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Abstract. Within the framework of boundary diffraction wave theory it has been shown
that the first bright fringe on either side of the central dark fringe of the phase knife-edge
Fresnel diffraction pattern could be broadened to cover the whole field of view. Broadening
of the first diffraction fringe, instead of conventionally modifying the spatial frequency
spectrum, enhances the sensitivity of the Schlieren system. The use of phase knife-edge
as viewing diaphragm in Schlieren diffraction interferometry not only enhances the fringe
contrast but also avoids the loss in phase information as it lets through light from all parts
of the test object and its thin interfacing makes the method suitable even for studying
weak disturbances.
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1. Introduction
The plane wave-fronts in a beam of light gets distorted when they pass through
a region of variable density, and as a result a variable phase distribution is produced in the exit plane, which is ordinarily invisible due to tremendous rapidity
of optical oscillations. One of the simplest and widely used procedures to make
these phase/index variations visible is the Schlieren technique [1–3]. In Schlieren
techniques, the relative magnitude of phase gradients is estimated by slowly bringing the knife-edge towards the focal point and observing when an area becomes
dark. The first areas to become dark will have positive gradients, followed by the
flat areas and finally the negative gradients. Schlieren techniques can usually be
used directly (i.e. without further processing) for a qualitiative/phenomenological
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description of the index variations and are often applied to heat and mass transfer
phenomena, such as convection, mixing processes of gases or fluids, flame propagation phenomena, crystal growth monitoring, defect enhancement in periodic pattern, measurement of velocity fields of turbulent flows etc. [1–9] but not limited to
these. Several modifications [1–4,10–13] have been reported in Schlieren techniques
in a quantitiative manner where different viewing diaphragms have been used to
enhance contrast and information content in the Schlieren interferogram. These
techniques either provide low contrast in Schlieren interferogram or limit the test
area or require specific complex viewing diaphragms or works in finite fringe mode
where direct phase visualization becomes difficult, requiring further processing of
the Schlieren interferogram. In conventional Schlieren diffraction interferometry
[1–9], the Schlieren element (knife-edge, wire etc.) known as Schlieren stop blocks
the Airy disk containing about 84% of the incident light, resulting in weak contrast
of Schlieren interferogram.
Also, diffraction effects at the Schlieren stop impose the upper limit for the sensitivity of a Schlieren system. Recently [14,15], it has been shown that diffraction
at Schlieren stop could gainfully be used to enhance the contrast and sensitivity
of Schlieren diffraction interferometer. By using boundary diffraction wave theory,
it has been demonstrated for the case of solid knife-edge [14] and mirror-edge [15]
as viewing diaphragm that the first bright diffraction fringe near the geometrical
shadow could be broadened so that it covers the field of view. At this position,
Schlieren element diffracts light from the Airy disk instead of blocking it resulting
in a relatively stronger diffracted reference beam thereby enhancing the contrast of
Schlieren interferogram to provide finer details of the test object. Using the physically appealing boundary diffraction wave theory, which reduces Fresnel–Kirchhoff
surface/double integral into a single line integral, instead of the generally used
Fourier optics approach may simplify the process of calculating the light distribution in the Schlieren image/interferogram for quantitative analysis. In the present
work, a λ/2 phase plate is used as a viewing diaphragm in the Schlieren set-up to
diffract light from the Airy disk instead of just to modulate the spatial frequency
spectrum [2,3,16,17]. For the case of phase knife-edge, the first bright fringe on
either side of the central dark fringe of the Fresnel diffraction pattern could be
broadened, by adjusting the diffracting aperture in proximity of the Schlieren focus, to cover the whole field of view for performing optical test studies on phase
objects in a manner analogous to the well-known point diffraction interferometer
[18,19]. The use of phase knife-edge instead of solid knife-edge or mirror-edge has
the advantage that it allows information from every test point to image plane,
providing complete information of the test object.
2. Principle and theoretical background
The proposed method is based on the known fact that diffraction pattern is due
to interference of two superimposing waves [20]: the geometrical wave from the
primary source of light (focus in our case) and the boundary diffraction wave from
the secondary source (diffracting aperture). The observed diffraction fringe pattern
starts broadening as the two contributing sources of light approach each other and
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ultimately results in an infinite fringe mode that could be used to study phase
objects [14,15]. Further, in the case of a phase aperture, it has been shown that
the boundary diffraction wave (BDW) is a combination of two diffracted waves, one
from the free end and the other from the phase aperture end [21].
Reference to figure 1, a spherical wave (A/rQ ) exp(jkrQ ) is incident upon the
x–y plane. Let us consider a constant phase jump (k∆) between surfaces O and T
of the plane x–y. The field of the incident wave can be represented as [21]
U (x, y, 0) = (A/rQ ) exp(jkrQ ), Q ∈ O,
(A/rQ ) exp{jk(rQ + ∆)}, Q ∈ T.

(1)

The total wavefield at point P1 (x, y, z) in the observation plane (OP) is
Z Z
U (x, y, z) = (A/4π)
{∂/∂n[(1/rQ ) exp(jkrQ )](1/r) exp(jkr)
O

−(1/rQ ) exp(jkrQ )∂/∂n[(1/r) exp(jkr)]}dxdy
Z Z
+(A/4π)
{∂/∂n[(1/rQ ) exp(jkrQ + ∆)](1/r) exp(jkr)
T

−(1/rQ ) exp{jk(rQ + ∆)}∂/∂n[(1/r) exp(jkr)]}dxdy.

(2)

Applying the Maggi–Rubinowicz transformation, total field at observation point is
[20]
U (x, y, z) = U (g) + U (d) ,

(3)

where

Figure 1. Diffraction geometry of the phase knife-edge. XY is a spherical
wave-front incident on the phase knife-edge K, T and O denote the phase part
and open part in the x–y plane and C is a point situated on the illuminated
boundary of K.
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U (g) = (A/R) exp(jkR),
when P1 ∈ W
= (A/R) exp[jk(R + ∆)] when P1 ∈ W∆

¾
(4)

and
0

U (d) = U (d ) + U (d

00

)

Z

= (A/4π)[1 − exp(jk∆)]

exp{jk(rC + s)} cos(nO , s)
Σ

U

(d0 )

× sin(rC , dl)dl/{rC s[1 + cos(rC , s)]},
Z
= (A/4π)
exp{jk(rC + s)} cos(nO , s)

(5)

Σ

U (d

00

)

× sin(rC , dl)dl/{rC s[1 + cos(rC , s)]},
Z
= (A/4π)
exp{jk(rC + s + ∆)} cos(nT , s)

(6)

Σ

× sin(rC , dl)dl/{rC s[1 + cos(rC , s)]},

(7)

and
cos(nO , s) = − cos(nT , s),

(8)

where R is the length of the geometrical ray from source S to point P1 , Σ denotes
the boundary of illuminated part of phase knife-edge (K), dl is an infinitesimal
element situated on Σ and nO and nT are unit vectors orthogonal to rC and dl.
For simplicity the problem of phase knife-edge is studied in two steps. In the first
step the problem is considered in all aspects as the problem of solid knife-edge
and the second step is complimentary to it. Equation (5) shows that one does not
have BDW whenever the phase jump is 2mπ (m = 0, 1, 2. . .). On the other hand,
there is maximum contrast whenever the phase jump is (2m + 1)π. This maximum
value of contrast is twice that of a solid knife-edge. This is due to the fact that
the BDW in the case of phase knife-edge differs from the solid knife-edge by a
factor [1 − exp(jk∆)]. Here U (g) propagates according to the laws of geometrical
optics and is known as the geometrical wave while U (d) is generated from every
point of the illuminated boundary of the knife-edge and is called the boundary
diffraction wave. The boundary diffraction wave can be split into three factors: (a)
A[1−exp(jk∆)] sin(rC , dl)dl/4π denotes the portion of incident wave which the edge
element dl receives for diffraction, (b) exp(jks/s) expresses that diffracted wave
originating from dl is a spherical wave, (c) the factor cos(nO , s)/[1 + cos(rC , s)] is a
directional factor due to which the spherical wave has an asymmetrical structure.
It modulates the amplitude of the spherical wave.
If the point of observation (P1 ) is very close to the reference point P, separating
the geometrical shadow region from the directly illuminated region, one can safely
approximate cos(rC , s) ∼ 1. Also when the knife-edge is close to focus, such that
rC ¿ s, and rC + s ∼ s, eq. (5) reduces to
Z
(d)
U
= (A/8π)[1 − exp(jk∆)]
exp{jk(s)}
Σ

× cos(nO , s) sin(rC , dl)dl/rC s.
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The above equation shows that the value of line integral over the boundary of
diffracting aperture and the directionality factor cos(nO , s) play an important role.
It may be noted that in the case of knife-edge the value of Σ cannot be less than the
diameter of Airy disk even for a diffraction-limited optics where the limiting value
is 1.22λF (F being the f-number of the focusing diffraction limited optics). Due to
finite value of line integral and the directionality factor, the boundary diffraction
wave is not spherical in the strict sense. In principle, one could, however, obtain
a spherical diffracted wave in a situation where the diffracting aperture assumes
point geometry, i.e. by using a tip or opaque disk having diameter less than half
of the Airy disk diameter and positioned at its center. In fact this has been very
elegantly achieved by Smartt and Steel [22] with a point-like diffracting aperture
and by Furuhashi et al [23] with an opaque disk in the well-known point diffraction
interferometer.
According to eq. (3) the irradiance distribution will be
I = U (x, y, z)U (x, y, z)∗
= |U (g) |2 + |U (d) |2 + C cos(kδ),
(10)
R
where C = (A2 /2πR) Σ cos(n, s) sin(rC , dl)dl/{rs[1 + cos(s, rC )]} and δ is the optical path difference between two waves reaching the observation plane. It is wellknown that the contrast of these fringes is not constant and goes on decreasing away
from the boundary of the shadow, i.e. from the central dark fringe. This is because
the amplitude of geometrical wave is almost constant while the amplitude of the
boundary diffraction wave falls off rapidly with the distance from the boundary of
shadow. It may also be noted that the fringe width of these fringes is not constant.
Reference to figure 1, the value of the fringe width (β) for a case where knife-edge
being close to focus, is
β = [2λb2 /rC ]1/2 [(n + 1)1/2 − n1/2 ],

n = 1, 2, 3, . . . .

(11)

Equation (11) shows that the fringe width (β) goes on decreasing with increasing
fringe order (n). Further, for a particular fringe order (n = constant), β can be
increased by decreasing rC , the distance between focus and the knife-edge, so that
ultimately a single fringe covers the whole field of view. At this position, the
system is adjusted for the infinite fringe condition where the boundary diffraction
wave overlaps the geometrical wave and the two waves are either in phase (kδ = 0,
bright fringe) or out of phase (kδ = π, dark fringe). This occurs when the knife-edge
approaches the focus where it is difficult to distinguish the geometric wave from
the boundary diffraction wave. Now a phase object (Ob ) having phase distribution
exp(jφ) interposed in any part of the collimated beam (figure 2) will refract light
in a direction away from the main beam according to its phase variation. Most of
this refracted light passes over the knife-edge without perturbation so as to form
the geometrical wave and the irradiance distribution will be
I = |U (g) |2 + |U (d) |2 + C cos(φ).

(12)

It becomes obvious from eq. (12) that the intensity distribution of the interference
pattern, in infinite fringe mode, depends on the phase variation (φ) introduced by
the phase object (Ob ) into the test region between lenses L1 and L2 . This shows
Pramana – J. Phys., Vol. 68, No. 4, April 2007
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Figure 2. Schematic configuration of Schlieren diffraction interferometer.

that the described system behaves as a two-beam interferometer where interference
takes place between an aberrated wave-front (test beam) and a reference wave-front
(boundary diffraction wave).
3. Experimental details
The experimental arrangement of Schlieren diffraction interferometer is schematically shown in figure 2. The system consists of a light source (laser), two diffraction
limited lenses and a diffracting aperture. A point source is created with a spatial filter assembly (SF) from a 35 mW He–Ne laser (wavelength = 633 nm, manufactured
by Coherent, Inc.). The diverging laser beam is collimated by a well-corrected 100mm-diameter, f /4 lens, L1 (Tropel, Model 280, Laser Collimator). The shear plate
interferometric technique was applied to ensure optical quality of the collimated
beam. Another lens, L2 (with same specifications as L1 ) focuses the collimated
beam to generate the source image. Here Ronchi ruling technique was used for
the optical correction of light for astigmatism and coma, which would otherwise be
introduced by the off-axis arrangement. This focused light upon divergence illuminates the phase knife-edge, K (a well-designed and properly fabricated λ/2 phase
plate), mounted on a precisely controllable translation stage, TS. By providing fine
movement to K, the distance rC (figure 1) between knife-edge and the source (focus,
S) is reduced so that the finite fringe mode interferogram ultimately converts to
an infinite fringe mode interferogram. Experimentally, it has been achieved for the
first-order bright fringe nearer to the central dark fringe by bringing the diffracting
aperture close to the focus. The object Ob to be studied is interposed in the test
region L1 L2 . The results presented here have been captured frame-by-frame with a
Canon S-50 Power Shot digital camera (1024 × 768 pixels) to show the versatility
of the set-up.
The phase knife-edge diffraction pattern in finite and infinite fringe mode is shown
in figure 3. In the finite fringe mode, i.e. conventional diffraction pattern, alternate
bright and dark bands of gradually decreasing contrast are observable on either
side of the knife-edge position (central black fringe) while in infinite fringe mode
the geometrical and BDW overlap each other and a single diffraction fringe covers
the whole field of view. The central black fringe in finite fringe mode is formed
because the counterpropagating components of BDW (i.e. those propagating in
the directly illuminated region and in the geometrical shadow region) have equal
586
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(a)

(b)
Figure 3. Photograph of typical diffraction pattern of phase knife-edge. (a)
Finite fringe mode, (b) infinite fringe mode.

(a)

(b)
Figure 4. Photograph of typical interference pattern of a burning candle in
infinite fringe mode (a) with phase knife-edge and (b) with solid knife-edge.

intensity but opposite phase, these components interfere destructively in a line
corresponding to the opto-geometrical image of the edge [24]. Figure 4a presents
the phase knife-edge test results in infinite fringe mode as a burning candle is
interposed in the test region whereas figure 4b depicts the corresponding results of a
solid knife-edge. It is obvious from these results that in the case of phase knife-edge,
complete detailed information about the test object becomes available, which is not
possible in the case of a solid knife-edge or mirror-edge where half of the information
is blocked. It may be noted that the fringe contrast also gets enhanced due to
doubling of the amplitude of the diffracted wave, providing finer information of the
test object. Still the information is not completely true as the knife-edge diffraction
interferometry provides information about transverse refractive gradients. However,
complete information could be obtained from a series of photographs taken with a
phase knife-edge rotated to various positions [4].
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4. Conclusions
The physically appealing theory of diffraction: the boundary diffraction wave theory
is used to explain the Schlieren diffraction interferometry with a phase knife-edge
as the viewing diaphragm. It has been shown theoretically as well as experimentally that use of a λ/2 phase plate enhances contrast of Schlieren interferogram
which is double to that of solid knife-edge and is equal to the mirror-edge Schlieren
diffraction interferometer. Diffracting light from the Airy disk instead of just modulating the spatial frequency spectrum gainfully utilizes the diffraction at viewing
diaphragm to improve the sensitivity of the system. Phase knife-edge as viewing
diaphragm also avoids the loss of phase information occurred for the case of solid
knife/mirror-edge because it lets through light from all parts of the test object to
the observation plane, making the method suitable even for studying weak disturbances. The intensity, contrast and ease of production of the Schlieren interference
pattern created by the laser beam were found to be remarkable.
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