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Warning!     Ettől az előadástól nem leszel okosabb, talán olyan kiváncsi leszel 
vagy úgy feldühödsz, hogy elkezded olvasni a komoly tudományos irományokat:

DiLella, Bruning,Dissertori,Ullaland stb, akiktől én is loptam és megtalálhatók
a web-n a következő helyeken:



-A naplót nem szándékozom publikálni, csak rögzíteni akarom a tényeket Isten számára.
-Nem gondolod, hogy Isten úgyis tudja a tényeket?
-Igen, valóban tudja a tényeket, de vajon tudatában van-e a tények ezen verziójának is?





THE PITFALLS of MENTAL EVOLUTION

We are in the habit of visualizing man’s political and social history
as  a wild zigzag which alternates between progress and disaster

but
the history of science as steady cumulative process where each epoch adds some
new item of knowledge to the legacy of past, making the temple of science grow
brick by brick to ever greater height.

The fact is that this progress was neither ‘continuous’ nor ‘organic’: occasional leaps and 
bounds alternating with delusional pursuits, culs-de-sac,regressions,periods of blindness
and amnesia.        (A. Koestler)         

A legdrámaibb példa a szellemi ALVAJÁRÁSra a heliocentrikus világkép 
viharos története a görögöktől Newtonig, amelyben kulcsszerepet a 
főalvajárók: Kopernikusz, Galilei és Kepler játszottak.

A részecske fizika története is tele van hasonló minidrámákkal.

De az igazi nagy kérdésekről és válaszokról fogalmunk sincs ma sem.

Az IGAZI KALANDOK csak most kezdődnek !!!!!! 



A zseni nem mászott fel a pisai ferde toronyba, hanem a gravitációt ferdítette el:

A gravitációs kölcsönhatás csatolási állandójának első hiteles mérése
kis hibával:     g = 5 m/sec2

ford.Simonyi Károly 

Legizgalmasabb kérdés: Vajon az
LHC elég jó-e látni a gravitációt ???











Találós kérdés:

A Lamb-shift eredménye, hogy az S pálya energiája magasabb mint a P-é.

Miért olyan fontos, hogy magasabb???

Mi az üzenete a Lamb-shiftnek az LHC részére? 

Hullámfügvény maximuma, ahol a proton felforralja a vákuumot.

Newton óta kérdés a színpad és a szereplők viszonya: részecskék vs vákuum

Bohr-Rutherford: Kvantummechanika         Lamb-shift:Kvantumtérelmélet



radioactive
source
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Detector 
(human eye)

1896: Discovery of natural 
radioactivity

(Henri Becquerel)

Henri Becquerel

1909 − 13: Rutherford’s scattering experiments
Discovery of the atomic nucleus

Ernest Rutherford 

α − particles :  nuclei of Helium atoms  spontaneously emitted by heavy radioactive isotopes
Typical α – particle velocity  ≈ 0.05 c    (c : speed of light)



Expectations for  α – atom scattering

α − particle

Atom: spherical distribution
of electric chargesimpact

parameter b 

α – atom scattering at low energies is dominated by Coulomb interaction 

α – particles with impact parameter = b “see” only electric charge within
sphere of radius = b (Gauss theorem for forces proportional to r−2 )

For Thomson’s atomic model
the electric charge “seen” by the
α – particle is zero, independent
of impact parameter
⇒ no significant scattering at large angles is expected
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Cross section σ or the differential cross section dσ/dΩ is an expression of the 
probability of interactions.

Φ1=N1/t Φ2=N2/t

Beam spot area A2
Beam spot area A1

The interaction rate, Rint, is then given as:

σ has the 
dimension area.
1 barn = 10-24 cm2

from C. Joram, SSL 2003

Grant Wood, Fruits of Iowa: Boy Milking Cow, 1932

=10-28 m2

The luminosity,       , is given in cm-2s-1

Miért csűr (barn) a hatáskeresztmetszet egysége?



Principles of a measurement
• Measurement occurs via the interaction  of a 

particle with the detector(material)
– creation of a measureable signal

•• IonisationIonisation

•• Excitation/ScintillationExcitation/Scintillation

•• Change of the particle trajectoryChange of the particle trajectory
– curving in a magnetic field,     energy loss
– scattering, change of direction,  absorption
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See  Dissertori  handout !!!!!



Észlelendő RÉSZECSKE        Észlelő KÖZEG            Közeg TÍPUSAi
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Hadron-anyag
Mag Coulomb-tér

e Coulomb-tér

Mit látnak az egyes részecskék?  Vannak erős (S), gyenge(W) és foton(EM) szeműek.

HADRON:        töltött ( S, EM, W)          semleges ( S, W)

LEPTON:         töltött  ( EM, W)              semleges ( W )

FOTON  ( EM )

Ze
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Minden töltött részecske érzi ezt:  gerjeszt, ionizál vagy elektron-lyuk párt kelt (C,TRD) 

Minden hadron (neutron is) látja, ritkán van ütközés, de akkor nagyot durran.
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Coulomb-anyag

Nukleáris Coulomb-anyag

A rendkívüli kis tömegű FOTON és ELEKTRON különlegesen intenzíven kölcsönhat a 
magok erős (ha Z nagy!) Cb-terével: Párkeltés illetve Bremsstrahlung (fékezési sugárzás) 



Two questions:
Why did Rutherford need α – particles to discover the atomic
nucleus?

Why do we need huge accelerators to study particle physics today?
Answer to both questions from basic principles of Quantum
Mechanics 

Observation of very small objects using visible light

point-like
light source
λ = 0.4 μm
(blue light)

opaque screen
with small circular aperture

photographic
plate

focusing lenses



1924: De Broglie’s principle

Louis de Broglie

Not only light, but also matter particles possess 
both the properties of waves and particles
Relation between wavelength and momentum:

λ =
h
p

h: Planck constant
p = m v : particle momentum 

Hypothesis soon confirmed by the observation of diffraction
pattern in the scattering of electrons from crystals, confirming
the wave behaviour of electrons        (Davisson and Germer, 1927)

Wavelength of the α – particles used by Rutherford in the discovery of
the atomic nucleus: 
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Typical tools to study objects of very small 
dimensions

Optical microscopes                 Visible light               ~ 10−4 cm

Electron microscopes         Low energy electrons               ~ 10− 7 cm

Radioactive sources                 α−particles                                     ~ 10−12 cm

Accelerators                High energy electrons, protons  ~ 10−16 cm

Resolving
power



Bohr-Rutherford:     SZÉP ÚJ VILÁG

kb 1OO elem helyett:     KETTŐ építőkő !!!!!

Ilyen egyszerű még sose volt a világ.

DE a fránya kísérleti fizikusok tovább matattak...

ujabb és ujabb kísérleti technikákat vezettek be....





Vegyük figyelembe a többi meglökött
magot is. Ha foton lenne, az nem lenne
képes N-t ilyen erősen meglökni !!!



Basic principles of particle 
detection

Passage of charged particles through matter
Interaction with atomic electrons ionization

(neutral atom → ion+ + free electron)

excitation of atomic energy levels
(de-excitation  → photon emission)

Ionization + excitation of atomic energy levels            energy loss

proportional to (electric charge)2

of incident particle

Mean energy loss rate – dE /dx

for a given material, function only
of incident particle velocity 

typical value at minimum:
−dE /dx = 1 – 2 MeV /(g cm−2) 

NOTE: traversed thickness (dx) is given
in  g /cm2 to be independent of material
density (for variable density materials,
such as gases) – multiply dE /dx by density (g/cm3) to obtain dE /dx in MeV/cm



Plate containing
free hydrogen

(paraffin wax)

Incident 
neutron
direction

proton tracks ejected
from paraffin wax

Recoiling Nitrogen nuclei

Assume that incident neutral radiation consists
of particles of mass m moving with velocities v < Vmax
Determine max. velocity of recoil protons (Up) and Nitrogen nuclei (UN)
from max. observed range

Up =                 Vmax
2m

m + mp
UN =                 Vmax

2m
m + mN

From non-relativistic energy-momentum
conservation
mp: proton mass; mN: Nitrogen nucleus mass

Up m + mN
UN m + mp

=
From measured ratio Up / UN and known values of mp, mN
determine neutron mass:  m ≡ mn ≈ mp

Present mass values : mp = 938.272 MeV/c2; mn = 939.565 MeV/c2



ANTIMATTER
Discovered “theoretically” by P.A.M. Dirac (1928)

P.A.M. Dirac

Dirac’s equation: a relativistic wave equation for the electron

Two surprising results:
Motion of an electron in an electromagnetic field:
presence of a term describing (for slow electrons) the
potential energy of a magnetic dipole moment in a magnetic field
⇒ existence of  an intrinsic electron magnetic dipole moment opposite to spin 

electron spin

electron
magnetic dipole
moment μe

[eV/T] 1079.5
2

5−×≈=μ
e

e m
eh

For each solution of Dirac’s equation with electron energy E > 0
there is another solution with E < 0
What is the physical meaning of these “negative energy” solutions ?



Experimental confirmation of  
antimatter(C.D. Anderson, 1932)

Carl D. Anderson

Detector: a Wilson cloud – chamber (visual detector based on a gas
volume containing vapour close to saturation) in a magnetic field,
exposed to cosmic rays

Measure particle momentum and sign of electric charge from
magnetic curvature

Lorentz force Bef
rrr

×= v projection of the particle trajectory in a plane
perpendicular to B is a circle

Circle radius for electric charge |e|:
[T] 3

[GeV/c]10[m] 
B

pR ⊥=
⊥p : momentum component perpendicular

to magnetic field direction

NOTE: impossible to distinguish between
positively and negatively charged
particles going in opposite directions 

–e

+e
⇒ need an independent determination of 

the particle direction of motion





First experimental observation
of a positron

6 mm thick Pb plate

63 MeV positron

23 MeV positron

Production of an
electron-positron pair

by a high-energy photon
in a Pb plate

direction of 
high-energy photon

Cosmic-ray “shower”
containing several e+ e– pairs



1937: Theory of nuclear 
forces (H. Yukawa)

Existence of a new light particle (“meson”)
as the carrier of nuclear forces
Relation between interaction radius and meson mass m:

mc
R h

=int
mc2 ≈ 200 MeV  
for  Rint ≈ 10 −13 cm

Yukawa’s meson initially identified with the muon – in this case μ– stopping
in matter should be immediately absorbed by nuclei  ⇒ nuclear breakup
(not true for stopping μ+ because of Coulomb repulsion - μ+ never come close enough
to nuclei, while μ– form “muonic” atoms) 

Experiment  of  Conversi, Pancini, Piccioni  (Rome, 1945):
study of μ– stopping in matter using  μ– magnetic selection in the cosmic rays

In light material (Z ≤ 10) the μ– decays mainly to electron (just as μ+)
In heavier material, the μ– disappears partly by decaying to electron,
and partly by nuclear capture (process later understood as  μ– + p  → n + ν).
However, the rate of nuclear captures is consistent with the weak interaction.

the muon is not Yukawa’s meson

Hideki Yukawa





1947: Discovery of the π - meson(the “real” Yukawa particle)
Observation of the π+ → μ+ → e+ decay chain in nuclear  emulsion
exposed to cosmic rays at high altitudes

Four events showing the decay of a π+

coming to rest in nuclear emulsion Nuclear emulsion: a detector sensitive to
ionization with  ~1 μm space resolution
(AgBr microcrystals suspended in gelatin) 

In all events the muon has a fixed  kinetic energy
(4.1 MeV, corresponding to a range of ~ 600 μm in

nuclear emulsion)  ⇒ two-body decay

mπ = 139.57 MeV/c2   ; spin = 0
Dominant decay mode: π+ → μ+ + ν
(and π – → μ– + ν )
Mean life at rest: τπ = 2.6 x 10−8 s = 26 ns 

π – at rest undergoes nuclear capture,
as expected for the Yukawa particle
A neutral π – meson (π°) also exists:
m (π°) = 134. 98 MeV /c2

Decay: π° → γ + γ , mean life = 8.4 x 10−17 s
π – mesons are the most copiously produced
particles in proton – proton and proton – nucleus
collisions at high energies



Antiproton discovery (1955)
Threshold energy for antiproton ( p ) production in proton – proton collisions
Baryon number conservation  ⇒ simultaneous production of  p and p (or p and n)

ppp p  p  p +++→+Example: Threshold energy ~ 6 GeV

“Bevatron”: 6 GeV 
proton synchrotron in Berkeley build a beam line for 1.19 GeV/c momentum

select negatively charged particles (mostly π – )
reject fast π – by Čerenkov effect: light emission
in transparent medium if particle velocity v > c / n
(n: refraction index) – antiprotons have v < c / n
⇒ no Čerenkov light
measure time of flight between counters S1 and S2
(12 m path):   40 ns for π – ,  51 ns for antiprotons

For fixed momentum,
time of flight gives 
particle velocity, hence
particle mass



Eddig előfordult kísérleti technikák

Szórás

Ionizáció (Bethe-Bloch) ionizációs kamra, ködkamra, emulzió
dE/dx  ,  Range

Fluoreszcencia , szcintillátor

Cserenkov-sugárzás

Momentum mérés mágneses térben

Time-of-Flight (TOF) repülési idő spektrométer

Diffrakció kristályrácson



Typical detector concept
• Combine different detector types/technologies into 

one large detector system

Interaction 
point

Precision vertex 
detector

tracking
detector

Magnetic
spectrometer

Electrom
a gn etic calo rim
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Electron e-

Photon  γ

Hadron, eg.

proton p

Muon μ-

Meson K0





Prediction and discovery of the Ω–

particle
A success of the static quark model 
The “decuplet” of spin       baryons3 

2
Strangeness                                                     Mass (MeV/c 2 )

0 N*++ N*+ N*° N*– 1232
uuu                uud             udd              ddd

–1 Σ*+ Σ*° Σ*– 1384
suu sud            sdd

–2 Ξ*° Ξ*– 1533
ssu               ssd

–3 Ω– 1672 (predicted)
sss

Ω–: the bound state of three s – quarks with the lowest mass
with total angular momentum = 3/ 2 ⇒

Pauli’s exclusion principle requires that the three quarks
cannot be identical



The first Ω– event (observed in the 2 m liquid hydrogen bubble chamber at BNL
using a 5 GeV/c K– beam from the 30 GeV AGS)

Chain of events in the picture:
K– + p → Ω – + K+ + K°
(strangeness conserving)

Ω – → Ξ° + π –
(ΔS = 1 weak decay)

Ξ° → π° + Λ
(ΔS = 1 weak decay)

Λ → π – + p 
(ΔS = 1 weak decay)

π° → γ + γ  (electromagnetic decay)
with both γ – rays converting to an e+e – in liquid hydrogen
(very lucky event, because the mean free path for γ → e+e – in liquid hydrogen is  ~10 m)

Ω– mass measured from this event = 1686 ± 12 MeV/c2



The Uncertainty Principle

Werner Heisenberg

CLASSICAL  MECHANICS
Position and momentum of a particle can be measured
independently and simultaneously with arbitrary precision

QUANTUM  MECHANICS
Measurement perturbs the particle state ⇒ position and momentum
measurements are correlated:

(also for y and z components)h≈ΔΔ xpx

Numerical example:

MeV/c100=Δ xp cm1097.1 13−×≈Δx











Electron, proton spin = ½ħ (measured)
Nitrogen nucleus (A = 14, Z = 7): 14 protons + 7 electrons = 21 spin ½ particles
TOTAL SPIN MUST HAVE HALF-INTEGER VALUE 
Measured spin = 1

DISCOVERY OF THE NEUTRON (Chadwick, 1932)
Neutron: a particle with mass ≈ proton mass

but with zero electric charge
Solution to the nuclear structure problem:
Nucleus with atomic number Z and mass number A:
a bound system of Z protons and (A – Z) neutrons James Chadwick

Nitrogen anomaly: no problem if neutron spin = ½ħ
Nitrogen nucleus (A = 14, Z = 7): 7 protons, 7 neutrons = 14 spin  ½ particles
⇒ total spin has integer value
Neutron source in Chadwick’s experiments: a 210Po radioactive source
(5 MeV  α – particles ) mixed with Beryllium powder  ⇒ emission of  
electrically neutral radiation capable of traversing several centimetres of  Pb:

4He2 + 9Be4 → 12C6 + neutron
↑

α - particle



First (wrong) ideas about nuclear 
structure (before 1932)

Observations
Mass values of light nuclei  ≈ multiples of proton mass (to few %)
(proton  ≡ nucleus of the hydrogen atom) 
β decay: spontaneous emission of electrons by some radioactive nuclei 

Hypothesis: the atomic nucleus is a system of protons and electrons
strongly bound together

Nucleus of the atom with atomic number Z and mass number A:
a bound system of A protons and (A – Z) electrons
Total electric charge of the nucleus = [A – (A – Z)]e = Z e

Problem with this model: the “Nitrogen anomaly”
Spin of the Nitrogen nucleus = 1
Spin: intrinsic angular momentum of a particle (or system of particles)
In Quantum Mechanics only integer or half-integer multiples of  ħ ≡ (h / 2π)
are possible:

integer values for orbital angular momentum (e.g., for the motion of atomic
electrons  around the nucleus)
both integer and half-integer values for spin



Generic solutions of Dirac’s equation: complex wave functions Ψ( r , t)
In the presence of an electromagnetic field, for each negative-energy solution
the complex conjugate wave function Ψ* is a positive-energy solution of
Dirac’s equation for an electron with opposite electric charge (+e)
Dirac’s assumptions:

nearly all electron negative-energy states are occupied and are not observable.
electron transitions from a positive-energy to an occupied  negative-energy state
are forbidden by Pauli’s exclusion principle.
electron transitions from a positive-energy state to an empty negative-energy
state are allowed ⇒ electron disappearance. To conserve electric charge,
a positive electron (positron) must disappear  ⇒ e+e– annihilation.
electron transitions from a negative-energy state to an empty positive-energy
state are also allowed ⇒ electron appearance. To conserve electric charge,
a positron must appear ⇒ creation of an e+e– pair.

⇒ empty electron negative–energy states describe
positive energy states of the positron

Dirac’s perfect vacuum: a region where all positive-energy states are empty
and all negative-energy states are full. 

Positron magnetic dipole moment = μe but oriented parallel to positron spin


