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Abstract

Several ground-based large-scale and medium-scale laser interferometers (LIGO,
VIRGO, GEOG00 and TAMA300) are now under construction for gravitational wave
detection. A power-recycling technique is planned as a standard optical configuration
to improve the shot-noise limited sensitivity. However, there was no demonstration
of recycling on Fabry-Perot prototype interferometer with suspended masses and it
was not clear that the recycling is really applicable to full scale detector.

Main purpose of this work is to apply the recycling technique to 20m interferom-
eter which can simulate full scale antenna in its quality and to demonstrate the high
power recycling gain of the order of 10, which is required for TAMA300 and also for
other projects. In order to realize a high recycling gain, loss control of optics and
interferometer is pretty important because the recyeling gain is roughly proportional
to the inverse of the total loss of the Fabry-Perot Michelson interferometer. Among
several possible candidates of serious interferometer loss, poor reflectivity of arm cav-
ities due to mirror loss and contrast defects of the Michelson interferometer caused
by misalignment of mirrors were predominant in the case of 20m interferometer.

For the loss of optics, the quality of mirror coatings were extremely improved to
have total loss of below 30ppm/optics. This was the first measurement of total loss
for 10mm-size beam and best value for mirrors which are used in prototype interfer-
ometers. Further more, wave-front sensing technique was introduced as an alignment
control system of the mirrors to stabilize the optical Huctuations of the interferometer.
It was first demonstration of WFS on the suspended mirror interferometer.

As a result, 20m prototype interferometer locked with sufficiently high power re-
cycling gain of over 12. This is highest gain ever reported in the world as a suspended
mirror Fabry-Perot Michelson interferometer. FPurthermore the remaining gain fuc-
tuation due to mirror misalignment was sufficiently suppressed by engagement of

wave-front sensing technique and stable operation was realized .
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Chapter 1

Introduction

1.1 Gravitational Wave

Nature of the gravity is interpreted as a nature of spacetime itself according to general
relativity. The physics of spacetime can be described by Einstein’s equation, which is a
relation between mass-energy density and spacetime curvature. This theory can explain
the gravitation by attributing spacetime with tensor field, metric g,,. In weak gravitational
field limit, for example here on the earth, the metric can be approximated by using small

perturbation A, from Minkowski (flat) metric 7, as
Guv ™ My + b, 5

here |hy| < 1. Then the weak field Einstein equation in vacuum take the form with

suitable choice of gauge,
1 82
___r+&‘2 h:y=D- 1.2
( ¢ ot? ) ‘ (1.2)
This equation leads a wave form solution, which have a form of

T L (1.3)

were k, satisfies k,k* = 0. With further choice of gauge known as transverse traceless

gauge, A, can be simplified for a frame in which the wave is traveling in the z-direction
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as
0 0 0 0
0 h h ]
Ay = r ik (1.4)
0 hy —=h, 0
0 0 g 0

Suppose that Michelson interferometer is placed in x-y plain with its arms along with x
and y axis respectively. Using T'T gauge, the geodesic equation means that the coordinate
position of free masses does not change in the presence of a gravitational wave, but proper

distance along the z-axis ds* = g, dz*dz" is affected,
1
As = f |92z | 2dx ~= [1 + Eh'“] To (1.5)

for plus polarized wave. The gravitational wave produces a strain of space, in the sense
of change in the proper distance between two test particles. On the other hand, for the y
direction of arm the opposite change is given in the travel time, so difference between two

arm length as measured by the light is
AL = hlL (1.6)

Thus the fringe of the Michelson interferometer is affected by this change due to gravita-
tional wave, and this make it possible to measure gravitational waves directly.
Current interferometer design is expanded to multi bounce system, Fabry-Perot Michel-

son or Delay line, in order to optimize the arm length in a limited space.

1.2 Laser Interferometric Gravitational Wave Detec-
tor

The principle of interferometric detection of gravitational wave is measuring optical phase
shift of the laser light caused by gravitational wave passing on the interferometer . So, the
optical layout which can convert the strain of gravitational wave into optical phase change as
effective as possible should be adopted as a design of interferometer. Before discussing full
configured interferometer, it is worth while to consider the simple Michelson interferometer

(SMI). The phase sensitivity in each arm is given by d¢/d¢ = dm /A, so phase shift can be
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approximated as
4
Adcr = -;-‘n{t}f, (1.7)

only for slowly varying h(t), here A is the wave length of laser light, h(t) is time dependent

strain and £ is the arm length of the interferometer. Using Fourier transformed h(t),

h(t) = / h(w)e! duw, (1.8)

the frequency dependent phase shift will take the form of
Ador = [ hw)e Hspy(w)do (1.9)
Hepnr(w) = 3{? sin (%) i (1.10)

where, Hgpp(w) is a frequency response function of SMI to gravitational wave which is

shown in Fig.l.l. From this expression, DC-gain of transfer function is maximized by

IHp( e )1 (10dB/div)

.._.L_..L..J.L.LI..LJJ_.LM._L.AMJL..J_.L_LL.L.UJ At JLEALI I i § daiii
10° 10! 10° 10° 10* 10°

Frequency (Hz)

Figure 1.1: Frequency response funetion of SML

the condition of fwy = = /2 for specific frequency of gravitational wave wy. For example,
optimum £ is 75km for 1kHz wave and this is not realistic for ground based interferometer

with respect to build such huge facilities. In order to settle this difficulties, multi bounce

3
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5 [e s
: v i
Y
Delay-Line (N=4) Fabry-Perot

Figure 1.2: Multi bounce system. Delay-Line system holds beam line inside two
arm mirrors by N-times. The beam will multiple interfere in cavities for
Fabry-Perot cavity system.

methods have been suggested; Delay-Line and Fabry-Perot cavity systems inFig.1.2. The

frequency response functions for both systemns are given as

. 20 . [ Niw Nl 2
Hpplw) = e sm( 5 )e : (1.11)

where, IV is bounce number and

20 3,10 bw : 1
Hpplu)= —dM BM __ | = |eritile : 115
rp(w) w 1 —=rryraa € 1 — rpprgage2tw/e’ ( )

where r,t are amplitude reflectivity and transmission of mirrors. Subscriptions IM,BM
denote Input Mirror and Back Mirror of the optical cavity respectively.!!! Amplitude gain
for both functions are compared in Fig.1.3, using typical parameters for full scale detectors.
In past decade, both configurations were tested by using prototype interferometers over the
world and current projects are employing FP system or SMI as a optical design.

Several ground-based large-scale,medium-scale laser interferometers (LIGO, VIRGO,
GEO600 and TAMA300) are now under construction for gravitational wave detection,
as summarized in table 1.1, A Michelson-type interferometer using Fabry-Perot cavities in
its arms is employed for TAMAJ00 and the optical parameters of the input and end mirrors
for each arm cavities were designed to be R=0.9880 and 0.9999 in power reflectance, re-
spectively. The expected qualities of the cavity are a finesse of 516 and a cavity reflectance

of 0.96, assuming loss-free mirrors.
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Figure 1.3: Response functions for Delay-Line and Fabry-Perot systems.

Project Host Institutions Arm Length Storage Time 7,
LIGO® US. Caltech, MIT FP 4 [km]x2  0.88 [msec]
VIRGO®  FRA, ITA  IFNF, PisaUniv., CNRS FP 3 [km] 0.31 [msec]
GEO6004  GER, GB MPQ, GlasgowUniv. DR 600 [m)]
TAMA300F! JPN NAOJ, UT, UEC, KEK, ... FP 300 [m] 0.33 [msec]

Table 1.1: Projects for interferometric gravitational wave detection.

cn
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A power-recycling techniqueis also planed as a standard optical configuration for all
projects employing the optically recombined interferometer design: also, its recycling gain
(power-enhancement factor of the light inside the interferometer by the recycling tech-
nique) is roughly proportional to the inverse of the total loss of the Fabry-Perot Michelson

interferometer (at a beam splitter) as an one complex mirror for the recycling cavity.

1.3 Noise Behavior of Interferometer

As is described in previous section, the signal of gravitational wave are detected as
a output signal of Michelson interferometer in principle. Though the expected signals
from astrophysical sources are extremely small, there will be no difficulties to detect them
without any other noise. However, there are a lot of possible hosts of noise that can appear
at the output not only to disgrace but overwhelm gravitational wave signals.

Typical noise sources, which are thought to be serious limiting source for detector sensi-
tivity for TAMA300, are summarized in Fig.1.4.

The shot noise, the statistical error in the photon counting process is intrinsic noise for
detectors which use light as a measurement prove. This is expected to be limiting factor
in most interesting frequency range and above this frequency if other artificial noises are
negligible small. Corresponding expression in detail for shot noise limited sensitivity will
be introduced in later section. In principle, it will decrease in proportion with the inverse
of square root of input light power incident to the interferometer. In other words, if the
sensitivity of the interferometer is shot noise limited, the only way to improve the limitation
is increasing the input power inside the interferometer.

The second one is seismic noise. For ground based interferometers, it is impossible to
prevent the effect of seismic motion of the ground completely. The typical ground motion

is reported to have the spectrum of I

Epeia == 1077 (l%)z [m/v/Haz). (1.13)

In order to isolate this ground motion sufficiently at observation band, many kind of low-
pass filters have been developed, for example, pendulum, stack mechanical filters and active

dumpers.
The third ones are thermal noises. The test mass itself is still vibrating due to its

thermal energy without external excitations. According to principle of equipartition, a

G
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Figure 1.4: Designed noise budget for TAMA300. A: Shot noise. B: Seismic noise.
C:Thermal noise of pendulum. D: Thermal noise of mirror internal
modes.
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kinetic energy of 1kpT are divided to each vibration modes. These energies will diffuse
to frequency ranges around resonance due to fluctuation- dissipation theorem. The modes
relevant to test masses are the internal modes of them, pendulum modes and violin modes
of suspending wire. These can be reduced by making the quality factor (Q-value) high
and/or cooling down the temperature.

1.4 Purpose and Result of This Work

There are a lot of optical and electronical techniques planned to be applied to full s-
cale detector, including advanced configurations of interferometer. A number of table top
experiments with small scale and with rigidly supported mirrors were already performed
to demonstrate these techniques. The next step is to demonstrate them on a prototype
class interferometer with free masses and to scale up these techniques to long base line
interferometers. Usually, in order to simulate the full scale detector, these “prototypes”
have many equipment of the same quality as a full scale detector; for example, Nd:YAG
laser, mode cleaner, vacuum system, suspended free masses and high quality optics. In con-
trast with table top or small size interferometers, long base line interferometers are hard to
operate and to maintain the performance in general. These difficulties mainly come from
large size of laser beam and length of arms. For example, imperfections of optics with a
scale of millimeter can cause a serious defect to the larger aperture beams but do not to
the smaller beams, larger interferometer are more sensitive to misalignment of opties than
shorter ones. In this regards, it is important to demonstrate that the recycling technique
is applicable to these prototypes.

This work focused on the most exciting issue of power recycling, recycling gain. The
recycling gain is defined as a power enhancement factor of light incident on the interferom-
eter. Main purpose of this work is to apply the recycling technique to 20m interferometer
which simulates a full scale antenna in its quality and to demonstrate the high power re-
cycling gain of the order of 10, which is required for TAMA300 and also for other projects.
In addition to high recycling gain, study of lock acquisition sequence of high recycling gain
interferometer was also an important subject of this thesis.

In order to realize a high recycling gain, loss control of optics and interferometer is pretty
important since a recycling gain is roughly proportional to the inverse of the total loss of

the interferometer. Resulting recycling gain of 450 was reported for simple Michelson inter-



1.4. PURPOSE AND RESULT OF THIS WORK

Nickname Institution Arm Length Start First Lock Designed Gain

Mark II Caltech (U.8.) 40m 1996 Dec 1997 8
Tamago NAOQOJ (JPN) 20m 1997  Jun 1998 -
) UT (JPN) Im 1996 Nov 1997 -
- Garching (GER) 30m - - -

Table 1.2: Projects for interferometric gravitational wave detection,

ferometer with suspended mirrors .® On the other hand, FP Michelson interferometer with
fixed mirror table top experiments demonstrated the recycling gain of 18 at the time when
this experiment started.[') The discrepancy between two cases is mainly comes from the
difference in reflectivity between simple mirrors and combined FP cavities. Further more,
in case of FPMI with suspended mirrors, misalignments of mirrors degrade the contrast of
Michelson interferometer as well as reflectivity of FP cavity. Therefore, it is not obvious
to attain the high recycling gain with FPMI prototypes. On going recycling experiments
for FPMI with suspended mirrors are shown in table 1.2 Among several possible candi-
dates of serious interferometer loss, poor reflectivity of arm cavities due to mirror loss and
contrast defects of the Michelson interferometer caused by misalignment of mirrors were
predominant in the case of 20m interferometer.

For the loss of optics, the quality of mirror coatings were extremely improved to have
total loss of below 30ppm/optics. This was the first measurement of total loss for 10mm-
size beam and best value for mirrors which are used in prototype interferometers. Further
more, wave-front sensing technique was introduced as an alignment control system of the
mirrors to stabilize the optical fluctuations of the interferometer. It was first demonstration
of WFS on the suspended mirror interferometer.

As a result, 20m prototype interferometer locked with sufficiently high power recycling
gain of over 12. This is highest gain ever reported in the world as a suspended mirror
Fabry-Perot Michelson interferometer. The whole interferometer was acquired lock by
both sequential and automatic locking method within a minute typically. Furthermore
the remaining gain fAuctuation due to mirror misalignment was sufficiently suppressed by
engagement of wave-front sensing technique and stable operation was realized . Success

of this work on high gain recycling and implementation of automatic alignment control
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system using wave-front sensing on 20m interferometer marks significant progress towards

achieving full-configured interferometer.

10



Chapter 2

Power Recycling Theories

2.1 Simple Theory of Power Recycling

In this section, the original idea of power recycling technique is described. The signal

extraction and other control issues will be described in later section.

2.1.1 Basic Idea

The original idea of power recycling was suggested by Drever and Schilling!'? in order
to improve the shot noise limited sensitivity of the laser interferometer for a gravitational
wave antenna. The shot noise limited sensitivity of Fabry-Perot Michelson interferometer

is approximately given by

RA[L + (7sw)?]
h I o A 2.1
=t J Amenpp Pyl ! (21)
rom EYE _ 2 _TiMTou_ (2.2)
% ¢ el —Trurnnm .

where, Tg is the storage time of the photon inside the arm Fabry Perot cavities, £ is arm
length, r; are amplitude reflectivities with 7 denoting specific mirrors, npp is efficiency of
photo diode including quantum efficiency, Af is observation band width and F is the light
power incident to the interferometer.!'! From this expression, the only parameter which can
improve the limit is incident power to the interferometer Fy, once optical configuration is
determined. For example, the required light power in order to achieve the strain sensitivity
of h = 1072 with Nd:YAG light (A = 1064nm) with bandwidth of 1kHz around 1kHz

11



CHAPTER 2. POWER RECYCLING THEORIES

will exceed 1kW. Such ultra-high power cw laser source is not available with current laser
technologies. For example, output power of the laser which is prepared for TAMA300 (de-
veloped by SONY Co;Ltd.) is 10W and that for initial LIGO (manufactured by Lightwave
Electronics Co; (MOPA)) is also 10W. Then recycling technique can settle this difficulties
as described below.

The optical configuration of Fabry-Perot Michelson Interferometer (FPMI) and Power
Recycled Fabry-Perot Michelson Interferometer (PRFPMI) are shown in Fig.2.1,2.2. As

) |

Fabry-Perot Michelson Interferometer

Figure 2.1: Optical configuration of the FPMI.

is same for simple Michelson interferometer, the output fringe of the antisymmetric output
(read out) of the FPMI is given by

Pprrr = %Po(l — C'cos(@)), (2.3)

where, ¢ is relative phase difference between two arms and € is contrast. Generally, this
antisymmetric output will be kept ¢=m, i,e, the dark fringe for the carrier light at opera-
tional point. In a well-balanced interferometer, dark fringe operation at the antisymmetric

output means that the symmetric output become bright and a lot of power of light comes

12
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S ¢ J
FPMI as a complex
)
1
|
|
|
I
|
|
|
|
I
|
I
I
3 I
.- ¢ fF
!

Power Recycled Fabry-Perot Michelson Interferometer

Figure 2.2: Optical configuration of the Power Recycled FPML

13
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back toward the light source. With this point of view, the FPMI in operation is regard-
ed as a kind of very complicated mirror, which can include optical loss, asymmetry of
configurations, imperfections of control and so on.

It is worth while to consider the Fabry-Perot cavity before discussing recycled configu-
ration of the interferometer. The circulating power inside the cavity can be increased by
keeping the cavity on resonance by factor of

JPin.'zfde
Goay = —— 2.4
oA -Pinr"idm: ) [ ]
tras )
| [P L, SO | 2.5
(1 — T IMTBM (2:)

Of course, the power enhancement factor completely depends on the design and quality
of the mirrors which consists of the resonator, that is, r,, ¢; determine Geoay. This idea
is applicable to the case of FPMI, i,e, complex of cavities as a single mirror. In these
expressions, the input mirror corresponds to the recycling mirror and end mirror to the
FPMI compound mirror. The circulating power inside the interferometer can be increased
by composing the "recycling cavity” with recycling mirror in front of the interferometer.
The power enhancement factor by using recycling is also expressed with same way as for

the plain cavity,

1 2
Grec = (72— ) (26)

1 = rrEcTreMi

2
- ( trEC ) . (2.7)
e \/1 — Argc — ffqgcy"rl — Arparr — thpus

This factor is called recycling gain Grge in original meaning, but precise definition will
be given in later section because Fi,gents contains carrier and sidebands components due
to phase modulation. The carrier and sidebands will have different power enhancement

factors in general.

2.1.2 Recycling Gain

The optimized transmission of recycling mirror can be obtained by differentiating G ggc
with respect to rrec.

d
G =0 2.8
Brrpe” REC (2.8)

Thee = (1 — Agee)(1 — Repari(l — Aggee)) (2.9)
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2.2. LOSS OF OPTICS

So, the recycling gain G rge can be maximized by making equal the Rppe to the reflectivity
of the interferometer for the given Rppyy; if there is no loss (Agpe = 0) for optics. Thus,
once the reflectivity of the FPMI is determined, the maximum of the recycling gain is
limited to finite value according to the Rgpas;. Using this Trge, maximized recycling gain
Glpe is approximated as
mazr
e = @0
e 1
= Agrec + Arpmi

(2.11)

From this expression, the maximized recycling gain is roughly proportional to the inverse
of the total loss of the recycling cavity.!'% So, in order to realize the possibly high recycling
gain the loss of the interferometer (Agppsr) should be minimized.

The primary candidates which can dominate the degradation of FPMI reflectivity up
to a few percent are poor quality of optics and imperfections of interferometer control. If
these interferometer loss can be suppressed within, for example, one percent, the attainable
recycling gain will reach to Grge = 1/0.01 = 100, which is sufficient to full scale detector

design.

2.2 Loss of Optics

Though power recycled laser interferometer has sufficiently complex configuration as is
seen in Fig.2.2, its recycling cavity can be thought as a plain FP cavity with “reflectivity
variable mirror” as a back mirror, once FPMI part after beam splitter is regarded as
one compound mirror. In this meaning, high recycling gain is interpreted to small loss
optics, recycling mirror and compound mirror as optics. Moreover, high quality compound
mirror for high recycling gain means high reflection efficiency of both arm cavities and high
interference efficiency at the beam splitter. Therefore, two factors are very important for
building “rich” recycling cavity, as possible hosts which can be anomalous losses over one
percent; to maintain the reflection efficiency of arm cavities high, which can be interpreted
as to reduce the total loss of both input and back mirror, and to maintain interference
efficiency high.
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CHAPTER 2. POWER RECYCLING THEORIES

2.2.1 Mirror Loss

High-quality mirrors with high reflectance and super-low losses (including absorption
and scattering) have many applications in optical and laser science. Recently, there has
been considerable interest in ultra-low-defect (as a scattering source) multi-layer coating
and ultra-smooth polishing techniques, which are indispensable for high-quality mirrors
along with the advances of semiconductor industries, such as EUV lithography and with
the needs of scientific research, such as gravitational wave detection.

In recent years, the losses of dielectric multi-layer coating mirrors have been greatly
reduced. A high-quality cavity using ultra-low-loss mirrors has been demonstrated to have
1.5ppm losses/optics at a wavelength of 1064nm with a small beam spot size (2wy=0.38mm)
by a tabletop experiment.l'!! This is the lowest loss factor to be measured using a small
Nd:YAG beam ever known.

In particular, in the case of a laser interferometric gravitational wave detector, ultra
high-quality mirrors (low scattering and absorption losses) are required to obtain a good
performance of the Fabry-Perot cavity, a high recycling gain and to avoid any thermal-
lensing effect. Furthermore, another important feature concerning the requirements for the
mirrors is the uniformity of the mirror coatings and losses in addition to a good surface
figure and small microroughness of the mirror substrate, since any inhomogeneity which
can cause wave front distortions degrades the efficiency of the interference. The total loss
of a rather wide area (typically several centimeters of radius for full scale interferometers)
of the mirrors, including scattering from the mirror substrate, should be kept sufficiently
small, because the longer the arms of the interferometer become the bigger the beam spot

on the mirror surface grows.

2.2.2 Cavity Performance

Optical parameters of the resonant Fabry-Perot cavity are characterized by its optical
design and imperfections of mirrors, if the control system is appropriate. Though three
observable quantities, that is, reflection efficiency (ng), transmission efficiency (nr) and
finesse (F) can be calculated strictly using designed reflectivities of the mirrors for loss free
resonator, practical performance of the cavity can be degraded with finite imperfection

of the mirrors. Loss dependencies of these quantities can be investigated using following
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2.2. LOSS OF OPTICS

expressions.
t4y Ta; :
Mr = (J",rM SOl ) [212)
1l = Tivrem
_ trartasr \*
=|— (2.13)
1 —rmTEM
VT
F - TVTiMTBM (2.14)
1 —rimran

Total loss of the cavity is caused by many different mechanisms, absorption, scattering of
mirror substrate and coating and so on. Furthermore, it is possible that these parameters
have different values dependent on beam size due to imhogeniety of substrate and high-
reflecting coating. So, it is difficult to determine the proportion between reflection and
transmission reduction caused by increased loss. Suppose dominant loss is only scattering
and this degrade only reflectance of mirrors. This loss can debase the quality of cavity

as is shown in Fig. 2.3. In these calculations, designed mirror reflectivities are r%,, =

Power Enhancement

AuanyI wondagay

1 10 100 1000
Loss [ppm]

Figure 2.3: Fabry-Perot cavity performance with optical losses.

0.9880and r,, = 0.9999 which are used for 20m prototype and TAMA arm cavities. For
demonstration of the high gain recycling, the reflection efficiency of the both arm cavities
are key quantities from the point of view of power recycling. As is described in previous
section, at least 90% of reflection efficiency of the arm cavities are needed for recycling gain
of 10 without any other optical losses inside the interferometer. This means that total loss
of the mirrors should be suppressed below 100ppm/optics and below 50ppm if possible.
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CHAPTER 2. POWER RECYCLING THEORIES

2.3 Loss of Interferometer

Several effects can be classified to two categories as optical losses which are induced
by the interferometer; power degradation of FP cavity and contrast defects at the beam
splitter. Further more, both power loss can be caused by wave-front distortions due to

optics, misalignment of optics and imperfect control of interferometer.

2.3.1 Wave-Front Distortions

It is common idea that imperfect reflecting surface of optics can cause wave-front distor-
tions for mainly reflected beam. This effect completely depends on the quality of optics,
especially on polishing of mirror substrates and also on the uniformity of HR coating with
the scale of beam size. However, it is clear that this will take more effect for large-beam
using interferometer. This issue should be treated as a surface flatness which contains
so called micro roughness and figure error, in connection with its power spectrum of the
surface figure with special wave length.

Precise experimental study have not been performed yet for this kind of issues, but
computer-aided simulation study is now under going by using “FFT" program which was
developed by LIGO group. This program can simulate the propagation of field directly
in the time domain with fixed mashed optics, and this work will be able to clarify this

problem quantitatively in near future.

2.3.2 Misalignment of Optics

Optical characteristics of whole interferometer can be predicted by calculating the fields
using plain wave approximation with no misalignment for all optics, But some optical
performance will differ with presence of finite misalignment of any optics. For example,
misalignment of input and back mirrors of FP cavity can prevent proper power build-up
inside the cavity and this misaligned cavity will scatter fundamental mode of the incident
beam to higher order modes in part. If these misalignments exist in both arm cavities of
the interferometer, reflected light from each arms contains incoherent higher order modes,
basically. As a result, these higher modes does not interfere constructively at the beam
splitter and can not circulate in the recycling cavity. There are two origins for these

misalignments. One is initial misalignments of optics and that caused by drifts of any
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24. CONTROL OF THE INTERFEROMETER

suspension system of optics, which corresponds to near DC component. The other one is
pith and/or yaw motion of suspended optics excited mainly by the seismic motion.
For large scale interferometers, the alignment control system of all optics is thought to

be a basic item and misalignment below prad is required.

2.4 Control of The Interferometer

If the ground is sufficiently quiet so as not to shake suspended mirrors, all optics can be
left free at the appropriate positions along with optical axis, at which whole interferometer
locks and resonates. But seismic motion can move each mirrors by the scale of several
wave length in the case of 20m prototype. So, the cavities and the Michelson part have to
be length controlled in order to maintain resonances and lock. For the FP optical cavity,
Pound-Drever-Hall technique using phase modulation on incident light is adopted as a
standard locking method.'® This method is often called as “reflection locking scheme”
or “optical heterodyne technique”. Also for interferometer, applied PDH method with
pre-modulation (Shnupp method) is employed for control of all degrees of freedom.

In addition to length degrees of freedom, that of mirror orientations are also fluctuating,.
These are called as angular misalignment of the mirror, which can be caused by drift or
resonance motion of the suspension system. Since these misalignments of the interferometer
mirrors can both decrease power build up in the cavities and degradation of contrast at
beam splitter, this should be suppressed sufficiently small. For example, 10”7 frad] is
requirement of TAMA. As a method of alignment sensing, optical heterodyne technique is

also used to extract the signals.

2.4.1 Optical Heterodyne Technique

It is worth while to mention about optical heterodyne technique briefly because this is
core of signal extraction for length and alignment control. When the laser light is incident
to optical cavity, its reflection and transmission efficiency change according to the cavity
length £. Suppose amplitude reflectance and transmittance of both mirrors are defined as
Fig.2.4. Using these parameters, response function for reflected light from the cavity is
expressed as a function of round trip phase w=2wé/c as
2rge™?

T+ rurge .

nrle) = +
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1§ t-l I's tz
E incident
- |C-D
E reflected )
Mirror 1 Mirror 2

Figure 2.4: Optical parameters of Fabry-Perot cavity.

where, w is angular frequency of light and ¢ is speed of light. The cavity resonate when
the condition exp(2wé/c) = —1 is satisfied. The reflection efficiency and its phase around
resonance is sown in Fig.2.5. From ¢ dependence on reflected light, it is clear that the
amplitude shows symmetric change around resonance, while phase changes anti-symmetric.
So, in order to keep cavity lock, phase change of reflected light can be used as an error
signal. However, it is difficult to detect the optical phase of light directly. Then the phase
modulation side bands are imposed as a phase reference. Here, length deviation from the
resonance is interpreted as a phase deviation of the light and then converted to detectable
amplitude change of side band frequency by using side band as a phase reference. Precise

descriptions are in later section.

2.4.2 Length Control

There are four degrees of freedom to be controlled for power recycled FP Michelson inter-
ferometer; two lengths of both arm cavities and differential and common length of recycling
cavity. In this thesis, L denotes arm cavity length and recycling cavity length is indicated
by {. Two arm cavities are distinguished by names of inline and offline (or perpendicular)
and C,D are capital letters of Common and Differential. So, {p means differential degrees
of freedom of recycling cavity, that is, Michelson fringe. There are five ports to pick up
the light consisting error signals for the prototype. This prototype interferometer have two
control scheme, independent control (phase-I} and common-differential control (phase-II).

Both systems are summarized briefly in next section.
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Figure 2.5: Squared response function and its phase with round trip phase.
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Independent Control (Phase-I)

Prior to PRFPMI, 20m prototype was operated as FPMI, which requires control of three
degrees of freedom; two arm cavity lengths and Michelson fringe. The error signals for both
arm cavities are extracted from reflected lights of the cavities through the reflection from
anti-reflection (AR) coatings of beam splitter. As an extension of this scheme, independent

control scheme was adopted for phase-I locking method as is shown in Fig.2.6.

Figure 2.6: Independent Control (Phase-I) and Common-Differential Control
{Phase-11).

Common Differential Control (Phase-II)

In contrast with independent control scheme, common- differential control scheme
was developed by LIGO group as a final design of control scheme for full configured

interferometer. [l Here, two arm lengths are converted to common and differential degrees

of freedom as
1
Le= E |:Lf + Lo:l {215}
Lp= itL;-—La}. (2.17)

With these conversion, only independent basis of freedoms to be controlled were changed,

so number of independent degrees of freedom are preserved. Three lights from reflected,
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24. CONTROL OF THE INTERFEROMETER

picked off and differential port are used for signal extraction with appropriate demodulation

phase, in-phase and quadrature-phase.

2.4.3 Alignment Control

Generally, angular misalignment of the mirrors which consists of cavities can degrade the
optical performance of the cavities. They will not only decrease the power buildup in the
cavity but also increase the shot noise at the read out port of gravitational wave signals.
Moreaver, the decrease of the reflection and transmission efficiency of the arm cavities due
to misalignment can be one of most serious problems with respect to the power enhancement
inside the recycling cavity, in other words, recycling gain. With presence of misalignment
of arm mirrors, the optical axis of cavity-reflected beam can be slightly different between
off-resonance and on-resonance state, which will leads to serious contrast defect at the
Michelson interferometer, for example, over a few percent.

As methods of alignment control, several schemes are proposed and tested by several
interferometer experiment. The local control system such as optical lever, is relative easy to
implement in contrast with global control system, such as Wave Front Sensing or Anderson
method.[*® 18l Intrinsically, the reference of alignment control should be a input beam for
the interferometer because any global reference frame can not be defined for interferometer
itself. In this sense, some interferometric detection system, which can sense the higher
modes of the Gaussian beam, is most promising candidate for alignment control system as
a final detector configuration. In this sense, the wave front sensing technique are adopted

for this experiment as an alignment control system.

Wave Front Sensing

As a solution of scalar wave equation for freely propagating laser beam to z-direction with
paraxial approximation, the field distribution in two dimensional space can be expressed

as
Um,n[:x: y, .::] . Um{$: z]Un{y, zjlei[-.l:z+f:r:r|+1n1-+—l}r:l{::]}Ii {?.18}

with

Hala, g)= (;)3 (m)f He (%) exp l— { w{lz}ﬂ + 12;{2}} m*} , (2.19)
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where n(2) is Guoy phase, w(z) is beam size at the position z, R(z) is the radius of curvature
of wave front and H, is Hermit polynomials of the order {. Rayleigh range w(z) and Guoy

phase 7(z) are given by

2= — (2.20)
n{z) = arctan fg, (2.21)

with wy is waist size and A is wave length of the light.

For example, at z =0 the spatial distribution of the fundamental and first two higher

Uplz) = (%)i (5;) : exp { T:;} (2.22)
v =(2) () (&) {Z] (229)
Us(z) = (%)ﬁ (-t%‘-])% (v@ (5;)2 — 1) exp {_Tjé—?} (2.24)

For the laterally displaced two fields by z,,

order modes are

i
By = Ajexp | —— | e™™7, (2.25)
wy
S
E; = Asexp (—-(i-i—éﬂ—}*) e (2.26)

E5 can be expanded with optical frame of E, as follows.
a2 To ( T ZarE 11 ( x )2 —ikz
~ EN BN E AL L 2.27
By i exp( w%) { (wu) u.r.;.) £ (wg) (2 wy o ik Lo

~ @{(1 _ (ET (1 = Y—E)) - % (—E) i —1"% (E%)?U*} (2.28)

Similarly for the axially tilted fields,

2 - .
E, = Agexp (_:::_2) g Riblz gty (2.29)
wy

this can be expressed by superposition of series of higher order modes.

e (-5 11 (3) ()3 () (@)
=~ Ay { (1 o (%)2 (1 s f—g)) Uo— % (%) U~ “1"—2 (%)szz} (2.31)
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where fp is divergence angle defined as 8p = A/mwy. For the resonant optical cavity with
slightly misaligned mirror(s), any misalignment of the optics cause lateral displacement
and/or tilt of the optical axis of the cavity with respect to the incoming beam to the cavity.
This means that expanded spatial distribution of the misaligned cavity with incoming beam
axis contains higher order component in addition to the fundamental mode. In other words,
the reflected light from any misaligned cavity can be expanded by superposition of the
series of the Hermit- Gaussian modes if misalignment is sufficiently small as can be seen in

Fig.2.7. These mode dispersions to higher order modes due to misalignment occur to phase

K
misaligned
Mior

segmented photodetector

wavefront
SEN50r
signal

Figure 2.7: Mode decomposition of the light from misaligned cavity.[m

modulation sidebands similarly, so the mode structure of the cavity can be simplified as
Fig.2.8. This higher order spatial component, TEM,; mode, can be sensed with segmented
photo detector by subtracting two halves plain signals each other. Further more, by using
optical heterodyne technique, only the phase modulation frequency component of the field
will be down converted to the DC signals to control the optics through demodulator. As a
result, demodulated wave front sensor signal is superposition of beat between the TEMgqg

component of the carrier and TEM;y mode of the sidebands and the beat between TEMg
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TEMgo

EP g B

s : TEM,q

Figure 2.8: TEMgg and TEMys modes of carrier and side bands.[17]
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component of the sidebands and TEM 3 mode of the carrier.

2.5 Signal Extraction for Length Control

2.5.1 Detection of Field

The light from the laser source Ey is phase modulated at the frequency of 2 and then

incident to the interferometer, which has the field form as

Emc et Eﬂeirc“(nt} {232}
= By [Jo(T) + iJy (T)e™™ + iJy(T)e™*¥] (2.33)

for I' < 1. The first term is called carrier (CR), while second and third term are phase
modulated sidebands, upper side band {(USB) and lower side band (LSB), respectively.
The Ji(I') are Bessel functions, which have values Jyp(I') == 1 and J,(I') = I'/2 for small
modulation depth, I' « 1. These three components of fields will experience different

response through some optical system and will have the form of
E=|Erp+ E{;sﬂuim + ELSBE_fml g {2.34}

at the any detection point of the system, where Ecg, Eysg and Epgp are complex quantities
in general. These fields can be detected with photo diode which have unity efficiency and

converted to photo current as

ipp=FE-L" (2.35)
= (|Ecrl® + |Bussl* + | Evssl?] (2.36)

+ [(E&rEuss + EcrE;sp)e™™ + C.C.] (2.37)
+[(EussEjsg)e™™ + C.C] (2.38)

First term corresponds to DC-current and second term to oscillating component at fre-
quency of 2 and third term to second harmonic component. By multiplying sinusoidal
local reference at frequency §1, only the second term will be down converted to DC signal
and can be detected as signal. So, the output signal at the any detection points are

1 rt . )
vl(t) =% j; . [(B&rEuss + EcrEjsg)e™ + C.C.] e " cos(Q + ¥y)dt  (2.39)
= R{(EtpEusp + EcrEigg)e} (2.40)
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where, ¥, denote the phase shift from the point of the field caleulation to practical photo
diode and ¥, denote the demodulation phase shift between phase modulating local oscillator
and demodulating local oscillator. It is worth while to note that 19, and @, have same effects
on the demodulated signal, in other words, any optical phase shifts due to output optics
can be compensated by demodulation phase. The combined demodulation phase « in last
line in eq.(2.40) play a important role for a signal separation of length sensing and wave
front sensing of PRFPMI.

Then in-phase signal which is demodulated with local reference used for phase modulation

is defined as
vy = R{EfxEyspe’ + EcpE; gge’} (2.41)
= R{Ecr(Eyspe™ + Epsge”)’}
= S{(Her(Huspe™ + Hispe'™)*)} Ecr|Eysgl
and guadrature signals become

UQ = Q{EEvREUSBEﬂ + EGRELSBE’.?} {242]
= Q{Ecr(Eyspe™" — Erspe'")"}
= —R{(Her(Hyspe™ — Hispe") )} Ecr|Eyssl
where, H.is a response function of corresponding field which is defined as
E,

So, it is convenient to omit these common factors, Ecg|E,gg|, for tractability and to

H, = (2.43)

redefine the normalized signals whose size does not depend on the intensity of the light
source or modulation depth as follows.

vrly = S{(Her(Huspe™ + Hispe')")} (2.44)

vgly = —H{{HCR{HusBE-h — Hyspe'™)")} (2.45)

If these fields are function of some free parameter, it is useful to define the derivative

quantity with respect to the particular degree of freedom in order to quantify the size of
signals. Suppose demodulated signals are functions of #, the derivative of signal are

dv OE,
-a-—ﬂ; — R{ agﬂ {EUSB ELSBJ + ECH&E(EUSB + EL?B} } '[:245]
dH,
EECIBYSE1S { SR (Hysp + Hysp)" + Hongs (Hysn + HLSB}'} (247)
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B OE: : 2 :
?ﬁt = 9‘{ aﬂR{EL’SE Epsp) + Ecazg(Eyse = Ersg) } (2.48)
NC| piING E}HCH * d .
= —EiRC|E{S5IR \ 57— (Hysp — Hysp)® + HGR@(HUSB — Hysg)' ¢ (2.49)

Then normalized signals have a form of

ov dHe

.-FE.{ =E} {R{HU53+HLSBJ +HC‘R (HUSE+HL-SB} (250}
o8 |, a6

v OH

- ~R{ —Z2(Hygp — Hysp)" + HGH—'[HLSB — Hyss)’ (2.51)
a0 |, a8

2.5.2 Signal Extraction
FP Cavity

For the simple Fabry-Perot optical cavity, all of the fields at anywhere can be written
down analytically using mirror parameters and cavity parameter. The reflectivities and

its sign, mirror separations are defined as is shown in Fig.2.9 The reflection efficiency,

E incident E inside E transmitted
G

Input Mirror Back Mirror

i reflected

Figure 2.9: Fabry-Perot optical cavity and definition of its optical parameters.

transmission efficiency and internal fields of the cavity become as function of round trip
phase ® = 4ni/A,

E‘r‘e,l’ 52 rBMe‘*‘”
— = HREF = ¢ M = /MR 2.52
S L 1+ T‘;MTEM{!-'¢ e { ]
Etmna h“tﬂwe—w
= HTRS = 2= = 2.53
[ine 1+ Tfﬂ-frﬂh-fedld‘ fir { :I
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Eins i ;
= s = gca (2:54)

B T 1+ riyrame™®
For the carrier light, round trip phase is chosen so as the field to resonant, ®cg=m, while for
the sidebands, the phase are often chosen to be near anti-resonant , @y sp=0+"¥, @ s5p=0
¥, for reflection locking technique. These condition is satisfied by designing free spectral
range (FSR) of the cavity and modulation RI frequency properly. So, the transfer function
of reflected light for the carrier and both side bands should be defined in general as

: tuTBM
HC.-'I'lr’ =T _ IM £ 255
L L TIMTEM ( )
HEAY — ppyy + —HuTBME™ (2.56)
= sl +riyrpme .
2 raset?
HESY = rppg + — 12N (2.57)

1+ riurpae’

From these expression, Hc4v of both side bands will have complex reflectivity for non-zero
¥ and will be reduced to pure real quantities only for ¥ = 0. In many cases, side band
frequency is chosen to be center of n-th and (n+1)th FSR, just anti-resonant as is shown

in fig.2.10. With these conditions, reflection efficiency for carrier and side bands become

Lower Side Band

Power Transmission of Cavity

)

Carrier

AUpper Side Band

Frequency

Figure 2.10: Free Spectral Range and RF side band frequency for FP cavity.

as follows,
REF taTes
HCR =M= = —Treso (258}
L = 71imTam
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o
timTBM

REF _
Hsg" =riy + —————
L+ rinvraan

= —Tanti {259)

In the same way, derivative of these fields of response functions with respect to the round

trip phase can be defined. For example, reflection efficiency becomes

EEHI i "?ﬁ.ura.wﬂ'ﬂ_ (2.60)
0% Eme 1+ ryrpue'®’ L
and by using round trip conditions,
0 Bei _ _itiutem _ (261)
b EE—‘E 1-— TinmTBM s ’
.._.(?.._ Eaeérﬁ = —ir-iw'rgﬂj'ewﬂ' {2 ﬁg}
ad EEIEB 1+ T;MTB_H,;E""'I‘
—itiyTem _
ST tneron - —
_aFEI_.rEfB " ~itiyreme’ (2.64)
% Esy 14 riyurpme’”
—it3 T B
o NG g (2.65)

L+rimrem

Using these expressions, the demodulated signals with in-phase from reflected light can be

extracted as follows,

v aHTtI TE ref vx re d e T -
?@;— =9 { agﬁ [Hysfa ¥ HL.S‘fB] + Hcécﬁ(Huéra + HL?;B } (2.66)
o
=:a% {r,_..ﬂur;“ﬂe” - r,esﬁr;,,,ici"} (2.67)
= 2 {Tﬂn!lir:esgrei‘r == ri’EEﬂllT:;n{treidr} {268}
— 2 {runﬁlr:eml - r,.,_,,alr;ﬂﬁn s (2.69)

Here, as the degree of freedom to be controlled is only @ for length control, side bands phase
shift from ® = 0 dose not have so much importance. Though this will cause the phase shift
in signal, the demodulation phase v should be adjusted to maximize the corresponding

error signal.

Coupled Cavity

Before discussing the full configured interferometer, Power Recycled (PRFPMI), it is
interesting to consider the coupled cavity. Additional mirror (Coupling Mirror:CM) in

31



CHAPTER 2. POWER RECYCLING THEORIES

Eincident Einside E transmitted
E reflected Xe : ;
Coupling Mirror Input Mirror Back Mirror
Copupling Cavity Arm Cavity

Figure 2.11: Optical configurations of Coupled Cavity and definition of its optical
parameters,

front of the input mirror of FP cavity and input mirror compose a coupled cavity as is
shown in Fig.2.11. What is interesting about coupled cavity is its complex response as an
optical cavity because of its two combined FP cavities. In general, FP cavity composed
of IM and BM can be regarded as a complicated reflection mirror in the meaning that it
reflect the part of incident light according to its optical phase ®. The reflection efficiency
of the cavity as a function of optical phase is not linear to the phase, as is shown previous
section. In this sense, the coupling cavity is also a FP cavity with compound back mirror
as a FP cavity.

The way of calculating demodulated signal is same as for the FP cavity, except for the
back mirror reflectivity; the reflectivity of back mirror should be substituted by round trip
phase dependent FP reflection efficiency for constant reflectivity of single mirror. So, the
response function of reflection light and field inside the coupling cavity are modified as

follows:
{2 [RT
HREF _ CM ;
Tem + Tk roy i (2.70)
2, HCAV g~it
=Trem + 1+ roy HOAV o0 (2.71)
' ¢
INS._ CM
H T oy AR (2.72)
e
. (2.73)

1+ remHCEAVe

32



2.5. SIGNAL EXTRACTION FOR LENGTH CONTROL

with

HAT = gEAVg-i¢ (2.74)
tinreme "

HCAV
1471 I"HME"@

=T+ (2.75)

where, HT denotes round trip response function inside the coupling cavity which contains
round trip phase and reflection efficiency of the FP cavity.

As is same for arm cavity, it is interesting to introduce the phase offset for both side bands,
due to length deviation of coupling cavity. For the coupling cavity, resonant condition for

HERY is negative.

carrier becomes ¢og = 0 because the reflection efficiency of FP cavity
And for both side bands, round trip phases are adopted as ¢ysp = 7+ and ¢rgp ==Y

s0, corresponding expressions are

p— (,"»IHCAV
Hgp =Tem iT;‘ cmHSAY (215
HL e-—:u
HESs = tom — tew sy 2.77
ag 1= TGMHEE'!EEHT"’ [ )
HEC tea H SR e
LS (2.78)

=ToM —
B CAT l—rgn.,;H“We”'*

Note that HEAY for side bands also contains U as a degree of freedom, so, H“ is a function

of two parameters ¥ and v. With these preparations, normalized signals can be obtained

as follows:
aurﬁf aH"I T - TEe
a:z} H=a{ 35“[,&' foe™ + Hi o) (2.79)
-I“Hédérai{ﬂaﬁgfﬂ ST Href 'l."r']I } [QSUJ

In order to calculate this signal, some derivatives can be extracted as preparations.

OH[h  OHEE OHGH

_ 2.81
o op E}HCR ( )
d témﬂgg d cav o~id
[ — T 2
OHEE (”"“ * T4 rom HEE ) 5% 1OR (#)
= —gepton " (2.83)
aHreI .
EESB = gﬁsarfs“s"ﬂ ® (2.84)
Al y
5&153 QESBT?‘:‘SLVE " (2.85)
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where,
tear tear

Jor = = 2.86
1+ renHER 1 —ronrSaY 12:86)

Lear toar
UsE = = 2.87
9 l+renmHESs 1+ remrel (287)

toar toar
gLsp = = ; (2.88)

L+ ronHf% — 1+ renrféy
For coupled cavity, two control signals for ® and ¢ are expected from two different picked
off light, reflected and picked off light from coupling cavity. The four signals extracted
from reflected and picked off light with respect to ® and ¢ can be calculated in the same

manner as for the FP cavity and resulting expressions are

31,.}"1 EF 2 JCAV (.0 i ce _—ivy*
1 -y
H
+185 (BsarlEl e + gl B %))
2 | HCAV|[.CC 2 _CC|ICAV
e (ECR'I'CR Irss + 9seTcrlrsy ) (2.90)
dufEF 2 _CAV {.CC _i oC L ~ig)"®
= : 1 -1t
g M R {"‘iﬂcnrcft (TUSBE T+ r1Lsge ) (2.91)
O
oC (- 2 CAV .~ iy . 2 CAV i =iy "
—TerR (i‘-guss?ussﬂ e’ +1gispT5RE € ) }
2 CAV. CC 2 _CC. .CAV
i (QCHTGR Tsg + 9sBTCRTSB ) (2.92)
aufc.ff 1 cav CAV =ity CAV i —ir} "
9% > ﬁ{t_ﬂcﬁrcﬁ (ﬂL’SBTUSBe Ve + grsprispe’te lT) (2.93)
B OM -
1 T 1 , I
CAV 3 CAV, — 2 CAV iy _—
+9cRTeR (—tchfﬂyssrusse b _tcm 91sBTLsBE € w) }
2 ¢4 ICAV | CAV 9 L CAV | ICAV
G o (ﬂcngsrai?"cn rss — 9crIspTCR |Tsp |) (2.94)
BUFCK T 3 cav CAV it i~y CAV i —iy}*
90 = E}{t—“gcﬂrcﬂ (SFUSBTUSBE ¢ T+ gLsBrispe ¢ ) (2.95)
" CM
cav{ ¥ 2 _cAv. -ipi P9 cav.ip.—iv)
+9cRToR (—Q’USB"USBE Vel f ——gicprispeve :'r)
tom tone
2 CAV . .CAV
= R gcrdss (9cr — 9sB)TCR Tsi (2.96)

The reduced signals for ¥=1=0 are also shown after right arrows in the last line of each
expressions. In the case that optical system is perfectly symmetrie, that is, ¥=0 and ¥=0,
each signals will be maximized with demodulation phase offset from in-phase 4=0 and
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signal separation matrix will become

AyREF AuREF
el L

aufc'ﬂ' i ﬂuf'ﬂ-'.ﬁ' [2'9?]
dd . d |,

=( -2 (GEalr VIS + odwrSARGYY) o
i (sBn9salrG¥1n§aY - gongborGAY 58" )

CAV LAV

"“LHCHFSB f!i‘c:ﬂ = QSB} Tcr Tsk

B2 SOAVLOE | L8 LOTUCAV
2 (E-'cn?‘cn Tsg T 958TCRTSH ) ) (2.99)
toar

(2.100)

This matrix is numerically,

JP O

REF(p=0) [198x10* 39x10') (1 —22x10°® 100
o= =0) 9.80 x 10° 2.35 x 10° 1 242x10°% ) .

This matrix means that signals for two degrees of freedom, ® and ¢ are mixing in both
reflected and picked off light and for both demodulated signals, the error signal of ® is
dominant over that of ¢. In other words, two error signals does not separate. In principal,
two independent error signals can control two degrees of freedom even if they are completely
mixing as far as control system is concerned. But as a practical problem, if one of signals
are extremely small compared with others, control servo system have to compensate. this
gain gap with electronical gain. In order to realize stable control system and operation,
error signals should be separated as much as possible.

On the other hand, if the optical system is not symmetric especially for the sidebands, the
round trip phase ¥ does not match 0 which leads reflection efficiency of FP cavity complex
for both sidebands. This take effects on the phase of sidebands inside the coupling cavity
and change the right angle relation between carrier and sidebands fields in a complex plain.
So, the complex vector in the bracket of signals in Eqn.2.57-2.57 will be rotated due to ¥
and complex vectors in the bracket of differentiated signals Eqn.2.90-2.96 can have different
complex arguments. The resulting magnitude of signals are drown in Fig.2.12,2.13 with
demodulation phase in horizontal axis.  Notice that optimum phases which maximize
the corresponding signal are different for two degree of freedom in one of detected light.
Making use of this phase offset, any signal can be separated by choosing the demodulation

phase at which another signal will vanish.
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Figure 2.12: Magnitude of two signals for ® and ¢ from reflected light of coupled
cavity.
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Figure 2.13: Magnitude of two signals for ® and ¢ from picked off light of coupling
cavity.
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2.5. SIGNAL EXTRACTION FOR LENGTH CONTROL

These effect can be caused also by changing the length of the coupling cavity. As the
length is chosen to be the quarter of the wavelength of modulation frequency, sideband
components are also resonant in the coupling cavity as well as carrier. So, the length
change of the cavity from the side band resonance condition means side bands resonance
at the shoulder of the resonance line shape. This “shoulder locking” is thought not to be
preferable because side bands fields become very sensitive to the its position in a resonance
line shape with respect to the FM-AM conversion. Though these expressions contain a free
parameter 1 as a coupling cavity length deviation from the specific length, this should not
be used for signal separation calculation but for the imperfection study.

As a result, the signal separation matrix become

9% ¢
OvftEF (n = 0.34) 1.98 x 10 —3.99x10') 1 —2.02 x 1073
ufC¥(p=174) \1.74x10° 8.60 x 10? 1.98 x 10~3 1

for ¥=n/3 and =0 condition, which is the case of the arm cavity of 20m prototype
interferometer and its modulation frequency. As can be seen, two error signals for ¢ and
¢ are almost completely separated. The same effect was suggested by S. Miyoki by tuning
the coupling cavity length.

PRFPMI

Optical configuration of full configured interferometer, Power Recycled Fabry-Perot
Michelson Interferometer is shown in Fig. 2.14. Basically, the interferometer can be re-
garded as coupled cavity which consists of arm cavities and recycling cavity except for the
two-way splitting by beam splitter within a recycling cavity. So the way of calculation for
signal separation is analogues to that of coupled cavity. Major difference between them
is that round trip response function of internal field of the recycling cavity will be super-
position of that for the inline arm cavity and offline arm cavity. As this optical system,
PRFPMI, contains Michelson part at which the fields reflected from both arm cavities will
be optically recombined and interfere, some field will go back toward the light source while
other will leak out to the differential output port. Following these modification of the
system, two additional response functions for Michelson part can be defined: common and

differential round trip response function.

i et
HOOM = 2 (2.102)

37



CHAPTER 2. POWER RECYCLING THEORIES

E Offline Back Mirror

|

Offline Input Mirror

E et Einside
—| |— )| |
Ereﬂected
Recycling Mirror Inline Back Mirror

Inline Input Mirror

Figure 2.14: Schematic diagram of configuration and definition of circulating fields
inside interferometer.
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_ % {HGF'C.-’IVG-—WOF i ch,s.ve—m”}
DIF Eﬂnf
H = i (2.103)
E{Hm'cmve--m‘“ __ Hrlvc_,wﬂ—m”"}
2

With well balanced interferometer, the differential output is kept dark fringe for the car-
rier light at operation, which means perfect interference at the beam splitter. However,
practical interferometer have many imperfections, for example, slight misalignment of the
arm cavity mirrors due to DC offset and/or to resonance motion of the suspension system
or imperfections of optics. These are most possible hosts which can cause imperfect inter-
ference at BS and interference efficiency is fluctuating with about a few percent stationary
even in the midnight at the site of Tokyo. From these point of view, it is important to
take its effect into account to the field expression for signal separation calculation in order
to simulate as much realistic as possible. It is not easy to fully formalize the interference
efficiency because its mechanism have not been investigated closely. So, only leak out effect
to the differential port is adopted in these series of calculations.

The response functions which are used in later full calculations are modified as follows

for carrier and both side bands,

Eret
COM _ _ AV
H Ei.ns ==Tgr COS ECH {21‘]4]
o Erm:
HER" = s =TGR sinéor (2.105)
CR
coM Eﬂrstﬂ cAV
Hyspg = Fins_ . UsSB® "W cosayss (2.106)
Use
pir _ EUSe cAV
Hijsp = Eins irgspe " sinayss (2.107)
UsB
conm _ Eise CA
! Vv
Higg = w5 = —Tisp¢ Y cos arsp (2.108)
LSB
pir _ ELSs AV
Hise = Tins = —irfgp e sinasss (2.109)
LSB

where, apss = a + Eysg and aysg = o + Eysp with £ denoting a interference efficiency.
In these definition, 0.23 [rad] of £ corresponds to the 1% of degradation of interference
efficiency.

Of course, expressions for reflected and internal fields of PRFPMI response functions are
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modified using these common round trip response function.

ref 2 COM
rer _ E trecH
H Eirtc = Trrec + 1 T‘RF(;HCGM {2.1 lﬂ}
pme=t2 . tmso (2111)
Eine 1+ rRECHC'OM 7
And these functions take the forms for carrier and sidebands as
12 rCAY cos £,
REF _ RECTCR CR  _  _ PRFPMI
HIG'H =TREC — = TREG-TF"‘V EDSECH = —Teg {21]2}
2. TEAY a=1¥ cnn o
Hggg‘ = rrec + REC'USE : 58 rng'P;\H (2113)
14 rﬂggrﬁg‘ge—‘* cos Cq_,rgg
2 AL
REF _ tﬁrr“’”LSBE COSQLSB  _  PRFPMI
Hisg =rTrec + Tt W ~yh e (2.114)
RECTE5R® CGSO-'LS:;
trec
HIS = = 2.115
1-— I"RgcT'CAV COs S{;R RER { ]
trEc
Hisp = - = guss (2.116
1+ T’RE;;;-TEEEE"“&{:DS Gpsg )
t
INS _ REC i
HLSE TAV = JLsR (21]?}

1+ rrecTi{ge'Y cosarsp

Using these definitions, differentiate error signals from reflected, picked off and differential
light with respect to common and differential degrees of freedom of arm cavity length
Poapr, Porr and recycling cavity length deconr. dpre can be caleulated as follows,

et
il

WAV ( PRFEFPMI et + FRFP’H‘I —w)
SR T e
OPoon

= ‘C‘}{EQCRrCR cosEgp (7

H

1 PRFEPMI

2 _ICAV it
~5TGR ('?ussf‘uss cosayspe €

i - =
+9ropTdn COsargpe’ve ”) }

_gCH|TiCAV ;’EF PAMT +QSHIT|'CAV|TFHFF#II Ccos Ggg [2118‘}

oyt
d®prr

1 e
1CAV PREPMI PRFPM] ,—
= *&{ ngﬂrC‘R 5'"56!?( rpsg e —rpg e IT)
®

+ = - o =ivgl?

PREPMI ( 2
g

ICAV ..

WispTise SINQyspe
& - ®

+iglsyTrsp Sin &LSHE"IJE_lT) }

-0 (2.119)
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Bv”f EOPTT g cx
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CAV
GorTisp C0sEcr

Then the signal matrix for symmetric interferometer; ¥ = 3 = 0 become numerically

$prr hprr Poon deom

va™T [ ~1.96 x 10° —5.09 x 10° 0 0
yREF | 356 x10~% 1.18 x 10° 0 0
o ) ) (2.134)
vfCK 0 0 —2.41 x 10°  4.40 x 10
vFEF 0 0 —-2.76 x 10° —-1.37 x 10°

1 3.01 x 1073 0 0

| 3.02x10"? 1 0 0
0 0 1 ~1.83x10°4
0 0 1 4.96x 1072

As can be seen, differential degrees of freedom are well diagonalized, while common mod-
¢ degrees do not. In this calculations, demodulation phases are complete in-phase and
quadrature-phase, in other words, v was set to be 0. With these conditions, off-diagonal
sells of this matrix are exactly 0 on calculations. So, it is difficult to extract the signal for
deom as is reported. M

Suppose there are some asymmetry which is denoted by ¥, this matrix will change a little
bit because the sidebands inside recycling cavity rotate a little compared with symmetric

case. By choosing appropriate demodulation phase +, matrix can become

®prr boIF Pcom deom
vg"T [ —1.68 x 10* —5.07 x 10° 0 0
vgtf | 313x107* 780 x107"  172x10°  1.50 x 107®

2.135
vfCK | 299 x 107" T744x 10" 208x10° -135x107? ( )

vlEF \ —461x107% —1.14 x 10° —8.68 x 1072  1.42 x 10°

44



2.5. SIGNAL EXTRACTION FOR LENGTH CONTROL

i 3.02 x 1073 0 0
| 401x107® 1 220 x 10° 1.92x 1073
| 144x10"® 3.58 x 10-* 1 6.49 x 10~°
-3.25x 107 —-80x 107" 6.11 % 1072 1

The importance of these results is that the demodulation phases can diagonalize the signal
matrix with presence of some asymmetry, which is often the case for interferometer unless
the recycling cavity length are adjusted with accuracy of sub-millimeter. In return, off
diagonal sells have non-zero elements. Further more, when finite defects in interference at
the beam splitter is taken into account, some part of carrier will leak out to differential port.
This carries signals for common degrees o freedom, and thus this degrade the diagonalizing
matrix.

Another way of diagonalizing is to make use of optical matching.["*! Basically, the signal
OvfEF (3B cop is dominated by the first term of Eqn.2.118, and this will vanish by make
rEEFPMI = (. This can be realized by making reflectivity of recycling mirror equal to that
of F'PMI, then both side bands does not return toward reflection port. This technique is
excellent but required accuracy of reflectivity of recycling mirror is 10ppm.

On the other hand, signals for independent control scheme becomes

Y Por ¢pir  Poom
vl (1.2? x10° 117x10° — - ) (2:136)
PP\ 115 x10° 1.25x10° — -
_ ( 1 9.21 x 107! - — ) (@157
9.20 x 107! | - -

In contrast with independent control for FPMI, the error signals for both arm cavities are
almost completely mixed and cannot be separated by demodulation phase any more.

To summarize, two signals for arm cavities, ® p;r and Pcopr can be extracted easily from
pick off port and differential port stably. This is owing to its large size of signals which comes
from finesse of arm cavities and they are tolerant to imperfections of optics and electronics;
asymmetry of side bands phase or demodulation phase error. The difficulties are signals for
recycling cavity, ¢prr and ¢eonr. They are intrinsically small, so they should be carefully
extracted from reflected light from PRFPMI. Even for the symmetric case, ¥ = 1) = 0,
required accuracy of demodulation phase is 100 prad in order to maintain the priority of

specific signals. From these point of view, it is difficult to expect completely diagonalized
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signal matrix for interferometer in use and feed back system should compensate these

difficulties.

2.6 Signal Extraction for Alignment Control

2.6.1 Detection of Field

Suppose the field contains spatial fundamental and first higher order modes for both

earrier and side bands at some detection point as follows,

E = (Ecrowo + Ecrio) (2.138)

+(Eyssoo + Euspio)e™ + (Erspoo + E;saio)e ™

This field can be detected by photo diode and converted to photo current as,

irp = |(Ecroo + Ecrio)
+(Eysaow + Evspio)e™ + (Erspoo + Evsao)e ™| (2.139)
= Ipc + (Iae"™ + C.C.) + (Ine®™™ + C.C.) (2.140)
Ia = (Ecroo + Ecrio)(Bispoo + ELssin) + (Eussoo + Eussio) (E¢reo + Efpio)

o = (Eusso + Euspia)(Eissew + Elspio)

here, efficiency of photo detector was set to be unity as same for the length sensing. This
photo current are demodulated and only I term is down converted to DC signal as,

idemo = R{(Ecroo + Ecrio)(Eispeo + Eispio)e™” (2.141)
+(Eusaoo + Euspi0)(E&reo + Erio)e”)
— R{Ecroo( Evssoe™ + Erspioe’)" (2.142)
+Ecrio(Eysswe™ + Erspooe™)"}
= S{Heroo(Hyspioe™ + Hispee™)? (2.143)

+HerolHusaooe™™ + Hispne™) Y ESRESS f Ul jpdS
where,

Bin= f UsodSHaooE™, Eag = f UyodS Hoo B (2.144)
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and
EfE = JoE'™, EJ5=iLE"™ (2.145)
2\
fUnnUm‘—’fS = /UmUm'iS = (w{z}) (2.146)

Note that Product of TEMg and TEMg will vanish because the two signals detected by
two halves of segmented photo diode are subtracted each other. As a result, cross term of

TEMg and TEMg will survive in the signals and normalized signal can be defined as,

'Udemlu = %{HCH{]U[HUSBIGE_“ + HLSHWE“]‘

+Hepo(Huspowe ™ + Hrspooe'™)™) (2.147)

2.6.2 Signal Extraction
Cavity Control

For the calculation of signals for alignment sensing, the essential feature of the procedure
is that the transition probability between TEMgy mode and higher order transverse mode
has a non-zero components. As there are two degrees of freedom for each mirror misalign-
ment, that is, pitch and yaw motion, mirror misalignment matrix should be represented
with 3 by 3 matrix, whose components give transition probabilities between TEMgo, TEM o
and TEM,, modes.'" However, these two degrees of freedom are intrinsically independent
and will not have cross term in the further calculations, so the matrix can be reduced‘ to 2
by 2 matrix for tractability. So, if misalignment effects are sufficiently small to be expand-
ed with up to the first higher order mode, the 2 by2 transition matrix can be defined and

incident beam modes are scattered as follows.

Esmuernd = M2x2Emﬁ'dent {2148}
Uo
Eincident = (2.149)
For example, propagator operator can be expressed as
e 0 ;
T'transtate = ( 0 e2n ) E_'m {215{]‘]

where, @ denotes the phase evolution of plain wave and # is a Guoy phase shift due to
propagation. The important characteristic is that Guoy phase shift depends on the spatial
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mode of the beam and this is the very reason for signal separation. And mirror misalignment

matrix become

o 2.151
el ( _9 E}r 1 ) { }
where, ©, is normalized angle, which is defined hy['l

e, = “—u“;{—zlﬁ, (2.152)

As a simple case, consider a simple Fabry-Perot optical cavity which is compose of flat
and concave mirrors. It is convenient to use the same calculation formalism for the length

sensing. The misalignment matrices for the mirrors of Fabry-Perot cavity are

1 —2i
My = B (2.153)
—2iO 1
1 —-2i©
Mgy = | T (2.154)
—EEBEM 1
and translation matrix for one pass propagation becomes using round trip phase @,
iNARM 1
T arm = ( ¢ : ) el-i%) (2.155)
1 e2ina R

where, n4gy corresponds to Guoy phase evolution due to propagation inside a cavity.
Resonance condition for carrier is ®cr — 2nars = 7 and Psg — 2napm = 0 £ P for both

side bends. Using these relation, reflected light from the cavity can be extracted as follows,

M™ =rp My — {tiureuTM gy Tt} {I - riares M T M gy T} (2.156)

- .  Tia tthy orr k]!
= riae My (T — M BM AgRTE [T MRTY (2.157)
Trm
Mg, = riure M uTerM puTor (2.158)
1 ~2i(Oganr + Oppre)e
o TIMTBM _ _ Oz T ) (2.159)
—2i(Opr + Opare') e
Mg = rimremMuTyse M puTuss (2.160)
1 ~2i(@pur + OraeM)e \
= TiMTEM . . (Ozm o e”) e~V (2.161)
-21[:@;;,; + B‘HME'”} e
M, = riureanMinT 1ssM suT sp (2.162)
1 —2i OpeMe \ .
= TrMTBEM i #Oam t e e’ (2.163)
—2i(Opr + Opare’) gdin
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Using these matrices, reflection matrix for carrier and both side bands are

ML = HE o H;ﬁ{m, _ —T CRoo HE 00 (©1ar, Opar) S
¢R= ref H e ref E‘) - { ' }
Herio Herion Herio(®1ar, ©Bar) —TER10
ML = ( H&gﬂw Ht:fgsfsm. ) o ( ~T{s 800 U&Bm.{@!wemr{ )155}
UsE — re r G :
HUE:'FBID I{Uglﬂlﬂa HSELU(@IM1 Oanm) —~Ti$B10
ref - Hi om0 —T{ 5800 Hi4500.(Orar, ©par)
M, = = - (3166)
Hidew Hidpio Hi4p10(@ 101, Opar) —TisB10

These fields are sensed by quadrant wave front sensor and demodulated then down-
converted to DC signal according to Eqn.2.147. Though these demodulated expression
can be expanded analytically, it is very complicated function of Oy and Ogy. So, the
error signals are calculated by computer numerically. As the Guoy phase dependencies of
the signals are shown in Fig.2.15, appropriate Guoy phase position can be chosen so that
signal matrix will be diagonalized. If the two WFSs are optimally set to the positions

Bret forM et forBM
000003 |
000002 0.00004
0.00001 g 00002 y
nlra ra
000001 1\2 3 A S o1 25 256
~0.00004

-0.00002
Singnals

-0.00003

0.00004

0.00002
182 4 5

n[rad
~0.00002 6

~0.00004

Figure 2.15: Alignment signals for IM and BM with Guoy phase evolution.

whose corresponding Guoy phases are around one and three, for back and input mirror

respectively, the signal matrix will be completely diagonalized. The alignment sensing
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matrix will become

O7ar Opar
REF (5~ 1) [ 1.08 x 104 0
v (n=1) [1.98 (2.167)
vfEF(n == 3) 0 8.60 x 10?

Coupled Cavity Control

This formalism is extensible to more complicated optical system, coupled cavity by sim-
ilar way for length sensing scheme. Again major modification from FP cavity is its back
mirror reflection matrix, which should be replaced with reflection matrix of FP cavity.

Each misalignment matrices and translation matrices are

1 —2i0
Mi=| A (2.168)
— 2105 1
1 —2i10
7 Y | PR (2.169)
—21(“33,-.; 1
1 -2
Mey = . “Ocu (2.170)
—Zzﬁcm 1

and translation matrix becomes using round trip phase ®, ¢ for FP cavity and coupling

cavity,
eiMARN 0 it =
Taru = ( 5 T )e (2.171)
eice () .
s ~igf2
TCC = ( 0 E?iﬂcc ) Lis [21?2]

Using these matrices, reflection and picked off matrix can be extracted as follows,

£ : =1
MO = roy My — {teyrenTMrerT ) {I — rew Moy TMREFT) ™ (2.173)

2 2 ;
MPK = top MR {1 - MR} (2.175)

Resonant conditions are ®qp — gﬂ'ﬂ.ﬂﬁ.f =, bysg — 2Narm =0+ U and $rsp — 204 =
0— ¥ for arm cavity and ¢cr—2ncc = 0, ¢dvsp—2nce = 7+ and s —2ncc = m—1f for
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coupling cavity. For symmetric optical designed cavity, ¥ = 0,y = 0, alignment signals will
change with 7 as Fig.2.16 where, each signals are maximized by adjusting demodulation

phase. So, resulting matrix become,

Rret
forCM 6
0.00002 s
S AVAY 3
2
1 2 X 4 5/ "l 1
-0.00001 | 5
-0.00002 0123456
nlrad
Mrei
Kot forCMIMandBM g
0.004 ?4
0.002 Tg‘
-0.0021\1 2 i é
~004 0123456
n[rad

Figure 2.16: Alignment signals for coupled cavity with Guoy phase evolution, ¥=0

Bcm O Ogar
vBEF(n=3.17) { 1.07x 107 7.23x 10" —9.15x 1077
v (n = 2.7) 0 141 x 10-*  1.29 x 10~® (2.176)

vREF(p =3.14) \ =517 x 1073 517 x 1073 1.46 x 10~3

This means that information of input mirror and back mirror are mixing and cannot be
separated. If ¥ = 7/3 and with appropriate demodulation phase, signals will change

according to 7 as Fig.2.17 and the matrix change to the form of

Beum STy ST
yrEE (= 3:1) { 1.04 %:10°8 0 0
vfEF(n = 3.2) 0 1.86 x 10~8 0 (2.177)
vFEF [ = 1.2) 0 0 —7.60 % 1077
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Figure 2.17: Alignment signals for coupled cavity with Guoy phase evolution.

W=r/3
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By selecting the guoy phase and demodulation phase properly, the matrix can be almost

diagonalized.

Interferometer Control

In order to expand this formulation to recycled interferometer, three additional formal-
ities, namely asymmetry, optical recombine and recycling cavity, should be gone through.
These procedures are completely analogous to that of length sensing scheme except that
the coefficient is matrix for the alignment sensing scheme. From the consideration of pre-
vious section, the reflection coefficient matrix of the cavity with misaligned mirrors are
summarized with matrix form, M™/. The effect of asymmetry can be translated to the
displacement of the cavity axis along to the beam propagating axis, z-axis. (See Fig:2718)

As long as the displacement is small compared to the Rayleigh range, the main effect will

Al

Recycling Cavity Mode + =

Figure 2.18: Displacement of the FP cavity due to the asymmetry of the interfer-
ometer.

appear only on the Guoy phase evolution due to beam propagation of displacement. So,
this effect can be attributed to additional translation on recycling cavity. The translation

matrices for carrier and sidebands are written as follows,

ilArc+aa) 0 _
T = ( © ) a2 (2.178)

0 eﬂiiﬂﬂc+fmi

ilnac—na)l 0 PP
or _ [ € ~igOF f2
Tcr ( 0 pilnre —na) ) ¥ kDL
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where, nrc is Guoy phase for mean length of recycling cavity; (I;x +1lor)/2 and na is that

for half of the asymmetry; (l;x — lor) /2.

Each coefficient matrix can be defined as,

MNS =ty {I - MY (2.180)
MR = —rpp M gy Mcon (2.181)
M™™ = rpa Mg {1 = i%m”} {1- M} (2.182)
M = tp MPIFF {I-mel'}_l (2.183)
M =ty M {1 ~ M7} (2.184)

MCO!F.‘ oz %{TOFMDFTGF 4 TINMINTIN} {2185}
ADIFE %(TGFMOFTOF _ IN pINTINY (2.186)

Resulting matrix components are very complicated function of misaligned angle and op-

tical parameters of interferometer. So, following matrices are numerically calculated. For

symmetric interferometer, ¥ = ¢ = 0, matrix will become

Ormprr Sarprr Ormcom Oamconm
wREF [ _615x 10! 5.58x 107" —9.47x 102 860 x 107
vtV 579 x 100 1.74x 10*° —1.95x 10° —5.87 x 10°
fE 272 x10°  1.24x10' —45x10> —1.86x 10°
vftEF 14x10°  495%10° 850x10°  3.66 x 10°
vpNT | ~554x 107" 384x 1077 L19x 1071 288 x 107
( 1 —0.07x 1073 1.54x107% —1.39 x 107
3.32 x 107! 1 =118 % 107% 337 % 1072
= | —6.04x10"3% —2.75x 102 1 4.12 x 10-°
382x10™* 1.35x10°%  230x 107! 1
\ —2.81 x 10! 1.95x 107" 6.04x107% 1.46 x 107!

'E'RM
3.44 x 10~ )
2.13 x 10°
—1.46 x 10?
—1.43 x 10°
1.97 x 10° ),

~5.50 x 107% )
1.12 x 1072
3.20 x 10-2
~3.90 x 10!

L

As can be seen, differential modes and are wall separated, while common modes for input

and back mirrors are are significantly mixing. This comes from that the signals of common

mode motion for both mirrors behave almost same in each detection port. There are little

guoy phase or demodulation phase dependencies between two signals.
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For W= /3, ¥» =0 case, matrix will slightly change but general situation does not improve.
In order to control full degree of freedom with analogue feed back system, this should be

resolved.
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Chapter 3

Power Recycling Experiments

3.1 20m Prototype Interferometer

3.1.1 Optical Layout

The prototype interferometer with the base line length of 20m have been developed
at Mitaka campus of National Astronomical Observatory of Japan to test various opti-
cal configurations which are designed for full-scale gravitational wave detector, Fig.3.1.
Originally, this interferometer was started to construct as one of prototypes to test Fabry-
Perot Michelson Interferometer in contrast with Delay Line Interferometer at 1991 as a
part of “Gravitational Wave Astronomy” project in Japan. Then this interferometer could
demonstrate the operation of optically recombined FP Michelson interferometer with dark
fringe locking by using Shnupp (pre-modulation) method for the first time as a standard
prnmt},rpe.[m]ﬁlsn this interferometer is equipped with independently suspended mirror
Mode Cleaner which was thought to be a essential for full scale interferometer and proved
to be useful. This Mode Cleaner have been developed to the active transmission system
of the phase modulation side bands, which will be described shortly in later section,™and
this is the unique prototype interferometer in the world which is operated with suspended
Mode Cleaner with side bands transmission. As is described historically here, 20m pro-
totype have been introduced and demonstrated many advanced technologies, which are
needed for full configured detector, in the forefront of the world. The final frontier, the re-
cycling, as a advanced optical design of interferometer was a next subject of this prototype

to investigate.
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Figure 3.1: 20m prototype interferometer at Mitaka campus of National Astronom-
ical Observatory of Japan. The big L-shape is TAMA300 and small L
is the 20m prototype.
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The schematic diagram of the interferometer is shown in Fig.3.2. The 20m interferometer
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Suspended Mirror Test Mass

Power RECYCLED

Fapry-PeroT MicHELSON INTERFEROMETER 20m

Optical Bench with Vibration Isalation Stack
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(aluminium alloy) Asymmetry
Beam Splitter
{sandwich type) ||

BS-AR for Perpendicular-arm

Picked -off

18MHz 40MHz
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Fabry-Perot Arm Cavity
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Symmeinic Antisymmetric
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Figure 3.2: Schematic over view of optical layout of 20m prototype.

consists-of large three optical parts: light source, Mode Cleaner (MC) and main interferom-
eter. Laser light from the Nd:YAG laser is incident to the input mirror of the MC through
the input optics chain, and then resonate inside the MC cavity to pass through toward the
main interferometer. It will be stated later about light source and Mode Cleaner. The
output beam from MC experiences two suspended steering mirrors before illuminating the
beam splitter due to optical axis offset between MC cavity and inline arm cavity, which

serve as beam pointing devices to arm cavity. As the recycling cavity requires length of
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1875mm for 40MHz RF sidebands which is used for interferometer control, the cavity is

folded due to limitation of center chamber space as is drawn in Fig.3.3. Moreover one of

To OBM

Optical Configuration
in Center Chamber

FI1
'*"""'ﬁ " i
[ H v
S T -
ML1 ML2 ML3

¥ e 180 S Tl T [ ]

From MC

Figure 3.3: Configuration of optics inside the center chamber.

these steering mirrors is used as a pick off mirror in a recycling cavity by using a partially
transmitted mirror. The optically recombined Fabry-Perot Michelson Interferometer (FP-
MI) consists of 20m long two arm cavities, beam splitter and one more additional mirror,
recycling mirror for power recycling between MC and beam splitter. The asymmetry for
frontal modulation scheme, which is defined as the difference of distances between BS to
coating surface of the input mirror for in-line and off-line arm cavities is 195mm.
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3.1. 20M PROTOTYPE INTERFEROMETER

3.1.2 Corel: Optics
Arm Cavity Mirrors

The substrates for all mirrors are basically monolithic fused silica, Sprasil P10, supplied
by Shin-etsu quartz Co,Ltd. whose dimensions are 50mm in diameter and 60mm in thick-

ness, Fig.3.4. In order to avoid the interference between main beam from reflecting surface

60 +2 i€ &' J A./20
1] o8 |a]
A gasblE
!::.i A 20

e

Figure 3.4: Design of monolithic mirror substrates for arm and recycling mirrors.

and that from the back surface, back side of input mirror substrates have a wedge of 1
degree. These substrates were polished and dielectric coated by Japan Aviation Electron-
ics Industry Co,Ltd (JAE). Both surfaces of them were superpolished and the side was
also polished to prevent the adsorption of a fine grain of silica and contamination by it.
Reflecting surfaces for input mirrors are flat and radii of curvature for back mirrors are
30000mm, while the recycling mirror was polished with radius of curvature of 10800mm.
This radius of curvature was determined by recycling cavity length of Apgq/4=1875mm
from mean position of two input mirrors. After polishing process, flatness, figure error and
micro roughness of mirror surfaces were measured by JAE using IR interferometer (2YGO
GPI-XP HR) at A=633nm and a stylus profiler (Talystep). All of the polishing results are
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Figure Error Microroughness

Input Mirror 1 Af33 ~1Arms
Input Mirror 2 A/30 ~1Arms
Back Mirror 1 Af20 ~1Arms
Back Mirror 2 A/20 ~1Arms

Table 3.1: Results of polishing for mirrors.

summarized in Table.3.1

The high reflecting (HR) and the anti-reflecting (AR) surface on the other side were
coated with dielectric multi-layer of SiO; and Ta;Os. All of the mirrors and test pieces
which are used in the 20m prototype are manufactured by using Ion Beam Sputtering (IBS)
machine, which is thought to be a most promising method to realize a high quality large
size mirrors. High reflecting coating are realized by making use of the multi interference
from each multi layered coatings. In order to enhance every fields from each layers, coating
materials are piled up to the thickness of a quarter of wave length. And total reflectivity
of the coating depends on the numbers of these layers, as is shown in Fig.3.5 For example,
29 layers of coatings corresponds to intensity reflectivity of about 0.9999. Original design
of coating for back mirrors were 29 layers for r§,, = 0.9999 and for input mirrors were 15

layers for r%,, = 0.9880 . These are same design for arm cavity of TAMAS300 interferométer.

Beam Splitter

The beam splitter {BS) was made by optically contacting two fused silica plates, whose
diameter is 100mm and 25mm in thickness, as is shown in Fig.3.6. The beam splitting
coating was piled on contacting surface, which splits s-polarized light half to half in power.
Other side of both substrates were coated with quasi AR coatings. So, the incident beam
will be split at the center of the BS. Each quasi AR coating were intentionally designed to
have 0.7% of reflectivity, so that reflected light from each arm cavity through AR reflection

can be used for independent arm control.
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Figure 3.5: Number of layers and its designed reflectivity.

Pick Off Mirror and Steering Mirror

As is described in previous section, two steering mirrors are used in center chamber and
one of them is also serving as a pick off mirror. The only difference between them is a design
of coating and other features are almost same. Mirror substrates were super polished flat
fused silica, which were supplied by General Optics Co, Ltd. with dimension of 1 inch in
diameter and 0.375 inch in thickness. One of them was coated by JAE with design of 29
layers as highest possible reflectivity mirror, while the other was coated with 15 layers for
1.2% transmission. These plate mirrors were contacted on aluminum masses and then used

as suspended mirrors.

Mode Cleaner Mirrors

Mirror substrates for MC are fused silica whose dimensions are 20mm in diameter and
5mm in thickness. Reflecting surface of input mirror of MC cavity is flat and radius of
curvature of back mirror is 6000mm for 3.75m cavity. These were polished by JAE and

resulting figure error were below A/10 and microroughness were about 0.7A. They were
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Figure 3.6: Design of Beam Splitter.

also coated by JAE with design of 21layers whose design reflectivity are 73, = 0.9985 and
optically contacted on center holed fused silica spacer as is shown in Fig.3.7.

3.1.3 Core2: Light Source

Laser System

It is almost standard idea to use Nd:YAG laser as a light source for laser interferometric
gravitational wave antenna, because of its high-efficiency of current-light conversion and
its stability with respect to frequency and power. As a reference, typical characteristics
on stabilities are summarized in table 3.2 about Nd:YAG laser and Ar* gas laser, which
had been adopted for Delay Line prototype interferometer, TENKO100 at ISAS. [20, 21]
The laser-diode (LD) pumped Nd:YAG laser whose emission wave length is 1064nm was
employed as a light source also for 20m prototype. It was a first experimental trial to use
high power IR light over 100mW on prototype class interferometer at that time.'¥ One
of most stable commercial model (MISER, Model:122- 1064-500-F, Lightwave Electronics
Corp.) was selected which has Non-Planar Ring Oscillator (NPRO) configuration in its laser
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Figure 3.7: Design of MC mirrors.

NdYAG Art

102@100 [Hz]  10°@100 [Hz]
10-1@100 (kHz] 10°@100 [kHz|
< 0.1 [% rms| 1 [%]

Frequency Noise [Hz/v/Hz]

Intensity Noise

Table 3.2: Comparison of frequency and intensity stability of free running laser,
between Nd:YAG and Art laser,
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Model Wavelength Material Q Aperture Modulation Depth
4003 nominal  1.0-1.6 [um] LiNbO; 100  2mmé > 0.2[rad/V]
(18MHz) measured 0.21[rad/V]
4003 nominal  1.0-1.6 [um] LiTaOz 100-200 2mm¢ > 0.2[rad/V]
(40MHz) measured o 0.23[rad/V]

Table 3.3: Specifications for 18 and 40 MHz resonant Electro-Optic Modulator.

head as a resonator. The output power is 511mW and its wave length can be thermally
controlled and be tunable with attached PZT on the resonator.

Phase Modulators

Optical phase modulations are imposed on incident laser light to the MC in order to uti-
lize the Pound-Drever-Hall locking technique for control of MC and interferometer, which
will be described in later section. The modulation frequencies were chosen to be RF fre-
quencies, 18 and 40 MHz for MC and main interferometer control respectively, so as to
avoid the effect of intensity noise of the laser light over shot noise on phase modulated side-
bands. These phase modulations were realized by using Electro-Optic Modulators (EOM)
supplied by New Focus, Inc. (Model 4003). The electro-optic crystals, lithium tantalate,
are equipped with resonant circuits which were tuned to each specific frequencies so that
low input voltage can drive EOMs and maintain the appropriate modulation index. The

modulation performances were measured by previous work as is listed in Tabel 3.3.12% 18]

Mode Cleaner

This prototype interferometer is equipped with a pre-Fabry-Perot cavity, called a Mode
Cleaner (MC), which mainly provides a mode-cleaning effect and reduces the beam jitter
of the laser light.™® Two small mirrors which were optically contacted on the silica rods
were independently suspended by double pendulums with 3.75m separation and housed by
vacuum chambers. These two mirrors compose a FP cavity, that is, a linear MC and laser
light illuminate the cavity from the flat mirror side. Designed reflectivities for each mirror
were both R = 0.9986 and measured cavity finesse by using frequency response method
was F = 2100, which can be interpreted to have equivalent reflectivity of R = 0.9985. The
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throughput power ratio of the MC, n#'® = Puroughput/ Pinpur, is about 0.8, which implies
that the total loss of the MC cavity per one optic is about 100 ppm.

Once the separation of two mirror £ is fixed, the wave length of the light which
can resonate inside the cavity can be determined exactly by the resonant condition
exp(—idnvé/c) = —1. Frequency separation between neighboring resonance is called as
Free Spectral Range (FSR), which can be defined as vpsp = ¢/2¢. In order to pass the
40MHz RF phase modulation sidebands for interferometer control through the mode clean-
er, the cavity length of MC was chosen to be 3750mm to make its FSR agree with 40MHz,

as is seen in Fig. 3.8. This technique is called “side band transmission”, which is thought to
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Figure 3.8: The relation of FSR and side band frequency for side ban transmission.

be preferable optical configuration for full configured interferometer. Because the EOM for
interferometer control, which can degrade the spatial mode of cleaned beam from the MC,
can be located in front of the MC. Moreover, the frequency difference between sidebands
and corresponding FSR should be kept sufficiently small, for example with 1Hz accuracy!?l,
to avoid the excess intensity noise due to FM-AM conversion.

Another important feature for this MC is a roll of frequency reference. As the mode

cleaner cavity and FP cavities in the interferometer are controlled by using Pound-Drever-
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Hall method, the 18MHz and 40MHz phase modulations are impressed by the EOMs
inserted after the laser. The error signal which was obtained by demodulating the reflected
light of MC with 18MHz local RF signal is fed back to the coil-magnet actuators on the
MC mirrors for length control of test masses in low frequency range (<30Hz) and to PZT
actuator of the laser in high frequency range (>30Hz), so emission frequency of laser light
is frequency stabilized by using MC cavity as a reference cavity in high frequency range.
Frequency noise of free running laser was stabilized down to 10-3Hz/+/Hz at 1kHz by using

MC as frequency reference as is shown in Fig.3.9.
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Figure 3.9: Stabilized frequency noise of transmitted light of Mode Cleaner. The
noise was estimated by arm cavity as a independent reference.
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3.1.4 Core3: Suspension System

Intrinsically, the interferometric gravitational wave detector have to measure the strain
of the spacetime. In this meaning, mirrors of interferometer as references of space, have to
be free from any force, in other words, have to be floating in a space. Though it is quite
difficult to realize this condition in its real meaning on a ground based interferometer, in all
direction at least, some devises can attain these requirement within a good approximation.
It is common and simple way to use “pendulum-like® low-pass devices to isolate seismic
motion of the ground by making use of their transfer functions. For many of prototype and
full scale interferometers in the world, stack system and pendulum are standard devices as

a “pendulum-like” devices.

Stack System

For many interferometers, the stack system is adopted as a supporting system of the bread
boards, on which all of the optics inside the vacuum chamber are arranged. Basically, stack
system are multi stage piling of masses and elastic bodies, which can be some kind of rubber
or spring. These systems can have a typical resonance and the motion of the ground will be
attenuated according to the transfer function of this system above resonant frequency. The
designed stack system for TAMA300 and 20m prototype are compared in Fig.3.10 TAMA
stack is fundamentally a three stage stack which can give 60dB/dec isolation ratio, while
that for 20m is quasi-three stage stack which can provide equivalently about 20dB/dec
isolation. Typical power spectrum of ground motion and that of attenuated seismic motion
on the bread board by stack system of center chamber of 20m prototype is shown in
Fig.3.11. These low frequency motion was sensed by using the accelerometer supplied by
TEAC (Model 710) and fourier transformed by the FFT analyzer (Hewlett Packerd Model
HP3562A). By dividing these spectra, the amplitude transfer function can be calculated as
in the Fig.3.12. As is seen, the stack system has typical resonant frequency of about 6Hz
and this system works as about 20dB/dec isolation device above this frequency.

Double Pendulum

As a final stage of suspension system, a pendulum is adopted for supporting test masses.
Though this pendulum system is expected to attenuate surrounding motion as much as

possible at observation frequency range, it is almost not realistic to attain a required
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Figure 3.10: Stack systems for 20m prototype and for TAMA300.
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Figure 3.11: Seismic noise spectrum on the ground and that on the bread board.

isolation ratio by single pendulum with limited space: the lower resonant frequency, which
mean the longer pendulum, will be needed for better isolation ratio at specific frequency
range. So, it is easy to use multi stage pendulum with respect to the horizontal isolation
ratio. From this point of view, double pendulum system is employed for this prototype
and TAMA300. The whole view of double pendulum for arm mirrors and recycling mirror
of 20m prototype are shown in Fig.3.13 In general, as the vibration isolation ratio of n-
stage pendulum system above its resonance frequency can be approximated as 40dB/dec,
80dB/dec of isolation can be expected for double pendulum. However, pendulum has
typical resonance and mass is swinging largely at resonant frequency, so intermediate mass
is magrietically dumped in order to damp this resonance at the sacrifice of isolation ratio.
As a result, these pendulum system have 60dB/dec of isolation ratio at high frequency
range above about 10Hz in design.

For vertical isolation, blade springs are used at each side of cramp point of the wire of
intermediate mass. Though this can attenuate the vertical motion and resulting pith motion
of the mirror at above resonant frequency, it is resonating at resonant frequencies with no

dumping system. This pith motion can be easily excited by seismic noise, especially by
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Figure 3.12: Transfer function of stack system of center chamber.

artificial ground motion, and become serious problem for recycling. This will be explained

in later section about alignment control in detail.

Actuator System

In order to control the positions of mirrors to keep FP cavity resonant, coil-magnet
actuator system was introduced combined with pendulum systems. Four Nd magnets which
are stuck on the mirror and four coils fixed on the pendulum flame work as a actuator by
applying the control current. Magnets whose dimension is 2mm in diameter and 10mm in
length are stuck on a small silica spacer, which are optically contacted on the AR coating
Surfa.ce,lwith minimum adhesive. The reason for use of silica spacers was to avoid the direct
contamination of the mirror coating surface due to an adhesive.

These four sets of magnet coil actuator systers are arranged as a square shape, each set
can be actuated independently. Making use of this symmetrical configuration of actuators,
not only the length control signal but alignment control signal can be fed back to these

actuators.
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Figure 3.13: Design of double pendulum for 20m prototype. The intermediate mass
is magnetically dumped with Nd magnets
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Model Photo Diode Center frequency @  Conversion Gain Dark Current

New Focus InGaAs 38.5 [MHz| 10 1.3 [kV/W] 95 [pW]
1811 (0.3mmde)

TLE. InGaAs ~40 [MHz] ~10 1.5 [kV/A] 500 [pW]
(1.0mmeg)

Table 3.4: Specifications of photo detectors for length sensing. Typical values
are listed among five detectors for both models.

3.1.5 Detection System
Photo Detectors

In these experiment, three types of photo detector were used for length sensing and
alignment sensing. For the length sensing (LS), two types of 40MHz resonant detector,
supplied by New Focus, Inc. (model 1811) and fabricated by T.LK. were adopted. Major
deference between them are aperture of photo diode and maximum input power. These
specifications are summarized in Table 3.4.

On the other hand, for alignment sensing , also 40MHz resonant type detectors, Wave
Front Sensors (WFS), which was manufactured by Nihon Tsushinki Co, Ltd. was used.
In this detector, large aperture of four segmented photo diode supplied by EG& G (model
YAG-444-4A) was used, and noise performance was not so good compared to single diode
detector at that time.

The reflected light from arm cavity is detected through AR reflection of beam splitter (de-
signed for 0.7% reflection) by 40MHz resonant type photodetector PD1 and photocurrent
is down-converted with 40MHz local signal and filtered to be fed back to the coil-magnet
actuators of near mirror. The cavity transmitted light is monitored by photodetector PD2
and inpiut light to the arm cavity is also monitored by PD3 from the light towered perpen-

dicular arm as reference light for cavity response measurement.

Demodulation System

Both LS and WFS have two out outputs respectively, DC and RF. DC outputs are

mainly used for monitoring, while RF outputs are demodulated, down converted to DC

74



3.1. 20M PROTOTYPE INTERFEROMETER

and fed back to proper actuators through servo filters as control signals. Demodulation was
realized by using passive double balanced mixer (DBM) multiplied properly phase shifted

reference oscillator.

3.1.6 Vacuum System
Vacuum Chambers

All mirrors consists of resonating cavity, arm cavity, recycling cavity, MC cavity, are
housed in vacuum chambers in order to avoid any acoustic noise and effects of fluctuations
of the refractive index of the air. The designs of vacuum systems are shown in Fig.3.14
Two mirrors of MC with suspension systems were located in separate chambers, which-were
connected by 200mm pipe. These pipes and chambers are made of stainless steel. There
is gate valve (GV) with optical window at the end of MC chamber, so MC systems can be
evacuated and operated independently of main interferometer.

The main interferometer consists of three chambers, center and two end chambers, and
connecting pipes. These chambers and pipes were made of aluminum alloy and each can
be connected easily with quick coupling flange. The center chamber house a large bread
board, whose dimension is 1200mm in diameter and 130mm in thickness, and steering
optics, beam splitter and input mirrors of arm cavities were installed on it. On the other
hand, end chambers house small size bread board with back mirror suspension system.

These all vacuum chambers and pipes were finally surface treated by glass beads blasting
in oxygen and argon atmosphere (EX-GBB) with no baking and attainable pressure was
below 10~7 torr without optics. Even at operational mode with full optics, the system can
be evacuated down to the pressure of a few 1077 at the center for the pipes and down to
1078 torr at MC pipes.

Pumping System

The two sets of the Turbo Molecular Pump (TMP) and the rotary pump (PR) at the
center of the arm pipes are used as a main pumping system and the cryogenic pumps are
available for further pumping down to 107® torr. Another set of TMP and RP is equipped
with MC for independent operation. In other words, MC can be kept vacuum at a few 10-#
torr during optical configuration change by opening the center chamber. Each specifications

are summarized in Tabled.5.
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Figure 3.14: Whole vacuum systems of 20m prototype.
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Model Evacuation Speed
TMP1,2 SEIKO Seiki 1000 [£/sec]
TMP3 SEIKO Seiki 400 [f/sec]
CP DAIKIN 1500 [€/sec]

Table 3.5: Specification of pumping systems.

3.2 Loss Measurement of Optics

3.2.1 Theory of Loss Measurement

In general, the transmission and reflection efficiency of a Fabry-Perot optical cavity
comprising input and back mirrors are expressed as a function of their amplitude reflectance
(r), transmission (t) and optical round trip phase between them., If these two mirrors are
simultaneously coated using the same coating process and can be assumed to be identical,
the on-resonant transmission and reflection efficiency (nr.7ng) can be expanded as follows
by using the intensity transmittance (T") of t?, the reflectance (R) of % and the total loss
(A) of A, + A, (absorption and scattering) of the mirrors:

2 2
e (T ) () o

nR = (g)ﬂ = (%)2 - (l_ff;@‘)z' (3:2)

Thus, both np and 7g lead to the ratio of the transmittance and the total loss of one

isolated mirror (A/T). On the other hand, the finesse of the cavity is expressed as

_ /R
..}

F (3.3)

Hence, the total loss of the mirror can be calculated by measuring F, nr or ng and by using
the energy-conservation relation R + T + A = 1.1

The quality of the mirrors for an interferometric gravitational wave detector should
be finally characterized using the actual large-size beam with which the interferometer is
operated, as compared with the area mapping of loss the factor with a small beam, if

necessary. For this purpose, the mirrors for the 20m prototype interferometer should be
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tested in two ways: one is a tabletop loss measurement with a small beam mainly for loss
mapping; the other is a loss measurement using an interferometer arm cavity with a large
beam for a total performance check. However, a short-length (shorter than 1m) tabletop
Fabry-Perot cavity using 20m interferometer mirrors whose radii of curvature are infinity
(flat) and 30m was very unstable and sensitive to seismic ground motion through the air-
overpressure-spring-system of the optical table. These were mainly due to the geometrical
instability of the cavity. The transverse-mode separation ratio to the longitudinal mode
(the «y factor), which determines the optical-mode structure of the cavity uniquely according

to its geometrical configuration, is expressed as

1
7= —cos™ /102 (3.4)

Here, g; = 1 — /Ry, g2 = 1 — £/ Ry are the geometrical factors, £ is the cavity length and
Ry, R, are tadii of curvature of the each mirror. ® In this case, the y-value was about
0.0412 for a 0.5m length cavity due to an imbalance between £ = 0.5m and R; = 30m. For
the conventional cavity design of the gravitational wave detector, the y-value is selected
so that the longitudinal and transverse modes do not degenerate, typically about 0.3 ( for
example, g, = 1,92 = 1/3). Consequently, the transverse modes were too close to the
longitudinal mode to sufficiently isolate it and to keep the cavity lock stable and robust.
Thus, small test pieces whose geometries were suitable for a short cavity (v = 0.3) were
used to map the loss distribution instead of the 20m interferometer mirrors, themselx(qs.

For a loss measurement using the 20m prototype interferometer,since all of mirrors in the
interferometer were independently suspended, as described below, a low-frequency (typi-
cally under 10Hz) mirror motion excited by seismic motion through pendulum resonances
is usually large in comparison with a rigid or a fixed cavity on the optical table. Further-
more, the cavity should have a high finesse of over 10* and a storage time of over lmsec.
This means that the cavity shows a typical dopplar effect on the resonant lineshape of the
transmitted and reflected light when the mirrors are left to be free to oscillate along the
optical axis.

On the other hand, as a method to measure the high- reflectance of a mirror which
exceeds R=0.999, three techniques have been established: the AM sideband method, the
transfer-function method?® and the ring- down method.?”! From the above discussions,
the frequency-response method, which is performed during cavity on-resonance, was most

a suitable method for a finesse measurement, because the measurement accuracies of the
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two other methods depend on the stillness of each mirror over a time scale equal to the

storage time without any feed-back control.

3.2.2 Experimental Setup

Total-loss measurements were demonstrated with a tabletop experimental setup and
with a suspended FP cavity of the 20m prototype interferometer (using a transmitted light
through beam splitter), as shown in Fig.3.15, 3.16. Though the tabletop measurement was
mainly performed by Dr. Miyoki, it is worth while to be described precisely here involved

with the result of interferometer cavity.

FFT Analyzer (HP35670A)
Power Control Input O
pu ]38
o0
Cavity Control Loop 1
PZT
K2 40 MHz
. i T
& 5 mi—
EOM
Clean Booth

Figure 3.15: Optical configuration of the tabletop experiment.

The light sources were diode-pumped cw single frequency Nd:YAG lasers (Lightwave
Electronics Co,Ltd Model 120 03A and Model 122) whose emission wavelengths were 1064n-

m and output powers were 40mW and 500mW, respectively, to illuminate the cavities.

Tabletop

The beam profiles of output light within vertical and horizontal plains are different due
to its laser cavity configuration; Non-Planar Ring Oscillator (NPRO), so the cylindrical
lenses and mode matching lens which are inserted in an input optics chain forms the beam

shape in a plane perpendicular to the beam axis into round shape and makes it mode
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Figure 3.16: Optical configuration of the 20m base-line laser interferometer.

matched to the cavity. In order to length control the cavity using Pound-Drever method,
the incident light is phase modulated by the electro-optic modulator(EOM) inserted after
the laser with 40MHz and the light reflected by the cavity is picked up through optical
circulator which consists of PBS and A/4. This reflected light is detected by the 40MHz
resonant type photodetector PD1 and demodulated with phase coherent 40MHz local signal
to be fed back to the piezoelectric transducer (PZT) and thermal control of the laser as an
feedback signal. The cavity is kept on resonance using this technique and laser frequency
is stabilized by 'open cavity’ as a reference cavity. The power control input of the laser

serves as an intensity modulator for frequency response measurement of the cavity.

20m Interferometer

All of the Fabry-Perot cavities used in the setups were length controlled to be kept on
the resonance using the Pound-Drever method, and the error signals were fed back to the
piezoelectric transducer (PZT) of the laser and/or coil-magnet actuators of the mirrors.
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Optics

The mirror substrates of the test pieces used for the tabletop experiment were 20mm in
diameter and 5mm thick. The monolithic mirror blanks for the end mirrors of the inter-
ferometer had dimensions of 50mm in diameter and 60mm in thickness, and the substrates
for the near mirrors were 1.5 inch in diameter with a thickness of 0.375 inch, which were
used with aluminum test masses contacted on it. All of these mirror substrates were su-
perpolished and coated by an IBS coating machine. The figure error of these substrates
was measured to be better than A/20 by a Zygo interferometer (ZYGO GPI-XP HR) at
A=633nm, and the microroughness was measured to be below 1Arms by a stylus profiler (T-
alystep) for monolithic mirrors. The high-reflectance coating was 29 layers of 5i03/Ta,05
quarter-wave films with an SiO; half-wave top layer, and its designed intensity reflectance
was just below 0.9999.%% Since these mirrors used for the interferometer and test pieces
for the tabletop experiment were simultaneously coated by the same coating process, the
macroscopic and microscopic features of the coatings were assumed to be identical, or e-
quivalent, in the ideal case. Two high-reflectance mirrors for the tabletop cavity, whose
radii of curvature were flat and 1000mm concave, were supported by mirror mounts which
were rigidly fixed on the optical table and housed in an air clean bench with a separation
of 600mm. In particular, since the mirror mount holding the input mirror was based on an
%-y stage, the input mirror could be moved along its mirror surface and the incident beam
could illuminate different positions of the coating surface of the input mirror.

The important features of this experiment, performed with the 20m interferometer, are
its optical configurations. The expected cavity finesse is about 30000 and the mean storage
time of each photon will exceed 1.27 msec using the designed mirror reflectance. This
corresponds to a cavity line width of 125Hz, which is extremely narrow compared to the
typical laser line width, and, in general, will make a cavity with swinging mirrors hard to
acquire a lock. However, owing to the adequately-frequency stabilized laser light to a level
of 10~ Hz/vHz at 1kHz by the well- developed mode cleaner, cavity lock-acquisition was
easily realized using only magnet-coil actuators; the lock was kept stable and robust for
over one hour without any impulsive seismic excitations. The unity gain frequency was
about a few kHz during the finesse measurement. This 20m-long cavity, demonstrated here,
is the highest in finesse and the longest in storage time ever reported as an independently
suspended mirror cavity, especially for an interferometric gravitational wave detector. The

circulating power of light inside the cavity reached up to about 700W and the energy
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density was over 4.6kW /em? on the input mirror surface.

Finesse Measurement

The frequency-response function of a Fabry-Perot cavity is written in a complex domain

as a function of the Fourier frequency (f),

)= i (&) st .

e 1 — ryrpe=diwt/c’

and is expandable to the frequency dependencies of an amplitude gain and a phase, as in
the limit of R ~1:

1
|H(f)| = mp————x, (3.6
N TTAT )
arg H(f) = —mctan{‘iu:f}, (3.7)
(3.8)

Here, f.=c/4LF is the cut-off frequency of the cavity response function, £ the cavity length
and F the finesse. Therefore, the finesse can be obtained by fitting the measured cavity
transfer function with a theoretical expression, as can be seen in Figs.3.17,3.18.

The response function was measured with FFT spectrum analyzer (Hewlett Packerd
Model HP35670A for tabletop experiment and HP3562A for 20m prototype) at frequency
range between 10 and 10kHz by impressing an amplitude modulation on the incident beam
by power controller and by AOM respectively.

Although the fitted finesses using the amplitude gain and phase for the 20m interferom-
eter show good agreement within the accuracy, that for a tabletop experiment are different
by about 1700, which corresponds to 6% of the finesse error. These discrepancies are con-
sidered to come from instabilities of the optical system, such as the change in the refractive
index of air die to air flow or the very low-frequency drift of the optical system within the
time of the frequency-response measurement sequence. From the partial derivative of R
with respect to F, R/0F|p—0.999875 = 5 % 1079, a finesse error of 1700 corresponds to a
reflectance difference of 8.5ppm, which results in a 2ppm effect on the loss factor. The main
purpose of this measurement, however, was to confirm the loss distribution of the mirror
surface. Thus, an accuracy of 2ppm was sufficient to reveal the beam-size-dependencies of

the mirror loss. Here, for a tabletop measurement, the finesse obtained with phase fitting
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Figure 3.17: Amplitude gain and phase of the frequency-response function obtained
by the tabletop experiment.
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Figure 3.18: Amplitude gain and phase of the frequency-response function obtained
by a loss measurement at the 20m interferometer.
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Parameter Tablctc:;; 20m Interferometer
Beam diameter 2w [mm] 0.82 44
Cavity length [mm] 60 19900
F 97900£130 2500060
R [ppm] 0098871 9998751
nr 0.73% 0.02 0.580.02
R 0.09+ 0.002 0.04540.002
T [ppm] 97+2 9542
A [ppm] 16F2 30F2

Table 3.6: Results of total loss measurements.

was adopted for a further calculation because the uncertainty in the DC gain level of the

amplitude gain made it difficult to determine the finesse.

Transmission and Reflection Efficiency

Using the incident power (P;) matched to the cavity mode and the transmitted power
(P,), the transmission efficiency (rjr) is expressed as nr = P/ F; = Fi/M Pio, Where Py, is
the total incident power and M is its mode-matching ratio to the cavity TEMyy mode. Note
that for the interferometer, since the incident light to the arm cavity is also the outpus beam
from the mode cleaner, the non-Gaussian component of the beam is naturally assumed to
be small compared with the laser emission beam, itself. Furthermore, a mode calculation
using the measured beam radii at a few points along its propagation axis assured that
the mode-matching ratio exceeded 0.99. The measured parameters and their results are
summarized in Table 3.6.

The attached error terms are based on the supposed standard deviations with a parameter
fitting for the finesse and the fluctuation of the amplitude or the stability of the observables
in the time domain for the transmission and the reflection efficiency. Intrinsically, the loss-
transmission ratio (A/T) obtained by np and ng should agree if the mode matching is
perfect. Actually, the evaluated two losses using F,nr and F,nn are almost the same
within the accuracy for the 20m interferometer, owing to its good mode-matching ratio

and nearly perfect Gaussian beam. However, for a tabletop measurement, the resulting two
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show a difference having about a factor of two, which results mainly from the insufficient
mode-matching ratio without a mode cleaner, in spite of the use of two cylindrical lenses
for better mode-matching. With these optical configurations (two mirrors are identical),
since the beam component matched to the cavity mode will transmit the cavity, ng is very
sensitive to and affected by the mode-unmatched ingredients of the incident beam. From

this point of view, it is more reliable to adopt that obtained by F and nr.

Two Dimensional Loss Distribution

Furthermore, the loss distribution of the input mirror was mapped using the same method
by moving the x-y stage mounting the input mirror with a 0.5mm step in the horizontal
direction and a 1mm step in the vertical direction; the result of a two-dimensiondt™oss

mapping is shown in Fig.3.19.

Horizontal [0.5mm] 15

Figure 3.19: Loss distribution within a coating surface. The several high peaks are
due to point-like defects

Note that in this procedure the two mirrors are not exactly identical. The loss of the end

mirror was fixed to be 16ppm and the decrease in the transmission efficiency of the cavity
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was attributed to an increase in the loss of the input mirror. Although the loss increase rate
to the transmission efficiency, 84,/8nr, depends on the loss mechanisms, they will agree

within the accuracy of the series of measurements up to a few 10ppm of the additional loss.

3.2.3 Experimental Results

The total loss of the IBS coating mirrors was measured using the small beam on the table-
top experiment and using the large beam of the 20m laser interferometer. The experimental
result of a loss of 16ppm with a small beam of about 2w=0.82mm is the best value around
the center of the test piece, and that of the loss measurement at 20m interferometer shows a
minimum loss of 30ppm for a beam with a spot size of 2w=8mm at the end mirrors. These
measured values are predominant over their accuracy of a few ppm, respectively. Since
the Total Integrated Scattering (TIS) due to the microroughness ¢ of the mirror substrate,
which is defined as TIS=(4wo/))?, is estimated to be below lppm, the microroughness
of the substrate is negligible. And for the table-top experiment, total loss due to the air
including absorption and scattering from particles can be limited to 0.8ppm/10cm according
to previous work.I'!l So, the scattering from the multi-layer coatings are most probable host
which largely contributes to the total-loss factor of the mirror. According to loss mapp by
moving the input mirror, the equivalent loss distribution is not uniform on the 0.5mm scale,
and varies between 16 and 270ppm. These high-loss peaks seem to arise from point-like
defects, scattering sources. Such defects are visible, and thought to be stimulated by the
small dust included during coating processes. This map means that the fraction of the large
beam (w > a few mm) cannot avoid illuminating the lossy area on the coating surface, and
thus the total loss for the large beam will increase. Though the area-averaged value around
the plain area in Fig.3.19 gives a relatively small loss of 27ppm, which is close to the loss
for the large beam, the averaged loss using all of the measured data increases up to 40 ppm
due to several strong loss (scattering) sources. These results imply that the mirror loss
depends on the structure of the loss distribution, and that its dependencies are not linear
to the beam size; that is, the loss will increase with the beam size according to the density
of such high-loss defects. In these experiment, as the mean separation of defects and beam
size of 20m interferometer was comparable, it was possible to avoid major effects of these
high-loss defects. As a result, the loss factor of 20m-size beam could be reproduced by

averaging the mapped loss factor around the plain area, which shows no apparent evidence
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on optical phase induced loss for big size beam. Though these point-like defects and its
density will be further reduced by advanced coating techniques in near future, it is possible
that beam propagation simulation program will become useful for further study, in which
optical phase correlation from each part of mirror is important, for more large size beam,
for example TAMAZ300.

Consequently, the loss distribution is acceptable for the 20m interferometer and the
TAMA project with respect to the interferometer design and its requirements. Of course,
it should be minimized as much as possible in order to reduce any optical losses in the
interferometer. Further effort will be the next subject for the advanced detector or the

full-scale detector, which may require even smaller losses for the optical elements.

3.3 Power Recycling

3.3.1 Optical Design
Configurations

The optical arrangement of power recycling is shown in Fig.3.20.

Optics

The optical parameters for all optics which are used in a recycled interferometer.are
summarized in Table 3.7. The designed reflectivity for the arm cavity mirrors are EEB M=
0.9999 for the back mirrors and Ry = 0.96 for the input mirrors. Therefore, the expected
finesse of cavities are 130 and reflection efficiency exceeds 0.99 with no loss assumption.
The most important reason why the cavity finesse was lowered was to obtain a enough
reflectivities of the FPMI even if BSAR losses are taken into account. Further more, this
configuration of cavity is more tolerant to the mirror total loss in comparison with F =516
design cavity as is shown in Fig.3.21.

The reflectivity of the recycling mirror should be determined to be equal to that of FPMI
in order to maximize the recycling gain. If the reflectivity of both recycling and compound
mirror (FPMI) are exactly identical, all the carrier light will resonate in the recycling cavity
and will dissipate inside the cavity. The reflectivity of FPMI can be estimated by using arm
cavity reflectivity, BSAR loss, contrast of Michelson part and pick off mirror reflectivity as
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Coil&Magnen actualor
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Fapry-PeErOT MICHELSON INTERFEROMETER 30m

Optical Bench with Vibration Isolation Siack

Vacuum Chamber
(aluminium alloy)

Beam Splitter
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Figure 3.20: 20m,

Coating Designed Reflectivity

Input Mirrors 11layers 0.96
Back Mirrors 29 layers (.9999
Recycling mirror 1 5 layers 0.7
Recycling mirror 2 7 layers 0.84
Recycling mirror 3 9 layers 0.91
Steering Mirror 29 layers 0.9999
Pick off Mirror 15layers 0.9880

Table 3.7: Design of mirrors for power recycling.

89



CHAPTER 3. POWER RECYCLING EXPERIMENTS

Reflection Effidency

Y TSR, | SOTRPRNR . | S, |

U'?m“ 10' 10t 10

Total Loss [ppm/ optics]

Figure 3.21: Degradation of cavity performance due to optical losses for F =516
and 130 cavities.

follows,
P,
Repur = 5 2 (3.9)
incident
= HmvTI‘;SARCHpikaJI {3-1[!]
= (0.98 & 0.02) x (1 —0.007)* x (0.98 = 0.02) x (0.988) (3.11)
~ (.92 + 0.02. (3.12)
Similarly, the reflectivity of the FPMI for the side bands can be estimated as,
P
Rrpur = P ef (3.13)
incident
= ReasTi5arC Rpickory c08™ @ (3.14)
= (0.98 £0.02) x (1 — 0.007)" % (0.98 & 0.02) x (0.988) x (0.97) (3.15)
~ (.90 £ 0.02. (3.16)

In these estimations, most ambiguous factors are contrast and cavity reflectivity because
the mirror loss including contamination and small misalighment can easily decrease the
Rppar and contrast by a few percent. The arm cavity mirrors were aligned within a
accuracy of the order of 1 [urad)] by using PZT for fine alignment tuning attached to the

top of the pendulums.
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3.3. POWER RECYCLING

Taking these estimation into account, a few recycling mirrors were fabricated by the IBS
machine at the Research and Development center of National Astronomical Observatory.
The designed reflectivities are 0.70, 0.84 and 0.91 with their numbers of multi-layer of 5, 7

and 9, respectively.

3.3.2 Control Design
Control Scheme

The control design is shown schematically in Fig.3.22. In these series of recycling ex-

o

[‘I’
2 Y |
ot Moo 3
[ L =
C f 5

Figure 3.22: Control design for length sensing (Phase-I}.

periments without alignment control system, the independent locking system was mainly
used as length control design (Phase-I). The cavity reflected lights through AR reflection
of beam splitter were used for each cavity control, L;, Lp. In contrast with the case of non
recycled FPMI, the control signals do not separate because the optical fields containing in-
formation of both cavity length are circulating inside the recycling cavity as is described in

previous section. The signals for common length of recycling cavity l¢ is expected from the
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CHAPTER 3. POWER RECYCLING EXPERIMENTS

symmetric output to be fed back to the recycling mirror and differential degree of freedom
Ip was pick up from the antisymmetric port to beam splitter.

As the circulating light inside the recycling cavity can be pick off through one of steering
mirrors, it is possible to extract the control signals as common and differential mode of
arm cavities and recycling cavity, Le, Lp, lg. Ip (Phase-IT) Fig.3.23.

Figure 3.23: Control design for length sensing (Phase-1I).

Servo Design

For Phase-1 scheme, both arm cavities were locked independently first, while other degree
of freedoms were kept free. This means that circulating power inside the recycling cavity
changes seriously according to the free swinging motion of mirrors of Michelson part. Usu-
ally, pole-zero pair of servo circuit is used as a phase compensation for suspended mirror FP
cavity. This is becanse lost phase of 180 degree due to pendulum transfer function have to
be compensated electronically around the unity gain frequency (UGF). At the same time,
phase margin can be maintained around UGF, and with this conditions closed servo system

can work properly. In other words, as far as this conditions are maintained, the feed back
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3.3. POWER RECYCLING

system is stable with gain change caused by optical and/or electronical gain fuctuations.
So, the gain margin can be defined as a tolerant range of gain change which can keep the
system locked. For these arm cavities, such tolerant servo filters are needed in order to
absorb the optical gain change of recycling cavity.

The schematic diagram of feed back system is shown in Fig.3.24 The open loop transfer

Error Signal

O—O

O
X
1/

oy

Feed-back Loop

Figure 3.24: Schematic diagram of feed back system. G contains optical and de-
tection System, while H denotes feedback and actuator system. Open
loop transfer function is defined as GH.

function is defined as a product of transfer function of all elements consisting the loop. For
example, open loop transfer function for one of arm cavities are shown in Fig.3.25 Major
contributions around these frequency range are f~? decrease due to pendulum and phase
compensation around UGF, if other electronics have a flat transfer functions here. As can
be seen, phase margin for 1kHz UGF is about 50 degree and 40dB of gain margin can be

expected.

3.3.3 Lock Acquisition
Sequential Acquisition

For Phase I scheme, it is convenient to lock both arm cavities first because each signals
are almost separate with recycling cavity unlocked. Lock was acquired quite quickly, within

a second, which was same for plain FP cavity without coupling cavity. According to the
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Figure 3.25: Open loop transfer function for arm cavity control loops.

resonance shape of recycling cavity, input power to the arm cavities, and resulting open

loop gain changed by figures, but lock was not destroyed thanks to wide gain margin phase

compensation.
Then recycling cavity was locked without Michelson control. Also for this loop, gain

fluctuation of recycling cavity due to loss of Michelson fringe was serious. But feed back
system could keep up with this change robustly. Finally, Michelson part was locked and

whole interferometer was guided to lock.

Automatic Acquisition

‘Whenl this prototype was operated as a FPMI, which was not yet recycled, automatic lock
acquisition scheme was developed on this prototype for the first time. The FPMI was to
be controlled with three degrees of freedom, Le, Lp, Ip, and some special locking sequence
was developed historically. For example, guided lock system on 3 meter interferometer at
University of Tokyo or sign flip system on MK II at Caltech. But this prototype showed

the capability of automatic lock acquisition, with which all three degrees of freedom were
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3.3. POWER RECYCLING

locked by some order after closing three feed back loops.

Similarly, automatic acquisition is applicable to PRFPMI for both Phase [ and II locking
schemes. After closing four loops, which correspond to Le¢, Lp, l¢, Ip , respectively, whole
interferometer was lead to full lock within a minute typically. For Phase I, it was frequent

to lock both arms first as can be expected.

3.3.4 Recycling Gain

Two kinds of recycling mirror were tested to demonstrate the power recycling of FPMI
with super high quality optics as its mirrors. Main goals of this experiment are to realize
high optical gain and to establish the lock acquisition sequence of such high gain recycled
FPMI. The designed recycling gain for two recycling mirrors can be calculated by using

the relation,

trec ) 2
1 — rrecTrPMI

- ( (3.17)

which turns to be about Gree=7.7 and 12.4 for recycling mirror of R=0.70 and 0.91,
respectively, assuming ripy; = 0.92.

The resulting recycling gains are shown in Fig.3.26, 3.27. The transmitted powers of
inline and perpendicular cavity were monitored and normalized with the transmitted power
without recycling mirror. As only carrier light can resonate in the arm cavity, this enhance-
ment factor of transmitted light corresponds to the carrier recycling gain Go. Though the
recycling gain of both configurations are somewhat fluctuating at low frequencies, the de-
signed recycling gains were roughly achieved with a good repeatability.

It is worth noting that for both recycling experiment, the transmitted power from two
arm cavities has excellent correlation and almost agree with each other within a calibra-
tion accuracy. This implies that fluctuation of the recycling gain does not comes from
the degradation of transmission efficiency of local arm cavity, but from power fluctuation
inside the recycling cavity. This is more clearly shown in the visibility of power recycled
FPMI (PRFPMI) from symmetric port and contrast of Michelson interferometer from an-
tisymmetric port. The recycling gain and the bright fringe (inverse of the contrast ) has
an anti-correlation, which means that good contrast gives high gain because good contrast
increase the reflectivity of FPMI. On the other hand, recycling gain and visibility has a

positive correlation, which can be explained as follows. When contrast is improved and the
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Figure 3.26: Attained recycling gain with R = 0.70 mirror.

96

Aanoaa3ay [NdIdd



3.3. POWER RECYCLING

Recycling lock

T T

Recycyling Gain

i
]

T T 1 T T . T T o 71 T ] —y Fr r T 1 T T

L I L
o0

I
—
Ay1an0a3y JNdIAd

I
e

Contrast

P |
P

| ——DBright Fringe |

X : i j e
PR T T DI T LT T B i B i et e |

0 1 2 3 4 5

Time [sec]

Figure 3.27: Attained recycling gain with R = 0.91 mirror.
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reflectivity of FPMI is increased, the imbalance between two mirrors, recycling mirror and
complex mirror (FPMI), will grow larger. So, this imbalance make visibility poor.

Another concern is the nature of the fluctuation of the recycling gain. As can be seen
from the figures, main component of the oscillation appears at around 8Hz . This frequency
component was also observed at the antisymmetric fringe of FPMI operation mainly due to
the pitch motion of the arm mirrors, which was excited by the blade spring resonance. So,
the possible mechanisms to make serious contrast defects are the degradation of the arm
cavity reflectivity and contrast defects due to the imperfect interfere at the beam splitter
caused by the optical axis tilt of the reflection beam. This can not be compensated by the
length control system and should be stabilized by the alignment control system.

3.4 Wave Front Sensing

3.4.1 FP cavity Control

Configurations

In order to test the wave front sensor, demodulating system, feed back system and all
other alignment control system to work properly, plain Fabry Perot cavity was tried to be
alignment controlled using inline arm cavity of 20m prototype. The length and alignment
control design for the cavity is shown in Fig.3.28. The reflected beam from the beam splitter
towards the perpendicular arm was shuttered in front of the input mirror and recycling
mirror was intentionally misaligned to prevent undesirable recycling cavity resonance. The
reflected light from the BSAR was used for length control by using small aperture 40MHz
resonant photodetector. The antisymmetric light which is about 70 times bigger in power
compared with that from BSAR was separated by half beam splitter and used for two wave
front sensors (WFSs).

Guoy Phase Telescopes

The Guoy phase telescopes (GPT) were additionally assembled to separate the input
mirror and the end mirror degrees of freedom as described in previous section. The im-
portance to design it is how GPT can be compact. The total optical path length to the
WFS should be as short as possible to prevent to pickup the artificial wave front distortions

due to air fluctuation, and total numbers of optics should be minimized to suppress the
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Figure 3.28: Optical configuration for alignment control of FP cavity.

99



CHAPTER 3. POWER RECYCLING EXPERIMENTS

wavefront distortions due to imperfect optics. The designed beam propagation and guoy

phase evolutions with GPT are shown Fig.3.29 3.30 for n =1 and 3. The total optical path
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Figure 3.29: Beam propagation from the waist of the cavity mode to WFSs through

GPT.
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Figure 3.30: Alignment signals for IM and BM with Guoy phase evolution.

from input mirror to the WFS are less than 3m and it takes only 1.6m from the optical
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window to the WSFs.

Servo Design

Obtained error signals for pitch and yaw degrees of freedom were fed back to the arm
cavity mirrors through servo filter and signal matrix box. These servo filters employ one
pole-zero pair with DC gain booster and typical unity gain frequencies were around 20Hz
which was needed to sufficiently suppress the 8Hz pitch mode oscillations. The open loop

transfer function for end mirror pitch control loop is shown in Fig.3.31. These control
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Figure 3.31: Open loop transfer function of alignment control loop.

signals for pitch and yaw degrees of freedom are inserted into signal matrix together with
the length signal and summed to four control signals which corresponds to four coil magnet

actuators after adding and subtracting processes.

Alignment Controlled Cavity

The effect of alignment control using wave front sensing on cavity stability is shown

in Fig.3.32. Initial state is an alignment control free locking, which has a typical 8Hz
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Figure 3.32: Stabilization of FP cavity by alignment control.

fluctuation both in reflected and transmitted power of light. The last stage shows stabilized
cavity with engagement of all four degrees of freedom of alignment. The 8Hz fluctuation was

satisfactory suppressed and also both transmitted and reflected light level were increased.

3.4.2 Interferometer Control
Configurations

The goal of this experiment is to stabilize the high recycling gain and maintain the lock
for a long time over 1 hour at least. There are total 12 degrees of freedom to be controlled
including beam splitter. Though all these degree should be controlled at final stage of
PRFPMI operation, there can be effective way to stabilize the system with less amount of
control. As reported by MIT group on phase noise interferometer Bl the recycling gain of
simple Michelson interferometer was sufficiently stabilized by control the only differential
degree of freedom of arm mirror misalignment. This effects were already calculated and
reported and this experiment confirmed it. From this point of view, the differential mode

control of arm cavity was tried for the first step. The experimental configuration is shown
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in Fig.3.33. The length control topologies was same for alignment control free recycling
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Figure 3.33: Optical configuration of PRFPMI with WFSs.

experiment, phase I. Additional WFS was fabricated on the detection bench to pick up
the alignment signals by using a part of antisymmetric light divided by half beam splitter.
In the antisymmetric light, almost all the alignment signals are mixing as calculated in
previous section. Especially, the alignment signals for input and end mirrors can not be
separatc;:i at all. However, if the end mirror motion of tilt is predominant for optical axis
tilt of the arm cavity and accordingly for the contrast defects, the PRFPMI system can be
stabilized using antisymmetric light by feeding back to the both end mirrors differentially.

Alignment Controlled PRFPMI

The stabilized recycling gain is shown in Fig 3.34. The alignment control free locking
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Figure 3.34: Stabilized recycling gain by engagement of alignment control.
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interval contains huge 8Hz fluctuation in the gain, but it was stabilized by engagement of
alignment control. Further more, DC gain booster increased the recycling gain by 25% ,
from 6 to 8 This implies that DC offset of alignment existed at initial alignment tuning
before locking the complete interferometer. In other words, as far as WFSs shows "correct”

alignment signals, initial alignment by hand do not have adequate accuracy for recycling.
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Chapter 4

Conclusion

To summarize, the power recycling technique was tested on the 20m baseline prototype
interferometer with suspended mirrors. In order to realize high recycling gain, interferome-
ter loss induced by mirror loss and misalignment of optics was successfully controlled. The
total loss of the high reflecting mirror was measured to be below 30ppm/optics for about
10mm size beam. These super high-quality mirrors were obtained after repetition of test
coating and loss measurement of them. In these measurements, two equivalent mirrors were
used to form a 20m Fabry-Perot cavity. This made it possible to measure total loss factor
directly and accurately with actual size of beam and serves a new method to measure the
loss of mirrors for large interferometer.

Automatic alignment control system using wave-front sensors were implemented-to sta-
bilize the optical fluctuations in the interferometer. The pith motion of test masses which
were excited by resonance of suspension system resulted in a contrast fluctuation of about
one percent. By engagement of alignment control, contrast at the beam splitter due to
misalignment of the mirrors were considerably stabilized and improved. This was the first
demonstration of wave-front sensing technique on full configured interferometer with sus-
pended masses and this showed the effectiveness of the alignment control.

As a result, 20m prototype interferometer locked with sufficiently high power recycling
gain of over 12. This is the highest gain ever reported in the world by Fabry-Perot Michelson
interferometer with suspended mirrors. The whole interferometer was acquired lock by both
sequential and automatic locking method within a minute typically. From these result, it is
shown that the power recycled interferometer with high gain can acquire lock automatically

even if control signals are not well separated. Furthermore the remaining gain fluctuation
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due to mirror misalignment was sufficiently suppressed by engagement of wave-front sensing
technique and the stable operation was realized .

Success of this work on high gain recycling and implementation of automatic alignment
control system using wave-front sensing on 20m interferometer marks significant progress
towards achieving full-configured interferometer. This work concludes that loss factor of
the interferometer can be reduced by controlling both quality of optics and alignment of
optics so as to demonstrate high recycling gain and recycling is feasible technology for large

scale interferometer with respect to the high recycling gain.
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