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Non-diffraction fringes produced by thin biprism

ZHou LIPING, GAN JIANGHONG*, Xu LoNnG

School of Mechanical Science and Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

"Corresponding author: ganjh@smail.hust.edu.cn

Thin biprism can form non-diffraction fringes when it is illuminated by coherent plane wave and
the non-diffraction fringes have long focal length and uniform intensity distribution. Geometrical
optics characteristic of thin biprism is analyzed. Non-diffraction field produced by thin biprism at
the Fresnel zone is deduced with exact Fresnel integral and an approximation representation is
obtained by the stationary phase method. Numerical calculation is utilized to investigate
the properties of non-diffraction fringes and evaluate the influence of the diffractive field caused
by rectangle aperture’s square edge on the fringes. An experiment is setup to observe the intensity
of the non-diffraction fringes.
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1. Introduction

Axicon, a term coined by McLeod, designates a wide class of optical elements
with figures of revolution that focus light from a point source on the axis onto its
segment [1]. Since then, there has been a considerable interest in the design and
analysis of diffractive axicons that produce a focal segment with the uniform optical
distribute along the propagation axis within a specified region because of their utility
for metrological application [2—5]. The focal segment within the specified region is
closely related to non-diffraction Bessel beams and other propagation-invariant
fields [6—8]. Referring to axicons, Fresnel biprism with suitable phase retardation can
form stable optical fringes with long distance, narrow spacing. Owing to their many
potential applications [9] in metrology, interferometry and laser technology, the anal-
ysis, design and numerical simulation of general thin biprism are important. However,
to our knowledge, thin biprism as a simple wave-front-dividing element is only used
to measure the wavelength and refractive index accuracy [10, 11] till now.

The aim of this paper is to analyze the properties of the fringes generated by
interference of the diffractive field of a normal thin biprism, when it is illuminated by
a plane wave. In Section 2, we use the geometric optics method to analyze the inter-
ference fringes characteristic of two plane waves divided by the thin biprism as a simple
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Fig. 1. Geometric optics path of thin biprism and the notations.

splitter element [12]. In Section 3, the scalar diffraction theory [13] with paraxial
approximation is utilized to induce the diffractive field distribution, and stationary
phase method [4, 14, 15] is applied to give an approximation expression of the Fresnel
integral. In Section 4, numerical calculation is utilized to analyze the fringes
characteristics at the diffractive field, and the influence of the diffractive field caused
by the square edge of the aperture is evaluated. In Section 5, an experiment is set up
to observe the fringes distribution and non-diffraction property produced by a plane
wave illuminating a thin biprism. The brief conclusions are given in Section 6.

2. Geometric optics of thin biprism

Figure 1 shows a cross-sectional view of the thin biprism with the refractive index n,
refractive angle € and maximum thickness d, where d is sufficiently smaller than
the observation distance. The Z axis is defined as the original propagation of a colli-
mated beam; the X axis is defined along the wege angle direction vertical to the Z axis
on the plane. The thin biprism having axial symmetrical structure with a rectangle
aperture (size 2ax2b) has been considered. The thin biprism is illuminated normally
by a monochromic plane wave proceeding in the z direction. The electric field (E) of
the plane wave with unit amplitude is expressed as follows:

E(x,y,z) = exp(ikz) (D)

where k= 2m/A is the propagation constant and A is the wavelength.

The plane wave is divided into two coherence waves by thin biprism. According
to Snell’s law, these two waves are deflected toward x and —x direction, respectively,
and the complex-amplitude distribution of the two waves are given by

E,(x,y,z) = exp{il{zcos(a) + xcos(% + aﬂ} (2a)
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E (x,y,2z) = exp{ik[zcos (o) + xcos(—g— - )}} (2b)

where E,, E,, are the complex-amplitudes of the field with deflected angle (/2 + &)
and (/2 — o) along the X axis, respectively; a = [asin(nsin8) — @] is the deflected
angle, when @ is small enough, the deflected angle can be simplified as

o= (n-1)6 3)

Consequently, the intensity distribution on the interference zone is given by

2
I(xsysz) = |Ea(x7y7z)+Eb(x7y!Z)| =

2[1 + cos(2kxsin a)} ~ 2[1 + cos(2kx0{)] )
The length of the maximum focal segment along the Z axis is given by
D = a(cota— tan @) 4)

At any observation plane z; < D, substituting the Eq. (3) into Eq. (4), we obtain
the intensity distribution

I(x,y,2,) = 2{1 + cos[zk(n— 1)9@} (6)

The fringes spacing at the observation plane can be obtained from Eq. (6),

A 2
P g (n—1)0 ™

From Eq. (6) and Eq. (7), we can conclude that the fringes have equal spacing and
the intensity has sinusoidal distribution along the x direction on the observation plane,
the spacing and the intensity distribution have no relationship with the propagation
distance z. That is to say, the fringes distribution has non-diffraction property at
the interference area. In order to explain the diffraction property, the scalar diffraction
theory, with the paraxial approximation, is used to analyze the diffractive patterns.

3. Diffraction patterns analysis of thin biprism
Consider a thin biprism, showed as Fig. 2, with a transmittance function given by
1(x,y,) = exp[fi(nf 1)k|x1|9J (8)

The thin biprism is illuminated by a normally incident monochromatic plane wave
with the unit amplitude and the wavelength 4. According to the Fresnel approximation
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Fig. 2. Scalar diffraction of thin biprism with rectangle aperture and definition of the coordinate systems.

and taking into account the rectangle aperture, the complex-amplitude distribution at
an observation plane situated at the distance z; (0 <z; < D) from the biprism can be
written

(ikz,)
E(x) = ﬁ‘%——zi—jjtm,yl)exp{z (=) - mj}dxldyl -

exp|ik(z, +nd)| a 2 b
- [ . ! :|I6Xp ik[(i__x_)__(n—l)|x]|9] dxljexp[sz]dyl
2z,

ilz, 4 zZ

—a

exp [ik(z1 + nd)

- VWX To) ©)

where

a 2
U(x) = jexp ik[g-;;{-l—)——(n—lﬂxlw] dx, (10a)
1

—a

b
o) = | exp{zk(—y——zy—l—)—]dyl (10b)

_b 1
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3.1. Exact evaluation of the diffraction integral

The exact evaluation of Eq. (9) can be given

afaf- 2] {[

2i

E(x,v,2,) = C(v2)—C(vl)} +i[S(v2)—S(vl)}}><

x exp(ikax){[C(ulz) — Clup) | +i[S ) -S| } +

= exp(ik(){x){[C(uzz) ~ Cluyy) | + 1] S (uyy) - S(uzl)}}

(1)
where C and S are the Fresnel integrals defined as
T nt?
C(7) = J.Ocos( - jdt (12a)
T 2
S(7) = J-Osin(né jdt (12b)
and
. 1/2 L 1/2
Vi = (TCZIJ (=b-y), Vo) = (ﬁ} (b-y) (13a)
i 1/2 i 1/2
u, = (ﬂizlj (—x—az)), u,= [ﬂzlJ (a—x—0oz)) (13b)
i 1/2 i 1/2
Uy = (nzlj (x—oaz)), Uyy = £n21j (atx—-az)) (13¢)

The integrals present in Eq. (9) and Eq. (11) do not have an analytical solution. To
solve the diffraction integrals Eq. (9) and Eq. (11), we apply the stationary phase
method to give an approximation representation and simulate the integrals with
numerical calculation, respectively.
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3.2. Evaluation diffraction integral by stationary phase method

To use the stationary phase approximation [4, 15], the corresponding integral @ that
must be evaluated is of the following form:

@ - jwzg(r)exp[iky/(r)}dr (14)

By the principle of a stationary phase, we know that if k is large enough, and
g(r) is slowly varying compared with the complex exponential, then the value of
the integral @ which has an asymptotic representation in which the two lowest-order
terms (i.e., stationary Uy is proportional to k™2 and edge U - is proportional to k1),
can be written as

D=Ug+ Ug (15)
where
Ug = kzr—,n g(rs)exp{iky/(rs) + sgn[l//”(rs)}%}, rg€ (@, @,)
N k! (rg)| (16a)
_ g(r) . @2
UE lkl//,(l") eXp |:lkl//(}"):| wla rS;é wl A2 wZ (16b)

while rg denotes the stationary point of function ¥(r) which can be obtained from
equation #'(r) = 0.

According to the stationary phase method, the asymptotic representations of
Eq. (10a) and Eq. (10b) can be given

2

B in Z . (b=y) in
V(y) = JAz, exp( 2 )+ Kb ) exp[zk 2, - :|+

il PRCESIa ”‘} (17)

J,— —
K(b+y) P 2z, 2

2 .
Ux) = JAz, exp{ik a5 axJ + %} +
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I T SO 3 N
k(a—x—az)) p_ 2z, 2

“1 ex _ik_ia_ijﬁi_ikaa_i_n (18)
Ka+x—az) P 2z, 2

Substituting Eq. (17) and Eq. (18) into Eq. (9), we can obtain the approximate
complex-amplitude distribution of the diffractive field showed as

E(xaya Zl) =

ik . //1 Y .
—exp(l.l 2 exp(ﬂ) TR it exp[ik (b-y) in }r

4 21(b - y) 2z, 2

Az, (b+y)Y  in
e S e j —~
b +y) P [’k 2z, 2 ("

2 2
o ; o ;
X 44 exp —ik( ol —Otx)+in— + exp —ik( ol +05x)+—”—t— +
2 4 2 4
Az, [ (a—x)2 in
+ jk——— —ikaa — — | +
2m(a—x—az) T _’k 2z, YT }
i exp| LD gy T (19
2n(a+x— az)) P 2z, 2 )
where 0 <z, <D. The terms of (19):
s (b-y)° in
N f———t 2
27 —>) exp{zk 2, 5 (20a)

Az, . (b +y)2 im
mexp{zk 221 - ) (20b)
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JAz) (a —x)2 in
k=22 jkga- T 20
2n(a —x - az;) exp{zk 2z, Hhoa 2 (20¢)
A2y exp| ik X o i (20d)
2n(a+x— az)) P 2z, 2

are the diffraction field caused by the edge of the rectangle aperture. Because ,/Az,
is small enough, we only consider the main terms. Equation (19) can be simplified as

E(x,y,z)) = exp(ikz1 - —T—) X

2 2
lo} ; o j
X < exp fik( o fax)Jri + exp fik( 71 +0{x)+i
2 4 2 4

21

The intensity distribution in the Fresnel zone z; < D can be written as
Ix,y,2) = |E(xy,2)| = 2{1 + cos [zk(n - 1)0@} (22)

which is the function of x, which has no relation with the observation distance z.
The result is in accordance with the geometric optics analysis. With Equation (19)
the field distribution features, such as, fringe space, focal length, intensity distribution,
can be obtained directly. Equation (19) may help to analyze the diffraction impact on
the field distribution. In order to evaluate the exact quality of the fringes, we use
the numerical calculation to analyze the impact of diffractive field caused by the square
edge on the fringes intensity distribution.

4. Numerical calculation and analysis

From Equation (6), we can see that the interference fringes intensity has sinusoidal
distribution along the x direction and keeps invariable along the propagation direction.
From Eq. (7), the fringes spacing which is proportional to the wavelength and reverse
proportional to the refractive angle keeps equal at Fresnel area. The maximum focus
segment can be obtained intuitively by the geometrical optics method. In Section 3,
the scalar diffraction theory, with the paraxial approximation, is used to analyze
the diffractive pattern generated by the square edges of the rectangle aperture. The ap-
proximation solution (Eq. (19)) of Fresnel integral given by the stationary phase
method shows that the diffractive field consists of two parts, i.e., stationary term and
square edges diffractive field. The analyzed results show that the fringes produced
by thin biprism have non-diffraction property. Numerical calculation is applied to
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investigate the non-diffraction property of the fringes and evaluate the influence of
square edges diffractive field.

Based on Eq. (11) and the relation between the optical intensity and optical field,
we can calculate the axial intensity of the focal segment as a function of z (0 <z < D).
The calculations are made for 2a =20 mm, 2b =20 mm, A=632.8 nm, € =0.5°,
n = 1.5 and the focal segment D is equal to 2.2917 m. The theoretical fringes spacing
is equal to 72.514 um. Figure 3 shows the axial intensity in the diffractive field behind
the biprism with the aperture size 20 mmx20 mm. Along the focal length, the intensity
has a uniform distribution with a disturbance. The sharp oscillation around the average
uniform intensity is caused by the diffraction of the sharp edges of the aperture, which
could be depressed by apodization of the aperture [16].

1.5

Intensity [a. u.]
5

o
3

000 12 14 16 18 20 22
z[m]

Fig. 3. Intensity distribution along z axial, x =0, y = 0.

From Equation (6), we know that fringes intensity distribution keep invariable
along the direction of propagation. Considering the diffractive effect, we calculate
the intensity distribution along z axial from Eq. (11). The size of observation plane is
x € [-0.5 mm, 0.5 mm], y € [-0.5 mm, 0.5 mm]. Figure 4 shows the cross-section
intensity distribution along X direction and the fringes spacing at different observation
planes along Z axial. The little deviations of the fringes spacing calculated are caused
by the numerical sampling error. The little disturbance of the intensity is induced by
the diffractive field caused by the square edge. According to the numerical calculation
result, the fringes generated by a plane wave illuminating the thin biprism have narrow
spacing and long focal segment which have relation with the refractive angle, that is
to say, the fringes have a non-diffraction property.

In order to evaluate the effect of the square edges diffractive field on the fringes
intensity distribution, Eq. (19) is calculated with different aperture sizes. The distur-
bance is increased when the rectangle aperture size becomes small. The observation
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Fig. 4. Cross-section intensity distribution at different observation planes along z axial.

planesizeis x € [-0.5 mm, 0.5 mm], y € [-0.5 mm, 0.5 mm]. Figure 5a shows the dis-
turbance of the fringes intensity with the aperture size 20 mmx20 mm and Fig. 5b
shows the disturbance of the fringes intensity with the aperture size 10 mmx10 mm.
The other parameters of the thin biprism and incident light are the same. The standard
deviations of the two conditions are 0.013 and 0.025, respectively.
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Fig. 5. Diffractive field caused by rectangle aperture edges. Rectangle aperture size is 20 mmx>20 mm (a);
and rectangle aperture size is 10 mmx10 mm (b).
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5. Experimental results

Figure 6 gives the experimental setup to observe the fringes pattern. A beam from
a He-Ne laser (wavelength 632.8 nm) is expanded and collimated to form a uniform
monochromic plane wave, and then the plane wave illuminated the thin biprism (BK7,
refractive angel 1.3° and rectangle aperture size 19.5 mmx20 mm). According to
Eq. (7) and Eq. (5) the fringes spacing generated by this experimental setup is equal
to 27.89 um and the maximum focal segement is equal to 859.2 mm. The intensity
distribution after the thin biprism is observed by COMS camera (pixel size
2.2 umx2.2 um) directly.

The intensity distribution is observed at a different distance and the fringes spacing
is calculated which is showed in Tab. 1. The average spacing is 27.70 wm which is in
accordance with the result calculated from Eq. (7). The result shows that the fringes
spacing keep invariable along the light propagation direction. Figure 7 shows the cen-
tral part intensity distribution on the observation plane at the distance z; = 100 mm

Collimating

lens L
Biprism

Expander COMS camera

He-Ne laser

Spatial filter /

4 Fig. 6. Experimental setup.

Table 1. Fringes spacing at different observing distances from the biprism.

Distance [mm] 100 150 200 250 300 350 400 450 500 550 600
Spacing [um]  27.72 27.70 27.67 27.67 27.53 27.79 27.73 27.70 27.56 27.82 27.82

0.0

|i JI 04

05 |J 1111 liJ o1

-0.5 0.0 0.5 -0.5 0.0 0.5

Fig. 7. Observed intensity at z; = 100 mm and cross-section intensity.
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from the thin biprism, and the result is in accordance with the numerical calculation.
The measured maximum focal length is equal to 850 mm. The fringes generated by
this experimental setup have a non-diffraction characteristic.

6. Conclusions

We show the characteristics of non-diffraction fringes produced by a thin biprism when
itis illuminated by a plane wave. The geometrical optical method and scalar diffraction
theory, within the paraxial approximation, is used to analyze the property of the fringes
produced by the thin biprism. The geometric optics analyzing approach can give direct
field distribution features, such as, fringe space, focal length, intensity distribution.
The diffraction optics analyzing approach can give a rigorous field distribution which
may help to evaluate the impact of diffraction of the square edges of the rectangle
aperture on the fringes intensity. These results are confirmed by the numerical
evaluation of the Fresnel diffractive integral and experiments. The theoretical analysis,
numerical simulation and experiments show that the fringes have a non-diffraction
characteristic, i.e., the intensity distribution is invariable along the propagation
direction z, the equal spacing is small and the focal length is large. The analysis method
applied to evaluate the property of fringes intensity generated by the thin biprism can
be utilized to design a proper biprism. The experimental setup to observe the non-dif-
fraction fringes produced by the thin biprism is simple and compact, which may find
potential applications in metrology.
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