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Անի Աբրահամյան
Ֆիզիկայի պրոֆեսոր 

Քիմիայի և կենսաքիմիայի զուգահեռ պրոֆեսոր 

Նոտր Դամի համալսարան

սև խոռոչ



Ես շատ ուրախ եմ ձեզ հետ հանդիպելու 

համար...դուք երիտասարդ մտքերի կերտողն եք 
Հայաստանի ապագայի համար:

Հայաստանում իմ փորձառությունն ինձ ցույց 

տվեց, որ հայ ուսանողները շատ են 

հետաքրքրված ֆիզիկայով: Ոչ ԱՄՆ-ի 

ուսանողների նման: Տարբերությունը 
Հայաստանի լավ ուսուցիչներն են:



Ո՞վ է Անի Աբրահամյանը

Միջուկային ֆիզիկա

Որտե՞ղ է գտնվում Նոտր Դամի համալսարանը:





12000 աշակերտ 

4000 ասպիրանտ 

5 միլիոն քմ

ԱՄՆ-ում միջուկային ֆիզիկայի 

առաջին լաբորատորիան
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December 2023

սև խոռոչ



Միջուկային աստղաֆիզիկա

1. տարրերի ծագումը

Birth of Stars
Stellar Evolution
Death of Stars

2. արագացուցիչներ

3. միջուկային ֆիզիկայի կիրառությունները



What is the origin of Nuclear Astrophysics?

Միջուկային աստղաֆիզիկա

Միջուկային ֆիզիկա 

Աստղաֆիզիկա 

Աստղագիտություն



Astronomy

Babylonian stone tablet of Shamash, the Sun-god, dated early 
9th century BC. From Sippar, southern Iraq.

The first documented records of 
systematic astronomical observations 
date back to the Assyro-Babylonians 
around 1000 BCE in Mesopotamia.



11-12-րդ դարեր մ.թ.ա

Արեգակնային համակարգի ամենահին 

աշխարհակենտրոն մոդելը



January 19, 1798- September 5, 1857

https://img.libquotes.com/pic-quotes/v1/auguste-comte-quote-lbf7l3n.jpg


“A hundred years ago, Auguste Comte, … a great 
philosopher, said that humans will never be able to 
visit the stars, that we will never know what stars are 
made out of, that that's the one thing that science 
will never ever understand, because they're so far 
away. And then, just a few years later, scientists took 
starlight, ran it through a prism, looked at the 
rainbow coming from the starlight, and said: 
"Hydrogen!" Just a few years after this very rational, 
very reasonable, very scientific prediction was made, 
that we'll never know what stars are made of.”

- Michio Kaku

https://www.goodreads.com/author/show/5428890.Auguste_Comte


Thousands upon thousands of stars illuminate this breathtaking image of star cluster Liller 1,     
imaged with Hubble’s Wide Field Camera 3. This stellar system, located 30,000 light-years from 
Earth, formed stars over 11 billion years….



Radioactivity:

Nuclear Physics Discoveries

Fission: տրոհում

Elemental Abundances:
տարրական առատություններ

Reaction Rates: 
ռեակցիայի տեմպերը



The Scientific Basis – Two Formulas

𝑬 = 𝒎 ∙ 𝒄𝟐
Albert Einstein 1904

Carl Friedrich von 
Weizsäcker 1934
Mass Formula

for the energy generation in bomb and stars

Arthur Eddington 1920:  “What is possible in the 
Cavendish Lab may not be too difficult in the Sun”

Arthur Eddington 1920



The energy source of the Sun and other stars

G. Gamow and E. Teller, “The Rate of 
Selective Thermonuclear Reactions,” 
Phys. Rev. 53 (1938): 608-609.

Stars are driven by the release 
of nuclear energy

Two seminal papers in 1938 discussed the energy generation in 
the sun and the origin of the elements in our universe!



Neutrons for superheavy element production
Continuous neutron capture would lead to the 
formation of ever heavier elements, a source of 
energy through radioactive decay!

Observation of heavy elements in 1920-1930
How are heavy elements been produced???

The discovery of the neutron in 1932 by James Chadwick

being produced in a stellar

offered the solution, neutron 
capture, but how are neutrons

environment of 
hydrogen? No way 
to burn helium?

Fission



Leaders of the Manhattan Project: USA
J. Robert Oppenheimer: theoretical physicist in Berkeley and Caltech, focusing on 
the study of quantum physics and the structure of neutron stars and black holes!

Hans A. Bethe: Trained in Germany by Sommerfeld, he quickly emerged as a rising 
star in nuclear physics at Cornell, interest in light ion fusion processes in stars!

Enrico Fermi: an Italian physicist, wo used the opportunity of his Nobel 
prize in 1936 to leave Fascist Italy for the United States. He was essential 
for the understanding of neutrons and their role in fission.

Edward Teller: Hungarian firebrand, worked with Heisenberg in Germany 
before emigrating to the United States in 1933. At George Washington University he became an 
expert in light ion fusion reactions and a vehement spokesperson for the hydrogen bomb.

Plus more than 125,000 scientists, 
technicians, administrators, military 
people involved in the project!





•How were elements Fe to U made?

s-process
r-process

Wiescher
Schatz

H, He, Li

արեգակնային համակարգմեծ պայթյուն



Are there more elements?

Մենդելեևի տարրերի աղյուսակ



Galactic Chemical Evolution
First 
Stars



The view towards the early stars and galaxies in the 
Universe with the 

James T. Webb telescope



First Star formation 
from inhomogeneities 
in the mass distribution 
of the early universe



The Mass Distribution of First Stars



James Webb 
observation: Methuselah is located in the 

constellation Libra, close to the Milky Way galaxy's 
Ophiuchus border, and around 190 light-years away from the 
Earth.
14.5 +/-0.8 Billion years old



clusters

7 
cluster state 
in Carbon 

Single particle configurations

Cluster – molecular configurations

Collective vibrational configurations

Collective rotational configurations

Բարձր 

էներգիայի

մասնիկների 

Ֆիզիկա

Միջուկային 

ֆիզիկա



Big Bang Nucleosynthesis
The origin of the primordial elements: H, He, Li

The mass A=5 gap prohibits the production of substantial amounts of lithium and beryllium.
The mass A=8 gap prohibits the production of heavier elements such as boron, carbon, and beyond!



Fusion Reactions in Stars

• First stars: fusion for mid-mass elements

• Late stars: post-red-giant  stellar evolution, carbon 
and oxygen burning

• Ignition of type Ia supernovae

• Ignition of superbursts



The stepping stones for bridging the gap

8Be

2H

11B

15N13N

10B

14N

6Li

7Be

7Li

3He 4He

11C

9Be

14C12C 13C

12N

Three particle  fusion reactions:
4He(,γ)12C
4He(n,γ)9Be(,n)12C
And Li induced capture processes:
6Li(,γ)10B(,d)12C deuteron cycle
7Li(,γ)11B(,n)14N neutron source

The  cluster structure 
of light nuclei



S

Dissociation of elements at high temperature and 
density conditions?

Neutrino driven wind Merging neutron stars



Radioactivity 



A more multi-facetted picture of Radioactivity 



The Development of Radiation Science

From 1920 - 1939

Discovery triggered a unbounded enthusiasm and led 
to a large number of medical and industrial applications

History



Applications for Radioactivity



Applications
Popular products included radioactive tooth paste
for cleaner teeth and better digestion, face cream to
lighten the skin; radioactive hair tonic, suppositories,
and radium-laced chocolate bars marketed in
Germany as a "rejuvenator." In the U.S, hundreds of
thousands of people began drinking bottled water
laced with radium, as a general elixir known
popularly as "liquid sunshine." As recently as 1952
LIFE magazine wrote about the beneficial effects of
inhaling radioactive radon gas in deep mines. As late
as 1953, a company in Denver was promoting a
radium-based contraceptive jelly. Albert Geyser
made a fortune in 1920 selling x-ray machines as
hair removal systems. ”X-Ray treatment is save,
harmless and effective, and in this he was brilliantly
successful. The Tricho System of Treatment is the
result. This dries up the hair roots in a manner
similar to that of gradually getting bald, instead of
attempting their sudden and violent destruction.”



Radione tablets for Energy

A century ago radioactivity was new, exciting and good for you–at least if 
you believed the people selling 
radium pendants for rheumatism, 
all-natural radon water for vigor, 
uranium blankets for arthritis and
thorium-laced medicine for digestion
(you don’t even want to know about the radioactive suppositories).

Radon water:  Radon half life = 3.82 days



Radon Spas

Radon bath and therapy in St. Joachimsthal
in Bohemia, now Czech Republic



Medical Science
• X-rays offered opportunity for 

new diagnostics

• Radioactivity offered opportunity 
for treatment.

• Big business in radiation



Objects of Intrigue: Look Radiant in Radium







Radioactivity is associated 
with Nuclear 
Transmutation

224Ra +α

220Rn +α

216Po +α

212Pb +

Naturally occurring decay processes

Էներգիա



Nuclear binding energy



Consequences?
• Mutation

• Evolution

• Death

Depends on radiation dose (radiation sickness)
Depends on radiation damage
Depends on enzyme repair mechanisms
Depends on natural selection (survivability)

• Cancer

• Death

Alexander Litvinenko,  1962-2006



Nuclear Fission



Chain Reactions

The first nuclear reactor 
developed by Enrico 
Fermi in Chicago 
in 1942.

Slow neutrons are more 
likely to be captured by 
235U and induce fission! 



24 3He tube detectors 

EJ301D neutron detectors

Experimental facilities at Notre Dame





Particles accelerated in a closed loop in vacuum: LHC, 14 million times in 20 minutes
Mainly protons but can accelerate everything up to Pb.
ARUS  in YerPhi



RHIC Physics

RHIC is the first machine in the 
world capable of colliding ions as 
heavy as gold.

https://www.bnl.gov/rhic/physics.php




2.1 Association Agreements with Legal Effect
1.Albania
2.Armenia
3.Bosnia and Herzegovina
4.Faroe Islands
5.Georgia
6.Iceland
7.Israel
8.Kosovo
9.Moldova
10.Montenegro
11.North Macedonia
12.Norway
13.Serbia
14.Tunisia
15.Turkey
16.Ukraine



The Electron-Ion Collider (EIC) will be 

the world’s first polarized electron-ion 

collider, a set of accelerator rings that 

bring polarized electrons and polarized 

ions into millions of head-on collisions 
at nearly the speed of light.





18 MeV cyclotron in Armenia



Two hollow evacuated D-shaped metal 
chambers: magnetic force  causes centripetal 
acceleration for a circular orbit

Angular frequency



frequency

Maximum Kinetic Energy



Frequency =8 MHz

w=2pf= 2p.8x106/s= 5 x 10 7 rad/s

Magnetic Field?
B= mw/Q
B = (1.67x10-27 Kg) (5x107 rad/s)= 0.52 Tesla

1.6x10-19 C

Diameter = 1 m; radius =0.5 m

Or B= mc2w =( mc2) w.   

Qc2 (   Q  ) c2

B=940x10 6 eV (5x107 rad/s)/ 9x1016m2/s2
B=0.52 Tesla



Maximum Energy that a proton can reach

T= ½ mv2

= 1/2mc2 (wR/c)2

= 0.5(940MeV) (2.5 x 107)2.   = 3.3 MeV  
(3x108 )2



=(2mE’)1/2 ; E’ beam energy

E’= (2 ½)2 = 1600x 10 6 GeV = 8 x105 TeV
2 mc22           2 GeV

Circumference of circular tunnel will scale with energy.
C’=C E’/E= 60 miles (8x105 TeV/20 TeV) = 2.4 x10 6 miles





Copper Tubes
The major structure of the particle 

accelerator is the copper tube. The 

copper tube has a strong vacuum inside 

through which the particles travel. The 

tubes are made of copper because copper 

conducts electricity and magnetism 

very well. At the SLAC linac, the copper 

tube is made of more than 80,000 copper 

cylinders brazed together for more than 2 

miles (3.2 km)!

Copper tube is arranged in a series of cells called cavities. The spacing 
of the cavities depend on the wavelength of the microwaves



Van de Graaff Accelerators
Van de Graaff accelerators produce energetic beams of 
protons, deuterons, tritons, alpha particles, and 3He particles. 
Secondarily, these charged particles can produce high-energy 
neutrons through a variety of nuclear reactions. Analytical 
applications with high-energy neutrons and energetic charged 
particles are dominated by reactions involving particle evaporation 
and usually produce neutron-deficient product nuclides.
Two other types of accelerators are the linear accelerator and 
the synchrotron, with both types used to accelerate electrons. 
Although electrons themselves have few analytical applications, 
the bremsstrahlung radiation (i.e., gamma rays) emitted when high-
energy electrons interact with a tantalum or tungsten target can be 
used for photon activation analysis (PAA).

https://www.sciencedirect.com/topics/chemistry/energetics
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/deuteron
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/alpha-radiation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/linear-accelerator
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/synchrotron
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/bremsstrahlung
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/tantalum
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/tungsten
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/activation-analysis


_ _ _



Experiments with Charged Particles

3He(,)7Be 

12C(α,)16O

12C+12C

Forward 

kinematics 

underground 

with radiation 

detection

inverse 

kinematics with 

recoil separation 

and detection



Nuclear reactions in context

3He(,)7Be 

3He(,)7Be 

A direct measurement of a charged particle cross section for stellar burning is 
more than unlikely! A comprehensive analysis of the reaction rate at stellar 
energies, requires a full understanding of the reaction mechanism and the 
reaction components to be fully integrated into the extrapolation process. First 
principle nuclear models are limited, phenomenological models (R-matrix) are 
limited, but multi-channel approach with a wide-range of data seem promising! 



Extrapolations

A. Kontos et al. PRC C 87, 065804 (2013)
R.J. DeBoer et al. PRC C 90, 035804 (2014)



Neutron detection techniques

C6D6 deuterated polyethylene detectors 
Febbraro, ORNL

EJ315

Unfolding techniques

Standard 3He counter system with 24 3He tubes – problems with beam induced 
neutron background, e.g.  13C(α,n). Alternative are deuterated liquid scintillators 
with response function analysis. 



Experimental Efforts > 50 yrs
Conversion of cross section data to S-factor

The experiments were largely handicapped 
by the low cross section and 13C impurities 
in target material, even small fraction of 
13C cause a large neutron flux destroying 
the Ge detectors. 



Laboratory based nucleosynthesis

Experimental Techniques



Experimental Facilities at Notre Dame

Provides beams in the 
100 μA range in 1H, 4He, 
14N, 16O, 40Ar, … 

5 MV Pelletron 
accelerator with ECR 
source at the terminal 
for high (2+-3+) charge 
state beams



St. George Separator
Strong Gradient Electro-magnetic Online Recoil separator for capture Gamma ray Experiments

HIPPO jet gas target system
(HIgh Pressure POint-like gas target)



CASPAR Facility one 
mile under ground

First projects: 14N(p,γ), 11B(,n) completed; planned:
10B(,n), 13C(,n), 22Ne(,n), 22Ne(,γ), 25,26Mg(,n). 



CASPAR underground accelerator
Compact Accelerator for Performing Astrophysical Research



Advantage of underground physics

CR 

induced 

spectrum

Environmental 
radioactivity

CR induced neutron spectrum 

underground neutron spectrum   
(KURF, LNGS, Soudan, SURF, WIPP) 

up to 5 orders of magnitude reduction

underground gamma spectrum
(LNGS Gran Sasso) 

Cosmic Ray 
induced activity



Background reduction by moving to cosmic ray free underground environments (LUNA, JUNA, 
CASPAR) or to inverse kinematics techniques with recoil separators (DRAGON, St. GEORGE, ERNA)

Light ion on heavy target measuring light
reaction product yield in reduced background
environment, limited by detection efficiency.

Heavy ion on light target measuring ion recoil
yield, limited by initial beam intensity and
acceptance of recoil separator

Two Ways towards improved Experiments 
for stellar Helium Burning

Jinping Mountains: Sichuan Province


