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Preliminary plan of the lectures

1 15.04.2015 Preliminary Discussion / Introduction

2 22.04.2015
3 29.04.2015
4  06.05.2015
5 13.05.2015
6 20.05.2015
7 27.05.2015
8 03.06.2015
9 10.06.2015

10 17.06.2015
11 24.06.2015

Experiments (discovery of the positron, formation of antihydrogen, ...)

Experiments (Lamb shift, hyperfine structure, quasimolecules and MO spectra)

Theory (from Schrodinger to Dirac equation, solutions with negative energy)

Theory (photon, quantum field theory (just few words), Feynman diagrams, QED corrections)

Theory (matrix elements and their evaluation, radiative decay and absorption)
Experiment (photoionization, radiative recombination, ATI, HHG...)

Theory (single and multiple scattering, energy loss mechanisms, channeling regime)
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Experiment (Auger decay, dielectronic recombination, double ionization)
Theory (interelectronic interactions, extension of Dirac (and Schrodinger) theory for the

description of many-electron systems, approximate methods)

12 01.07.2015 Theory (atomic-physics tests of the Standard Model, search for a new physics)
13 08.07.2015 Experiment (Atomic physics PNC experiments (Cs,...), heavy ion PV research)
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Dirac's dramatic discovery
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The Nobel Prize in Physics 2005

“for hiz contribudionto "for their contributions to the development of
the quartum theory of  laser-hased precision spectroscopy | including
optical coherence” the optical frequency camb technique"

Roy 1. Glauber John L. Hall Theodor W.
Hansch

i} 1/2 of the prize @ 1/4 of the prize @ 1/4 of the prize

154 LsA Gerrmany

Harvard University  University of Max-Planck-Institut

Carmbridge, MA, Colorado, JILA; flir Quantenoptik

Sh Mational Institute of Garching, Germany:
Standards and Ludwig-
Technaology Maxirmilians-

Boulder, Co, USA Universitdt
Munich, SGerrmany

b. 1925 b. 1934 b, 1941

http://nobelprize.ora/physics/laureates/2005/index.html
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The Spectrum of Hydrogen

® One needs three quantum numbers _ .
to define the state of hydrogen y(r)=y(r.0,9) =R, (NY,,(0,9)

(hudrogen-like) atom: 34
- >
® n =1,2, 3... (principal) = |
® | =0,...n-1(orbital) 5 Electron is free
: - + r~N 0 fy | e=—— o e e o = = = = EE EE EE EE EE EE O EE EE O Em Em =
® m=-, ...+l (magnetic) 0 Electron is bound to ion
® The energy depends only on the -1/18 3s(n=3,1=0)  3p (=3 1=1)  3d (n=3,1=2)
principal quantum number: 22150 2p (1= 1=1)
, -1/8 —_— —_—
Z
E,=——
2N

@® i.e.in nonrelativistic theory the
states are degenerate (I, m)! 2 | B0

How to remove degeneracy?
We have to break the symmetry of the system!
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Hydrogen

Energy eigenvalue of the hydrogen atom
me” ~-13.6
= = e

- - Vv
" 32nfeih’n® n’

1

Schrédinger equation Uoc——
I

he [ 0° 0° 0*
- 2m 8x2+6 2+8 2
y i

\anm + U\anm — En\|]nlm

The solution (energy) for a central Coulomb-potential only depends on the
guantum number n, but not on | or m. States with the same n are degenerated,
what means they have the same energy.

(In many-electron atoms the degeneracy disappears because of a non-central
Coulomb-potential.)
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Atomic Units

/forelectrons m =1 = V= \

e
2
scaling properties r:n_ V:E E :122
Z n 2
| 1
fine-structure constant c=—=137.036
\_ o %

e2 | e2
o=| — ,a =
(h-cj (4%-50%-0]
gauss Sl

o =1/137.03599911(46)




Atomic Units

4 Atomic Units Skunits )
h=1 atomic Planck constant 1.05 * 1034 Js
mg = atomic mass unit 9.1*103! kg
e =1 atomic charge unit 1.6*101° C

\ drey =1 dielectric constant

J

" The Bohr-radius defines the atomic length unit N
a, =0,53-108cm: 1la.u.

The atomic energy unit is 27.21 eV and is called
\_ Hartree

J

For the ionization-energy of the hydrogen atom follows

1/2 Hartree = 13.6 eV = 1 Rydberg
—_




The hydrogen spectrum

— ¢
0 i u
\\ B
S

. ()
Balmer-spectrum _‘- s o
_ N 7

HZ

(3as

A lot of stars have spectra which are identical to the absorption spectrum of
hydrogen. In 1885 Balmer developed an empirical formula to calculate the
frequency of these lines
1 1 C
e — Y J'lm = 1
vm = B(; — ) — (1)

where m > 3 and R are constants (Rydberg-frequency). This formula
describes for m=3, 4, ... a continuous serial of lines of the frequencies v,
(resp. the wavelengths 2.) known as Balmer-series. In general these lines are
described in the following way:

H, (m=3), Hg (m=4), ....
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The spectrum of atomic hydrogen

-13.6

Kontinuum, E>0

—etm. (1 1

R \2

AE =FE; - E; = Z 7

s

i

o
N wag 3

+Lyman

uv

.

hr/
eV

a1 f'lna 13.9
13.0
a5

Balmer Paschen Brackett

sichtbar
n hitr

nahes IR

S hifs v

For the ground state of hydrogen
(n=1) the eigenvalue is -

13.6 eV. The excitation-
energies can be calculated as
differences between

the energy levels by using the
Rydberg-formula.

fernes IR

74

nm eV nm eV nm eV
sso!.a 820.8 1.51 1459 0.85
s00 1500 o.8
1.4
400 1000
° 1.3
- o
450 -
00000 -1- .7
11111 L1 2500 Lo.s
soo 1400
2.5 -1 .
300
lllll Fo-
7 0.
||||| Lo 3500 0.4
2.0
11111 | o, o 0.3
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THE S0LAR SPECTRLUM

sodium

mercury

lithium

LITHILIM,

hydrogen

HYLDROSEM

solar spectrum (top) with absorption-lines of sodium (D) und hydrogen,
in comparison to calibration lines of some elements
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Spectrum of Sirius depending on the wavelenght [in A = 108 cm]
with a multitude of hydrogen (H) —absorption lines from the Balmer-series.
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Magnetic moments

Orbital magnetic dipole moment Spin magnetic moment
f.
= In classical classical
electrodynamics: picture
%-r ““L_;
g 70
A - v / b\
B e —e current
I vector area
of the
'ﬁ current loop
Vv
| ul=1 L S L . ItV B
T 2nr 2m m

In quantum mechanics,
for electron: q=-e

en 9y S
— Hs = _gsﬂOS [h
2m,

Bohr magneton Gyromagnetic rato

# =~ L1 R, Ho =







The z-component of the angular momentum

example: d-state with (Stern-Gerlach experiment 1922)

n=3
L =2a [
_ - e I =
L, =" ji=——(mVxF)=e/2m-L
L, =0 2m
L, =-n Magnetic moment = current x area I E:::::;’:::r N
L =—2h_|---=>
. = S . )
In a magnetic field B = BZ -@ Is the magnetic energy of an electron
L= e
E :zu'B:_:usz :__LZBZ
\ 2m y

s B, inhomogeneous (0/oz B, # 0), the ebectron feels a force proportional to LZ\

|:z oC _Lz A Bz
0Z J




Stern-Gerlach Experiment

Stern and Gerlach used silver atoms ( Ag, Z=47)
electron configuration: ,,Kr + 4 d'? + 5s!; accordingly one valence electron in the 5s-shell

F, oc—L,0/62B,

Mess -
ergebnis

Klassische
aB {- v/ Erwartung

Atomstrahl

Stern and Gerlach assumed L=1 for the
electron and therefore expected a splitting
into three parts with

Stern-Gerlach-experiment: In an inhomogeneous magnetic field
a beam of silver atoms is diverted and splitted into two beam
parts. The magnetic field possesses a gradient of 10 T/cm and

a length of 10 cm.
? m,=-1,0, 1




Only two lines were observed !!!

1 2

existance of a quantization direction

0 1
30 40 50 60 70

Stellung des Detektordrahtes Contrary to the expectation, an even
splitting was observed
Observed intensity of the silver atom beam as a

function of the distance to the beam axis:
with (dashed line) and without (solid line) magnetic field

o

[5,]

Galvanometerausschlag

From today's point of view it is known that the assumption L = 1 for the valence electron in the silver
atom was wrong. The 47t electron occupies the 5s -shell and therefore L = 0.

Assuming this, a single spot would have been expected instead of two!

In 1925 Goudsmit, Uhlenbeck and Pauli found the solution to this problem by postulating the

‘exclusion principle’

Besides the known quantum numbers n, |, m there must be
a fourth quantum number

I no two electrons of one atom are equal in all four quantum numbers I




Stern-Gerlach Experiment: The experimental result

5 -
ARD
[ ! ' g
, 1

\ (a)
\\
A
\

o

Galvanometerausschlag
Il
s

5 y
/9 \\ S
e f \\ »
- mm ™~ o
ol_ | ¢
30 40 50 60 70 (b) E
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DIRAC theory

(relativistic formulation of quantum mechanics)

Schrodinger's wave function (1926) was the first 'highlight" of the new quantum mechanics.
But there was still a problem: the theory of special relativity was not included.

Hamilton-operator of a free electron H = (0- p + Bme

according to Dirac
with the operators a and B (4 x 4 matrix).

The corresponding eigenvalue-equation is: H‘\P > E‘\P >

with the two solutions

E =+cy(p?+mic?)| |E =—(:\/(p2 +m-c’)




Unexpected Antiparticles
(Dirac)

1928 \ %

Since half the solutions must be rejected as referring to the c:hmga_-}- ¢ on the

electron, the correct number will be left to account for duplexity phenomena.

1930

would fill it, and will thus correspond to its possessing a charge |- ¢. We are
therefore led to the assumption that the holes in the distribution of negative-
energy electrons are the protons. When an electron of positive energy drops mto

1931

nearly all, of the negative-energy states for electrons are occupied. A hole,
if there were one, would be a new kind of particle, unknown to experimental

physics, having the same mass and opposite charge to an electron. We may
call such & particle an anti-electron. We should not expect to find any of

Presumably the protons will have their own negative-energy states, all of
which normally are occupied, an unoccupied one appearing as an anti-proton.




Prediction of anti-matter

states

Dirac, Anderson, the Positron and the anti-matter. In his famous equation Paul Dirac combined (1929) the
fundamental equation of quantum mechanics, the Schrédinger-equation with the theory of special relativity. He did
not discard the negative energy —solutions of his equation as unphysical but interpreted them as states of the anti-
particle of the electron (positron, having the same mass but opposite charge). In 1932 Carl Anderson discovered the
positron the first time in the cosmic radiation. This was the proof of the existence of 'anti-matter’, with incalculable
consequences for the future of physics.

O e



Energy spectrum of the Dirac particle

® For the free particles we found: E,(p) = i\/(mecz)2 +(pc)?
® Energy of positive energy particles:  E_ (p) > m_c?

® Energy of negative energy particles: E_(p) <-—m_c?

“Free” electrons with positive energy

+ mc2

Bound electrons

- mc?

“Free” electrons with negative energy

Where is the problem here?
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Dirac sea

® In 1930 Paul Dirac have proposed a theoretical model of the vacuum as an
infinite sea of particles possessing negative energy.

“Free” electrons with positive energy

+ mc2

. Bound electrons )

“Free” electrons with negative energy

® Since all the states in Dirac sea are occupied “our” electron can not go down
from the domain of positive energies. (Pauli principle.)

O e



Cosmic Rays and the Discovery of Positrons

The Mobel Prize in Physics 1936
| Victor F. Hess, Carl D. Anderson

The Hobel Prize in Physics 19536
Victor F. Hess

Carl . Anderson

Victor Franz Hess Carl David Anderson

The Nobel Prize in Physics 1936 was divided equally between Victor Franz Hess

“for his discovery of cosmic radiation” and Carl David Anderson "for his discovery
of the positron”

Photo=: Copyright ® The Nobel Foundation
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Origin of Cosmic Rays
e The Sun -

(mostly low energy)
e Supernovae

« Gamma Ray Bursts

Extra-solar cosmic rays also known as Galactic
Cosmic Rays, originate and are accelerated to nearly

the speed of light by supernovae explosions.




*« High-speed protons and eleptrons :
primary partlﬁes strike Eartb S upper .
) clear coII|S|(_)n produce . ®




Discovery of Cosmic Rays

e From 1911 to 1913
Victor Hess measured
radiation levels at
various altitudes (up
to 4500 m) In the
Earth’s atmosphere.

* Radiation levels
Increased with
altitude!

e This radiation was
called “Cosmic
Radiation” later

became “Cosmic
RayS”_ http://hires.physics.utah.edu/reading/intro.html

e Nobel Award in 1936.
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Discovery of Cosmic Rays

1084

Hess, Durchdringende Strahlung bei sieben Freiballonfahrten.

Phiysik, Zeitschr. XIII, 1912.

wird sie aber gewil gerne iibernehmen; er hat
auch einige meiner fritheren Blitzaufnahmen
iibernommen.

Aus der Abteilung fiir Geophysik, Meteorologie
und Hrdmagnetismus:

ViktorF.Hess(Wien), Uber Beobachtungen
der durchdringenden Strahlung bei sieben
Freiballonfahrten.

ser Behandlung zeigte Apparat.1 eine normale
Ionisation von ca. 16 Ionen, Apparat 2 eine
solche von ca. 11 Jonen pro ccm und Sek, Die
Firma Giinther & Tegetmeyer in Braun-
schweig hat an den Apparaten noch eine wei-
tere wesentliche Verbesserung angebracht: bis-
her erfolgte die Scharfeinstellung auf die Faden
durch, alleiniges Verschieben des. Okulars, was
mit nicht unbetrachtlichen Anderungen der Ver-
groBerung verbunden war und bei wiederholter
Einstellung Ablesungsdifferenzén bis zu o,5 be-

7. Fahrt (7. August 1912). 1

Ballon: ,Béhmen® (1680 cbm Wasserstoff),

Fiihrer: Hauptmann W. Hoffory. -

Meteorolog., Beobachter: E. Wolf. Luftelektr. Beobachter: V. F. Hess. &l
&=
| ] f a
| Mittlere Hohe Bec?bachtete Strehlung 2 b e 4
N | ZLeit i i Apparat 1 I Apparat 2 ‘ i Apparat 3 | Temp. : F;‘;;i}t' L
i | absolut | relativ ; : - : :
; ;] ® o B 71 ; 72 ‘ 7a ;| reduz. gy . B
1 1¢h 15—16h 15 156 | o 17,3 | 129 s — — | =
z 16h 15—17h 15 156 o 15,9 | 110 18,4 18.4 I 1i» Tag wor dem Aaf-
3 7R 15—18h 15 156 a :,,g | 11,2 T AT 17.5 c;.;ecrf (T wigg;
4 6a 45— 4R 45 | 1700 1400 15, T4,4 21,1 25.3 +0.4
5 7hoag— Bh 43 | 2750 2500 173 | 12,3 22,5 31,2 1,40 ! ar
& 8h 45— oh 45 3850 '! 3000 198 | 163 21,8 352 —680 | 64
7 g 45—10h 43 {800 4700 40,7 i 358 | —g8Y | 40
440'9”_535‘3,' ! = G - '
] 10h 45 —11h 15 4400 | 4200 28,1 | 22,7 _— i - | —_
g 11h 13—11h 45 | 1300 | 1200 {0,9) | 113 . I - ‘ —
10 rth gg—120 70 | 250 | 150 g 1 107 — — | 160" 68.
1 12h’23—13h 12 140 ! 0 150 | 11,6 s P o— | {pach der Landung in
] i i Pieskow, Brandenburg)




Discovery

1086

Hess, Durchdringende Strahlung bei sieben Freiballonfahrten.

Physik. - Zeitschr. X111, 1912.

waren nicht moglich, da der Ballon infolge f'
kaum von der Sonne ausgeht, wenigstens so-

der Abkiithlung des Gases zum Wedcrgehen
gezwungen wurde.

Es wurde also eine Vergroberung der Strah-
lung in ca. 2000 m gefunden. Da kein Ein-
fluB der Verfinsterung auf die durchdringende
Strahltung zu bemerken war, werden wir schlie-
Ben diirfen, daB selbst, wenn ein Teil der

Strahlung kosmischen Ursprungs sein sollte, er
£=] &

lange man eine direkte, geradlinig sich aus-
breitende y-Strahlung im Auge hat.. Diese An-
schauung wird noch dadurch bekraftigt, dab
ich bei den spiteren Fahrten im Ballon nie
einen ausgepriagten Unterschied der Strahlung
bei Tag und bei Nacht gefunden habe.

Hess determined that “essentially, the sun could not
be the source of cosmic rays, at least as far as the
undeflected (by the solar eclipse) rays were
concerned.”

O e



Production of Positrons

INn the Atmosphere

Cascades

Development of cosmic-ray air showers

. Primary particle
i {e.g. iron nucleus)
14N - first interaction
r P &X.T -‘T.E..._____v <+———— pion decays
S ey
pion-nucleus - ol

interaction

second interaction

[C) 1999 K. Bernl&hr

Direct Production by Gammas

= <
Nucleus " Electron (")
A

" ]
Positron (™)



Discovery of the positron (Carl David Anderson 1905 — 1991)

Detector (cloud chamber; Wilson 1910) Charged particle in
magnetic field:
Cloud chamber is filled with over-saturated watersteam, which (momenf[um mv and B are
condensates along the track of an energetic, ionizing particle. perpendicular)

In addition a strong magnetic field B is applied to the cloud
chamber. A charged particle will be forced on a circular, in general

case an ellipsoidal track by the B field which crosses the 2
interaction plane perpendicularly. mV
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Issues to be considered by the experiment

1. What can be used as a source for positrons?

2. How is it possible to determine the signature of the charge?
(Did the particle come from the 'top' or from 'bottom'?)

3. How can the 'new' positron with electron mass m,_ and
positive charge q = + e be distinguished from a proton in
case, only momentum-measurement is possible?

Solutions:
1. Cosmic radiation

2. Cloud chamber: separated by a lead-plate of 6mm

thickness, which extenuates the energy of the cosmic
particle. As a result, the radius of curvature has to be

smaller before passing the plate then afterwards. This
gives the incoming-direction.

3. for protons and positrons with given momentum myv the
range of coverage in the cloud chamber differs a lot!
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fo N i The first confirmation
. 3 T : L e o '-**. H
| of a positron

o Cloud chamber photograph by
o Y Andersen
B T o Phys. Rev. 43, 491 (1933)
Ly ' a Nobel prize 1936 together with
: ' Victor Hess |

The first 'fingerprint' of anti-matter. Anderson discovers the trace of a positron
in his cloud chamber (in the middle one can see a lead-plate of 6mm thickness).

1. The upper part of the bending gives information about the incoming-direction.
2. The lower part gives the positive charge of the particle by its bending-direction.

3. By analyzing the radius of curvature before and after the transition the momentum
can be estimated
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Electron-positron pair production

In order to produce electron-positron pairs we would need:
at least two times the rest mass of the elecreon !!!

4 N

4+ energy of about
hw =~ mc’~1MeV

§ 7 -quantum with \_ toinduce pair production
energy hm

In case a whole in the negative
continuum excits, an electron will
immediately fill the vacancy and

two 511 keV quanta are emitted.




Application in tomography

Two anti-parallel 511 keV
photons produced

Unstable purunjxx oy B

nucleus

Positron combines with
electron and annihilates

IFroton decays 1o
neutron in nuclens -

positron amd

neutring emitted

Figure l.1. Positron emission and annmihilation.

Production of a positron during B+ decay and annihilation afterwards
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' AN P ot Positron emission tomography (PET):
. at?® B+ -active C-, O-, or Fluor-nuclei are injected into the
L - brain. There the local brain activity can be measured
\\.\ wah by detecting the collinear 511 keV photons of the electron-
N W positron elimination-radiation
N
T\ PET - camera made of segmented
ST e (position sensitive) y-detectors

Mormal Alzheimer's
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Brain activity measured with PET
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http://de.wikipedia.org/wiki/Bild:ECAT-Exact-HR--PET-Scanner.jpg

Matter & Energy E=mc?

Collision processes of high-energetic particles (cm system), particle production
(antiproton production)

p+tp=>p+p +(p+p)

El E2
) Initial g > < Y (total momentum
beam target P +p,=0)
Il) interaction total energy
o0
E1+E2
P
()
i) final ® —— —_— O
\ ‘ )

Total energy: E1 + E2 =mc? >4 m,c? Threshold !
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v=0.9¢c v=-0.9c _
M ® > «— O Pa=0
= 2
LAB o — @ PrLip=mv 2 _ 2 2.2
v=0.994c E° = m,C )] +Cp
The same collision as viewed in the CM and LAB frames. T - CE — \/EE — ﬁ'g . CE-

Comparing the center of mass energy with the lab energy at these high energies,

[ E.p = (m+m0)c]
Ecm2 _Czpcmz — EIab2 _Czplabz

2 2 2
Ecm =B _Czplab , but pcm =0
E.. - =m’c* +2me’m e + mic —pZ.c% P, = MC
E._°=m,?(2mc? + m,c
cm 0 ( 0 ) [ Ecmz\/zmoCZEmb}
2 2 2
E.. =2m,c mc”;m>>m,

cm



- - Ecm & \/szCZEIab
particle production
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Discovery of the Antiproton

-—WSITJ'H'E F"WTOH I:UR\I"E
IN ARBITRARY SCALE

s Bevatron 5.6 GeV 2ol ND.OF ANTIROTONS
2 Just at threshold! /}\

m Discrimination against rn-:
measure

2 Momentum
= Magnets: 1.19 GeV

a2 Velocity
= [OF 51 vs, 40 ns

1 Cerenkov counter veto

m 60 events in 1955
_ ﬂm/mp ~ 5%

2.0
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BEAM

LOf-

a5

-

u A i 1 ] 1
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RATIO OF MASS TO PROTON MASS

- Chamberlain, E. Segre, C.
W|e and, T. Ypsﬂantls F’hys Rev.
100 947 (1955)

= Nobelprfze Chamberlain & ez 53
Segre 1959

[p+p=>p+p+(p+p)]




Principle of Antiproton Production

Target
(Cu) positive
+ +
+ o+
— +
PS Proton beam . —DD - _q'l'DGGGG G_?.D
(26,000,000,000 V) __T o e :
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Consider the process of electron-positron pair production in the field
of bare uranium nucleus (Z=92). Estimate the minimal energy needed
for such a process assuming that the electron is created in the ground,
1s, state of the resulting hydrogen-like ion. Give the result in eV.

The (classical) velocity of the electron in the groud state of hydrogen
atom and moving around the nucleus is, according to Bohr model, v =
0.007*c where c is the speed of light. Estimate the velocity of electron
moving in the field of uranium nucleus (Z=92).

Consider boron-like magnesium-ion Mg’* (nuclear charge 7=12,
number of electrons N=5) in which one of electrons is in the Rydberg
state with n=50. Find ionization energy for the outer (Rydberg)
electron.

Assume that you are observing radiative decay between 4d and 3p
states of atomic hydrogen. How many lines in the spectrum will you
observe if you place the atoms in a magnetic field?
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