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ABSTRACT

For a laser vibrometer scanning a diffuse surface,
the observed signal is dependent partly upon the visi-
bility of the reflected speckle pattern. This study will
show that the visibility of the speckle interference
fringes is independent of the incident light intensity and
dependent on the number of speckle spots. Theoretical
aspects of the problem are discussed, and an experimental
verification is presented. The results show how signal
quality can be improved by using apertures and higher laser

powers.
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CHAPTER I
INTRODUCTION

The laser vibrometer has been demonstrated as a
reliable means for the remote measurement of surface
motion. The vibrometer system described in this work uses
a laser interferometer with a 10-mW 6328 g beam modulated
at some carrier frequency by Bragg cells. Surface motion
in the direction of the impinging beam causes a Doppler
shift in the light frequency that is detected by the
interferometer and measured in the receiving electronics.
When the surface is rough, the reflected laser light is
diffusely scattefed into random phases so that th;
resulting signal amplitude is reduced. This scattered
light, which generates a speckle pattern, also affects the
signal visibility. Since the scattered light is randomly
phased, the interference of some speckle patterns can be
so poor that the signal amplitude will drop below the noise
level. Figure 1 gives an example of such "dropout." At
the moment at which there is no signal, the electronics
cannot measure surface motion; hence, data are lost.
Solutions to reduce the signal degradation of the dropout
effect are sought. This investigation will examine some

parameters involved.




4 o 5
4 O (o]
] Q
q - -+
i o

i S 2
% le] o —
& [} 4+ e
o 3 =]
o)) o) o
o Q x4
0 O 0

4
— 0w
] (0]

[3) —
o © U]
foh £ e
Sy o
E Ll o=
- : @ o
‘ﬂ«w%?um&wir A o 53]

i od &ﬂmw[ . ars © )

. P ~«(~.\h«,~ nﬁ#{*«mﬁ b

;Jllu

i g 4

i

Figure 1.




The study will generally center around the aspect
of signal visibility. The visibility of the fringes in
the interferometer is determined by the speckle pattern
and other factors. It is measured by the electronics as
the ratio of the AC magnitude component to the DC component
of the output voltage from the photodiode. It will be
shown that, for a specific speckle pattern, different
intensities do not alter the visibility within the lin-
earity limits of the photodetector, so that higher powers
can be used to obtain a better signal-to-noise ratio (SNR).
It will also be shown that the number of speckle spots
imaged on the detector affects the visibility. These
relationships are developed by a mathematical model repre-
senting the speckle pattern as a summation of randomly
phased point sources. The model describes the visibility
in terms of these parameters and is verified experi-
mentally.

Other factors affecting vibrometer performance
including photodetector properties, noise sources, and
aperture effects are discussed. These elements are con-
sidered theoretically and experimentally as they relate

to the problem.



CHAPTER 1II

THEORETICAL CONSIDERATIONS
Review of Interferometric Principles

The laser vibrometer can be described as a
sophisticated version of the Michelson interferometer.
Michelson's system splits a single beam into two components
of lesser amplitude, so that the system can be considered
an amplitude-splitting interferometer [l].l The beams are
directed along separate paths and recombined to form inter-
ference fringes.

If the fields Ej; and Ej of the split beams are

oi(2mvt-k x1)

E;] = A3 (1)

Ep = A2e1(21rvt—k X2) , (2)

where v is the laser frequency, t is time, k is the wave
number, A is the field amplitude, and x is the path length
of the respective beams, then the intensity I at the

detector plane is

I-= Ai + Ag + 2 AjAp cos(k(x1-x3)) . (3)

lNumbers in brackets refer to similarly numbered
references in the Bibliography.
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This expression shows the interference fringes are
dependent on the path length difference xj-x3. Since a
fringe period is defined as a change in optical path by
one-half wavelength, the observer can, by measuring the
number of fringe displacements, detect small differences
in path lengths.

As in the Michelson interferometer, the reference
and information beams of the vibrometer are split from a
single beam. Both beams enter Bragg cells that shift
their frequencies by some vg, so that the fields are now
Alei(2n(v+v31)t+klx1)

Ey] = (4)

Ep = A2e1(2n(v+v32)t+k2xZ) (5)

The information beam is directed to the target
surface, reflected, and mixed with the reference beam at
the beam splitter before entering the photodetector. The

intensity of the detector is

I = Ai + A% + 2 AjAp cos(2n(vg1-vp2)t

+ (k1x1-kox3)) . (6)




Because the Bragg shifted frequencies are small relative

to the laser frequency, the (vgj-vgy) term corresponds to
a beating effect and generates a constant frequency carrier
wave.

From here there are several ways to obtain a field
expression to describe the change in path length of one
beam due to a moving mirror. However, regardless of the
analysis, the resulting term is the same.

If x5 is the initial length of the information
beam that changes to xj in time t, the rate of change vj
is

X1 %o
Vb = T v
or solving for xj,
X] = Xg + Vpt .
Multiplying both sides by kj gives

k1x] = k1% + k1vpt . (7)

This v, is dependent on the mirror solution v. Since the
beam is reflected back on itself, the x]-xo5 corresponds to
twice the surface displacement so that 2v=vp. Substi-

tuting into Eq. (4), the field for the information beam is

now



i(2n(vtvpg])t+kixgtk2vt)

E] = Aje (8)

The 2vkjt term can be developed in another way.
The time for the mirror moving at v to travel one fringe

period )j/2 is

\)D=""—. (9)

This frequency is the value by which the beam frequency is
changed due to the moving mirror and is the Doppler
shift [2]. The term is analogous to the path length change

as well as the frequency shift, as it is seen:
2vky = 2v 2T = 24y
1 A D -

The Doppler term can be explored even further. The
surface is moving at some velocity v against the infor-
mation beam propagating in the direction of unit vector
€j. The relative velocity between the surface and the
wavefronts is c—(G'éi), where c¢ is the speed of light, so
that the rate vo at which the surface intercepts the wave-

fronts is




vo = [c -(V'-éi)]ﬁ /

where )j is the beam wavelength incident on the surface.

To the observer, this frequency shift vg is
— -— _.A| _l —.A —l—
vg = [c =(v el)]ki + (v er)xr,

where subscript r refers to reflected components and i to

incident. This can be rewritten

v-8; v
\)S = \)i - }\il + >\rr . (9a)

Since vpAr=vjij=c, and the surface motion V>>c, then

- ViAi = A

so that Eqg. (9a) can be expressed
vg = vj + Y. (ér—éi) . (9b)
A

The reflected light along ér is returning along the same
path length as éi, but in the opposite direction, so that

er=-ej and vg is now



R AP
\)s—\)1+ri- 291.

If the beam is always incident in the direction of the
moving surface, then V-Zei=25, and the frequency of light
in the information beam returning from the surface is
2v
Vg = Vi + T =v{ + vp .
S i i 1 D
The information beam field can be most simply

written

By = Ale1(21r(\)+vBl+\)D)t+klxo) . (10)
which is equivalent to Eq. (8). However, using the field
in the form of Eq. (8) and mixing it with the reference

beam now yields an intensity
_ a2 2
I = A] + A, + 2 A1Ap cos(2m(vpy-vp2)t

+ klxo-k2x2+25klt) . (11)

This interference equation contains the beat frequency of
the carrier wave, a constant arbitrary reference phase
contribution, and the Doppler shift.

For a moving source or surface, the beam frequency
shifts depending on the direction of thevvelocity vector

v, so that the direction as well as the magnitude of the
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displacement is indicated in the output. 1In the absence of
surface motion (V=0), a signal is still received, as
Eg. (11) shows.
The signal, as will be shown, is dependent upon
the fringe visibility. Interference fringes will have
this quality of visibility defined by Michelson as

_ Imax ~ Imin
Imax + Imin

' (12)

where Ipgy and Ipjp are the irradiances corresponding to
the adjacent maxima and minima in the fringe system.
These maxima and minima occur in Eq. (11l) when the cosine

term is 1 or -1, respectively, giving

Imin = Ai + a2

5 ~ 2 AjAp .

Substituting into Eq. (12) and simplifying yields

2 AjA
= 2—122 . (13)
A1+A2
This specifies the amplitude of the interference pattern

irradiance relative to the mean value of its irradiance

(see Figure 2).
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The non-varying intensity term A§+A§ represents the
DC voltage out of the photodetector. The AC signal portion
corresponds to the time-dependent cosine term where
2 AjAj is the signal amplitude. Visibility can bel
expressed in terms of detector output by substituting into
Eq. (13) to get

_ Vac

v - e
Vpe

H (14)

Vac and Vpc are the respective voltages.
Speckle Pattern and Surface Descriptions

A speckle pattern is essentially an interference
phenomenon produced by randomly scattered coherent light,
either passing through the atmosphere or reflecting from
a diffuse surface. When nearly monochromatic waves are
incident on an optically rough surface (i.e., the
irregularly arranged surface elements are near in size to
the light wavelengths) the reflected light at some far
field point consists of many individual wavelets. Each
wavelet arises by reflecting from a different microscopic
element of the surface and acquires its own random phase.
Since the wavelets travel distances differing by several
wavelengths, the interference of these wavelets of
various phases results in a granular pattern of intensity

that is called speckle.
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In the case of the laser vibrometer, any rough and
unmirrored target that the information beam hits gives
rise to speckle. If the vibrating surface were just a
plane mirror, the reflection would be of constant phase
distribution relative to the incident beam, and signal
processing would be much simpler. Speckle, then, in this
application, is an unfortunate side effect of the coherent
radiation.

The surface used in this study was a tape sprayed
with 80 um spherical glass beads. The tape was applied
to the vibrating area being examined. Each bead on the
tape acts like a spherical mirror in that it reflects and
scatters the light as if it were a point source. Since
the beads are randomly arranged on the surface plane, the
reflected light generates speckle in the far field.

Within the field in the detector plane will be
certain areas of coherent phase. These spots of the
speckle occur when the waves from some of the point sources
arrive at the detector plane in phase. The entire
detector area will receive many speckle spots, each with
its own random phase relative to the other, and the output
signal is affected. This function of random variables is
explained by Goodman [3] as a random walk phenomenon where,
instead of n steps, there are n spots. The statistics are

the same, as Forrester shows [4], to obtain the root mean
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square of the signal from the number of spots. So the
number of spots at the detector is now a factor in the
signal.

In order to further study the speckle as an inter-
ference phenomenon, it is necessary to develop an
expression to include all the relationships involved, such
as spot number and random phase. A model to describe
visibility in these terms will be derived in the next

section.

Derivation of a Speckle Mathematical Model

In attempting to describe analytically the speckle
pattern, the electromagnetic field of light scattered from
a diffuse surface is considered to be produced by an array
of random phase point sources in the surface plane. This
field is added to a reference beam consisting of planar
wave fronts. The intensity of the two interfering beams
is calculated for a point in the detector plane a
distance, h, away.

Let the diffuse surface be described by an
orthogonal grid with phase scatterers centered on the
intersections of the grid. The surface is illuminated by
a laser source with wavelength, A, and sufficient beam
radius, rp, to encompass the entire plane under con-

sideration [5]. The field at some (x,y), as shown in
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Figure 3, due to a scatterer at (u,v), can be written as

i(2nvt-kd+¢yy)

Eg = Aje (15)

where k=2n/), d is the distance separating the points, and
¢ is the random phase associated with the specific
scatterer at (u,v). Because it is assumed that the sepa-
ration between scatterers in the plane is small relative
to h by, say 1:1,000, some near axis approximations will
be made for d using the first terms of the binomial
expansion. The distance d can be expressed relative to

the position of each point in its respective plane as [6]

d = [h2 + (x-u)2 + (y-v)Z]l/2 .

If the scatterers are near the axis so that the detector

receives planar waves, that is,
(x-u)2 + (y-v)2 << h ,

then d can be approximated

(x—u)2+(y-v)2
d~(1+ =3 )h

x2+y2-2(xu+yv)+u2+y2 +

h + >R

u
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The field is then

24y24324y2-
Bg = ajel(2mvtek(-ho RV ZUKEY) )ty ) L (16)

The term in the brackets involving (u2+v2)/2h is
associated only with the scatterer at (u,v) and is a
constant value at that point. Since a constant plus a
random number is still random, the term is included in
éyv without changing the randomness, Eq. (16) is rewritten

e = aioll2mvt-kh- K(x24y2)+ Blux+vy)+oyy) - (17)
S 1e

The field at (x,y) is the sum of the fields due
to all (u,v) from the scatter plane with respective
indices j,m.

n

n
EsTor = ). L Al
j=1 m=1

ei(21T\)t-kh+ %(ujx+vmy)

+ 8+ 9(ug,vy) - (18)

letting 6=k/2h(x2+y2).
Now, superimpose a planar reference beam field

propagating along the z-axis described by

Eg = Rel(2TVRE-kRh) (19)



where R is the field amplitude and vg and kr are the

respective reference frequency and wave number. The
resultant field on the detector, provided the fields are
still coherent, is

E(x,y) = ER + EgpoT - (20)

The intensity at (x,y) is

I(x,y) = E(x,y) E*(x,y)

ERER* * EgrorEsror* + 2 Re(EgEgror*) . (21)

A detailed simplification of this equation is

given in Appendix I. The results express the intensity as

n 2

n
k
I(,)=R2+[ A S(usxtvmy) + ‘
Xy jzl mzl 1(c°s(h e R ¢(uj,vm;£ﬂ

2

+ [ ? ? Al(sin(E(u-x+v V) + d(ys }
j=1 m=1 S (uj,vm)D

n

n
+ 2R ) Al(cos(ZnAv(t— %) + 8 + %(ujx+vmy)
j=1 m=1

+ ¢(uj,vm))> , (22)

where Av is the difference in information and reference

frequencies.
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This expression produces with time a maximum and
minimum allowing the use of Eq. (12) to determine visi-
bility. By substituting into that visibility formula,
the magnitude of the intensity will cancel, leaving the
visibility as a function of the speckle pattern and its
interference terms and independent of laser intensity.

Although Eq. (22) deals with one point (x,y), the
expression is valid when including all (x,y) summed over
the detector area. Whether the visibility is for one
point or an entire area, the intensity term drops out of
Eq. (12). Regardless of laser power, the visibility is
seen to be the same, providing the detector response is
linear over that power range.

The next investigation is the visibility relation
to speckle spot number. Consider the speckle pattern as
a region divided into n uniphase regions of equal area.
These n spots are small relative to the entire pattern
and it is far from the scattering sources so that it is
possible to study the spots individually interfering with
another wavefront.

Introduce now the reference beam which is the
same area as the speckle pattern but sectioned into
n regions corresponding to the spots. All portions of the
reference beam will have the same phase wavefront, while

each speckle spot will have its own random phase. If the
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reference segment ER interferes with a respective speckle

spot, the resultant intensity is

I = ERER* + EgporEspor* + 2Re(EREgpor*) . (23)

where Egpor is the field for the spot. This beam of the
two interfering fields will generate a signal if received
by the detector. The approach is to mix each spot with a
reference counterpart for all n regions and evaluate the
sum of those contributions that the detector will receive.

The intensity of this collection will take the form

-~
Il

ERER* + EgporiEspror1* + 2Re(EREgpori*)

+

ERER* + Egpor2EspoT2* + 2Re(EREgpor2*)

+ ¢ o o

+ ERER* + EgpornEsporn* + 2Re(EREgporn*)

Switching to summation notation,

n n

NERER* + '21 EsporjEspori* + jZl 2Re (EREgpoT3*)
j= =

]
I

2 n 2 °
n|ER|® + ) |Egpopjl“ + 2Re<,zl ERESPOTj*> . (24)

= j=
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In the previous section it was mentioned that the
random phased spots combine in a random walk fashion at

the detector [3,4]. The Gaussian statistics of the problem
show the resultant collection of spot amplitudes in the

entire speckle field amplitude Aj; to be
A] = /0 Ag ,

where Ag is the individual mean spot amplitude. Applying

this to the form in the above summation yields

n
.21 Egporyj = v/n EspoT - (25)
J=

Substituting this in, Eq. (24) can now be written

I = nlERlz + (/HIESPOTI)z + 2RE(ER/H Egspor*) . (26)

From Egs. (12) and (13) the visibility of the irradiance is

2|Eg/A Egpor| 1 2|ErEspor| (27)
n|Eg|2+n|Egpor|2 VP |ER|2+|Egpor|2
Finally, assume the total amplitudes of each beam are
equal for optimum heterodyning; that is, |Eg|=|Egporl|,
rendering the visibility
1
/i
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This is the relationship between the visibility and the

number of spots in the speckle pattern.

Signal-to-Noise Ratio Definitions and Assumptions

Because this study deals with signals from
stationary surfaces, complicated signal processing systems
and electronics usually employed to monitor vibrational
modes are not needed. It is the quality of the signal
that is being examined and not necessarily the infor-
mation it carries. This signal quality is generally
expressed in a signal-to-noise ratio (SNR). To describe
the SNR, the noise sources of the system are considered.

The photodetector used in the system, an avalanche
photodiode with internal amplifier, is assumed to have
only two significant noise sources: amplifier noise and
shot noise. Shot noise, Ng, is the greater source and,
for the non-saturation region of the photodiode, is

expressed by the Schottky shot noise formula [7]

Ns = Gz V2eBIp ’ (29)

where G is the detector current gain, z is the load

resistance, B is the bandwidth, and e is the charge on an
electron. The photodiode current Ip, in terms of the DC

voltage VDC' is
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Ip=— . (30)

To get the noise expression in terms of Vpe, Egq. (30) is

substituted into Eq. (29) to obtain

Vpc
NS = Gz 2eB E" o (31)

The other source, the photodiode, will contribute a small
amount of noise, N5, due to dark current.

The total noise for two uncorrelated sources is

N=Na+N. (32)

The signal, S, will be considered as the AC portion

of the detector output voltage

S5 = Vpe . (33)

This output is channeled through a low-pass filter. Since
the signal frequency from the heterodyning is 2 MHz, the
filter eliminates any higher frequencies that would
increase the noise level. An oscilloscope receives and
displays the signal.

To get the signal-to-noise ratio voltage expres-
sion, Eg. (33) is divided by Eq. (32) and substitution of

Eq. (31) to get



Vv
SNR = AC

= . (34a)

J Ni + (Gz V2eB %%?)2

The SNR is now given in terms of the primary measurable

variables Vpc and Vpc.
To see the relationship between SNR and visibility,
Eq. (14) is solved for Vpc and substituted into Eq. (34)

to get

SNR = . (34b)
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CHAPTER III
EXPERIMENTAL VERIFICATION
Apparatus Description and Operation

The operation of the vibrometer can be best under-
stood by tracing the beam path as it leaves the laser
(Figures 4 and 5 illustrate the optical arrangement). The
beam enters the first Bragg cell which is used as a
variable beam attenuator. It is driven at its own optimum
frequency that is unrelated to the rest of the system.

The second Bragg serves two purposes. It acts as a beam
splitter to separate the initial beam into the reference
and information beams, and it modulates the deflected
reference beam at a Bragg frequency of 36 MHz. The
undeflected information beam enters the third cell and is
shifted a frequency of 34 MHz (2 MHz different than thé
reference beam). It is this 2 MHz that becomes the carrier
wave and is displayed as the signal. The information beam
then passes through a Wollaston prism and quarter-wave
plate to the surface.

The Wollaston prism/quarter-wave unit and
polarizing effects are introduced to provide a convenient,
efficient way of separating the incoming information beam

from the reflected scattered light. Rather than
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incorporate a partially silvered mirror that would greatly
reduce the beam intensity, the prism unit allows beam
separation with less intensity reduction.

The Wollaston prism permits a vertically polarized
beam, such‘as the laser output, to travel a different path
than that of a horizontally polarized beam. 1In the
vibrometer system, the beam enters the prism and then the
quarter-wave plate which changes the polarization from
linear to circular. A lens (Lj) focuses on the laser
energy on the surface as well as collects the scattered
light. As the light returns from the test surface, the
second pass through the quarter-wave plate changes the
polarization from circular back to linear as well as
rotating the polarization vector 90° relative to the
original beam. The prism deflects this rotated beam away
from the axis of the incoming information beam, neatly
separating the two. The scattered light and its asso-
ciated speckle pattern is mixed with the reference beam at
the beam splitter. To provide for path length matching
and wavefront alignment for optimum optical heterodyning,
appropriate lenses and mirrors were added in the reference
beam. Also, a half-wave plate was inserted to match the
polarization incurred in the information beam by the

Wollaston/quarter-wave unit. Finally, the combined beams
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are focused by lens Lj; on the photodetector. A block
diagram of the optics and associated electronics is shown
in Figure 6.

The detector used was an RCA C30818 DC coupled
avalanche photodiode with internal amplifier. A DC
coupled unit was chosen so that a DC voltage output level,
as well as the AC amplitude of the signal, would be avail-
able for the visibility and SNR calculations. Also, this
detector was selected because of its high responsivity to

the laser wave length and associated light intensities.
Detector Characterization

Since the study assumes the detector will have a
linear response, it is necessary to know the range of that
response. To find this range, the incident light power on
the detector must be measured. But because of the small
area of the photodiode relative to the full beam, the
incident power is not easily measured directly. The
measurement can be made indirectly with a photometer.

A photometer measures the incident light power over
the area of its detector. This averaged power, Pp (for a

Gaussian intensity distribution), is
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(- )
Pp = Pp\l - e b , (35)

where Pp is the total power within the beam radius, b,
and rp>rp is the photometer sensor radius [8]. Similarly,

the diode incident power, Pg, will be

_o(Edy?
Pg = pT<1 - e (rb) > , (36)

where rq is the radius of the photodiode surface.

To measure ry, the photometer was masked with an
800-um aperture and scanned across the center of the
aperture and scanned across the center of the beam at the
detector plane. Since the beam appeared to be about a
half-inch wide, the aperture was assumed small enough to
plot an accurate beam profile. The beam diameter was
found from the intensity versus position plot in Fiqure 7.

Now, knowing rg, and substituting Eq. (35) into
Eq. (36),

(37)
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gives the light power on the diode by measuring the entire
beam power with the photometer.

The next step in characterizing the photodiode
detector involves determining the fraction of the incident
beam deflected by a Bragg cell as a function of the input
power to the cell. To find this relationship, the
deflected first-order beam from a cell was directed into
the photometer. The input to the Bragg cell was controlled
by a frequency generator which requlated both frequency and
voltage amplitude of the signal. For a constant frequency
(here, 15 MHz), the Bragg input power was incremented by
varying the driver amplitude in 5-mV units. The resulting
deflected light to the photometer was measured. With
these data, it was possible to determine the first-order
diffracted beam power by measuring the input signal to the
Bragg cell.

Replacing the photometer with the photodiode pro-
vided the correlation between Bragg diffracted light power
and diode current by varying the driven amplitude and
measuring the resulting detector output current. With
these measurements, the diode voltage can be plotted
against the incident power to determine the linear range
of the detector. This plot is shown in Figure 8. The
diode was found to saturate around 5-uyW incident power

or about 800-mV DC output. The average measured
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responsivity agreed within 10% of the manufacturer's given
value of 178,000 (V/W), or for a 4,052-Q resistance,
44 (A/W). The plotted data had a linear correlation

coefficient of 0.986.

Aperture Measurements of Visibility and

Signal-to-Noise Ratio

In measuring the visibility against the number of
spots, the small size and irregular shape of the speckles
made it difficult to measure exactly the number of cells
within a pattern at the detector plane. It was assumed
that the number of spots within an apertured region of
the pattern is proportional to the aperture area.

To control the speckle pattern area, an iris
diaphragm was inserted behind the beamsplitter just in
front of the focusing lens Lj;. The reference beam and
speckle pattern combination at this point having a radius
r,, is masked down by the iris to a smaller radius ri. By
observing the pattern on a screen in the detector plane,
the number of spots in the pattern was seen to be regu-
lated by adjusting the iris. The aperture can also be
thought of as controlling the image area of the surface
corresponding to the detector seeing fewer scatterers on

the tape.
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The collecting lens Lj and the focusing lens Lj act
as an imaging system for directing the light from the
surface to the detector. Refer to Figure 9 for the optical
configuration. The analysis concerning geometric imaging
regards the light cylinder between the two lenses to be
well collimated due to the laser beam directionality,
surface retroreflectivity, and object-image plane location
near the focal planes of the lenses. Although the tape on
the surface randomly scatters the light phasewise, the
tape has enough retroreflective property to direct the
light back along its incident path, providing a beam con-
taining the speckle pattern. This beam traveling to the
detector defines distinctly the rays contributing to the
image or pattern. The beam is small relative to the
lenses and is completely received so that no lens periphery
effects are considered.

As the beam reaches the iris, the iris acts as a
field stop to limit the size of the image arriving at the
detector. If the beads on the surface are considered
objects, the iris controls the number of objects in the
field of view and, therefore, what is seen by the detector.
It is furthermore possible from the geometry and lens
magnifications to express the image and object area radii
in terms of the iris radius rj. The collecting and

focusing lenses have respective focal lengths of 32 cm
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and 6 cm and are separated by 71 cm with the detector and
surface near the focal planes of each lens. As shown in
Figure 9, the image radius on the detectér is 1/60 the
pattern radius (0.016 rj), while the object radius on the
field of view is 1/12.3 the iris radius (0.081 rij). This
information will allow an approximation of the number of
surface scatterers imaged on the detector limited by the
diaphragm. Given the size of the scattering beads and
assuming they cover uniformly all the area encompassed by
the beam, the number of beads in the imaged area is found
by dividing the imaged area by the bead area. This

results in an approximation of

n = 4.13>2clo6 rf .
m
For the iris at minimum aperture (ri=1.1 mm), about five
beads are imaged on the detector, while for an unstopped
beam rj=ry, the optics will image perhaps 400. Appendix II
explains how these values were calculated.

To increment the diameter of the aperture, a
reliable method was needed. The method used involved first
measuring the diameter of precision-machined rods with
calipers. Then, the iris was closed down on the rod, and

the rod was removed. The aperture diameter was assumed to

be the same as the rod diameter.
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Starting with the largest rod diameter, the
diaphragm in front of the detector was stopped down and the
detector output voltage was measured on the oscilloscope.
The measurement was made by recording the DC output level
together with the peak-to-peak amplitude of the AC signal.
The diaphragm was successively stopped down to the smallest
opening. This procedure was repeated for several different
speckle patterns. Using Eq. (14), the visibility values
for each aperture size were averaged and plotted in
Figure 10. Including the brackets, representing one
standard deviation of the values, each average lies on a
least squares curve fit proportional to one over the
square root of the area. The data show that as the number
of spots is reduced, the variance of data points is
increased. This is seen by the larger standard deviation
brackets. Visibilities from large aperture measures were
consistently close to the 1//n point, while small aperture
areas had visibilities scattered from higher to lower
values. For a few speckles, the potential relative vari-
ation in the phase of each spot becomes very significant
in affecting the visibility. It is more likely that four
or five spots may interfere completely, or not at all,
than for the interference of 40 or 50 spots to all con-

tribute constructively or destructively. The resulting
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visibilities range from very high or low for a few spots
to less variant with many spots.

Since the visibility is decreasing with increasing
aperture, it would prove informative to calculate the SNR
from Eq. (34) for the same measured voltages. The SNR
versus aperture is plotted in Figure 11, showing the SNR
peaks and then diminishes with increasing apertures.

This signal behavior can be explained by diffraction
theory [9].

The signal in a heterodyne system can be shown to
be a function of a number of Airy rings on the
detector [10]. The iris diaphragm, besides acting as a
field stop also is a circular aperture that causes
diffraction effects that are received at the detector.

The Airy disc field amplitude profile can be

written as

2J31(kar/D)

plotted in Figure 12a, where Jj is the first-order Bessel
function, a is the iris source aperture radius, r is the
radial variable in the focal plane, D is the source-to-
image distance in the focal plane, A, is the maximum
amplitude. If the reference beam has a Gaussian distri-

bution,
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Sample Experimental Data
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Figure 12. Airy Disc Descriptions of Amplitude,

Signal-to-Noise Ratio.




44

_r2/rg

Ay = Re , (39)

with rp the defined beam radius; then substituting these

expressions into Eq. (1l) gives the interference equation

2 2
2J9 (kar/D) -2rl/r
I = 2( 1 / ) + R2e / b

(o) kar/D

—r2/r§ 2J3; (kar/D)

cos(T) ,(40)

where T contains all the cosine terms. This expression
is the intensity at the focal plane along the radius r of
the pattern.

As was shown earlier, the Vpec portion of the
detector output is given by the A§+A§ intensity terms.

To correspond to the Vpe output, the terms in Eq. (40) are

integrated over the detector area to get

2 2
N 2(2J1(kar/D) 2 -2r2/rb

The AC portion will be, likewise

2

233 (kar/D) _ -r2/r
= b
Vac ,Z; ) 280 —%zE7B Re dap . (42)




In these forms the output voltages of the detector are

described in terms of the iris diaphragm area radius.
These expressions can be substituted into the SNR

equation (Eq. (34)) to get SNR as a function of radius,

2
2J7y(kar/D) -r2/r
f 284 iar 75 Re /Ty dAq
A
SNR = T .(43)
2

2,.2
2 /2eB 2 -2r /rb 2 2J31(kar/D)
N, +<GZ Tz LT <R e *As —Kaz/p | 9T

Equation (43) was solved numerically and plotted
in Figure 12b. The curve, like the measured SNR versus
radius data in Figure 11, is seen to rise to a peak but
then drop off corresponding to the radius at which the
second Airy ring is included. This next ring is light
that is 180° out of phase from the center spot. The
signal Vpr depends on the interference of phase terms.
Adding these terms that are out of phase relative to the
center spot will cause destructive interference and reduce
the signal. The Vpc and the noise respond only to the
amount of light on the detector so that the inclusion of
the rings increases the light and, therefore, the noise.
So, as the aperture increases to accept more of the Airy
pattern on the detector, the signal decreases more and
the noise increases. As the iris enlarges to include the

third outer ring which has the same phase as the center
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spot, the signal will increase again, but not to the level
of the first peak. Therefore, to achieve an optimum SNR,
the speckle pattern should be stopped down to eliminate

the outer noncontributing terms.

Intensity Measurements of Visibility and

Signal-to-Noise Ratio

Experimental examination of the relation between
visibility and intensity required little modification of
the vibrometer. The Bragg cell located immediately in
front of the laser provided an adequate way of controlling
the light intensity entering the system. Varying the
power to the cell altered the amount of light deflected
from the main beam.

For the experiment, the light intensity values
ranged from just below the diodes' saturation point
(600 mV DC output) to the attenuation limit (100 mV DC
output) given by the Bragg cell's maximum input voltage.
The intensity was adjusted for output increments of
25 mvV DC, and the AC level was measured at these points.
For each run, different patterns were selected by moving
the surface across the beam, which in turn produced
different visibilities. A sample run showing the visi-

bility plotted with respect to DC output is in Figure 13.
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Over the range of intensities tested for a specific
pattern, the visibility values are all within one standard
deviation of the mean and do not change.

Using the data from the same run and Eq. (34), the
SNR was calculated. Plotted in Figure 14, the data show
the SNR increases proportionally to input power as pre-
dicted by Eq. (34).

As different speckle patterns were selected for
the experiment, notice was given to any appearance of
signal dropout. Occasionally, the surface would reflect
a pattern with a signal so poor it could barely be read
above the noise. Figures 15a and 15b show the signal from
a low visibility speckle. However, at higher intensities
for the same pattern, the signal begins to improve, as
Figure 15a shows over 15b.

Further signal improvement can come with aperture
adjustment. Figure 16 shows two typical signals from one
fairly high visibility pattern at different intensities.
The signals are acceptable, although the higher amplitude
waveform in Figure 16b may be preferred. When the
aperture in front of the detector stops down the mixed
beams to half the arriving image size, the signals sharpen
significantly. Applying only the stop, the signal in

Figure 17a shows the improvement over the signal in
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b. High Intensity with Stop

Figure 17. Signals from a Low-Intensity Speckle Pattern
with an Aperture Stop.



Figure l6a. Although the visibility of the raw speckle

reflection is constant for a stationary surface, the
aperture lets the detector see fewer spots and less of
the noncontributing beam periphery, thus improving the

received visibility.
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CHAPTER IV

SUMMARY AND CONCLUSIONS

This paper has studied the laser Doppler vibrometer
as a specialized type of interferometer for measuring the
direction and displacement of small movements of the
target surface. A diffuse surface will scatter the mono-
chromatic laser light with a random phase and generate a
speckle pattern at the detector. The heterodyned pattern
on the detector from a stationary surface will produce a
signal in the output voltage having a certain visibility.
The visibility is independent of the laser intensity, as
was shown analytically with the mathematical model and
experimentally with the instrument. The same model has
shown that the visibility varies inversely with the square
root of the number of speckle spots received at the
detector.

From this study it was shown that there are two
ways to improve the signal performance. The light
intensity can be increased to just below the saturation
point of the diode because a higher incident radiation
gives a higher SNR. Secondly, the detector aperture can
be stopped down to transmit fewer spots and increase the

visibility. The aperture also serves to eliminate the
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outer Airy rings which add to the noise. Although the
problem of dropout in surface motion measurements persists,

these modifications can reduce the severity of its effect.
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APPENDIX I
EVALUATION OF EQUATION (21)
It is desired to evaluate
I(x,y) = ERER* + ESTOTESTOT* + 2 Real(ERESTOT*) ’ (21)
where,
i(2nvpt-kph)
ER = Re R R (19)
and
n n i(2nvt-kh + $(ujx+vpy)
Egror = ) ) Aje
J=1 m=1

First, the cross terms of 2 Real(EREgrgp*)

i(2mvet-kgh) E § A e-i(Zth
1

j=1 m=1

2 Real {Re

N —

k
- kh + 9 + d(us, vy * H(ij+vmy))

i(2nvrt-kgh-2nvt+kh-6)

n
2 Real {Re )
j=1

n
} Aje

.k
‘l(H(qu+VmY)+¢(uj,vm))} .
m=1



Let Av=v-vR and simplify

; h
2 Real {Rel(zﬂ c Av=21Avt-9)
J

n
)
=1
n .
y Ale_l(ﬁ(ujx+vmy)+¢(ujer))}
m=1

n n h K
2 RA] ] ] cos(2mAv(t - Z)+ 6+ B (U§x+vpy)
j=1 m=1 ¢

* ¢ (uy,vp))

To evaluate the speckle field complement product,

simplify the nomenclature by substituting

C = %(UjX+VmY) + ¢(Uj,Vm) T = 21rvt and F = g-kh ,
so that Eq. (19) is written

n .
_ i(C+T+F)
Egror = 1 Age

1

Il 1
—

J m

Then,
. n n . . n n .
1(T+F) y y AlelC e—1(T+F)'z y Ale-lC

EgrorEstor* = e
3j=1 m=1 j=1 m=1

n n n n
{Al Y ) (cos C+i sin C?][Al Y ) (cos c-i sin C)]
j=1 m=1 =1 m=1

md deoe e f Fanc]

=1 m=1 j=1 m=1
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Resubstituting in for C gives

n 92

n
= K. .
= [Aljgl mQICOS(h(uJX+VmY)+¢(ujer){

n nooy 12
+ [Aljgl m£151n(5(ujx+vmy)+¢(uj'Vm)) .

-

Finally, the reference beam term is just

EREp* = Re1(2ant-th)Re-1(ZWvRt-th) - R2

So, collecting all the terms, Eq. (21) is now expressed as

n

n 2
I(x,y) = R2 +[Al Y y cos(%(ujx+vmy)+¢(u.,vm))]
j=1 m=1 J

n n X 2
+ [Alj£1 m2151n(ﬁ(ujx+vmy)+¢(uj,Vm))J

n n
h k
+ 2RA1j£1 m£1COS(2nAv(t - E)+6+ H(ujx+VmY)+¢(uj'Vm)) . (22)
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APPENDIX II
COMPUTATION OF IMAGE AND OBJECT RADII

As seen in Figure 9b, page 37, and from simple
geometry, it is possible to determine the relationship
between the iris diaphragm radius and the image radius at
the detector. Assuming the cylindrical beam of light in
the iris converges in a cone to the focal point of the
lens, then the ratio of the beam diameter to the focal
length of Lj is the same as the ratio of the height of a
segment from the axis to the cone and the segment's
distance from the focal point. If the detector and the
image radius rc is at x=1 mm from the focus, f2, the

relation is

For £3=60 mm, then solving yields

M

_ Ti
rc——o'.
Using the same geometrical assumptions and
Figure 9, the surface object area radius rg that is 2.6 cm
in front of the focal point of Lj (£1=32 cm) can be

expressed




Given the size of the scattering beads of
Tbead = 40 um and assuming they cover uniformly all the

area encompassed by rg, the number of beads in the imaged

area is

. 2

rbead2 rbead2

Inserting the value of rpeag and simplifying gives

n = 4.13x106 (m‘2) rf '

which is the number of beads imaged in terms of the iris

diaphragm radius and a constant.
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