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ABSTRACT
In optical measurement situations where holographic interferometry is used the optical phase information may 
be poor because of too large object deformation. The speckle pattern displacement must be less than the speckle 
size in the image plane to obtain high contrast fringes. A phase object that is out of focus in a laser speckle field 
may give large speckle displacements in comparison to the situation where no phase object is present. A 
combination of pulsed TV holography, digital speckle photography and a numerical refocusing technique is 
shown to improve the optical phase information. A flow of helium gas has been used as a test object. When the 
gas is out of focus an interferogram of low contrast fringes is obtained, but after refocusing high contrast fringes 
are obtained. The phase gradients may also be determined from the improved phase data. These phase gradients 
are compared to the ones obtained in another way from two speckle displacement fields in two different imaging 
planes after numerical refocusing of the speckle fields. The two phase gradients are similar. 

1. INTRODUCTION 
In many engineering applications it is of interest to measure refractive index changes caused 
by transparent media as gases or flames. Such media are often called phase objects, because 
the phase of a light wave passing through the object is changed. The phase change is related 
to the change of refractive index, which is related to temperature and density variations in the 
media. Thus, measurement of the optical phase gives useful information. In some situations 
the optical phase information is of poor quality and there is a need of improving it. 
 Pulsed TV holography is the all-electronic version of pulsed holographic interferometry 
[1]. It is used to evaluate an object at a specific instant of time and the method is sensitive to 
the accumulated optical path length. The deformation of a solid object or the refractive index 
change along the light path may be measured. The holographic interferometry technique is 
applicable when small object deformations are present. The speckle pattern displacement 
must be less than the speckle size in the image plane to obtain high contrast fringes. Digital 
speckle photography [2] is a well established optical whole-field measurement method to 
determine speckle pattern displacements, which may be caused by object deformation or 
refractive index changes in a transparent object. By use of digital speckle photography it is 
possible to measure speckle pattern displacements that are many speckle diameters. It is of 
interest to combine these two measurement methods to improve the optical phase information 
in an interferogram. A combined technique with pulsed TV holography and digital speckle 
photography has been used to restore the lost interference phase because of too large object 
deformation [3]. Our purpose is to improve the optical phase information when the studied 
object is a phase object and when it is out of focus, and therefore low contrast fringes are 
obtained in the interferogram. This is done by use of a numerical refocusing technique. It is 
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also possible to use the improved optical phase differences to determine a continuous phase 
distribution and phase gradients in the phase object by numerical differentiation. The phase 
gradients may also be determined from speckle displacement fields obtained by numerical
refocusing of reconstructed speckle fields to different imaging planes. 

2. METHOD 
The experimental set-up is shown in Fig. 1. A pulsed Nd:YAG laser (Spectron SL804T) is 
used as light source. For the green light (wavelength  = 532 nm) it has a maximum pulse 
energy of 200 mJ/pulse at a repetition rate of 10 Hz. The pulse duration is about 13 ns and 
then it is possible to study transient phase objects. Light from the Nd:YAG laser is expanded 
by a plano-concave lens NL1 and lens L1 collimates the light. The phase object PO under 
study is placed in front of a diffuser. The diffuser is imaged on the detector by lenses L2-L4. 
The detector is a CCD camera, PCO Sensicam double shutter, with a resolution of 1280 × 
1024 pixels, a pixel size of 6.7 × 6.7 m2 and a dynamic range of 12 bits. The camera is 
computer controlled via a fibre optic cable and it is externally triggered. A rectangular 
aperture A in the imaging system reduces the spatial frequencies to be resolved by the 
detector. A small portion of light is reflected at the plane surface of NL1 and is used as 
reference beam R. The reference beam passes a negative lens NL2 spreading the light 
uniformly onto the detector. It is adjusted so that, as seen from the detector, the virtual image
(a bright spot) is located one slit width from the edge of the aperture. This is an important
condition since it separates the interference term, between the object beam O and the 
reference beam, and the self-interference of the light passing the aperture in the Fourier 
domain.

M

O

PO A

L2  L3  L4

BS

NL2
CA

D
L1NL1

R M

Nd:YAG

CCD

M

O

PO A

L2  L3  L4

BS

NL2
CA

D
L1NL1

R M

Nd:YAG

CCD

Fig.1. Experimental set-up. Nd:YAG: pulsed laser, CCD: CCD camera, M: mirror, NL1-NL2: negative lenses, 
L1: collimation lens, L2-L4: lens system for imaging, D: diffuser, PO: phase object, A: rectangular aperture, 

CA: circular aperture, BS: beam splitter, O: object beam, R: reference beam.

By use of pulsed TV holography, the interference phase difference between two recordings 
of the object states may be calculated. A combination of pulsed TV holography and digital 
speckle photography is used to improve the optical phase information. By use of this method,
two digital holograms, without and with the phase object present, are obtained. For each 
hologram a Fourier transformation is performed and one of the interference terms is filtered
out. The centrally moved interference spectrum is inverse Fourier transformed and two arrays 
of complex numbers are obtained, which are proportional to the complex amplitude of the 
speckle field on the detector and they contain the phase information. A phase object that is 
placed between a CCD camera and a laser illuminated diffuse screen causes a displacement of 



the speckle pattern in comparison to the situation where no phase object is present. The 
speckle displacement field may be calculated by use of a cross-correlation algorithm [4]. The 
reconstructed speckle pattern may be transformed to another imaging plane by use of a 
numerical refocusing technique [5]. In this case the exit aperture of the imaging system and 
the detector are treated as a Fourier transform pair. To re-image the speckle field to another 
imaging plane the curvature of the field in the exit aperture is changed by multiplying the 
existing field by a phase field. This is performed by use of a numerical ideal thin lens of a 
certain focal length depending on where the re-imaged plane will be situated. In order to 
improve the optical phase information the re-imaged plane must be situated in the middle of 
the phase object. The phase change between the two object states, without and with the phase 
object present, can be calculated by use of the formula [6] 
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where s and s', respectively are the complex fields of the interference terms at the two object 
states. Convolution with a 3 × 3 kernel is used to smooth the data. To obtain a continuous 
phase map, an unwrapping procedure must be used [7]. The phase gradients may also be 
determined from the unwrapped phase map by numerical differentiation. 

Another approach to obtain the phase gradients is to use defocused speckle displacement.
The relation between the speckle displacement field, p, on the detector and the phase 
gradients, / r, in the middle of the phase object is expressed as 
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where m is the magnification factor between the imaging plane and the detector plane, k is the 
wave number and L' is the defocusing distance relative to the phase object. The theory that 
explains the derivation of equation (2) is described in reference [8]. If the defocusing distance 
and the phase gradient are treated as unknowns, two displacement fields from two different 
imaging planes are needed to determine the unknowns. This procedure is performed as in 
reference [5]. The resulting equation that determines the phase gradient is 
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where L1 and L2, respectively are the distances between detector and imaging planes and p1
and p2, respectively are the displacement field for each imaging plane. The numerical
refocusing technique makes the detector changing in size as it is moving, since the 
magnification is held constant. Then there is a little mismatch of the positions of the 
displacement fields that originate from different imaging planes. This problem is overcome by 
spline interpolation of the data in p1 and p2 to match the positions in a plane in the middle of 
the phase object.

3. EXPERIMENT AND RESULTS 
Here, an experiment is presented that uses a flow of helium gas as a phase object. The gas is 
placed 165 mm in front of a diffuser, which is imaged on a CCD detector via an imaging



system. The velocity of the gas at the opening of a circular nozzle is 6 m/s, measured with a 
flow meter. The experimentally determined interferogram obtained when the image is focused 
on the diffuser is compared to the interferogram obtained when the numerical refocusing 
technique has been used to focus in a plane in the middle of the gas. The interferograms are 
seen in Fig. 2 (a) and (b), respectively. The interferogram obtained from the plane of the 
diffuser shows low contrast fringes because of speckle displacement and the interferogram
obtained from the plane in the middle of the gas shows high contrast fringes. 
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Fig. 2. Interferograms obtained from a flow of helium gas surrounded by air and placed in front of a diffuser. 
The flow enters from below. (a) Interferogram obtained from the plane of the diffuser. Low contrast fringes are 
seen. (b) Interferogram obtained from a plane in the middle of the gas after numerical refocusing. High contrast

fringes are seen. 

By unwrapping the data in Fig. 2 (b), a continuous phase map is obtained. Fig. 3 shows the 
unwrapped phase at the 5 mm level on the vertical axis. The dashed line in Fig. 3 shows the 
result after fitting the unwrapped phase data by use of smoothing spline interpolation. The 
phase gradient in Fig. 4 (a) is calculated by differentiating the data in the solid line in Fig. 3. 
Since the phase data is very noisy, it is not appropriate for differentiation. The dashed line in 
Fig. 4 (b) shows the phase gradient determined from the fitted curve, i.e. the dashed line in 
Fig. 3. A smoother curve is obtained in this case.

By use of equation (3) and the numerical refocusing technique the phase gradient was 
determined and the result is the solid line in Fig. 4 (b). Two speckle displacement fields were 
used, one field 65 mm behind the centre of the flow of gas and one field 55 mm in front of the 
centre of the flow. A sub image size of 64 × 64 pixels and an 87.5 % sub image overlap were 
used for the cross-correlation. This resulted in a 121 × 121 matrix of speckle displacement
data. 20 rows of speckle displacement data from the level of 5 mm to 8 mm in the image field 
were used (compare to the levels on the vertical axis in Fig. 2 (b)). The mean values of the 
speckle displacements were calculated for each column and the resulting mean values for p1
and p2 were put into equation (3). 
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Fig. 3. Unwrapped phase at the 5 mm level in Fig. 2 (b). The dashed line is a fit of the data in the solid line. A 
smoothing spline interpolation has been used for the curve fitting.
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Fig. 4. (a) The phase gradient determined from the unwrapped phase (the solid line) in Fig. (3). (b) The dashed 
line is the phase gradient determined from the curve fit of the unwrapped phase and the solid line is the phase

gradient determined from equation (3). 

4. CONCLUSIONS 
A phase object that is out of focus in a laser speckle field may give large speckle 
displacements in comparison to the situation where no phase object is present. This is a 
problem when trying to obtain an interferogram. It has been shown to be possible to 
reconstruct an interferogram of low contrast fringes to an interferogram of high contrast 
fringes by combining pulsed TV holography, digital speckle photography and a numerical
refocusing technique. It is also possible to use the improved optical phase differences to 
determine a continuous phase distribution and phase gradients in the phase object. The phase 
gradients may also be determined from the speckle displacement fields obtained by numerical
refocusing of the speckle fields to different imaging planes. A comparison of the two phase 
gradient curves obtained by the two different ways shows a similar appearance. The technique 
is applicable on different kinds of transparent media.
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