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Abstract

Experimental realization of power recycling in an interferometer with 30 m arm-lenglh and suspcnded opdcal components

has been achieved. The power-recycling iacroi was about 300, corrcsponding to a light power of more ihan 100 w impinging

on the beam splitter A new concept was used ro acquire simulraneous lock of the power-'ecycling cavity to resonance and

of the Michelson phase difference to a dark fringe

PACSj 04.80.Nnr 07.60.Ly1 42.25.H2: 95.55.Ym
K?tlaor&.' Powet recyclingi Shot noise; Michelson in|e f€rometer; Cravitational-wave dci€clor

l. Introduction

l-1. Historical note

The necessity for high light power in order to re-
duce the effe.ct of shot noise in the photo-cunent has
been recognized early in the history of iDterferomet-
ric gravitational-wave detectors I I,2 ] , The idea of en-
hancing the Iight power by what has become known as
power rec;cling has been proposed at the NATO Ad-
vanced Science Workshop in Bad Windsheim ( l98l ),
Drever [3] seeing its great potential wirh modern
high-quality minors, Schil l ing poinring out how his
"second frequency control loop', [4] lends itself ro

f?Iiilo,,o.eq.pso".
I Al$^r Unrvcnitht tiannover. ApFl<rrrs+ :, D_:10t6? Han_

the implementation ofthis scheme for enhancing light

DOWer.
Power recycling, already in its experimentally more

demanding implementation with seParately suspended

masses, but still with shon ( 30 cm) arms' was first re-

ported by Maischberger [5] with moderate recycling

iactors. Higher recycling factors, albeit in a rigid table-

top set-up, were later reported by Man et al. [6i A

significant slep forward, in arm-length, in recycling

factor, and in the enhanced light power' will be re-

ported in this paper.

1.2, Shot noise in a Michelson interferometer

Michelson interferometers are used for extremely

sensirive length measurements as required in. e g '

gravitational-wave detectors One of the limidng noise

sources is the shot noise related to the photo-current

. i
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,rr rhc fJhoto-diode 
(PD in Fig l) at the detection Mz

,..,. fft tn .rn tdeal Michelson interferometer' lhe

l . iu " l . - ; i , leo t  power  spec t ra l  d€ns i l y  s6r ( / l  o f  the

rlu.r-urt,on, in path-difference' as simulal€d by the

\hot noise. is given bY

2t r

h.c A
r., r /t = - --=--

t nrBs

'- t lo-ti mltGf,12 x |  , t  l I  r r r  l '
Lr p' l  t  roo wl

( l )

wirh ,l the wavelengrb of the Iight, Ps5 the l iSht power

rmpinging on the beam splitter, and 4 the quantum ef-

ticiency of the photo-detector' For a given wavelength

i. rhe shot noise level can be improved by increastng

lhe l ight Power PBS.

However, only a few watts of light Power P0 are

1r'ailable today from well-srabilized lasers that have

reasonable values of,I/1Ps. fierefore all interfero-

nrctric gravitational-wave detectors currently plann€d

or under construction [8- I I ] include the concept of

power recycling [3] as a ineans of enhancing the ef-

iccri*e l ight power in the Michelson. The basic idea

is outl ined in the next sectton.

1.3. The principle of power recycling

The Michelson interferomeer 3 MIlFig. l) is oper-

irred at a dark fringe, i.e. the phase difference between

the beams returning from the two Frms (in the follow'

ing called the Ml-phase) is controlled for destructive

interference at the detection port (PD). The light leav-

ing the other port, directed towards the lase( thsre-

fore shows constructive interference. As seen from the

laser. the interferomet€r hhaves like a minor with

variable reflectiviry and transmittance (thus we refer

Io fhe light leaving the detecting port as rhe tmnsmtt'

red light). The reflectivity of the MI can be quite high

if rhe losses due to a frnite fringe contrast ( see below)

and to nonzero end-minor uansmissions are small'

ln order to realize power recycling. an extra mir-

ror Mps (Fig. I I is inserted between the laser and

tbe beam splitter BS, thus (together with the MI)

-in 
,tri', p"p"r, lh€ word inlerferotneter'' is us€d lo mc"'' the

whole oprictl system. whepa.s 
'Michelson interfercmelel' (also

Ml or 'Michetson'' for sho() is used fot th€ beam spline' and

rhe two rrrns. e:rcluding thc powet'recycling minor

Fig. l. Michelson interfercmeler (BS Mt' Ml). with power'

rEcycling mitror MPR added.

forming a cavity (Pq-cavitv) similar to a Fabry-Perot

resonator. When this cavity is at resonance, the light

power Pss impinging on lhe beam splitter is enhanced

Lv the so-called recycting factor G, from the original

f0 tO rBS = ur0.
The recycling factor 6 depends on the amplitude

reflectivity ps1 of the MI and the amplilude transmit'

tance rpR and reflectivity pPR of the PR-minor,

^ 4 *
lr = -::--"--'------'=

(  I  -  PPRPMIJ 
-

(  t  t -2
-  J  ' i . B R

(  I / ' P R

for f* >> t -pfrr,,
for f* : l-prtrr.

(z)

For given losses ,,t = I -pfr,r, in an MI' the recy-

cling factor G becomes a maximum when the power

ranimi tunce t!* of the power-recycling minor eq ual s

these fosses, the so-called impedance-matched case' A

cavity with a smaller or larger value of zfl* is called

under- or over-coupled' respectivelv'

L4. Efrect oJ fnite contrast

Realistic minors have finite deformations from the

ideal shape, and part of the reflected light is scattered

into higher order transverse modes I 12] ' If there is an

*yrn*Lry between the deformations of the two end
'..mirrors of an MI, these higher order modes do not

necessarily interfere destructively. Thus, a finite frac-

tion of the injected light power leaks out of the MI

towards the detection pon (similar to ar interferome-

ter wirh different reflectivi l ies in the arms)' resulting



Ml-losses: rr/-----../\ - O.5so

z t z

in a finite (i.e. < l) lr inge contrast- This effect must

be included in the losses of the MI.
When operating such an MI with power recycling,

the l ight leaking out of the MI at a dark fringe is also

enhanced. If the PR-minor is chosen to be impedance-

matched. the amount of higher-order modes leaking

out at a "dark fringe" can, from conservation ofenergy,

be expected to be as high as that of the injected light

power, assuming all losses are due lo a finite fringe

contrast. Thus the transmined light power would ef-

fectively become a maximum at the "datk fringe". In

a more realistic case, the MI also has losses which

do not contribute to the interference at all (absorption

and scattering to very high order modes). Then the

rransmitted l ight power can be either a maximum or a

minimum at a "dark fringe", depending on lbe actual

parameters ( amount of each kind of loss, reRectivity
of PR-mirror).

An example of this behavior is shown in Fig. 2. In

this figure, the transmittance of the PR-mirror is fixed
(4p = O.sVo) and the dependence on the amoun! of

loss due to finite fringe contrast is consider€d ( other

losses are assumed to be zero). When there is no loss,

the transmitted light power at the dark fringe is zero'

as expected. Wlen the loss is smaller than the power

tlansmiftance of the PR-mirror, the transmitted power

is stitl a (locat) minimum, but less pronounced' It

changes to a maximum when the PR-cavity changes

from over-coupled to under-coupled, i.e. when the MI-

losses exceed the transmittance of the PR-mirror.

2. Experimental realization of power rec,vcling

2. 1. Experimental set-up

Power recycling has been realized in the Garch'
ing 30 m prolotype{ with suspended optical compo-
nents, schematically shown in Fig. 3. The Iight source
is an argon ion laser (at l = 514 nm), providing up
to I w light power in single mode operation. After
being transmitted through two Pockels cells PCr and
PC2 (which are used for PR-cavity locking, see Sec-
tion ?.2) and a Faraday optical isolator FRt, the light
is injected into the interferometer (housed in a vac-

lill-.p"drrn,"l ,..ults given ih rhis paper werE 6nt presented
in Jaruary t596 { 13l-
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r  O 5

0

Ml-phase [rad]

Fig. 2. Calculated ljght powet Pl at lhe delection pon of a power

recycled Michclson, as a fuoction ofthe Ml_phase (The PR-cavity

is assuned to b€ kept on rcsonaoce ) Assumptionscre { = 6.591

and diEErEnt values of Ml_losses,'t duc lo tn rnli'symmerric
end-mirror deiormation.

uum chamber) through a single-mode optical fiber'

The light power available after the fiber is - 350 mW.

All optical components of the interferometer' in-

cluding the beam injection unit BI (at the end of the

fiber), are suspended as pendulums of approxirnately

I m length. The beam splitter BS is suspended as a

double pendulum, all other components as single pen-

dulums. The BI carries the flber end, a mode matching

lens with t5 mm focal length, and a second Faraday

isolator FR2 (hat directs the light reflected by the PR-

caYity to a photo-detector PDi

Two different PR-minors Mpn were used' both are

flat but have different power transmittances fi*of 1%

and 0.547a. The flat fused silica beam splitter BS' at

a distance of 0.5 m behind the PR-mirror. has a mea-

sured power rransmittance of rras = 54q" al the front

coating. The AR-coating on the other surface has a

power reflectivity of 300 ppm and thus reflects a smirll

fraction of the light, proponional lo the light power

Pg5 impinging on the BS, towards a photo-detector

PDr.
The two end mirrors (M1, M2) are concave with a

curvature radius of 33 m, and are placed 3l m au'ay

from the PR-minor. Both minors are highly reflective

bur show small astigmatisms that ate rather similat to

each other ( probably due !o the coating process). Thc

major axes of this astigmatism of the two end minors

happened to be nearly orthogonal while the exPert-

ments described here were carried out, i.e. ihe detor-

mation was
two arms. T
candy
mode but
modes, here

These hi
aowards the
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fig. 3 Experitnental set_up

mrtion was almost purely anti-symmetric between the

rr\o amts. Therefore the deformation did not signifi-

crntly change the beam parameters ofthe cavity eigen-

nrodc but led to scattering into higher-order transverse

nqs6lss, here mainly second order modes I l2].

These higher-order modes will leak out of the MI

lowards the dctection port, even if the MI is set to

x dark fringe" From the observed fringe contrast of

0.994 with optimum alignment of mirror odenmtions

L l)ut excluding rotation of the astigmatism axes; see

hclow), the losses of the MI due to end-mirror defor-

mrtion are calculated N A=Q-37o-
ln our set-up, the astigmarism of each end mirror

generated a TEM1l mode whose nodal lines are rctated

by 45" from the astigmatism axes. Due to the fact that

we accidentally oriented the two end minors in such

a way that the axes of their respective astigmatisms

are almost orthogonal to each othet the TEM11 modes

from the two ams interfere constructiYely at the out-
put port of the interferorneter.- ( At the time when the

experiment was carried out, we did not recegnize the

astigmatisms of the mirrors and thus did not oprimize
the astigmatism axes.)

2,2. Preliminary experiments

As preliminary experiments, we first investigated
the locking of the MI ( without PR-minor) and that of
a 30-m cavity (without MI), independently, in order
to develop a proper control technique for each degree

of freedom. The MI without power recycling could be
realized either by removing or by intentionally mis-
aligning the PR-minor so that it did not compose a
cavity. On the other hand. the 30-m cavity without MI

is composed of the PR-minor and the end mirror M1,

realized by removing the BS. This 30-m cavity is sim-
ilar to the PR-cavity when the MI is at a dark fringe-

The MI was locked to a dark fringe by applying a
small, low-frequency (375 Hz) modulation to the po-
sit ion of Mi via a coil-and-magnet arangement. The
rransmitted power detected by PD1 was synchronously
demodulated at this frequency. If the Ml-phase has
only a small offset from a dark fringe, the enor signal
obtained is proportional to the Ml-phase offset, to the
modulation index, and to the l ight power impinging
on the MI.

The 30-m cavity was kept resonant with the laser

frequency by using the Pound-Drever technique I l4].

There ate two (almost) equivalent ways to realize

this: either tuning the laser frequency or controll ing

the cavity Iength. In our experimenlal set-up, the laser

frequency was tuned by using two PZTS ( fast and

slow) attrch€d to the laser-cavity dirrors and by the

Pockels cell PC1 placed outside the laser. The incom-

ing laser beam is pbxe modulated at l2 MHz by PC2,

and the error signal is obtained by synchronously de-

modulating the reflected light (detected by PD3) at

that modulation frequency.

2.3. First step of acquiring lock

For a power recycled Michelson interferometer, the

two parameters described in the previous section ( the

Ml-phase and the tuning of the laser frequency) must

be controffed simultaneously. The power recycling

factor G = Ps5/P6 reaches its marimum when the

laser frequency is resonant with the PR-cavity atd

the Mi-phase is at a dark fringe. Acquiring lock of

both parameten is comPlicated because each param-

eter affects the characteristics of the other control.

Either pammeter can in principle be controlled first,

bul with a different consequence for the experimental

realization.
When one tries to lock the MI to a dark fringe

with the PR-minor in place, one faces the Problem of

vastly fluctuating light power as caused by the uncon-

trolled motions of the PR-cavity between resonance

and anti-resonance. Conespondingly the gain for the

Ml-locking signal, being proportional to P35, fluctu-

ates by many orders of magnitude. This causes severe
' problems with the stabil ity of the servo loops, even

though it can in principle be compensated by a suf6-

ciently fast automatic gain control-
ln practice, another aPproach turned out to be more

prcmising: the laser frequency can be locked to reso-
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was possible to use the same scheme as for the MI
without power recycling. The gain of the loop was,
howeve( reduced in order to compensate for the in-
creased error signal due to the enhanced light power.

Because the locking range of the Ml-lock is coo-
' 6ned between the two maxima of the ransmitted

power (see Fig.2). the Ml-phase was not immedi-
ately locked when the servo loop was closed. Locking
is achieved only when the Ml-phase is inside the lock-
ing range and when the random motion of the optical
components are not too fast. It was possible to reduce
the acquisition time by using an "intermediate" step,
that is to lock the Ml-phase to one of the maxima
of transmined;nwer in Fig. 2. This was achieved
by invening the polarity of the Ml-locking signal.
At this irtermediate state, the Ml-phase is already
close to the desired dark fringe which can finally be
reached 6| switching the MlJocking signa,l back to
the original polarity.

After acquiring both locks, stable operation of the
cavity with a nearly constant PR factor was possible
for more than an hour without any readjustment. The
recycling factor C was measured by comparing the in-
ternal power CP6 during PR operation with.iRP0, ob-
tained by misaligning lhe PR-minor in order to make
PR inactive. The result 6 l: 50 was in good agreement
with G - 51 calculated with r2,* = 1% aad A =0.3 .

'"Virh the more highly reflecrive PR-minor of ri* =

0.547c installed, ir turned out that the standard MI-
locking scheme. as described in Section 2.2, could no
longer be used. Because the losses in the MI are now
cornparable wirh f* and are dominated by mirror de-
formation, the small low-frequency modulation failed
to find the "dark fringe". This is because the minimum
at the dark fringe became less pronounced (see Fig.
? ) .

In addition, there is a strongasymmetry between the
two maxima of the ransmitted power ( see Fig. 5; e.g.
lhe resonance with two peaks at 0.51 s) which disturbs
rhe Ml-locking loop. We suspect that the hjgher-order
modes generated by scatteringat the €nd mirrors cause
an offset in the Pound-Drever signal, depending on
the Ml-phase, when the interferometer is close to the
dark fringe, Another cause of the asymmetry is the
6nite apenure in the optical path before PD1, which
truncates some of the higher order modes.

In order to overcome this problem, we used the in-
ternal power detected at PD2 ( instead of the transmit-

ted power detec
nal for the MI-J
jnverted polarit
intemal power )
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