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Summary 
In this paper we describe a double-puIsed ESPI system. Two separate speckle patterns 

of an object under test arc recorded within a few microseconds using a CCD-<:amera. 

Their two images arc stored in a frame grabber. The fringes obtained from 

subtraction arc quantitatively analysed by the spatial-carrier phase-shift method or the 

grating method. Using three directions of illumination and one direction of 

observation, all the information ncccssary for the reconstIUction of the three

dimensional deformation vector can be recorded at the same time. Applications of this 

system for measuring the rotating objects arc discussed, where a derotator needs to be 

used. Experimental results arc presented. 

1. Introduction 
For the measurement of vibrations using double-pu1se techniques, puIsc separations in 
the range between 1 and 1000 microseconds arc ncccssary. Until now double-puIsed 

holographic interferometry bas been extensively used to study vibrations. A 

disadvantage of this method is that both the recording and the reconstIUction of the 

vibration with a hologram arc needed. For the recording a photographic plate or a 

thermo-p1astic camera is usually used. The hologram is reconstructed usually with a 

continuous laser and can be viewed with a ceo camera. This process is time 

consuming. Double pulsed ESPI 111 enables to obtain correlation fringes 

corresponding to the displacement without recourse to any form of photographic 

processing and plate relocation. 

2. Electronic recording of two speckle patterns of a vibrating object 
The system used is shown in Fig.1. The beam coming from the ruby laser is splitted 

into two beams, the object beam and the reference beam. The object beam is enlarged 

by a diverging lens and it illuminates the object(O). The object is imaged on the ceo 
camera by the lens L. With the aperture (AP) in front of the lens L it is possible to 

choose the mean dimension of the speck1e in the sensor plane. The CCD-<:amera 

57 



58 VDI BERICHTE 

records the interference between the light coming from the object and a reference. 

When the object vibrates the interference pattern changes. We record the first image 

with the frrst pulse and the second image with the second pulse . The two images are 

then subtracted one from the other and correlation fringes corresponding to the object 

deformation appear. For our experiments we used a ruby laser (wavelength 694 nm), 

which can emit two high energy pulses separated be few microseconds . The problem 

is to record two images corresponding to the two pulses by using a CCD-camera . To 

perform this task we used an interline transfer CCD-camera. This camera consists of 

an array of photosensors each connected to a tap on a vertical shift register. When 

illuminated, the photo sensors generate charges that after a period of time are 

transfered in the shift register which is covered to prevent generation of new charges. 

The time necessary to transfer the charges from the photosensors to the shift register 

is short (2 or 3 microseconds for the camera used in our experiment) since it involves 

only a parallel transfer from each photosensor to the adjacent one . Aft.er the charge 

transfer the photosensors of the camera are ready to capture a new image. For our 

particular case we recorded the fust pulse and we transfered the charges to the shift 

register, after this transfer we recorded the second pulse . The two images (frrst image 

in the shift register and second image in the photosensors) can be read in two normal 

readout cycles, digitalized and stored into the frame memory . Since the two laser 

pulses usually do not have the same energy, a normalization of the two recorded 

speckle images is necessary . The images are then substracted one from the other and 

the absolute value is taken and stored into the frame grabber. Figure 2 shows the 

result for a vibrating plate after the subtraction between the two speckle pattern. The 

puis separation was 100 microseconds. It was even possible to record two separated 

images using puis separation of 5 microseconds . 

Fig . l . Optical set-up Fig.2. Speckle interferogram 
of a vibrating plate 
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3. Quantitative analysis of the fringes 
For a quantitative analysis in the case of a pulsed laser, all the information necessary 

to reduce an interferogram to a phase-map should be recorded simultaneously . Two 

methods were investigated: the spatial-carrier phase-shifting method and the grating 

method. In the spatial-carrier phase-shifting method Ill , 121, 13/ , 141 the reference 

beam is tilted by an angle 8 with respect to the optical axis. In the image plane (where 

the CCD sensor is located) the speckle image of the object to be tested is then 

modulated with a carrier frequency having a period PM=A./sin8. The angle is chosen 

so that the phase difference between the reference and object beam changes by a 

constant (e .g. 7t12) from one pixel of the CCD camera to the other. In order to apply 

this method it is necessary that the speckles are still correlated after the image-shift of 

one pixel , this involves that the pixel size should be greater than the period PM. The 

first speckle pattern SPI with the object in position 01 and the second SP2 with the 

object in position 02 are recorded and stored in the frame grabber. Three phase

shifted fringes-patterns can then be obtained. For the first fringe pattern the speckle 

pattern SP2 is shifted one pixel (t.x) left (digital shift in the frame grabber) with 

respect to SPI, a subtraction between the pattern is then performed 

(SPl(x,y)-SP2(x-t.x,y» . The second fringe pattern is obtained by subtracting the 

speckle image SP2 from SPI (SPl(x,y)-SP2(x,y». The third interferogram is obtained 

by shifting to the right by one pixel SP2 with respect to SPl, by subtracting 

(SPl(x ,y)-SP2(x +t.x,y». The three fringe-pattern obtained are then flltered and the 

phase is calculated. Figure 3 shows an experimental result obtained with a vibrating 

plate . The three phase-shifted interferograms obtained are shown in Fig. 3.(a-c). 

Notice that the image (a) is about the 'inverse' of the image (c) , this means that the 

phase shift between this two images is about 1800 . The phase map is shown in Fig. 

3.d. 

a) 

c) 

Fig.3. 

b) 

d) 

Phase-shifted speckle interferograms of a vibrating plate recorded with a 
pulse separation of 200 ~s . a) -9()0 , b) ()O , c) 9()0 , d) phase-map. 
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For the grating method, a diffraction grating I2J which produces three parallel 

channels was inserted in the object beam as shown in Fig. 4. During the measurement 

the grating is moving with a constant speed Y, which is chooscn in order that the 

grating is displaced by 114 of its period between the two lascrpulses. This 
displacement produces a fCl2 (-1C12) phase shift of the + 1 (-1) diffraction orders. In 

this way the subtracted intensities of the two images (n:cordcd with the first and the 

second pulse) produce simultaneously three fringes pattern with fCl2 phase-shift. 

Figure S shows a result obtained using this method. The object was • cantilever 

(4OxlSOxl mm3) exited at the frequency of 992 Hz. The three phase-shifted 

interfcrograms obtained arc shown in Fig. S.(H) and the corresponding phasc-map in 

S.d). 
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Fig. 4.Optical setup for the grating method Fig.S. Vibrating cantilever a)-9()O, 

b) ()O , c) 9()0 , d) phase-map. 

4. Two and three dimensional measurements 
The results presented in sections 2 and 3 arc only oncdimcnsional, this means that 

they give us only the deformation of the object along one sensitivity vector. In some 

cases a two or three dimensional analysis of the deformation is necessary. More 

sensitivity VectoR can be generated by observing the object from different directions 

or by ilJumimring the Object from different directions (three directions of ilJllmimtion 

and one direction of observation). We choose the second possibility because it has the 

advantage that it docs not need rectifications due to the distonion by different 

observation directions. Figure 6 shoWI the arrangement used for the measuremetIl of 

two dimensional deformations. The sensitivity vectors arc given by the half-anglc 
between ilJllmimti<ln and observation directions. The camera 1 records the 
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interference between the reference 1 and the iIblmiNtion I, it gives also the 

information of the deformation along the sensitivity vector d, and analogously the 

camera 2 measures the deformation along the vector el. In order to avoid unwanted 

interference, the second reference/illumination beam pair is delayed by 5 m 

(coherence lenght of the ruby laser). For the three dimensional case we use the same 

principle but with 3 cameras and three illumination directions. Figure 7 shows the 
results of the measurement of a vibrating cognac-glas. The two dimensional 

arrangement was used and the figure shows the projection (on a horizontal plane) of 

the objects deformation along a line at a constant high. For the quantitative analysis, 

the spatial-arrier phase-shift method was used. 
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Fig.6. Optical set-up for 2D Fig.7. 2D measurement on a cognac-glas. 
Speckleinterferometty Deformation along a horizontal line. 

s. Double Pulse- ESPI for vibration measurement of rotating objects. 
It is difficult to measure the vibration of rotating objects because the objects rotate 

between the two exposures. In order to eliminate the object rotation we used an image 

derotator. The image derotator is a device by which the rotational motion of the object 

is compensated optically. The arrangement used is shown in Fig. 8. For our experiment 

a thin plate (thickness 0.5 mm) with a diameter of 12 em was used, this plate was driven 

by a small electrical motor. Figure 9 shows. phase-map obtained with this arrangement 

and object pointed out In this case the frequency of rotation was 3000 rpm and the 
pulse separation 200 jlSCC. We could observe that the contrast of the fringes after the 

subtraction was worse than in the case of not rotating objects. This is probably due to 

the fact that our illumination beam was not uniform and thus a certain part of the object 

(since it rotates) is illuminated differently between the two exposures. Hence the 
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speckle correl ation decreases and the fringe contrast a ft er subtraction is poo r. For thi s 

reason the phase-map contains quite a lot of noise. 

Oblect 

~Iar encoder 

• 

L, 

" li .. ,,'8S1 
, 

/ 
, 

.... ,,8S2 

L, <0 AP 8 ..... 0 I · .. L, 
<= 

CCO-array 

OEROTATOR 
Fig. 8 Opti ca l set- up fo r double pul se-
Speckle interferometry with rotating object 

6. Conclusions 

Fig. 9 . Phase-map of plate rotating at 

3000 r .p .m 

The double-pulsed speckle interferometry method is very much simpler than the 

double pulse holographic interferometry and allows a quick analys is o f the 

interferograms without the development of fi lms and ho logram recons tructio ns. It is 

thus well suited for industria l applications. The system can be 'extended to determine 

the three components of the defo rmation by illuminating the object from three 

directions and by observ ing with three cameras . Double-pul sed ESPI can be used to 

measure rotating objects with an optica l derotato r wh ich compensates the rotation of 

the object opticall y. 
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