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1. Introduction

§1.1 Detection of Gravitational Waves

As one of the consequences of the general relatimf gravitational

V-
wa.vesf;deduced which is/similarto Kt@eelecQ__t%)‘_nvﬁgnetlc waves from Maxwell

6 omodoqous e the predclion (e dettvation ) o f

equatlong Although gravitational waves have never been detected due to yery
(" e

small gravitational constant G, their evidence has been observed from the period of

bmary neutron stars [1]. Since gravitational waves are radiated fron{ the motion of

Me shy & Tossive
such massive stagot'he inary system los% total energy éa;nﬂed-awa;rb)) gravitational

waves, resulting in the decrease of revolution period. ‘Froti the observation of

binary pulsar, PSR1913+16, observed periods are in good agreement with the
predicted|one %‘Sgteneral relat1v1ty !—(wm{ = R .

U abue “wA C»TQ(A
Detection of gra.v1tat1ona.1 waves implies two significant mea,mng@mvestlga.-

. has
tion of nature of the waves, and, more importantly, observation of astronomical

phenomena k_\ylt_h a new glla.gn_ql.l Th‘?f??!“?@{rf-_gl‘tfiﬁl investigation of quadrupole

polarization of the wayes and confirmation of their propagation speed of c, as well
X ’ S o ; Ciuwmestigation
as existence of themselves. % Tue foren Tu Ledes i conf it on

As for the astronomical aspects, detection of gravitational waves brings var-
Chh g Ao (3,8 A1) — SHE Te
"ious 1nformat10g./wh1ch cannot ebtain-from other /melbeds @ electromagne 1c
T e obtmimned 7. #eHRE
waves. One possibility: is the estimation.of angular momentum Me the
TR oL wheX 7

superxnova, explosugn, ,and to solve.the mechanism of @\ Another possibility is
Cotcurs 7) ”

to detect gravitational waves from coalescmg binary neutron s?a.rs From theu; .

waveform and a.mphtude, arameterskof the binary system, §erification \é)f general/

exiogtence. .-

X

\\-FP(YM ”0\

BR Y

JM@

™
relativity in such h1ghly relat1v1st1c ﬁel@and [dlstance} to the sotufce are estimat‘ey

[2]. The last an be utilized to determine ‘such cosmological pa.ra,metersas
y Q\ O~
Hubble constant We curgantly develop the interferometric gravitational wave de-

tector to be constructed on the earth near future, aiming at detection of such burst
fu Has ~
waves. (Mode Cleaner is one of the components of suc}/yd\etector.which reduces

&

the excess noise originating from laser.)
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TvFT MREE
CERN /O-—=w Al5056, 2.3ton, 2.6K | Capacitive + SQUID 7.x 10-19
CERN(NAUTILUS) | Al5056, 2.3ton, 0.1K | Capacitive + SQUID 2x10-18
NMATTFMILK | Al5056, 1.1ton, 4.2K | Inductive + SQUID 7 x10-1°
A¥ 77 +—=FK | Al6061, 4.8ton, 4.2K | Inductive + SQUID 10-18
BA—ARIYTK Nb, 1.5ton, 5K - RF cavity - 9 x10-1°
FERB/EK | Al5056, 1.7ton, 300K L —¥— TRD - ‘
KEK Al5056, 1.2ton, 4.2K | Capacitive + FET | 4 x 10-22(60Hz)

Table 1.1 Current status of resonant-type gravitational wave detector.

S

K H8iR HE | &AW Lil)3 KRk
HEPEFE NSk (200Mpc) | 10~1000Hz | 10~ 3/ L—H#—Fipat+7v7L—+F
AR (SRiTAMA) ~1kHz 10-18 1/ A4 L —H—Fipat. EERMHZ
AN (T XMRMH) ~1kHz 103 | ARV P/E]  kmlb—¥—Fiat
BEX77 v 2h— VOB ~1mHz 10-17 o 1/E V=¥ —TFipat (FH=RM)
I8N — X 10Hz | 10-% b0 34 L —H—Fipat, FHRERHZF
FEHO 10-"Hz | 10-18 TRE Nu=y 4307

Table 1.2 Sources of gravitational waves.
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ecause recombination is considered to be inevitable for the recycling s eme.
Fortunately we succeeded in operation of recombined 20m prototype in 1994 [6],
and found that the frequency noise of the laser limited its sensitivity.

Mode cleaner is incorporated into most prototypes between laser and main -
terferometer for the p'urpose of reduction of beam jitter and spurious higher mode.
Some groups adopt single mode optical fiber which introduces laser beam into the
vacuum chamber as well as work as mode cleaner. Another type is a rigid cavity
whose mirrors are attached to the rod forming Fabry-Perot cavity. This cavity can
also be utilized as a reference for frec mncy stabilization. However considering fu-
ture high power laser with long cavity length, they will be replaced with suspended
mode cleaner whose mirrors are independently suspended as pendulums.

In this point of view, we have developed Mode Cleaner of independently sus-
pended Fabry-Perot cavity v'" ' wo ' both mode cleaner and refere: £
frequency stabilization, and firstly succeeded in operation of prototype with such

lode Cleaner.

§1.3 Contents

In this thesis, we report on the development of Mode Cleaner to be connected
to prototype detector as a light source. Mode Cleaner we designed was inserted
between prototype detector and laser in order to reform the original beam geometry
(deformation of laser beam or beam fluctuation). Another function of our Mode
Cleaner is to stabilize laser in frequency. As for the function of reformation of
beam geometry, it is not so serious noise source for the current prototype detector
but will be one of noise sources for future large scale detector. On the other hand,
frequency noise is significant noise source of current prototype. In order to attain
] ble : tivity limited by shot noise, frequency stabilizatic A B B

One characteristics of our system is to apply the Fabry-Perot cavity as

rrors are suspended independently. Another one is to stabilize

4



itEL | ERE AR BRBGALA T BRI
KB (AV72&MIT) | LIGO | 4km(2 %) FP 1998 4£
ER A " | VIRGO 3km FP 1998 £
a3 AIGO 3km FP ?
o.xE GEO 600m Dual Recycling BELA
B TAMA 300m FP 1998 ﬂi

e ERE ;b IRBE

ANTFD 40m Locked FP 10-18
YIAL-K 10m Locked FP | 10-18
BVRXE& 20m | Recombined FP | 10-18

MK 3m | Recombined FP | 10-15
RYIRAT 5V MR | 30m DL 10-18
FHHETRA 100m DL 10-16

Table 1.4 Current status of prototype detectors.
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Table 1.3 Project for large-scale gravitational wave detector.




laser frequency referred to the Fabry-Perot using reflected light from the cavity. In
this way, ultimate frequency stabilization limited by shot noise of full laser power
can be realized because of dark locking of reflected light. We designed such Mode
Cleaner with 1-meter cavity length sﬁspended in the vacuum chamber. Laser diode
pumped Nd:YAG laser was utilized as light source.

In Ch@pter 2, gravitational waves as a consequence of general relativity is
described" including generation and effect of gravitational waves. Principles and
noise sources of 1nterferometrlc grav1tat10na1 wave detectors are shown in Chapter
3. Followmg Chapter 4 and 5 describe the de81gn of Mode Cleaner with l-meter
Fabry-Perot cavity. After measuring performance of our Mode Cleaner in Chapter
6, 20m Fabry-Perot prototype detector was operated with Mode Cleaner resulting
in improved contrast and sensitivity compared with previous experiment with-
out Mode Cleaner (Chapter 7). As conclusions, summary and problem of this

experiment are discussed for the future large scale detector.

ay



2. Gravitational Waves

§2.1 Gravitational Waves

According to the theory of general relativity, metric tensor of spacetime, g,,,
satisfies following Einstein’s field equation:

' 1 8rG |
R“u - Eg‘“,R = -—CTT“V, (2.1)

where G, ¢, and T, are the gravitational constant, the speed of light, and the
energy-momentum tensor, respectively. While, R,, (Ricci tensor) and R (scalar

curvature) are deduced from g, using following relations:

R= g;wRuu 4 (2.2)
RIW = Rap.au (2-3)
S =T %0y =T % + %%, — I'%,I%, (Riemann tensor)

1"}” = %g“”(gag,” + Gap,8 — 98u,a) (Chritoffel symbol).

The right side of the Einstein equation describes mass or energy, and they
define the structure of the field (left side of the equation). Moreover, as the
defined field has gravitational energy, it also defines the field again, and repeatedly.
Nonlinearity of Einstein equation comes from this situation.

Although it’s very difficult to's;olVé the equation analytically, one can investi-
gate the nature of the field by linearizing the equation. If we think of nearly flat
spacetime, namely metric deviates only small amount h,,,,' < 1 from flat metric
Nuv, Einstein field equation can be linearized using proper gauge transformation.

167G
D¢pu = _TTpuy (2'4)

where
Juv = My + hp.u

1
¢;w = hp.v - Ehmw
h =n""h,,

7



In vacuum, equation (2.4) becomes
O¢,, =0. (2.5)

Equafion (2.5) indicates the existence of waves propagating in %facuum, which is
called gravitational waves.

For simplicity, consider plane waves propagating in the z3, i.e. z, direction.
By TT (transverse traceless) gauge transformation, one can obtain ¢,, and cor-

responding h,,,

0 0 0 0
0 A h 0 .

Puy = hyy = 0 h-: —l:.;. o | &P [ik(—2° + )] (2.6)
0 0 0 o

This result shows gravitational waves are transverse waves and have two polariza-

tion:
0 O 0 0 0 O 0 0
0 hy 0 O 0 0 hy O
0 0 —hy O and 0 hx 0 O 2.7)
0 o 0 0 0 O 0 0
(+ mode) (x mode)

By ca.lculating energy tensor, one can obtain the energy flow of z direction ex-
pressed using énergy flux, S;,

- | k2.
~ 327G

S3

This result shows independent energy flux for the each polarization, similar to
electromagnetic waves. The nature of the two polarization will be shown later in

Section 2.3.

§2.2 Radiation of Gravitational Waves

Now turn attention to the radiation of gravitational waves. One solution of

equation (2.4) can be expressed as following retarded potential:

4G [T, (t—r'/c,a',y, 7
$uv(t:2,y,2) = — i r{,,cz’y z)dx'dy'dZ', (2.9)

(1ht* + [hse]?) B (2.8)

™)



Fig.2.1 Radiation of gravitational waves from small area.

which indicates gravitational waves radiated from an restrict area (z',y’,2'). By
expanding T,,,(t—r'/c,z',y', 2') using approximation of small radiation area (mass
density p(z',y’,2')) compared with the wave length of radiated waves, one can

obtain

2G d% | .
¢ij(ta z,Y, z) = .c‘l_rd—tz. /p(t - T/C, x,7 y', Z')w"y"dw'dy'dz' (210)

If we consider waves propagatingz direction, at sufficiently distant point from the

radiation area we have
h (t)_?ﬁiDn(t—r/c)—Dzz(t—’r/c)
T 4 de2 2

2G d? .
hx(t) = —c‘t—rFDm(t - T/C),

(2.11)

where D;; is quadrupole momentum tensor of the area,

D;;(t) = /P(t, z,y',2") (a:',m; - -}3-5,']' Z :c’,f) dz'dy'dz’. (2.12)
k

In this case, from equation (2.8) energy flux can be given by

s _G_[(d_a_Dl_l-_Dz_z)z + (d_3 Dm)z] (2.13)

= droore [\a 2

9






par year. In order to detect these events, the sensitivity of the detector should be

better than,

ho~1x10720 (?VI]Z) (10£4pc)-1‘ (2.19)

With such detectors, gravitational wave astronomy can be established. ‘Details of

sources and astronomical features have been described in Section 1.1.

$2.3 Effect of Gravitational Waves

In this éection, we will describe what effect is induced by gravitational waves

and how to detect them. ,
First, let’s think of effect on a test mass which is freely moving, namely

without any force applied. A free particle obeys following geodesic equation:

d®z“ dz* dz¥
If the particle is initially at rest,
d?z>
dr? + ¢ =0, ' (2.21)

By applying first order approximation of h,,, I'jy =~ 0, equation (2.21) be-
comes,

d%z®

dr?

=0, (2.22)

therefore we have z* = 0, which means gravitational waves do not induce the
position change of a mass. Then if we think of the proper distance, A, between

such free masses, distance ¢ apart each other on the z axis,
A£§/|d32|’i =/|ga,3da:°‘dmﬁ|%
€
=/ Igzzlédx ~ Igzz(z = 0)|%6 (2.23)
0
1
= [14 Shea(z = 0)]
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Fig.2.2(a) Displacement of free particles for k. polarization.

> L

Fig.2.2(b) Displacement of free particles for hy polarization.
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Equation (2.23) indicates gravitational waves change proper distance between two
particles, and by measuring the distance gravitational waves can be detected.

In order to clarify the nature of the waves in detail, assume the two particles
are freely rest at the position z* and z® + €<, respectively: in other words two

particles are separated by infinitesimal vector £{*. It obey the equation

-1256" _ g dotde’ g

dr W

| (2.54)

First order calculation about h,, shows the displacement induced by gravitational

waves, 669, to be,

8¢* 1 [P+ hx 0 ¢*
8¢ | == hx —hy O €Y | exp [ik(—ct + 2)] (2.25)
s 2\o o o) \¢&

when the waves is expressed as equation (2.6). The meaning of two polarization,
+-mode and x-mode, can be clearly understood by displaying the displacement
of free particles placed circularly on the a:—y pl;ane (Fig.2.2).

If we place free mirrors and form an interferometer to detect distance between
them (Fig.2.3), it corresponds to an interferometric gravitational wave detector.
While, if we place a elastic body (bar) on the z—y plane, vibration mode like Fig.2.4
is induced and the bar continues to vibrate after passing gravitational waves away;
this is a principle of a resonant type gravitational wave antenna. Current status
of detectors of both type has been described in Section 1.2. Hereafter we will deal

with only interferometric detectors.

13
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Fig.2.4 Detection of gravitational waves with a bar detector.
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3. Detection of Gravitational Waves with an Interferometer

§3.1 Interferometric Gravitational Wave Detector

The principle of the gravitational wave detector using an Michelson interfer-
ometer is shown in Fig.3.1. Each mirror and beam splitter is suspended in order to
realize 'free-fall’ at higher frequencies than their resonant frequency. As described
in Fig.2.3, the path length between a mirror and a beam splitter changes oppositely
in z direction against y direction. Then, the effect of gravitational waves can be
detected from the interfered fringe because Michelson interferometer is sensitive

to path difference between two arm lengths, in other words sensitive to the phase

difference of each arm.

Fig.3.1 Gravitational wave detector using a Michelson interferometer.

15



In order to calculate the phase difference induced by gravitational waves, the
phase of one arm is derived by integrating infinitesimal phase change of equation

(2.25). Assume gravitational waves of +-mode, h(t) = h4(t), comes to the inter-

ferometer with arm length of £; and £;. The phase change of the round trip of one ¢

arm 1, ¢, can be calculated as,

b, 20
= [ %4 ©
v1(%) /; - :1:+/; cdar:

1

= [ e

_ 2w€1 w 24 ! :
==t M )d§ | (3.1)
t
~2h e B(t')edt!
¢ 2¢ Ji—20, /c
t
_wh / h(t)dt,
c 2 i—2£1/6

where w is a frequency of the laser light. As gravitational waves oppositely change
phase of arm 2, ¢, is,
2wl w [
on(t) = 2282 _ ¥ / B(t)dt. (3.2)
c 2 t—2lz/c

The detected phase difference Ay is,
Ap(t) = p1(t) — pa(t)
t 3.3
~ 27"0(61 - 32) + w/ h(tl)dt', ( )

t-2¢/c
when approximating £; ~ £, ~ £. The first term of the last expression in Eq.(3.3)
is static phase change due to the arm difference of the interferometer, while the
second term is a phase change induced by gravitational waves. When h(t) slowly
changes compared to the round trip time of the arm, phase change induced by
gravitational waves, §pgw (t) is reduced to,
bpgw(t) ~ wz—ce-h(t)

(3.4)
27
= 2T h(t)e,
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where A is the wavelength of the laser light. Equation (3.4) shows that the longer
the arm length becomes, the easier to detect. If h(t) varies rapidly and has Fourier
spectrum h({2), where {2 is a Fourier angular frequency of gfavitationa.l waves, h(t)

and ép(f2) can be expressed as

h(t) = /_ ” h(n)emtdé (3.5)

t oo
Sp(t) = w / h(2)e 2t dndt
t

—28/c J—o0

= Zw/ sin (%e)h—gzze—i%emtdt

= /_ Z 8p(2)dR,

therefore

5(2) = Hu(2)h(%2). (3.6)

Here we define the response function for Michelson interferometer to gravitational

waves with frequency {2,

i

w Qe —ji3L
Hy(R2) = 2—5 sin (T)e c. (3.7)

Equation (3.7) indicates the effect of gravitational waves vanishes when £ = N gy,
(m:integer, Agw:wave length of gravitational waves) satisfies, because the phase
change of light going forth is cancelled out when it comes back. The arm length is
optimized when £opy 2 (2N + 1)Agw /4 satisfies. Typical frequency of gravitational
waves radiated from super novae or coalescing binary neutron stars are near 1kHz,
therefore £op¢ ~75km.

Since it seems very hard to construct an interferometer with such long arms,
several types of folded interferometer are proposed. One is Delay Line type in-
terferometer which has folded arms (Fig.3.2). An N-folded Delay Line with arm
length Zp1, corresponds to Michelson interferometer With arm length ¢ = N{py.
Hence, the response function for Delay Line interferometer is,

oW . (NE\ _jam
HprL(2) = 2.() sin (—c-)e . (3.8)
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Another type is a Fabry-Perot interferometer which has Fabry-Perot cavity
for each arm and light goes back and forth in the cavity (Fig.3.2). By summing
up the phase change of each going and coming light, total detected phase can be
calculated. Assume r;; and ¢ are amplitude reﬂectivity and transmittance of
front mirror (1) and end mirror (2), and cavity length is controlled near resonance.

Detected light effected by gravitational waves can be calculated as,

r1 explig(t, £ = 0)] — t3r; explig(t, £ = Lrp)]
— t3ry72 explidp(t, £ = 26pp)]
— t3ried exp[i&o(t,é = 3/pp)]
o n

. w ., 820\ _;

—tir, — 21t§r25 sin ( . ) &h(.ﬂ)

2.2 _on2,. 2% . % —2j 8¢

tiriry — 2itiriry 7 Sin ( . )e h($2)

—t3rird — 21t2r1r2?2- sin <3£M) —ER(02)

_n- (¢ + 7’%)"'2 _ 2it2r2ﬁ sin({2£/c) —‘_h(.Q)
1—-riry ! 21-rr)(1- rlrze‘m&)
_n-— GEX Y ( W' sin(28/c)  _;ac )
1 +2 e ¢ h(R2
1—-rirg 7] (1- 7'17‘26_2’&) (42)
_rn—=t+re o
f o eXP[15s0pp(ﬂ)]
1—riry (1 + 16‘PFP(Q)]7
where
) -
o= i (3.9)

(& +rire —r1
Hence phase change (6¢rp(42)) and response function (Hpp(2)) for Fabry-Perot
interferometer can be written by,

dprp(2) = Hpp(2)h(N2) (3.10)
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w  sin(2¢/c)
Hep(2) = 20— -
FP( ) 0 (1 - 7‘17‘26_2'%)

s 24

eI, (3.11)

In order to clarify the difference of the response function between Delay Line and
Fabry-Perot, it is convenient to plot |Hpy({2)| and |Hrp(£2)| against gravitational

wave frequency {2. They are expressed as,

|BpL ()] = 22 sin (”N 9  (a12)
20w | sin(£2¢/c)|

21 —rir2) \/T+ Fsin(R4]c)’

|Hrp(2)| =

(3.13)

where

.. E= 4rirs _(Z;F)z

(1 -_ 7'17"2)2 -

and F is called finesse, an important parameter for Fabry-Perot, which expresses

G (3.14
- (3.14)

the sharpness of the resonance and interpreted as the number of fold. The typical
response function for both type are shown in Fig.3.3. In the figure, parameters are
optimized for the kHz-region gravitational waves. It shows the curve for Fabry-
Perot is more smooth than that for Delay Line, and this is one of differences

between them.

1

§3.2 Operation of _the{ Inferferometric Detector

In th1s sect1on, we ‘describe how to operate 1nterferometer as a detector of the
phase dn‘ference 1nduced by grav1tat1ona1 waves. Roughly spea.klng, functlon of
the 1nterferometer can be d1v1ded into two pa.rts one is arm part where hght goes
back and forth to enha.nce the phase cha.nge induced by grav1tat10na.1 waves, and
the other is detection of phase difference between both arms. Their function and

operation are described in the following, stibsections.
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Fig.3.2 Interferometric detector of Delay Line type and Fabry-Perot type.
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Fig.3.3 Response function of both type against gravitational waves.
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3.2.1 Arm Locking

Mirrors of the interferometer are suspended to realize force-free condition as
well as to isolate external vibration. That’s why control system of the mirror is
necessary.

Delay Line interferometer has folded optical path between two mirrors in one
arm. Owing to the re-entrant condition that reflected beam goes out from the
incident hole, output are less sensitive to the alignment of the mirrors; therefore
simple alignment control system and damping system are needed.

As for the Fabry-Perot interfe?ometer, more stable alignmént control system
and damping system are necessary since Fabry-Perot cavity is very sensitive to
the alignment of its mirror. Moreover Fabry-Perot cavities of both arms are kept
resonant because the phase change against the cavity length becomes maximum
on resonance. In order to lock on resonance, modulation method is applied. If
the incident light is phase modulated with modulation index m and modulation
frequency wm (ordinarily, modulation frequency is chosen Radio Frequency for

intensity noise reduction), it can be expanded when m < 1,

el(wttmsinwmt) eiwt[Jo(m) + Jl(m)(eiwmt _ e-ih?mt)] ‘ ( |
3.15
= Jo(m)eiwt + Jl(m)ei(w+wm)t _ Jl(m)ei(w-—wm)t, .

where ’Jo('v‘n) and Jy(m) are fundamental and first order Bessel function, réépec-
tively. Equation (3:1'5) shows that phase modulation generates two sidebands on
both side of the carrier. The reflected light from the cavity, A, can be 'exp"rezssed

as,

A = Jo(m)A; (W)€t 4+ J1(m)Ar(w + we )e@FTm)t — T (m) Ap(w — w ) @™,
(3.16)
where A, is a response function of the lossless Fabry-Perot cavity with cavity

length £:
= Ty — rzeiwl/c

Ade) = T e

(3.17)
The demodulated signal for sinwp,t component of quadrature can be expressed as,
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method proposed by Schnupp [9]. We apply pre-modulation method to the 20m
Fabry-Perot prototype at National Astronomical Observatory (Mitaka), and detail
of this method is described in Section 7.1. ' :

|

§3.3 Noise Sources of the Interferometer

In this section, noise sources of interferometric gravitational wave detectors

are described [10].

3.3.1 Shot Noise

Photon shot noise limits the sensitivity of the interferometer. The detected

photocurrent, Ip, involves white noise in terms of A/v/Hz,
ishot = ZCID, ) (3.20)

where e is a elementary charge. Signal of gravitational waves to shot noise ratio
decides the sensitivity of the interferometer. v
Now let’s calculate the signal, assuming dark fringe locking scheme using

modulation method. _—

Senot = Vi-Jo(m) [e

Jl(m) m

(3.21)
/ €
~ 'é}— form«1
For the Fabry-Perot detector, sensitivity limited by shot noise is,
—— . 1 2
hapoy = 2(1—riry) [R(1+ Fsin®(£2¢/c)) Af. (3.22)

Ac|sin(£92/c)| 2wnP
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3.3.2 Intensity Noise of the Laser

Ideally, intensity noise contributes second order quantity to the signal when
complete dark fringe locking and complete phase modulation are realized. Their
incompleteness causes the intensity noise. If the laser light is modulated at suffi-
ciently high frequency where mtensﬁ;y n01se 1s smaller than the shot noise level,
the effect of incomplete dark frmge locklng due to umbalance of the 1nterferometer
and so on can be avoided in some degree. Even in this case, incomplete phase
modulation, namely contribution of amplitude modulation, causes excess noise.
Amplitude modulation with modulation index, may, induce the noise into the

demodulated signal.

Incomplete locking point also contribute the intensity noise to the signal. It

the lock point shift by 6£ from cavity length ¢, sensitivity limited by intensity noise

can be expressed as,

ALST ' N
noise = —, 1 3.23
ham 7 T (3.23)

3.3.3 Frequency Noise of the Laser

Frequency fluctuation of the laser strongly limit the sensitivity of the inter-
ferometer. If the arm lenth of the Michelson interferometer differs by A4, excess

noise due to this umbalance of the interferometer limit the sensitivity of,

ALS
hFMarm =—Z_TU ' (3.24)

. For the Fabry-Perot detector, frequency fluctuation directly affects its signal.
When the cavity is locked phase of the light can be expressed using frequency of
the light » and length of the cavity ,

2
phase = ULy const. (3.25)
c

By differentiate Eq.(3.25), we have

6 v

v
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Although we can expect common mode noise rejection by subtraction at beam-
splitter, we must make big effort to stabilize laser frequency. This is why we apply

mode cleaner cavity as a reference of frequency stabilization.

3.3.4 Beam Jitter of the Laser

‘Laser beam geometry, such as beam dlrectlon and beam sha.pe, 'ﬂuctua.tes.
onglnatmg from 1nstab111ty of laser caV1ty and v1brat10n of the optlcs etc. Such
beam jitter would be cancelled if the 1nterferometer could be bullt perfectly, but
it couples the imperfection and preduces noise into the signal.

If beamsplitter tilts the angular a from its symmetric position, it means that
wave front at the beamsplitter deviates the angular a. Lateral beam movement

dz produces phase fluctuation of,

56 = 27“2a5z o (327)
It corresponds to the noise of,
bz
thmt = 20!7 o 4 (3-28} ;

Another effect of the beam jitter is to ‘degrade matching factor for Fabry-Perot

cavity, which produce intensity fluctuation of the reﬂected'iight'.' This flutuation

behaves like amplitude noise with modulation, which is detected and then demod-
ulated, resulting in the excess noise for the signal. This effect also couples initial

mismatching § M, which decides the sensitivity.

3.3.5 Thermal Noise of the Mirror .

As the mirrors of the interferometer suspended as pendulums, thermal noise

of the pendulum motion limits the displacement sensitivity. Internal mode of the. '
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mirror, e.g. vibration of mirror mass itself, also produce themal noise. Thermal

noise of a harmonic mode follows the equation [11],

m{-—.w2 + w? [1 + i¢(w)] }x(w) fn(w) (3.30)
< fu(w)? > 4m“’g¢£“’)kBT - (3.31)

where z, m, ,Q, wy, and T are coordmate (e. g displacement), reduced mass,
quality fa.ctor, resonant frequency of the mode, and tempera.ture, respectively.

Thermal noise can be der1ved from Eq (3. 30) and (3 31),

4kpT wo¢(“’) L
@ m|-w?+wfl+igW)|"

z(w)? >= (3.32)

3.3.6 Seismic Noise ‘

Major noise source below ~ 10Hz is seismic noise. Typical ground vibration

is known to obey [12],
y(ew) ~ 107 (I o i) (339)

where y(w) and w are displacement spectrum and angular frequency of vibration
in Hz, respectively. For the single pendulum suspension, mirror motion excited by
seismic vibration z(w) can be expressed as,

2 .
L . wi +iwew/Q .. . _, /2w x 1Hz\?2
w) ~ 0 _ 3.34

i

3.3.7 Residual Gas

Refractive index fluctuation due to residual gas causes fluctuation of optical
path length and it cannot be distinguished from gravitational wave signal. For the
prototype detector, ordinary high vacuum p ~ 10~*Pa does not affect signal, but

future detector which has long arm £ ~ 3km may be affected by residual gas noise.
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Although it is very difficult to estimate this type of noise precisely, several

formulae have been calculated which is something like [13],

\/— ng — 2 0 3 %‘
igas ~ :11;—12/7_1'2 (A(E/%)u];,)\/’a (-p%) (TT) ] SRR (3.35)

where ng, Vg, Ty, and pg are refractive index, volume, temperature, and pressure

of a normal state, respectively; Ay is Avogadro number.
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4.-. Mode Cleaner

§4.1 Mode Cleaner

" The name "Mode Cleaner” originally comes from its function, mode selector
which excludes spurious beam geometry [14]. This function can be realized by
forming Fabry-Perot interferometer. The higer mode of the incident beam can
not transmit owing to its mode selectivity, which can be translated as frequency
distinction between higher mode and TEMgy, mode of the cavity. Hence, mode of
the incident beam except TEMgy mode cannot transmit through the Fabry-Perot
resonant at frequency corresponding to TEMg, mode.

As such cavity is resonant at a certain frequency, this cavity can also be
utilized as a frequency reference. In this thesis, we call Mode Cleaner as frequency
stabilization system referred to suspended Fabry-Perot cavity, as well as mode

selector.

4.1.1 Fabry-Perot cavity

Here, let’s consider basic property of Fabry-Perot cavity (see reference [15] in
detail). '
Assuming incident light is expressed by Age'“?, reflected and transmitted light

can be evaluated as,

r1 — (r} 4 3)rpe=2wt/c

— iwt
] (4.1)
tltze—xwllc -
At = n Aoelw .
1— Tl,_ze—zme/c
Therefore intensity of transmitted light is
L= |Af*
titz o 1 (42)

= I,
1—rir2’ 14 Fsin®(wf/c) °
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where

Fe . (2f) (43)

(1 - ’I‘17'2)2
Frequency interval for satisfying resonant condition, sin(wf/c) = 0, is called Free

Spectral Range, which can be expressed

c

VFSR = ﬂ (4.4)

The important parameter, Finesse (F), is defined as ratio between Full Width of
Half Maximum (FWHM) frequency and free spectral range.

F=oon |
WHM
=  (45)
- 1-— T1T2 = T
. pvl, R

4.1.2 Gaussian Mode

In previous subsection, we treat laser beam in geometical optics. Precisely
speaking, laser beam propagetes dlvergently due to its diffraction. Hence mlrrors
of the cavity must be formed by such mirrors that match the Wa.vefront of the laser.
If sphere mirrors form Fabry-Perot cavity, mode in the cavity can be expressed as,

vz, o V2y w"+y2"ikw2+y2

Yim = —— () l(w(z)) m( ()) [_ wz(z) - ZR(Z):

_ikz+i(l+m+ 1],
(4.6)

where

w(z)=wo[1¥( Az )2] .

| TWHN
= (2]
1=t (G)

n=Il4+m+1,
and z denotes coordinates in the direction of beam propagation axis.
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Since Gaussian mode forms complete system, incident beam can be expanded

by cavity mode as

¢incident = E Cl,m"/)l,m- (4'7)

lym
For the cavity whose mirrors have curvature of R; and Ry, mode of the cavity is

stable when

0<g192<1 (4.8)
satisfies, where
L
=1 — - (4.9
g12=1 s (4.9)

For fundamental (TEMy,) mode, the resonant frequency of the cavity is given by

previous subsection. As for other higher mode, resonant frequency can be given
by |
c
Uim = ﬂ[n +(I+m+1)y]

2 (4.10)
7= =cos™ /102

54.2 Mode Cleaner as a mode selector

As mentioned in Section 4.1.2, incident beam can be expanded by cavity eigen
modes. Moreover, resonant frequencies of cavity modes are generally different
from the other higerAmodes when the resonant frequencies are not dégenera.ted.
Considering the transmitted light from such cavity that has resonant frequency
for fundamental mode, the light contains only fundamental mode and the other
higher modes are reflected awﬁy, therefore reformation of incident beam can be
realized by this cavity. If we utilize such reformed beam for main detector, high
contrast will be expected. |

Another effect by using transmitted light is reduction of beam jitter noise ,
because fluctuation of beam direction can be expressed as fluctuation of higher
mode contribution. Most significant contribution for such jitter is first and second

order transverse mode. If incident beam tilts angle o and shifts optical axis a from
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cavity axis, incident beam (Up,) can be expressed using fundamental (Upg) and

first order cavity mode (Ujq) as [16],

kwo a

UOO ~ Upo + (— +1 )UIO (4.11)

Variation of beam size (§w) and waist position (§b) causes second order modes,

Uby = Uno + (ik(s—u?g + i—’;’)?(wo +Un) (4.12)

Suppression ratio for such higer modes is dependent on difference of resonant
frequency between fundamental mode and higer mode as well as reflectivity of mir-
rors. Suppression ratio for TEM;,, mode to fundamental mode can be evaluated

as
1

A HEsin? [(1 + m) os"l‘ ;ygg] .
Vit (e m e v
™

(4.13)

§4.3 Mode Cleaner as a Frequency Reference

Mode cleaner cavity is a Fabry-Perot cavity which can be regarded as fre-
quency disqﬁrrlinator, and it can be utilized as a frequency reference. Now, let’s
consider frequency stablization system using Pound-Drever method [17]; in this
method reflected llght for phase modulated incident beam is utilized to obtain
difference between resona,nt frequency of the cavity and laser frequency.

Signal for frequency noise of incident laser (intensity Iy) can be expressed as

2nbveMm
L, = 8I0Jo(m).71(m)————— (4.14)
: me /1+ (2/wc)?
where
e
We = m (4.15)

On the other hand, shot noise at the detector is,

Lot = V24/2hon Iy (1 — J3(m)), (4.16)
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where h and n are Planck constant and quantum efficiency of the detector, respec-
tively.
Hence, attainable frequency stability limited by shot noise can be expressed

as ‘
OVshot = = M\/l + (2 /wc)? (4.17)
4Fe\ 2I,

for infinitesimal modulation index m.

§4.4 Design of Mode Cleaner

Each parameter, such as reﬂectvivity, finesse, etc., should be defined by con-
sidering function of Mode Cleaner as mode selector and frequency reference.

Firsﬂy, utilizing transmitted light demands high transmittance of the cavity,
which can be realized by r; = r if loss of the mirros is small. Secondly, cavity
length and curvature of the mirrors define the frequency interval of transverse
mode, and lower order mode, especially first and second order, should: be suffi-
ciently isolated from fundamental mode. Thirdly, F' should be large in order to
realize high suppression for higher mode. Large F, which means large finesse is

consistent with high performance of frequén.cy‘ stabilization. Therefore finesse F

should be as large as possible within the limit of high transmissivity of the cavity.

In practice we follow these lines. Detail parameters we applied are described

in the following Chapter 5.

32



5. Mode Cleaner with 1-meter Fabry-Perot

§ 5.1 Setup

We have developed a Mode Cleaner both as mode selector and as frequency

stabilization system to be incorporated into 20m Fabry-Perot prototype detector

at National Astronomical Observatory.

Figure 5.1 shows the schematic diagram of the Mode Cleaner system. A
500mW Laser-Diode pumped Nd:YAG laser (LIGHTWAVE, MISER model 122,

A=1064nm) [18] is stabilized in frequency referred to a Fabry-Perot, whose mirrors

are suspended independently as double pendulums housed in the vacuum chamber.

One characteristics of this sytem is its independently suspended mirrors in order

to reducé mechanical vibration and its length will be”éxtended in future. The

reflected light is detected as a signal, and it is fed back to MISER to stabilize at

higher frequencies [19], while it is used to lock the cavity at lower frequencies.

500mW
1064nm

‘Vacuum Chamber

MISER

\
7277 ooyl
7 “'“:
[\ —
_ 2~1m
¥~ 3000

MISER lock
(>30Hz)

Error Sig.

{fiter——-z—

Cavity lock
(<30H2)

> 20m protetype

Fig.5.1 Schematic diagram of Mode Cleaner with 1-meter Fabry-Perot.
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We designed the cross over frequency of about 30Hz, and the stabilization gain
of 80dB at 1kHz. Transmitted light from the cavity, which is mode-selected as well
as frequency-stabilized, is utilized as a light source of 20m prototype detector. The

property of devices comprising Mode Cleaner is shown in the following subsections.

5.1.1 Fabry-Perot Cavity

Fabry-Perot cavity was designed to have cavity length of £ = 0.993m and a
combination of concave mirror with curvature radius of 1.5m and flat mirror. Front
mirror (near to the laser) is concave and end mirror is flat. For the purpose of using
transmitted light, both mirrors should have the same reflectivity (Sectiion 4.4) and
power loss of the mirrors must be extremely small. To éatisfy these condition we
use dielectric multilayer coating mirrors made by Ion Beam Spattering method.
Both mirrors are made in the same manner except of their curvature (Fig.5.2).

These mirrors, diameter of 20mm, are attached on the rod made of fused silica

with optical contact; this method eliminates mechanical noise of the mirror mount

and reduces bonding noise originating from bonding material.

In order to estimate quality of the mirrors, we made some experiments both on
the measurement of finesse of the cavity and on the loss of the mirrors. Measure-
ment of finesse was performed by two methods; sideband method and frequency
response method. These experiments wére'performed at the same situation where

the mirrors are used in operation; suspended in vacuum.

- Measurement of Fihes.;e by Sideband Method

Although finesse is originally._ defined as ratio of FWHM of resonant curve to
free spectral range of the cavity (Section 4.1.1), resonant width is hard to measure
especially for high finesse cavity. If the incident beam is modulated and contains
sideband outside resonance of the czivity, resonant widthv caﬁ be derived from ratio
of resonant width to sideband.

The setup of the measurement is shown in Fig.5.3. Incident beam is modu-

lated in phase by EOM with 1MHz. When the cavity length accidentally comes
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around on resonance, transmitted light varies as Fig.5.4. From the fitting curve of
resonant peak and distance of both sideba.r:1d peaks (which corresponds to 1MHz),
we evaluated resonant width of 1.0 x 105Hz. Using cavity length of 0.993m, we
obtained finesse of i.5 x 10%. Several other measurements including with other

modulation frequencies were in good agreement with this value.

- Measurement of Finesse by Frequency Response

Fabry-Perot cavity with finess of F works as a low-pass filter for the modulated
light. The cut-off frequency of reflected light from the cavity depénds on its finesse,

1

R(wm) o< 1+ i(2Flwy [7c)’ (5:1)

where wy, is an angular modulatidh frequency. Hence we could obtain finesse of
the cavity from such a ri:‘lea.surement as Fig.5.5.. Fabry-Perot cavity is locked to

the laser, and the laser ig:phase-mc;dul;ted by EOM By measuring transfer func-

tion between modulation signal and detected one, we could obté.in_ the frequency |

response curve of the cavity (Fig.5.6). It agrees well with the curve for finesse of

1500, which is consistent with the results obtained by sideband method.

- Measurement of Loss of the Cavity

Although loss of the mirror can be calculated from reflectivity and transmit-
tance of the mirror, precise measurements are needed especially for high quality
mirrors. In our measurement, reflectivity obtained from finesse of the cavity and

transmittance of each mirror obtainéd from power ratio before and after mirror

(Fig.5.7) are, ‘
r? = 0.9979

2 ’
t* =0.0023
which lead to r2 +¢2 > 1. Here, we cannot calculate loss of the mirror due to

lack of precision of measurement; it may originate from nonlinearity of the photo

detector used in measurement of transmittance. -
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5.1.2 Suspension of the Mirror

One of the most significant factors for the interferometric gravitational wave
detectors is how to suspend mirrors. To suspend mirrors keeps them free for
the gravitational waves at higher frequencies than the resonance of the suspen-
sion. Moreover it works as a vibration isolation system for the external seismic or
acoustic noise. In practice, mechanical resonance of the suspension system pro-
duces excess noise to the mirror, and thermal noise of the suspension system and
that of mirror mass itself degrade sensitivity of the interferometer.

Considering these conditions, we designed a suspension sytem (Fig.5.9) as

follows.

- Double Pendulum Suspension

Vibration isolation ratio for n-stage suspension sytem without damping, above

its resonant frequencies, can be roughly expressed as,

Tlowest mass x (I_Q)Tn (54)

Tsupension point f

where z’s denote displacement, and f, and f are typical resonant frequency of
suspension and a frequency of vibration, respectively. From (5.4), multi-stage
system is necessary in order to realize high isolation ratio [20, 21). We applied 2-
stage suspension: upper mass is made of aluminum and lower mass is fused silica
rod with a mirror (Fig.5.2). For controlling mirror by coil and magnet actuators,
two magnets, diameter of 2mm and length of 10mm, are attached on the surface

of the rod opposite to the mirror.

- Eddy Current Damping

In order to suppress large pendulum motion at resonant frequencies, we
adopted eddy current damping system [22] applied on the upper mass. As the
dampir force produced between 8 strong Nd magnets ar ' alumir 8S 18

large enough, we needed not use any active damping system using position sensors
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etc. Using eddy current damping simplified our 2-stage suspension system. Since
two fundamental pendulum modes couple the both mass, damping force was a.p-
plied only the uppper mass, which also simplified the system and reduces thermal

noise of lower mass.

- Vertical Vibration Isolation System

Vertical vibration ordinary couples horizontal motion which causes excess
noise [21]. In order to isolate vertical vibration, rectangular blade springs were
inserted at suspension point of the upper mass (Fig.5.10), resulting in 2-stage ver-
tical isolation. Spring is made of phosphorus bronze which has no rri;__agnetism and
can be used in vacuum. Figure 5.11 shows the noise spectru‘ifi with ‘o..1; without ver-
tical isolation obtained from the error singal of Mode Cleaner (see Fig.5.1). ‘Below
100Hz, vertlcal v1brat1on appa.rantly couples to horizontal motion and is reduced
about 50dB by blade springs. Noise floor in Fig.5.11 is limited by frequency noise

of the laser.

- Alignment Control using Motor Drive and PZT

Since suspension system is housed in the vacuum chamber, alignment should
be controlled from outside the chamber. For simplicity, alignment control was
realized b;); controlling position of suspension point of the pendulum Upper mass
is suspended by three wires; two are fixed on suspensmn frame, and one is fixed
on the z-z stage. By controlling suspension point of ‘one wire’ z or y d1rect1on,
yaw or pxtch of the mirror can be controlled (Fig.5.12). 'Motorized drives were
used for coarse control (21 ,um), while PZT (plezo-electnc transducer) acturators
were used for fine control (S10um). We used PZTs with coefficient of 10um/ 100V

which corresponds to tilt of 1urad/V for our mirror with 10cm longv_.

In addition, coil support, mirror stopper in case of break of suspension wire
and wiring etc.are included as suspensidn system. All the components are made

of materials durable in vacuum and with low outgas (aluminum, stainless steel,

Teflon etc.).
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In order to estimate suspension performance, we measured transfer function
of the pendulum using photosensor as position sensor (Fig.5.13). The obtained
- transfer fuction (Fig.5.14) shows quality factor of upper mass damping of @ = 0.5.

Using this quality factor, vibration isolation ratio can be calculated as,

Tmirror

Tsuspension point

w3 [(1+ e)w; +i(w1/Q)w]
wt —i(w; /Q)w? — (1 + a)(wf + wiw? + i(wiwi/Q)w + (1 + a)wiw}’

“where -
ma ' g
a=—, W,2= 7 .
my 1, 2

Subscript 1 and 2 denotes upper and lower mass; m, g, and £ mean mass, gravity

(5.5)

accelera,tilo(n: ‘and length of wire, respectively. Calculated isolation ratio is shown

in Fig.5.15.

5.1.3 Vacuum Chamber

Mode cleaner cavity is housed in the vacuum chamber in order to avoid acous-
tic noise and fluctuation of refractive index of air. Figure 5.16 shows the shape
of the chamber: each mirror with suspension system is located in each chamber
of 500mm-diameter and 600mm-tall separated by 1m. Each chamber is made of
stainless steel and is connencted with 6-inch pipe. Incident beam illuminates cav-
ity through the anti-reflection optical window. Transmitted light from the cavity
is led into main 20m vacuum chamber through the quick-coupling vacuum pipe;
mode cleaner can be evacuated isolately whén transnﬁtted port is closed. |

- When the chamber was empty and isol&i:.tely evacuated with turbo molecular
pump (300£/s), pressure of 1 X 10*Pa was attained. In operation in¢luding sus-
pension system, vacuum was degraded to 4 x 10~4Pa. It is, howev_‘er, ‘enough for

our experiment.
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[:3:3 AV 7 E— LA A PZT R

homina| | 1.064um | 560mW | EE | 5.5mrad(EE). 7.5mrad (KF¥) |2 2MHz/V

measured AL % b miaol 6.0mrad 6.8 MHe /o

Table 5.1 Specifications of MISER

5.1.4 Laser

We used a Laser Diode ppn__lped Nd:YAG laser as a light source because of
its low noise perfbrma,nce and feasibility of high power laser in future. Moreover,
commercially available one we used (MISER, Model:122-1064-500-F, A=1064nm,
500mW, LIGHTWAVE Co.,Ltd.) has relatively stable configuration, monolithic
non-planar ring resonator which is thermally controlled, and is tunable in frequency
by PZT attached on the resonﬁtor. '

We measured several performance of the laser: output power, beam geometry,
and the index between input on PZT and frequency shift.

Output’ power was measured by a power meter..(SCIENTE’CH Co.,Ltd.). Ini-
tially it was 0.53W but it gradually decreased over sevexjalﬂmon/ths down to 0.50W.
Beam geometry (see Section 5.1.7 in detail) and PZT index (frequency response
was measured as Fig.5.17 and 5.18) as well as measured power are shown in Table
5.1, accomp_a,nied with nominal specification. Other performance, intensity noise,

frequency noise, and beam jitter are described in Chapter 6.

5.1.5 EOM (Phase Modulator)

In order to lock the Fabry-Perot on resonance, incident light is modulated in
phase, and reflected light is detected and demodulated to obtain signal. Modula-

tion frequency should be chosen at the frequency where intensity noise is below
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shot noise level of the light, which is higher than 10MHz considering intensity
noise performance of MISER [23]. Phase modulation at such RF band is realized
by Electo Optic Modulator (EOM). We decided modulation frequency of 18MHz
and used a resonant type EOM (Model 4003, NewFocus Co.,Ltd.) which applies
both a crystal with a lage electo-optic index and a resonant circuit to reduce input
voltage. . _

By measuring ratio of sideband peal:(Vs) to carrier peak (Vc), we obtained
modulation index by measurement similar to Fig.5.3 as shown in Fig.5.19. Other

specifications are shown in Table 5.2.

5.1.6 Detector and Demodulator

Reflected light from the cavity is modulated in amplitude which is detected
and demodulated to obtain signal (Fig.5.1). Output of the detector is demodulated
with a passive Double Balanced Mixer (DBM) by mixing with properly phase
shifted reference oscillator. Mixed output of DBM is obtained as a signal after
removing second harmonics of modulation frequency.

- The detector should have low noise performance because it directly limits the

frequency stabilization. By applying LC tank circuit resonant at the modulation

frequency (Fig.5.20, 5.21), we could make a low noise detector [24]. By measuring
demodulated noise as a fuction of photocurrent, equivalent noise photocurrent,

Ije:=0.1mA (Fig 5.22) which is well below the residual detected light (Jgc ~ 2mA), |

was obtained.

One problem of the detector is its saturation power. Although we used InGaAs

photodiode (diameter of 1mm) to increase quantum efficiency, it has saturation

power of about 10mW. Ideally reflected light falls down completely dark, but
due to mismatching or low quality of cavity mirrors some light is reflected; in
our case several milli-watts was reflected. We avoided saturation of detector by
attenuating the detected light when cavity was off-resonant and increasing the light

after resonance. However, considering the future high power laser, development of
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Fig.5.19 Modulation performance of EOM

BER | AUFRE | HE | TA-Fr—| ZREE | BAAS
nominaf | 1,.0-1.06um | 1-2%freq. | LiTaO3 2mm . | 0.2rad/V ELE 16V
meas. 0. 2rad /7 |

Table 5.2 Specifications of EOM
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a multi-devided detector [25] or a large surface photodiode would be necessary as

well as efforts of reducing mismatching and a high quality cavity.

§5.2 Optical Design

Optical configuration was designed so as to match the laser beam to the
Fabry-Perot cavity, because high matching ratio leads to low reflected light and
high transmittance of the cavity. | '

First, we measured the beam geometry of the MISER. Since laser cavity of
the MISER is a ring cavity, output beam shape is elliptical; its principal axes
are directed to horizontal and vertical. Hence we measured both vertical and
horizontal beam diameter using a knife edge beam profiler as a fﬁct‘idn of distance
of the laser (Fig.5.23 'raw beam’). The measured beam waist radius and position
(subscript = and y denote horizontal and vertical, respectively),

Wyo = 1llpm, 2z g= —52mm
wyo = 145pm, zy9 = —54mm,

which corresponds to divergence angle of
Oxo = 6.0mrad, 6,9 = 4.6mrad.

They agree with nominal value (Section 5.1.4). In order to realize high matching
ratio, beam geometry should be converted from elliptical shape to round shape.
Two cylindrical lenses positioned as Fig.5.24 made it possible to convert shapes.
Measured and fitted beam profile are shown in Fig.5.23.

Next, in designing mode matching lenses, demands for beam diameter to
insert optical devices with small aperture and compatibility of their position with
an optical table and a vécuum chamber were considered. Reasonable optical path
length in the laboratory was another factor to be considered.

We designed optical configuration as Fig.5.25 using two lenses except for cylin-

drical ones. Due to limitation of laboratory space, incident beam was forced to
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steer by the mirror mounted on an unstable table and optical path length had
to be made large to lead beam. Optical isolator and EOM, which have aperture
diameter of 2mm, was inserted near beam waist whose beam diameter is about
lmm. All optical components are treated with anti-reflection coat. Polarization
of the beam was designed vertical and optics were arranged at the same level to
avoid polarization change in the reflection by the steering mirrors. Reflected light
from the cavity was extracted by the combination of Polarizing Beam Splitter
(PBS) and Faraday Rotator (FR). Detecting power was controlled by rotating
Half Wavelength Plate (HWP), to avoid saturation of the detector (Section 5.1.6).

Due to power loss of the optical components, power of incident beam to the
cavity diminished from 500mW at laser down to 240mW. Major loss was a 2-stage

optical isolator (transmittance of 70%). Resulting transmitted power from the

cavity was about 200mW.

§5.3 Servo Design

We designed two servo systems. One is Cavity Lock Servo to lock the Fabry-
Perot cavity referred to the laser, which is used either to measure pgrformance of
the components or to compare free running noise level with frequency-stabilized
one. The other is Frequency Stabilizing Servo which stabilizes laser referred to
Fabry-Perot cavity, especially stabilizes near 1kHz. The block diagram of both
servo is shown in Fig.5.26. | /

The theoretical Bode diagram of Cavity Lock Servo is shown as thin line
in Fig.5.27. In order to keep stable locking at low freqﬁencies, time constant is
changed after locking from dashed line to solid line (conditionally stable servo),
which has unity gain frequency of 1kHz and phase margin of 15degree. It was
in good agreement with the measured transfer function. By using this servo we
measured response function of the Fabry-Perot cavity (Section 5.1.1) and PZT of
MISER (Section 5.1.4).
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Frequecy Stabilizing Servo contains two loops; signal at low frequencies is fed
back to the cavity, while at higher frequencies laser frequency is locked to the
cavity. Because of the unstability of the cavity leﬁgth due to pendulum motion
excited by séiémic noise, such cavity lock loop at low frequencies is necessary.

Cross over frequency of these loops was decided to be about 30Hz considering
the cavity stability obtained from the spectrum with Cavity Lock Servo, which -
indicated that cavity vibration was dominant below 30Hz while frequency noise
dominated above 30Hz (Fig.6 in Section 6). Low cross over frequency causes
frequency stabilization referred to unstable reference, whereas higher cross over
frequency lirrﬁts the frequency stabilization gain; we decided 30Hz as trade-off.

Figure 5.28 shows calculated transfer function of the two loops: "Pendulum
Loop to lock Fabry-Perot and PZT‘ Loop for frequency stabilization. Phase margin
was about 25deg at a unity gain frequency of about 20kHz which was limited
by PZT resonance about 100kHz. From the calculation using servo diagram in

Fig.5.29, stabilized frequency noise is expressed as

1+ F
NFM stabilized = mnFM, (5-6)

therefore about 80dB frequency stabilization would be realized at 1kHz. As Fre-
quency Stabilization Servo was also designed conditionally stable to realize high
loop gain near 1kHz, time constant was set initially as dashed line in Fig.5.28 and
after locking it was changed to solid line with increasing loop gain by increasing
detected light power using HWP (Section 5.1.6, 5.1.7).

Since two loops couple tightly, we cannot measure each transfer function in-
dependently. So we measured each loop transfer function when it was locked.
Calculated and measured transfer functions are shown in Fig.5.30. In these mea-
surements, the PZT loop transfer function expresses net stabilization gain peaking
near 1kHz.

Long term stability of both servo systems seemed to have no problem. With-
out external vibration, the system kept locking longer than 3 hours as far as

confirmed. On the long term stability, see Section 7.3.
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6. Performance of 1-meter Mode Cleaner

5 6.1 Measurement of Beam Jitter

In order to estimate performance of Mode Cleaner as a mode selector, we
measured beam jitter with or without Mode Cleaner. Other feature, improvement

of contrast of prototype is described in Chapter 7.

6.1.1 Beam Jitter of Incident Beam

We measu:ed beam jitter of the inc_i‘dent beam making use of one arm of 20m
prototype as Fig;6.1. Optical component in the 20m ch:«;,rnber ;;vas the same con-
dition as operation of prototype, except that Fabry-Perot cavity and beamsplitter
were not installed.. Angular fluctuation is enhanced by its arm length. Transmit-
ted light from the end chamber was detected in position using a knife edge position
sensor which blocks half of the lxght horizontally or vertically. Effect of intensity
noise was cancelled out by subtracting output of position sensor with the intensity
of sampled light. | A

Before measurement of beam jitter, Beam diameter at the position sensor
was measured. Figure 6.2 is the output of position sensor; knife edge was moved

horizontally or vertically. Assuming elliptical ga.ussi\an distribution of intensity and

its principal axes ‘were directed to horizontal and vertical direction, the output of |

the sensor can be expresséd,,asl a function of displacement of the knife edge,

' .I(q) = ”;”20_%/ ue_f‘:g:-da : (6.1)

where wg is beam radius and origin of a is assumed to be center of the beam.
Solid curves in Fig.6.2 is fitted intensity variation assuming w, = 3.9 x 103 um for

horizontal and w, = 3.2 x 10%um for vertical. Then, the position fluctation of the
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" "beam can be expressed when the knife edge is located at the center of the beam,

d
5 = d—air(a = 0)6(1

(6.2)
=) [—=ba
Therefore corresponding beam jitter in angle is,
S = 5_; (6.3)

where /=20m in our measurement.

Bold line and dashed line in Fig.6.3 are the honzontal bea.m jitter and noise
level of the detection, respectwely Noise level was derwed from the output without
knife edge. Unfortunately, due to large path length between laser and the chamber,
almost beam jitter originated from fluctuation of the air. When the air conditioner
near the path was turned on, beam jitter at low frequencies incresed to thin line
in Fig.6.3. Other noise sources in detecting beam jitter was mechanical vibration
of the position sensor; it was hard to estimate the vibration level.

Although we are interested in beam jitter of MISER itself in the kHz “frequency
region, it seems very hard to estimate it quantitatively considering various noise
mentioned above. In fact, such beam jitter was not detected in Fig.6.3. So we
estimated total beam jitter 1nclud1ng a1r ﬁuctua.tlon a.nd confirmed reductlon of
such beam jitter by Mode Cleaner. Anyway, dxﬁ'erence between thick curve and

i
thin one is real beam jitter coming from air ﬂuctua.tlon, it must be reduced by

Mode Cleaner.

Another beam jitter of our interest is a eﬂ'ect of PZT attached on the laser
crystal. Control of resonant frequency by deforming the laser crystal may produce
spurious beam jitter. By applying signal to the PZT asv-F:x'g.G.cL, frequency response
of beam jitter was measured (Fig.6.5). At low freque‘ncies‘, effect of bea.m jitter
could not be measured. (Iiue to external noise, e.g.air fluctuation. Applying voltage
on PZT also caused intensity change; but compex:ing dashed line which is the

output without knife edge such effect was negligible in this measurement. Figure
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5 indicates that spurious beam jitter by controlling frequency do exist and it is
the same level horizontally and vertically. Such jitter can be also reduced by Mode

Cleaner.

6.1.2 Beam Jitter with Mode Cleaner

Next, we measured beam jitter in the same way when the Mode Cleaner
was installed (Fig.6.6). VMeasurem_ent was performed in the condition that Mode
Clener cavity was locked by Frequecy Stabilization Servo. Measured beam size at
the position sensor was shown in Fig.6.7.

Figure 6.8 is the herizontal beam jitter with or without Mode Cleaner along
with air conditioner turned on or off. It is seen that beam jitter with Mode Cleaner
unchanged irrespective of status of air condtioner. Bean jitter with displacement
fluctuation fa and angle fluctuation éa induce contribution of mainly first order

of the cavity mode (Eq.(4.11)),

Ujlt.ter —_ UOO + (&l ikw06a>

- 2 U, , (6.4)

where k and wo are wavelength and beam waist radius, and Upg, U denote
TEM,q, TEMlo mode, respectively.

Transmitted mode can be expressed using Eq (4. 13) as,

ba . kwoda ' B
Utransmxtted = UOO + (wo +1 > )SIOUIO’ : _(6’5)
which corresonds to fluctuation of
6atransmitted = Sl()‘sa
(6.6)

‘Satransmitted = Sld‘sa

From above equation, about 60dB.reduction of beam jitter is expected, using
F = 1500, £=1m, R;=1.5m, and Rz“’OO Unchange of beam jitter with Mode
Cleaner is consistent with thls result. On the other hand, transmitted power

should fluctuate in exchange of reduction of higher mode. Figure 6.9 is the intensity
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spectrum of transmitted beam, with air conditioner on or off. Reduction of jitter
was certainly converted to intensity noise.

Increase of jitter of transmitted beam when air conditioner turned off can be
interpreted as instability of Mode Cleaner cavity; this can be clearly understood
hy comparing horizontal and vertical beam jitter (Fig.6.10). Some peaks seem
resonant peak of vibration isolation system. Hence beam jitter at low frequencies
depends mainly on vibration isol.ation. of the cavity. However, long cavity may
relax this situetien; amount of jitter seems reversely proporfional to its cavity

length if parallel translation of the cavity mirrors decide jitter.

§ 6.2 Estimation of Frequency Stability

Next we estimated frequency stability of usmg another Fabry-Perot cavity.
Although frequency stability can be estimated from the error signal of servo system
to some degree, instability due to reference Mode Cleaner cavity or detector noise
cannot be estimated from the error 51gnal Andther reference cavity with same
stablhty or more is needed. We utlhzed the estlmatlon cavity as the 1ndependently
suspended Fabry-Perot with cav;ty length of 20m and finesse of about 350; 1t is
the one arm of20m Febry-Perqt .prototype detector [26].

The response of the Fahry-Perot cavity with length £ and finesse F for fre-
quency noise is proportional to .75' 14 '(Eq (4.14)), while for fluctuation of ca.irity lenth
it is proportlonal to F (cf. Eq. (3 26)), Therefore reference Fabry-Perot with long
cavity length and low finesse is regarded as good frequency reference. On the other
hand, as the sensitivity of frequency noise limited by shot noise is proportional to
Ft (Eq.(4.16)), 20m estimation system has higher sensitivity than Mode Cleaner.
Moreover, since we applied the same pendulum suspension for 20m Fabry-Perot
as the one for Mode Cleaner, frequency instability due to vibration of reference

Mode Cleaner cavity can be estimated.
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6.2.1 Expected Frequency Noise from Mode Cleaner

Before the estimation using a 20m Fabry-Perot, expeetecl frequency noise
level which is decided both original frequency noise of the laser and servo gain
was evaluated from the error signal of Mode Cleaner Fxrst we calibrated to con-

vert obtained error signal to frequency n01be, and then estimated the stabilized

frequency noise level.

- Calibration

The output error signal was converted to corresponding freq‘ueﬁcy noise using
the index obtained from calibration shown in Fig.6.11. Vibration of front mirror

produces change of resonant freqllency of the cavity eXpreésecl as (Eq.(3.26)),
v = %51- (6.7)

where v, £, and éz are resonant frequency of the cavity, cavity length, and vibra-
tion amplitude of the front mirror, respectively. Hence relation between §z and
error signal gives the index which converts error signal to frequency. Vibration
amplitude 6z can be obtained from the Michelson 1nterferometer formed as dashed
lines in Fig.6.11. Output of the detector Vi can be expressed usmg max1mum and
minimum intensity (Vmax, Viin) as, -

Vinax = Vs “

VMl _ Vinax + me

sm(2k:c) + —~

(6.8)

where k and z are a wavelength of the hght and dlsplacement of the front mirror.
If the average pos1t1on of front rmrror 1s controlled so as to sin(2kz) = 0 satisfies,

small vibration from average posrtxpn; is detected as,
TR

6Vt = (Vinax — Vinin )k6z (6.9)

Figure 6.12 shows the frequenej respgn‘s'e_ between signal 1 and 2 for Michelson
and between signal 1 and 3 for MC error sigrml. Both curves are inversely pro-

portional to the square of vibration frequency, which reflects frequency response
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between applied force and dlsplacemont of the front mirror. From the figure we
obtained the relation VMCe,.m, = 5.5 X 10" VM Using Vinax=4.9V and Vi =0.5V

we had the index

, ¢
WMcerror = 5.5 X 103k(vmax - Vmin);&’ (6 10)

- Estimation of Frequency Noise from Error Signal;"

Figure 6.13 is the frequenc&r noise level obtained from the efror signal of Mode
Cleaner. Thin line was obtaxned when, Cawty Lock Loop. (Sectlon 5.1.8) worked.
Above 30Hz the spectrum shows typlcal tendency of frequency noise of MISER,
inversely propotional to Fourier frequency, while v1brat10n of pendulum motion can
be read below 30Hz. When stabilized, error signal reduced down to the dashed
curve. This level well agrees with the theoretical level calculated from thin line
and servo gain (Fig.5.28). Taking into; account the feedbe.ck loop to the pendulum
at low frequencies, expected frequency noise was calculated from stabilized error
signal as shown ’stabilized level’. _ |

In orde'r to estimate such noise contribution to the frequency noiée that does
not appear in the error signal, we measured or estimated the possible n01se sources
and calculated noise contribution usmg Fig.6.14. Figure 6.15 is electncal and
seismic noise contnbutlon to the frequency noise, where seismic noise Qf the ground

is assumed ‘to be (z:displacement in m/v/Hz, f:vibration frequency in Hz), ©

0—-7

(f) (6.11)
Near the bottom of stabilized level, several electric noise sources match the sta-
bilized leveil. If we want to stabilize with larger servo gain, this result suggests
we have to reduce such electric noise. Anyway, in our current system such noise

contribution can be regarded negligible.
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6.2.2 Frequency Noise Estimated from 20m Fabry-Perot Cavity

Figure 6.16 shows the setup for estimation of frequency noise of Mode Cleaner
using a 20m Fabry-Perot. Vacuum chamber of Mode Cleaner was connected to the
Center Tank of the 20m Fabry-Perot prototype, and the tfﬁnsmitted beam from
the Mode Cleaner illuminated the 20m estimation cavity housed in one arm of
the chamber. Mirrors of the 20m cavity was the one used for the 20m brotot}?p'e,
which has diameter of 50mm and 100"mm long and is mdnéliéhic mass made of
fused silic‘;‘i‘:}_ffont\ mirror is flat, and end mirror ‘h'as'concave curvature radius of
30m. Otherlcomponents of 20m cavity, e.g.vacuum system, are described in detaii
in the following Cha.ptef T. . | | |
. In order to obtain sigl'll'a;l',' transmitted beam from the Mode Cleaner was phase-
modulated with 40MHz and reflected beam from the 20m Fabry-Perot was ex-
tracted by optical circulator and then detected. Signal was obtaind in the same
way as Mode Cleaner and fed back to the end mass to keep the cavity on resonance;
unity gain frequency of the servo was about 1.2kHz.

Before, measurement of noise, we calibrated the signal in the similar way as

previous calibration.

. Calibration L

Setup for calibration of 20m Fabry-Perot is also shown in Fig.6.16. The
Mode Cleaner cavity as a frequency reference was vibrated in the 'sarrvxe" way as
calibration of Mode Cleaner, resulting in the frequency modulation qf{st_a.biii_zed
beam. Sini:e modulatign-i'ndex. was already known from previous calibr;mtion of
Mode Cleaner, from the output of 20m Fabry-Perot we could calibrate the signal.
Thin line fn Fig.6.17 is the modulation in terms of error signal of Mode Cleaner,
which is evalﬁatea from the i‘es?onse function between signal 1 and 2. The curve
shows almost the same shape as the one in Fig.6.12 except for the tendency at low
frequencies (S100Hz) effected by the Pendulum Loop. On the other hand, thick

line is the response function between signal 1 and 4 in terms of error signal of 20m
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Fabry-Perot. From the relation between two signals, Vogmrp = 0.25Vcerror, We

have :
Vaomrp = 0.25 x 5.0 x 10™46v

) (6.12)
=13 x 10746y

- Estimation of Frequency Noise from 20m Fabry-Perot

Figure 6.18 shows the calibrated spectra from 20m Fa‘t;ry-Perot', as well as the
one from Mode Cleaner. Both dashed curves, which means without stabilization,
well agree with each. other except. below 30Hz. The difference comes from cavity
length; for a Fabry-Perot cav1ty with a certaxn finesse, response agamst the fre-
quency noise is proportlonal to the cavxty length while response for the vibration
of mirrors is unchanged to the cawty length within the cut off frequency of the
cavity. Therefore long cavity is insensitive to the sexsmlc noise relatively to ‘the
frequency noise. The difference by a factor of ~ 10 below 30Hz i is explamed as
the difference of cavity length by a factor of 20. When stabilized, due to above in-
stability of Mode Cleaner for seismic noise relatwe to 20m Fabry-Perot, stabilized
noise level of 20m Fabry Perot is enhanced up to the noise level of Mode Cleaner
below 30Hz

Another remarkable feature is dlscrepancy between expected level obtained
from Sectlon 6.2.1 and 20m error s1gnal when stabilized. Excess noise seems to
come from Mode Clea.ner and/or 20m Fabry-Perot As the p0551ble noise sources
were estimated for the Mode Cleaner, we evaluated the possible excess noise for
20m system (Fig.6.19) using Fig.'6.20. —betector noise was above the expected
level, but it was below the obtained noise. Other electric noise was well below the
expected level.

From the complex structure of the excess noise region, we assumed that it
cames from mechanical vibration excited by seismic noise, and we observed the
change of the spectrum against the external vibration applied purposely. Figure

6.21 is the change of the spectra when the vibration of rotary vacuum pump was

activated near the vacuum chamber.
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Result of signiﬁcunt effect for center tank seems to suggest the effect of steering
mirrors (M’s in Flg, 6 16) fixed to the table. If the optical path length is changed

due to the wbratlon of the mirrors, resulting phase chzmge is -

vv'

b4 = kb o o (8.13)

which corresponds to frequency noise of

e

§u(f) = 2 fka(f) S (614)

where f isa frequency of vibraéibn. _ 'Fh-is pha:se‘ noise due t6 sfeering lmirx:qrs is also
shown in Fig.6.21 assuming seismic spectfﬁﬁ;;a;s (6.11). As thg‘vibratiarll of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>