A pendulum and seismic isolation
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Learning outcomes:
1. To introduce students to the concept of a pendulum.
. To investigate the relationships between the variables that affect the period of a pendulum
3. To graph and analyse data and form conclusions about how a pendulum operates.

N

Age of students: 16 - 17 years old
Activity time: 60 min

Prior knowledge:
¢ Basis about harmonic motion
¢ Kinematics of harmonic motion
¢ Coupled harmonic oscillators and qualitative description of the result amplitude of two oscillators under
superposition

Students have done investigation on following simulations
Kinematics of the harmonic motion:

Harmonic vibration

¢

Superposition - the resulting amplitude:
Superposition

Motivation - Provide contact with the content and/or provoke curiosity:



Question: What is the role of the pendulums in the VIRGO detector for gravitational waves?
Before you come up with the answer investigate:
Videos:

https://www.ligo.caltech.edu/LA/video/IFO-response

Most Precise Ruler Ever Constructed

Text:

Virgo

Wil nipslab.orgivirgo
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Noise in Physical Systems

The VIRGO eollaboration was set up between ltalian and French research
teams, for the realization of an interferometric gravitational wave detector.
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The frequency range of Virgo extends from 10 to 6,000 Hz. This range as well as the very
high sensilivily should allow deleclion ol gravilalional radialion produced by supernovae
and coalescence of binary systems in the milky way and in outer galaxies, for instance
from the Virgo eluster.

In order Lo reach the exlreme sensilivily required, the whole interferomeler allains oplical
perfection and is extremely well isolated from the rest of the world in order to be only
sensitive to the gravitational waves. To achieve it, Ttalian and French seientists involved in
the project, have developed most advanced technoiques in the feld of high power
ultrastable lasers, high reflectivity mirrors, seismic isolation and position and alignment
control,

In the field of optics, ¥ireo uses a new peneration of ultrastable lasers, and the most stable
osecillator ever built. A specifie optical eoating facility has been built to produece extremely
high quality mirrors combining the highest reflectivity (over 99,999 %), with nanometer
surface control

To avoid spurious molions of the oplical components due Lo selsmic noise; each one of
them is isolated by a 10m high, very elaborate system of compound pendulums. Because
the presenee of a residual gas would slightly perturb the measurements the light beam



must propagate under ultra high vacuum. The two tubes, 3km long and 1.2m diameter
each are actually the largest ultra high vacuum vessels in Europe and the second largest in
the world. The environment of the Virgo interferometer is quieter than that of a spacecraft

orbiting the earth.

Virgo, the construction of which was completed in June 2003 and is at present is in the
commissioning phase, will run day and night listening to all gravitational signals which
may arrive at any time and coming from any part of the Universe. The signals are
detected, recorded and pre-analysed through an on-line computing system. These data
will then be made available to the scientific community for further analysis
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Research problem: The role of the coupled pendulum suspension in seismic isolation.
Investigate this phenomenon and how it depends on relevant parameters.
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Credit: Plissi, M. & Torrie, C. & Husman, Matthew & Robertson, N. & Strain, K. & Ward, Hywel & Liick, Harald & Hough, James. (2000). GEO 600 triple pendulum suspension system:
Seismic isolation and control. Review of Scientific Instruments. 71. 2539-2545. 10.1063/1.1150645.

Investigation of the FORCED oscillations.

Research questions:
1, What is the relation between exciter’s angular frequency and the amplitude of the resonator’s oscillation?
2, What is the relation between resonator ‘s mass and resonator ‘s angular frequency?

https://www.walter-fendt.de/html5/phen/resonance_en.htm

w =2.00 radis
Ag=200cm
wg = 1.00 radis
A =0661cm
Ap=0958T

Analogy with Virgo pendulum suspension:

The top of a spring pendulum (red circle) is moved to and fro simulating harmonic motion, which can be describe
by sine or cosine function - similar as produce earthquakes or human seismic sources (traffic, building activities),
which could generate false alerts on interferometer.

Method:

Step 1: Set the mass of the resonator to 1 kg and exciter’s angular frequency to 2 rad/s, w < Wy
Press the button Resume.
Observe the motion of the coupled oscillators then switch to Elongation diagram.

Step 2: Set exciter’s angular frequency to 3,16 rad/s, W = Wy
Press the button Resume
Observe the motion of the coupled oscillators then switch to Elongation diagram.

Step 3: Set exciter’s angular frequency to 10 rad/s, % > Wo
Repeat the procedure from the previous step

Step 4: Set the mass of the resonator to 6 kg (mirror’s mass-article) and exciter’s angular frequency to 10 rad/s
Repeat the procedure from the previous step

Step 4: Set the mass of the resonator to 40 kg (mirror’s mass-VIRGO) and exciter’s angular frequency to 10 rad/s
Repeat the procedure from the previous step

Conclusion: The aim of the investigation was to observe relation between exciter’s angular frequency and natural
angular frequency of the resonator, how the mass of the resonator influence the amplitude of the resonator in
coupled oscillations. According observations we had made we conclude that minimum amplitude of the
resonator was under the condition & > Wy and with big mass of the resonator = 40 kg.

Recommendations for the construction of equipment for filtering seismic shocks: Coupled oscillators with the
resonator with less natural angular frequency compared to frequency of seismic source and resonator with big
mass.

Sources:

http://public.virgo-gw.eu/frontier-technology/
http://inspiringscience.rdea.gr/delivery/view/index.html|?id=a571ea3049c7469188c10e9a482b3576&t=p
https://www.walter-fendt.de/html5/phen/resonance en.htm

https://www.nipslab.org/virgo,




Samples of students work
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Vysledna amplitida zlozeného kmitania je (vyberte zo zatvorky, nulovd, va&sia, mensia)
ako amplitidy kmitov, z ktorych vysledné kmitanie vzniklo.

Loddn

Napiste podmienku pre velkosti amplitud vychylky a fézovy rozdiel, za ktorych je vy amplitdda

vychylky zloZzeného kmitania maximalna:| -maja ku periédu a frek i biehaju v jednej priamke
re vychylky rovnakého smeru plati yv=y1+
b) opacnd zaciato¢nd faza ?A¢v.y¢2y-kz>1 =0rad £ ¥
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LABORATORNE CVICENIE &

TEMA: OVERENIE VZTAHU PRE PERIODU MATEMATICKEHO KYVADLA.
DATUM:
FYZIKALNY PRINCIP:

Matematické kyvadlo je kazdé teleso s hmotnostou m, ktoré je zavesené na pevnom zavese dizky I
hmotnost’ zavesu je oproti hmotnosti telesa zanedbatel'ne mala.
Pri¢inou kmitavého pohybu kyvadla je zlozka tiazovej sily, ktorej velkost' a smer sa pocas kmitavého
pohybu meni.
Ll
Fg - tiazova sila posobiaca na teleso,
Fqi - zlozka tiazovej sily napinajtica zaves,
Fg: - pohybova zlozka tiazovej sily,
o - uhol odklonu kyvadla od zvislého smeru.

ak uhol o < 5° pre periodu kyvadla plati

T:Zn\/z ...... )
g
kde

g - je normalne tiazové zrychlenie,
[ - je dlzka pevného zavesu.

ULOHA: Odmerajte periodu kyvadla s roznou diZkou a overte vzt'ah pre periédu kyvadla.
Overte, Ze perioda kyvadla nezavisi od hmotnosti telesa.

Pomécky: tri telesa s rozliénou hmotnostou, stojan s drziakom, vldkno, dizkové meradlo, stopky.

Postup:

1. Zhotovte kyvadlo z gul'6cky a pevného vlakna. Kyvadlo upevnite na drziak stojana tak, aby ste pri
merani mohli dobre uréit’ bod zavesu. Dizku kyvadla merajte dizkovym meradlom od bodu zavesu po
stred telesa.

2. Periodu kyvadla uréte ako aritmeticky priemer z merani desiatich period, ktoré patkrat opakujte.

3. Opakujte meranie pre tri rozne dizky kyvadla (60 cm aZ 160 cm).

4. Pre najvicsiu dizku kyvadla zopakujte meranie edte dvakrat, pouzite telesa s inou hmotnostou.



TABULKA:
Uréenie zévislosti periédy od dizky kyvadla Nezdvislost’ od hmotnosti
m1
= 0,16 kg = 083 m
mz
= 0,83 m 2= 0,72 m Is= 061 m = 018 kg |ms= 02 kg
i 5T1 T ATy | 8T2 | T2 | ATz | 5Ts | Ts | ATs | 5Ta | Ta | ATa | 5Ts | Ts ATs
S S S S S S s S S S S s S S S
1
7,64 1,528|0,0368 | 7,05| 141]| 001| 65| 1,3|00216| 7,52|1,504[0,0364 8,311,662 0,114
2
8,1 1,62 10,0552 | 6,981,396 [ 0,004 | 6,311,262 (0,0164| 7,63]|1,526|0,0144|7,69[1,538| 0,01
3
7,79 1,558 | 0,0068 | 7,03 | 1,406 | 0,006 | 6,47 | 1,294 |0,0156| 8,011,602 [0,0616|7,84[1,568| 0,02
4
8,31 1,662 |0,0972 | 6,78 [ 1,356 |0,044| 62| 1,24|0,0384| 7,89|1,578[0,0376| 7,6] 1,52| 0,028
5
7,28 1,456 | 0,1088 | 7,16 [ 1,432 0,032 | 6,481,296|0,0176| 7,461,492 |0,0484| 7,261,452 | 0,096
7 7 7 2 7
m ] | F
Priemer | 7,824 ] 1565| 0061f 7| 14 1,278 | 0,256 | 7,702 |1,540| 0,308 | 7,741,548 | 0,054
Vysledky merania :
zavislost periédy kyvadla od jeho dizky
R R AT
T=(T-ArT+4T)s 5T ==
véeobecne T

z nameranych hodnét:
T1=1,565; 5 T1=3,89%
T2=1,400; 0 T2=1,37%
T3=1,278;0T3=1,71%
Vypoétom:

Tvi=1,828

Tve=1,702

Tva= 1,567

nezavislost’ periédy
kyvadla od hmotnosti
zavazia

z nameranych hodnét:
Ta=1,540;0 T4=2,57%
Ts=1,548; d Ts= 3,56%
Vypocétom:

Tvi=1,828

Zaver

Nezavis

Nasim cielom bolo overit’ platnost’ vztahu pre vypocet periody matematického kyvadla a porovnat’
vypoctové vysledky s nami nameranymi udajmi. Ako kyvadlo som pouzil klbko S$pagatu, meranie sa
uskuto¢nilo v interiéri, preto mézeme aerodynamicky odpor a odpory iného druhu zanedbat’.

Nakol'ko vypocet pouziva aproximaciu a poCas merania sme sa dopustili systematickych chyb
(oneskorenie T'udskej reakcie az o 0,2s; nehomogénnost’ kyvadla;..), dava porovnanie vypocitaného a
meraného vysledku odli$né hodnoty. V merani sme sa dopustili malej relativnej chyby merania (priemerna &

T=2,60%).



