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Ultra-stable optical cavities are widely used for laser frequency stabilization. In these experiments the laser
performance relies on the length stability of the Fabry—Perot cavities. Vibration-induced deformation is one of the
dominant factors that affect the stability of ultra-stable optical cavities. We have quantitatively analysed the elastic
deformation of Fabry—Perot cavities with various shapes and mounting configurations. Our numerical result facilitates
a novel approach for the design of ultra-stable cavities that are insensitive to vibrational perturbations. This approach
can be applied to many experiments such as laser frequency stabilization, high-precision laser spectroscopy, and optical

frequency standards.
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1. Introduction

A Fabry—Perot cavity can serve as a frequency
reference onto which the frequencies of several types
of lasers are locked with high precision.['"?) These
lasers are widely used in the fields of optical frequency
standards, measurements of fundamental constants,
high-resolution spectroscopy, and tests of fundamen-

.39 In the literature the well-isolated and

tal physic
high-finesse Fabry—Perot cavity is often referred to as
ultra-stable cavities. Figure 1 sketches a typical con-
figuration of Fabry—Perot cavities. Usually, an ultra-
stable cavity consists of two high-reflection mirrors sit-
uated face to face with each other and aligned with the
optical axis.['®1 The two mirrors are sandwiched by
a spacer that is made of materials with low coefficient
of thermal expansion (CTE) such as ULE and Zero-
dur. The substrates of mirrors are frequently made of
the same material as that of the spacer and are opti-
cally contacted onto the end of the spacer. Reflective
index of the air between the two mirrors varies with
the temperature, pressure, and humidity which are
constantly undergoing fluctuations. Thus the fluctu-
ation of the air reflective index modifies the optical

length between the two mirrors, and hence the cav-
In ad-
dition, to cope with the ambient temperature drift

ity has to be placed in a vacuum chamber.

and the seismic vibration, the vacuum chamber is

temperature-controlled within a few tens of millikelvin

and is mounted on some vibration-isolated platform.[?!
L
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Fig.1. Basic configuration of a Fabry—Perot cavity. The
cavity consists of two high-reflection mirrors sandwiched
by a cavity spacer. A centre hole is bored through the
whole length of the spacer. A side hole is used for the
evacuation of the air trapped in the centre hole. Vibra-
tions induce the deformation of the cavity, resulting in a
change of the cavity length, AL. The vibration-induced
cavity deformation constantly varies the length of the cav-
ity, which in turn modulates the frequency of the laser that
is locked to the cavity. Mj: input mirror. Msa: output
mirror. L: The optical length of the cavity.

In experiments where the lasers are referenced to
Fabry—Perot cavities, the optical frequency drift is in-
duced by the change of optical length between two
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mirrors.!'?! Environmental vibrational perturbations
evoke elastic deformations of the cavity, which in turn
change the optical length of the cavity. Under vi-
brational perturbations, the two mirrors are not only
deformed but also tilted because of the bending of
the spacer. Therefore, the deformation of the spacer
greatly affects the stability of the cavity on which
the laser frequency is referenced. Indeed, great ef-
forts have been made to attenuate the vibrations that
seriously undermine the length stability of the cavity.

However, to the best of our knowledge, a quanti-
tative investigation of the elastic deformation of ultra-
stable cavities has not been available. Two approaches
usually employed in the traditional vibration control
are the passive isolation and the active cancellation.
In the passive mode cavities are mounted on vibra-
tion damping materials like springs or soft cushions,
or suspended by vertical strands of surgical tubing,?
while the active vibration control uses a certain type of
actuator [such as piezoelectric transducers (PZTs)] to
actively control the movement of the platform. In tra-
ditional vibration control most high-frequency com-
ponents of the vibration are filtered out, but it is a
great technical challenge to achieve enough attenua-
tions (> 20 dB) at low frequencies. Most of these
damping equipments also exhibit resonant frequencies,
though they can be designed to be as small as sev-
eral hertz by modifying the structures and selecting
the materials for these vibration isolations. Presently,
with relatively high cost resonant frequencies can be
reduced to a few hertz in well-designed passive vi-
bration control and in most of active models. Un-
fortunately, below these resonant frequencies vibra-
tions transmit freely through the isolation stage. Even
worse, if the damping is insufficient near the resonant
frequency, vibrations will be enhanced, instead of be-
ing attenuated.

In this paper we introduce a novel approach!'s]
different in principle from the traditional vibration

2l We modify the shapes and the mounting

control.
configurations of ultra-stable cavities in a special way
such that the critical dimensions of the cavities are
insensitive to the vibration-induced deformation be-
low 10 Hz (note that the deformation always exists
whenever there are vibrational perturbations.) The
numerical results given here validate this approach for
the vibration control and provide a useful guidance for
the cavity design. Various cavity geometries and the
related mounting configurations obtained in our nu-

merical modelling can be used in the development of

high precision time and frequency standards and in
the tests of fundamental laws of physics.

We organize the paper as follows. In Section 2
we introduce the numerical method used to calculate
the elastic deformation of the cavity. Terminologies
relevant to the numerical analysis such as the dis-
placement and the strain of the mirror are also intro-
duced in this section. Section 3 presents the numerical
results for several cavities with different shapes and
mounting configurations. The vibration sensitivity of
these cavities is quantitatively analysed and several
stable numerical models are identified. Considering
that many factors could potentially affect the accu-
racy of the modelling, we discuss the precision of the
numerical analysis in Section 4. Section 5 summarizes

the analysis.

2. Methods of numerical mod-
elling

Figure 2 illustrates the displacement and the
strain of an elastic solid undergoing a certain amount
of deformation. Points A and B represent two points
in the solid object. Before deformation, the distance
between A and B is d and the location of A can be
described by a vector . When the deformation hap-
pens, points A and B are displaced, as depicted in
Fig.2. The displacement of point A is expressed as
Il =1r"—7r. As the object is deformed, d changes to d’'
and the fractional change in d describes the local strain
in the solid, thus the deformation of a system can be
obtained from the displacements of all the points in-
volved in the system.

A,

B undeformed

l I} deformed

Fig.2.
and B denote two points in the solid without deforma-

Displacement and strain in an elastic solid. A

tion. After deformation, point A is displaced to A’, and
B to B’. l and I’ are the displacements of points A and
B respectively. Because of deformation, the distance be-
tween A and B is also changed. The strain is defined as
the fractional change of an infinitesimal distance after the
deformation.
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In numerical models, the displacement of each
mirror is determined from the probe points locating on
the inner surface of the mirror and covering the whole
diameter of the through hole as shown in Fig.3(c). The
change in cavity length AL can be determined from
the differential displacement of the two mirrors. We
focus on AL in our numerical analysis because L is a
critical dimension that induces the frequency noise of
the laser referenced to the cavity.

The time-dependent vibration poses a technical
challenge to the quantitative analysis of the cavity de-
formation because the spectrum of the vibration cov-
ers a wide band and because of the random charac-
ter of the vibration. However, most high-frequency
vibrations can be attenuated by the traditional vibra-
tion control. As a result, the Fourier frequencies in
the unattenuated vibration spectrum are much lower
than the eigenfrequencies of the cavity. If the support
is fixed, its acceleration caused by the vibration can be
replaced by a force of gravity applied to the cavity, and
the direction of the gravity is opposite to that of the
vibrational acceleration. Thus the dynamic problem
is reduced to a static analysis. We use Cosmosworks
and ANSYS, two finite element analysis (FEA) pack-
ages, to evaluate the elastic deformation of the cavities
under the influence of a simulated gravity.

71
| I

(b)

prob point

(c) z(—Iaj

Fig.3. Cylindrical cavity on a U-shaped block. Cylin-

AA A A A"

drical cavity on a U-shaped block is one of the common
configurations in laser frequency stabilization. (a) 3D view
of the cavity. (b) An axial cross section of the cavity. (c)
Details of the probe points on the inner surface of the mir-
ror. Probe points are placed on the inner surface of the
mirror to cover the whole transverse area of the through
hole.

3. Numerical results for cavities
with various geometries and

mounting configurations

In this section we numerically model several types
of cavities that are frequently used in laser frequency
stabilization. We modify the shapes and mounting
configurations of these cavities to find the critical
point at which the variations of the optical length in-
duced by vibrations can be minimized and the surfaces
of the two mirrors are parallel to each other. We have
identified this critical point for various cavity geome-

tries and mounting methods.

3.1. Cylindrical cavities with horizontal
mounting

Figure 3(b) shows a cylindrical cavity mounted
on a U-shaped block. We place several probe points
on the inner surface of each mirror, as illustrated in
Fig.3(c). A force of gravity is applied downward, de-
noted by g < 0. Figure 4(a) shows the strain dis-
tribution in an axial cross section and the amplified
(x10°) cavity deformation. The cavity is compressed
along the —y direction and elongated in the z direc-
tion. To focus on the change of the optical length,
Fig.4(c) shows the displacements of the two mirrors
at the locations of probe points. Again, the displace-
ments of the two mirrors can be qualitatively inferred
from Fig.4(a). The left mirror moves along the z-axis
and the right mirror moves in the reverse direction.
The cavity is elongated, defined as AL > 0. The mag-
nitude of AL is 1.6 x 1071% m as shown in Fig.4(c).

Changing the direction of the gravity and repeat-
ing the numerical calculation, we observe that the cav-
ity is stretched along the y axis and shortened along
the z axis, as shown in Fig.4(b). Compared with the
case of a downward gravity, AL, the change of the
cavity length, reverses its sign, but keeps its magni-
tude. The left mirror moves along the —z direction
and the right one shifts towards the opposite direc-
tion, while the two mirrors are approximately parallel
to each other, as shown in Fig.4(d).

The U-block mounting method has been widely
adopted in various experiments, as part of the tra-
ditional vibration control. According to our numeri-
cal modelling, however, this configuration allows for a
change of cavity length induced by the instantaneous
vibrational acceleration. As discussed in the introduc-
tion, low-frequency components of the vibration can-
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not be efficiently attenuated by the damping materials
inserted between the U block and the optical platform.
As a result, the low-frequency vibrations directly act
on the cavity and hence cause the cavity instability.

In short, when the cavity is horizontally mounted on a
U block, the effectiveness of the traditional vibration
control is compromised at low vibration frequencies.

UZ/mm

- 7523 x 10~8
- 5.016 x 108
2.509 x 10~8
2.471 x 10~ 11
—2.504 x 10~8
—5.011 x 10~8
—7.518 x 108
0.08 'A"‘ N \—A
E L k‘ A—k A L A\ A=K
L
£ 004 F - 9>0
‘é’ g<o0
% B ——— left mirror
% o — —A— = right mirror
< L -
I c d
E —004 [ © - @
8 M A "
2 -
Q ﬁ&
o —0.08 1 1 1 A _A_ A -A 1 1 1 1
0 1 2 3 4 6 0 1 2 3 4 5 6
Location

Fig.4. Cylindrical cavity on a U-block. (a) and (b) are the strain distributions in an axial cross section with the
gravity applied downward (—y) and upward (y), respectively. Note that the deformation of the cavity is amplified
force of by a factor of 10°. (c) and (d) are corresponding mirror displacements with the gravity applied downward

and upward.

3.2. Cuboid cavity supported by double
beams

We introduce a new mounting scheme to reduce
the sensitivity of the cavity to the vibrational per-
turbation. In this model a long cuboid cavity (270
mm) is mounted on two beams with rectangular cross
section, as shown in Fig.5(a). Compared with previ-
ous U-block mounting that has no parameter to ad-
just the supporting position, current configuration has
three parameters to be modified, namely the width w,
height h, and location d of the beam, as shown in
Fig.5(b). The length of the cavity is 270 mm and the
two supporting beams are placed on a flat baseplate.
Figures 5(c), 5(d), and 5(e) show strain distributions

of the cavity. In general, the strain distribution inside
the cavity varies with the change of d, i.e., the position
of the structural support. Less obvious is the support-
ing position and the area of the contacting surface that
also affect the length of the cavity. This subtle effect
is revealed by our numerical calculations and will be
addressed in the following discussion.

To quantitatively investigate how the structural
support affects the stability of the cuboid cavity, we
adjust three parameters d, w, and h in our numerical
analysis. Figure 6 shows the results of this analysis.
When w and h are fixed, the two mirrors incline to
opposite directions with the same tilting angle. The
tilt of the two mirrors evolves with the beam position,
as is clearly demonstrated by Figs.6(a), 6(b), and 6(c).



1378

Yang Tao et al

Vol. 16

At d = 20 mm, the two mirrors incline towards each
other, forming a Greek capital letter ‘A’, as indicated
in Figs.5(e) and 6(a). When the two beams are moved
towards the centre of the spacer, at d = 30 mm, their
relative orientation can be described by a capital let-

ter V7, as shown in Figs.5(c) and 6(c). In between
two cases, the two mirrors can be brought to positions
parallel to each other and this occurs at d = 26.7 mm
[Figs.5(d) and 6(b)]. This special position for the two

supporting beams is called an Airy point.

w = 52.8 mm (c)

w = 52.8 mm (d)

w = 52.8 mm (e)

EPSZ

- 1.600 x 108

- 1.033x10~8

d = 30 mm

4.667 x 1072

—1.000 x 10~?

—6.667 x 10~

—1.233 x 10~8

- —1.800 x 108
d =20 mm

Fig.5. A cuboid cavity supported by double beams. (a) 3D view of the cavity. (b) Right-side view of the cavity.
(c), (d), and (e) are the strain distributions in the z direction with the distance d (from the support to the end face
of the cavity) = 30, 26.7, and 20 mm, respectively. Note that the width of the supporting beams is fixed to 52.8
mm. A long cavity with a length of 270 mm is used in the numerical modelling. When the gravity is downward,
the mirrors rotate around the supporting points, and the whole cavity is compressed along the —y direction and

elongated in the z direction.

We then adjust the second parameter, namely the
beam width w. To eliminate the mirror tilting, at each
w we first vary d to locate the Airy point. A change
in cavity length is usually present after this adjust-
ment. Figure 6(e) shows the trend of AL in a broad
range of w, with the beam height h fixed at 2 mm.
Note that the change in cavity length is minimized at

w = 52.8 mm, indicating a greatly reduced vibrational
susceptibility. Above (Below) this point the cavity is
elongated (shortened).

For two different values of h, Figs.6(d) and 6(f)
again show similar trends of AL versus beam width
w. As h is varied, the change in cavity length can
still be minimized by modifying parameters. For in-



No. 5

Decreased vibrational susceptibility of Fabry—Perot cavities via designs of geometry and structural support

1379

stance, when h = 1 mm, the optimized position is
found at d = 28.6 mm and w 52.5 mm, with
AL = -2 x 1072 mm.

To minimize the vibration sensitivity of the cav-

ity, a general procedure can be drawn from the above
discussions. First, the beam position d can be varied
to locate the Airy point. When the cavity is supported
at Airy point the parallelism of the two mirrors is en-
sured. Then the beam width can be adjusted to com-
pensate for the change in cavity length. Of course, a

coupling exists between these two adjustments. The
optimization of cavity design can be achieved by a few
rounds of iterative adjustment of d and w.

We have just shown that at a certain supporting
position the length of the cavity responds insensitively
to vibrations while the two mirrors are parallel to each
other, indicating a greatly improved vibration insen-
sitivity of the cavity. In the following discussions we
refer to this position as a critical supporting position.

0.003 4
0.4 | (a) IA 5] (c)
v w = 52.8 mm w = 52.8 mm
0002 £\ d=26.7mm d =30 mm
0.2 0.2
w = 52.8 mm 0.001
0 d =20 mm 0 0
—0.001
-0.2 -0.2
+ right mirror
0.4 .| —0.002 g4 |AT et vy
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Fig.6. Mirror displacements of the cuboid cavity. (a), (b), and (c) are the displacements of the two mirrors with
various d and w when h is fixed at 2 mm. The bottom panels show the change of the optical length at the Airy
point as the values of d and w are varied in broad ranges. When h is fixed at 2 mm, the critical point can be located
by adjustments of d and w. For a different h, the corresponding critical point can also be found with modified d

and w.

3.3. Cuboid cavity supported by four
posts

Although we found the critical supporting posi-
tion for a long (270 mm) cuboid cavity in the preced-
ing section, the related mounting configuration has a
limitation. In long cavities a proper bending of the
cavity can reduce the effect of the cavity elongation
evoked by a gravity-induced vertical compression, re-

sulting in a cavity length that is insensitive to the
vibrational perturbation. However, such a preferred
supporting position may not be available in a short
cavity. Here we introduce an alternative mounting
method that can achieve the same vibration insensi-
tivity and also can be implemented in cavities with

various dimensions.

Figure 7(a) shows a cuboid cavity supported by

four posts. There are several parameters in this
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mounting configuration that can be modified, as
shown in Fig.7(b).
of h and d, we obtain the critical supporting position

By properly choosing the values

for this model. The relative tilting angle of the two
mirrors depends directly on the parameter d, while
the cavity length is affected by the hole depth h. Def-
initely, there are couplings between these two pro-
cesses. To optimize the supporting position, we itera-
tively adjust the values of h and d in our calculation
to find the critical supporting position at which the
vibration sensitivity of the cavity length is minimized
and the parallelism of the two mirrors are obtained.

r
2

Y
A

d (b)

Fig.7. A cuboid cavity supported by four posts. (a) 3D
view of the cavity. (b) Side view of the cavity. The length
of the cavity is 100 mm, h is the depth of the supporting
holes, and d is the distance from the centre of the sup-
porting hole to one end of the cavity. The diameter of the
supporting holes is fixed at 6 mm.

To examine the trend of the cavity deformation in
terms of supporting position, we change the locations
of the posts (d) while fix the depth of the supporting
holes (h). As d changes, the tilting angle of the two
mirrors varies in a manner similar to what we observed
in the previous model where the cavity is mounted on
two beams as shown in the upper panel of Fig.8. When
the supporting posts are close to the end of the spacer
(for instance, d = 10 mm, Fig.8(a)) the two mirrors
incline towards each other, forming the Greek letter
‘A’. As the supporting posts are moved towards the
centre of the spacer (see, for example, Fig.8(c), where
d = 40 mm), the relative orientations of the two mir-

rors resemble the letter ‘V’. The parallelism of the two
mirrors is obtained at d = 17.6 mm with a stretched
cavity (AL ~ 4 x 10~ m).

The cavity is then optimized by iterative trials of
h and d. We vary h to compensate for the change in
cavity length while the parallelism of the two mirrors
can be maintained by adjusting d. We find the critical
point when i = 17.1 mm and d = 17.6 mm, as shown
in the central panel of Fig.8. At this point the length
change of the cavity is minimized to AL ~ 1x10~2 m.

Unlike the two horizontal mounting configura-
tions discussed previously, here the cavity is supported
above its bottom. The part below the supporting
height is stretched along the y direction and there-
fore shortened along the z direction, while the upper
part of the cavity is compressed along the y direc-
tion and elongated along the z direction. Of course,
the cavity is also bent by the gravity, resulting in a
deformation that affects both the mirror tilting and
the cavity length. However, the mirror tilting can be
eliminated by supporting the cavity at the Airy point.
Consequently, the cavity can be elongated or short-
ened, depending on the hole depth and the position
of the supporting holes. The above analysis indicates
that one can always find the critical supporting posi-
tion by a proper combination of d and h.

As an important model proposed in this paper, we
also analyse the systematic errors that can potentially
arise in this model. The stability of the critical sup-
porting position is examined by introducing a series of
dimensional modifications to the cavity. At the crit-
ical supporting position, the diameter of the through
hole along the optical axis is varied by 0.05 mm. After
calculation we find no obvious change in cavity length
(AL ~ 1 x 10712 m). Adjusting the size of the venti-
lation hole (5%) produces a change in AL ~ 1 x 10712
m. To assess the influence of the machine tolerance on
the numerical modelling, a 0.1 mm change is applied
to d and h. This dimensional modification induces a
variation of AL within 2 x 10~'2 m, which is still two
orders of magnitude smaller than the length instabil-
ity associated with a horizontal cavity resting on a
U-shaped block (see Fig.3(a)).

Furthermore, we also consider the third ad-
justable parameter, namely the diameter of the sup-
porting post. When we reduce the diameter (6 mm)
of the posts by +1 mm at the critical supporting posi-
tion, the resultant AL is almost five times larger than
that of the original configuration. Nevertheless, this
change in AL can always be compensated by a new
adjustment of d and h.



No. 5

Decreased vibrational susceptibility of Fabry—Perot cavities via designs of geometry and structural support

1381

0.02 F
0.2 L
" d=17.6 mm
0 —
L. h=15mm (b)
O =
- A
~0.02 A A’A
S
0.2 M M T A [ TR TR T T |
g 0.2 _
£ A d=10mm &) d=17.6 mm
g B A —0.102 : \
g L -
§ 0 n
3 B —-0.106 =
3 - A @ C
£ = A | om0
8 -—02 pk C h=17.1mm \
5 L A C A
T 1 1 1 1 1 1 1 -0.114 -l | 1 1 1 1 1 1
0.2 A d =10 mm —0.07 |k A_AA AA
- B d=17.6 mm A
—-0.09 | h =20 mm
0 B (1)
—0.11 =
—-0.2 »
1 1 1 1 1 1 1 _013 -l 1 1 1 1 1 1

3 4 5 6

(=]

left mirror

—

—

2 3 4 5 6 3 4 5 6

—A

Location right mirror

Fig.8. Mirror displacements of the cuboid cavity supported by four posts. The deformation of the cavity is reshaped

by changing parameters h and d. The critical supporting position is found for a combination of A = 17.1 mm and

d=17.6 mm.

3.4. Cone-shaped cavity supported ver-
tically

Thus far, we have analysed the elastic deforma-
tions of the cavities horizontally supported. Here we
show that the critical supporting position can also be
found in cavities vertically supported. Figure 9 illus-
trates a cone-shaped cavity vertically supported. The
length of the cavity is 100 mm. The radius and the
thickness of the middle flange are 60 mm and 10 mm,
respectively. Here the vertical support is achieved by
using three holes located on the middle flange of the
cavity. In Fig.9, h and r are the depth of the holes and
the distance between the optical axis and the central
axis of the supporting holes, respectively.

We fix the value of r and vary h to search for a
critical supporting position. Figure 10 shows the nu-

merical results of mirror displacements at various h.
The trend of the mirror deformation can be inferred
from these numerical results. When r, the location of
the hole, is fixed at 48 mm and a hole depth of 3 mm
is used, the cavity is elongated with AL ~ 3 x 10710
m. As h is changed to 7 mm, AL is decreased to
—3 x 10719 m. The critical supporting position is
found at A = 5.1 mm, with the corresponding length
change AL < 5 x 107'2 m, as shown in Fig.10(b).

The benefit of using this vertical cavity can be
explained qualitatively. Under the influence of grav-
ity, the upper and the lower halves of the cavity move
downward by the same amount, leading to a cavity
length that is insensitive to vertical accelerations. To
be more accurate, the deformations of the two parts
are also affected by the warps of the flange around
the supporting points, a mechanism that is confirmed
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by our calculation. Additionally, sizes, locations, and
depths of the three holes on the flange can affect the
deformation of the flange. Consequently, these three
parameters, together with other parameters such as

mass distribution, collectively determine the critical
supporting position at which the sensitivity of the cav-
ity length to vertical accelerations is minimized.

/

L

\

Y

—J

(b)

(o)

(©)

Fig.9. A cone-shaped cavity supported vertically. (a) 3D view of the cavity. (b) Side view of the cavity. (c) Top

view of the cavity. The letter r stands for the distance between the optical axis and the centre of the supporting

hole, h is the depth of the supporting holes. The optical axis is aligned in the direction of the gravity. The top and

the bottom parts of the cavity sag in an equal amount, resulting in a cavity length that is insensitive to vertical

accelerations.
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Fig.10. Mirror displacements of the cone-shaped cavity supported vertically. The length of the cavity varies with

the change of the hole depth h. The critical supporting position is found at A = 5.1 mm when 7 is fixed at 48 mm.

4. The accuracy of the numerical

modelling

All of the cavity designs discussed thus far are
based on practical configurations used in various ex-
periments and are analysed by FEA software. In order
to apply these results to the experiment, various fac-
tors that can potentially lead to systematical errors
should be considered. These factors include, but are
not limited to, mesh size and constraints used in FEA,
material properties of the cavity, and mechanical tol-
erance.

Mesh size is an important factor that can affect
Indeed, a
smaller mesh size will give a higher precision in the

the precision of the numerical analysis.

calculation. However, the smallest mesh size that can
be achieved is limited by the computing resources, and
a small mesh size (4—5 mm) often leads to an excessive
computing time. In several numerical models, we use
the mesh size that is suggested by the FEA software
and subsequently use half of this size to calculate the
same model. No obvious difference is observed from

the two mesh sizes.

Moreover, the validity of the cavity design also
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depends on an accurate modelling of the contact be-
tween the cavity and the support.

In our calculations, the example in Fig.7 shows a
critical position at d = 17.6 mm and h = 17.1 mm.
However, a new calculation including a modified con-
straint on the cavity-support interface gives the crit-
ical point at d = 17.6 mm and A = 17.25 mm. Cur-
rently, the contact between the cavity and its support
is supposed to be bonded in the numerical analysis,
namely there is no relative movement between the two
contacting surfaces in all directions. We will further
investigate this contact problem by simulating cavity-
support interface with relaxed constraints.

The deviation of material properties from their
nominal values should also be considered in the nu-
merical analysis. The deformation of the cavity is di-
rectly related to the material properties such as elastic
modulus, Poisson’s ratio, and the mass distribution.
These properties can vary among different batches and
some of them are influenced by fluctuations of envi-
ronmental parameters such as ambient temperatures.
To evaluate the stability of the numerical models in
terms of the material properties, we modify these pa-
rameters by as large as five percent. Instability of the
cavity designs discussed in this paper is not observed
in the calculations with the modified material proper-
ties.

In the process of the fabrication, deviations from
the optimized geometrical dimensions are unfortu-
nately always present, albeit can be lowered with in-
creasing effort and cost. We also verify the stability
of various cavity designs in terms of mechanical tol-
erance. For example, with a mechanical tolerance of
0.05 mm, the instability of our numerical models is
not observed.

5. Summary

In this paper, we quantitatively analysed the sta-
bility of Fabry—Perot cavities using FEA. Vibration-
induced elastic deformation is one of the major noise
sources of Fabry-Perot cavities. Elastic deforma-
tions of Fabry-Perot cavities with various shapes
and mounting configurations have been quantitatively
analysed in great detail (strain distribution and mirror
displacements obtained).

Four types of Fabry—Perot cavities are analysed

in this paper. Firstly, widely used cylindrical cavi-
ties with horizontal mounting are analysed. In this
configuration, the vertical compression of the cavity
material due to gravity is coupled to the horizontal
extension, resulting in an elongation of the cavity. To
compensate for this coupling effect, we modelled a
cuboid cavity horizontally supported by two beams,
a mounting method that allows for the bending of
the cavity spacer. We show that with an optimiza-
tion of the width and the position of the beam, it is
possible to reduce the vibration sensitivity of the cav-
ity. Nevertheless, the benefit of this mounting method
is limited in that it may not work for short cavities.
Furthermore, we demonstrate that if the supporting
plane of the horizontal cuboid cavities is shifted up-
ward from the bottom then the stability of the cavity
is greatly improved. Finally, we introduced an alterna-
tive mounting scheme in which the cavity is vertically
supported near its midplane.'?!

Through a proper choice of the cavity geometry
and the related structural support the cavity length
can be protected against vibrational perturbations.
In addition, the precision of numerical modelling is
discussed from a computational perspective. The nu-
merical analysis presented here provides a novel ap-
proach for the design and the construction of ultra-
stable cavities. In conjunction with the traditional
vibration control, the cavity geometries and mounting
methods introduced here provide an economical and
effective method to reduce the frequency noise of the
cavity-stabilized lasers, an approach that can be ap-
plied to many experiments such as optical frequency
standards, precision spectroscopy, and tests of funda-
mental laws of physics. Moreover, we expect that with
the rapid reduction of the vibration-induced frequency
noise, other noise sources such as thermal fluctuations
of the cavity materials could be more easily exposed
and hence investigated experimentally.
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