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Gamma-ray Spectroscopy and Nuclear Physics

Gamma-ray spectroscopy has played a major role in the study of
the atomic nucleus.

Coincidence relations - Level/decay scheme

Angular distributions

/correlations - Multipolarity, spins
Linear polarization - E/M, parity
Doppler shifts - Lifetimes, B(E/M A\)

“Effective” Energy resolution (3E),
Efficiency (g), Peak-to-Background (P/T)

Resolving Power



Interaction of gamma-rays with matter

Photo effect

Atom - Compton scatterin
E P . Atomic
electron
incident
gamma <" "F" "
Ee E

A ph(?toelectron is ejected Elastic scattering of a
carrying the complete ppotosiectron  gamma ray off a free electron. Scattered
gamma-ray energy (- binding) . A fraction of the gamma-ray E gamma

energy is transferred to the Compton electron

Pair production

If gamma-ray energy is >> 2 m _c?

(electron rest mass 511 keV), a

Positron- positron-electron can be formed in

electron the strong Coulomb field of a nucleus.
P This pair carries the gamma-ray energy

minus 2 m c?.

Nucleus



Germanium
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Scintillators

Scintillators are materials that produce ‘small flashes of light’
when struck by 1onizing radiation (e.g. particle, gamma, neutron).
This process is called ‘Scintillation’ .

Scintillators may appear as solids, liquids, or gases.

Major properties for different scintillating materials are:
° nght y161d and linearity (energy resolution)

* How fast the light 1s produced (timing)

* Detection efficiency

Organic Scintillators (“plastics”):
Light is generated by fluorescence of molecules; usually fast, but low light yield
Inorganic Scintillators:
Light generated by electron transitions within the crystalline structure of detector;
usually good light yield, but slow



Scintillator spectrum (here CsI(INa))
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CAESAR at NSCL

LETTER

Evidence for a new nuclear ‘magic number’ from the
level structure of >*Ca ABF
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Germanium Semi-conductor Detectors

Energy resolution !

conduction band -~ ™
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il
valence band -HV signal

Intrinsic energy resolution determined by statistics of charge carriers ~

JN — FWHM =235,[F Ey/¢




Compton Suppression

Improve peak-to-total ratio

Peak/Total = 20%
e=20%
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Effective Resolution: Doppler Broadening

Moving nucleus ,——— ., YAV Doppler shift
A ABy

0 C
E =FE

v-ray detector

Broadening of detected gamma ray energy due to:
B Spread in speed AV

B Distribution 1n the direction of velocity A0,

B Detector opening angle A6,

= Need accurate determination of V and 6.
=» Minimize opening angle and particle detector
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Resolving Power...

A figure of merit (resolving power) could be measured by the ability
to observe weak branches from rare and exotic nuclear states.

ground state




Improving Peak-to-Background...

...using F-fold coincidences (here ‘matrix’ : F=2)
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Improving Peak-to-Background...

...using F-fold coincidences (here ‘matrix’ : F=2)
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Cut along oE

K
A

energy

Improvement of P/BG by factor SE/SE !!!



Note: r >1, e<1

1/rt

o=1/r /

P
With rz(gg)(T)

O (log)

(N/No)/€f

The counts in the peak of A ;
interest
N = aN g’
i fold
The resolving power is RP — 1 e




Evolution of Gamma-ray Spectroscopy Resolving Power
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Development of new detectors and techniques have always
led to discoveries of new and unexpected phenomena.
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Number of modules 110 Peak efficiency 9% (1.33 MeV)
Ge Size 7cm (D) x 7.5cm (L) Peak/Total 55% (1.33 MeV)
Distance to Ge 25 cm Resolving power 10,000



Argonne

NATIONAL LABORATORY

ATLAS

Argonne Tandem Linear Accelerator System

The prime national facility for nuclear structure research

The ATLAS facility is a leading facility for nuclear structure
research in the United States. It provides a wide range of
beams for nuclear reaction and structure research to a large
community of users from the US and abroad. The full range
of all stable ions can be produced in ECR ion sources,
accelerated in the world's first superconducting linear
accelerator for ions to energies of 7-17 MeV per nucleon
and delivered to one of several target stations. About 20%
of the beam-time is used to generate secondary radioactive
beams. These beams are used mostly to study nuclear
reactions of astrophysical interest and for nuclear structure
investigations.

User community

ATLAS provides beams and experimental instruments for a
large community of nuclear scientists. In 2006, there were
436 active users, including 75 graduate students. Typically,
research at ATLAS results in 10 Ph.D. theses and 60
publications in peer reviewed scientific journals every year.
Beam time is allocated based on the recommendations of a
Program Advisory Committee which meets twice a year.
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Research programs

The ATLAS research programs focus on the key questions
that are central to our understanding of baryonic matter and
on the description of the astrophysical processes that
generate energy and produce elements in the stars. These
areas of research have been endorsed in several major
reviews of the science. Specific issues being addressed are
1) the quantum structure of nuclei, 2) nuclear shapes,

GAMMASPHERE is one of the forefront instruments
available for experiments at ATLAS. It consists of
110 Compton-suppressed Ge detectors used to
detect gamma rays emitted from compound nuclei
formed by fusion of accelerated heavy ions and
target nuclei.

3) exotic decay modes, 4) masses of exotic nuclei, 5)
fundamental interactions, 6) nuclear reactions of
astrophysical importance, 7) properties of the heaviest nuclei
and 8) accelerator mass spectrometry.

Future developments

Since its inception in 1985, the ATLAS facility has continually
been upgraded in order to be at the forefront of nuclear
research. At present, the Californium Rare lon Breeder
Upgrade, CARIBU, is being built. This facility will provide for
the acceleration of neutron-rich fission fragments from a one
Curie 252Cf source to study neutron-rich nuclei, particularly
those of relevance for the astrophysical rapid neutron capture
process responsible for the production of a large fraction of
the heavy elements in the Universe. A novel superconducting
solenoid spectrometer, HELIOS, which is ideal for the study
of the structure of these neutron-rich species, is under
construction and an energy upgrade of ATLAS is also under
way. In order to fully explore neutron-rich nuclei, a current
frontier in nuclear physics research, a major new facility for
beams of radioactive ions is in the planning stages.
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Robert V. F. Janssens, Scientific Director, Janssens@anl.gov
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Argonne National Laboratory is a

UChicago» %

AronnAA ~d Science mana
/“\r:(;()l]:l(,

U.S. DEPARTMENT OF ENERGY

Office of US.I
Courtesy of Robert Janssens



PHYSICAL REVIEW C VOLUME 54, NUMBER 5 NOVEMBER 1996

Test of AI=2 staggering in the superdeformed bands of *Hg

R. Kriicken,! G. Hackman,> M. A. Deleplanque,! R. V. F. Janssens> I. Y. Lee,! D. Ackermann? I. Ahmad,”> H. Amro?
S. Asztalos,! D. J. Blumenthal > M. P. Carpenter,” R. M. Clark,! R. M. Diamond,! P. Fallon,! S. M. Fischer,’
B. Herskind ? T. L. Khoo” T. Lauritsen.” A. O. Macchiavelli,! R. W. MacLeod,! D. Nisius,> G. J. Schmid!

F.S. Stephens,! and K. Vetter!

IS0Nd(#8Ca4n) at 201 MeV
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ELSEVIER

Nuclear Instruments and Methods in Physics Research A 381 (1996) 418-432

NUCLEAR
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& METHODS
IN PHYSICS
RESEARCH
Section A

“The Microball”
Design, instrumentation and response characteristics of a
4qr-multidetector exit channel-selection device for spectroscopic
and reaction mechanism studies with Gammasphere

D.G. Sarantites®*, P-F. Hua?®, M. Devlin?, L.G. Sobotka?, J. Elson?, J.T. Hood?,

D.R. LaFosse?, ].E. Sarantites®

M.R. Maier®

" Deparmment of Chemistry, Washington Universiry, St. Louis, MO 63130, USA
b Engineering Division Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720, USA
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1200

Counts /(2 keV)

B Channel selection - lower background
B Recoil correction - better Resolution
28Si+33Ni => 8Sr + a2p Yrast SD band

No Background subtraction
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www.elsevier.nl/locate/nima

CHICO, a heavy ion detector for Gammasphere™
M.W. Simon*, D. Cline. C.Y. Wu, R.W. Gray. R. Teng, C. Long'

Nuclear Structure Research Laboratory, Universtly of Rochester, 271 East River Road, Rochester, NY 14623, USA
Received 19 January 2000; accepted 7 March 2000
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Counts / 1.333 keV

136% e + 2%8Pp at 650 MeV
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SOME EXAMPLES



Cranking analysis:
Angular momentum and moments of inertia as
functions of the rotational frequency

oFE ]
w=— rotational frequency
ol
[(w) angular momentum
Il ] : L
IV(w)=— kinematical moment of inertia
W
~(2) dI . . .
S (w)=— dynamical moment of inertia
dw
p=my

f=dp/dt=(dp/dv)a f=m%a



Al =1 -transitions:

hao()=E()-E( -1)
E'(I)= %(E(I) +E(I-1))-ho(D)I
Al =2 -transitions:
E(D-E(I-2)
2
E'(I)= %(E(I) +E(I-2))-ho(])I

ho(l) =
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Fig. 3. The Plots of 23/h? against (hw)2. (a) The discovery” of backbending (upbending) in

160Dy. (b) Plots for the two nuclei reported by Beuscher et al.®
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Normal-Deformed
Rotational Bands
~0.3)

Coexistence of Excitations
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Single-particle energy (osc. units)
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Direct Decay from the Superdeformed Band to the Yrast Line in lf,%Dyg(,
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Superdeformation in the N = Z Nucleus 3*Ar: Experimental, Deformed Mean Field,
and Spherical Shell Model Descriptions

C.E. Svensson.! A.O. Macchiavelli.! A. Juodagalvis.2 A. Poves.® 1. Ragnarsson. S. Aberg.? D. E. Appelbe.?
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VOLUME 87. NUMBER 22 PHYSICAL REVIEW LETTERS 26 NOVEMBER 2001

Superdeformation in the Doubly Magic Nucleus ‘2‘8Ca20

E. Ideguchi.! D.G. Sarantites.! W. Reviol.! A.V. Afanasjev.>** M. Devlin."* C. Baktash.> R. V.F. Janssens.?
D. Rudolph.® A. Axelsson.” M.P. Carpenter.> A. Galindo-Uribarri,®> D.R. LaFosse.® T. Lauritsen.? F. Lerma.!
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YChemistry Department, Washington University, St. Louis, Missouri 63130
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3Physics Department, University of Notre Dame, Indiana 46556-5670
4Laboratory of Radiation Physics, University of Latvia, LV2169, Miera str. 31, Latvia
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Extend our microscopic understanding of collective rotations in
a “complex rotor”
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36Ar : Comparison with Theory
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Angular Momentum (1)

 Configurations dominated by core excitations from sd to pf shell (732, v3?)
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