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Experiment/Observation Drives Science
Science Advances with Theory
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Nuclear Shapes
R(6,9) = Ro(1 + BY,,(0.9))

A=2; B = O spherical; B < O oblate (disk-like) ; B > O prolate (football-like)
A=3; triaxial, octupole deformed

ablate

spherical prolate

actupoale
defomed

(triaxial)

hyperdefermed

superdsformad

Dynamics of the Shapes



Casten & Feng
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Shape Coexistence:

Near closed shells

O, Ca, Ni,
Zr, Mo
Cd, Sn
Hg,Pb

) E(MeV)
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Evolution of Nuclear Structure
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Quadrupole oscillations of a deformed nucleus: 3 and y

K=0* K=
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What can we expect to see? Transition Probabilities

Energy =2 - : +
K=4 Yy K=0 v K=O+BB K=2+BY
Energy =1 K=2+ K=0+

B(E2:4+, 22+, )

Energy (MeV)

4 @ = =) I_\ K=O+ _ 2'78
\ 1 : L} ? * B(E2:2+y90+g8)
3*@5 S@
i 9 ‘Bi S ‘g’ S B(E2:0+,D2+)  _ .
& t g % r'_; e * B( E2 :2+y90+gs)
= s
5 8 o0 " .
1 : 70 . 15834 B(E2:2+BBQO+QS)
* Y:ast states _ 20
* * :A’(())ui:fr(ztsates B(E222+590+gs)
e ” Y.Sun, 2003
2 & 8 12 16




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




Pairing gaps: Nuclear Masses

2An 2Ap E veos
14Gd 2468 keV 2234 keV 680 keV
15664 1996 1914 1168
15864 1768 1738 1196
162Dy 1720 1914 1400
164Dy 1692 1792 1656
166 1824 1814 1460
168F 1540 1787 1217

178§ 1360 1660 1199
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e 158Gd: 13 0* states

Lesher et al., PRC 66, 051305(R) (2002)
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A. APRAHAMIAN et al

PHYSICAL REVIEW C 95, 024329 (2017)
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FIG. 1. Systematics of the first excited K = 27 “p” and K™ = 07" bands in several isotopes of Sm, Gd, Dy, Er, Yb, and Hf as a function
of neutron number “N™ along with the observed B(E2; 2, _,. — 07) values for the y bands and the B(E2;07 — 27, ) values for the first

excited K™ = (07 bands.



Figure from C. Casarella
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A
Nature of K=0* excitations in deformed nuclei ?

Quasi-particle excitations
Pairing vibrations
Collective excitations



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)



Gamma-ray Spectroscopy  Dynamic moments of Inertia

Spin

--m--gs.
—O0—K=0" 1199.4 keV

{1 - K=0"1434.2 keV

--W--- K=0" 1443.9 keV

{1 ——K=0"1772.2 keV

a0 100 150

I ' I ' I ! ! ' ! '
200 250 300 350 400

E (keV)

Aprahamian, Phys.Rev. C65, 031301R (2002)



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

The Gamma-Ray Energy Tracking Array: GRETA

GRETA is a 4x tracking detector capable of
reconstructing the energy and three-
dimensional position of y-ray interactions

Unprecedented combination of
- {full solid angle coverage and high efficiency
- excellent energy and position resolution
- good background rejection (peak-to-total)

A key detector for the Facility for Rare Isotope Beams (FRIB) under
construction at Michigan State University to study exotic nuclei with
extreme proton or neutron excess

> 8
60
6 50440

500 1000 1500 2000
Energy (keV)

Counts / 6 k

b

2

* Builds on the success of GRETINA




Lifetime Techniques

Lifetime (s)

Doanuatlon

Reconl Dij f .

Doppler shift |
 Electronic Timing °



DSAM: Inelastic neutron scattering (n,n"y)

fs to ps range of lifetimes
Stable target/beam combinations

E(6,)=El + "?““ cosfl.]

F..(7) Is the experimental attenuation factor determined from
P the measured Doppler shift and compared to calculated
Ones to determine the lifetime of the state.



Excitation Energy (keV)

2500

:

5

[

Lifetimes-—->Transition

Probabilities (matrix elements)

oo K= 03y
- K*=03
K'=0F 5 O — 2392
=l o
2 1892
2 A, 0 1833
K= 04 m
4 e 1656 1
=
p3 2 1493 T
= . -
PR Sl S PYY S - L1421 1
7 1276 L
o 1217 =
3* B96-- LY S— o J- T3
2 £21-- ~ alaet o ET
Iz 7 |53
& 54—~ - =
l‘r |
-+ -
[= Lt
4 264-- ----
= E{j________!._ ——r___ ¥ __ E. ¥ _ L 3
0




2500

2000

5

g

Excitation Ene {k Em

24,
—--.In'
—Delaroche
2= =i
ﬂl
m K:=m samenmd _—
- pat i NYT TR
0* 08T
K’:r
2 ; )
x AL IK rm L
]
e : |
..,.
F— | !l
2 L} E-] 6 — 614 J q
r- _ <
o} c
I -
4 330 - i . ] |
X e 5 _
2 2 2 9]
. | | | |
: s i —
e Ry =328

K'=05 .- 7
ot 1528 - - |
i 1460
.-" --.... -=
{;: ' gl % 276 ]
i 1217 i
o
4 L 1103 S
Ki=2 + 7]
"= 2 'y 9347 960
ki= - o L)
¥ R59 KF=27
o = | _
4l THO | R ~
= i
(=] - E“"i ﬁ L ]
i 545 = [ M B — T & -
5 <1 6 e o als 2] -
E r- j e - o = = ]
; =
4+ -J 265 - R ks 1l 4 ——260- o E |
iy 1 Lo Bl ---- R g TR .
i — - = L =T - -- —
]ME'I!' ]mE'I!' HDET
Ry = 3.30 Rip =334 Ry =333







GRID: Sub-picosecond lifetime measurements by
gamma ray induced Doppler broadening

Thermal neutron capture......excited by the neutron binding energy (~ 8-10 MeV)
Thermal neutron energies ~25 meV not significant

Excited nucleus de-excites by emission of gamma-rays
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Lifetime Techniques

Lifetime (s)
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K130

. : A |
109 \
Mo - *B- decay following fission
* many transitions in common

109Tc \_ _

109Pd

Off-line
ion source

|GISOL — Current Layout

Dipole magnet:
mass number A

JYFLTRAP
Penning trap

RFQ cooler &
buncher




|GISOL — Current Layout

LaBr3(Ce).
Srintillatar i
T GS. | ——
"*Mo - *B- decay following fission
109Mo 660(45) ms (7/2+) * many transitions in common

Beami®s, | Te [086(4)s (5/2+) TN—
Y
] ]
34.5(10) s (5/2+) *Te N
i
80(2) s 712+ PRu 109Rh ST
109Pd

13.7012( 24) h | 5/2+




Advanced Time Delay Technique
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\/\/\r\/

stop

\/\/\pg

HPGe




Advanced Time Delay Technique

Developed by Henryk Mach

Slope Fitting Method

,}/eroo —0(tj— t)?

NE111A start
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Centroid Shift Method

* In some cases, the level lifetime is too short to leave a

measurable slope in the TAC spectrum
2 methods to get lifetime from relative comparisons

e Sequential Transitions

w ty3= Tp+T3+ T, —> B-HPGe(y;)-LaBr;(y,)

£, V T, - t =Ty HT, B—HPGe(y,)-LaBrs(Ys)
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E | o T 4=
E, _;L_ T, g 103 v A
HPG ] \
Eg.s - ~ . :\'r"f
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Advanced Time Delay Technique

Developed by Henryk Mach

Slope Fitting Method

,}/eroo —0(tj— t)? dt

NE111A start

\/\/\f’ ‘ LaBr,(Ce)
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stop
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B—-y—vy Triple Coincidences

 [B-y-y Required

Trigger window open for 500ns in HPGe
detectors, 50ns in LaBr;(Ce)

Fast TAC

]




Example: —y—Vy Coincidences for 19°Tc
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Slope Fitting Method
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Lifetime measurements of exotic nuclei

Oblate ’

Triaxial

Prolate _

tHisununng

109 \ ——
Mo - *B- decay following fission
* many transitions in common
11 \ p= 2
. — W
109TC ! ! \ ———
A A
' “n.
109
Ru 109Rh 1 _L N 2
109Pd

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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Last piece of the puzzle: EO Transitions in coincidence with y—rays ' ©

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

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

UNIVERSITY OF
NOTRE DAME
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flreBall: Search for EO Transitions BT

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.

NOTRE DAME

UNIVERSITY OF]




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
676
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1000 |— 653
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2
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Plots show y-spectrum with corresponding SiLi spectrum beneath, shifted for the
K-electrons to align with the corresponding y-lines
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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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