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The Atom

Nucleus: contains protons (Z) and neutrons (N)
Surrounded by a cloud of electrons: Z if atom is unchare
A:N+Z called the mass number

Z: atomic number, determines the name. Z=6: Carbon

! Periodic Table of the Elements
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A bit more detall

tructure within
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If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across




The standard model particles
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Fundamental forces of nature

Astrong force holdsjuarkstogether
Astrength 1
Aange: 1 fm

Aelectromagnetic force: electric & magnetic forces
Astrength 1/137
Aange: infinity

Aveak force describeanother kind of interaction between
leptons (electrons), quarks, and neutrinos

Astrength 10

Aange: 168

Ayravity describes force betweeabjects with mass
Astrength 6x16%°
Aange: infinity
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Building bridges

NSCL/FRIB

Tés nucleons

quark -gluon nucleon few-body many-body
plasma QCD systems systems
QCD free NN force effective NN force



Back to nuclel
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The table of elements

The Periodic table of the elements
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The Chartof Nuclel
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Carbon 12 & Carbon 13: both are stable and can readily be found on earth
Carbon 14: liveime of 5700 years, used for Carbon dating
Carbon 11:lives 20 minutes Carbon 10: lives 19 s



Proton Number
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The Chart of theNuclides

How many protons ol ="
can a nucleus hold? = 5

Predicted limits of
stability

How many neutrons
can a nucleus hold?
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Known Isotopes
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Nuclel found on earth
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Where are they coming from?



Exploding Stars: the birthplace of nucle

Sn1998dh
Typelln supernovae
(core-collapse SN)

s

s Sn1998dh

Typelasupernovae
(Thermonuclear SN)

Snl1987A
Type Il supernovae
(core-collapse SN)

Layers of a Massive Star
Near the End of its Life

Accreting white dwarf




Binding energy per nucleon

Fusion and fission

Layers of a Massive Star
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Unstable (rare) isotopes in the lab

Ahere are many unstable isotopes which live for a brief period of tin

Ahey play an important role in stellar evolution

Anowledge about these isotopes is critical if we want to understanc
how the elements found on earth are formed.

Adow do we produce these rare isotopes?

Adow can we do experiments with them given their short lifetime?
MBesides the fundamental scientific questions, are their applications
the research performed with rare isotopes?



Applications

New Medical diagnostics

and treatments lon implantation for
materials research

Nuclear
energy

Detection systems for

homeland security purposes
Nuclear nonproliferation
and threat detection

NSCL currently delivers about 10% of the nations PhDs in nuclear physics.
With construction of the Facility for Rare Isotope Beams this number will grow.



Producing rare isotopes

Lithium-7
3 protons, 4 neutrons

Suppose we want to study Lithium-11
3 protons, 8 neutrons



Fragmentation process

18-Oxygen Collision 11-Lithium

A 18-Oxygennucleus (stabley It collides with a target after

accelerated by the NSCL which it fragments.With a small
cyclotrons to about 100,000  probability, 1iLithium is
miles per second. produced.These are then used

In experiments.



Making a beam of tritonsid)

Primary®0O beam 150MeV/n with 10 pps *He by
Alritons produced for experiment 1x1@ps ~ focal planei \
AJsed in experiment witt8800spectrometer analysis line $800 mr.
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transfer line & 4

"°0 13 MeV/u 34115 MeV/u e

target(t,3He) reaction

Without wedge o 8

production target

energy loss PIN (MeV)
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8% °0 150 MeV/u

Thin wedge is needed to remo¥ele (Li) .
Background channéHe->3He + 3n .

0, = Sl e B :
215 220 225 230 235 240 245 250 255 260

. time of flight (ns) 20
G.W. Hitt Nucl. Instr. and Meth.A 566 (2006), 264.




FRIB
Faclility for Rare Isotope Beams

G Stoppeyg

Soace kor Eromgy
Upgrads (Lines Sog 3

FRIB will be able to produce beams
of rare isotopes that are orders of
magnitude more intense than
currently available and generate
many new species.




An example

°H + %9Zn - 3He + %4Cu

‘ ﬁ‘

°H : beam of tritons. Tritons are not stable and must be
made somehow.We use a primary Oxygen beam.

%47n: nucleus to be studied (i.e. present in the star) We have
a foll of this material

3He: reaction product.We measure this in a spectrometer

and determine the energy transferred to th&Cu and
also the reaction angles (like in billiards)




The S800 spectrometer

*He

detectors

dipole magnets:
bends particles depending on —j

velocity, mass & charD/
slo

*He

S800 spectrometer @ NSCL
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What if the nucleus of interest is unstable?
Perform the experiment in inverse direction!

H +°Ni - n+°>Cu

© ‘o

'H : Hydrogen as a target. We had to build a Hydrogen target
°5Ni: nucleus to be studied (i.e. present in the star). It is not stable
and produced a beam

n:neutron (reaction product).We measure this in a special detector
for neutrons, which had to be built especially for this kind of
experiment. From it we determine the reaction kinematics.

°6Cu: reaction product: measured to make sure we are looking at
the right reaction.




(p,n) reaction in inverse kinematics

First experiment was
run in October 2010
>Ni(p,n) and>>Co(p,n)
were measured
simultaneously (cocktall
beam)

'H + °°Ni - n+>°Cu



