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Cluadrupole deformation of the nuclear ground states
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Observables for nuclear structure studies:

Energy Levels from gamma-ray spectroscopy: Level energy ratios
Masses of Nuclei from traps: proton and neutron separation energies

Reaction cross sections by spectrometers

Lifetimes of excited states: Transition Rates
DSAM: Stable Targets
GRID: Stable Targets

Advanced Time Delay Technique: Exotic Nuclei



Energy Levels: Evolution of Nuclear Structure
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Transition Probabilities!
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Typical deformed nucleus Rotational states built on (superposed

on) vibrational modes
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Typical Deformed Nucleus: Two-neutron and Two-proton pairing gaps
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Lifetime measurements of exotic nuclei

Prolate

Collective Excitations built on the g.s.?

Energies of excitations
Matrix elements
Rx cross sections

...last piece of the puzzle.....Stay tuned!
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How is measuring the The ed matrix element’ .
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A photon with [ units of angular momentum

is called a 2°— pole photon.

{=1= dipole _ _ _
(=2 = quadrupole Multipolarity is a measure of the angular

(=3 = octupole momentum carried away by the photon,

Transitions are classified as electric or
magnetic based on whether the radiation is
due to a shift in the charge distribution or
a shift in the current distribution.



Weisskopf Estimates: T in seconds; Ey in keV; A is AMU

Transition
Multipolarity

T1(1 spu) (seconds)

2

El

E2
E3

E4

M1
M2

M3
M4

6.76 x 10°8E 243
9.52 x 108E-5A5

2.04 x 1019 E-7 A~
6.50 x 10915945

2.20% 10-°8;°

3.10 x 107E;5A3
6.66 x 1099E-7A5
2.12 % 10P2E; %A~

&5+ (254 W.u.) 18.6 ps
A+ l' (358 W.u.) 103 ps
>4 (1098 W.u.) 2026 ps
O+ L

]EUD}'



Typical deformed nucleus Rotational states built on (superposed

on) vibrational modes
E, (keV) )
1500 4"V ——— 2219 2220
6+ 498.3 516.6 2: 66.6 66.6
5t -355.2 344.4 0 2 0
4+ 198.0 200.9 K=0 EEsr Eg
g* 1024.5 1096.8 ‘ ' . l-
1000+ 3+ 86.1 86.1 e @
ot 0 0
E-E,+ E o
Y 2 rot Vibrational
+ 2 P
+
4 299.5 304.7 164Er
o, 914 914
ot OF 0 0
gsb  E, . Ero Rotational Rotor
12/ 214{5.2 keV) states
E) o< ( B212D)I(I+1)
Ground or
equilibrium

state R4/2= 3.33




A. APRAHAMIAN et al. PHYSICAL REVIEW C 95, 024329 (2017)
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FIG. 1. Systematics of the first excited K™ = 2% “y” and K™ = 0™ bands in several isotopes of Sm, Gd, Dy. Er. Yb, and Hf as a function
of neutron number “N"" along with the observed B(E?2; Z}Zy — 0*) values for the ¥ bands and the B(EZ;GZF — 2;5_) values for the first
excited K™ = 0% bands.



GRID Measurements: E;;5,/E{150= 1.5

47 1956.4

-+

Lifetime Measurements:

(6" 1731.1

45 16356 (Y 1654.1

£ 14504 feiigd 13 1.3-5.7 W.u.
______ K=0T K0T
& 1586 0"
6t 6322 0.3-1.5 W.u. 5 Band Mixing Calculation
0+ g.s.
4 306.6 2+ K=2
2t 932 0+ 1199.4
e 0+ 1434.2
Ht 0+ 1772.2 keV

Aprahamian, Phys. Rev. C65, 031301R (2002)
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Figure from C. Casarella
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Nature of K=0* excitations in deformed nuclei ?

Quasi-particle excitations
Pairing vibrations
Collective excitations



+

Progress

N

Work

[}
[}
T _

162 Dy




Conversion Electron Spectroscopy
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No gamma ray transitions of type 0=>0.

Possible by IC

Can get both electric and magnetic matrix elements
contributing to a given decay probability

Lowest multipolarity is most favored

Electric matrix elements are generally greater than
magnetic matrix elements of the same multipolarity.

E2 and M1 transition rates are similar



Internal conversion

EIC= E'I'r'ansi'l'ion_Eelecfron binding energy
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J. E. GARCIA-RAMOS AND K. HEYDE PHYSICAL REVIEW C 89, 014306 (2014)
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FIG. 2. (Color online) Comparison between the “shifted” theo-
retical energy spectra for Pt (a) (see text and Fig. 12 in [88]) and the
experimental Heg low-lying energy spectra (b).



Shape coexistence

*Different types of deformation at low

excitation energy

*Interplay between two opposing tendencies b
oStabilizing effect of closed shells
cResidual proton-neutron interaction

Heyde and Wood, Review of Modern Physics (2011)

1 L i 4 L 1 2 1 4 1 1 1 l 1 g 1 2 2 L
186Pb 100 110 120 130 140

Neutron Number N
T.E. Cocolios et al, Phys. Rev. Lett. (2011)

*Evidence across the light lead region
*Lack of experimental information
ocNature of deformation
oDegree of mixing

cAlso appears in other regions of the nuclear chart...
oCampaign to characterise properties of shape
coexistence using complementary experimental probes

: B,c08(1+30)
Andreyev et al Nature 405:430 (2000)
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What is the role of coexistence in the rare-earth region of nuclei?



LIFETIME MEASUREMENTS IN “5Gd PHYSICAL REVIEW C 98, 034303 (2018)
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Clovershare was paired with ICEBall (Internal Conversion Electron Ball)

* |CEBall consists of 6 Mini-Orange Spectrometers for detecting conversion electrons

° 1525 m(x,2n) reaction was used

* 154Gd has 16 known O*
states. 10 of these were only
found in 2006 by Meyer et al.

® The nature of excited O*
states is not well understood,
EO transitions are critical for
understanding.

ST JUNIVERSITY OF
NOTRE DAME l



U of Wisconsin LaCrosse + ND Nuclear Science Laboratory : NSF MRI 2019 QA ——

flreBall consists of 6 Mini-Orange Spectrometers for detecting conversion
electrons

Conversion Electrons in 1°4Gd and 1°°Gd

Last piece of the puzzle: EO Transitions in coincidence with y-rays

UNIVERSITY OF
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154Gd: Search for EO Transitions

Proof of populating the first two excited O* bands using 247.9 keV gate

Gamma spectra gated on 247.9 keV gamma 2000
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Search for EO Transitions in 1°4Gd

Proof of populating the excited O* bands using 123.1 keV gate
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TABLE II: g2 (EO/E2) for 0* — 0* Transitions

Ei (keV) Transition EO (keV) Transition E2 (keV) g? (EO/E2)
K
1182.091 0t — 0* 501.427 0t — 2°F 1059.033 0.0023 (5)
32 3 gs
1573.9 0t — 0* 391.85 0t — 2°F 1451.7 0.0521 (119)
63 6 gs
1573.9 0t — 0t 893.9 0t — 2°F 1451.7 0.0168 (77)
62 6 gs
1650.3 0t — 0t 468.3 0t — 2°F 1527.1 0.2082 (345)
73 7 gs
1650.3 0t — 0F 970.3 0t — 2°F 1527.1 0.0402 (192)
72 7 gs

S. Strauss, to be published



- Detectof
*7 L€, \
. e;
a A\

Figure 2: Graphic detailing the mini-orange spectrometer used in ICEBall. The tungsten
absorber blocks all direct paths from the source/reaction to the detector while the magnet
wings create a field that bends electrons towards the detector.

Figure 4: Geant4 simulation setup consisting of one Si{Li) detector with a magnet filter.

K. Lee, W. Tan
Simulations to improve efficiency

Figure 5: From left to right: Shape 1, Shape 2, and Shape 3
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Lifetime Measurements .
Conversion Electron Spectroscobﬁy

Are the 0 excitations seen in the rare earth region
Osulla fns built on the ground state or are they

¢ ||||€“ Thank you!



