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Heating by Optical Absorption and the Performance of
Interferometric Gravitational Wave Detectors
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Maz-Planck-institut fuir Quantenopiik, D-3046 Garching bei Minchen, Germany

The ultimate sensitivity of interferometric gravitational wave detectors requires extremely
high light powers sensing the separation of test masses. Absorption of light at the optical
components causes wavefront distortions via the thermalily deformed substrates or via thermal
lensing. The performance of thermally distorted interierometers is treated quantitatively, and
the schemes [or increasing the optical path, delay-iine and Fabry-Perot, are compared.

I. INTRODUCTION

The currently planned full scale laser-interferometric
antenaas for gravitational waves are aiming at strain sen-
sitivities of 1072 or even 107%* for signals lasting only a
few milliseconds.! =3 [t is very likely that events of that
strength are produced by astrophysical sources as far out
as the Viego cluster.3 To achieve the required sensitiv-
ity, 1t is favourable to choose the travel time of the light
inside the interferometer in the order of the periods of
the signais to be observed. An optical path on the or-
der of a hundred kilometers wiil be required for signais
in the xHz range. For the realization of the long light
path one wiil use an armiength of several kilometers and
in addition either optical delay-lines,® ™! where each re-
flection is more or less well separated from the others,
or Fabry-Perot cavities,®? where all the reflections are
superiimposed, forming one intense beam.

It is the aim of extensive investigations to reduce ail
relevant noise sources so that the performance is limited
only by the shot noise of the detector photocurrent. To
reach a sensitivity of 107%!, the interferometer proper
will then have to be illuminated with a light power of
aiinost a kilowatt; huudred kilowatts are necessaty to
reach the 10772 level.! To obtain the high power levels
it is planned to use the recycling technique, keeping the
signal output at a dark fringe and to recycle the normally
unused light that will be reflected back to the input port
of the interferometer.”! In essence, a resonant optical
cavity will be formed that has the locked interferometer
as one of its mirrors.

High light power causes severe problems, as there is
always some absorption at the optical components. Ab-
sorption may take place at the dielectric coatings, or
also inside the substrate material in such cases where the
beamn is transmitted, as in the beam splitter or the cou-
pling mirror of a Fabry-Perot. The optical components
are locally heated and consequently deformed, causing
a wavefront deformation of the reflected or transnucted
beam. Unfortunately, for mechanical reasons, it is not al-
jowed to use the well known materizals with low thermal

expansion coeflicient like Zerodur or ULE. These have
high internal damping, leading to intolerably large ther-
mally excited mechanical vibrations in the relevant fre-
quency range, i.e. below their resonances.-®7

In addition to the geometric deformation by local heat-
ing, a temperature gradient inside the substrate will in-
troduce also a gradient of the index of refraction. This
leads to a change in the curvature of the waveiront of the
transmitted beam, the so-called thermal lensing.

In a delay-line set-up there is aiso a change in the local
orientation of the mirror surface at a particular reflection
spot because of the taiis of the heating at the neighbour-
ing spots.

All these effects cannot be expected to cancel out be-
tween the two arms, since absorption usuaily is caused by
mechanisms that are not well defined. Because of difer-
ent conditions in the two arms, the interference quality
wiil not be perfect. In addition the mode matching be-
tween input beam and the modes in the recycling cavity
will be deteriorated. Consequently, the possible improve-
ment in sensitivity due to recycling? or due to the imple-
mentation of squeezed states of light!*=!3 (see Section

“VII) will be limited. This is the reason why a careful

analysis of wavefront deformations by local heaiing is es-
sential for design and understanding of the performance
of interferometers operated at high light power.

Calculations of the effect of thermal lensing and of the
substrate deformation by absorbed light power are usu-
ally based on numerical solutions of the Navier-Stokes
equation, see for instance Refs. 14 to 16. These elaborate
calculations certainly give accurate results for particular
input parameters. Nevertheless, for an understanding of
the complete interferometer they are impractical because
of the large number of parameters to be varied. It is the
purpose of this paper to derive simple relations contain-
ing ail relevant physics. These will allow to give approx-
imate answers for arbitrary set-ups without lengthy cal-
culations based on particular parameters. As we wiil see,
our estimates are in good agreement with the elaborate
caiculations. The simplicity of our approach also allows




a variation of a large number of absorption coaditions at
low computational cost (code and CPU-time).

In this paper the considerations are mainly done for
the case of delay-lines; the problems arising in Fabry-
Perot systems are, however, also treated. First, relations
are derived for the relevant mirror deformation caused by
absorbed light power and for the wavefront deformation
occurring in a region with a thermally induced gradient
in the index of refraction. We then calculate the dete-
rioration of the [ringe visibility at the output of the in-
terferometer due to wavefront deformations occurring at
the reflection spots inside a delay-line. A statistical anal-
ysis has been performed on the interference quality and
the possible recycling gain as a function of a variety of
absorption conditions at the interferometer mirrors was
determined. Finally, estimates are given for the sensitiv-
ity limits of interferometric gravitational wave detectors.

II. SUBSTRATE DEFORMATION
BY ABSORPTION OF LIGHT

A. Heat transport inside substrate

For a quantitative estimate of the substrate deforma-
tion due to absorbed light power, let us first consider
the absorption at the dielectric coatings. The heat is re-
moved either by heat conduction or by radiation. For
all relevant substrate materials heai conduction is dorm-
nant in close vicinity of the reflection spot: the ratio be-
tween the power removed by radiation to that removed
by heat conduction is approximately given by 40T3w/x,
with o the radiation constant for the body in question,
w tlie beam radius, ~ the thermal conductivity of the
substrate material, and T the absolute temperature of
the surroundings. Even in the planned large interfer-
ometers with several kilometers of armlength, and thus
beam radii wm of the order of 2.5cm, this ratio is only
about 0.1 for fused silica, assuming o as that of a black
body. For other relevant materials like silicon or sapphire
the ratio is even smaller because of their higher thermal
conductivity and a o smaller than the black body cne.

hie steepest temperature gradient occurs in the hemi-
sphere inside the substrate with its center at the beam
center and its radius equal to the beam radius, see Fig. L.
Qutside this hemisphere the heat spreads over a rapidly
increasing volume, leading to a weaker temperature gra-
dient there. In equilibrium the entire substrate must ra-
diate ail of the power away, since the components are sus-
pended in vacuum for isolation against mechanical noise,
and the heat conduction through the thin suspension wire
or the surrounding very low pressure gas is several orders
of magnitude too small to contribute noticeably.

At the delay-line mirrors the beam is only reilected and
not transmitted. In this case the two most important ef-
fects of local heating are, on the one side, a local change
of the radius of curvature of the mirror at the reflection
spot in question and, on the other side, a change in the

‘average’ orientation of the surface at each reflection’as
caused by the tails of the deformations of the neighbout-
ing reflections. Let us first consider the case of wavefront
deformations and the corresponding deterioration of the
interference quality; the effect of a change in orientation
of the beam axis will be treated in Section VI

B. The deformation model

Our model treats the undeformed and the deformed
mirror surface locally as spherical. The geometrical
changes due to absorption induced expansion are approx-
imated as a change in this local radius of curvature. The
rather crude but simple model is justified in retrospect by
the good agreement with the elaborate analytical calcula-
tions of Hello and Vinet.'® Their result was 4.3x 1073 m
of surface deformation across the beam diameter for a
mirror with a diameter of 600mm and a thickness of
200 mm made of fused silica, a beam diameter of 40mm
and an absorbed light power of 1 W. The results obtained
with our simple model deviate by less than a factor of 1.5.

We assume an almost confocal arrangement of the de-
lay lines, and a symmetric mode of the light, i.e. equal
beam radii wy at the far and the near mirrors. The
situation in the planned large scale detectors wiil not de-
viate too much from this assumption; generalization to
less symmetric cases can easily be made. The beam ra-
dius wm at the mirrors of a delay-line (or of a cavity) is
in this case given by

Y

m T rsin®’

(1)

where A is the wavelength of the light and © being defined
via the ratio between mirror separation £ and radius of
curvature R of the mirrors:

cos@:l-—}—g. (2)

" C. Change in sagitta

The sagitta s, that is the curvature depth of the mir-
ror measured across the beam diameter (see also Fig. 1),
is in the confocal set-up independent of the radius of.
curvature: by simple geometrical considerations we get
s =~ w2 /(2R). For the near-confocal case, R and £ are
close to each other and sin© can be replaced by unity.
Together with Eq. (1) we get

A
7 (3)

This sagitta is the same for cavities or delay-lines, and
it is totally independent of the antenna dimensions, such
as the armlength £.

The change és of the sagitta caused by heating can
be estimated by considering the heat transport through
the hemisphere around the reflection spot (see Fig. 1)
according to

§ =~
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FIG.1. Absorption of light at the coated surface of optical
components is responsible for a temperature gradient across
a hemisphere around the reflection spot with radius w. The
related thermal expansion of the substrate changes the sagitta
s by §s.

$
P, = kA VT & 2xkw, LN , (4)

Wm
and the related thermal expansion
bs ~ awm 0T/2. (8)

Here P, is the absorbed light power, & the heat con-
ductivity of the substrate material, A the area through
which the heat is transported,  the thermal expansion
coefTicient and 67T the temperature drop across the hemi-
sphere.

Combining the last two equations we get

a
§s =~ Ton P, (6)

or, written as a relative deformation,

s 2N (7

The thermal expansion of the substrate material out-
side the hemisphere causes a deformation of the mirror
surface on a scale much larger than the beam diameter,
and thus this bulk effect contributes negligibly to the lo-
cal curvature change given by Eq. (G). The change in
otieutation of the mirror surface due to the defermation
of the neighbouring spots will be treated in Section VI.

According to Eq. (7), in the usual case of & positive
expansion coeflicient, there is a critical absorbed light
power of

25A

Perie = — (8)

that would deform the mirror locally such that its original
curvature would be fully compensated; the mirror could
then be considered as being flat at this reflection spot.
The tolerable deformations are, of course, much less. The
crucial quantity for the magnitude of the eflect is the
ratio o/« of thermal expansion to heat conductivity. For
quantitative estimates it may be useful to list a/x for
a few relevant materials (in units of 1073 m/W): fused
silica 33, sapphire 28, silicon 1.67 and an astounding but
g0 far purely academic value of 0.13 for diamond. The
critical power Peie for fused silica is 3W.

It is important to note that the absolute deformation
§s of the curvature depth caused by the absorbed light
power does not depend on the beam diameter. In other
words: as long as the whole heating process can be de-
scribed by the linear relations given above for the heat
conductivity and the thermal expansion, the relative dis-
tortion of the wavefront and thus the amount of light
shifted into other modes (see below) is independent of
the beam size. Thus, it does not help that the area of
the reflection spots increases proportional to the mirror
geparation.

In practice, one will expect more problems running a
small set-up at a given light power compared with a large
get-up, because the higher intensities due to the smaller
beam diameter will lead to higher temperatures and tem-
perature gradients. Consequently small set-ups are more
susceptible to irreversible effects such as damage of the
surface layers at a given light power.

D. Magnitude of temperature rise

For a given thermal deformation we can estimate the
magnitude of the temperature drop 6T across the hemi-
sphere (defined above) by exchanging dependent with in-
dependent variables in Eq. (5):

1 /xA s

T=50aV 2 <,\/1oo) ’ ®
e express the deformation s in units of A/100, a value
that (as we will see later, for instance in Eqs. (18) and
(26)) already leads to a significant deterioration of the in-
terference minimum. For a full scale antenna (¢ = 3km)
and for green light (as assumed throughout this paper)
the temperature variation across the reflection spot at a
deformation of A/100 is only on the order of 1 K, taking
fused silica as substrate material. In the case of sap-
phire or silicon we find less than 0.1 K. The average tem-
perature rise of the whole substrate for that particular
amount of absorbed light power is also below LK. For
such small temperature variations nonlinearities are not




to be expected; the linear relations given above can thus
be assumed valid.

The knowledge of the temperature levels allows to esti-
matc the timescale of the heating process. It is given by
the condition that the absorbed light power has to heat
the involved amount of material by the particular tem-
perature difference. For the small hemisphere in ques-
tion this timescale is on the order of seconds, whereas
the heating of the whole substrate possibly takes days to
reach equilibrium.

III. THERMAL LENSING

Most materials show a temperature dependence of
their index of refraction. Thus, if the light beam is trans-
mitted through a material with a temperature gradient,
the heated region of the substrate will act as a lens and
thus deform the wavefront. This effect is called thermal
lensing, The heating may occur because of absorption
either in the coating or inside the substrate material.

A. Absorption in the coating

If the absorption takes place at the dielectric coating,
the heated region is the hemispherical one already de-
scribed in the previous Section. For this case a rough
estiimate of the wavelront deformation of the transmit-
ted beam can be made by considering the eifect of a
heated hemisphere (as defined above), having a diam-
eter equal to the beam diameter. The difference in light
path between the center and the outer parts of the beam
is approximnately

) 3

s = 3wnéT/2 = mP,. (10)
llere §T is the temperature drop across the heated hemi-
sphere, and 3 = 9n/dT the temperature dependence of
the index of refraction. These relations are very similar
to Eqs. {5) and (6) which describe the change in sagitta
vaused by thermal expansion. The thermal expansion co-
~ificient a only has to be replaced by 3, the temperature
roefTicient of the index of refraction. Since the argument
o Section II also applies here, materials with a small ra-
Y of 3/~ are required for components through which the
hulit is transmitted in order to get little thermal lensing.

'To compare the wavefront distortion due to reflection
" a thermally deformed surface with that of transmis-
weny through a substrate showing thermal lensing, we
‘wily have to compare § and a. Tor all relevant ma-
I"+ials, thermal lensing gives the larger effect. By far
'l best material in this respect would again be dia-
:;"'ud with 8/~ &~ 1073 m/W. Next comes sapphire with

107" m/W. Fused silica is more than a factor of ten
15 than sapphire: 10=%m/W. Certainly experimental
"iricylties would arise in the case of sapphire because
"I 5 birefringence. On the other hand, its low internal
'hiiping (which is expected also for diamond) is desirable

in order to keep the thermally excited vibrations small.

B. Absorption In the substrate

If the absorption takes place inside the substrate with
constant abscrption along the light path, we can obtain
the temperature distribution in a closed form. The path
difference between the beam axis and the e=? point of
the light power is described by a relation very simiiar to
Eq. (6):

ds=1.3

rept by (i1)
Here p, is the power absorbed per unit length and d the
substrace thickness,

Eq. (11) is an example where from a practical point of
view it is disadvantageous to choose long armiengths: the
beam diameter grows with the square root of the mirror
spacing, and therefore the optical components, such as
the beamsplitter or the mirrors of a Fabry-Perot cavity,
will have to be bigger as well. Assuming the same ab-
sorption level in the substrate for both cases, the larger
set-up will suffer more from thermal lensing, simply be-
cause the length of material traversed wiil be larger. In
addition, the fluctuations in the index of refraction are
likely to be bigger on a scale of decimeters than on a scale
of millimeters.

The substrate material has to be chosen such that there
are no absorption bands in the vicinity of the waveiength
used. The absorption then is determined by impurities
only. Values in the ppm region (10~° of the incident
power) are already critical as we will see in Section V.
The internal absorption in a component passed by the
light is not well known, particularly at very low absorp-
tion levels, since the extinction is mostly dominated by
scattering. The few measurerments, periormed on the
purest fused silica samples available, in the visible and
in the near infrared show absorption levels on the order
of a few ppm per cm.'7'*® They give an absorption of a
few tens of ppm for componeants with typical dimensions
of decimeters in the long baseline detectors.

1V. WAVEFRONT DISTORTION
AND INTERFERENCE QUALITY

In order to calculate the influence of a wavefront dis-
tortion on the quality of the interference we will, for sim-
plicity, at first assume only one beam to be distorted.
The beam parameters at the place of superposition of
the two beams, i.e. at the beamsplitter, are calculated.
In the following we present a few relations that quan-
tify the deterioration of the interference quality; some of
them cannot be found in the literature. Since we will
assume equal amplitudes for the two beams, the interfer-
ence minimum is determined by the deviation between
the two waveironts only. Specific attention is given to
delay-lines. In Section V the mast important cases of ab-




sorption conditions at the optica: components are dealt
with. The deformations of the mirrors on a scale larger
than the beam diameter will be treated in Section VI.

A. Equations for ideal delay-lines

The beam radius w, and the radius of curvature R, of
the wavefront after the n*? reflection in a delay-line obey
the following equations:

2
(-u—"> = -é-((l +A)+ (1 - A)cos2n® + Bsin2n0),

Wo

(12)

Ra _ (1+A)+(1=A)cos2nO + Bsin2nO
{ " (C=D)+(C+D)cos2n® + Esin2nd

The capital letters stand as abbreviations for:
4 2
A= Ym + ’ ! _e.. + i ,
We sin®@ \ R R

¢ ¢
b= sin © (ﬁT[_Z;> '

(13)
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o=t () s (e ) ()
R Wo "Rsint O\ I, " 2R, '

Here w, is the radius of the input beam, wy the radius
of the symmetric mode as defined in Eq. (1), R the cur-
vature radius of the mirror at the reflection spot, R, the
curvature radius of the input wavefront, A the wavelength
of the light and @ as defined by Eq. (2). Eq. (12) can be
found in a paper by Kogelnik,'® and Eq. (13) was derived
by using his formalism.

B. Local deformation in delay-lines

The effect of a local deformation in mirror surface on
the beamshape was included in the following way. The
radius of curvature 2, of the wavefront before a reflection
is changed to R, after the reflection according to

1 1 2

I + =R (14)
where R is the (possibly distorted) local radius of cur-
vature of the mirror at the reflection spot. The negative
sign takes care of the different orientations of R, and f2y
with respect to the direction of beam propagation. The
radius of curvature of the deformed wavelront Ry after
the reflection is related to the value 1, in the undeformed
case by

L1 4 (15
Rd—Ru wz: O)

where w is the beam radius at that reflection, and és the
change in sagitta at the reflection spot in question.

The beam parameters after the reflection are taken as
input parameters for Egs. (12) and (13). If there is only
a deformation at the n®® reflection, the beam parameters
at the output of the delay-line can be obtained immedi-
ately. In case several or even all of the reflections take
place at a deformed surface, one has to proceed stepwise.
Eventually the output beam has to be superimposed with
the beam from the other arm.

Superposition of two beams gives perfect interference
only if the beam parametets are exactly the same. For
two Gaussian beams with equal light power but different
beam radii w and radii of curvature R, the power at the
output of the interferometer reads as

Four
Py

1 asing—>bcosd
=5+ @ 15 (16)
with ¢ being the phase difference between the two
beams, P, the total power leaving the interferometer,

/1 1 11 .
¢= < (E; - RT) and b = E—f-,—-r- Jﬁ- Solving Eq. (16)
for minimum output power with respect to ¢ we get for
the relative minimum pmin = Pmin/FPo!
1 1

DPmin = 3
P [z (LN, e

A Rz R; war ‘ u
(17

For the special case of interferometers where the light
path is short enough not to change the beam diameter
noticeably, we can directly derive a quantitative relation
between a particular mirror deformation és and the re-
sulting deterioration in interference quality. Based on
Egs. (1), (14), (15) and (17) one gets

§s \?
A -3
Pmin % 10 (,\/wo) ‘

As we will see in Section V, this relation also holds for a
long interferometer, and particularly it does oot matter
at which of the reflection spots inside the delay-line the
deformation s occurs.

(18)

C. Two ancillary remarks

Eq. (18) also helps to specify the tolerable variations
§n in the refractive index of a component used in trans-
mission, for instance the beam-splitter. If we assume
these variations to occur on a scale d comparable to the
beamsize, the deteriorated minimum may be up to

dsn \?
. ~ -3
Pmin ~ 10 <,\/1oo> ‘

(19)



in the most homogeneous fused silica produced so far,
fluctuations 6n of 2 x 10~7 were found.!3 For that condi-
tion and d in the order of a decimeter, the minimum will
be deteriorated to about one percent.

Another remark should be made here concerning the
wavelength of the light used. For some reasons it seems
advantageous to use longer wavelengths than the green
Argon line, for instance the fundamental wavelength of
the Nd:YAG laser. [t is this laser, in particular the
diode pumped version, that promises to combine high
light power with high efficiency.

As the shot noise limited sensitivity depends on the
ratio between wavelength and light power, an increase in
wavelength has to be accompanied by a corresponding
increase in power to get the same performance (see for
instance Eq. (34)). Oun the other hand, a deformation
§s is proportional to the absorbed light power. For a
wavelength-independent absorption the deterioration of
the interference quality would then remain the same, see
for instance Eqgs. (18), (19) and the relations in the f{ol-
lowing Sections. From this point of view there would
be no difference in using shorter or longer wavelengths.
But usuaily absorption and scattering are lower at longer
wavelengths. One drawback for that case — more severe

for delay-lines than for cavities - is the larger mirror di--

ameter required.

D. Mismatch between beam and Fabry- “arot cavity

Local heating changes either the wavefront of the pass-
ing beam or the shape of the eigenmodes inside a Fabry-
Perot resonator. In the following we give a collection of
useful formulas for an estimate of the related coupling
loss between the incoming beam and the eigenmodes of
the cavity.

From the relations for the beam radii of the fundamen-
tal mode at the cavity mirrors, given by Kogelnik,'® we

get:
L ] 1/2
wl = 2 ( 92 > , (20)

T \g1(l = g192)

w'_? E( 7 >1/2
7 1 \g2(l = q192) '

with gy = 1 =¢/R,, and g2 = 1 — {/R,. Local heating
may change the sagitta by sy at the coupling mirror
(and thus also of the mode there) and by §s2 at the far
mirror. The respective changes in miode radius at the
coupling mirror are given by

(21)

Swy T 1-29172
—w_ = 2—\ - : 73 S1 (22)
t A g192(1 = g192)]
and
§w1 v 1
= - - T «55'_7 . 23
wy 20 [g1g2(1 = g192)]t/3 (23)

The radius of curvature of the mode at the coupling mir-
ror equals the radius of curvature of that mirror also after
this is deformed by thermal expansion.

Let us call §s the difference in sagitta between the
wavefront of the incoming beam and the mode at the
coupling mirror. The fraction of light that is not coupled
into the cavity, but rather reflected, is

5P 765\ ?
F“(T) : (24)

A similar expressicn holds for a mismatch in beam radius:
£ (2
P ~ w .

V. NUMERICAL DETERMINATION
OF CRITICAL ABSORPTION LEVELS

(25)

This Section summarizes the results of a computer sim-
ulation of the interferometer performance for relevant ab-
sorption levels at the interferometer components, partic-
ularly at the delay-line mirrors. The calculations were
based on the formulas given in the previous Sections. In
this context one should again mention how the heating
effects scale with the armlength of an interferometer. As
already stated in Section II.C, there is no difference be-
tween a small and a large set-up in the deterioration of
the interference quality for a given amount of absorbed

light power, as long as the physical effects are linear. This

statement was verified by our computer simulations.

The subsequent examples are in some sense arranged
for growing complexity. Starting from an ideal interfer-
ometer, at first absorption at only one reflection spot is
assumed. Next follows uniform absorption at all reflec-
tions of all mirrors, then uniform absorption across the
surface of one mirror and all other components without
losses; one example describes the case of constant absorp-
tion across the surface of each mirror, but one mirror is
different. Finally the absorption varies statistically from
one reflection spot to the next.

A, Deformatlon at one of the reflection spots
inside a delay-line

For a quantitative estimate of the effect of a particular
deformation it is useful to consider first a deviation from
ideal conditions at only one out of the many reflections.
The parameters of the beam reflected at a deformed part
of the mirror surface are determined, used as the input
parameters for Eqs. (12) and (13), and eventually the
beam parameters at the output of the interferometer are
calculated. These will differ from those of the undis-
torted beam, and therefore the interference quality will
be deteriorated.

Whether the mismatch in beam diameter or in curva-
ture of the wavefront dominates, depends on the location



of the reflection along the beam path where the deforma-
tion took place. But the [ringe contrast does not: A
given mirror deformation és (as defined earlier) at any
of the reflections in a delay-line leads to the same deteri-
oration of the interference minimum. This is consistent
with the notion that a reflection at a particular mirror
deformation shilts a certain amount of light out of the
given light mode into other modes that do not interfere
with the original one.

In agreement with Eq. (18), valid for a short interfer-
ometer, the results of numerical calculations for different
deformations és in a long interferometer can be summa-
rized as:

2
Poin % 1073 [ 2 (26)
min ’\/100 H

no matter at which of the reflections the deformation
occurted. This means that introducing a mirror defor-
mation §s of A/100 at any of the reflection spots in an
interferometer with otherwise perfect delay-line mirrors
gives a relative minimum at the output of 1073, corre-
sponding to a visibility of 0.998. The magnitude of the
telative minitmuin is proportional to the square of the
change in-sagitta. It is the absolute value of §s that
counts, and not, as one might expect, the relative distor-
tion és/s. This is so because the path difference between
the center and the outer parts of the beam is responsi-
ble for Lhe deterioration in interference quality. In other
words: if the beam inside the delay-line is reflected at a
dip (or a bump) with the samne diameter as the beam,
then the deterioration of the interference quality is the
same whether beam and dip have a big or a small diam-
eter, provided the absolute deviation §s of the curvature
depth relative to the undisturbed case is the same.

B. Uniform absorption at all mirrors

In general there will be some absorption at each of
the reflections. The corresponding distortions §s do not
add up linearly for the successive rellections, as one can
see {romn the following consideration. Let us, for simplic-
ily, assume the matched case (where all reflection spots
initially have the same diameter) and a constant absorp-
tion. Corresponding to a given change in sagitta s there
will be a change of the local radius of curvature of the
mirrors. Its value determines the parameters of the wave-
front at the subsequent reflections and at the output of
the delay-line, as defined in Eqs. (12) and (13). As far
as the shape of the wavefront is concerned, the deformed
delay-line can therefore be described by the new local
radius of curvature and the corresponding © value.

As long as the absorption is constant and equal for
all of the delay-line mirrors, the interferometer remains
symmetric and the interference at the beamsplitter will
be perfect, unless other limitations like an unpracticably
large beam size occur. But there will be a degradation for
the recycling schetnes: Since the mirror separation was

chosen to fulfil the re-entrance condition in the delay-line
(that is a reproduction of all the beam parameters of the
input beam by the output beam) for the original radius
of curvature, with the new local radius of curvature the
re-entrance condition in general will be violated with re-
spect to the shape of the wavefront. Input beam and
output beam will therefore differ in shape, leading to an
imperfect mode match between the entering light beam
and the modes in the recycling cavity (see Sections [V.A
and IV.D). This mismatch can be partly conipensated by
readjusting the mode that is impinging on the recycling
mirror, '

C. Unlform absorption at one mirror

A more realistic experimental situation may be the
case where the absorption across each individual mirror
surface is still constant, but one of the mirrors absorbs
significantly more than the other ones. The behaviour of
this one mirror then dominates the interference quality.
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FIG. 2. Interference minimum of a Michelson interferom-
eter, containing one absorbing mirror, as a {unction of the
local mirror deformation s, which is proportional to the ab-
sorbed light power:

(a) for mirror spacing smaller than confocal (subconfocal);
(b) for mirror spacing larger than conlocal (superconlocal).




Let §s be the mirror deformation at each of the reflec-
tions at this particular mirror. In Fig. 2 the relative in-
terference minimum of an interferometer containing such
a mirrot is plotted against the local mirror deformation
és, which in turn is proportional to the absorbed light
power. Fig. 2(a) describes the subconfocal case (¢ < R)
and (b) the superconfocal one (£ > R). For all plots in
this Section, N = 34 beams in each delay-line and green
light were assumed.

Increasing the light power from very small values, the
interference quality deteriorates in a nonlinear fashion.
Most striking is the different behaviour of the sub- and
the superconfocal arrangements. [n case of a mirror spac-
ing larger than conlfocal, the interference quality deteri-
orates monotonically (Fig. 2(b)), whereas in the subcon-
focal case the interference quality improves again after a
deterioration of the minimum to about 10% (Fig. 2(a)).
A plot of the beam shape aflter each reflection, as well as
numerical calculations, showed that for particular values
of s, the output beam may again have the same shape
as in the undistorted case s = 0, in spite of the large
oscillations of the beam parameters inside the delay-line,
consistent with (a).

It is beyond the scope of this paper to comment on
the transition from smooth to chaotic behaviour of the
interference quality with growing deformation. For our
purpose we want to stay in the region of good interference
anyhow, i.e. below the first maximum in (a). That part
of the curve can be approximated by the relation
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A numerical example for illustration: For 34 reflections &
deformation of as little as A/200 at each of the reflections
at one mirror already leads to an interference minimum
of 103, and A/100 gives more than 1072,

D. One more strongly absorbing mirror

Next we treat the case where the absorption is constant
across the surfaces of each of the four delay-line mirrors,
but higher at one of them by a factor f. Figs. 3(2) and
3(b), respectively, show the subconfocal and the super-
confocal cases for f=1.5.

Here 63 is the deformation of the three identical mir-
rors, whereas the fourth mirror has a deformation of f §s.
The relevant part in (a), below the first maximum, can
be described by

3.5
N/ 55) L (8)
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A comparison between (a) and (b) gives an example of
the superiority of the subconfocal set-up (£ < R) over
the superconfocal one: The first peak in (a) only has a
height of about 1%, whereas this peak exceeds 10% in
the other case. The difference is particularly striking for
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FIG. 3. Interference minimum of a Michelson interferom-
eter containing mirrors with constant absorption.
(2) One mirror absorbs 50% more than the other ones, sub-
confocal mirzor spacing.



(b) Same as (a}, but superconfocal mitror spacing;

{c) one mirror absorbs 20% more than the other ones, sub-
confocal mirror spacing;

(d) same as (c), but superconfocal mirror spacing,.

the more symmetric case of f = 1.2 shown in (c) and (d).

For very small asymmetry of the mirrors, say f some-
where between 1 and 1.1, the first peak of the subcon-
focal set-up stays below 1073, and the power is allowed
to increase until the second peak becomes relevant. The
behaviour of the superconfocal set-up can be made plau-
sible by considering the well-known stability diagram for
Fabry-Perot cavities, see for instance 20. For given radii
of curvature of the mirrors it shows the mirror spacings
where stable eigenmodes can be established. If one ap-
_ plies these stability criteria to the local curvature of the
mirrors, one can easily see that in the superconfocal case
a relatively small deformation §s = A/(2/N) is sufficient
to bring the set-up to the boundary of the stable region.
Fairly small fluctuations in surface deformation then lead
to relatively large fluctuations in beam shape, thus dete-
riorating the interference quality more than in the case
of the sub-confocal arrangement.

E. Statistically fluctunting absorption levels
at successive reflection spots

In a real interferometer one does not expect the ab-
sorption to be constant across the whole surface of the
mirrors, but rather to exhibit some fluctuation. We now
consider a situation where all four delay-line mirrors show
the same average absorption, leading to an average de-
formation As. On top of it we assume a statistical fluc-
tuation of és as described by its standard deviation s4.
Averaged over many such interferometers we find a dete-
riorated interference minimum of

1 ¥ 54 )2
A/100
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An example for the subconfocal and the superconfocal
case i3 shown in Figs. 4(a) and 4(b). The sudden in-
crease that can be seen for the delay-line with mirror
spacing larger than confocal is related to the strong peak
in Figs. 3(b) and 3(d), and is certainly not desirable.

Pmin =~ 5 x 10-

F. Statistically fluctuating absorption levels
and stronger absorption at one mirror

Finally, for completeness, the case should be treated
where three of the mirrors show the same average absorp-
tion, corresponding to an average deformation As and
equal fluctuation as described by the standard deviation
84, wherens the fourth mirror shows a mean deformation
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FIG. 4. Intetference minimum of a Michelson inter{ferom-
eter with delay-lines, containing mirrors with an absorption
fluctuating statistically from one reflection to the next. In
addition to an average deformation As a statistical fluctua-
tion with a standard deviation of s4 = 0.25As was assumed
and the ensemble average over 1000 such interferomsters was
plotted: '
(a} for subconfocal mirror spacing;
(b) for superconfocal mirror spacing.

Asy = fAs and a standard deviation of 84 = fsq. This
case is not really new; it is covered by Eq. (29). For f very
close to 1 the relation remains unchanged; for f > 1.2 the
more strongly absorbing mirror dominates and its values
for As and &4 have to be inserted in Eq. (29). Of course,
the fact has to be taken into account that now only one
mirror i8 involved with less reflection spots than all four.

G. Wavefront deformation
and the number NN of reflection spots

We also investigated the deterioration of the interfer-
ence quality as a function of the number of reflections at
an imperfect surface. If the surface deformation fluctu-
ates statistically from one reflection to the next, numer-
ical simulations show that the wavefront deformation on
average grows with the square root of the number N of re-




flections, whereas the interference minimum deteriorates
proportional to iV, This result can also be obtained {rom
Eq. (29) for As — 0. The relation then reduces to

o)
A/lOO) '
This means that the interference minimum is degraded
to about 5% for an interferometer with delay-lines and
34 bounces in each arm, with suriace deformations ex-
tending over lateral dimensions in the order of the beam
diameter, fluctuating statistically with a standard devi-
ation of A/100.

This result has consequences concerning the manufac-
turing of large mirrors. As is well known, the spectrum
of the sutface irregularities of a mirror produced by to-
day's state of the art shows a strong increase towards
longer spatial wavelengths. In a long baseline set-up the
beamn diameter is large; this means that the related wave-
front deformation and thus the :aterference quality will
be worse than in a short one, ailowing only less power
build-up by recycling. The requirement for the surface
figure of the mirrors at spatial wavelengths on the order
of the beam diameter can be obtained using Eq. (30).
It may be planned, for instance, to implement power re-
cycling in an interferometer with delay-lines supporting
34 beams each. If deviations of the mirror surface with
respect to an ideal sphere on a scale in the order of the
beam diameter stay below A/500, we find an interfer-
ence minimum of 2 x 10~3, permitting a recycling power
build-up of a few hundred. The deformations with peri-
ods shorter than the beam diameter, usually called mi-
croroughness, give rise to scattering losses. These may
also limit the recycling power build-up. In order to al-
low an enhancement of a few hundred, the corresponding
amplitudes have to be even smailer than A/500.

2 ¥

51 (30)

Pmin = 3 x 107

VI. LOCAL HEATING AND BEAM POSITION

In the preceding Sections we considered the spherical
deformation of the wavelront caused by subsirates that
are locally heated by the beam itself. Besides this axi-
symmetric distortion, the expansion due to local heat-
ing also changes the orientation of the mirror surface at
the neighbouring reflections in a delay-line because of
the tails of the temperature distribution around a heated
spot. These tails primarily have two effects. Al first
they lead to a displacement of the output beam, which
can easily be compensated if multi-mirror delay-lines are
used instead of the usual two-inirror delay-lines.”* Sec-
ondly, these large scale deformations of the mirror surface
also distort the beam shape, just as astigmatic mirrors
do (see Egs. (2), (12) and (13)). The latter effect is neg-
ligible in our case as long as the beam is not focussed
too strongly. In the case of the long baselines one will
avoid strong focussing anyhow because of the larger mir-
ror sizes required.
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A. Beam displacement

Let us now estimate the magnitude of the beam dis-
placement due to the tails of the heating at the different
reflection spots. The average orientation of the mirror
surface at each spot center i3 responsible for the direc-
tion of propagation of the beam axis after that reflection.
To define the orientation of the surface it is sufficient to
know the slope in radial and in tangential direction. Be-
cause of symmetry reasons the orientation in tangential
direction is not changed if the two neighbouring spots
are heated in the same way. But in radial direction the
center of the spot is {further out than the interconnection
between its neighbours. There the tails of the neighbour-
ing bumps are on the decline and thus a larger global
radius of curvature is simulated. As a consequeace, the
re-entrance condition is violated for the beam position:
the output beam of the delay-line is shifted relative to
the input beam by §y, tangentially to the circle of the
reflection spots.

This displacement 6y can be calculated {rom a given
variation § R of the radius of curvature R of the mirror
(as defined by the surface orientation) by

Su = Nw.l6R
Y= R?simo

Here w, is the radius of the circle of the reflection spots,
again ¥ the number of beams, £ the mirror separaticn
and © as defined in Eq. (2). In the near-confocal case
Eq. (30) can be approximated by

Sy = ch%i .
If the heating would be exactly the same in the two (sym-
metric) arms, each of the two beams running back to the
beamsplitter would be shifted in the same way, still yield-
ing a good interference quality as long as no obstacle is
hit, such as the edge of the coupling hole. But there are
other consequences even in case of a symmetric heating.
For instance, a shift or a bending of the wavefront of the
output beam that is used for recycling would degrade the
mode match to the input beam, and consequently lirmut
the power build-up inside the interferometer. In addi-
tion, as already stated, a certain asymmetry between the
two arms has to be expected, leading to a relative dis-
placement between the interfering beams. Such a relative
displacement §y gives, for otherwise perfect conditions, a
relative power in the interference minimum of

Pin = %[1 - exp (—% (%) 2>] ~(2), @

where w is the beam radius.

These equations allow to estimate the deterioration of
the interference quality due to a relative displacement
between the :wo interfering beams produced by asym-
metric heating in the two arms. Based on the values for

(31)

(32)



the deformation given by Hello and Vinet,'® the deterio-
ration due to the relative beam displacement is less than
that produced by the change in radius of curvature of the
wavefronts, assuming a separation of two or three beam
diameters between the centers of neighbouring reflection
spots.

B. Restoring tlie re-entrance condition

The re-entrance condition for the beam position could
in principle be restored by adjusting the mirror sepa-
ration relative to the new effective radius of curvature.
But-the distance over which the mirrors would have to
be shifted is impracticably large already for slight defor-
mations. Another possibility is the use of muiti-mirror
delay-lines in the arms of the interferometer. In this case
orientation and position of the output beam are defined
by the orientation of the mirrors. A simple example is a
standard delay-line with two coupling holes in the near
mirror: the beam enters through one hole and after sev-
eral reflections leaves through the other one. Here it hits
a retro-mirrer perpendicularly and retraces its original
path. Position and orientation of the output beam can
now be controlled via the orientation of the retro-mirror.*

Tle arrangement with a retro-mirror is particuiarly
useful for the implementation of the recycling scnemes.
The bright {ringe output beam of the interferometer re-
traces the input beam, and therefore it is sufficient to
insert one properly chosen mirror between the laser and
the interferometer to install power recycling. A similar
argument holds for signal recycling at the measursment
output port.

Thus, the multi-mirror delay-line helps to solve the
problem of a relative displacement between the two in-
terfering beams; but there is no simple solution to the
more severe change in curvature of the waveiront due to
local heating,.

VII. POWER RECYCLING AND
WAVEFRONT DEFORMATION

In a perfect interferometer the spectral density of the
shot noise simulated fluctuations in path difference is
given by??

he A
T 1 Feire .

Ssc(f) =

(34)

llere h is Planck’s constant/(2=), c is the speed of light,
A the wavelength of the light, n the quantum efficiency
of the photo diode and P the effective iight power in-
side of the interferometer, for instance the power running
back to the beam-splitter. {In this sense the multiple re-
flection scheme used in the arms of the interferometer,
either delay line or Fabry-Perot cavity, does not increase
the usable light power Pgec — it only matches the stor-
age time of the light to the period of the signal to be
observed).
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In order to be able to detect millisecond-pulses of gravi-
tational radiation at a strain level of 10731, it is necessary
to obtain an effective light power Peire, as just defined, of
about 1000 W (see for instance Refs. 1, 4, and 21). The
effective light power is therefore 8 good measure for the
potential sensitivity of a large scale interferometer that
has been optimized in other respects. Implementation of
power recycling is a useful means to increase the amount
of light sensing the positions of the mirrors. In case of
an imperfect interference the power Prin of light is leav-
ing the interferometer through the measurement output
port; it has to be counted as a loss and thus reduces the
possible gain in sensitivity by power recycling.

In order to extract the signal {rom the interferometer
output at the dark fringe it is necessary to use some mod-
ulation technique. One can either phase modulate the
interfering beams relative to each other (internal modu-
lation), or superimpose the interferometer output beam
with a modulated reference beam (external modulation).
For achieving maximum signal-to-noise ratio, both mod-
ulation techniques require the relative amount of light
that on average leaves the interferometer to be noticeably
increased above the minimum output power. This extra
loss can be kept small if the output beam is sent through
a mode-cleaner with low losses; in this case only light in
the fundamental mode of the radiation field will reach
the photo diode. This measure improves the effective
interference contrast and therefore allows a smaller mod-
ulation amplitude for internal modulation, and a weaker
reference beam for external modulation. For the foilow-
ing calculations we have assurned a mode-cleaner at the
output of the interferometer, leaving only the losses due
to the imperfect fringe contrast.

A. Power enhancement with present technology

The limitation that the performance of Michelson in-
terferometers suffer by local heating will be demonstrated
in Figs. 3 to 7. They were obtained by modelling real-
istic interferometers including scattering and absorption
at the optical components, and calculating the degrada-
tion of the interference because of thermal lensing and
thermal expansion as a consequence of local heating. In
some sense, we have used a worst case scenario: The am-
plitudes of all wavefront deformations add in the same
direction, and thermal lensing is compensated only when
indicated in the text.

As a measure of the degradation, the required input
power P, is plotted against the eifective light power Peire
that builds up inside the interferometer under the condi-
tion of correspondingly deformed wavefronts. Some rele-
vant substrate materials and several levels of absorption
and unbalance in absorption have been chosen. In Figs. §
and 6 scattering and absorption at the optical compo-
nents was assumed to be as low as it seems realistic with
today’s state of the art for green light; Fig. 7 gives the
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“:G. 5. Power recycling with thermal distortion. The re-

3...ed input power R, for an interferometer with a Fabry-
Perot cavity in each arm is plotted against the circulating light
power Pu.e appearing for instance at the recycling mirror., A
complete interferometer was simulated, including losses by
scattering, absorption and waveiroat distortion by thermal
lensing and thermal expansion of locally heated substrates.
Rayleigh scattering of 200 ppm in each component passed by
the laser beam was assumed, substrate absorption of 20 ppm,
coating loss of 50 ppm, coating absocption of 20 ppm, trans-
mission of the coupling mirror equivalent to a light path of
34 beams, unbalance in coating absorption of 20% and unbal-
ance in substrate absorption of 10%.

{a} Set-up made of fused silica: .

(b) same as (a), but thermal lens in the beamsplitter com-
pensated by the compensation plate down to 10%;

{c) all companents made of sapphire;

(d) same as (c), but compensation as in (b).
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FIG.6. Sameasin Fig. 5, but for delay-lines; on top of an
average mirror deformation As a statistical fluctuation with
a standard deviation 4 = 0.2As was assumed:

{2) a fused silica set-up, no compensation of thermal lensing;
For (b}, (¢} and (d) coinpensation ol the beamsplitter lens as
in Fig.5(b) was assumed:

(b) a lused silica set-up;

(¢) sapphire beamsplitter and {used silica mirrors;
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(d) sapphire beamsplitier and silicon mirrots.

results for optimistic assumptions that may be realized
with future technology.

For comparison: The lowest losses in coatings reported
so far for visible light are some 10ppm per reflection.
These coatings have been produced with ion sputtering
technique. It is likely that absorption contributes notice-
ably to the reflection iosses. A particularly low absorp-
tion on the order of one to two ppm was measured on
coatings made for a wavelength of 1pm.>3 As an exam-
ple for materials with low internal absorption one may
take, as already mentioned in Section III.B, the purest
fused silica samples available today. They show absorp-
tion levels on the order of a few ppm per ¢m, equivalent
to a few tens of ppm for the typical thicknesses of the
components in the long baseline detectors.

For Figs. 5 to 7 the coating absorption was described by
an average value and a statistical fluctuation; see Eq. (29)
for delay-lines, Section IV.D for cavities. So far values for
s4 are not well known; 84/As = 0.2 seems to be rather
on the optimistic side. _

Curve (2) in Fig. 5 shows the worst performance of
our examples. It was obtained for a cavity set-up made
of fused silica. Most striking is the steep nonlinear in-
crease in required input power if the usable light power
P.ic i8 to be raised. The most severe restriction is due
to thermal lensing in the coupling mirrors of the Fabry-
Perots. This efTect is a consequence of absorption of light
inside the traversed substrate material and of 4bsorption
at the surface coating., The latter contribution is the
more critical as it is related to the refection of enhanced
power inside a cavity. But absorption in the substrate s
also significant. The contributicn of thermal lensing in
the beam-splitter is of minor importance, as a 90% com-
pensation of this effect only gives the improvement {rom
curve (a) to curve (b).

Somewhat better performance is obtained for a delay-
line system also made of fused silica, see curve (a) in
Fig. 8. Here the dominating effect is thermal lensing in
the beamsplitter; this thermal lens may also stand for a
mismatch in thermal lensing between beamsplitter and
compensation plate. A 90% compensation of the lensing
effect improves the performance from curve (a) to curve
(b). The best performance of the examples shown in
Figs. 5 and 6, i.e. curve (d) in Fig. 6, results {rom a
combination of the optimum choices (as long as diamond
is not available): a delay-line scheme (yielding lower light
intensity at the reflection spots for 8 given Peirc), silicon
mirrors (for low a/x, possible only for delay-lines) and a
sapphire beemsplitter (best transparent material).

B. Power enhancement with future technology‘

Figs. 5 and 6 show very impressively the effect of lo-
cal heating in a high power interferomneter. Obviously it




will be rather difficult to realize several kW of effective
light power inside the interferometer, as long as fused sil-
ica is used as substrate material for the relevant optical
components, even for the case of optical delay-lines. It
is particularly the strong thermal lensing of fused silica
that limits the performance.

For higher light power it is mandatory to choose mate-
rials with better thermal properties. Thermal problems
arising in a set-up planned for the 10~2? strain level may
be overcome with the parameters chosen for Fig. 7. The
effective power level aimed at is about a hundred k.
_The substrate materials are rather unusual from today’s
point of view, and the losses are assumed to be very small:
substrate absorption 10 ppm, coating loss 20 ppm, coat-
ing absorption 2ppm and an asymimetry in absorption
between the two arms of 10%, i.e. f = 1.1. From these
plots one can conclude that the hundred kV level is not
out of range, but certainly much more difficult to realize
with Fabry-Perots than with delay-lines.

B —/ 7
< 05 /'q b7
. —_—
L
<
o |—f— _/. _ /
— L =
7 ==
02| —{ — <
1z == e p— T
0 — — r-d—_
0 20 L0 60 80 100
Peire lew]
FIG. 7. The same asin Figs. 5 and 6, but with optimistic

assumptions. Rayleigh scattering again 200 ppim per traversed
component, substrate absorption 10 ppm, coating loss 20 ppm,
coating absorption 2 ppm, 34 beams in each arm, and an un-
balance in absorption (coating and substrate) of 10%. Ther-
mal lens in the beamsplitter compensated to 10%:

(a) a cavity system made of sapphire;

(b) a delay-line system with a sapphire beamsplitter and sili-
con mirrors;

{c} Fabry-Perot set-up made of diamond;

(d) delay-line set-up made of diamond.

The plots also show that diamond would be an ideal
substrate material. The thermal eflects lead to a non-
linear relation between P, and P.;;, and thus the linear
curves (c) and (d) lor diamond indicate that for the low
absorption assumed in the plot, the thermal effects are
negligible and the losses - even at such high power levels
- are totally dominated by scattering.
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VIII. SQUFEZED STATES
AND WAVEFRONT DEFORMATIONS

Obviously an elegant solution to the heating problem
would be the use of squeezed states of light in order to
lower the shot noise level instead of using higher light
powers. In this Section we will investigate what geins
are obtainable with this alternative.

The idea of noise reduction beyond the level set by the
Poisson statistics was developed by Caves.!! The statisti-
cal fluctuations in the number of photons detected at the
photo diode are described as a consequence of the vac-
uum fluctuations of the electromagnetic field at the sec-
ond, normally unused, input port of the interferometer.
It turns out that in an otherwise perfect interferometer
the fluctuations in the phase of this field determine the
statistics of the number of photons in the output beam,
the well known shot noise limit. This noise can be re-
duced by sending light into the second input port with
phase fluctuations less than those of the vacuum state.
The existence of these so-called squeezed states of light
has alreedy been shown experimentally, see for instance
Ref. 28. Unfortunately, squeezed states ate very frag-
ile. Already in his first paper Caves has pointed out the
influence of losses, for instance reflection losses at the op-
tical components or imperfect quantum efficiency of the
photo diode. Indeed, the possible gain in sensitivity by
use of squeezed states is at least as severely limited by
an imperfect interference as the power recycling scheme.

The relations relevant to the case of non-idesl condi-
tions, particularly of imperfect ‘interference, have been
developed by Gea-Banacloche and Leuchs.'? The fluctu-
ations in phase difference simulated by the Poisson statis-
tics at the output of a perfect interferometer are given by

6Pmin = 1/\/; (35)

Here n is the number of photons sensing the position of
the mirrors within the chosen resolution time. For an
ideal interferometer the gain in sensitivity due to the ap-
plication of squeezed light is proportional to the amount
of squeezing, 1 — e~*. In this picture s = 0 means no
squeezing. An imperfect visibility V' limits the possible
improvement to

- 1/2 -2
bimin = (L0
n

Thus, even for an arbitrarily high degree of squeezing
the gain in sensitivity is limited to {2(1 = V)]'/*. This
means: an interference minimum of 10~*, which seemns
very optimistic, would allow a factor of 7 to be gained
in sensitivity by utilizing perfectly squeezed light; this is
equivalent to a very welcome factor of 50 increase in light
power.

More realistic estimates allow much less improvement
in sensitivity. Let us just consider two examples. As al-
ready mentioned in Section [V, the mest homegeneous
fugsed silica produced so far shows fluctuations in the

1/2

(36)



index of refraction on a scale of decimeters of about
2 x 10~7. For a beam diameter and a traversed length
both comparable to a decimeter, the sagitta of the beam
would already be changed by A/25. According to Eq. (26)
the corresponding relative interference minimum would
be 1.3%, equivalent to a visibility of V = 0.97. The
possible improvement in sensitivity would thus only be
a factor of 2. The same effect as that described in the
numerical example would result from an absorption of
25 mW in a component made of fused silica.

IX. CONCLUSION

To reach the ultimate sensitivity of laser interferome-
ters, as planned for the gravitational wave detectors, the
light power inside the interferometer has to be extremely
high. In a detector with a storage time adapted to mil-
lisecond pulses, the 1o value of the shot noise for 1kW
of light power (as defined in Section VII) corresponds to
signals at a strain level of 102!, A further increase of the
sensitivity by a factor of 10 implies an increase in light
power by a factor of 100. In case Fabry-Perot cavities are
used instead of delay-lines to realize the long light path,
the intensity at the reflection spots will be even higher,
roughly by twice the number of eflective reflections at
these mirrors.

Such high light powers are very likely to degrade the
performance of the interferometer because of wavefront
deformation as a consequence of the substrates being lo-
cally heated by the illuminating light. One mechanism
is the surface deformation because of thermal expansion
and the second one is thermal lensing in a substrate with
a temperature gradient in the region of the passing beam.
The temperature gradient may occur due to absorption
at the coating or inside the substrate. In this paper both
these effects have been treated quantitatively.

The surface deformation scales proportional to the ra-
tio a/x between the thermal expansion coefficient and
the thermal conductivity, whereas thermal lensing scales
with the ratio 3/ between the temperature dependence
of the index of refraction and the thermal conductivity.
Fused silica seems not to be a good choice. Much better
is sapphire, provided it can be produced in the required
size and purity; it shows small values for both, a/x and
B/k. Aslong as the beam is only reflected and not trans-
mitted, silicon with its low value for a/k is possibly the
best material that can realistically be considered for be-
ing used as a mirror substrate. ULE and Zerodur are
ruled out because of their low mechanical quality fac-
tor. The optimal material would be diainond because of
its unsurpassed combination of thermal and mechanical
properties.

It has been shown that a system with delay-lines is less
susceptible to heating effects than a system with Fabry-
Perot cavities and is in this respect preferable: the inten-
sity at the reflection spots is lower, there is no thermal
lensing in the mirrors, and finally the mirrors can be

14

made of silicon.

The relations derived have demonstrated how ex-
tremely critical an asymmetry may be for the perfor-
mance of a Michelson interferometer. For a delay-line
system one can tolerate a fairly high absorption level if
all mirrors show the same homogeneous absorption. For
a difference of less than 10% in the average absorption
between the four mirrors and a statistical fluctuation of
also only a few percent, the local mirror deformation in
sagitta is allowed to be up to 2A/N for the minimum to
stay below 10~3. For an asymmetric interferometer with
one mirror absorbing significantly more (say at least by
a factor of 1.5) than the other ones, a local mirror de-
formation of as small as A/(6V) is sufficient to produce
that minimum of 10-3.

As far as thermal effects are concerned, one does not
gain by using light with longer wavelengths, as long as
the absorption and dn/8T are wavelength independent.
What counts for the shot noise limited petformance is the
ratio between wavelength and light power. The higher
power results in a correspondingly larger wavefront de-
formation, giving the same deterioration of the interfer-
ence quality. In practice the losses, particularly the ab-
sorption, are usually less for longer wavelengths. On the
other hand, a wavelength larger by a factor m demands
a mirror diameter bigger by /m, which is very inconve-
nient for delay-lines systems.

The discussions of this paper have been limited to in-
terferometers not using signal recycling, as proposed by
Meers? (dual recycling). It is not yet clear how the imple-
mentation of an extra mirror (or perhaps even a mode-
cleaner cavity) in front of the photodiode will affect the
response of the whole system to thermai effects; but there
are some indications that the losses due to mode conver-
sion into low-order transverse modes can at least partly
be recovered this way. This question goes beyond the
intention of this paper and is subject to current investi-
gation.

As has been shown in this paper, the problem of wave-
front deformation - particularly the one arising from
thermal effects — needs careful attention in interferome-
ters designed for the high level of light power necessary to
detect gravitational waves. Fortunately, continuous im-
provement is going on in the development of high quality
coatings and substrate materials. It is hoped that dia-
mond will become available at some time as a substrate
material in the required size and purity.?” In that case
even power levels of several 100k do not appear unre-
alistic as far as heating problems are concerned.
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