the reference hologram.

After recording and processing the reference hologram, it 
is placed back at the same place. The precision of installation 
is controlled using the coincidence of the pair of images of the 
wedged plate, produced by the objective lenses ( 6, 7 ), with the 
plate images recorded in the hologram ( 9 ). One more feature 
that  allows  such  control  is  the  appearance  of  an  infinitely 
wide fringe (uniform across the whole field of illumination) in 
the plane of observation of the interference pattern ( 12 ). This 
fringe appears when the reference hologram ( 9 ) is illuminated 
with  the waves having  the phases  (2) and (3), and a pair of 
light waves  is  extracted by  the  aperture  ( 11 );  the  latter  are 
focused by the objective ( 10 ) and propagate exactly along the 
z axis. If the reference hologram is installed correctly, an aber-
ration-free  interference  pattern  in  the  form  of  a  uniformly 
illuminated field is observed in the plane ( 12 ). A minor deflec-
tion  of  any  of  the  light  beams,  illuminating  the  hologram, 
leads to the appearance of finite-width fringes in the interfer-
ence pattern [16].

4. Enhancement of the measurement sensitivity 
due to 180° rotation of the plate

After  recording  the  reference  hologram  and  adjusting  the 
interferometer  until  the  infinite-width  fringe  appears  in  the 
interference pattern, the wedged plate ( 5 ) is rotated through 
the angle 180° around  the normal  (the z  axis).  In  this  case, 
after the probe light passes through the rotated wedged plate, 
the sign in Eqn (1) in front of the wave phase variation 2phy 
will change to opposite, and the phases of the waves, illumi-
nating the reference hologram ( 9 ), will take the form:
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When the hologram ( 9 ) with the transmission coefficient 
(4) is illuminated with light waves having the phases (5) and 
(6),  two waves will  propagate  normally with  respect  to  the 
hologram. The first wave is produced by the first-order dif-
fraction  from  the  wave  with  the  phase  (5),  its  phase  being 
expressed as
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The second wave is produced by the zero-order diffraction of 
the wave having the phase (6). Because this wave is ‘straight-
passing’, its phase is expressed by Eqn (6).

This pair of waves is focused by the objective ( 10 ), selected 
by the aperture ( 11 ), and in the plane ( 12 ) produces an infi-
nite-width-fringe interference pattern, looking as a pair of the 
wedged plate images, modulated by the interference fringes. 

The intensity distribution is expressed as
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The behaviour of fringes in the regions of A and B zones 
in  the  interference pattern of  form  (8) does not differ  from 
that in the interference pattern obtained in a two-beam single-
pass interferometer.

One can see from the comparison of Eqns (8) and (1) that 
the 180° rotation of the wedged plate increases the sensitivity 
of  measurements  by  two  times,  when  the  aberration-free 
interference images of the wedged plate are produced in real 
time. This effect manifests itself in doubling of the number of 
fringes in the left (region A) and right (region B) images of the 
wedged plate and, consequently, in the reduction of the spa-
tial period of the fringes by two times as compared with that 
in the case of using the methods of two-beam or shear inter-
ferometry. As follows from Eqn (8), the period of interference 
fringes, modulating  the  image  of  the  wedged  plate,  will  be 
expressed as 
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In  the  experimental  implementation  of  the  proposed 
method for increasing the sensitivity of interference measure-
ments  by means  of  180°  rotation  of  the  wedged  plate,  the 
plate ( 5 ) was installed in a special holder that allowed con-
trollable rotation of  the plate around the normal  to  its sur-
face. The edge of the plate wedge was oriented horizontally. 
Figure 3 presents the interference pattern having the form of 
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Figure 3. Interference image of the wedged plate in the case of the inter-
ferometer adjusted  to  infinite-width  fringes,  recorded after 180° rota-
tion of the wedged plate.
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a  pair  of  plate  images,  modulated  with  horizontal  fringes, 
observed in the plane ( 12 ) after rotation of the wedged plate 
( 5 ) through the angle 180°. Figure 4 shows the  interference 
image  of  the  same  plate,  obtained  in  the  two-beam 
Mach – Zehnder interferometer with a reference wave.

5. Enhancement of the sensitivity by changing 
the fringe adjustment

Since the phase variations in Eqn (8) have opposite signs, use 
can be made of  the approach, proposed  in Refs  [10, 11],  to 
further enhance the sensitivity of measurements using the pair 
of  produced  interference  images  of  the  wedged  plate.  The 
essence of the approach consists in by-turn adjustment of the 
fringes in regions A and B, bounded by the contours of the 
investigated  wedged  plate  images,  until  the  infinitely  wide 
fringe is obtained. Therefore, for optical processing two inter-
ferograms in the form of pair images of the wedged plate are 
produced by turn. 

To get an infinitely wide fringe in region A when obtain-
ing the first interferogram and in the region B when obtaining 
the second one (see Fig. 2b) one can change only the propaga-
tion  direction  of  the  first  wave,  illuminating  the  hologram 
( 9 ),  the  phase  of  which  is  described  by  Eqn  (5),  leaving 
unchanged the propagation direction of the second wave with 
the phase, described by Eqn (6). It may be shown [11], that in 
this case, the first interferogram is produced with the intensity 
distribution 

( , )
,

1 ( 8 ) .cos
const for region

for region B
I x y

А
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Having changed appropriately  the propagation direction of 
the first wave, illuminating the hologram ( 9 ), whose phase is 
described by Eqn (5), and having left the propagation direc-
tion of the second wave with the phase described by Eqn (6) 
unchanged,  we  can  also  form  the  second  interferogram, 
adjusted to produce the infinite-width fringe in the region B:
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const for region B
I x y

y А
2 +

ph+
)   (11)

One can see from Eqns (10) and (11) that when the infi-
nite-wide interference fringes are achieved one after the other 
in region A of the plate image for the first interferogram (10) 
and in the region B for the second interferogram (11), in other 

regions  of  the  interferogram  the  image  of  the  plate  is  pro-
duced  with  a  doubled  number  of  fringes  compared  to  the 
interferogram (8). The spatial period of the fringes in this case 
is determined as

( )
.P

n4 1
,1 2 g

l
=

-
  (12)

To measure the wedge angle, the interference patterns (10) 
and (11) are obtained in turn and the fringe periods P1 and P2 
are  determined.  As  shown  in Ref.  [11],  independent  of  the 
technique  (visual  or  digital)  used  to  process  the  interfero-
grams (10) and (11), the increase in the number of the interfer-
ence fringes leads to the reduction of the relative error of the 
wedge angle measurement.

Figure 5 presents the first (Fig. 5a) and second (Fig. 5b) 
interferograms, obtained following the technique considered, 
which confirm the effect of increased sensitivity of the mea-
surements  in  forming  the  interference patterns due  to  read-
justment of the fringes in the images of the wedged plate. The 
presented interferograms are obtained in the plane ( 12 ) (see 
Fig.  1)  after  readjustment  of  the  interference  pattern,  pre-
sented in Fig. 3.

6. Conclusions

Thus, the proposed method for  increasing the measurement 
sensitivity  in  the  holographic  lateral-shear  interferometry 
with producing interferograms of wedged transparent plates 
in the form of a pair of interference images of the plate (the 
method is based on the combination of 180° rotation of the 
plate with by-turn adjustment of interferograms in the plate 
images to infinite-width fringe) allows one, independently of 
the  interferogram processing  technique,  to  reduce  the mea-
surement  error  in  comparison with  the measurement  errors 
inherent in the traditional interferometric methods. It should 

Figure 4. Interference image of the wedged plate in the case of the inter-
ferometer adjusted to infinite-width fringes, recorded in the two-beam 
Mach – Zehnder interferometer with a reference wave.

a

b

Figure 5. Interference  patterns  with  the  adjustment  to  the  infinitely 
wide  fringe  in  the  regions  of  the  left  (a)  and  right  (b)  images  of  the 
wedged plate.
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be noted that the method may be used also in the lateral-shear 
interferometers with double passing of the light beam through 
the wedged plate.
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