PHYSICS 101102 - Conceptual Physics

Exam Formula Sheet

Units (SI):
Length: m = meter
Time: s = second
Mass: kg = kilogram; atomic mass unit 1.66110%" kg =m(**C)/12
Velocity: m/s
Acceleration: m/s
Momentum: kg m/s
Force: N = Newton = kg nts
Energy: J = Joule = Nm = kg%& = Ws; eV = electrorVolt = 1.60210"° J
Power: W = Watt = J/s
Charge: C = Coulomb
Currents: A = Ampere = C/s
Electric Field: N/C = V/m
Electric Potential: V = Volt = J/C
Electric Resistancé: = Ohm = V/A
Magnetic Field: T = Tesla = Vs/w10,0® Gauss
Amount: mol (1 mol = N molecules A gram, where\ is atomic mass)
Density" : kg/n?
Pressure: Pa = Pascal = N/h00,000 P# 1 atmosphere
Temperature: K = Kelvin (C = Celsius, F = Fahrenheit);
32F =0'C = 273.15 K; 212F = 100 C = 3B.15K
Heat: J or 1 calorie = 4.187 J; 1 food calorie = 1000 calories = 4187 J
Frequency: Hz = 1/s

Prefixes:

kilo = k = 1¢ = 1000 = Thousand

Mega = M = 10 = 1,000,000 = Million

Giga = G = 16=1,000,000,000 = Billion

Tera = T = 167 = Trillion, Peta = P= 10" = Quadrillion
centi = ¢ = 16 = 0.01 = thundreth

milli = m = 10° = 0.001 = #thousandth

micro = p = 16 = 0.000,001 = 4millionth

nano = n = 18, pico = p = 1064 femto = f= 10°
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Useful Constants:

Gravitational constanG = 6.6710" Nm?/kg?
Gravitational acceleration at surface of Eagth= 9.81 m/$
Mass of Sun: 1.980* kg

Distance from Earth to Sun: 1:50" m

Mass of Moon: 7.3%0%* kg

Distance from Earth to Moon: 3.86° m

Mass of Earth: 5.970°* kg

Radius of Earth: 6.380° m

EarthOs magnetic field: about 0.5 Gauss = 0.00040° (b)
(Magnetic north pole near Australia)

Elementary charges= 1.60210%° C

Permittivity constant$, = 8.85410"* F/m

Permeability constant: j= 4!' 107 H/m

k (electrostatic force ewstant) = 1/4% = 8.9910° Nm?/C?
Speed of Lightc =2.9981.0° m/s = 1/"$,

Avogadro's number:

N, = 6.02210*®* molecules/mol = number ofC atoms in 12 g of carbon
Universal Gas ConstarfR = 8.32 J/mol/K

Density of waterl000kg/mi, air (sea leel):1.25kg/n, of iron:7874kg/m
Atmospheric pressure at sea level: 101,300 Pa

Typical speed of sound: 330 Md3840 m/s in air
Frequency of Omiddle AO musical note: 440 Hz

Electron massm, = 9.10910°! kg; E =mc = 510,999 eV = 511 keV
Proton massm, = 1.67310%" kg; E = m¢ = 938,272,030 eV = 938.3 MeV
Neutron massm, = 1.67510% kg; E = m¢ = 939,565,360 eV = 939.6 MeV

PlanckOs constant:

h=6.6310%Js = 6.630%kg m/sx nm = 4.1710"eV / Hz

=> 1h=1.5110%* Hz/J = 2.4.0"Hz/eV,

2 eV corresponds = 620 nm and = 4.8410""Hz (yellow light)
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Average velocity for time interval &t = t,Et , (motion in 1 dimension)

_ change in position during the timd¢ _ x(tp)- X(t) _ AX
elapsed timet to -t At

Vav

Instantaneous velocity at time t
= average velocity for a very short time intervalardt ; dx/dt

Relative velocity addition

v(x relative toB)= v(x relative toA) + v(A relative toB)

Acceleration for time interval &t = t,Et ,

0= change in velocity during time At _ Av
elapsed time interval At At

Motion in 1 dimension with constant acceleratioru:
v(t) =v(0)+at =v,+at

Vay, (0 E t;) =7, [V + ()]

X(t) =%, + vt +Y,at?

Forcesbsome Examples

Weight (Gravity): IEWeigm: -mg (in negative vertical direction, up = +);

g = 9.81 m/$near EarthOsrface

Force exerted by spring (Hooke's Law); = -kx (opposite to theirection

of the displacementfrom relaxed state of spring; witk = spring constant)
Normal forceF,: Equal and opposite to sum of perpendicular (to a surface)
components of all other forces (makes net patipailar force zero)

Static Frictionf,, (object at rest): equal and opposite to sum of parallel
components of all other forces, canceling them if the sum is not too big:
Fead # 1 [l

Kinetic friction f,,, (moving object): Force opposite to direction of motion
along surface,f.| =M |F.l-

TensionT: Force along direction of string, at the end it is the same as the
force exerted by the string on thigaghment point @wards the string)
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Newton's First Law
When all forces applied to an object balance out to zero (cancel each other),
then this object will not accelerate (relative to an inertial system): If at rest, it

will stay at rest, if in motion, it will continue tmove in the same direction,
with constant @locity = a=0.

Newton's Second Law
a = F/m; acceleration equals net force divided by mass. More detailed:
s " F, = ma (Sum over all forces, including direction!)

all forces F1...N

I:resultant=

Note: Forces add ke vectors (parallelogram rule!)

Newton's Third Law

Forces always come in pairs (interaction between two objects A and B):
I:Action (A on B) =" FReaction(B on A)

Momentum

For a single objectp = m V
Change in momentum (impulsej:: &p =' F &t

Because of NewtonO8 Baw, impulse transferred from object A to object B
Is equal in magnitude but opposite in sign (direction) to simultaneously
transferred impulse from B to A.

System of particle with no external force: dlanomentum

"' p.=p.+p,+E isconserved (same before as after any collisien b
tween any particles in the system)

Momentum conservation in twgarticle collision:

MV, +moV,, =mqV, . +moV initial, f = final)

i 1f 2y (1=
If sum of all kinetic energies is also conserved (no work done on system as a
whole, no energy converted to other forms) = ELASTIC collision.
Otherwise (friction, conversion to heat/deformation,E) = INELASTIG-co
lision. If 2 oljects stick together after collision: Completely inelastic

If collision is completely inelastiomyv; + MV, = (My + My)Vv ¢
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Work and kinetic energy

Work &W on some objectlue to a forceF if the object is displaced Bx in
the direction of the forc&W =F & =F &s cod

(only the part of the total displacemé&stthat is in the direction of the force
counts; no displagnent = no work).

Kinetic energyof a moving particle: K.E. r:“/2 v? (depends only on speed;
IS never negative; has no direction; depends on coordinate system)
Connection = The WorEnergy Theorem: Energy of a system changes by
the amount of work donen that systemif only kinetic energy is counted:

& K.E. =&W

More general versiorkE = &W

Power: Rate of work done on object per unit tinle =&W /& =F v

Potential Energy

Some forces can do work that depends only on initial and final position of
object that this work is being done on. Exam@eavity Donly the diffe-

ence in height between initial and final state mat&v/¢= mgkh

These forces are called OconservativeO because they can OstoreO work and
return it without losses. Negative work done increases stored OpotentialO for
work (just like taking cash out of your pocket and putting it in bank account
increases your account balance).

Work done by conservative force stored in form of potential energy:

U (F) =-&W (i: ref = r)

At reference point (7 ) = 0 (r .+ can be chosen for convenience).

Potential Energy - Examples:
¥ Stretched springJ ., = (k/2) x? (k = spring constank = 0 =x, for
relaxed state of spring)
¥ Approximate Gravitational Potential (near Earth surfadg),, = mgh
(h is height above reference point)
¥ Gravitational Potential (Reference point $ far away);,,, = -GmMr

Conservation of total Energy

Total mechanicalenergyE = K.E. +U

IF no external (dissipative) forces presént= const. &E = 0) =>
sum of kinetic and potential energy stays cantfor example:
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going UP the ramp DEcreases kinetic energy (negative work donewy gra
ity) and INcreases potential energy; going back DOWN INcreases kinetic
energy (car speeds up) and DEcreases potential enagjyoecomes less).
Sum stays constant, sace you calculate (= m/2V2 + mgh at any pos

tion, you can deduce velocity at any other position by solving

"/, V¢ = E- mgh

If any EXTERNAL forces do work&E ="/, V% - "/, ? +&U = &W
Other forms of energy: Electromagnetic, chemical, sound, light, nuclear,E
internal energy (random motion of constituents, least useful for doing work).
The total sum of ALL these forms of energy is always conserved.

Motion in a circle

Position described by angfe, radiusR

Period of revolutionT; rotational speed in Orounds peoselQps = 1/T

Angular velocity:# = 2! /T = 2! rps= |v| /R; linear speed = R# = 2! Rrps

Centripetal accelation:a.,,= V*/R=#*R

=> centripetal forcé& =ma .,

Moment of Inertid :

- Single Particle at distané® from axis:l =mR

- Extended Objectd: =" | (m, ry°); increases with total mass and average
distancer, from axisof that mass

- Cylindrical Shell (radius R): =MR?

- Solid cylinder:l =MR?/2

- Solid sphere:l =2/5 MR

- Thin rod (axis through cented; > ML?

- Thin rod (axis through edgelz ML?

Angular momentum:

- Single Particle at distané&from axis:L = mRv= mR#

- Extended object. =1# (conserved if no external torque is present)
Torque at point relative to axis$=r |F| = &L/ &t

(lever arm times force; only the partroperpendicular té counts)

No external forces> no external torque> L is conserved
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Requirement for equilibrium: Sum of all forces AND sum of all torques
must both be zero! Center of gravity must be above support area.

Kinetic energy for rotational motion: K.E.'% 1# 2

Gravitation

Gravitational Forcef massM on massn at distance : F = -GMm/r?

r is distance from center of mals to center of mass

Gravitational Forcé points back to source of gravitation

Gravitational acceleration of towardsM: a = GM/r?

Tidal force difference across a @isceD: &F =2 GmMD/r 3

Gravitational Potential Energy between two masses at distarn(center to
center)U ., =- GmM/D (if reference point is at infinite separation)
Escape speed from planet with misand radiuRR: Vegc= V2GM /R

KeplerOs Laws

1) Orbits of satellites (moons, planets,E) are elliptical

2) A line from the gravitating body (sun, planet,E) to the satellite
sweeps out equal areas in equal times (Conservation of angulanmome
tum) => speed is larger if distance is smaller

3) The squae of the period of an orbit around a mass M is proportional to
the cube of:: T2 ( a® (a = major half axis of kipse) =>a ( T%3.
Complete formuld = 2! (a¥GM )2
=> on a circular orbit of radiuR the velocity isv,,;;; = VGM /R

Projectile motion near EarthOs surface (neglect air resistance)
Horizontal and vertical motion are independent of each other

Horizontal components,, =v,, = const; X(t) = X, + V.t

Vertical componentsy, (t) = v, -gt ; Y(t) =Y, + Vot -/, gt?

Total motion is simply combination of horizontal and vertical one. Vertical

motion usually determines total time for path (until impact). Initial launch at
angle) , above horizontalv,, =vocos('o) ; v, = voSin(*o)

. 8
Total speed = =+/vZ +vZ2; final angle” = arctar?é%( .
X
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Charge
Positive or negative, measured in Coulomb [C], conserved, quantized (in

units ofe). Equal sign charges repel, opposite sigargls attract.

Force between charges:

Coulomb ForceFy, ¢ due to Q at distance kQ—g .k =8.9910° Nn?/C?.
r

Alternative Formulation:

ChargeQ (or any distribution of such charges) create an electricield
Chargeq experiences a forde = ¢k in this field.

Field lines begin at positive charges and end at negative ones or ge on fo
ever; density of field lines indicates strength of field.

Conductors

- Contain huge amounts of OfreeO charges

- In presence of electric field, charges will flow to counteract field

- Unlessnew charges are constantly supplied (current), field will be
canceled> no field inside conductors

- All charges sit on the outside

- External field will rearrange free charges such that conductoriexper
ences net force towards external charge even in abséneécharge

Insulators
- Contain no free charges
- Can pick up a few Oextra chargBsQittle net charge
- External field can polarize individual molecules such that matedal e
periences net force towards external charge
- Polarization can weaken but nevencal external field

Potential

Moving chargeg along electric fielde does workW = Fd = qEd
Electrostatic forces are conservatiwework stored in electrostatic potential
energyU,,. Electrostatic potential enerdy,, divided by chargg equals
potential V [measured in Volt = V]. A charge changes its energy loy&V
when moving from a point withgtential V; to a point with potential

V, =V, B&V. 100 V means potential to do 100 J of work per Coulomb.
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Current

Net flow of charge per unit time, meaed in Ampere [A = C/s]

Current in conductor with resistanBaequires electric field> potential di-
ference&V = RI. (OhmOs Law).

Resistance measured in Ohim [ proportional to length of conducton-i
versely proportional to cross section, greateorfductor is hot.

Currents require complete (closed circuit) path andetectrostatic OpumpO
to keep running.

Currents heat up conductors; power (energy transfer per unit time) is

P [Watt] = &V [Volt] x | [Ampere] =RF = &V?/R

Typical speed of electroris wire: 10 m/s random due to heat,

but only 0.1 mm/s on average in direction of electric force. Electric fields
(that Otell the electrons to moveO) travel with (nearly) speed of light.

Series Circuit

Same current has to go through all elements (dbesatt@r which one

comes OfirstO). Voltage supplied by battery etc. gets Odivided upO among
varnous elements. Total resistance is sum of individual resistances.

The largest voltage drop occurs across trgeirresistor.

Parallel Circuit

Current that mst be supplied by battery is the sum of the currents to all of

the various branches. Each branch sees the full battery voltage, independent
from the other branches. Smallest resistor draws the largeshicu

Magnetic fields
Due to charges in motion (ekeic currents, spinning electrons,E)
Field lines can form closed loops, but never end or begin
Example: Permanent dipole, solenoid (or short coil) : Fiel
lines can be described as if emanating from ONorth pole
converging towards OSouth poleQ ¢onnect through the
interior of the dipole!Earth has a magnetic dipole

field with magnetic north pole close toaggaphic south pole
Field of straight wire: circles around it, falls off like.1/
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Magnetic materials

Most materials are nemagnetic o react only slightly to magnetic fields
Exceptions:

Ferromagnetsiron, Cobalt, Nickel and some Rare Earth compounds
Magnetic properties due to electron spins (aligned within domains).
Normally random orientation of domaiBmo net magnetism

External feld can orient domaif3strong magnetic response (magreetiz

tion) Bleading to attraction towards other magnets

For some alloys, domains can keep orientation indefinielgermanent
magnets. Permanent dipoles can attract (unlike poles) or repel (lés;pol

net force on dipole is zero in homogeneous magnetic field but torque tends
to align dipole with field direction

Paramagnets A weak magnetization in the direction of external fietd; a
traction to strong magnets. Some materials like (liquid) oxygsipln-

ium,E

DiamagnetsA (usually extremely weak) magnetization opposite to the d
rection of external field; always leads to (usually feeble) repulsion from
strong magnets. Property of nearly all materials (including biological tissue;
floating frog) usublly too weak to detect and/or masked by fewwp
paramagnetism. Exception: Superconductors are perfect diamagnets (strong
expulsion of all external magnetic fields).

Magnetic forces

Acts only on moving charges (including permanent or induced magnets:
equal poles repel, opposite poles attract)

Proportional tay, v andB ., (the part oB perpendicular t@)

Acts perpendicular to bothandB (right hand rule)

Typical motion in homogeneous field: Circle of radius R‘\ﬁqBWith an-
gular velocity* =B/, neither speeding up nor slowing down (no change

in kinetic energy> magnetic forces donOt do work on moving charges).
Force on wirelLB (L=Length), sideways (perpendicular to field and wire).
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Second Semesteéd PHYS102

Atomic structure of matter
Sizeof typical atoms: about 1 engstr¢,m (20m)
Atomic Mass A = Mass of Atom / (Mass B€ atom / 12)
approximately = Z+N (number of protons and neutrons in nucleus)
(H: 1,2 or 3; He: 4, C: 12, 0: 16, E)
Molecular Mass = Sum of atomic masses baams in the mecule
(H,: 2, O 32, HO: 18)
1 mol of a compound = as many grams as molecular mass
(1 mol*C =12 g, 1 mol’C =13 g)
1 mol of anything containbl, = 6.02210*®* molecules or atoms

Deformation of solids
Elongation or compressn: &L/L ( F (tension)
inversely proportional to cross section and OstrengthO (YoungOs modulus)
HookeOs law: F &kx
Bending beam: Outside layer elongated, inside layer compressed

Density
" = mass/Volume [kg/d
¥ Air: #1.25 kg/m at sea levebdecreass continuously with height (50% at 5.6 km)
¥ Water: 1000 kg/(ice a little less)
¥ lron: 7,874 kg/m
¥ Iridium: 22,650 kg/m

Pressure

P = force/surface area [Nfm Pa]

Hydrostatic pressure change with height:=#%$g" h

Air pressure at sea lelvd 01,300 Pa (weight af 1 kg or# 10 N on 1 crf)

Buoyant forceEqual to weight of displaced fluid (upwardsy¥,,." g,

PascalOs Principle: Change pressure somewhere irBligeds transmitted

to all other parts (modulo hydrostatic pressure difiee)

BoyleOs LawPressure and density are proportional in (ideal) gases;
PV = const. (for costant amount of gas and constant temperature)

BernoulliOs principiéPressure is lower in faster flowing fluid
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Internal Energy

All types of kinetic energy gbarticles making up an object that are random
and undrected (no overall motion of the object)

Heat:internal energy transferred from one object to another through direct
contact (conduction), flow (convection) or radiation. Measured in J or cal
ries (1 @lorie warms 1 gram of water by @).

Temperature

Measure of (proportional to) average internal energy per particle (per degree
of freedom); measured in Kelvin, Celsius or Fahrenheit (thermometer); tends
to even out between different objects or systewes bme (by transfer of

heat from warmer to colder object).

Heat transferConduction, Convection and Radiation

Heat capacityC Damount of energy needed to increase temperature of an
object by fC.

Specific heat capacitybamount of energy neededitcrease temperature

per 1 kg mass of a substance b\C1

E.g. water has specific heat capacity ¢ = 4200 J&g? 1 callgf C

NewtonOs Law of cooling/heating: Heat transfer rate proportionaho te
perature difference.

Phase Change

Change in interal energy without change in temperature (soliduid-
>gas>plasma>E).

Example: Watefr>

OLatent heat of meltingO: 80 cal (335 J) melts 1 g of iceCat 0

OLatent heat of evaporatingO: 540 cal (2255 J) convert 1 g of water to vapor
(at 100°C); Evapoation can occur at any temperature (if vapor pressure at
that temperature exceeds partial pressure of surrounding vapor; else-conde
sation).Boiling: vapor pressure equals or exceeds air pressure

Vapor pressure increases with temperature and is 1 atr®g)@t 100C

Triple point: All 3 phases exist together (0°@, 600 Pa)
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First Law of Thermodynamics:

&E, ierma = (Work doneon system)3+ (Heatadded) D (Work done by system)
b (Heatremoved)

Forideal gases:

Eema="1, NRT

&E, .rma = P(-&V) + Q (Q = heat; positive if added, negative if removed)
PV =nRT[P = pressure in Pascd,= volume in M, n = number of mols,
R = gas constant 8.3 J/mol/K,T = temperature in K)

=> Volume of 1 mol of air at OC and normal atmospheric pressure = 2iketd

Efficiency of ideal Heat Engine (Carnot Machine):
Remove Hea@ from reservoir at higher temperatuig,
Exhaust fractio,, /T, of Q at lower temperatur€,,,

Get work&W = (1- T,,./T,,) Q outDefficiency = 1- T_ /T, ,.;
Refrigerator oheat pump: work in reverse

Second Law of Thermodynamics:

¥ No machine can simply convert heat into work without exhausting
some of the heat into a colder reservoir

¥ No machine can beat the Carnot machineOs efficiency

¥ Heat can never flow spontaneously froaldcto warm without exte
nal input of work

¥ Entropy (disorder, number of available states) can never decrease; it
always tends to increase over time (e.g. when heat flows from warm
to cold)

Oscillations:

Period:T [sec]; Frequency:.= 1/T, unit Hertz (1 & = 1/sec)
Harmonic Oscillatorx(t) = A sin(2!ft)

[x = excursionA = ampitude=maximum excursion from equilibrium/rest]

Pendulum of length f -1 g/l
2r

Massm on spring (spring constakt f = Zix/k/m
JT

Oscillator will react most strongly to external periodic distunce near its
own intrinsic fequency (resonance).



PHYSICS 101102 - Conceptual Physics

Waves:

Wave velocity,,,,. Wave lengti¥o(distance between crests), frequehcy
Viyave = YT = %

Excursions perpendicular to propagation: Transverse wave (2 polarization
directions); Excursions in dirgdon of propagation: Longitudinal wave
Doppler effectEmitter moving through mediuB%shortened antlin-
creased in direction of motion and vice versa in opposite direction;
Receiver moving through mediubapparent reduced if moving in di@

tion of wave and increased if moving against.

InterferenceExcursions of 2 overlapping waves add up; can lead to destru
tive interference (out of phase; less net excursion) or to constructiverinterfe
ence (in phase; more net excursion). Extreme case: Completetiexti
Standing waveWave interfering with its reflection inedium of lengthL;
wave length must be integer fraction of a fundamental (either 24L):

Nodes at both ends (string,E% = 2L/n, n = 1,2,3,E (harmonics)

Node at one end only (air column,B4 = 4L/n, n = 1,2,3,E

n-1 nodes between n maxima; resonant frequencies af,,../%
Refraction:Waves change direction when wave velocity changes (em., tra
sition from one medium to another); bend toward normal in OsloveerO m
dium

Diffraction: Eadt point along a wave is source of new (spherical/circular)
wave (HuygenOs principle); waves can spread out ObehindO cornbkrs and o
structions.

Sound and Music:

Sound: longitudinal wave, oscillations in density (pressure in fluids or pos
tion of moleculesn solids). Requires mediuBsolid, liquid, gas.

Wave speed in air: 330 m@&’C) 340 m/s (R°C).

Intensity (audible rangel0** W/n? (0 decibel)®1 W/nt (120 decibeb

pain threshold!); Intensity = Amplitude squared

10x more intensity: add 10 decib&Dx more amplitude: add 20 decibel
Beat frequency: fluctuation of sound with frequefely if 2 sound waves
with nearby frequencids, f, interfere.

Concert A:f = 440 Hz; 1 octave = factor 21n
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Induction

Wire moving in magnetic fiele> forceqvB on each electron inside the wire
-> pushing a current along wire.

-> Working principle of electric generator (wire loop rotating in magnetic field)
Magnet moving relative to a OfixedO wiresame force, but cause is electric
field E induced by changing agnetic field.

Changing magnetic field due émy cause: Same effect

Induced fieldE will circle OfluxO of magnetic field, perpendiculaBto
Induced voltage is proportional to area filled with magnetic field times the
rate of change of the magnetic field

Coil with several loops in changing magnetic field: Induced voltagerdiffe
ence is proportional to number of loops.

TransformersOutput voltage/Input voltage = # of secondary coil loops/# of
primary coil loops.

LenzO lawEffects of magnetic field changgpose that change.

=> Seltinductance: Induced EMF opposing changB ifspark, backEMF)

=> Jumping ring: Force pushes conductor out of region of changing B; Induction brake:
Induced EMF creates eddy currents that slow down moving ctordu

Electromagndic Waves
MaxwellOs Law: Changing electric field creates magnetic field circling it
(perpendicular td@).
Chain reaction: Changing & B (Maxwell); Changing B> E (Faraday);
Charging EE => Electromagnetic waves! Wave speed in vacuuemn =
E peapendicularto B, E andB perpendicular to propagatiof,= E/c
Due to accelerated charges (antenna, oscillating molecules/atoms/nucleiE)
Typical wave lengths/frequencies
¥ Radio waves%= 1mD 1000 m| f = 300 kHzD300 MHz
Microwave:%= 1mmbP1 m|f =300 MHzD300 GHz (GHz = 10Hz)
Infrared:%= 0.7um D1 mm| f = 300 GHzD400 THz (THz = 1§ Hz)
Visible: %= 375 nmb750 nm| f = 400- 800 THz
Ultraviolet: %= 10 nmB375 nm| f = 0.8 PHzD30 PHz (PHz = 18 Hz)
X-ray: %= 10 pmD 10 nm| f = 30 PHzD30,000PHz
+ray: %< 10 pm| f > 30,000 PHz

K K K K K K
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Color of Light:
Determined by mix of wave lengths/frequencies in light waves
Violet = 380 nm, red = 750 nm, yellow = 600 nm, bgreen = 500nm
Sun maximum (6000K) around 550 nm = greeiyistow
Equal mix of all vavelengths appears white
Color perception: Primary additive colors = red, green, blue
Primary subtractive (complementary) colors = cyan, magenta, yellow

Geometrical Optics (Principle of least time):
Propagation: constant medium => straight lines = OraySbadows (un-
bra/penumbra), pin hole camera
Reflection: Inconing angle = outgoing angle (on opposite side of normal)
Absorption: Wave energy dissipates, OrayO is stopped.
Refraction: Change in wave velocity,, . = ¢/n (n = index of refraction) =>
bent ays:

going from smalh to largen: bending towards normal

going from largen towards smalh: bending away from normal;

beyond madmum incoming angle: total internal reflection
Dispersionn increases with shortésb blue more deflected than red
Scdtering: Waves are absorbed by small particles and reemitted in ali dire
tions => decrease of intensity in the direction of the ray, diffuse background
light in all other directions. Shortevavelength waves are scattered more.

Imaging

Real image: Formeby actual light rays converging at its position; can be
captured by screen or photosensor

Virtual image: Cannot be captured by screen; appears to be at a point where
no actual light rays converge.

Flat Mirrors: Upright, equakized virtual image equally fdrom mirror (on

other side) as object; interchanged front and back

Convex curved mirror: Smaller, upright virtual image on other side of mirror
Concave curved mirror: Object close => magnified, upright virtual image on
other side of mirror; Object furthaway => inverted real image in front
Object in denser mediur&ppears closer to surface than actually is

Light going through paralledurface plate at an angle: Sideways offset
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Light going through continuously changing medium (atmosphere at different
height or temperature): Bending (mirages, delayed sunsetsE)
LensesDescribed by focal length(point where parallel rays are focused)
Concavely curved (dispersing) ler&maller, upright virtual image on object
side of lens; used to correct nesaghtedness

Convexly curved (focusing) leri§object closer thah=> Virtual, upright,
magnified image on same side as object; if object fartherfthameal, n-

verted image on opposite side of lens than object (magnified if distance less
than twicef); Used forfar-sightedness, projection, cameras

Lens equationsl/f = 1/objectdistance + 1l/imagedistance;

magnification = imagedistance / objectdistance

(f < O if virtual focus Imagedistance < O if virtual image)

Diffraction

HuygenOs principl&ach point alog a wave front becomes source of a new
spherical wave> ObendingO around corners, diffraction patterns

Thin film interferencereflected waves from both sides of film interfere =>
pattern of bright/colored light (constructive interference; path lengdrd
ence plus Ophase jumpO ze®) @nd dark (destructive interferen@é/2)
Larger distance (cavities bounded by 2 mirrexs3tanding waves: intenfe
ometers (FabrpPerot, Michelson); lasers

Double slit interferenceDark and bright stripes of equhickness; spacing
propational to%divided by slit separation times distance to screen

Single slit: Broad central maximum, dim fringes; spacing of first minimum
(diffraction limit) proportional to%divided by slit width

Diffraction grating: Many slitsparrow maxima separated by wide dark
bands (spacing proportional 8times linear slit density); spectampy
Polarization:E field oscillates in one single plane

Polarizer/analyzer: transmits light oscillating only along its axis; if incoming
light is polarized, amount (intensity) transmitted is  1/1,=co(, )

(, = angle letween plane of polarization and axis of polarizer)

Emission and Absorption
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Classical PhysicElectromagnetic radiation due to accelerated chagggs |
antennae, Obremsstrahlurig®raking radiation due to charges slowing
down), synchrotron radiation (charges moving in circles), hot plasmas]
Atomic PhysicsElectromagnetic radiation due to transition betweenrdiffe
ent electron orbits of different (fixed) energy; energy differerareed

away by a OphotonO of frequehey&E/h (PlanckOs constant)

Free atoms (dilute gasyharp, widely separated emission lines (aftertexci
ing atoms into higher orbits) with unique pattern for each type of
atom/molecule (Ospectroscopic fingerprinti@)tical absorption linesg
moving photons of sameefjuency from passing light beam)

2-step processe§luorescence (immediate-eenission at lower frequency)
and Phosphorescence-@mission of light after a while)

Stimulated emission (photon doubl)ng LASER

Incandescencd3road, overlapping spectral lines continuous spectrum
(due to interactions and Doppler broadening in dense materials); typical
thermal radiation withf,, ( Temperature.

Particle-Wave Duality

Microscopic particles travel likwaves (=> interference, diffraction,E) with
wavelengti®&h/p (momentum); light waves interact with microscoplc o
jects like paticles (photons) carrying ener@y= hf.

Photcelectric effectenergy of emitted electrons after absorption of light
with frequencyf: E = hf-W (W = work to emit electron; no emissiorhik\W)
HeisenbergOs uncertainty princiglp;8&x %h/2- (you cannot measure pos

tion in some direction and momentum in the same direction simultaneously

with infinite precision)

Quantum Mechanics

1) All objects can be represented by waves describing their propagation

through space
2) The wave length i%&h/p and frequency is= E/h
3) Simultaneous measurement of position and momentum is limited by
HeisenbergOs uncertainty principle
4) Stable orbits = standingaves
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5) If you build an apparatus that registers a localized interaction (atom
excitation, electron emission, pixel activitationE), you can onlg-pr
dict prdoability for particle (photon,E) to be at a given point:

P(r) = Wave Intensity() (Amplitude squared

6) Interaction is Oall or nothingO (quantized)

Atomic Physics
Stable OorbitsO have fixed energies, are standing Oelectron wavesO and have
circumference 20 = % = rh/p (n = 1,2,3E)

2.2
Hydrogen atom: classical radii are N8 _ 53107 m forn =1
Tmée
and correspating energy levels (kinetic+electrostatic) of
4
E=-"_ L _ 136eViorn=1
850 ]’l n

Possible photon frequencies &re&E/h where&E is the @ergy difference
between any of these orbits; for hydrogdn= 13.6 eVx (1/n,..° - 1/Nyisia”)
- Balmer series: i, = 1 (all UV); n,,, = 2 are visible
Number of electrons/orbit limited (Pauli Exclusion Principle):
2in I 8in 29 8+10 =18 in 3, 8+10+14 = 32 in Betc.
Total number of electrons = total number of protons in nucleus = Z
The larger Z, the smalleach individual orbit
In reality, orbits are smearauit 3dimensional waves (Oelectron cloudsO)
Nuclear Physics
Nucleus contains roughly 99.97% of the mass of an atom, but occupies only
10" of its volume (radius: a few £0m = fm)
Mass number A = pron (element) number Z + neutron number N;
mass a little smaller thanrd, + Nm, (because of negative binding enefgy
&m = &E/c?); highest binding energy/nucleon fo#®6 (iron)
Transmutations of nuclei:
Change Z (different element) and/or N (differesattope)
Fusion: 2 light nuclei combine; energy gain if final A # 56

Self sustained if enough energy is liberated to overcome Coulomb repulsion
Fission: 1 very heavy nucleus breaks into 2 pieces; energy gain if both final
pieces have A % 56; usually adbhal neutrons liberated

Chain reaction if mass big enough (critical); liberated neutrons initiate new fission
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Nuclear reactions: exchange nucleons between projectile and target nuclei
Alpha (. ) decay: Heavy nucleus emftde nucleus (Z> Z-2, N-> N-2)

Beta () decay: Isotope with neaptimal Z/N ratio emits electron (and anti
neutrino; A>p) or positron (and neutrino:3n) to change Z and N by 1 unit
Radioactivity:

.,/ and+decay ¢ decay: photon emission when nucleus goes from higher
to lower energystate, e.g. after being created in another radioactive decay)
Half life T,: Time it takes for & of initial radioactive nuclei to decay

One nucleus: 50/50 chance to survive ovgr T

Number of nuclei left after time(start out with N): N(t) =N,/ 2
(1/2, 1/4, 1/8, 1/16,E after 1, 2, 3, 4 half lives)

Typical. emitter:?*®U, T, = 4.510° years (age of Earth); decay delayed by
barier (alpha particle has to first move away far enough from rest nucleus)
Typical/ emitter:**C, T, = 5700 years (age of diization); decay delayed
because weak intasion takes a long time

Radioactive isotopes used for dating (ratio NAY number of half lives)

Effects of radiation:

. - highly ionizing (large damage), but easy to shield (donOt inhale! Radon!!)
/ : moderatelyionizing (moderate damage), need thicker shielding

+ less ionizing, but has unpredictable range; most difficult to shield (lead!)
n: very penetrating, highly effective interacting with hydrogen

t/Te

Nuclear Force:

Exchange of mesons (quaaktiquark pairs)strong at 12 fm distance,&-
pellent at shorter distance, disappears at large distance; only acts on near
neighbors in nucleus

Liquid drop model: binding increases as nuclear size increases (less su
face!), but if Z gets too large, electrostatic repulsiams out over nuclear
force (acts between ANY 2 protons, no matter how far from each other)
Pauli exclusion principle: Different orbits (shells) for nucleons (see atoms)

Particle Physics

Matter Interaction

Spin &, mass, Pauli exclusion Spin 0,1,2, OmasssO, can aggregd
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Leptons Quarks Spin 1

e, U, 0, neutrinos |u, d, s, c, b, t + W, Z, Gluon

Protons, neutrons, hyperons, mesons,E made of quarks

Electrons in atoms, muons and taus in cosmic rays and accelerators
Neutrinos aresiblings without charge (each lepton has a neutrino partner)
+carrier of electromagnetic interaction

W, Z carrier of weak interaction

Gluon carrier of strong interaction

All particles gain mass from Higgs field

Charge, energy, momentum and angular moumerabsolutely conserved

Special Relativity

There is no absolute motidmall inertial reference frames are equivalent
The highest speed possible between 2 observerspeed of light), and it is
the same in all reference frames

2 events separated inag@ may appear simultaneous in one reference frame
but one after the other in a different frame (moving relative to the first one)
Fastmoving' yard sticks are measured to be shorter (length contraction)
Fastmoving' clocks are measured to run slower (tidiation)

Apparent mass (inertia) increases for a-fasving' object; this increase is
equal to T./c% all energy contributes to mass of objen(= &E/c?)

=> Mass at rest represents endigy m¢ (mass change in nuclear reactions;
complete conversioof mass into energy in partiedmtiparticle annihd-

tion)

General Relativity

Inertia and gravitational mass are equivalent =>

Object in gravitational field behaves like object in accelerating reference
frame

All gravitational effects can be expresshkbtigh geometric distortions of
space and time (curvature proportional to mass density)

! Relative to an observer, as measured in that observerOs reference frame
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Results: Changes in planetOs orbits, bending of light rays passing stars, red
shifting (energy loss) of light traveling away from heavy massesE

Most extreme case: bladloleb spacetime curves in upon itself (no escape
beyond OneckO)

Cosmology

Universe began 14 billion years ago:

First, infinitely dense

Then, rapid increase in size (inflation)

Then, cooling ofbelementary particles, then nucleons, then nuclei (mostly
“He) form

After 380,000 years, Universe is cold enough so that atoms can foilm (wit
out being ionized right awayy Universe becomes more transparent for
light -> cosmic background radiation (initially as IR, UV and visible light)
Matter starts clumping gether (driven by dark matter = 10x more tham vis
ble matter), galaxies and clusters of galaxies for2 Billion years), ind
vidual stars and planets forn nuclear fusion gives more light and more
nuclei (elements)

Universe keeps expanding and cooloffy-> further away galaxies are
Orunning away from usO; background radiation gets longer wave lengths (is
now in radio spectrum)

BIG PUZZLE: expansion is accelerating! Dark Energy ??? And what e
actly 1S dark matter??? Stay tuned and read the scienceEpage



