RERIL PR S BREEY
Vol. 10, No. 10, pp. 2551-2556, 2009

The Design of Piezo-driven mirror for the Path Length Control in
a Ring Resonator
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Abstract The principal operation of a ring laser gyroscope depends on the phase difference for the
counter-propagating waves within a closed path. The reflection mirrors mounted on the resonator block form the
traveling waves. Thus, the dimension accuracy of resonator block influences the traveling path of beam. In order
to maintain the stable optical beam path in the ring resonator, the piezo-driven moveable mirror is adopted for
the path length control under the thermal expansion or mechanical strain of resonator block.

This paper presents the mathematical description of the elastic behavior of piezo-driven mirror. This description
can be applied for the concept design of piezo-driven mirror.

2 o Y olq AolmaBel X FAL HAE ol At Huto] that i Aol olEch 3 2290 A%
£ WSl 43 0 YA webd, 39 230 AU Howl 9ol o9 AR JF v Po] 3
Well4 ePgE Bot W ARE fAs] SIS SlelxR TEEL olEALc] Y B @It /1AH WY
sfel A ARA AelE st AeE ek o] ERAL ol TF AL SAAT it Sy e A
ek o] A9 W= TF AL A AAelE 2gd & Uk

Key Words : Ring resonator, Resonator block, Piezo-driven mirror, Path length control

Nomenclature 1. Introduction
L Resonator length i ) i ) .
Ring lasers have been investigated in order to ascertain
Scf - Scale factor their suitability for use as rotation rate sensors. When there is
AT Temperature variation an applied rotation about the axis normal to the plane of
o Linear thermal expansion rotation, the operation of gyroscope depends on the phase
w. . . . . difference for beams traveling in opposite direction within a
i Displacement of piezo-driven ! part .
closed path. This phase difference gives rise to other phase
P Static load in an equilibrium state . .
difference. But the accuracy of gyroscopes have been limited
Po Pressure due to piezo ceramic transducer by the lock-in region due to the fact that at low rotation rates
g; Stiffness of piezo-driven i part of gyroscope the frequency coupling mechanism arises from

back scattering of the mirrors. This effect gives no phase

o, O i . . .
r, © 0 Stresses inside the circular plate difference and hence no detect of angular increment. In other

&, Radial strain words, this reduces the angular sensitivities to the electrical
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and mechanical disturbances such as low frequency noise
components, in the optical measurement. It is important to
minimize the transition periods of lock-in region. A good
laser gyro consists of mirrors with low back scatter in
conjunction with a stable gas discharge, a suitable dither
drive, and a stabilized resonator cavity length in order to
avoid temperature effects. Under the temperature effects, a
change of the beam path increases the lock-in threshold. It is
very important to stabilize the beam path during the
operations (2, By means of the piezo-driven mirror, it was
possible to change the beam path inside the laser cavity with
extreme precision. After the discovery of the lock-in effect,
the interest of all those involved in development work began
to concentrate on the theoretical definition and practical
solution of this problem *. But, based on the beam path
without the geometric consideration of piezo-driven mirror, a
theory has been presented which describes the lock-in
threshold as a function of the path.

This paper presents the geometric model of piezo-driven
mirror. All parts of assembly can be described in the
geometric dimensions. Thus, these geometric descriptions are
very important for deciding the basic dimensions of parts,

according to the piezo-driven mirror displacement.

2. Effect of resonator geometry on
the lock—in threshold

The conventional laser gyroscope comprises three or four
mirrors that are attached to the resonator block made of
glass-ceramic material with ultra low thermal expansion.

Two-dimensional resonator plane is defined by the three
reflection points on the mirror surfaces. The total resonator
length is a sum of the distances between these reflection
points. Fig. 1 shows the basic configuration of ring laser
gyroscope and geometrical change of the ring resonator shape
due to thermal expansion and path length control. Although
the resonator length is stabilized by means of a movable
mirror to an integral number of wavelengths, the individual
distances between the reflection points may vary due to the
block temperature. This mechanism changes the distribution
of the scattering sources, the amplitudes of the back scatter
wave trains and lock-in threshold.

Besides the variations of the beam path caused by

temperature, mechanical strain, one has to take into

consideration the manufacturing tolerances of the resonator
block and inaccuracies during the assembling which will also
influence the beam path position and the lock-in threshold.
This is the reason why laser gyro manufactures complain
about the poor reproducibility of the gyro characteristics.

The reflection mirrors form an optical resonator, whose
the circumference (resonator length) L is an integer number

m of the used wavelength.
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{a) Basic confipuration of ring laser gyroscope
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(b) Change of the ring resonator shape due to thermal expansion
and path length contrel

[Fig. 1] Basic configuration and Beam path geometry of
ring laser gyroscope

where, € : the light velocity in resonator, V : the light

wave frequency.
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If the resonator length changes, the frequency of the two
wave trains will change too. Eq. (1) leads to

2
14 14

AV:(—)EMZ(—)ZM o

Such a change of the resonator length can be reciprocal
due to a mirror shift. Hence, it is very easy to stabilize the
resonator length by means of piezo-driven moveable mirror,
which is always put into position, where the output power of
ring laser is at a maximum value. Even if the available
regulating distance of the piezo transducer is not large enough
to compensate the whole temperature variation, it should be
rather easy to monitor the path length control. A temperature
change will increase or decrease the lateral length of the
square shown in Fig. 1-(b). The thermally induced distance

variation is

25:(LAT05%

©)

where, AT : the temperature variation,
& : the linear thermal expansion coefficient

In order to stabilize the resonator length, two mirrors are

shifted 46 . The scale factor becomes

)
Scf:87rA:87z(a 46 )ZSEA_A
LA LA LA “)

1
A=—mAT*a? _
where, 2 and the scale factor is the

slope of input-output diagram for a certain rotation rate.

. 440
y/:sz;z:KALzﬁzl( 27
L L c

8z 4
L(c/v) (5)

The temperature change and thermal expansion of
resonator block have an influence on the scale factor errors
(instability and nonlinearity) which are mainly caused by the

lock-in effect.

3. Behavior of membrane relating

with piezo—driven mirror

3.1 Behavior of piezo—driven mental
membrane in bending

The main deflection is due to the piezo-driven surface

deformation in the radial direction. The deformations

simultaneously occur at the inner and outer rims of a circular

&g

plate of piezo ceramic transducer. Thus, the radial strain ©r

can be given by,

1
6‘,,(7‘)=E(O'r—l/o‘9)
_13pg (i 2 2
E gy} = )a,? =) ©)
where
=220 (14)R, 2~ (34 v)r? ]
Stl k]
g = 3pg [(l+v)R02 —(l+3v)r2]
8¢ O

Since the deformation is distributed uniformly over the

original length and the behavior of axisymmetric
cross-section may be known to be a pure bending, the
preceding expression about the bending center can yield the

radial deformation of one side,

3&(1—1/2)(1202 R, —Rﬁ)

8E1,] ®

where, AL : the deformation of diameter of circular piezo
ceramic transducer,

A : the deformation of axisymmetric side of metal

membrane,

s
4 : the deformation of symmetric bending side
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From Eq. (8), the pressure due to the piezo ceramic

transducer can be given by,

2E1° AL
3(-v2)R,2 - R )R, ©

Po =

The maximum deflection of a piece occurs at the bending

R

center, I’ =

(&, &)
8R, 1,

R R, .
where, R; =( po’ pi%, R, :RP70

Eq. (10-a) is the deflection of a half model of

axisymmetric cross-section with respect to the bending

Wmax

(10-a)

center. The maximum deflection of metal membrane can be

calculated by the superposition of Eq. (10-a).

!RZ—R??
— 0 1 AL

lezwmax_ 4R ¢
i'l

(10-b)

R

where, Rl’ _i and " P_o: respectively the radii of inner

and outer rims

3.2 Behavior of mirror membranes in
bending

By the action of the force P, all points of the mirror

membrane 1 and 2 are displaced in the axial direction at a

value of W2 and W3. We can define the stiffness of the

membrane | and 2, from Eq. (5)

P 647Dy R,y ;°
g2 = = S
292 2Ry 2Ry ) (11-2)
P 6472-D4 Rn127i2
84 =% 5
" (Rn12702 _Rm27i2) (11-b)

3.3 Behavior of mirror block(central post)
in tension
We can define the stiffness of the rod as a ratio of the axis

lengthening force P to it's elongation length AH caused

by this force,
P
SN (12)

The full elongation of an infinitely thin layer having

thickness dZ ata range of Z from lower surface is defined

in accordance with the Hook's law,

0 Al)
_ P |\ (hdz phi dz
- E, Uo A, +Ih2 A1i|

P| h hy

=— + 13
E3 ”RI‘722 ”Rr712 ( )

H P PJH dz

We found the value of the stiffness of a rod from ratio Eq.
(12),

2
Ey ”(erl erz)
Rr712 h, +Rr722 hy (14)

82 =

When all parts of the assembly are deformed in
equilibrium state, the metal membrane bends and through the
rod, pushes or pulls the central part of the membrane. The
internal forces of elastic nature are set up in the piezo-driven
parts and these forces resist to the deflections of the
piezo-driven parts. The parts of the assembly experience a
deformation, so that a displacement of the membrane center is
reduced, as compared with a free deformation of the center of
piezo-driven part, by the values of elastic deformations of the

piezo-driven part and the rod,
W4 =W =Wy =Wy (15)

A deformation of the membrane 2 can be written as a

function of the stiffness of piezo-driven parts,
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(Roz‘Riz)
Wy = wy _ 4R; t
1 + 4§;f§, + 4§;f§, 1 + Jé;fi, + Jé;fi, ( 1‘5)
gy &3 gr &3

where P0is an uniform pressure induced by the

piezo-ceramic transducer on the metal membrane. Po occurs
the free deformation of the metal membrane without any

resistance of mirror membranes and central post.

4. Simulation and discussion

Fig. 2 shows the finite element model of piezo-driven
mirror composed of 46530 solid elements for five parts. The
boundary condition is the contact zone to resonator block
which is restrained by three clamped translations.

The following dimensions and material properties in Table

1 are used for the numerical results;

R, =10.5mm R;=65mm t =08mm
le,i =3.0mm Rm2_o =8.0mm t2 =0.7mm
R,y i=33mm R, ,=68mm t, =08mm

RVJ =3.0mm ’Rr72 =3.0mm, hy=h, =3.2mm

The metal membrane and mirror parts are respectively
made of INVAR 36 ALLOY and ZERODUR. The

piezo-driven ( AL =2 pm ) pressure on the surface of metal

membrane is calculated by Eq. (9), which is

Po = 0.29 MPa , and the maximum deflection of metal

membrane ( W1) is 6.53 pm
From Eq. (16), the maximum deflection of the reflection

mirror mounted on the mirror membrane 2 is given by

0.66 m  Ang the MSC/NASTRAN v70.7 was adopted to
calculate the deflection of finite element model. Fig. 3 shows
the deformation contour of piezo-driven mirror, using the
finite element analysis. The maximum deflection is shown in

the surface on the metal membrane, and the deflection of

reflection mirror is 0.63 HM - Compared the numerical
result with the simulation, the deflection of reflection mirror
has the error of 4.7 %. Thus, in the preliminary stage, the
dimensions

of piezo-driven mirror components can

efficiently be designed by the theoretical equations.

[Table 1] Material properties of piezo mirror components

P E y
(10° ton/mm3)|  (GPa)
ZERODUR 2.53 90.3 0.243
INVAR 36
8.05 141 0.294
ALLOY

Moveable mirror for path length control

Contact condition to resonator block
(Fized condition)

Mietal membrane for driving

piezo-transducer \

Bearing screw

PZT loading

[Fig. 2] Finite element model of piezo-driven mirror
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1.04E-03
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6.95E-04
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231604

1.16E-04

(Unt ; rm) —2,25E-071

[Fig. 3] Deformation contour under PZT loading
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4. Conclusions

In the laser resonator, the scale factor instabilities and the
lock-in threshold yielded a strong dependency on the beam
path.

1. For the beam path control due to a piezo-driven mirror,
this paper presents a theory of deflection of
piezo-driven mirror as a function of the geometries and
material properties of mirror components.

2. In comparison with the simulation of finite element
model, the theoretical result has the feasible error
tolerance(4.5%).

3. If the effective geometries on the base of deformation
can be taken into account, the more precise result can be
calculated. 4. Through the comparison, the presented

theoretical approaches are known to be available.
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