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First 2* Quadrupole Moment

Nuclei are predominantly between spherical and prolate deformed

Open dotted circles = closed shell nuclei
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Rotor Example

Sequence of y-rays following Coulomb excitation of Pu isotopes reveals rotor-like pattern
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Triaxial (ellipsoid) Shapes?

Three unique axes
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Rotor Basis

Body-frame projection (K) is used instead of lab-frame projection (M)

[K)

1
V2

K)o = —= (1K) + (-1)""*|I, - K))

*Because nucleus has a plane of reflection symmetry

¥QaK Ribee oUIK|H|IK) = AI(I +1) + FK?




r Consequence of making no assumpftion
on rigid or irrotational flow MOl in

Geﬂerdllzed T”OXlCIl ROTOr MOdel Hamiltonian. Induces AK=2 mixing from

differences in 1- and 2-axis MOI.
Hamiltonian

H = A1II\% + Azi% + A3II\?2’

IK
‘ > =AI* + FI5 + G5 + 1),
where
A 1 1
3sym axis AZE(A1+A2)5 F=As3— A, G:Z(Al — Az),
+w_( 6A  4J3G
H( )_(4¢§G 6A+4F)
[1,) = cos[['f||10)¢ — sin[['f|12)
E2 E2 . [I,) =sin[['f|10)¢ + cos[['f12) o
deformation asym. asym. tan(9T5) = 2 \/§€

F

E2 Operator
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Rigid and Irrotational Couplings of Inertia and E2 Tensors

Generic model with use of I' can recapture the traditional assumptions, e.g., of Davydov-Filippov Irrotational Model

/| 5 21
jrtgzd k = rzgzd |: .B COS ()’ - k?)i|

and

: 27T
Tirrot., k = ‘lBirrot.,B2 sin? ()’ - k?) ,

Apply Irrotational

Hamiltonian. Induces AK=2 mixing from
differences in 1- and 2-axis MOl.
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Becomes equivalent to
Davydov-Filippov model

1 I — T MOI Assumption 1 _1 [ cos 4y + 2cos2y
_ —1 . —_
I'= 5 tan (\/§ 37T, Jz —  Dirror. 5 COsS >
— - /9—8mn3y
Consequence of making no assumption
3 on rigid or irrotational flow MOI in Y = 0 =2I'=0

Independent

723091—1:-30 Ofﬁ
v =60 > T =-60



Triaxial 1=0,2 Model Space and Shape Parameters

*Only need 3 of 5 M.E.s to determine Q,, v, I'; Typically use the 3 transition M.E.s due to precision

A 5%
“OuITP121) = 1 Qocos(y + T2)
. 5 _
*(01||T®]|29) = 16—7rQ0 sin(y + I'z) 2+ mixing,
. 25 I'; (deg)
*(21||T®|29) = 4/ =—Qosin(y — 2T'y)
o6 *generated
; 25 from diff:
(21]|7®)[[21) = —/ £ Qo cos(y — 2T2) from difference
567 in 1- and 2-axis

MOI

= — (22|71 22)

1~ 21 “interference”

(0T @]21) F(212IT@)|212)

¥OAKRIDGE  pPgrgmetrization reveals a destructive interference effect between E2 and inertia asymmetry
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.« . . Summary of Procedure:
Empirical Moments of Inertia
* B,v, I from E2 Matrix Elements
 A,F, G from 2+ energies and I
MOI from A, F, G

1 h°
N=3a526

1 h?
S=5a 3¢

1 A2 Experimental 2* energies
B= AT

Mixing angle (inertia asymmetry)
where., from experimental E2 Matrix
Elements (see previous slide)
_ E@)-ER
4\/1+ tan?(2T)”
4 E(Zg) + E(Z;,L) —4F,
12

F
G=——tan2l,

24/3
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Example Fif fo 6°Er 2t 78591

keV
=2
5 _Qo
A6 0-3/9 0 21122, 2!
(01T @]122) 80.577
T 0.513 eb
Y+12 keV 0+
(4] T @[21)
2415 eb -2.3 eb /+2.8 eb K=0
+2.9 eb = 5
exp Prediction E(2H) — E@2F)
F=—X £, F=176.31keV
Qo =7.75(3) eb 4,/1 + tan?(2I)
v = 92317y EQ)) +EQ)) —4F A= 1344 keV
[,=-045(12)° - N A= - :
__F G =-0.79 keV
G= WE tan2I',
MO from combining E2 and Energy values
1 h?
N=3772¢ =422 h-barMeV
1 R
B=50—5c =333 h-bar?/MeV
1 h? _
%0AK RIDGE T3 = AT = 2.6 h-bar’/MeV




How Do Nuclei Rotate: Rigid or Irrotational Flow?e

e.g., like a spinning football e.g., like a surface wave
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View in 2017 Study

E(4)/E(2) > 2.7 cases

Physics Letters B 767 (2017) 226-231

Contents lists available at ScienceDirect

PHYSICS LETTERS B

t’ Physics Letters B

-
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EL.SEVIER www.elsevier.com/locate/physletb

Empirical moments of inertia of axially asymmetric nuclei @CmssMark
J.M. Allmond #*, ].L. Wood "

3 Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
b School of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA
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Empirical 1D View

E(4)/E(2) > 2.7
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Empirical 3D View: the 1-Axis

E(4)/E(2) > 2.7
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Empirical 3D View

E(4)/E(2) > 2.7
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Empirical 3D View

E(4)/E(2) > 2.7
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Absolute values: Between Rigid and Irrotational Flow
Relative values: Qualitatively consistent with SO(5) symmetry of Bohr Hamiltonian
%O AK RIDGE **irrotational flow happens to be SO(5) symmetric
National Laboratory **E2 matrix elements only dependent on relative MOI




Update to Include 04106Mo

Add E(4)/E(2) = 2.92 and 3.03 cases; '%41%6Mo are similar to the stable Os isotopes
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Update to Include '04106Mo

©)
1-axis MOI of 1%“Mo nearly unquenched from rigid body value o) §
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3D MO Values ~ Similar to a Trapped Cold Fermi Gas
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3D MO Values ~ Similar to a Trapped Cold Fermi Gas

12 - > Sy
0 Y
1 - o
0.8
0.6 - PHYSICAL REVIEW A 67, 033611 (2003)
0.4 - o
%rrot-/j”g%d
0.2 - Sl tati f fluid t dF i
ow rotation of a superfluid trappe ermi gas
0 _
0 0.05 0.1 0.15 Michael Urban' and Peter Schuck!'?

Green Points (Cold Fermi Gas MOI)
« 41-MeV “frapping potential”

« 1.5-MeV *interaction strength”

« B andy from Coulex data

‘ ! 2 Dots are cold Fermi Gas
01 0-15 N ) Relative Cold
0y C_) . Fermi Gas MOI
| A 08 - looks
0.15 E qualitatively like
| Q |[°° irrotational flow
0.1 0 >
0.05 - — |
O |
0 ‘ ‘ ‘ 2
0 0.05 0.1 0.15 Dqﬁ)
o
%QAK RIDGE B2 sin?(y — 2k /3) Y (deg)




Recent Surprises: 7¢Ge is B and y Rigid

Energies imply shape softness, E(4)/E(2) = 2.5, but E2 matrix elements imply shape rigidity

PHYSICAL REVIEW LETTERS 123, 102501 (2019) PHYSICAL REVIEW C 107, 044314 (2023)
. . . .. .. . o E ot s e 76
Evidence for Rigid Triaxial Deformation in °Ge from a Model-Independent Analysis Triaxiality and the nature of low-energy excitations in “Ge
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Recent Surprises: 7¢Ge is B and y Rigid

Energies imply shape softness, E(4)/E(2) = 2.5, but E2 matrix elements imply shape rigidity
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Recent Surprises: 7¢Ge is B and y Rigid

Energies imply shape softness, E(4)/E(2) = 2.5, but E2 matrix elements imply shape rigidity
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Empirical MOI of “Soft” Nulcel

Cases with E(4)/E(2) = 2.4 — 2.7

L.+

prolate oblate

1.2 -

Norm to 1-axis
-

Relative Moment of Inertia

%OAK RIDGE

National Laboratory




Empirical MOI of “Soft” Nulcel
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Updated View of Empirical MOl

Cases with E(4)/E(2) = 2.4 — 3.3
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Updated View of Emplrlcol MO

Cases with E(4)/E(2) = 2.4 - 3.3
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U pdCITed VIeW Of Em piriCOl I\/\O| 3D view removes strong bifurcation
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Summary

« Absolute MOI are between rigid and irrotational inertial flow values
« Relative MOI are qualitatively (not quantitatively) consistent with irrotational flow

« Bohr Hamiltonian is SO(5) symmetric and Irrotational flow is also fortuitously SO(5) symmetric, explaining
limited success of Davydov-Filippov Model

« Abs. and Rel. MOI are qualitatively consistent with the slow rotation of a tfrapped cold Fermi Gas

« Similar MOI behavior for both E(4)/E(2) > 2.7 and E(4)/E(2) =2.4-2.7

« 2- and 3-axis crossing happens after y = 30 degrees

* Inertial dynamics may not be understood or constrained for more oblate nuclei, y > 40 degrees

* Independent E2 and Inertia tensor required empirically and must begin thinking in terms of inertia or

energy “softness” versus E2 “softness”; E2 character could be significantly more “rigid” than expected
from energies.
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Recent Case in Point for E(4)/E(2) < 2.4 and Future Teaser

« E2 character could be significantly more “rigid” than expected from energies, cf. results on 1%¢Cd

« Analysis of other Cd isotopes underway
« Preliminary results hint at constant <Q2> values like 7¢Ge

bby 7 1 LR 1
+ Do low-energy guadrupole “vibrations” even existe 106C
1.8
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