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Tuning the thermal expansion properties of
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We investigate the thermal expansion of low thermal noise Fabry–Pérot cavities made of low thermal expan-
sion (LTE) glass spacers and fused silica (FS) mirrors. The different thermal expansion of mirror and spacer
deforms the mirror. This deformation strongly contributes to the cavity’s effective coefficient of thermal expan-
sion (CTE), decreasing the zero crossing temperature by about 20 K compared to an all-LTE glass cavity. Finite
element simulations and CTE measurements show that LTE rings optically contacted to the back surface of
the FS mirrors allow to tune the zero crossing temperature over a range of 30 K. © 2010 Optical Society of
America

OCIS codes: 120.2230, 120.6810, 140.3425, 160.2750, 230.5750.
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. INTRODUCTION
ltrastable optical cavities have become a standard tool

or stabilizing laser systems needed for high-resolution
pectroscopy, optical clocks [1,2], optical microwave gen-
ration [3–5], and coherent optical frequency transfer
6,7]. State-of-the-art cavity-stabilized laser systems show
inewidths below 1 Hz and fractional frequency instabili-
ies on the order of 10−15 at one second [8–13].

The fractional length stability of typical 10 cm long
avities is limited to a flicker floor at the 10−15 level,
hich is attributed to inevitable thermal noise (Brownian
uctuation) of the cavity [14]. The power spectral density
f these length fluctuations SL is proportional to the cav-
ty temperature T and to the mechanical loss factors of
he cavity materials. The length fluctuations translate
nto frequency fluctuations by S�=SL�2 /L2, with the laser
requency � and the cavity length L.

There are several options to decrease the cavity’s ther-
al noise. A first way is cooling the cavity to cryogenic

emperatures. In this case the cavities are made of sap-
hire or silicon, since at low temperatures both materials
how a zero crossing in their coefficient of thermal expan-
ion (CTE), and the stabilization of the cavity tempera-
ure at this zero-CTE point greatly improves the thermal
ength stability. However, handling cryogenic tempera-
ures demands a bigger, more complex and more expen-
ive set-up than a simple temperature stabilization
round 20°C. Especially, for transportable systems, cryo-
enic cavities are not appropriate.

For room-temperature applications different glasses
nd glass-ceramics are available that show a zero cross-
ng of their CTE around 20°C. Such low thermal expan-
ion (LTE) materials are, e.g., Zerodur, Corning ULE,
sahi AZR, and Clear Ceram [15]. The thermal noise of
uch cavities can be reduced by significantly increasing
he cavity length L, but longer cavities are more sensitive
o accelerations avib from mechanical vibrations. Since the
hort-term length stability is mainly affected by seismic
0740-3224/10/050914-6/$15.00 © 2
nd acoustic noise, there has been much effort to reduce
he vibration sensitivity. Optimized cavity-mounting ge-
metries for cavities of around 10 cm length [16,17] with
ensitivities smaller than ��L /L� /avib=2�10−11/ �m s−2�
18,19] have been realized.

A different approach is based on the use of low thermal
oise materials. Here we focus on fused silica (FS), which
as a very small mechanical loss at room temperature. A
ig drawback of this material is its large room tempera-
ure CTE of about 500�10−9/K [20]. Therefore, it is not
n appropriate choice for the spacer material. However,
he most dominant thermal noise of a cavity made of, e.g.,
orning’s ULE glass arises from the mirror substrates

84% of SL [14]). Replacing the ULE mirrors of a 10 cm
ong ULE cavity by FS mirrors can reduce the fractional
nstability from thermal noise roughly by a factor of three
o a flicker floor of a few times 10−16 [19].

The CTE mismatch between the LTE spacer and the FS
irrors is a problem, since it leads to an axial mirror

ending. As a result the effective CTE of the combined
aterial cavity can be quite different from the CTE of the

pacer material. This effect has been thoroughly studied
or cryogenic cavities made of a sapphire spacer and FS
irrors [21,22]. It has also been discussed for ULE cavi-

ies where spacer and mirrors are from different batches
nd may therefore show slightly different CTEs [23].
In this paper we investigate the thermal expansion of

TE glass cavities with FS mirrors by means of Corning’s
LE as an example of a low-thermal-expansion material.
e show that rings made of ULE glass optically contacted

o the back surface of the mirrors compensate the thermal
irror bending. In Section 2 we analyze the effective CTE

f combined material cavities. Finite-element simulations
eveal a zero crossing temperature shift of the effective
avity CTE of a few 10 K in respect to the zero crossing
emperature of an all-ULE cavity. The effect of additional
LE rings is discussed in Section 3. We show that such

imple and inexpensive rings can be used to tune the zero
010 Optical Society of America
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rossing temperature over a range of about 30 K, which is
ufficient to eliminate the zero crossing temperature shift
f most combined material cavities. In Section 4 we
resent CTE measurements verifying the compensation
ffect of the ULE rings.

. COMBINED MATERIAL CAVITIES
o describe the thermal expansion of combined material
avities, we follow an approach discussed in [21,22]. We
onsider a cylindrical cavity consisting of two mirrors
ith diameter 2R optically contacted to a spacer of length
. Spacer and mirrors might show different CTEs �s and
m. Due to the CTE difference, a temperature excursion
T results in a difference of the radial expansion between
irror and spacer dR= ��m−�s�R dT. We assume the op-

ical contact to be perfectly rigid so that the contacted
irror and spacer surfaces cannot move with respect to

ach other. The thermal mirror expansion therefore re-
ults in radial mirror stress under which the mirrors
ulge in axial direction [Fig. 1(a)]. Assuming a linear
tress–strain relation, the radial expansion dR and the
xial mirror displacement dB are directly connected by a
emperature independent coefficient � such that dB
�dR. The differential thermal expansion dL of the whole
avity is given by the spacer’s thermal expansion L�sdT

(a)(a)

ULE spacerULE spacerFS mirrorFS mirror

-1.04-1.04 00 2.092.09 3.133.13 4.184.18 (nm)(nm)1.041.04 5.225.22

(b)(b)

ULE ringULE ring

-1.04-1.04 0 2.092.09 3.133.13 4.184.18 (nm)(nm)1.041.04 5.225.22

ig. 1. (Color online) FEM simulations of the elastic cavity de-
ormation after a 1 K temperature step: (a) FS mirror optically
ontacted to an ULE spacer. (b) Additional ULE ring on the back
ide of the FS mirror to suppress its axial bending. Due to cylin-
rical symmetry only a quarter of the cavity is simulated. Color
cale shows the axial displacement.
lus the induced axial displacement of the two mirrors
dB. It can be described by an effective cavity CTE with
L=L�effdT and

�eff�T� = �s�T� + 2�
R

L
��m�T� − �s�T��. �1�

he coupling coefficient � depends only on the geometry
nd the dimensions of the mirrors and the spacer, as well
s the mechanical properties of mirror and spacer mate-
ial, but neither on the thermal expansion coefficients nor
n the temperature. It can be determined by FEM analy-
is, which has to be done only once for a given mirror
pacer geometry and given materials. The effective CTE
an then be calculated using Eq. (1) for the actual values
f �m and �s.

We have used a commercial FEM package (ANSYS
1.0) to model combined material cavities and simulate
heir deformations under thermal expansion. Figure 1(a)
hows the FEM result of a cavity composed of an ULE
pacer and FS mirrors. It clearly demonstrates the dish-
ng of the FS mirror for a positive temperature step of

K. The big mirror deformation is largely supressed by
n additional ULE ring as shown in Fig. 1(b). In the simu-
ation, we have used a spacer length of L=105.5 mm and
diameter of D=32 mm. The central bore is 10 mm wide.
he FS mirrors are 6.3 mm thick and have a diameter of
5.4 mm. The Young’s modulus E and the Poisson’s ratio
are listed in Table 1.
We approximate the instantaneous CTE of ULE glass

round its zero crossing temperature T0 with a quadratic
emperature dependence

�ULE�T� = a�T − T0� + b�T − T0�2. �2�

he linear temperature coefficient a is typically around
.8�10−9/K2 and the quadratic coefficient b is as small as
10�10−12/K3. For the FEM simulations shown in Fig. 1
e have assumed a=2.4�10−9/K2 and b=0. The CTE of

used silica shows a value of about 500�10−9/K at 20°C
nd a linear temperature coefficient of aFS=2.2
10−9/K2 between 0°C and 30°C [20]. For all the simu-

ations, we approximated the CTE by a constant value of
00�10−9/K.
To calculate the coupling coefficient � we have simu-

ated the cavity deformation for several temperature
teps, all starting at the zero crossing temperature T0,
nd extracted the total cavity length change �L�T� at the
irror center. This length change is described by the ef-

ective CTE given in Eq. (1), which allows to determine
he coupling coefficient by a least square fit. For the cav-
ty model shown in Fig. 1(a) we get ��0.36.

Table 1. Young’s Modulus E and Poisson Ratio � of
LTE Glasses and Glass-Ceramics Taken from the

Manufacturer Data Sheets

Fused Silica
(Corning)

ULE
(Corning)

Zerodur
(Schott)

ClearCeram
(Ohara)

E (GPa) 72.7 67.6 90.3 90
� 0.16 0.17 0.243 0.25
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The dependance of the coupling coefficient by the cavity
imensions is illustrated in Fig. 2 for a variation of the
pacer diameter. For small spacer diameters the mirror
tress is partially relieved by a deformation of the spacer
Fig. 1(a)]. This reduces the longitudinal displacement dB
f the mirror center and implies smaller coupling coeffi-
ients. For large diameters the coupling coefficient ap-
roaches a value of around 0.49.
Such a big coupling factor has a huge impact on the

ero crossing temperature of the combined material cav-
ty. Since � and the CTE mismatch �m–�s are both posi-
ive, the effective CTE is shifted to higher values in re-
pect to the spacer’s CTE [Eq. (1)]. As the slope of the
pacer’s CTE a is positive, the zero crossing temperature
f the cavity is smaller than the zero crossing tempera-
ure of the spacer material [Eq. (2)]. For the cavity of Fig.
we get a zero crossing temperature shift of −18 K.
Even in an all-ULE cavity there can be a CTE mis-
atch between the spacer and mirror manufactured from

ifferent batches. Thus we have calculated the coupling
oefficient � for a cavity completely made of ULE but with
ifferent coefficients of thermal expansion of mirror and
pacer. As shown in Fig. 2, there is only a small difference
n the coupling coefficients for FS and ULE mirrors, since
oth materials show a similar Young’s modulus and Pois-
on’s ratio. The Corning specifications for ULE guarantee

mean CTE of �0±30��10−9/K within a temperature
ange of 5°C to 35°C. Thus the maximum CTE difference
etween spacer and mirror is 60�10−9/K. With the cavity
eometry of Fig. 1 and the same CTE parameters a=2
10−9/K2 and b=0 for both ULE glasses, we get a differ-

nce between the effective cavity CTE and the spacer’s
TE of around 5.5�10−9/K. This corresponds to a zero

rossing temperature shift of about −3 K.

. TEMPERATURE-INSENSITIVE CAVITY
ESIGN
he deformation of the FS mirror and the resulting zero
rossing temperature shift can be understood as a conse-
uence of the asymmetry of the mirror-spacer arrange-
ent. The thermal expansion of the FS mirror is only re-

tricted on its front face where it is rigidly connected to
he ULE spacer. The free back of the mirror can more eas-
ly expand or contract, which results in the described mir-
or dishing. The asymmetry is reduced when additional
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ig. 2. (Color online) Coupling coefficient � versus spacer diam-
ter for a spacer length of 105.5 mm. The mirrors have a diam-
ter of 25.4 mm and a thickness of 6.3 mm.
LE glass is optically contacted to the mirror’s back. For
ractical reasons, we prefer to use a ring rather than a
late as the smaller area is easier to optically contact and
he central hole avoids reflection and distortion of the la-
er beam at the interface between the FS mirror and the
LE glass [24].
Figure 1(b) shows the FEM simulation of a combined
aterial cavity with an additional ULE ring of the same

iameter as the FS mirror and an inner diameter of d
9 mm. The spacer, the mirror, and also the ULE ring are
till deformed but the displacement of the mirror center
n axial direction is significantly reduced. The mirror de-
ormation becomes more clear in Fig. 3. For comparison
e also show the axial mirror displacement of a cavity

ompletely made of ULE and a cavity with FS mirrors.
ith the additional ULE ring, the axial mirror displace-
ent at the mirror center is nearly as small as the dis-

lacement of the ULE spacer. The corresponding coupling
oefficient is reduced from �=0.366 without ULE ring to
.003 for the ULE sandwiched FS mirror. For the cavity
odel of Fig. 1, the difference between the effective CTE

nd the CTE of the ULE spacer is therefore decreased
rom around 43�10−9/K to about 0.4�10−9/K. Thus the
dditional ULE ring reduces the zero crossing tempera-
ure shift due to the FS mirror from around −18 K to less
han −0.2 K.

The impact of the ULE ring on the coupling coefficient
nd the cavity’s zero crossing temperature depends on the
ing dimensions. Figure 4(a) shows the effect of the ring
hickness h for a constant inner ring diameter of d
9 mm. The coupling coefficient settles at a ring thick-
ess, which is comparable to the thickness of the FS mir-
or. Using thicker rings does not lead to a further reduc-
ion of the coupling coefficient. For �=0 the effective CTE
f the cavity is identical to the CTE of the spacer and
here is no zero crossing temperature shift. The big cou-
ling coefficient of the cavity with the largest spacer di-
meter D=104.0 mm cannot be completely reduced to
ero by the ULE ring considered here. If the spacer diam-
ter D is equal to the diameter of the FS mirror the cou-
ling coefficient can even be negative and the zero cross-
ng temperature of the effective CTE is even higher than
he zero crossing temperature of the spacer’s CTE.

Besides the thickness h one can also vary the inner di-
meter d of the ULE ring. The result shown in Fig. 4(b)
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ig. 3. (Color online) FEM simulation of the axial mirror dis-
lacement along a radial line on the mirror surface for a 1 K tem-
erature step starting at T0 of the spacer. An additional ULE
ing (thickness 6 mm, inner diameter 9 mm) effectively reduces
he mirror displacement around its center (dotted curve).
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or a constant ring thickness of 6 mm illustrates that
maller inner ring diameters will help to decrease the
oupling coefficient.

The cavity’s zero crossing temperature on the right side
f the diagrams is calculated for a 100 mm long ULE
pacer with T0=20.0°C and FS mirrors of 25.4 mm diam-
ter. We further have assumed a constant FS CTE of
00�10−9/K and a simplified ULE CTE with a=2
10−9/K2 and b=0. The temperature scale reveals the

unability of the zero crossing temperature of the effective
TE. By changing the ring dimensions the zero crossing

emperature can be tuned within a temperature range of
ore than 30 K.

. CTE MEASUREMENTS
e have measured the thermal expansion of four com-

ined material cavities. The four cavities have been made
f the same spacer but with different mirror configura-
ions. The cavity dimensions are identical to the ones
sed for the FEM analysis of Section 2. The spacer con-
ists of a low thermal expansion titania silicate glass with
aterial properties similar to Corning’s ULE.
In cavity configuration A the spacer was optically con-

acted with a pair of ULE mirrors. The pair consists of a
lano–concave mirror with a radius of curvature of 1 m
nd a plane mirror. In configuration B, the plane ULE
irror was replaced by a plane FS mirror of the same di-
ensions. For the configurations C and D, an additional
LE ring with an inner diameter of 12 mm and 9 mm, re-

pectively, was optically contacted to the back side of the
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ig. 4. (Color online) FEM results of the coupling coefficient �
or an ULE cavity with FS mirrors and additional ULE rings.
he coupling coefficient is shown for three different spacer diam-
ters D (25.4 mm, 32 mm, and 104 mm). The results at zero ring
hickness and inner ring diameter of 25.4 mm, respectively, cor-
espond to no ring at all (circled points). The corresponding zero
rossing temperature applies to the cavity mentioned in the text.
S mirror. The CTE of the ULE rings is not known but
hould be within the specifications of standard grade ULE
Corning Code 7972).

During the CTE measurements, the cavity rested on
wo viton O-rings in a temperature controlled environ-
ent inside a vacuum system with a residual pressure of

round 10−3 Pa. The frequency of a He–Ne laser at
33 nm was stabilized to the frequency �0 of a TEM00
ode of the cavity by a lock-in technique. We monitored

he relative frequency change �� /�0 in comparison with
n iodine stabilized He–Ne laser [25]. The relative length
hange of the cavity �L /L is equal to −�� /�0.

The environment temperature of the cavity was
hanged every 24 h by temperature steps of 2 K. Cavity
emperature and beat frequency were continuously re-
orded. Figure 5 shows a typical temperature run and the
orresponding beat frequency variation. The cavity tem-
erature follows the 2 K temperature steps with a time
onstant of about 2.5 h. After 24 h the system was in ther-
al equilibrium and the relative length change �L /L and

he cavity temperature were taken as data points for the
hermal expansion shown in Fig. 6.

We use Eq. (2) to describe the effective CTE of the cavi-
ies. A linear temporal fractional length drift is taken into
ccount by an additional term ��t− t0�. Here t0 is the
tarting time of the measurement and � is the drift rate.
he relative length change of the cavity is then given by

�L/L = a/2�T − T0�2 + b/3�T − T0�3 + ��t − t0� + C0. �3�

he CTE parameters of the cavity are obtained by a least
quare fit of Eq. (3) to the measured thermal expansion
ata. The integration constant C0 depends on the starting
onditions and is not relevant to the CTE results. All re-
ults are shown in Table 2.

The effective CTE of the initial cavity A with two ULE
irrors shows a zero crossing temperature of around T0
19.4°C. Due to the FS mirror in cavity B the zero cross-

ng temperature of the cavity is shifted to 11.2°C. With
wo FS mirrors we expect twice the temperature shift and
he zero crossing temperature would be around 3°C. With
n additional ULE ring of 12 mm inner diameter (cavity
) the temperature shift is partly compensated to T0
17.3°C. With a 9 mm ULE ring the cavity shows nearly

he same zero crossing temperature as the cavity with
wo ULE mirrors.

Cavity A shows a relatively large temporal drift of
=−5.9�10−15/s, thus �L /L does not reach its initial
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ig. 5. (Color online) Beat frequency and temperature for the
TE measurement of cavity configuration A over a period of
0 days. The triangles indicate the data used for further
nalysis.
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alue after a full temperature cycle. The temporal drifts
f the three remaining cavities are much lower and we at-
ribute the temporal drift of cavity A to the settlement of a
ad optical contact of the plane ULE mirror [26].
Figure 6 also shows theory curves calculated from Eq.

1) taking into account the two different mirror materials
f the cavity. The coupling coefficients � are taken from
he FEM results shown in Figs. 2 and 4. For a cavity with
S mirrors and a spacer diameter of 32 mm we get �
0.366. With additional ULE rings of 12 mm and 9 mm

nner diameter and 6 mm thickness we get �12 mm=0.061
nd �9 mm=0.003, respectively. We assumed that the spac-
r’s CTE �s�T� is equal to the measured effective CTE of
avity A, i.e., the CTE of the ULE mirrors is equal to the
ne of the spacer. The same CTE was also assumed for the
LE rings of cavity C and D. As CTE differences between

ing and mirror act similar to Eq. (1), CTE variations
ithin the specifications of ULE have a minor influence
n the compensation effect. The differences between the

T (°C)

0 4 8 12 16 20 24 28 32 3
-50

0

50

100

T (°C)

(A) two ULE mirrors

(C) additional 12 mm ULE ring

�
L

/L
(1

0
)

-9
�

L
/L

(1
0

)
-9

0 4 8 12 16 20 24 28 32 3
-50

0

50

100

150

200

250

ig. 6. (Color online) Thermal relative length change of the four
ith their fit curves (solid curves) as well as theory curves calcu

Table 2. CTE Parameters of the Four Cavity Confi
Square Fit of Eq. (3) to th

Cavity Configuration
A

2 ULE

Zero crossing temperature T0 (°C) 19.38±0.09
Linear coefficient a �10−9/K2� 2.44±0.02

Quadratic coefficient b �10−12/K3� −6±7
Temporal drift � �10−15/s� −5.9±0.8
alculated and the measured zero crossing temperatures
re smaller than 0.2 K. This shows that the model of an
ffective CTE given by Eq. (1) together with FEM simu-
ations of the coupling coefficient � is a tool to reliably de-
ign the zero crossing temperature of combined material
avities.

. CONCLUSION
he thermal expansion of optical reference cavities made
f a low thermal expansion glass spacer and FS mirrors is
argely dominated by the deformation of the mirrors. This
ffects the cavity’s CTE, and the zero crossing tempera-
ure is a few 10 K smaller than the zero crossing tempera-
ure of the spacer material. FEM simulations and CTE
easurements show that the mirror deformation can be

educed by optically contacting ULE rings on the back
urface of the FS mirrors. The ring dimensions can even
e used to tune the cavity’s zero crossing temperature
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ver a range of more than 30 K. From the good agreement
etween FEM simulations and experimental results, we
elieve that the compensation technique can also be reli-
bly modelled and successfully applied to more complex
avity geometries like, e.g., tapered cavities [11].

The influence of the ULE rings to the thermal noise of
he cavity was calculated directly from the fluctuation
issipation theorem [27]. The results show that the total
hermal noise of a combined material cavity with ULE
ings is equal to the cavity’s thermal noise without these
ings. Details will be given in a forthcoming publication.

The simple and inexpensive ULE rings greatly simpli-
es the requirements on thermal shielding and tempera-
ure stabilization of combined material reference-cavities
ith low thermal noise and opens a way to transportable

oom-temperature cavities with a fractional frequency in-
tability down to 10−16.
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