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Abstract. The Caltech-MIT joint LIGO project is operating three long-baseline inter-
ferometers (one of 2 km and two of 4 km) in order to unambiguously measurethe in¯nitesi-
mal displacements of isolated test masseswhich convey the signature of gravitational waves
from astrophysical sources. An interferometric gravitational wave detector lik e LIGO is
a complex, non-linear, coupled, dynamic system. This article summarizes various inter-
esting design characteristics of these detectors and techniques that were implemented in
order to reach and maintain its operating condition. Speci¯cally , the following topics are
discussed: (i) length sensingand control, (ii) alignment sensingand control and (iii) ther-
mal lensing which changesthe performance and operating point of the interferometer as
the input power to LIGO is increased.
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1. In tro duction

The joint Caltech-MIT LIGO (Laser Interferometer Gravitational-w ave Observa-
tory) project [1] started the ¯rst sciencerun of its three long-baselineinterferome-
ters (two at Hanford, Washingtonof baselines4 km and 2 km and oneat Livingston,
Louisiana of baseline4 km) in August 2002for a duration of 17 days. The second
and third scienceruns, each of continuous two months' operation, were carried out
in February{April 2003 and November 2003 through January 2004 respectively.
Since the beginning of 2002when all three LIGO interferometers were brought to
the operating condition called the `locked' state, steady progresshas beenmade to
improve the noise level [2].

The aim of the designedLIGO is to achieve the required sensitivity in the audio
frequency range up to a few kHz. Figure 1 shows expected contribution from
various noise sourcesin the designedLIGO. The main known target sourcesof
gravitational waves for LIGO are: (i) binary coalescingneutron star systems,(ii)
rotating non-axisymmetric neutron stars, (iii) unmodeled sourceslike gamma ray
bursts, supernova explosionetc., (iv) stochastic gravitational wave backgrounds of
cosmological(primordial) and astrophysical origins. The most promising among
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Figure 1. Noise curve for the designed LIGO. The main limiting noise
sources are seismic, suspension and test-mass internal thermal and photon
shot noise.

these known sourcesseemsto be binary neutron star systems which contribute
most of their signal-to-noise ratio in roughly 150{250 Hz range. So, the LIGO
interferometers were designedto have its highest achievable sensitivity of about
10¡ 18 m/

p
Hz at around 200Hz which translates into having the abilit y to measure

the di®erencein length betweenthe position of two test-masses(averagedout over
the °uctuations of their atoms) to a precision of 1000th of nuclear diameter.

This is a challenging task and a lot of e®ort and innovation have beenmade to
overcomethis. Currently , LIGO is quite closeto achieving the target sensitivity in
the ¯rst generation of its detectors [2]. This article aims to discusssomeinterest-
ing physicsbehind the designand operation of theseinterferometersand somekey
features and techniques employed to achieve successfuloperation of these compli-
cated detectors. Becauseof the limited scope of this article, many topics will not
be covered in detail here. A good account of the basic details and various physics
issuesmay be obtained from Saulson'sbook [3].

In x2 the con¯guration of the LIGO detector and speciality of its features are
discussed. Section 3 discussesthe technique of Pound{Drever{Hall for extracting
signal from a 2-mirror Fabry{P erot cavit y for any phase o®set inside it. There-
after, the extension of this technique to the multi-cavit y con¯guration of LIGO is
intro duced in x4. This section also discussesthe problem of lock acquisition, i.e.,
reaching the operating state starting from the initial `no light' condition. The length
changedue to low frequency tidal e®ecteven when the interferometer is locked is
also covered in x 4. The alignment of mirrors or beams in the interferometer is
crucial for achieving the target sensitivity. This topic is covered in x 5. Section 6
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Figure 2. Con¯guration of power-recycled interferometer. BS, beam-
splitter; EM, end mirror; IM, input mirror, PRM, power recycling mirror.
Recycling cavit y lengths, l0 , lx , ly are of the order of a few meters whereas
arms are of 2 or 4 km length.

discussesthe e®ectof thermal lensing that is encountered in LIGO as the input
power is increased.Finally x6 summarizessomeconcluding remarks.

2. Con¯guration

The schematic in ¯gure 2 shows the principal design features of the LIGO inter-
ferometers: (i) Fabry{P erot (FP) cavities are used in arms to increasethe storage
time of light, (ii) the lengths are adjusted so that the output port remains on the
dark fringe for laser frequencyin order to maximize the signal-to-noiseratio, (iii) in
order to reducephoton shot noise,a high power laser is usedand, under dark-fringe
operation, the constructively interfered component of light that travels toward the
laser sourceis recycled back to the interferometer by placing a suitable mirror in
front of the source,thus enhancing laser power, (iv) all six mirrors are suspended
like pendulumsto ¯lter out seismicnoiseabove the resonant frequencyof pendulum
(at around 1 Hz) letting the mirror to move as free massesin the target bandwidth
of detection (i.e. a few tens of Hz to several kHz).

The optical con¯gurations of thesedetectors, with dynamics of mirrors involved,
thus represent coupled, non-linear, multi-length systemswith complicated dynam-
ical responses.As shown in ¯gure 3, the LIGO interferometer is a combination of
two 3-mirror coupled cavities which themselves are coupled together through the
beam-splitter. To explain its operation, it is essential to intro duce somecharacter-
istics of the basic building block of its con¯guration: 2-mirror Fabry{P erot (FP)
cavit y.
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Figure 3. LIGO, as skeched in ¯gure 2 could be thought of as a combination
of two 3-mirror coupled cavities.
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Figure 4. 2-mirror Fabry{P erot cavit y.

2-Mirr or Fabry{Perot cavity

Figure 4 shows a 2-mirror Fabry{P erot (FP) cavit y. Under a resonant condition for
the input light, the light newly intro duced into the cavit y interferes constructively
with light from previous round-trips and thus the cavit y enhancesthe power of
the light inside the cavit y. The amplitude of the internal light can be calculated
to be the following Airy function, in which the phase o®set, Á = 4¼x=¸ where
¸ = 1:064£ 10¡ 6 m is the laser wavelength and x is a microscopic (i.e. x=¸ ¿ 1)
length o®setfrom the resonant length (i.e., x = n¸ ¡ L ; whereL is the actual length
of the cavit y):

Acav = A in
t i

1 ¡ r i r eeiÁ ; (1)

' A in

p
~F

µ
1 + i2¼

x

¸= ~F

¶
; (2)

~F =
³ t i

1 ¡ r i r e

´ 2
'

4
t2
i

: (3)

The ¯nesse ~F determineshow much gain the input power may get inside the cavit y
and the inverseof ~F canbea measureof the width of the resonancecurve. Basically,
a higher valueof ~F meansthe cavit y is moresensitive toward changesin longitudinal
length. For LIGO arm cavit y ~F is about 133. The important point to note here is
that the internal light amplitude gains an imaginary part in the presenceof phase
o®setin cavit y. So, the re°ected light amplitude can be written as

A ref = r i ¡ t i r eeiÁ Acav : (4)
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Figure 5. 3-Mirror coupled cavit y and its equivalent 2-mirror cavit y.

It may be noted that the addition of a recycling mirror enhancesthe ¯nesse of
the whole LIGO interferometer to a large extent { to a value of about 10000{ much
larger than the ¯nesse of individual arm cavit y. As already noted, the full LIGO
interferometer is a combination of two 3-mirror coupled cavities. Each of these3-
mirror systemscan be treated as an equivalent 2-mirror cavit y whosefront mirror
re°ectivit y is equal to the e®ective re°ectivit y of the recycling cavit y constituted by
the recycling mirror and input mirror asshown in ¯gure 5. The e®ective re°ectivit y
of this front mirror dependson the internal phase-o®setof the recycling cavit y and
can be shown to reach a very high value near the combined resonancecondition for
the whole 3-mirror system (for mathematical details, seexx4 and 5 of ref. [4].)

In the next two sectionswe recall thesefacts about 2-mirror and 3-mirror systems
to discussthe longitudinal length control issuesof the full LIGO interferometer.

3. Length control of a Fabry{P erot cavit y

Let us ¯rst discusshow to control the microscopiclength of a 2-mirror Fabry{P erot
cavit y. From eq. (2) we can seethat due to the presenceof small phaseo®setfrom
the resonancecondition of the cavit y, the internal light amplitude has got a small
imaginary part. How to detect that part? One of the observables is power which
can be calculated as

Pcav = A2
in

~F £

"

1 ¡ 4¼2
µ

x

¸= ~F

¶ 2
#

: (5)

The quantit y ¸= ~F is of the order of 10¡ 8 m. So, for the LIGO kind of length con-
trol and sensitivity, the e®ecton the internal power would be very small especially
for the e®ectof squaring the very small length o®set,x.

So, a technique that produces what is called Pound{Drever{Hall signal [5] is
employed. As explained below, this signal is linear in phaseo®setx, very near the
resonance. To intro duce this technique and discussthe application of this in FP
cavit y and LIGO as such, let us intro duce the concept of phase-modulation ¯rst.

The phase-modulated light is written as

exp(i! ct) £ exp(i² m sin ! m t): (6)

After expanding in terms of ¯rst-order Besselfunctions, Jn , the above expression
becomes

exp(i! ct) £ [J0(²m ) + J1(²m )ei! m t + J¡ 1(²m )e¡ i! m t + ¢¢¢] (7)

Pr amana { J. Phys., Vol. 63, No. 4, Octob er 2004 649



Biplab Bhawal

frequency

SB+SB�

SB sum

CR
�

�

�

�

�

�

�

�

�

�

�������������������������������

�����������������������������

SB+SB�

CR

Figure 6. Left: Carrier and upper and lower sidebands. Right: Phasor
diagram.

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

CR SB
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which can be approximated as

' exp(i! ct) £
h
1 +

²m

2
ei! m t ¡

²m

2
e¡ i! m t + ¢¢¢

i
: (8)

Wecanseethat, after phasemodulation on the original frequency, which wewill call
the carrier frequencyhereafter, mainly two more frequenciesget created, ! c § ! m .
Theseare called `lower' and `upper sidebands',SB¡ and SB+ , asshown in ¯gure 6.

From either eq. (6) or eq. (8) we can also write the following approximate equa-
tion:

' exp(i! ct) £ [1 + i² m sin ! m t]: (9)

Referring to the phasor diagram in ¯gure 6, we can say that the sidebandsare
rotating with respect to the carrier in opposite directions but their sum is always
orthogonal to the carrier.

Let us now enter this phase-modulated light in a Fabry{P erot cavit y as shown
in ¯gure 7. The cavit y is made resonant with respect to the carrier and so the
sidebandsget re°ected from the front mirror but the carrier getsbuilt up inside the
cavit y. If there is any phasechange inside the cavit y, the carrier light experiences
this o®setand the leaked out part of the carrier at the re°ected port brings that
information with it. The sidebands,by not being inside the cavit y, do not experience
the phaseshift and socan be usedasreferenceor local oscillator. One can get signal
for this phaseshift by beating the carrier with sidebands.

So, the power of the re°ected light becomes

jCR + SB
+

+ SB
¡

j2: (10)

The radio frequencyamplitude-modulated part of this light is

2 £ Real(CR
¤

£ [SB
+

+ SB
¡

]) = 2 £ Real(CR
¤

£ i² m sin ! m t): (11)

In the above equation the sum of the sidebandamplitudes is replacedby the term
from eq. (9). As we have seenin eq. (2), in the presenceof phase-o®set,the carrier
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Figure 8. Phasor diagram: Carrier gained an imaginary part from phase-
o®set.
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Figure 9. LIGO cavit y lengths.

light gains an imaginary part which we represent below as ©. So, we get a signal
which is proportional to

Real((1 + i©) £ i² m sin ! m t) = ²m © sin ! m t: (12)

The phasor diagram of this situation is represented in ¯gure 8. This is then
demodulated (essentially multiplying with an oscillator of frequency, ! m ) to get
signal proportional to

²m © sin2(! m t) =
1
2

©²m (1 ¡ cos2! m t) (13)

which is then passedthrough a low-pass¯lter to get the signal at a RF photodiode.
The ¯nal signal is linear in © : ²m ©.

One may note that by applying this technique the phase change in light is
e®ectively transformed into the amplitude changeof the light. In the next section
we discusshow this is extended to extract length o®setsignals for a multi-cavit y
coupled system like LIGO.

4. Length control of LIGO and lo ck-acquisition

As shown in ¯gure 9, LIGO has four length degreesof freedom for the four reso-
nant lengths involved. A better way of representing these is a set of their linear
combinations:

1. Common modes: `+ = (`x + `y )=2 ; L + = (L x + L y )=2.
2. Di®erential modes: ` ¡ = (`x ¡ `y )=2 ; L ¡ = (L x ¡ L y )=2.
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The di®erential mode, L ¡ , represents the measureof opposite e®ects(of contrac-
tion and expansion)in two arms. The polarization of gravitational wave may e®ect
such changesin the arms.

The commonmode, L + , represents the measurewhen both arms are contracting
or expanding in the sameway at the samepoint of time. One must note that, apart
from actual length changeslike this which may originate from seismicnoise, this
mode could also have contribution from changesin laser frequency. Any changein
frequency, ! , of the laser a®ectsboth arms in the sameway and so may manifest
itself as common mode:

¢ !
!

=
¢ L
L

: (14)

Implementation of a feedback control system requires a detection schemewhich
can separably senseall longitudinal degreesof freedom. We discussnow how the
signals are extracted from the interferometer to determine these four modes and
are fed back to the mirrors and laser to make microscopic length adjustments and
also to laser to correct the frequency or supressits noise. It may be noted that,
due to inherent (and possibly unavoidable) asymmetriesbetween two arms of the
as-built LIGO, the full e®ectof common modes do not manifest itself as purely
`common' e®ecton the ¯eld evolution in the interferometer. Somepart may show
up as di®erential e®ectand vice versa. For example, any changein position of the
recycling mirror changesboth `x and `y in the sameway and so is a commonmode.
If the interferometer is operating under the dark fringe condition, no carrier light
should escape the output port (refer to ¯gure 2) due to this motion in recycling
cavit y. However, if the re°ectivities of the arms are di®erent, the interference of
the lights from arms at this port will not be fully destructive and so somecarrier
light should escape through this port. This is a manifestation of di®erential mode,
even though actual length changesare common in nature.

The technique described in the last section is extended to control the full LIGO
system[6]. The main operating criterion is that the carrier shouldbemaderesonant
to all cavities in the full interferometer. To bring the system to this state and to
control length o®setsfrom this state, laser light is phasemodulated beforeit enters
the interferometer and the sidebandsare maderesonant only in the recycling cavit y.
These do not enter the arm cavities and so, just like in the caseof FP cavit y, do
not experienceany phasechangesin arm cavities and can act as local oscillators.

The lengthsof the recycling cavit y in x- and y-directions aremadea little di®erent
to allow somesideband light to leak to the dark port (this is known as `Schnupp
asymmetry'):

PSB (dark) / [! (`x ¡ `y )=c]2: (15)

The recycling cavit y mirror transmittivities are such that the cavit y is very close
to being symmetric. A perfectly symmetric FP cavit y can be de¯ned as one whose
front and end mirrors have samere°ectivities but no losses.For such a cavit y the
input light completely transmits out through the cavit y. The as-built recycling cav-
it y mirrors of LIGO have lossesand alsothere exists somedi®erencein re°ectivities
of the recycling mirror and the input mirrors. However, we can say that it is very
closeto what a symmetric cavit y is and sowe expect that almost all of the sideband
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light that falls on the recycling mirror to enter the interferometer should get trans-
mitted through the dark port. Note that the sidebandscannot get transmitted into
arms because,as already mentioned, the arms are held at anti-resonant condition
for the sidebands. A measureof how e±ciently sidebandsleak out through the
output port is known assidebande±ciency. This number may turn out to be much
less than the perfect value of 100% depending on heating of mirrors by the laser
light and the consequent e®ectof thermal lensing that we intro duce and discuss
in x6.

Whenever, for example, due to some di®erential length changes, some carrier
light leaks into the dark port, it beats with the sideband lights already present
there and givesthe Pound{Drever{Hall signal for di®erential length changes.

Similarly for other modesand frequencynoises,similar signalsare collectedfrom
other ports, like the re°ected port and internally from the beam-splitter. In an
ideal situation with a proper choice of ports and signals, the correspondencebe-
tweensignalsand degreesof freedomshould be one-to-oneor, in other words, their
relationship can be expressedas a diagonal matrix. This matrix can be inverted
and proper conversionscan be made to ¯nd out how much force needto be applied
through the actuators to each mirror to control the full interferometer. However,
for various reasonsincluding the one that the as-built interferometer is not really
symmetric in two directions, the matrix may not turn out to be diagonal and this
may causea lot of di±cult y in the control of the full system. The problem ¯nally
becomesone of ¯nding the proper basis in which the matrix may becomecloseto
the diagonal.

One must note again that the Pound{Drever{Hall signals are linear when the
interferometer is very closeto its operating point and the deviations are just frac-
tions of the laser wavelength of 1.064¹ m (say, 1/1000th for di®erential mode. For
common mode, the limit could be much more stringent, about 1=107th).

So, one of the expected main problems in the ¯rst year of LIGO commission-
ing (year 2000) was to start from no light condition in the interferometer and
bring it to the desired operating condition called the locked state when carrier
is resonant throughout and sidebandsare resonant only in recycling cavit y. As
already explained, becauseof the coupled nature of all the cavities and the low
frequencyseismicnoisethat constantly drives the mirrors, this transition needsto
passthrough lot of stateswhen noneor only oneor two of the cavities are resonant
at a time. Also we can recall from our discussionof 3-mirror coupled system in
x2 that closer to the ¯nal operating condition, the e®ective ¯nesse of the whole
system for the carrier frequency becomesquite high and various non-linear e®ects
also comeinto account.

Due to these reasonsthe problem of achieving the desired locked state starting
from the ¯rst entry of light through the recycling mirror is not a trivial problem.
The aim is to acquire lock by initially stabilizing the relative optical positions to
establish the resonanceconditions and bring them within the linear regionsof the
error signalsand then to maintain the interferometer at the operating point by using
linear time-invariant feedback from a phase-modulation{demodulation systemthat
provides linear error signals for small deviations from the operating point.

However, the probabilit y of all the four degreesof freedombeing simultaneously
within ¼ 1nm or evenshorter (for somemodes)linear regionof the resonancepoints

Pr amana { J. Phys., Vol. 63, No. 4, Octob er 2004 653



Biplab Bhawal

is extremely small, and thus a sequential locking approach is adopted, whereby all
degreesof freedom are captured in sequence. Such an approach needs a good
step-by-step algorithm that takes into account evolution of ¯elds due to mirror
motion and changing resonant conditions of various cavities that are coupled to
each other. This is where the time-domain simulation of the interferometer played
a very important role.

In order to have an insight into the complex ¯eld evolution in a complicated
system like LIGO with so many degreesof freedom, the study of the system by
computer simulation is essential. With that objective, a simulation package with
various modeling tools has been developed at Caltech. This simulation program
called LIGO end-to-end (E2E) model [7] allows us to perform computer experi-
ments on LIGO or its advanceddesign-variants or on somesubsystemsof it. The
E2E package simulates the time-evolution of ¯elds, optics, mechanical structures
and electronic and control systems. It can be viewed as a software toolbox, like
MATLAB [8], and complexsystemscan be simulated by combining building blocks.

In order to help LIGO commissionersin the lock acquisition e®ort, a model of
the interferometer was built up using the E2E package in the later half of 2000
[9]. Its purposewas to designand develop the Hanford 2 km interferometer locking
servo and simulate the major characteristics of length degreesof freedomunder 20
Hz. Using this model an algorithm wasdeveloped that could sequentially bring into
lock the various degreesof freedomby useof measurableoptical signalsto estimate
the time-evolving sensingmatrix and application of feedback forces to reduce the
mirrors' relative velocities.

This model took the following into consideration: (i) Only longitudinal degreesof
motion wereconsideredeverywhere(¯eld evolution with scalar¯eld approximation),
(ii) e®ectsof saturation of actuators, (iii) simpli¯ed seismicmotion and correlation,
(iv) analog length sensingand control (LSC) system; the alignment sensingand
control systemwasnot modeled,(v) frequencynoise,shot noiseand sensor,actuator
and electronic noisewere not included.

Figure 10 shows the step-by-step locking procedure followed for the full inter-
ferometer [10]. The corresponding lock-acquisition code was developed in E2E.
Essentially this code calculates signals at di®erent states and invert those to the
force necessaryto move the mirrors in appropriate direction depending on the cur-
rent state of the interferometer and in that way proceedtoward the ¯nal operating
condition. This code was directly ported to the real interferometer control system.
When the actual interferometer acquired locked state, any typical ¯eld-evolution
curve, as shown in ¯gure 11, followed essentially the samepattern in going from
state to state as observed in time-domain simulation runs.

This samealgorithm is usedto lock all LIGO interferometers. Nowadays, under
a normal condition, any interferometer takes only a few minutes to get into the
locked state.

We may note that even under a locked state, the suspensionpoints of the LIGO
mirrors may get slowly displaced due to the residual, very low-frequency compo-
nents of the seismicnoise originating mainly from tidal e®ects. As the di®erence
between two suspension points gets shorter or longer, it becomesharder for the
control system to maintain the length betweenmirrors in resonant condition. The
LIGO arms experienceEarth- and Sun-induceddaily strains of the order 3£ 10¡ 8.
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STATE  1 STATE 2

STATE 3STATE 4

STATE 5
SB-

SB+

CR

Figure 10. States of lock acquisition. State 1: Light just enters through the
recycling mirror; nothing is controlled. State 2: Sidebands (SB) resonate in
the recycling cavit y; the samecavit y is held on a carrier (CR) anti-resonance.
State 3: One of the end mirrors is controlled and carrier resonates in that
controlled arm. State 4: The other ETM is controlled and carrier resonatesin
both arms and the recycling cavit y. State 5: Power in the full interferometer
is stabilized at its operating level.

With kilometer scalearms, thesestrains exceedthe limited rangeof the quiet, high
bandwidth control servos keepingthe optics positioned within a 1/4 wavelength of
the resonating light of 1 ¹ m wavelength. While thesecontrol systemshave a range
of a few tens of micrometers, the daily strains will typically approach 120 ¹ m.

Monitoring of tidal e®ectsis thus absolutely necessaryfor continuous operation
of the interferometer. In LIGO the common mode tidal e®ectsare controlled by
adjusting the carrier wavelength which, as already described, a®ectsboth arms.
The di®erential mode is dealt with separately for each arm and this is e®ectedby
physically moving the structure of the optical mounting platform.

In the next section, we discussthe e®ectof misalignments of the mirrors which
may originate from seismicnoiseor from any defect in suspensionsystem. An initial
`gross' reduction of the level of misalignments in mirrors below a certain level is
essential for achieving or maintaining lock. However, under a locked state, a very
good level of alignment of optics is necessaryto achieve the desiredsensitivity.

5. Alignmen t control

While maintaining the longitudinal separations between the test mass mirrors is
crucial to optimize the intensity of the light circulating in the interferometer,
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maintaining the maximum phase sensitivity crucially depends on the alignment
of the optical components with respect to the incoming beam [11].

Just like in the section on length control, let us discussthis ¯rst in terms of a
2-mirror FP cavit y. A stable FP cavit y has its own set of eigenmodeswhosebasisis
de¯ned by mirror radii of curvature and length. The eigenmodesmay be expressed
in terms of Hermite{Gaussian functions [12] which are combinations of Hermite
polynomials and Gaussian functions. A beam which matches the eigenmode of
the cavit y can be expressedin terms of two quantities, the waist size,W0 and the
location of the waist, Z , as shown in ¯gure 13. These quantities can be directly
calculated from the cavit y parameters: length and mirror radii of curvature [12].
The fundamental mode of this basis is a purely Gaussian function which means
that a transverse cross-sectionof a beam which is perfectly resonant in a cavit y
shows a purely Gaussiandistribution of power.
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Figure 11. The lock-acquisition of Hanford 2 km interferometer. The top
plots are from the actual lock acquisition processin the physical interferometer
and the bottom plots correspond to those from E2E's simulation set-up. Both
plots show changesin power as the interferometer goes from one state to the
other for ¯nally acquiring the full locked state. The sideband (SB) power
in PRM (power recycling cavit y) is normalized to the input sideband power
multiplied by the RM transmittivit y, whereas the other two curves in both
plots are normalized to the one arm transmitted power in the absenceof RM.
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Figure 12. Tidal e®ecton arms: Shown in a 24 h locked stretch of Hanford
4 km interferometer. Top: Normalized arm power showing the locked strech.
Middle: red { prediction of common mode tidal stretching. Blue { observed
displacement measured from ¯ne actuators at the end stations; measurement
done after compensating the laser frequency. Bottom: red { predicted dif-
ferential mode. Blue { observed di®erential correction required to maintain
resonance.
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Figure 13. Fundamental eigenmode of a Fabry{P erot cavit y.

Let us represent the unperturb ed beam of wave number K and waist size, W0,
at the waist location (Z = 0) as AU0, where A is the amplitude and U0 is the
fundamental TEM00 mode of the beam. Then various kinds of perturbations as
shown in ¯gure 14 generatehigher order modesrepresented by Ui , i = 1; 2; : : : (only
the ¯rst 2 (i = 1; 2) higher order modesare shown in theseequations):

1. Rotation (½): A[U0 + i½K W 0p
2¼

U1],

2. Lateral displacement (d): A[U0 +
q

2
¼

d
W 0

U1],

3. Waist-position mismatch (b): A[U0 + i b
2K W 2

0
U0 + U2],

4. Waist-sizemismatch (di®erencebetweennew and old waist size (s): A[U0 +
s

2W 0
U2].
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Figure 14. Perturbations on beam.

These perturbations can be e®ectedin a LIGO system by rotation or transver-
sal shift of the mirrors. The perturbations 3 and 4 can be causedby sending a
wrongly focussedbeaminto the interferometer or may originate from thermal lens-
ing e®ect(to be discussedin the next section). These types of misalignments of
the components of the interferometer with respect to the incident laser light cause
light in the fundamental mode of the cavit y to couple into higher order modes.
This reducesthe amount of power circulating in the arm cavities due to reduced
coupling of light into them, resulting in reducedphasesensitivity. Also the higher
order modes leaking out the signal extraction port of the interferometer result in
increasedphotocurrent and shot noise.

For the sensingand control of misalignments or the beamwavefront, a variant of
the Pound{Drever{Hall locking technique is employed. Each mirror hastwo degrees
of rotation: pitch (around the horizontal x-axis) and yaw (around the vertical y-
axis). So, digital control of 12 mirror angles (pitch and yaw modes for each of
6 mirrors) and the input beam direction has been implemented. The target of
this alignment sensingand control system is to suppressangular °uctuations of all
mirrors below 10¡ 8 rad (rms value).

Figure 15 explains the basicprinciple of wave-front sensing(WFS) for a 2-mirror
FP cavit y. For the full LIGO system, in order to control all six mirrors and the
direction of the input beam, four WFS systemsare utilized to collect misalignment
signals for various degreesof freedom. Just like in length control system, in this
casetoo, the signalsare mixed up and proper basisneedsto be carefully chosenin
order to make one-to-onecorrespondencebetweena signal and a particular mode.
The matrix representing this relationship is then inverted and actuators in mirrors
and/or in the telescope sending the input light to the interferometer are activated
to control the whole system. Figure 16 shows how the interferometer performance
improvesafter activating the WFS system.

6. Thermal lensing

The target sensitivity of LIGO requires the useof very high light power, 20 kW in
arms, to reducethe photon shot noise. Absorption of a small fraction of this power
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Figure 15. Basic principle of wavefront sensing: In an unperturb ed state
(upp er ¯gure), the beam in the cavit y is in the same basis as of the input
beam and its axis is the sameas the cavit y axis. Thus the split photodetector
that is aligned with the cavit y axis measuressame power in both parts. The
signal which is a di®erenceof these two parts is thus zero. When, for example,
the end mirror rotates at microradian level, the internal light mode is di®erent
from the input light fundamental mode { the internal beam axis rotates with
respect to the input beam and the re°ected light beam center gets shifted.
The split photodetector now measurespower more in the upper plane than
in lower plane and a non-zero signal with sign for the direction of rotation
can be obtained. Note that LIGO actually usesquadrant photodetectors but
employs the sameprinciple to senserotation around both vertical (yaw mode)
and horizontal (pitc h-mode) directions.

in the optical components can lead to serious degradation of the performance of
the interferometer.

The temperature gradient inside the substrate leadsto the gradient of refractive
index and thusoptical path length acrosstransversedirection. This leadsto changes
in transmitted beam wavefront and is called thermal lensing [13].

In LIGO I, the main contribution of this e®ectcomesfrom the input mirror. So,
even if the input light is preparedto be the fundamental eigenmodesof the cavities,
due to thermal lensingthe light may still be mode-mismatched and sonot perfectly
resonant in the cavit y. Analytical calculation and some careful FFT modeling
show that there is a negligible e®ectof thermal lensing on the carrier in LIGO ¯rst
generationinterferometer becausethe carrier modesare mainly determinedby arms
which are large comparedto the recycling cavit y.

However, the situation is di®erent for sidebandswhich are coupled into only the
recycling cavit y and does not enter the arms. The recycling cavit y length (about
9 m) is much smaller than the radii of curvature (about 15 km) of the recycling
mirror or the input mirrors constituting the cavit y. Under such a situation, the
cavit y approaches a degeneratestate which meansit does not have any preferred
eigenmode to select. This is a serioussituation becausemost of the higher order
modes that may get created due to any kind of perturbation may get resonant in
such a cavit y and, with much of the higher order modes, the cavit y may become
unstable.

Thermal lensing a®ectsthe mode-matching of the sidebands in a big way as
it goes through the dielectric of the input mirrors, gets totally re°ected from its
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Figure 16. Wavefront sensor (WFS) and the control system improves the
interferometer performance. The top ¯gures show how the arm cavit y power
got stabilized when WFS is on. If WFS is not working, even though the
interferometer is locked, the power starts decreasing due to the presenceof
misalignments as shown in the locked stretch of about 9 h in left-side ¯gures.
More power get leaked out of the dark port (bottom left) and contributes
more to the shot noise level. Finally the whole system may go out of lock.
The right-side ¯gures show much more stabilized performance for a locked
stretch of more than 11 h when WFS is on.

surfaceand gets into the recycling cavit y again. The amount of heat absorbed in
the input mirror has two components:

Substrate heat absorption = Input power £ Recycling gain

£ Substrate absorption coe±cient ; (16)

Surfaceheat absorption = Input power £ Recycling gain £ Arm gain

£ Surfaceabsorption coe±cient : (17)

In LIGO I, the input power entering the recycling mirror is about 6 W, the recycling
gain is about 50 and the arm gain is about 133. So, the power in recycling cavit y
between the recycling mirror and beam-splitter is about 150 W, while the arm
power is about 20 kW. Note that in eq. (17) only the surfaceabsorption from the
arm side of the input mirror(s) is consideredbecauseits e®ectis much more than
the absorption from the recycling cavit y side. Any di®erencein these absorption
coe±cients and re°ectivities (which determine gains) between optics in two arms
causesdi®erencein the level of mode-matching in two sidesof the interferometer
and may lead to more di±culties in its operation.

Figure 17 shows the e®ectof thermal lensing on the carrier and the sidebands.
The cross-sectionof the carrier intensity remains to be Gaussian or the funda-
mental mode. However, the sidebandcross-sectionshows a combination of various
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Figure 17. The e®ect of thermal lensing: Note how the sideband beam
pro¯le gets distorted and becomesnon-Gaussian due to bad mode matching
and consequent generation of higher order modes. Carrier beam pro¯le does
not get a®ectedand remains Gaussian. Without thermal lensing their pro¯les
should look similar.

unwanted higher order modes. This a®ectsthe sidebande±ciency which could get
reduced to a value of mere 6%. So, less(than designed¼ 100%) sideband power
gets into the dark port and also the overlap of sidebandswith carrier for producing
the signal (the scalar product) gets much reduced.

As a remedy for this situation, a program of thermal compensationof the mirrors
in the Hanford 4 km detector started in the beginning of 2004. The aim of this
program is to nullify the e®ectof thermal lensingby heating the input mirrors. For
the ¯rst attempt, CO2 laser is directly projected onto the mirrors to heat them
up and the phasemaps of light are monitored to determine the exact amount of
heat neededto be deposited to nullify the thermal lensing in each input mirror.
This attempt has progressedwith satisfaction and the sidebande±ciency could be
increasedto a good level. One can hope that this improvement will contribute a
lot in the operation and performanceof the detectorsduring the fourth sciencerun
scheduled in the last quarter of 2004.

7. Concluding remarks

In this article we covered the three most essential features of operation of the ¯rst
generation of LIGO interferometers, namely, length control, alignment control and
compensationof thermal lensing. A number of other essential featuresof LIGO such
asseismicisolation system,suspensionsystemand its local control, stabilization of
amplitude and frequencyof the beam before it enters the interferometer, etc. have
not been discussed. Discussionof many other important features and techniques
which have played crucial roles in reducing the noiselevel has also beenavoided in
the limited scope of this article.

The milestone of touching the LIGO designedsensitivity seemsto be very close
at the time of writing this article. The designof the advancedLIGO interferometer
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and its subsequent operation and the ensuingstruggle to take the sensitivity level
up by another order of magnitude will bring new challengesto the LIGO team.
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