JAPANESE JOURNAL OF APPLIED PHYSICS

voL. 15, No. 5. MAY, 1976

One-Arm Phase Optical Bridgefor Measuring Small Amplitude High
Frequency Vibrations

M. BORISSOV, KI. BRANSALOV and J. BUROV

Faculty of Physics, Sofia University, Sofia, Bulgaria

(Received February 4, 1975)

In this paper a one-arm phese opticd bridge with axid symmetry which utilizes Newton's interference fringes
is described and its gpplication for messuring smal amplitude high frequency vibrations (1-100 MHZ) is dso
given. With a preiminary modulaion of the laser beam and making use of the heterodyne method, a smple low
frequency lock-in amplifier can be used for lowering the noise. A high sensitivity of about 10™ m is obtained.
An additiond low frequency modulation of the length of the am of the bridge, makes it possble to avoid the
vay difficult problem of mantaning the condant length of the am, without lowering the sendtivity and the
precison of the messurements. In this way the scanning, meesuring and registration of the didribution of the
vibrations having a component in the direction of the axis of the phase bridge are proved to be very smple.

The oneam phase opticad bridge with axid
symmetry (utilizing Newton's rings) for measuring
small mechanicd vibrations has many advantages over
the two-arm bridges.? With such a bridge small periodic
vibrations in the sound band were measured.? A
condderable widening of the frequency region is
obtained when the laser beam intensity | is modulated
before falling onto the bridge according to the relation

| =1,(1+ bsinwt) @
where O £ b £ 1 isthe modulation coefficient.

The block diagram of the experimenta set-up for
measuring of small high frequency vibrations is shown
in Fg. 1. The surface of the AT -cut quartz plate, whose
vibrations* are to be measured and the surface of the
lens L with a large radius of curvature R are separated
by an air gap of thickness d through which the coherent
light of a He-Ne laser passes. To obtain an equa
intensity of the interfering beams the convex surface of

L is covered with a thin duminium film with reflectivity
*The vibrations messured ae those of flexure with

amplitude normd to the plane of the plate which corresponds

to the principal thickness-shear mode diisplacement

of about 38 %.

If the plate 1 vibrates with angular frequency W,
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Fg 1 Block-diagran of the experimentd equipmet: 1-quatz
plate, 2-mirror, 3-mask, 4-tdephone membrane.

and d changes according to the law

d =d, +d,sinw,t @)
thelight flux F , which passes through the blind 3 with
a hole of radiuslyand fals onto the cathode of a
photoelectric multiplier, shows maximum modulation®,
when d, =(n+1)(l /4), n=1, 2, ... Thelight
flux F isgiven by

f=P

5 I,Rl (L1+bsnwt) +1 R (1+bsnwt)sin

ﬂdo + d;sinwzté ®)

gl

where I’O2 is replaced by Rl /2. ifin (3) we separate the terms describing the d. ¢. and a c¢. components of the

lightflux F we obtain:

=R +%IORI bsinw,t + (- )™ Rl sin(msinw, t)

@)

+(- D™ _R bsinw,tsin(msinw,t),
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where M= (4p /1 )d, . Expanding SIN(MSINW,t) in aFourier series(3') becomes:

Qox

f :%IORI +%IORI bsinw,t +(- )™ R {2
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o Qq+r+1)é2g

wee J, =(

It is seen that apart from the constant component
(/21 Rl thelight flux faling on the catode of the
photoelectric
components with frequences Wy, W,, W,;- W,,

multiplier  contains dso  vaiable

W, +W, and so on.

The output voltage U which is obtained accross the
load resistance RT of the PMT is given by an equation
smiler to (4):

u=ubsnwt+...
+Uu_bJ,(m) cos(w, - w,t +...,

where U_ and U_ are gven by

p

u. =al Rl o u.=al Rl ,

(a istheefficiency coefficient of the PMT). The output
voltage U involves a c. components with frequencies

Wy, W, Wy = W, W, +W,, etc.

If the effective value Uy (W, - W,) =u_bJ;(m) of

the component of U with frequency W, - W, is
measured by means of a lock-in amplifier for small
vibrations (M<<1, J;(M) =m/2) the amplitude

of vibration of the quartz plate can be caculated by the
equation:

d = | Uy (W, - W)
° pb‘\/E Upax = Umin

where U_ = (U = Unin
by (8) in the following. When the quartz plate is not
vibrating and the light flux is not modulated

w; =W, =0, from (3) and (5) it is obtained

)/2 and U, are given

Iy s(mysin](2k - 1)w2t]§+
(4)

3, (m)fcoshw, - (2K - w,t]t- codw, + (2K - 1)w2]t]§

, arethe Bessd functionsof order (r=1, 2, 3, . ).

.4
u:u:+u_sm|—pd0 7
Placing theplate 1to d; = (N+1/4)l /2and
d,, = (n+3/4)l /2, thevoltage across the load
resistance RT of the photoelectric multiplier takes the
vaues respectively

n(d,)=u_+u_=u

u(d02) =U.- U =Uuy,, ®

which correspond to the conditions of maxi mum and
minimum modulations. From (8),

+Uu

u_(r,,d,) =”mame ©

is also obtained. The smallest amplitude ., that can
be measured at the given noise level of the apparatus, is

3 I A a'l:(ro’do)DfRT

pb(umax - umin)

(10)

omin

which is obtained from (6) equating the mean value of

the amplitude U, (W, - W), u_ﬁ(wl- W,) =
[\/Eueff (W, - Wz)]2/2 = utfff (wy - w,) =

[d(')mmpb(umax - U,/ ]Ztothemeanveiueof

noisess of the PMT and the eectronic equipment
u? = 2eu_(r,d,)DfR; . In (10) € is the charge of
the dectron and Df  the pass band. It is seen that the
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smdles amplitude to be measured in this case is
inversely proportional to the modulation coefficient D .
The examined quatz plate 1 with vacuum deposited
metal electrodes on both surfaces is coupled to a
generator (with frequency of vibration) W,=1311 kHz.
By means of dadtic, larger metal clamps to which the
dternating voltage is applied, and the plate is fixed tight
to a telephone membrane are isolated to each other. The
receiver itsdf is set firmly on a coordinate table with
micrometer screws  dlowing trandation in three
orthogona directions to a precision of 5 mm. The gap

d0 is regulated roughly with one of the screws. The

precise regulation of d o 1o the value which satisfies the

conditions of maximum modulation is done by varying
the current through the coil of the telephone receiver.
The second quartz plate is coupled to a generator, whose

dternating voltage of frequency W, = 1333 kHz is

gpplied to eectro-optical modulator. The modulation
coefficient can be regulated by means of regulation of
the output voltage of the generator. The signas of the
two quartz generators are fed to a mixer from where after

filtration a signal of frequency W; - W, is obtained

which goes to a homodyne voltmeter. A photoelectric
multiplier is used as photo-detector with both direct and
dternating current outputs for parallel measurement of

the direct and the dternating voltage across RT of the
multiplier.

The effective value of the voltage U of frequency
W, - W,, is measured with a selective voltmeter. For

measurements of very smadl vibrations (under 0.1 A) a
homodyne voltmeter is also used to st a lower noise

level. During the measurement of U (W1 - W2) the

distance d o between the plate and the convex surface of

the lens must be kept equal to an integer multiple of | /4,
i.e. the d.c. component of the voltage from the PMT
(measured by means of a digita voltmeter with an
accuracy of 5.10° %) must not deviate from the value
given by equation (9). The small dow change in the d.c.
voltage component caused by some random fluctuation

of d0 will change the d.c. current through the coils of

the telephone membrane. This will cause a smal
deformation of the membrane, which will compensate

the random fluctuation of d0 and consequently the

change in the d.c. voltage component of the PMT vanish.
Curve 1 on Fg 2 shows the digtribution of the
amplitudes of vibration of the quartz plate dong a
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FHg. 2. Didribution of the amplitude of
vibrations along a line on the surface of the
quartz plate: 1-measurements were made in
points of the line a 0.5 mm intervas, 2-
scanning aong the same line,

horizontal line. The measurement is done in points of
thisline0.5 mm apart from each other.

The main difficulty in measuring the distribution of the
amplitudes of vibration by the described method is in
satisfying the maximum modulaion condition, i.e. in

keeping dO constant to an accuracy of 0.01 nm during

the scanning. If the micrometer screw trandating the
plate in a horizonta line is connected to a recorder a

continuous measurement of dO can be accomplished

along agiven line on the surface of the specimen.

The above mentioned difficulty can be avoided if a

sne voltage of low frequency W5; = 0.1 Hz
(W3«W, - W,) is applied to the coils of the telephone

receiver. Then the gap between the lens and the plate
will be governed by eqg.(11):

d=d,+d_ snw,t+ D, sinw,t (11)

where D0 is the amplitude of vibration of the
membrane. In this case the voltage across the resistance
R[ of the photoelectric multiplier from (3), (4) and (5)
will be

u=u_(1+bsinwt)+u_(1+bsnwit)
«SnS® (g, +d,sinw,t + D, snw, )]

gl H

The voltage of frequency W, - W, can be separated

(12)

with a sdective voltmeter. After simple transformations
it can be obtained from (12)

édp

u(w, - w,) = u_bJ,(m)coss—(d, + Dsinw,t)

&l
xCOS(W, - W,)t. (13)

It is seen that the amplitude of the voltage with

u

s
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frequency W, -

é4p

COSx— =

gl H

The function (14) is a periodicad function of t
value of unity ntimes. Thenumber i =1,2,3,...,n
determines in every moment the order of the additional
interference maximums (min.) due to the periodica
displacement of the membrane of the telephone

(d,+D smw3t

membrane. Its maximal value N =2D_ /| shows

how many times the amplitude of vibration of the
membrane is greater then the half -wavelength.

u(w, - w,) = bu_J,(m)cos(w, - Wz)t| cos I

where J, is given by (4). Equation (15) shows that

the spectrum of the signd U(W, - W,) contains

besides W, higher harmonics components with

frequencies 2W,, , 3W,, 4W,, and so on. Consequently

the amplitude and the frequency W, of the signd

applied to the coils of the receiver must be chosen in
such away, that the spectrd width of the signd (15) does
not exceed the pass band of the selective voltmeter.

If together with the measurement (recordering) of

Uy one measures (records) by means of a d.c.

voltmeter the maximum U, and minimum U,
vaue of the component

u=u.+u_ sm(?A'p (d,+D smw3tu

€l H

of the voltage (12), U_is determined by the equation:
)12 a7

Consequently for the measurement of the amplitude
of vibration of the plate it is necessary to measure
(record) smultaneoudy the voltages (13) and (16). In
Fg. 3 the recordered curves of the voltages (13) (lower
curve) and (16) (upper curve) are shown as a function
of thetime for one point of the vibrating plate. From the

(16)

u~ = (umax

mln

lower curve, for small vibration d << at the point in

which cosj4p /1 (d, + D, sSnw,t)| =1 one
obtainsfrom (13) for the amplitude of vibration
I ueffl

«/_pbu

(19

1
=1,(14) , whichispossbleif t = —arcsing—(—
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W, is modulated at alow-frequency W5 and the amplitude is equal to that of eq. (5) when

el li u
-d,)g a4
W, &D, O)H( )

with period T =2p /W;for the latter teking the
Expanding®
&4p N

D, smw3tH— sin(zsinw,t)

g
cos'§£ D, sinw,t =
el H

in a Fourier series (13) becomes

cos(zsinw,t)

d e.] (2) + 2a J, (z) cosZkw t% (15)

k=1

wherei—I, 2, 3, . . ., n determines in every moment
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Fig. 3. Recorder registration of the voltages

u and DUi used for calculation of the

~i
amplitude of vibrations do for one point on the

aurface of the quartz plate.

the order of the additiona maximums (min.) due to the
periodica displacement of the membrane with

amplitude DO. Consequently the amplitude of
vibration d;
amplitude of vibration of the platelet, determined by the

presents the t-th measurement of the
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i-th interfference maximum U i-th interference

maxi !

minimum U and the effective value of the ac.

mini
component with frequency W, - W, , measured in the
point t, = (L/wy)arcsin[(1/D,)(I /2i - d,)]
for which it has maximum.

From the upper curve in the same Figure one can
obtain U_; = (Ui = Unini)/ 2. The slow random

fluctuations of do as well as those which would occur
on dowly scanning dong a line on the surface of
sample would not change both the value of Uy
measured in the points in which eq. (14) is satisfied and
the value of U_; , calculated from eq. (17).

From the simultaneous recordings of the values of
(13) and (16) by scanning the surface of the quartz plate
adong one ling, the amplitudes of vibration aong this
lineare caculated from (6) (curve 2 on Fig. 2). Theline
is chosen in such a way, that it passes through the
points of the .plate surface, whose amplitudes of
vibration are given by curve 1 on Fig. 2. As seen, there
is agood agreement between the two curves.

The smallest effective vaue Uy which could be

measured for U, = Unin = 12 V and modulation

depth b=10,6 is 5.10" °volts. This correspondes to

[0}
an amplitude of vibration of the order of 0.01 A.

Using an eectronic calculator it is possible to obtain
the distribution of the amplitudes of vibration over the
whole surface of the plate in the range of amplitudes

[0}

from 0.01 to 1000 A .
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