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Introduction

We will talk about classical physics only.

We will try to show phenomena not commonly
seen In text book.

We will try to make connections between PHYS
101 to the research topics In research institutes
such as national laboratories.

Many pictures in this file are taken via www.google.com
They are used for review and comments only.
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http://www.google.com/

Intuitions vs. Phenomena with
Rotations
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Billiard Balls

= The goal is to pocket the
numbered ball, but not to sink
the cue ball.

= Should we hit the cue ball
harder or lighter?
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Elastic Collisions with and without Rotations

Without Rotation

With Rotation

=  When the cue ball moves without rotation and collide center-to-center to the
ball 2, the energy and momentum exchange completely:

= The cue ball stops.
= The ball 2 moves at the same speed.

= If the cue ball moves with rotation, not all kinetic energy will be given to the
ball 2:

= The ball 2 moves.
= The cue ball follows at slower speed.
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‘ Door Hinge and St
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= Itis hard to image forces perpendicular to the door are applied to door hinges.
= It is even harder to image the door stopper may cause large force on the hinges.
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‘ Positions of the Stopper

Jo J

{ I

= When the door stopper is too far to too close to the hinge, a large force is
applied to the hinge when the door hits the stopper.

= When the stopper 1s at a “magic” position, the force on hinge vanishes.
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The Story of Tide

July 2014, Wu Jinyuan, Fermilab jywul68@fnal.gov Rotations



‘ Tide: Twice a Day, Not Once a Day

http://en.wikipedia.org/wiki/Tide
= The tide is caused primarily due to gravity of the moon.

= It seems that the high tide should only happen once per day.

= The reality is that the high tide happens twice a day (semi-diurnal) in most
places.

July 2014, Wu Jinyuan, Fermilab jywul68@fnal.gov Rotations 9



‘ Death Spiral

= Death spiral is a required element of pair skating.
= |t resembles motions of the Earth and the Moon very well.
= The pair rotate around their center of mass.
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High Tide on Both Sides of the Earth

s The sea water facing the Moon 1s “dragged” high due to gravity of the Moon.

s The sea water on the other side of the Earth is “thrown” away due to the
rotation of the Earth-Moon system.
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‘ Solid Earth Tide

= The tidal force causes displacement of not only water but also the solid Earth’s
surface.

= The vertical amplitude can be as large as 30-40 cm.
m= Horizontal displacement of the Earth’s surface can also be seen.
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Tidal Friction (Tidal Acceleration)

= The tidal force slows down the rotation of the Earth.

= The length of the Earth day decreases by 1.6 ms/100 years.
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Tidal Locking

http://en.wikipedia.org/wiki/Charon_(moon)

Tidal friction caused the Moon’s self rotation to slow down.
Now our Moon is tidal locked, i.e., the spin-orbit ratio is 1:1.
Many natural moons in solar system are tidal locked.
Earth: Moon
Mars: Phobos, Deimos
Jupiter: Metis, Adrastea, Amalthea, Thebe, lo, Europa, Ganymede, Callisto
Saturn: 15, Uranus: 5, Neptune: 2
Pluto & Charon are locked to each other.
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Tidal Heating

Europa

Ganimedes

« www.astronomiaonline.com

Jupiter

o~

Calisto

astronomia

The tidal friction generates heat.

It is believed the tidal head causes volcanos on lo and liquid water on Europa.
Europa and lo are both tidal locked to Jupiter.

The gravity between them caused their orbit heights change.

The solid tide amplitude on lo is >100m.
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Effect of Tidal Forces on the Accelerator

a084082 [RM] © www.visualphotos.com

= The tidal force causes the solid Earth surface to stretch.
= The deformation of the ground causes accelerator parameters to change.
= The accelerator shown is the LEP of CERN.
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‘ Effect of Tidal Forces on the Accelerator

= Tidal force causes variations of the
beam energy in LEP.

= The study was in 1992.
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Effects of Tidal Forces on the Beam Energy in LEP

L. Arnaudon, F. Bordry, W. Coosemans, B. Dehning, K. Henrichsen, A. Hofmann,
R. Jacobsen, J.P. Koutchouk, L. Lawson-Chroco, M. Mayoud, J. Miles, R. Olsen,
M. Placidi, G. Ramseier, R. Schmidt, J. Wenninger, (CERN, Geneva, CH),
A. Blondel, (Ecole Polytechnique, Paris), R. ABmann, (Max-Planck-Institut, Munich, DE),
G.E. Pischer, C. Pan, (SLAC, Stanford, U,8.A.) and R. Qlivier, (IGL, Lavsanne Unrvwrmiy‘ CH).

Absiract

The e¥e™ collider LEP is used lo investigate the Z par-
ticle and to measure its energy and width. This requires
energy mlubral.mn; with ~20 ppm precision achieved by

the of a which derors the
transverse beam blished by sy
radintion. To make this ealibration valid over longer
perind all effects causing an energy shange have to be cor-
rected for. Among these are the terrestrial tides due to
the Moon and Sun. They move the Earth surface up and
dewen by a8 much as ~0.25 m which represents a relative
Ioeal change of the Earth radius of 0.04 ppm. This mo-

tions hus also lateral components resulting in a change of

the LEP circumference (C,=26.7 km) by a sunilar relative
mmount. Since the lengeh of the heam orbit is fixed by the
constant RE-frequency the change of the maching eirenm-
ference will force the beam to go off-center through the
guadrupales and receive an extra deflection leading to an
energy change given by AC,[C, ~ =0, AE[E. With the
momentum compaction o, = 185 107 for the present
LEF opties this gives tide-driven p.t.p. energy excursion
up to ahout 220 ppm, corresponding to ~18.5 MeV for the
Z energy. A beam energy measurement earried out aver
a M hour paried perfectly confirmed the effacts expected
from a more detailed calculation of the tides. A corre-
sponding correction can be applied to energy calibrations.

I. INTRODUCTION

A significant improvement in the precision of the mea-
surements providing the absclute energy calibration of the
LEP bean was registered during the 1091 physics run with
the availability of transverse beam polarization [1] and the
implementation of the resonant depalarization method for
the precise determination of the mean beam energy [2]
In particular a systematic uncertainty of ~ 6.3 MeV in
the Z mass and ~ 4.9 Mev in the Z width were quoted
[3] for the LEP results. The Z mass error is dominated
by the knowledge of the absalute energy scale, while the
% width error stems from uncertainties in the differences
hetween the various cenber-of-mass energies. The analy-
sis of the 1991 beam energy data suggested that effects
other than temperature changes in the dipoles contribute
to the overall LEF energy reproducibility and the hypoth-
esis that tidal forces might be responsible for it was an-

0-7803-1203. 1/93503.00 © 1993 IEEE

ticipated in [4]. Fluctuations in the Energy Calibration
data [2] were correlated Lo gravity variations in the Geneva
area related to tidal forees. A rather strong correlation was
found {Fig.1) despite the measurements having heen taken
over two months, [5]). Furthermore a tide related variation
of the horizontal beam position was observed later [6], [7].
On the basis of this evidence the LEP Energy Working
Group d the TidErp to be performed
during the 1992 LEP run.

200 e T T
= maitors
ppm ” Cueer
He
L ¢
Efpsecy
-100 + E
1991 Data
200 b

J20 80 40 0 40 80 JI0
Bgeer (pgal)

Figure 1 Correlation hetween relative beam energy devi-
ations mensured over the last two months of the 1991 LEP
run and the corrections to the local gravity in the Geneva
area (1 pgal = 107% cm s™7).

II. GROUND MOTION AND ACCELERATORS

Alignment tolerances in modern and (ubure accelerators
have become more and more eritieal with the introduc-
tion of strong focusing magnetlc elements to contain heam
phase space and wth lnﬂeasmg beam currents unplymg
precise p io reduce i of
wake fields with the beam environment (B8], [10}. Be-
sides occasional motion from seasonal variations of water
content in the soil, natural microseismic disturbances and
other effects, Earth tides are the major example of peréodic
growad motion.

PAC 1993
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Energy Variations in 24 Hours

LEP TidExperiment
11 Nov. 1892
200 prr—T——
L = Reiative snergy chonge
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ppm L — Tide Expectation I —sirain/a,
100
AE

100 |

P Y o |
0 4 & 12 16 20 X4

_Zoov...l.t.lt..J.

Time (hours)

200 T T g T
- » SO0 04 & 2180
ppm i 2 -mosak  ITMEQI |

-fiW}

. 1992 Dato
_zm...l....l.. A BN B | A | | i

120 B0 40 f 40 80 120
AQeor (pigal)

Figure 2: TidExperiment - Correlation between rela-
tive beam energy variations over the 24 hours measuring
time and corrections to tide-induced local gravity changes.

Fit: -0.869 ppm [ugal, expected: -0.882 ppm/ugal.

= November 11, 1992 was a full moon day.

= Two maxima and two minima are seen.
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Precession
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= Every physics student should do this experiment at least once in his life time.
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Torque Causing Angular Momentum Direction Change

= _dv @ '
F=m— <
dt Ao
. T=rxF
FszI99 Y
dt F

= Atorque causes angular momentum change.
= The angular momentum may only change its direction.
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L.armor Precession

= Anparticle or a nucleus with a magnetic dipole moment £ receives a torque in
magnetic field.

= The torque caused the angular momentum J of the particle to rotate around
the B direction.
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Larmor Frequency

— < B
b egB
2m
Larger inclined angle Smaller inclined angle
Larger torque > Same < Smaller torque
Larger AJ Precession Smaller AJ
Frequency

= Same particles in a same magnetic field have an identical precession frequency.

= The g-factor g is a constant which is a ratio between the magnetic moment and
the angular momentum.
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‘ Nuclear Magnetic Resonance Spectroscopy

Larmor

Electron 1.7608 x 101 28.025 GHz/T
Samplé and RF coil t
i ne
Proton 12 26753x10° 425781 MHz/T . detector &1 7°
) 7 | Magnat
Deuteron 1 0.4107x10°  6.5357 MHz/T Transmitter (@] B S
Neutron 1/2 1.8326 x 108 29.1667 MHz/T | Magneic
Receiver Fleld
Sweep
23Na 3/2 0.7076 x 108 11.2618 MHz/T L y
r [
s1p 1/2 1.0829 x 108 17.2349 MHz/T
. Recorder -
y-axis *-axis
14N 1 0.1935 x 108 3.08 MHz/T After Backer
13 8
< 12 Blenaese 10, belr's http://hyperphysics.phy-astr.gsu.edu/hbase/nuclear/nmr.html
e E 1/2 2.518 x 108 40.08 MHz/T

= Put sample in magnetic field.

= Send RF to excite the particle.

= Receive the spin relaxation signal.

= Different particles have different signal frequencies.
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MRI
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‘ From NMR to MRI

NMR => NMRI => MRI

1N

1H,)12C, 160) 14N

= The word “nuclear” is eliminated.
= Hydrogen is the primary element seen.

Scanner

http://www.magnet.fsu.edu
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‘ Spatial Encoding (Magnetic Field Gradient)

Stafic magnetic field B Ampilified signal Signal vs
N /*ka rFw f|f\ Vs time frequency
o /\
(M- o © vl ot
RF excitation |_| ] | P"Iﬂt”’:'[_ —time (MANSIOMN __ (o ency
to raise proton - relaxation NMA sianal
spins to upper signel recelved :rr?]:ﬂ;r one frilc?::ncy
leved. bacause of tha
constant magnatic
fiedd.
B4 /’\x‘m{\ egB
=——
m T T T 2m
F’rr:rtr:m —= fime Tm”sm — fragquency
EF E;Et:mndﬂ:d - Y relaxation Proton NMR frequency
E::::gh?g Mdﬂd Qfﬂdlﬂﬂt signal received varias with position
magnetic field B, bacause of tha gradient
COVer resonance 4 L
at all fisld values magnetic field.
= Use non-uniform magnetic field.
= The precession frequencies at different locations are different.
27
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Generating Magnetic Field Gradient

CREATING REFINED ANATOMICAL IMAGES Scanner
Within the metallic cocoon of an MRI scanner, dubioeiii bl

radio signals to produce

the patient is surrounded by four electromagneti¢ cross-sectionslimages
ils and th ts of a transci 4 Yol
coils an e components of a transciever - -

e ¢ -~ magnetic field from
s top to bottom across
scanning tube

Z Coil

Creates varying
magnetic field from
head to toe within
scanning tube.

Transciever

Sends radio signals

to protons and receives
< signals from them.

X coil

Creates varying
magnetic field from
left to right across
scanning tuve.

Main Coil
Surrounds patient with
uniform magnetic field.

\ Patient
Wears loose clothing: must
empty pockets of metallic
objects that could prove harm-
ful if moved by magnetic force

= Main Colil: Generates 1-2T magnetic field.
X, Y, Z Coll: Cause field variations.
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o-2

July 2014, Wu Jinyuan, Fermilab jywul68@fnal.gov

Rotations

29



‘ o-2: “GEE minus 2” ,}é

.'a'.(: \i .'u*
— B q § ; .
luﬂ _ gy % . v
RN

_—

Je 2.00231930436153  0.00000000000053

g, (Theory, SM) 2.0023318361

g, (Measurement, BNL) 2.0023318414 0.0000000012

T

= The g-factor represents a ration between the magnetic moment and the angular
momentum.

= Forelectron and muon, g ~ 2.
= The small difference is believed due to existence of heavy particles in vacuum.
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New Fermilab g-2 Experiment

Fermilab
ENL

CERN Il

Experiment

CERN Il

CERNI

Nevis

T TTIT T LRRL | T TTTIT T TTTIm T LURRRLL|
10 100 1000 10000 100000 1000000 1E7

Ga,, X 107"

= The new Fermilab g-2 experiment will make more precise measurement.
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Discovery of Argon

used were as follows :—

The mean numbers for the weights of gas conta,i‘l:ad in the globe

Gra¥ns.
From nitric oxide ....e0cuu... 2-3001
From nitrous oxide.s.eeevens.. 2:2990
From ammonium nitrite ...... 22987
266 Lord Rayleigh and Prof. Ramsay. [Jan. 31,
while for “ atmospheric nitrogen ’’ there was found—
By hot copper, 1892 .......... 2:3103
By hot iron, 1893 ............ 2:3100
By ferrous hydrate, 1894....... 23102
= Discovery of argon is an analogue of g-2 experiment.
= “Atmospheric nitrogen” is heavier than chemical nitrogen.
= The difference is due to existence of argon.
= Small difference in number brings large discovery.
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Generating Muons

LIFE OF A MUON:

THE g-2 EXPERIMENT Muons are fed
Muons are into a uniform,
tiny magnets doughnut-shaped
spinning on magnetic field

After each circle,
muon's spin axis
changes by 12°,

yet it keeps on traveling

axis like tops. and travel in a circle.

“.ﬁru R J‘ﬁr {ﬁr .

Protons Pions, weighing Pions decay
from AGS. 1/6 proton, to muons.

are created.
One of 24 detectors

see an electron, giving After circling the ring

the muon spin direction; many times, muons

g-2 is this angle, divided spontaneously decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.

= Accelerator generates proton beam to hit target producing many particles.
= Pions are selected from the secondary beam.
= The pion is further decayed into a muon (plus a neutrino) .
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Flying Muons

&1

= 1-—
X ,Ll2m ( 7/)7m o :_(gﬂ_zqu
qB T 2 )m
W, =———
ym

= The muons from secondary beam fly at nearly speed of light.
= Aring of magnet is needed to store the mouns.
= The difference of precession frequency — cyclotron frequency is measured
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= The beam enters the storage ring.
The beam 1s at a “magic” momentum of 3.094 GeV.

Experiment Layout
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Detecting Muon Decays

Calibration
NME probe

= Muon decays into
electron + neutrino.

= \Various detectors are
placed near the ring to
detect the electron.
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Electron in the Tracker

= The electron track parameters are measured.
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The BNL ¢-2 Experiment

The BNL g-2 was built ~20 years ago.
The result was published in 2004.
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The g-2 Magnet from BNL

SUTpn s
A‘vvlhﬁ

Y vl "!A'

= The requirement of the magnet precision is very high.
= [tis cheaper to move it from BNL to FNAL than build a new one.
= The magnet was moved from BNL to FNAL in 2013.
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The g-2 Magnet Arriving

= The magnet arrived FNAL in the summer of 2013.
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Final Location of the g-2 Magnet

= The magnet was moved to experiment hall in summer of 2014.
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Collecting a Lot of Data
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Collect a lot of data and spend years to analyze the result.
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Finale: Why Sine Function is
Special
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Sine Function

ST

_____________ =1l NS
® caleculatorSoup.com

X(t) =sin(awt)

= The projection of the rotation is a sine (cosine) function.
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‘ Sine Function => Sine Function

Wuw

= If an arbitrary wave is sent through a material, its shape will like
be changed.

= If a sine wave is sent through a material, the output is still sine
wave.
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Demo: Reproducing Voice with a Piano

All students come to stage‘.'
Howl a vowel into the piano.
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‘ Fourter Analysis

x(t) =a,+a sm(ax +@)+a, smax +@,)+a, sm3axt +@,) +...

el v

2{\/\ /\/\ /\/ AAAAA

D RO
O\ \

x Periodic oscillations are decomposed ”HH”H”W
into different frequency components.

x Corresponding piano strings resonate

x External oscillation stops, but
vibration of piano strings continues.

x Human voice is thus synthesized.
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Fourier Series

x(t) =a,+a,sm(axt +@)+a, smaxt + @,)+ a, sm3ax + @,) + ...

= Any periodic function can be expanded into a Fourier series.

= Mathematically, a periodic function can also be expanded into
other series.

= Why do we choose the Fourier series?
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Taylor Expansion

f=—kx+bx>+cox +dx* + ...

= Using Taylor expansion, a function can be decomposed into linear
term and non-linear terms.

= Is this decomposition artificial?
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Coexistence of Fourier series and the Taylor expansion

f=—kx+bx’+cox’ +dx* +...
= The recovery force of real system may not be linear.

= But it can be arbitrarily close to linear when the amplitude is
arbitrarily small.

= Linear recovery force causes simple harmonic oscillation:

2
f=—kx mﬂ +kx=0 x(t) = A cos(wt)+ B sm(wt)
dz_Z | 1

= The Fourier series Is not merely a mathematic expression.
= There exist physical systems oscillating this way.

x(t) =a,+a,sm(awxt +@)+a,sm2axt +@,)+a, sm3ax + @;) +...
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Conclusion

We have talked topics in various discipline:

carpentry, medical imaging, elementary particle
physics, etc.

They are all connected.

Your knowledge Is not too far from researchers in
these areas.
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‘ Generating Muons

—
o—B o "

= Accelerator generates proton beam to hit target producing many particles.
= Pions are selected from the secondary beam.
= The pion is further decayed into a muon (plus a neutrino) .
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Repetitive Motions of many Things

We live in a world with two type of motions:
= One pass motions.
= Repetitive motions.
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Frequency vs. Length

= F=const. x (1/L)
= Guitar
= Violin
= Organ

= F=const. x (1/L)?
= Xylophone

= F~const. x (1/L)°
= Rubber band string
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Reflection of Waves
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