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Electronic speckle pattern interferometer using holographic

optical elements for vibration measurements

Viswanath Bavigadda®, Raghavendra Jallapuram, Emilia Mihaylova and Vincent Toal
Centre for Industrial and Engineering Optics, Dublin Institute of Technology, Kevin Street,
Dublin 08, Ireland

“Corresponding author: viswanath.bavigadda @ student.dit.ie

Abstract: A simple and compact electronic speckle pattern interferometry (ESPI) built
with holographic optical elements (HOEs) used for the study of out-of-plane vibration is
reported. Carefully fabricated reflection and transmission HOEs provide reference and
object beams in the interferometer. All the alignment difficulties in conventional ESPI
systems are minimized using HOEs. The time average ESPI subtraction method is used to
generate correlation fringes. The background speckle noise is removed by introducing a
phase shift between sequential images. The amplitude and phase maps are obtained using

path difference modulation in an unbalanced ESPI.

Electronic speckle pattern interferometry is a popular non-destructive testing tool for quantitative
measurement of dynamic displacements of an object" . Conventional ESPI systems consist of
expensive bulk optical elements whose alignment is a critical and time consuming task.
Alternative ESPI systems were designed using diode lasers and single mode optical fibres™ *.
ESPI systems can be further simplified by using holographic optical elements. in place of bulk

optics. A HOE based ESPI system was reported by Petrov and Lau’. In-plane and out-of-plane



sensitive ESPI systems using diffraction graltings6 and HOEs providing purely out of plane
sensitivity in interferometric systems7’8’9 have also been reported. Time average ESPI with phase
stepping is a widely used technique for vibration measurement'. Vibration may also be measured
using the reference beam modulation techniquelo’“. In this letter, we report a HOE based ESPI
system for out-of-plane vibration measurement. A reflection holographic optical element
(RHOE) provides the reference beam in the interferometer'” and a transmission holographic
optical element (THOE) is used to provide normal illumination of the test object ly, making the
ESPI system sensitive only to out-of-plane displacement. The laser diode wavelength is
modulated to provide path length modulation in the interferometer.

Speckle correlation fringes in ESPI are normally obtained by subtraction of two images
corresponding to the displaced and undisplaced positions of the test object. When the test object

is vibrating harmonically at an angular frequency @, amplitude g, and phase ¢, , the brightness at

any point of the correlogram can be described as'’

B=411

4
Jy (—aojcos(l//)‘ (1)
A
where the background intensity term [,+/ due to object and reference beam intensities

I, and I has been removed as explained later.

To obtain contours of constant amplitude and phase, the reference beam is modulated at the same

angular frequency as that of the test objectwbut with an amplitude a, and phaseg , the

brightness of the correlogram at any point is modified to become

J, (%{aé +a’ —2aya, cos(@, — o, )}%jcos(w)‘ )



The brightness usually modulates over only a few gray levels, making it difficult hard to detect

fringes visually so we simply square the brightness B’ and display the result as

2

B"=161,1, 3)

J, (%{aé +a’ —2aya, cos(g, —gor)}%jcos(w)

As we vary the amplitude of the reference beam path modulation in the interferometer by

varying the laser drive current, i, the regions where a, =a,and ¢ =¢, are displayed with

maximum brightness'®'".

A plot of wavelength versus drive current enables us to identify mode hop free regions of
operation of a diode laser for both recording of HOEs and stable reference beam path modulation
in the ESPI system. A temperature controlled diode laser (ONDAX) was used. Its nominal
wavelength was 658 nm and the wavelength change and its associated power change per mA
drive current were 5.1pm and 0.8mW respectively.

The setup for recording the HOEs is shown in Fig. 1. A polarizing beam splitter (PBS) and two
half wave plates (HWP1 & 2) were used to split the laser beam into two parts with the same
polarization state but variable beam ratio. The RHOE was recorded by the Denisyuk method
(using beam 1 with the intensity of beam 2 set at zero), with a diffuser between the mirror and
the emulsion to provide a speckled object beam. To record a THOE mirror 1 and the diffuser
were removed, then the intensities of beams 1 and 2 were equalized. The two HOEs were
recorded in this way to enable them to be used in contact with one another. Thus on
reconstruction by beam 1, a speckled reference beam is provided for the ESPI system by the
RHOE and a beam diffracted by the THOE in the direction of beam 2 illuminates the test object.
For RHOE recording PFG-03C silver halide emulsion on glass substrate (6.3cmx6.3cm), the

laser beam intensity and exposure time was 500 W/cm?” and 6s respectively using the diode laser



(Fig.1). SM-6" processing was used. The diffraction efficiency of the RHOE was 12%. The
THOE was recorded in HP-P" silver halide holographic emulsion on glass substrate
(6.3cmx6.3cm). The angle between the recording beams was 30°. The intensity and exposure
time was 600|JW/cm2 and 5s respectively; SM-6'* processing was used. The diffraction

efficiency of the THOE was 20%.

Photosensitive Plate

Laser +
diode HWPI1 HWP2 SF L1

Mirror 1

Diffuser

Mirror 2 SF

Fig. 1 Recording set up for HOEs: reflection hologram of a diffuser and transmission grating
The ESPI system is shown in Fig. 2. The laser beam was spatially filtered (SF) and collimated
(L2) to illuminate the RHOE at an angle of approximately 25° to generate the speckled reference
beam for the interferometer. The beam transmitted through the RHOE illuminates the THOE
which diffracts the light to illuminate the test object. An unwanted secondary reflection grating
is usually recoreded along with the THOE. To ensure that light diffracted by this grating does
not enter the camera, the angle of illumination was altered slightly from the recording angle..
The object and reference beams were allowed to interfere on the focal plane of the CMOS
camera (AVT Guppy F-036B) . The optical path difference between the object and reference

beam is 2/ (26cm). A National Instruments digital to analog converter (D/A) (NI USB-6229)



was used to provide two sinusoidal waveforms of same frequency but with different amplitude
and phase, one to drive a PZT attached to the test object and the other to modulate the diode laser
drive current. A rectangular pulse (25Hz) triggers image acquisition by the camera. A
rectangular waveform generated synchronously with the image acquisition pulse, causes the laser
drive current to change, producing a phase change of 7 in the interferometer at the beginning of
each frame. Subtraction of the successive 7 phase shifted speckle interferograms removes the

background speckle noise’ and the resulting high contrast Bessel fringes are displayed on a

monitor.
Diode laser
—>
SF
/ CL
/ RHOE  Reconstructed image
i from RHOE
Waveform >\ -4
/
for laser \ /
: Test object
CMOS
camera
// <“— ] —»
Digital pulse y A
for camera J_|_|_|_ THOE
< D/A >

Object waveform

Fig. 2 Out-of-plane sensitive HOE based ESPI system
Simultaneously the optical path difference in the interferometer is modulated at the vibration
frequency and at an amplitude which effectively freezes the motion of the object in certain
regions for which the argument of the Bessel function in Eq. (3) is zero, and which therefore

appear brightest in the display.



The phase difference between the object and reference beams in an unbalanced interferometer

with a path length difference 2/ is

27
o —7(21) 4)

When the laser is modulated the relative phase difference changes by

Azl (d2
AD =T G A 5
lz(dij : ©)

From Eq. 5 the amplitude of vibration on iso-amplitude contours” is, ,

a, = 2(ﬁj Ai (6)
AT

A circular metal plate, 5.4cm in diameter was driven sinusoidally out of plane by a piezoelectric
actuator at a resonant vibration frequency 5600Hz. The ordinary time average fringe pattern
obtained by continuous 7 shifted frame subtraction is shown in Fig. 3 (a). The brightest fringe
was moved to a new position as seen in Fig. 3 (b) by modulating the laser wavelength
with A4 =1.16 pm . From Eq. (6) amplitude of vibration in the brightest fringe regions in Fig. 3
(b) and (c) is 0.46um. Fig. 3 (c) shows the result when the phase of the reference beam

modulation is altered by 180°

Fig. 3 Circular plate vibrating at 5600Hz : (a) Ordinary time average fringes. Time average
fringes by modulating the laser wavelength (b) A1 =1.16pm (c) A4 =1.16 pm with 180" phase

shift.



In conclusion a simple ESPI system using holographic optical elements to obtain vibrational

amplitude and phase measurements was implemented. Use of HOEs reduces the number of

optical elements drastically, leading to a compact ESPI system providing correlation fringes of

good contrast.These ESPI systems can facilitate optical non-destructive testing at low cost for

industrial use.
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