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The damping technique is necessary to control a suspended mass used for an interferometric
gravitational wave detector. Here we introduce a new damping method, called “induced current
damping,” which has a simple mechanical and electric design and a desirable attenuation
performance of pendulum. The fundamental concept of the induced current damping is a conversion
of the mass motion to the Joule heat of an external coil. To realize an optimal Joule heat the effective
internal resistance of the coil used for the induced current damping is reduced by connecting a
negative resistance circuit to the coil. We built a one-dimensional suspension system with the
induced current damping and demonstrated that the system worked as expec®@D2 @merican
Institute of Physics.[DOI: 10.1063/1.1510547

I. INTRODUCTION optical or mechanical designs to optimize the performance of

the systems. Here we show a completely new method that is
In 1917, Einstein predicted the existence of space-tim&imple and flexible. It is “induced current damping.”
ripples which are called gravitational waves. In the 1970’s, it
was recognized that a Michelson interferometer would be a
. s \)I. THEORY
superior means to detect gravitational waves. Currently sev-
eral projects in the world are working towards the detectionA. Conventional damping system

of gravitational waves with large-scale interferometers such The transfer function of a pendulum from the motion of

?hs TG\QA:‘ |_Ir_1hJaf;_)art1,dV|trgot_and ?EO,_;nt_Eurche and LIGI(()j Il? the suspension point to the motion of the mass has a steep
€ - Ine 1irst detection of gravitational waves cou epeak at its resonant frequency and rolls off-ag~? above

achieved within a few years by these detectors. the resonant frequency. Since this? rolloff is essential for

The reason why gravnatlonal_wa}ves have not yet be?@eismic attenuation, any damping system for the resonant
detected is that the effect of gravitational waves on the dis- k should not impair this attenuation performance

tance bet i Il that it hides itself und&r -
ance between masses IS so small that It hides ISl under ) o g first consider velocity damping, where a force

various k!”F’S Of_ NOISE 1N the_ detectors_. Among tho_sg _no's%roportional to the velocity of the mass is applied as a damp-
sources, it is seismic fluctuations that limit the sensitivity ating force on the mass. If the velocity of the mass is measured

low frequencies< about 100 Hz Optical components in & it respect to the suspension point, the attenuation perfor-

laser interferometric gravitational wave detector are SUSp,ance of the pendulum is degraded by the velocity damping.

pended as pendulums to be isolated from seismic noise. Thig js hecause the damping force, which consists of the
motion of & pendulum at its resonant frequency, howeveryg|qcity signal of the mass and the suspension point, is domi-
would be an obstacle for the control of the interferometer,, i by the velocity signal of the suspension point above

This resonant motion must be damped. _ the resonant frequency. This makes the transfer function of
Currently there are two types of damping systems in usej,o pendulur ~* instead off ~2 at higher frequencies.

active aqd passin_a. Although both systems are working well | 1Go uses an active damping systéfwhere a posi-

enough in the existing detectors, they require complicateion sensor consisting of a LED and a photodetector and an
actuator consisting of a magnet and a coil are used. Since the
¥Electronic mail: somiya@hagi.t.u-tokyo.ac.jp position sensor is attached to the suspension frame, the at-
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FIG. 2. Q factor as a function of total resistanBeQ takes minimum value
whenR~Lw; . Rep is smaller than the internal resistance, which is required
to realize the critical damping.

possible. A difference from the eddy current damping is that
any circuit can be connected to the coil to easily realize any
desired frequency dependence.
FIG. 1. Pendulum and coil with negative resistance circuit. A magnet is ~ \WWhen the magnet on the mass approaches the coil with a
attached to the suspended mass. velocity X, the voltage oV= a;X is induced. So the current
in the coll is described by the differential equation

tenuation performance of the pendulum would be degraded if dl
the velocity signal is directly applied to the mass. Inorderto o, x—RI=L —, (1)
avoid this, a low-pass filter is incorporated in the servo sys- dt
tem so that the damping system is inactive at higher frequerwhere R is a series resistance including the internal resis-
cies. Although this system allows a flexible design of thetance of the coil) (t) is the current in the coil, ant is the
frequency dependent servo system, a delicate optical designductance of the coil.
for integration of both the position sensor and the actuator  The forceF applied to the magnet is proportional to the
into the system is required. Moreover, the interaction bemagnetic moment of the magnkt as well as the magnetic
tween the scattered laser light by the mirror and the photofield produced by the coil, which is proportional to the cur-
detector of the local sensor could cause a serious problemrent of the coil. Here the equation of motion is derived to be

TAMA uses a passive damping systé.strong magnet . 2
is placed near an intermediate metal mass from which the ~MX= ~MagX—azMI, )
mirror is suspended. An eddy current is generated on th@sherem is the mass of the test mass amglis the coupling
surface of the intermediate mass with its amplitude linear tqyarameter which depends on the number of windings, the
the velocity between the magnet and the mass. This eddydius of the coil, relative position of the magnet, etc.
current produces a magnetic force and damps the motion of Equations(1) and (2) indicate that the resonant fre-
the mass. Since the motion of the mirror is strongly coupledyuency shifts fromw to w; :
with the motion of the intermediate mass, the mirror motion
is automatically damped by this mechanism. Because this wi=wl+ B
eddy current damping is a kind of velocity damping, the o
gttenuatlon pgrformance of the pendulum would be degrad?\ﬂ/ith this new resonant frequency, the quality factor of the
if the magnet is attached to the same frame as the SUSpenS;PBndulqu is
point. In order to avoid this, the magnet is also suspended as
a pendulum which has a higher resonant frequency than the w; R*+L2w?
pendulum of the main mass, so that the damping force is no “ 8 R (4)

longer proportional to the velocity with respect to the sus- h Hici B M/ h i
pension point at higher frequencies. Although this systen*’|ere thebcoe 'C'elﬁ_alaz mdrehprese_|nt1s_ht € colgp |fng
does not require an electronic servo system, a complicate%trengt etween the magnet and the coll. The quality factor

mechanical design is required to optimize the performance oriea_lches its minimum vaIL!e roughly whét=L o, (Fig._Z).
the damping system. This means that the quality factor of the pendulum is large

either whenR is large and thus the current is small or when
R is small with the series impedance of the coil limited by
B. Induced current damping the inductance and thus no energy is dissipated in the coil.

2
Lw]

R?+L%w?’

()

We developed a new damping system which has a flexé Neqative resistance
ibility for incorporating frequency dependence while remain- " 9
ing simple in design. The new system has a magnet attached Since typical coils have an internal resistance that is
on the mass and a coil attacted to the suspension frame withuch larger than the resistance required to realize significant
relative position which maximizes the interacting foéég. = damping, we have to connect a negative resistance circuit to
1). The mass motion generates an induced current in the cathe coil (Fig. 3). In this circuit the input voltag#/;, has the
which produces Joule heat, if the coil is connected to a norepposite polarity to the input curremt hence the effective
mal resistor. This motion—heat conversion makes dampingesistance value of the circuit is negatfi7e.
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Rx slope above a threshold frequency. This is because the impe-
I dence of the coil increases at higher frequencies limiting the
Negative Resistance current in the coil. _
I The attenuation performance can be further improved

; : with a capacitoiC5 in parallel withR5 (or R;), which inac-

t Vi ; tivates the negative resistance circuit at higher frequencies.

W E M E In the figure, the transfer function using the capacitance

L roo : shows a significant improvement in the attenuation perfor-
mance.

! Vouté It should be noted that the addition of capacitance en-
: hances the resonant frequency by changing the effective re-

sistance and inductance of the circuit as follows:

MW— S 6
. r— s
R, 1+RICw? ©

%’ R: s
: Rs 5 R,R; R,C
; ; LolL+-+23 3-8

R, 1+R5C30%

)

FIG. 3. Negative resistance circuit. Thus there exists an optimal capacitance for e@ctalue

desired.
RiR;3 It may be possible to further improve the performance of
NT T R, ®)  the system by connecting a more complicated frequency-

o o ) » dependent impedance, such that damping at the pendulum
It is important to maintain the following two conditions egonance is achieved while not affecting the attenuation at

to avoid instability. One is to keep the total resistance posiyigher frequencies. Problems to be studied are stability of the
tive, i.e.,r>R;R3/R;, otherwise the system generates en-g|actronic circuit and electronic noise.

ergy instead of dissipating it. The other is to keep the sum of
the OP amp feedback negative. To satisfy both condition

s .
the damping coil must be connected to the negative terminaf_f' Noise problem

of the OP amp. In addition to the attenuation performance, the noise per-
formance of the damping system is also very important. The
D. Transfer function Johnson noise, the thermal noise of the resistors, in the

. h h for ) f th aul damping circuit using the negative resistance generates a
Figure 4 shows the transfer function of the pendulumg .o current , in the coil:

using various kinds of damping systems. The transfer func-
tion for the eddy current damping system with the damping \/4kT[R§(R3+r)+R§(Rl+ Rs)]

magnets fixed with respect to the suspension point shows an '3~ Ry(Lwi+1)—R;R; : ®)
f~1 slope above the resonant frequency, whereas the dam

ing system using a coil and negative resistance shows an I there is no damping circuitl is y4kTr/Loi at higher
frequencies since the coil inductaricés dominant. Compar-

ing with this, Eq.(8) indicates larger Johnson noise, but the

il :gggg,fg:,y noise level can be reduced to the same level by incorporating
«===x(3)Q=1 (ordinary damping) the capacitance tB;, which makesR; negligible at higher

o 10 --=- (4)Q=1 (NR damping) .
T 4, (5)0=1 (NR with C) frequencies.
§ 10" "‘ The OP amp noise in the damping circuit can be also
g 102 | reduced since the impedance of the inductance of the coil is
ko larger at higher frequencies.
2
S 0%+
(= Il. EXPERIMENT

107

10° - A. Experimental setup

Ar/2nl

L : e To verify the theory and usefulness of the induced cur-
10' 10° 10° 10* rent damping, we prepared a single pendulum system, where
Frequency (Ha) a metal mass is suspended with two wire loops from a sus-
FIG. 4. Calculated transfer functiofil) No coil; (2) internal resistance of ~PENSION frame. The pendulum |?ngth from the suspension
the coil defines th€ value. Damping kickback starts B Qf, and ends at ~ point to the center of the mass is 19 cm, so the pendulum
f=r/27L, from which the inductance becomes domind8j;in eddy cur- mode has a resonant frequency of 1.15 Hz. The test mass
rent damping system, the kickback continues forever and the attenuation \ﬁ/as chosen to be relatively |igh‘t~60 g for convenience of
degraded(4) resistance is small enough that the inductance becomes domi- . ’ ’ .
nant much earlier allowing the curve to steeply de¢8yThe capacitor has ~ th€ e_Xpe”ment- The pendulum _SyStem was as_sembled with a
canceled the kickback so the attenuation performance is improved. special care so that no undesirable mechanical resonances
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disturbs the measurement. For example, the pitch resonanic. 6. Measured transfer functions show a good coincidence with calcu-
frequency of the mass is set to be higher than 10 Hz, whiléated curves.
the yaw resonance is set to be close to the pendulum reso-

nance so that the effect of the yaw motion can be neglecte , . _ . '
compared with the pendulum motion. iorliafvzgh;n:tglzgzggnmentﬁ 0.043 and nominaQin

A magnet is attached onto the center of the back surface We then measured the transfer function of the pendulum

of the mass, and a coil is attached to the suspension fran}?om the ground motion to the mass displacement under vari-
near the magnets in such a way that a part of the magnets |s

inserted in the coil. This pair of the magnet and coil is usedpus damping conditions. We did it by shaking the whole

t0 execute the induced current damping. The madnet is 2 crintem and measuring the position of the suspension frame
xecu - Indu urrel ping. gnetis nd the mass with respect to the independent breadboard.
long. The radius of the co# is 0.5 cm and the number of

windings N is 200, and the coil has an inductance lof Figure 6 shows the measured transfer functions together with

o . . the calculated ones. A curve rolls off fs? without damping
=0.221 mH and an internal resistance ref4.05¢). One nd asf L with a simple induced current dampirfghich

Z':g tﬁl‘etgtehgghlsv:r?gzeC:§Sntge3 ?ne%?tl)v ; rce;s;]tgcr:]t(; % igcu&/ould roll off asf ~? because of the increasing impedence of
9 9; the coil inductance at higher frequencies, but we could not

a coil driver whose output impedance is zero. . .
P P measure it because of many mechanical resonances above 10

Whi(;hnggﬁfeigjgigséogjgﬁgini Etlwz(i(eeorl ?onr ?hrg‘z[;lug;‘;?-lz). The most important result is that an induced current
amping with a capacitor gives a curve that rolls 6ff?

purpose. The metal plate sits on a frictionless translat|or\1Nithout any prominent resonances, which agrees with the

attached. The pos_mon of the knife gdges can be measured l? sistance circuit to realize a good attenuation performance
photosensors, which are attached tightly onto an independen

breadboard to avoid undesirable mechanical resonances aﬂda pendulum with the induced current damping.
We have demonstrated that the induced current damping

cross coupling from the shaker. This actuation and sensin% a simple and desirable method to damp the pendulum mo-

Zﬁitjer}nm Is used to measure the transfer function of the PeT¥on effectively without degrading the attenuation perfor-

mance of the pendulum. Use of this system can simplify
damping in all sorts of multipendulum suspensions for ad-

B. Experiment and results vanced gravitational wave detectors.

We first measured the quality factor of the pendulum
mode with various damping conditions. Higher damping was
realized by tuning the negative resistance circuit, while Iower‘A‘CKNOWI‘EDGMENTS

damping was realized by adding an external series resistance The authors would like to thank R. DeSalvo and P. Bey-
to the coil. For the lower damping cageigher quality fac-  ersdorf for editing this paper. This research was supported by

tor) we measured a ringdown time of the pendulum mode; Grant-in-Aid for Creative Basic Research of the Ministry
after exciting the mode to optam the quality factor of the of Education, Science, Sports and Culture.
system. For the higher damping casewer quality factoy
we measured a transfer function of the pendulum from force
to the mass motion with sweeping the frequency of applied1
; ; ; ; ; D. Shoemaker, NSF Special Emphasis Panel Review of LIGO I, 1999.
voltages to the coill dnyer to obtain the quallty factor. Figure 23, Winterflood, D. G. Blair, R. Schilling, and M. Notcutt, Rev. Sci. In-
5 shows the result.. It is shown that the quality factor of the g,m 6 2763(1995.
pendulum system is successfully decreased to the level ofk. Tsubono, A. Araya, K. Kawabe, S. Moriwaki, and N. Mio, Rev. Sci.
critical damping by the negative resistance circuit. The mea-, Instrum.64, 2237(1993. _ .
sured quality factor agrees with the calculated value. P. _Horoywtz and W. Hill, The Art of Electronics-2nd ed.(Cambridge
. University Press, London, 1989

.Thelse measure.ments also lead us '['0 find the valy of sy, Valkenburg, Analog Filter Design(Oxford University Press, Cam-

which gives the minimum o and the optimum oR andC, bridge, 1982

Downloaded 19 Oct 2003 to 133.40.221.177. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



