


1.3. Basic Principles of Nuclear Physics
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Mass number = protons + neutrons
(A=N+2)
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The realm of atomic and nuclear physics

Electron : D

_
J
Nucleus
Nuclear physics is the field of that studies the building blocks and interactions of
Atomic physics (or atom physics) is the field of that studies atoms as an isolated system of
and an . It is primarily concerned with the

and the processes by which these arrangements change.
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The chart of the nuclides or Segre
Chart
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Known nuclides:~3760

Stable nuclides: 269

Radionuclides: ~3481
t,, > lyear : 144
primordial :26

A radionuclide is a atom that has an unstable




1940 or earlier
1944
11948

© naturally abundant




~ isotope, lsobar lsoone

Isotopes: nuclei with Z=constant, N varies!

. /e |~ , |sotonesinucleiwith N=constant, Z varies!

Isobars: nuclei with A=constant, Z,N varies!
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http://www.nndc.bnl.gov/chart/

From the Big-Bang to nowt of
the nuclides or Segre Chart
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From the Big-Bang to now
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Astrophysicists now have a pretty clear idea how the universe got 3 i e : L0 7 <
from the Big Bang to where it is today - and how it will evolve in the 1second 11 1 billion 1 trllion 55 - 2 o 2 ¢
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billion years undergoes a brief,’ 4 form of electromagnetic hydrogen and helium. This raw material condenses into the / 2 ~ trillion trillion ‘tqﬂlon years
ago, the explosive period of radiation—visible light, X rays, first generation of stars during the first billion years. The ~ after the Big Bang. ) 5 ‘
universe inflation, growing from  radio waves and ultraviolet rays.  galaxies also take shape during this window of time.  Planets detach from X > 5
bursts into smaller than an atom Quarks clump into protons and Our sun and solar system were formed 4.6 billion ? - stars; stars and ﬂhnetp O
existence in to the size of a neutrons, which later combine - years ago, and the first life-forms appeared on Earth % o)
the Big Bang, grapefruit The to make the nuclei of all atoms. a surprisingly short time afterward. Modern /
which gives pansion  The ligh nuclei—helit show up only 100,000 years hefore the / =
birth to space, stops when the force deuterium and lithium—are present. Earth should remain habitable for /. 2
time and all driving it is forged in the first three minutes  another few billion years———————— ¢ = o O
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billion years after the Big Bang; the next one, at 1011, marks 100 billion years after the Big Bang. Negative powers of 10 e
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. . .. » » 'c .
.. . . ™ o . .“
v . 2
. . ’ .. L ¢

o 7 gMEGrumSlr/Joeumh

g,



Mazs fraction

What the
Big Bang
made...

Mass number

(The primordial abundance pattern)
Brian Fields (2002)

What we observe
in early stars
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What we
find today
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{The solar abundance pattern)
Grevesse & Moels (1995)
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Origin of the radionuclides

Large v ariety of
radionuclides Still detectable 238U, 235U, 232Th, ..
sy nthesized

Did not all dissapear thanks t|

t,, <10° years continuous production Radionuclides

compensating losses
Disapeared
following decay

Stellar
nucleosy nthesi

) Hy drogen
BI% Bang |¥|eliurgn
1.5x10° y ears ago Lithium

Large variety of stabl Stable nuclides
nuclides sy nthesized
TIME OBSERVED TODAY
Formation of the solar sytem
4.9x109 years ago




Half-Life of Radio-Isotope

time (days) | M (%)
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10 42.2317 \ 131|
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25 11,5903 s T 1 T,,=8.04d
30 7.5321 40 \

40 3.1809 ) :

50 1.3434 20 N

60 0.5673 | | S~——

70 0.2396 0 — . . :

80 0.1012 0 ‘[ 10 20 30 40 50
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Math and Units — units of
mass (E=Mc?)
kg-m?

S
1eV =1.6022-10%° J

1J =1

A g =6.022-10° particles
¢ =300000 m/s

lamu=1.66-10""kg =931.49 MeV /¢’
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The concept of energy and
binding energy



Instead of looking at a physical system in terms of its kinematics and the forces acting on
its components we can look at a physical system in terms of its energy

In the concept of this course we will consider 2 forms of energy:
Kinetic energy (is the energy of motion): k=(mv?)/2
Potential energy (is the energy of position)

Gravitational potential energy: Uy, = m.g.y (y:height)

1 aa

Ae, F

Electric potential energy (of 2 point charges): U(r) =

U(r) = 0 for 2 point charges separated by an infinite distance







Statistical behavior

Interaction

Antiparticle

WSS

Mean lifetime

Electric charge

Electric dipole moment

Electric polarizability

Magnetic moment
Magnetic polarizability

Baryon

up quark  down quarks

Fermion
Hadron
Gravity Weak Strong

Antineutron
Ernest Rutherford!!
James Chadwick!!

free
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Baryon
Statistical behavior Fermion

Hadron
e Gravity Electromagnetic
— Weak Strong
Antiparticle Antiproton

William Prout

Ernest Rutherford
\WES
Mean lifetime

Electric charge =

Charge radius fml2]
Electric dipole moment

Electric polarizability

Magnetic moment Uy
Magnetic polarizability
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Nuclear Masses & Energetics

The mass M of the nucleus is smaller than the
| S proton axﬂne.utron constituents!
: : ‘ ! %y

The mass differenc€ is the binding energy B
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particle (nucleon) in MeV

Binding energy per nucleon B/A

Iron is the most
tightly bound
nucleus

has &.8 MaW
Fe pernucleon

=

binding energy.

yield from
nuclear fusion

101

« yield from

» puclear fission

Elaments heavier
than iron can yield
aneragy by nuclaar
fission.

' Average mass

of fission fragments
is about 118.

150
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Excess mass and half-life




Types of nuclear decay



stable nuclides
p-decay
o-decay
 spontaneous fission
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Nuclear Decay & Radioactivity

Nuclei are only in certain Z,N configuration stable
(minimum of energy E=mc?)

Otherwise nucleus ‘decays’ by particle or radiation emission
to energetically more favorable configuration!

Radioactivity
o o Nucleus can
: Decay occurs be displayed
from excited :n telfmShOf a
state or ground Iive scheme
state of nucleus IKe atom
(nuclear shell
model)

Conversion process associated
with radioactive decay




Alpha Decay of the Nucleus

0®: e | Qccurs mainly for very heavy
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Nucleus conversion through a-decay




Beta Decay of the Nucleus

; B decay is the emission of an

4 \\ ) . "
TN _ electron e or positron e* to
"0/ ~® convert neutron to proton or
\ /) proton to neutron inside nucleus
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(electron)

6.-et=>7 - -et+]l . e

Too many protons

11 Na 18 |la 19 |Na 20 |Na 21
. B39 H.416s H.4473s 22,49
11 e 16 [;I%;Z
The B decay always 3 T ;1
converts along isobars | 8 [o 1o 1 219 Too many
TN 12 (w13 N 19
H.Al1s 9. 9E5m 4.173= H.624s A, Jdds
§
5

.' B lc 6 c 17 lc g Neutrons

s |B.74Vs (8,193 | @692

14 B 15 B 17

= |B.8185s @, BESEEs

B.@202s  [9.81736s |0,




Nucleus conversion through *-decay

Z y N

[ 16] sulalsnl vl

I B.681d48s  [6.821s H, 125 B, 187 1,178

15 PHP BB A

] B, 8489 B.B2= B. 263 B. 2703=

14 si20 (51 [siog [6ios (i [sigy

|| @, A29s B, 04235 A, 145 B, 225 2. 234 4. 165

13 al2 (a1 (a1 23 [l o

I 68,0448 | B.B59 B.47s 2,853

12 Mg 19 (Mg 20 (Mg 21 (Mg 22

] B.013%=s [A.A988s |B.122s 3.857s

11 Na 18 |Na 19 [Na 20 [Na 21

|| B. 03395 A. 41635 B.4479s | 22,495

ﬂl Ne 16 Mo 17 [Ne 18 [t 19 N 23
B.1892s [1.672s 17,272 7.2 3. 380

9 F 15 |F 16 [F 17 FalralrolF s

] 1e-195 1. 875m 11,165 4,158 4.73= 2.235

8 012001300 4o 15 01900200 2o

|| B, 888585 | 1.17Tm 2. 83Tm 26,915 12.51=s 2.42s 2,295

7 N1 12 N 17 [N I8 W19 v [N oa

I B,811s F.13= 4,173z B.624s H, 364 B, 142 B, @95

6 C8le 9l I chlcwlcrloslowil v

] B.1265s [19.25s 2.449s B, 7475 B.193s H. 925 B. 8495 B.014s

5 B 8B ¢ B I3[R 14 B I5 B 17 B 19

|| B, 775 2.5e-19s A.81736s |B.8138s [@,@165s A, AASASS B, 83455

4 Be 8 Be 12 Bs 14

I 6. 7e-17s 13.81s B, B236s B, Ba435s

3 Li 9 Lill

] B.1783= A, BR85S

2 e 8

| .119s

| N

Il

: + - A A +
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Gamma Decay of Nucleus

excited states
o In nucleus

o y emission
Excﬂaﬂon of nucleus "< 1015 m
with subsequent
characteristic y emission
E

Excited states correspond
to vibration, rotation or
guantum state excitation
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The Origin of the Elements

Without going to the stars how can we test our theory? The nuclear physics laboratory

- Each heavy atom in our body was built
. and processed through ~40 supernova
#  explosions since the beginning of time!

JINA

We are made of star stuff
Carl Sagan

Dr. Aprahamian i - L. . .
Dr. Collon :
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Energy ranges of stellar nucleosynthesis

Carbon Core

'y \) J Energy range:

Main Sequence Stars Steady state burning:

(K]

0 | X-Ray Bursts

w.:.-.-an 1 |, Explosive nucleosynthesis:

N}

Main Sequeance Stars

-
8
8
E
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10° 16" 10° 10* 10"

Density [a/ccm]



The concept of reaction cross sections



Electrical and magnetic fields




Technical Principle of the Van de Graaff

potential: U = % with Q = charge and C = capacity

Sharply painted
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1o allews

charge o + y
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1 | Energy:E:Em-v = q-U;

Y |2 with U upto 10000000V E < -107eV = 10 MeV
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Advantage of ion- source

sliellue }/@ Tﬁe Tandem Accelerator

w—,rﬂ-" |

Terminal potentialﬂ \V

term
Charging Belts Discharge Probe
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—  from --—(\}++++++++++++tgtarget —_—
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L
ﬁ)u ru Gal \
EonductéP]ates Carbon Electron-stripping foil

Total energy: E=(1+q)V

term



_pI 70 Years of Science History fo .
and Continuing Education

Today:

4 accelerators

A 6 T&R faculty
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10 research staff
25 +3 grad students
15 undergrad students

More than 30 national &
International user groups:
Australia, Austria, Belgium,
Brazil, Canada, China,
Germany, Hungary, India,
Israel, Italy, Japan, Mexico,
Portugal, Romania, Turkey, UK,
Ukraine
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Binding energy per nucleon

Binding energy per nuclear
particle (nucleon) in MeV
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Nuclel vya ASSES ﬂ>60 are‘fo,rmed by.neutron Or proton capture
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The underground laboratory



Deep Underground Science
DUSEL and Engineering Laboratory @t HomEStake, SD
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Astrop‘hysn:s underground

Nuclear Reactions at stellar temperatures

B Timescale of stellar evolution
B Stellar energy production
E Nucleosynthesis from He to Fe Two-Accelerator

B Seed productlon for explosive nucleosynthe$aboratory at DUSEL

tra ~ |_r\ nlnmr\n-l-r\
OfflcoPartMand

Vacuum Aﬂdnbly Rooms

300 keV to 3 MeV
Dynamitron

Overhead Crane

Counting Area
and
Staging Area

Length: 45 m
Width: 20 m Room for Future Expansion \
Max. Height: 20

Measurements handiCapPEd |7 underground Acceterator Laboratory
b Cosmlc Ra baCkround o Unideigesiind Sckenos and Ergfiosering Eelorotsey




DIANA at DUSEL

A view of Homestake in South Dakota

DIANA (Dakota lon Accelerator for
Nuclear Astrophysics) Laboratory,
4800ft

8000ft




