LECTURE 2: NUCLEAR DEFORMATION

NUCLEAR STRUCTURE
STUDIED WITH
SPECTROSCOPY AND REACTIONS

A. Obertelli
CEA Saclay

TU Darmstadt, IKP, February 2017



Deformation & nuclear shapes
- Symmetry breaking and nuclear shapes
- The deformed harmonic oscillator and Nilsson models
- Configuration mixing approaches
- Observables: rotational models and quadrupole moments

Ground state deformation from hyperfine structure

Low-energy Coulomb excitation

- First order calculation, second order and re-orientation effect
- Physics case: shape coexistence in light Kr isotopes

Intermediate-energy Coulomb excitation
- Semi-classical description
- Physics case: island of inversion and 32Mg

Extreme quadrupole deformations
- Superdeformation and hyperderformation

higher order multipole moments
- Octahedral and thetrahedral shapes
- Physics case: octupole deformation in 22°Ra



CQ_a Symmetry breaking and deformation

0 Asymmetry is an invariance of H and observables under a given transformation
Ex. spherical symmetry / rotation, isospin symmetry / proton-neutron exchange

O Nuclear deformation is a spontaneous symmetry breaking
i.e. the Hamiltonian is invariant but the physical states are not (different from « explicite » SB)

0 Most nuclei are deformed: deformation = correlations = gain in energy
O (electric) quadrupole (elongated) shape is the most encountered
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Ellipsoide: +
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The intrinsic quadrupole moment Q, measures the deviation of an elliptical shape from a sphere

0 Q moment of long-lived states can be measured from hyperfine spectroscopy
O Q moment of long & short-lived states can be measured from low-energy Coulomb excitation

O A nucleus with intrinsic deformation can rotate
Its spectrocopy characterizes its collectivity and deformation



+A
Generic nuclear shapes can be described
R(,0)=R, |1+ > ¥ a,,7,,(5,9)

by a development of spherical harmonics

A u=-A
quadrupole  a,, = 3, cOSy Ayy =0y _, = N B, siny a,,:deformation parameters
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CQ_a Spectroscopic quadrupole moment

Experiments measure the maximum projection of the intrinsic )
electric quadrupole moment along the quantization axis, which
is different from the intrinsic electric Qpole

Qs = Q0P2 (COS 9)m=1 Q>0 Q=0 Q <0

3K = I(I+1)
(I+1)(2I +3)

O By use of angular momentum algebra: QS = Q0

O Kis the projection along the symmetry axis of the nuclear spin |.
For spin I=0 and 1=1/2 Qs vanishes even if the intrinsic shape is deformed

Q The intrinsic moment Q, can be related to the elongation parameter 3, .

3Z ()2 2 2
0, ~ \/%</3 )(1+0.36(B))
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« axial symmetry:

_ a _ 2a |. Hammamoto and B.R. Mottelson, PRC 79, 034317 (2009)
W, =wye , wz =,e [Well bound nuclei, one type of fermions, no spin-orbit, no pairing]
2
m m pov e e b v by by by Lo bvvana by
h=——A+ —a)f (X2 + yz) + —C()Zzz2 1 - Harmonic oscillator (a)
2m 2 2 ;O | e——e prolate minimum @+++++© oblate minimum
-C —
a>0: prolate, a<0:oblate c 0
o
*  Quantum numbers: (nl,nz) =
o

- Degeneracy: Z(nl+1)

« Total energy of the system:

Np
i
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For Harmonic Oscillator, as many oblate that prolate ground states




CZ4a Nilsson Hamiltonian: anisotropic one-body potential

U Single-particle orbitals in an axially deformed potential (z symmetry axis)
h m m - =2

h=——A+—w} (x> +y)+—w’7" +Cl.s+ D/
2m 2 2

O Energy depends on the orientation (projection of angular momentum) of the wavefunction

3.35¢ Xb\q/
g
Qs
Q’*;/?
§3.3. Q=13/
=
- d5/2
3.25¢
/XG")\(L
Q At p#0 total angular momentum is not a good quantum p
number, its projection Q and parity T are. as .
-0.1 0
g [‘))

O Orbitals are indexed by Qx [Nn,m|].
Q=m+m,=m, + 1/2
N,n,,m;: asymptotic quantum numbers of axially-deformed harmonic oscillator

L No crossing of two levels with same quantum numbers (mixing)



CQ_a Prolate dominance

v b b b b b b b Lo bia g
Spheroidal Cavity (a)
e——eo prolate minimum

Qreses ® oblate minimum
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O Prolate dominance due to sharp nuclear surface

O Prolate dominance may be questioned for drip line or very heavy nuclei with softer surface
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Splitting of levels coming from 1h-shell in spheroidal cavity
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CZa EDF and configuration mixing approaches

Variational approach based on an effective hamiltonian H
Ansatz for the wavefunction, ex. Slater determinants or quasiparticle vacuum

g1 19

(9]¢)

Minimization : dg[¢]=0

=~ Ao (2101#)~ Ay (N)~2,(Z)

Projection method, important quantum numbers: N,Z,J,P

1 27 ; o
Ex. PN‘¢>=%fd¢e¢(N N)‘¢>
0

Configuration Mixing (multireference EDF)

Set Q2,

Minimization : O

= {|¢(Q)>} e.g. Q= collective coordinates

Y= [d0'S £ Q)P PRl $(0)

WlHY) _,
@)

Hill-Wheeler equations




O The weight are determined by imposing =()

O Hill-Wheeler equation

[dQ'h(Q.0)£.(Q) = E, [ d0'n(Q.0)f(Q")

win 12,0 =($(Q)|p(Q") norm overiaps
and  h(Q.Q") = ($(Q)|H|$(Q")

O The choice of the generating coordinates Q depends on the physics to be described
O Typically Q is a multipole moment of the mass distribution (quadrupole deformation Q,,)
O Resolution of HW equations by discretization of Q

QO Approximation to HW equation: Bohr Hamiltonian and Gaussian Overlap Approximation
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CZA Deformed mean-field

Calculations and figures by Tomas R. Rodriguez

Example: 32Mg triaxial+TRSC

70 60

Potential energy surface
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CZA Collective wavefunctions and levels

Calculations and figures by Tomas R. Rodriguez
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 level scheme, collective wavefunctions accessible

Q further improvement: state-dependent moment of inertia (cranked states)
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Calculations and figures by Tomas R. Rodriguez
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CZAa Dominance of prolate deformation over oblate
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CZA Hyperfine interaction in free atoms

O Hyperfine interaction = the interaction of nuclear magnetic and electric moments
with electromagnetic fields

electron spin J
We will consider the fields created by an atomic orbit of spin J P

0

The atomic and nuclear spins couple to form

The total angular momentum F e nuclear spin |

F=I+J |
Each state J has several F substates F
|I -J | <F=<I+/J

The energy shift caused by the interaction depends on the angle 0, thus for the same | and J,
the different F states have slightly different energies

- = e
Magnetic dipole interaction —u.B  Electric quadrupole interaction ZQOVJJP2(COSH)

16



CZA Hyperfine structure: magnetic dipole moment

O yesterday’s lecture: fine structure of the nucleus and isotopic shifts

O The nucleus may have a non-zero spin | and therefore a magnetic moment p.
It results in a perturbation of the atomic levels due to spin — B field interaction

—u.B

O Energy shift of the atomic levels depend on the total spin F

F=I+J
I-J|=F<I+J
. -—\ A
Q Energy shift | AE = uB, <I.J>=EK

A= "‘11]30, K=FF+)-II+1)-JJ+1)

B, magnetic field produced by the electron. Note that for I1=0, there is no hyperfine struc;"gure




Q Typical value for the magnetic moment of a nucleus: nuclear magneton

uy = _315x10°% ev.T"!

2mp

O Typical B field created by an electron orbital:

_ ol
27TR
7~ ev
2R

B

Inner orbital radius R,=a,=5.2 10" m
Bohr velocity (e?/hbar=ca) v=2.2 106 m.s""

B~4x 1071.6 10192.2 10°/(16m25. 10%2) = 1.1 T |

L Estimate of hyperfine energy shift:

AE ~u,B=310"eV =w=

A7E ~ 50 MH?

~ 7 x 108 MHz

VC oulomb

4% —175 MHz

+225MHz

)
T
L
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L
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CZa Hyperfine structure: magnetic dipole moment
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CZa Hyperfine structure: magnetic dipole moment
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CZa Hyperfine structure: magnetic dipole moment
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In a uniform field, the energy of a quadrupole moment is independent of the orientation (angle).
Therefore there is no quadrupole interaction.

Same electrostatic energy

> >
Electric field 1
> >

In an electric field gradient, there is an angle dependence of the energy.
Therefore there is a quarupole interaction.

Lower energy
state
Higher energy
state 4 g=-e
g=-e

Slide concept from J. Billowes, Balkan school (2004)
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CZa Electric quadrupole moment

Electric quadrupole interaction electron spin J

E = EQOVHP2 (cosB)

> o nuclear spin |
Electric field gradient along the J direction

due to atomic electrons.

Energy shifts of the F states are then given by

3 C(C+1) =20 +1)J T +1)
ae=52
4 1QI-1)J2J-1)

C=[F(F+D)-I(I+1)-J(J +1)]

v
0z°

B = eQS< > =eQV,

Where B is the hyperfine factor measured in the experiment.
The electric field gradient V;; may be obtained from an isotope with known Q

23



Point nucleus + Finite size +

magnetic + electric +  higher
nucleus dipole quadrupole multipoles
atomic state F=5/2 e ————
Isotope A ,/, 1
//, \s\:\ F=32 0=
"~ Isotope (A-1)  F=1/2
Isotope (A-1) r,':" 702
— Egy =i<’”c2>1/}(0)‘2
Isotope A 6¢,

AE = uB, (1.7 ) %K ~100 MHz

E = 0,V,,P,(c0s6)| =10 MHz

O Energy shifts of hyperfine structure can be few ppm of the optical atomic transition energy

O Asingle optical transition is split into a number of hyperfine components




O Spin, magnetic and Q moments of 6'-7°Cu at CERN/ISOLDE
O COLLAPS collinear laser spectroscopy setup

d Beams down to few 10 pps

O P.Vingerhoets et al., Phys. Rev. C 82, 064311 (2011)
a

Fit of transition energies with an atomic level
splitting given by:

3
2CC+D)—IT+DIJ +1
Ep_—lAC+B4( ) I+ DJT+ D
2 2121 — 1)J(2J — 1)

with A proportional to magnetic moment, B to quadrupole moment
0

11T T 1 T 171 ettt
e =15¢e,¢e=1.1e N=40
|7 v :

—_
=

&
S

Quadrupole moment (efmz)
Y
(=)

== Exp 52-G.. o’
|G © jj44b :
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I(%4Cu) =1
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CZa Externally applied fields

O For light elements where both field gradients and Q moments are small, usually
transitions cannot be resolved. Need for external field.

O Different techniques exist (ground state or isomer Q-moment)

B=== m=+2
I=2 9 haog Vs I
m=%1
X 3hm,
N G (DQ

Quadrupole splitting

O B-NQR (beta Nuclear Quadrupole Resonance) method (ground state Q moment)
» |mplentation of a spin-polarized projectile 312
» In a crystal where strong electric field gradient exist

» Beta-decay assymetry is measured
+3/2

» Scan with a radiofrequency RF magnetic field 1=3/2 .~ 1P
= When RF reaches the quadrupole splitting, —_——

energy transitions occur =12 o
= Asymmetry is cancelled at the resonance e .

0 B

level crossin



CZa B-NQR with Lithium isotopes

TRIUMF, A. Voss et al., J. Phys. G: Nucl. Part. Phys. 41, 015104 (2014)
SrTiO3 crystal at 295 K

High polarization of 60%-70%

Transition frequencies proportional to V,,:

> 4 > |
4 L « 4 4 -_ 1
7 ~0.01 |- % ¢ J & o [ N f ]
< = . <
: 3 \ ; 1 3 ! + 1 { ]
s L L 1 d S I I 1
[ \ ] [ I ]
-0.02 |- \ » 4 §-002f l I } i
’ St & { . }

s fe e -0.03 I PR I 1 L | I T— | L | I T— | 1 | -0.04 I 1 1 1 | L 1 1 1 L 1 1 1
ln'“‘-i.l 226 227 228 229 230 231 232 233 312 314 316 318 320 322 324
pOlal'lel 10N RF Frequency [kHz] RF frequency [kHz]

(a) ®Li (b) 1'Li
/B.Ciim. ..
direction NG
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* Axial rotor in quantum mechanics: rotation around the symmetry axis
does not result in a new state but changes only the phase of the wavefunction

* Any rotation excitation involves rotation around an axis perpendicular to the symmetry axis

 Rotation and classical mechanics:

o >
£ 1392 S moment of inertia re li with T .G  Kinetic angular
2 Q angular velocity 2 X momentum

— 2
Continuus %=anAOMH od’r

2
Discrete 3 = Em" r
l

28



CZAa Rotor model for axially deformed nuclei

2
Quantum mechanics: E=E, + ;’T](] +1) L*|¢) =211 +1)|)
~S

« for even-even nuclei (0* ground state) the collective

72 8 wavefunction is given by rotational D« matrices
* by symmetry, only even spins with positive parity
¥ are allowed (0*,2*,4%,...) for a 0* ground state
42 6" » Decay dominated by y emission following conservation laws:
Y i it
Ei , E =E - Ef
20 iV 4+ Y
. I -1,|<L<I+1,
v Y + Y2 L
6 1 2 Ar(EL)=(-1)
0 r o
Ef i |7 Amn(ML) = (-1)*"

|+2 =»|: E2 y transitions

29



Quantum mechanics:

72
1.7B Y
42
1.6 B Y
20 Y
1.4 B VY
6
0 B VY

8+

6+

4+

2+
O+

h2

E=E,+—I(I+]) L |py=nI(I +1)|¢)
23

Q.=-0.42 Q,

Moments of inertia (from data):

Kinematic: 3 = " (2I+3)
EV
2 -1 2
Dynamical: =[ 1 &°E(]) ~ il
ntodl’ AE,

Spectroscopic quadrupole moment:

O.(I)=-0,—— 73 (for K=0 band)
Transition matrix elements B(E2):
B(Ez;lel-z)_ Q0 S -1)

221-1)(21+1)

30



Example: 238U ground-state band

6000 I

.

L e e i - -

I
L

2000

~
T

energie d’excitation (keV)
e
B(E2; [ —> 1-2) (e2b?2)
'S
Y
[ @y
-
|_
|

- —

.
OM‘ P S

o ——— e A = -

0 5 10 15 20 25 30 35 0
moment angulaire (h)

« At high spin, nucleon pairs may break through the Coriolis force
=» increase of moment of inertia (backbending)

*  Very deformed bands are also observed (superdeformation, R,/R;,,~2)
*  Hyperdeformation (R,/R_,,=3) predicted but still to be evidenced experimentally

31
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Decay rate (s™): 2+

2A+1
qz(A+1) 1(E
T(orl, — 1) = —| - B(oAl, — 1. 2
AR v 3 s e
L _Sront, -1 | N R
Ly
1
2*-»0* decay 7 (ns) = E. in Mev, B(E2) in e2fm¢
via E2 transition (1) 122E’ B(E2;)) !

Three methods:
0 Low-energy coulomb excitation (next slides)

O Lifetime measurement (see Damian Ralet’s lecture)
» > 100 ns : implantation and timing
» 10 ps to few 100 ns : in flight (fast) timing
» 1 psto 100 ps: plunger, Recoil Distance Doppler Shift method (RDDS)
» 0.01 ps to 1 ps: Doppler Shift Attenuation method (DSAM)

O Intermediate-energy coulomb excitation (suited to low-RIB intensities)
32



target

projectile s
XYy a « beam energy

at b2 b = impact parameter

Q Elastic scattering of charged particles under the influence of the Coulomb field
Z,7.e

r

Viu(1) = with r(t)=|r(t)=r,(1)

=>» hyperbolic relative motion of the reaction partners

U Rutherford cross section

do ZZ7Ze° 1 .
=172 x validaslongas E._ =m V2=mv2 <<V =7Z7¢*R.
g cm 0 C 172 nt

dQ  E: sin*(6,,/2) m, +m,

cm

do

— x P
dQ Ruth

U Inelastic cross section i f

33



CQa Coulomb excitation: how to calculate P,?

1) Solving the time-dependent Schrodinger equation:
iR dy(t)/dt = [Hp + Hy+V (r(t))] (1)

Hp/r : free Hamiltonian of the projectile/target nucleus
V(t) : the time-dependent electromagnetic interaction

2) Expanding y(t) = a(t) ¢, with ¢, as the eigenstates of Hy; leads to a set of
coupled equations for?he time-dependent excitation amplltudes a,(t)

ih da,(t)/dt = 3, (6,IV(t)] ¢, explifh (E,-E,,) t] a(t)
3) The transition amplitude b, are calculated by the (action) integral
b= i1 [ (2, 0aV(8)] 30} €XPIi/h (E,,-E,,) t] it

4) Finally leading to the excitation probability P(I.—I1_) = (21.+1)'b, 2
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First order applicable if only one state is excited, e.g. 0*—2* excitation,
and for small excitation probability (e.g. semi-magic nuclei)

b

I

1

b o (I,|M(E2)

L)

1st order transition probability for multipolarity A :

P (9.8) =L +D)IbL (9,8 P= L+ 1)l x PR} (9.5)

i—f 1—f 1—f

with .
n _ N lon(A-1)!(Z e <1 | M(EA) | f> Strength
Xist (ZX + 1)!! B v, axm parameter

Ri (7,8 = E| R, (7,8) i Orbital integrals
7

. _

2
;; — ;; _ leze 1 1 Adiabacity parameter
if Vf Vi
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becomes necessary if several states can be excited from the ground state
or when multiple excitations are possible, i.e. for larger excitation probabilities

[[ == === \
I e— I,
b L ===% -]
b  b® b®?
I, I;
1st order: 2nd order:

b o (LIMEDL) b Y (I, 1)1,

2"d order transition probability:

P (3,&) = (2L +1) E|b(2)| with b = bl + Eb

m;mg
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CQa Low-energy Coulex: second order and re-orientation

Specific case of second order perturbation theory
where the ,intermediate” states are the m substates of the state of interest

2"d order excitation probability for 2+ state :

b b®
I, I
1st order: reorientation effect:
b o (1, [M(E2)L,) b® a (1, |M(E2)|1, X1, |M(E2)|1,)
(2) (2) 2 2 (2)
P, (9.6) =1x 2, PR; (9,8) [1+ %7 ,c(8.9)]
. ] 7 62 7/ Q Spectroscopic quadrupole moment
with X](tzlf = — P f (and its sign)
2\N10 #Ac V. /c a® = Disentangle prolate and oblate shapes
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CZa High-resolution gamma spectrometers

Scintillator array (ex. BaF,, Nal, Cs(l), LaBr,)

og = 3-10% FWHM
gpn = 90%

Q =80%

AB = 5°-15°

Compton Shielded Ge
og = 0.2% FWHM

poor energy resolution
poor opening angle

N o g | - scattered y-rays lost
€ph ~ 10% s + poor definition of incident
Q =40% . angle
AO = 8° | + solid angle coverage

gpn fOr M, =30 :7%

Ge Tracking Array
og = 0.2% FWHM
gpn = 90%
Q =80%

limited by compton shields

Combination of:

* segmented detectors

AB = 10
gon for M,=30 : 40%

i1 * pulse shape analysis

+ y-tracking

\ R v 0
AGATA demonstrator, EU

Resolving Power
(relative intensity limit)

104

107

38



B LA RECATACHE & L IABRRTRI

Cea Physics case: shape coexistence in light Kr isotopes

Energy

Potential energy surface

deformation (axial f3,)

Neutron single-particle energies (MeV)

-17

Axial symmetry

/”’ g * | — Positive parity orbitals
R' 7 ':::" - 'I ) g Negative parity orbitals

-0.4 -0.2 0.0 0.2 0.4 0.6
Quadrupole deformation 3,

Potential energy surface
Triaxial symmetry

M. Girod, CEA DAM/DPTA/SPN
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2-level mixing model

After mixing
‘Of> _ cos00‘05> +sin ‘90‘O§> 2 i Before mixing O+2
cos @, +sin" g, =1 0+
105) = =sin6,]0}, ) + cos 6,/ 03) $ ——
0%p .
0" 0*,
Maximum mixing cos’ @ =sin>§ =0.5
Weak mixing cos’d—1 sin’8—0
21+> = cosb, 21+)> +sin 6, 2§>
2§> = —sin 6’2‘2;> +cos b, 2§>
B(E2:0] —2}) = |cos6, cos 6,0} [M(E2)| 2} )+ sin 6, sin 6,(0} M (E2)| 23 )
B(E2;,0; —=27) = ‘— sin 6, c:os(92<01+J M(E2) 2;> + c0s 6, sin 92<O§ M(E2) 2§> 2
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E. Bouchez et al., Phys. Rev. Lett. 90, 082502 (2003).
oblate prolate

W ey

O energy of excited 0* by conversion electron
O EO strengths p?(EOQ)

o

L Shape coexistence and transition suspected '
O Inversion of ground-state shape in 72Kr ‘_*_

O Need for Coulomb excitation to verify > ¥
this scenario 0 \
671 710
oo\
Y Yo
2Kr
~100
ol
¥ ]
®
Q|
o

Mixing of the ground state (two-level mixing
extrapolated from distortion of rotational bands)
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C@_a Setup for RIB coulomb excitation at SPIRAL, GANIL
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Cea Physics case: shape coexistence in light Kr isotopes

EXOGAM

SPIRAL beams
76Kr 5x10° pps
74Kr 10% pps

4.5 MeV/u

1

—— Q= 290eb

1.0 o Q=-1.85¢eb
76K r on 2Y8Pb
os | at 4.4 MeV/nucleon
0.0 - | | —ttpttes
0 50 100 150
| ! l’ -r.)‘l | | ! | ! | ! ! | ! | ! | ! ! |
¢ [ e 55 (55°, 74°] 67°, 971
Fol 74 & VY
| | Y Kr N N e ‘\OZ -
IJY :l F K(x fd‘ \/ ?N :?..
] l)muu ﬁi NS M | uu‘ hMlh-. m N | Y
0 400 800 1200 400 800 1200 400 800 1200 400 800 1200
li,., [keV] li.,. [keV] Ii,‘, |keV]

E, [keV]
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Cea Physics case: shape coexistence in light Kr isotopes

E. Clément et al., Phys. Rev. C 75, 054313 (2007).
prolate oblate

I Q<0 Q>0 K=2
|. ) prolate  oblate prolate oblate vy vibration
! 7 ZL{C I "l*. | ml,q /
2! ' 4 l
' ' ' 76K ndo
' / { /
4123 € | 7 . / o
] /U' !/ | I | 3423 / g
) Siu f:\l") I 3488 . ' y l y
/ P 2479 . ,
0 1879 2 /’ / : 2 4 ‘
1224 "4Kr 1058
o § v ‘ ’
GCM calculation . , . GCM (GOA) calculation
axial deformation experimental B(E2;{) [e*fm] 9, g triaxial deformation
Skyrme SLy6 Gogny D1S

M. Bender et al.
PRC 74, 024312 (2006) 44



« 2*energies and B(E2;2"=»07) are often
the first obervables to characterize shell
closures or deformation

« They often mirror each other

* In the rotational model, B(E2) can be used to
extract a deformation amplitude

4
b= 37ZR’

JB(E2:0" = 2%)/¢*, R=12A" fn

« Similarly, the ratio of 4* to 2* excitation
energies can be used to infer deformation by
comparison to the rotor limit:

E(4") _4(4+1) _20 _
EQ) 22+1) 6

Proton number Z

Proton number Z

80
60
40
20

._I_!E

About 620 nuclei so far

20 40 60 80 100 120 140

80
60
40
20

E(4 )/E(2 ) - =L o

About 560 nuclei so far

(n N ] ! ! ! ! ]
20 40 60 80 100 120 140

Neutron number N
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* Intermediate-energy Coulomb excitation
- Semi-classical description
- Physics case: island of inversion and 32Mg
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Intermediate-energy Coulomb excitation

0 Advantage: thick target can be used, measurement at >10 pps possible
O Single-step excitation is a valid assumption (excitation time >> collision time)

: o hc
O Maximum excitation energy:  AE_=—— By  (ex. 10 MeV for Mg+Pb at 50 MeV/u)
d

O Intermediate energy (above Coulomb barrier): both Coulomb and nuclear excitations
Method: classical equivalence between scattering angle and impact parameter

-
(=]
o

: 32)|g+208Pb, 49 MeV/nucleon

[ 2%, inelastic excitation

AN C semicl,
Y

-
o
-
!

da/d0 (mb/sr)

- Coulomb
+ nuclear

—y

o
w
I

102;
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target

1b

projectile

O Coulomb excitation for b>b_.. (

b =[C +C,+2] fin

L | i

At small impact parameters
(nuclear radius distance),
nuclear excitations occur.

C =R (- %) with R=128A"-0.76+08A"

1

cutoff impact parameter to prevent nuclear contributions):

O Relation between b, and maximum scattering angle 6™2* (center of mass):

max 2
bmin = ﬁCOt(ﬂ) where a= i;ez, y = 1
4 2 myc™p 1-p°
O Relation between 6, and 6,,,:
in(6
tan(@, ,) = — >0 )/5
ylcos(6,,, )+ ]

proj 48



do/d0 {mb/sr)

T. Motobayashi et al., PLB 346, 9 (1995)

150 |~ T T I —
2%-0" (885 keV) )
EIOO [ 2°8Pb(32Mg,32Mg 7)2°8Pb—
= L |
g i E,,=49.2 MeV/u
£
z
B 50 —
(&
0 ' 1 l '} 1 L 1 I L L L L I 1 1 1 1
0 1000 2000 3000 4000
v—RAY ENERGY (keV)
105 T T T I T T T T I T T T T l T T T T E
208pp (Mg, Mg (2))*%%Pb .
104 =
3 \. —
10 v :
\ ]
\ .
E=48.2 MeV/u \ " .
102 B=0.5 N
R
1 1 1 Il I 1 L ! I L ! ! | I L 1 \l .l'. ]
0 2 4 6 8

ANGLE (deg.)

300 pps
>| —
—> || Sidetector
Pb
U inclusive cross section measurement

Ny= ,-_)fNTNBG,

O Angular cut from 32Mg recoil detection
to remove nuclear contributions

U Unobserved feeding corrections (20%)
leading to « some » uncertainties

hic 2 p2A-2

e min

7\ 2
Zpro€” T ,
@M%( )———ﬂﬁkﬂ»ﬂ
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B(E2:0*»2"%) (e*m*)

COUNTS/30keV

400

200

T. Motobayashi et al., PLB 346, 9 (1995)

isof" " T T T T T T | -
- 27-0" (885 keV) |

)
2081, (32 Mg ) 2®Pb-
- E, =49.2 MeV/u

._.

)

=3
I

(4
<
4 I T

1 1 1 1 l il 'l 1 1 I I 1 1 L I A 1 1 1
0 1000 2000 3000 4000

7—RAY ENERGY (keV)

300 pps

} f f 1 T

Large B(E2) —>
[ = deformed
(intruder)

> —
I —> I Si detector
Pb

inclusive cross section measurement

Ny= ,-_)fNTNBG,

Angular cut from 32Mg recoil detection
to remove nuclear contributions

Unobserved feeding corrections (20%)
leading to « some » uncertainties

hic

7\ 2
Zpro€” T ,
Og) ~ ( ) mB(T[K,O —> )\.)

e-b

min

50



 Extreme quadrupole deformations
- superdeformation and hyperderformation

* higher order multipole moments
- Octahedral and thetrahedral shapes
- Physics case: octupole deformation in 22°Ra
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CQa Extreme deformations

- - - Tiw ~0.75 MeV
Fusion-evaporation reaction ~2x1020 Hz
Compound  Rotation
Target Formation I
nucleus X I, 9
O PN X >~ n<P |, _Cooling ‘-LLL T ;V’! 10-9sec
,('\—‘ N §
= } = " ) — e~ e =
Fu5|on Y 10-2sec 10-19 sec n 10-15 sec ! ‘HLK
Beam ’pp RN )ff 3 i Groundstate
Nucleus b O . o Y
(RPN Y
Y Fast
Fission N
EeXC };@
Q large cross section (~1 barn) ‘ ‘ ‘ %,
Q predominantly prpton-rlch nuclei neutron ‘
(no Coulomb barrier for neutrons) evaporation
O large angular momentum transfer >
(@]
—> many y rays Q statistical
- yrays..
gamma-ray spectrometer with rotational .

bands ~~~~~

O high resolution (keV)

O large efficiency (~10% at 1 MeV)
Q high granularity (Npe>>M.)

O good Photopeak-to-Compton ratio

.....

no states

Angular momentum 52



CLA y-ray spectrum from a fusion-evaporation reaction

Many superimposed gamma cascades, complicated singles spectra

4000000 — .
N Iy
; |
i g
|
3000000 —
3 o 2
| 5 |
- | g
| s B
I
2000000 — 5'33
' 35
] @ 5o 2
i L E
1000000 glg oy
] o o
& 5 (59 3"; 8 L RR
| 37 el R Y R Bg s
«©
Vo
0 | T I l

| I | |
L00 200 300 400 500 600 700 800 900

Energy (keV)
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CZa Resolving Power

eV 3CL4110pg. .
Cascade ( \ / \ o 160M CL d GATE-L;-C-)N:HESDtBAND
of interest ol np'e gate
Populated E, Other , 3 Fold = 4
. ) transitions g 25
with relative S 20— |
intensity o v 2] l ” “ w
E3 450(())—*
4000~ Double gate
3500 Fold =3
E S |
3 2500 .
i U%:J 'U\MJM{N”L‘V'
E1 1000 f “'t‘ | ,J’JM. kV. e e ky‘.'i'.m U ih l\vv'W'wJ1'.~er__,
- N Y ~-
20001 S Single gate
— Fold = 2
O Mesure high-fold coincidences F ; 1000 ‘ J ‘J |
O Apply (F-1) gates on energies E,...E-, 0 { MJ H.LUMM\W UM '%,"WLJ]JL‘J\W Mty
S ey
U Resolution and efficiency are very important 500 1000 1500

Energy (keV)

» How do efficiency and resolution impact the sensitivity of the measurement?
» How the gating improves the peak-over-Total ratio (P/T)?

=  What is the best fold F to consider?
A. Atag et al., Nucl. Phys. A 557, 109 (1993)
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CZ4a Resolving Power

« Background »: Compton scattering, Bremsthtralung,...

level
scheme

E

Photopeak
A
Counts
A
— O O
— O (@) @
— O @ o
— O @ o
L | | R | L,
E, E, E, E, E
Two-dimensional plot (Fold = 2) Projected gamma spectrum

gamma-gamma coincidences

Slide inspired by D. Weisshar, NSCL 95
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CZ4a Resolving Power

S(E): average energy spacing

E
A
— O @) O C
E, S(E) Projection
i — O (@) o b’
E, Counts Peak: x1/3
A
— O @) O ‘
E,
E, L o o o Bckgd: x1/3
L | | | R L | | L,
E, E, E, E, E
level Two-dimensional plot (Fold = 2) Projected gamma spectrum
scheme gamma-gamma coincidences

Slide inspired by D. Weisshar, NSCL 56



CZA Resolving Power

S(E): average energy spacing
O(E): energy resolution

E

A

E, ___ r_ . _._ . _:_ SE_ _  Projection
?
1 — 0 0 By o S\J

= ¥ Counts

__________________ A
E, n® ® ® Peak: x1/3
E, — o o o ‘

| | | | , | | | L,
E, E, E, E, Bckgd: x1/3%x3(E)/IS(E) E
level Two-dimensional plot (Fold = 2) Projected gamma spectrum
scheme gamma-gamma coincidences

Slide inspired by D. Weisshar, NSCL 57



CZa Peak-over-Total (P/T)

O P/T: probability to get a gamma in the photopeak and not in the Compton plateau

O Example: P/T=0.2, 2 gammas, 100 detected events

= Both detected in photopeaks: PxP=4% c A PxP
= 1 Peak, 1 Compton: PxC=32% PxC 8 2 /
» Both detected as Compton: CxC=64% __{ ) [5)
8 2
= J @
Counts Fold=1
A P B
‘ — CxC=64 |[|8 8
C ‘ B
| | | L || .
= >
Fold=1: 10 events in photopeaks Fold=2: 2 (10xP/T) events in photopeaks after cut

Each time the fold is increased by 1, the statistics is lowered by a factor P/T
Slide inspired by D. Weisshar, NSCL 58




Q

Q

Background reduction factor is R=P/TxS(E)/3(E)*0.76

For fold F=1 the Peak-to-Background ratio for a branch with intensity a is aR.
For a higher fold F the Peak-to-Background ratio changes to aRF.

If N, is the total number of events, the amount of detected counts N in the peak is

N =

aN,e"

e: full-energy-peak efficiency of spectrometer

A minimum intensity a, is resolvable if O{ORF =1

The RESOLVING POWER (RP) is defined as RP = %{

The above gives

0

RP =exp|In(

Ny, 1

N "1-In(g)/In(R)
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Resolving Power of gamma-ray detectors

8
§ ) 10
- 5 Ge Shell _
V| 75 > 1
100 oooO%OJ, = @ &Tracking
\ = / —106
1071 )
Gammasphere
Euroball i

Yrast Sequence
in 1560y

|
A
o

S

Measured Relative Intensity
o
o
1

Gamma-Ray Resolving Power

109F @
(Intensity 2+ 0% = 1) 3’_’ /
104F v Compton- ~
Suppression 5
10 20 30 40 50 60 & HPGe —10
Spin (A
Discovery of pin (#) / _
RadloaCt|Vity Sma" Arrays
l Geiger-Muller Ge(Li) —100
Absorbers—
| I | | | | | | | | | | | | |

1900 1925 1950 1 975 2000 2025
Year 60



E - 0.007 * I (I+1) (MeV)
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single-particle energy (

Woods-Saxon)

S B
e
(o BES B o)

~

-
N

CIPCDAD

N I S AR T S IR |

S

S SN RN

N
LU |

0%

s

0O MO
g « &

SN

‘ND " sb  HD

P

Q.\ 0?’ be Q.“ Q.‘J 0.6 Qﬁ be 09

quadrupole deformation 4

N+3 shell

N+2 shell
N+1 shell
N shell

Fermi level

>

o

)

C

w
Q (N+1) intruder Deformation

= normal deformed, e.g. 23U
O (N+2) super-intruder
= Superdeformation, e.g. 52Dy, 80Zr
= Fission isomers in actinides, e.g. 23°U
QO (N+3) hyper-intruder
= Hyperdeformation, e.g. in 198Cd ?
= Fission resonances in actinides



B.M. Nyako et al., PRL 52, 507 (1984)

E(Y;)[MeV]

Number of counts

L

O Extracted moment of inertia is:

200 A

O 1984: unresolved gamma band in 52Dy due to too low statistics, but « ridge » observed
O Ridge is the sign of the spacing between two transitions of the same band
O 1986: observation of the first rotational superdeformed band in 152Dy

=85h*MeV ™!

P.J. Twin et al., PRL 57, 811 (1986)

1 (a) Prompt matrix

4 (b) lsomer matrix
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CZA Superdeformation: state of the art

Fission Isomers

100 Fin 84 Po [ [ [ [ ]
99 Es 83 Bi 192,194,196 P
98 Cf - 82 Pb 193
9967CBmk 80 He 190,191,194Hg
— 56 79 Au
95 Am 78 Pt
94 Pu 771r
B
1
91 Pa 8
90 Th
163,164,165,167
114 Lu
68 Er 490 151Th| 162 110
67 HO N LEL™4 I_I]
los 48Cd []
139Gd 135,137Sm 63 Eu 47 Ag
, 46 Pd
- 62 Sm
133Pm, 131 137Nd,61 o ASRE
130,131 Pr 60 Nd 102 44 Ru
59 Pr 43 Tc
58 Ce 42 Mo
57La 41 Nb
56 Ba 98 407Zr
70 74 78 82 86 90 9% 39Y
38 Sr
37Rb
Superdeformed Bands 36Kr
35Br 60
34 Se
33 As
*
Deformation 32 Ge 56 E and I kn Own
. 2:1 31 Ga
0171 30Zn
o 29 Cu
g 1.5:1 e
Naturally Abundant 27 Co Py .
26 Fe Ma41 44
25Mn 28,29CIy
24 Cr 58N1;_ 57
23V INT) )
2Ti 40
21 Sc
20 Ca
19K 400
18 Ar Ak 36
ral || °PAr
16 S
15P 111 32
12 16 20 24 28
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O Theoretical prediction for extreme deformation (hyperdeformation) with 3:1 ratio

U Hyperdeformation favored at high-spin = Competes with fission

U intense neutron-rich beams would:
= increase the fission barrier
» favor Yrast hyperdeformed structures at high spin

4 E* (MeV)

E
rot 2

R +))

S(Z)

fission

spin I (ha;)

Fission barrier vs. High spin

90

I T I ! | T
o 48(F4 o

507 |

542 r
58Fd o
64i 70 n

u gy A

T

neutron-rich beams |

1328n+48Ca

104R 130Te
stable 1
601 , sm /| beams |
. Gd
Cdf ) [ e L
L M y -
of y Te Ba Yb
Sn
50 1 1 | : | . |
“100 120 140 160 180
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CZA First hints of hyperdeformation

64Ni+%“Ni @ 255, 261 MeV
4 weeks beam time
Euroball IV, Strasbourg
spins above 70 h populated

coop

4 x 36 keV

MM”WMP“ﬂwwuw]ﬂwwhﬂ”ﬂﬂ

15 N ' |
I L L ! | lLJ’ [ ’

-400 0 400
Ex — Ey (keV)

O Ridges observed, corresponding to large J ? = 110 -120 h2MeV-!, but no discrete bands
D. R. Lafosse et al., Phys. Rev. Lett. 71, 231 (1995).

O Other claims from resonances produced in (d,p)-followed-by-fission measurements
interpreted as rotational bands in hyperdeformed potential well
A. Krasznahorkay et al., Phys. Rev. Lett. 80, 2073 (1998)
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+3+5:3

121.760
So,

630.63°
Sb ngT"

+A
T roe-r[e3 S a0

+1
81 132.90545

1.21x10%% |ECp.ECo,..{EC A u=— A
dosor| Xell0 Xell4 | Xell5 | Xell6
82| 0.2s .74 s 10.0s 18s 59s
0+ 0+
EC
1115
13 m
521
EC
Tell4
152 m
0+
EC
Sb113
514s 6.67 m
(C) (5/24) (Cs] (5/24) 3+ /29 S 52+
EC
72+

O Octupole deformation: axial symmetry and o;,#0
O Inregions of the nuclear chart with AlI=3 and parity change at the Fermi surface
Ex. Xe region, close to the N=Z line

O Characterized by:

= Strong static octupole moment Q;,

» Jow-lying 3- excitations (even-even nuclei)
= strong B(E3) strength
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CZa Predictions for ground-state octupole deformation

P. Moller et al./Atomic Data and Nuclear Data Tables 94 (2008) 758-780

|
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CZA Higher multipole moments: octupolar deformation

ARTICLE

L. P. Gaffney et al., Nature 497, 204 (2013)

Studies of pear-shaped nuclei using
accelerated radioactive beams

224Rq 8F T 1 T

1,110 224p, - 3,500 r2ipra 8, - 0.154
6 B, =0.097 |
10+ 1067 1,000 | {3000 ﬂ4= 0.080
2 966 o ' 41— —
3126 906 900 | : R
8 1;{_5 _________ § _____ ) T 2'500 2 — ‘E.EE ]
755 265.3 < 800l — ' T
138 4y 7 %} {2000 ¢ € of :
275.7 / & 700 - x i TH
8811 6+ 479 131'7 207.7 © 2 :: :: ]
16 ¥ a9 ) Y s . sooF————T-———TE- b [ ____ 1500 5
965.5 -4 —
228.4 1823 Lo, 1426 o § Q,0-2) 11 000
4+ 251 _v / - -é1G 744 1 500 + OE(I,I—S) —o— ' 6 ]
166.4 2059 .16 Q (1) —e—
Yy Eeo B T I A e e e R N B
o 844 ) 8 6 -4 2 0 2 4 6 8
T z (fm)
O Low-energy Coulomb excitation of 229Rn and ?2*Ra at REX-Isolde, CERN
O Incident energy of 2.8 MeV/nucleon, Ni and Sn secondary targets
Q Quadrupole Q, and octupole Q; moments measured
O 22Ra shows a strong octupole deformation
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CZa Octahedral and Tetrahedral Symmetries

O Spontaneous symmetry breaking may lead to high level
degeneracies in deformed nuclei

R(l(},¢)=RO 1+E i A YM(T_(},Q&)

L Group theory gives such high symmetry configurations

A u=—A2A
O Two symmetries lead to 4-fold degeneracies in nucleonic levels

Octahedral symmetry Tetrahedral symmetry
Lowest order: Xy, # 0

5 Lowest order: Oy, =0

a =x [— XX
4 x4 40
14

Figure from J.Dudek
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CZQa Tetrahedral Signatures

11OZr . : .

T T
0 . .
\7‘ [5 :317/2
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3 [ il
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Tetrahedral Deformation

P. Schunck et al., PRC 69 (2004)

Tetrahedral magic numbers: 32, 40, 56, 64, 70,90,132-136
Predicted tetrahedral nuclei: 472.88Ge, 80,1107 112,126,146B5
134,154G(, 160yp 222Th

Signatures:
O level ordering: 3-,4%,6%,6,8"...

L Decay pattern of specific groups of states

L Never evidenced experimentally

Spin Tetrahedral Symmetry — E2 Transitions Irrep
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CLZA spectroscopy of 10Zr

: Tetrahedral minimum
0 40 protons 70 neutrons: tetrahedral magic numbers

8.6
i 8.3
8.0
7.7
L Some calculations predict tetrahedral minimum IZ:‘?
. . . N 68
preferred over spherical or deformed minima o
= 5.9
* 11 s
O Most calculations predict prolate deformed minimum £ i ':{1
o 4.1
3
. . . T 32
O 1107Zr was claimed of astrophysical interest (r process) 20
| g

Spherical :

.. B,cos(y+30)
minimum

Figure from N. Schunck et al, PRC 69 (2004)

In-beam gamma Spectroscopy, RIKEN (2015)
= 110 8or Gate 150-210 keV
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Low-lying spectroscopy in agreement with prolate predictions
Q Rejection of a static tetrahedral deformation
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D1S: Gogny D1S effective interaction
SIlyMRO: Skyrme effective interaction

PCM: Projected Coordinate Method
(configuration mixing)

5DCH: Bohr Hamiltonian approximation

74



