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Vibrations in nuclel...

Liquid drop model was first used to describe static nuclear properties
(Gamow, Proc. Roy. Soc. [A] 136, 386 (1929))

Dynamic properties of liquid drop (Bohr, Mat. Fys. Medd. Dan. Vid. Selsk.
14, no. 10 (1937) ) — possibility of vibrational oscillations of nucleus
discussed, and first estimation of energy, ~ 1 MeV, given

Describing the nuclei as a liquid drop leads to the idea of collective
coordinates — ignore motions of individual nucleons and treat nucleus as a

continuous medium

Surface parameterized as

R(&,¢,t) =R, 1+i ia;ﬂ(t)vﬂﬂ(s,go)

A=0 u=—1

where a;ﬂ(t) are the collective coordinates which are time dependent —
this allows for vibrations of the surface
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Vibrations of a classical liquid drop

Assuming a charged liquid drop, E will have 3 terms
E=T+E;+E;

where T is the kinetic term, E the Coulomb energy, and E the surface energy
The Coulomb and surface energies leads to the form

- 1 . 1,
and the kinetic energy EZ Bﬂ‘alﬂr _ Z_ JZ'M‘

resulting in the Hamiltonian H = ;{215/1”@2 _l_Czlalﬂg}
M

This is nothing more than a simple harmonic oscillator with frequency

C
®, = B—”’
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Vibrations of a QM liquid drop oGUELPH

Hamiltonian can be cast into form

H =S hotp),b,, +1}
: At : o ar
where bj{ﬂ (b,,) 1s a phonon creation (annihilation) operator
The terms in order of importance (for small amplitude motion

and low excitation energies) are A=2 (quadrupole vibrations),
A=3 (octupole vibrations), etc.

For quadrupole vibrations E_=h®, (n + %)
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Spherical Quadrupole Vibrations

4hw, 0,2,2,4,4,5,6,8*
E2
3hw, ——— 0,2,3,4,6"
n=z=1 -
2h(1)2 3 O,2,4+
=) Transitions are
enhanced —

hw v >+ typically 10’s of
2

single-particle
units (W.u.)
E2
0 s 0*
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The Z =50 region — rich in spherical vibrators? oGUELPH

Region of low deformation, Ho T

expect near-spherical vibrators os [
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Quadrupole harmonic oscillator

3-phonon 37

3 35 , 6/7 11/7 10/7
2-phonon O+_\‘l2+ \’ ___________________ \’IJiL,

j 2 2

+
1-phonon ‘ ........ 2 ..................................... l
1 Arrows = B(E2) values

relative to 2t —» 0*
O+

Use expectations of harmonic vibrator as a guide for
multiphonon states
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Candidates for near harmonic vibrational motion UNIVERSITY

Na

. _ oGUELPH
(or U(5) symmetry) near Z=50
J. Kern et al. / Nuclear Physics A 593 (1995) 21-47 27
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the Cd nuclei appear to be among the best U(S) candidates. As proposed
hy Arima and Iachello [9], the Cd nuclei, and espeu:lally "¢Cd, can still be regarded as
paradigms for U(5) dynamical symmetry.
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Criteria for valid vibrational multiphonon state ~ ZGUELFH

For good spherical vibrational, or U(5), candidates, Kern et al.
considered:

Excitation spectrum — existence of a full set of two-phonon states, and
perhaps even 3-phonon states

E,/E, ratio approximately 2
Energies could be fit with the U(5) energy formula
The AN =1 E2 transitions strongly favoured over possible decays

Now consider expanded criteria:
Smooth evolution of states as a function of A

Enhanced set of B(E2) values between phonon states

Deformation parameters extracted from Coulomb excitation or
Inelastic scattering follow expectations
Consistent transfer results

One-phonon states may be strongly populated in SNT, but multiphonon should
have (ideally) zero spectroscopic strengths

Weak populations in two-nucleon transfer
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Why are more stringent criteria needed?

Considering only energies  4* 2702~ <Y T
and branching ratios
would lead to conclusion
that 12*Sn is a good
harmonic vibrational
nucleus

E(4)/E(2*) ratio is 1.86

Energy spread of 2-phonon
triplet is only 90 keV 0.012(+4,-8)

Relative B(E2) strongly favour

decay to one-phonon 2* state 9.0(3)
Absolute B(E2) values
immediately rule out 124G I

<43

1132y 2*

harmonic vibrations
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e.g. levels near 1.3 MeV in ">Cd - U(5) candidate ¥GUELFH

1415 4+
1312 o 1224 0+
618 2+
JVBO\ALU.
0sS 0+
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e.g. levels near 1.3 MeV in '">Cd - U(5) candidate ¥GUELFH

Appear to have the right levels and decays

1312

O+

gs 0*
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But there are extra states in the vicinity of 2-phonon UI\(I}IVERSITY

UELPH

states... e.g. '">Cd — U(5) candidate

Appearance of additional 0" and 2* states with enhanced
E2 decays systematic in Cd isotopes near midshell

80 W.u. 1468 >+
1433 0 |51 W.u.
1312 v

O+

gs 0*
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First firm evidence for deformed coexisting band in Cd

NIVERSITY
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isotopes — observed with B-decay

Detailed
spectroscopy on
110Cd via B-decay
reveals in-band
transitions

“Extra” states in
vicinity of 2-phonon
triplet explained as
part of “intruder”
band

R. Meyer and L. Peker,
Z.Phys. A283, 379 (1977)
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Characteristic pattern of deformed intruder bands  UNVERSITY

oGUELPH
at closed shells
green—yrast states e —- intruder 0", 27, 4™, 6™, 8"
E(MeV) red—non-yrast states
-0,
Pb 2
4k A=
3 L
2 =
] L
oL o—o—o ° —o = O—O—O—O—0—O—O—P—O—O—O0—0——=0
100 110 120 50 60 70 80
mid shell ‘ neutron number mid shell ‘
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Characteristic “V”-shaped pattern driven by

UNIVERSITY
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quadrupole interactions

EXCITATION ENERGY (MeV)

i 2(8j7‘3_8j7t)
T _______ N |
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Heyde and
Wood, RMP 83,
1467 (2011)
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Deformed bands in the even-even Sn isotopes oGUELPH

Figure from Rowe & Wood |
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Evidence for intruder states — 2p-2/ proton excitation oGUELPH

In normal or |
superfluid nuclei, the HOF 116 d(®He,n)!18Sn
two-nucleon-transfer .
should be dominated 00 |
by ground state—to
ground state
transitions — typically
>95% of L=0 strength
to the ground state

1.77

70

50
Near Z=50, two-proton
transfer strongly
populates excited 0* 30
state — reminiscent of i
proton pairing

vibration — 2p-2h 10F
excitation across Z=50
closed shell

Counts per channel

| |

| | |
530 550 570

TOF (channels)

Fielding et al., Nucl.
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Further evidence for proton 2p-2h character from UNIVERSITY

. oGUELPH
o-particle transfer

Te target — protons in 2p state
Removal of a particle favours population of Op-Oh (gs) or
2p-2h state (intruder)

12214 (4 6Li) "85 ?‘“
E,=33 MeV
Janecke et al, NPA 325, 340 (1979)
0+
|
37 |
[ 2+
«M@
.‘l' L' ] ] | i | } } | | | | ] E
MeV 6 5 4 3 2 i o X
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Systematic studies of Cd isotopes reveal intruder  UNIVERSITY

#GUELPH

configuration evolution

PHYSICAL REVIEW C VOLUME 45, NUMBER 2 FEBRUARY

Cd
740 * - intruder 0*,2%,4% 6%

Systematic study of low-spin states in even Cd nuclei

J. Kumpulainen, R. Julin, J. Kantele, A. Passoja,* W. H. Trzaska, E. Verho, and
J. Vadramaki
Department of Physics, University of Jyvdskyld, SF-40100 Jyvdskyld, Finland

D. Cutoiu and M. Ivascu
Department of Heavy Ion Physics, Institute of Atomic Physics, Bucharest, R-76900, Romania
(Received 15 January 1991)
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FIG. 17. (a) Systematics of low-lying, low-spin states in the even 106=120C,  For clarity of presentation symbols marking the 25 .
and 4;' levels are omitted. (b) Systematics of the 25, 0%, and 0} states in the even 106-10¢y () Energy ratios of the selected levels 5 0 60 70 8 0

in even '™ 71°Cd.
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Problem — decays of low-lying 0" states

0* intruder band head has enhanced decay to 1-phonon state, but 0*
“two-phonon” does not — e.g. 12Cd

1433 O 4+ R . .« A 5|

1224 . 0F
51(12)

¢ I

| B Intruder

Experimental B(E2) 0.36(7) band
W.u.
112Cd 0. .

Very small of 0;* »2,* B(E2) and enhancement of 0,* (shape coexisting
band head) —»2,* B(E2) was explained as consequence of strong mixing
between intruder configuration and “normal” phonon states
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Systematics of B(E2;0, ;" — 2,%) in '1%-116Cd

v g v _ Tran3|t|on§
<1680 2t 1313 labelled with
<79 80(12) y B(E2) values in
<40 0.099(14) W.u.
110 2" Y658 2 ot 18 ..
Cd '2Cd o193 If mixing were the
s L. underlying cause
of the decay
A Intruder band ~ ° 0 pattern, would

expect much
larger variation in

B(E2) in W.u. he;d \:

1380 0*
0 1306 + 29
2 1210 _ 1203 2t <1253 the B(E2) values
—.v.:). j!lj:) ()+ —-.,;. -1
127(16) 3.0(8)x10
0.026(4) 0.79(22) 30 (6)
'Cd 2 'oCd 2y 513
33.5(12)
PG et al., Phys. Rev. C
(I 0* 0 86, 044304 (2012)
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14Cd deformation parameters from rotational

NIVERSITY
_ ) ' q’GUELPH
Ivariants

Most detailed Coulex study to date on Cd isotopes [Fahlander, NPA 485
317 (1988)] 10, 4°Ca, 58Ni, 2°8Pb on 14Cd

114Cd 2400 6"
2o I 6+ 1990 129
h Intruder p=0.33 -
band T e I """""""
3 i : / 1i 8!5
‘g } i ]2‘5-4---;----1'5”'!364 05
- 1.0 1135% 0
{ =0.28(3) I
B=0.187(3) <c0s35>~0.9 3 27
<C0s36>~0.2 prolate S l
T e g aee odanaas oae | [T Intruder
1 .9 2 2 0 31 B(E2)  band
— =) . . . W.U.
%0 zl<0||M(E2>||zl><zl||1;4<E2>||o>{0 0 o) o, wa
3
Q* = ( ZR2> By
41 harmonic vibrator value
4/25/2019
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Analysis of 0" p?(E0) values in '“Cd oGUELPH

With B and y established from Coulex,
E(MeV) and knowledge of p?(EO) values, we can
extract the mixing amplitudes

. 4+ 1732
0.004 B=0.33,y=30°
0* 1306 4+ 1784 2" 1364
. 0" 1135 B=0.27,y= 9.5°
- Conv. Elec. ILL BILL/GAMS
2_558 Mheemeed NP A412 113 1984
2 ~
a 0002 B,y values Fahlander NP A485,
2 317 (1988)

o L . o, a?~0.08

B=0.19,y=27° Mixing between configurations
(generally) weak
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What is the origin of the enhanced E2 strength UNVERSITY

#GUELPH

from the 0" intruder band head?

While mixing is small, important consequences: Consider 4Cd

I : 114 2400 6%
Write 0* wave functions Cd T
|035 > = Cl|OZ > +b|0§ > 6F 1990 129

0] >=—b|0; > +a|0f > I I 1@#
85
64§

Assume: 4+ 1234____;__ PR x =
inband 2*— 0* transitions equal the observed g ij’i';O+
(since weak mixing) 25*— 0g* =65 + 9 W.u. 62 ! L”;L‘fjder
25t > 0,7 =0
with admixture of 8% results in calculated L LR l’
B(E2;0," »2,7) =26 + 4 W.u. ¥ B(E2)
consistent with observed value of ) W.u.
27.4 + 1.7 W.u. —

Important contribution to 0,"— 2,* E2 strength from mixing,
although mixing is weak




Revealing the underlying structure

UNIVERSITY
oGUELPH

39(7)

1.1(3)

122Te

B(E2) in W.u.

4/25/2019

0t

1433

0.012(2)

1224 0*

S51(14)

50.9(25)

IOZPd

o .
,rj‘,g_z__“"m"_f'-’b 0
06 (40)
15.020) < 0.0004
................ 356 2+
4.2(21)
32.6(23)
,,,,,,,,, 0 o+
0t

Shape coexisting structure

Paul Garrett, Warsaw seminar

| 695 0*

O 95.5(+33,-15)

The favoured
and enhanced
decay of the
excited non-
intruder 0*
state to the 2,*
state, rather
than 2,* state,
common
feature in Cd,
Te, Pd, Ru,
Mo, Xe,...

Structure of
non-intruder
states NOT
that of a
spherical
vibrator
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Extending towards Z=40 subshell — *-12Mo U(5)

NIVERSITY
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candidates show clear shape coexistence

Detailed Coulomb excitation studies enable extraction of shape-invariants
clearly indicating different shapes for 0,* and 0,* states

o 0.7 ~
S @ 1 i prolate
006 , ™ + )
Py ® 0] state 80 5
o 05" W 0] state 0 ° l
~ 045 J o
)| E——— g % -------- triaxial
0.3 e ® E
0.2 -0.5 ® 0] state
0.1 . M 0] state
0 | I | -1 ' ' ! Oblate
96M0 QBMO 100M° QSMO 98M0 100M0
Zielinska et al., NPA 712, 3 (2002), Wrzosek-Lipska et al., PRC 86 064305 (2012)
%M 1148 0"
0 98 103p?(EO
B(ED) (W) Mo o=
2+ 778 2t 737 735 0* 695 O* l()2M0 698 0+
55 7 536
20.7(4) 20.6(5)  27(5) 42 (6) 2+ 297 120(50)

0t

0

33.5(10)
0* 0 (@,

74(9)
0+
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Are their any surviving candidates for near harmonic UNIVERSITY

i - oGUELPH
vibrational motion near Z =50?

J. Kern et al. / Nuclear Physics A 593 (1995) 21-47 27 Combining data
from multiple
z.[s¢| Xe = ) = probes, we can
rule our a
harmonic
2| Te X [ Dl vibrational
picture for most
a4] 48| |48} [so| Is2| |se| |[ss| |se| [so| |s2| |ea| |ee| [es| 70| |72 of the
vibrational
«| cd % Il b Dl e candidates

| Pd T [ D[ B¢

44 RUBBEMM

If these nuclei
are not spherical
vibrators, what

are their
HL flie X Garrett, Wood, and Yates, underlying
E’zrg/lsé():a Scripta, 93, 063001 structures?
E [ Sr Tm the Cd nuclei appear to be among the best U(S) candidates. As proposed

by Arima and [achello [9], the Cd nuclei, and especially ”"Cd, can still be regarded as
paradigms for U(5) dynamical symmetry.
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Cd 0" energy systematics

0,* level was
considered as n2p-4h
Intruder band head

2500

0g* level was
considered as 2-
phonon vibrational
state mixed with
Intruder

[o——y
n
-
<

T
-
+
vy)
L

cX

E (0% (keV)

0,* also displays a
“V”’-shaped pattern i ]

Behaviour
unexpected for
phonon excitations

500

Garrett et al., PRC 78, 100 110 120
044307 (2008) Mass Number A
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0, level pleielentnl.l} deC‘l}SFOZ intruder lngUELPH
band member in the Cd isotopes

Enhanced 0,7 —»2,* decay observed in 4Cd

Relative B(E2)values

0t 2079 / \
|

(1%)) 0+ 1871 0t 1860

Absolute B(E2) in W.u.

21(4+9,-3)

-------- \,__________1_364 2
. 0+t 1224
(0.01) (3 7— 2.5(6) 1135 0F
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Cd isotopes systematically studied with 3 decay  UNIVERSITY

#GUELPH

’

and (n,n'y) reaction

67 (degrees) 37 (degrees)

Stable even-even Cd isotopes 08 0 00 oa 08 08 04 00 o4 o
Studled Wlth neutron |ne|aSt|C HT324 Br)=-0.00440.006 T Fir)=-0.003+0.007 7| arges,
scattering at University of . } Ll | l .
KentUCky ,M“i 117320} Lﬂw_u—w 4+ ] { 107350 i;
Detailed spectroscopy of low-spin = | _ } =
states | | |
Lifetimes from DSAM 1
1101112Cd studied via B_decay using | F(r=0.07040.006 [ Fr=0025:0007 { 1505.08
87 spectrometer at TRIUME- ISAC =l | |5
A 4 / " st - iﬁ { 5@
= } 1 1505.00 =
1697.90 {
BT 003740008 1 ren=o0s3:0007 1
% | 4 1783.54 %\
3?* 1562.25 | I } } 1 SA

6 (dcgrccs) 67 (degrees)



Arc " Verv we: V-eneroy . hes 11 NIVERSITY
Search for very weak, low-energy y branches in ngUELPH

: 100 200 300 400 500 600 700
2231 2+ 2156 T T T T T T T T T T T T T T
360 28| 5 H2p 0511204 =
O+
LYL 1871 »so00L  Gate:1253 keV 0F —»2F ]
1253 4% 1416 | | | | | | |
21312 > L 250 | | .
v
> i 2 |
2+ 617 : il
""""""""""""""""""""""" = % 15000} 2 1
Q 150} a :
Transitions in keV @\
ot 0 -
12¢ S é I T |
. 50 -
286-keV transition is a
—4 L | | 1 1 | 1 1 1 wf
7.9(33)x10~* y branch 2000 260 300 340 380
from 2156-keV level, -
0,0 o
34(15) W.u. transition e R
100 200 300 400 500 600 700
Ey (keV)
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12Cd band structure oGUELPH

Transitions labelled with B(E2) in W.u.
Square brackets indicate relative B(E2) values
Very weak transitions removed

intruder
8* 3399 quasi-y band
;239 7t
- Ui: I [14] [100]
4+ 2894 .
s it al= N Lttt o e L
4+ 2711 :
"""""""""""" quasi-y band o $2572
3 2403 ;
o Be < ~ag
................. YATON AN G S 4+ m”(%
.................. 6.6 (11) SS(T)?;)’ \.2‘6 FrMRORIEE. GETESREITY] [FISTPREISE) TRSSRTR S SEME SRR TISMITes, T S e S e
5.3 (14) 43 (4) [100] [
A TN, WO WG . WOWNE GRSt . Sm—" gk W
o R, N - R B
""""""""""""""""""""""""""""" o+ \ 1224
2.2(6) 51(14)
............................................................................................................................................................................................................................................. 618 § 2%
112Cd 303 (2)
0y 0*
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Results from 7* "'In decay, and lifetime from

DSAM following INS

NIVERSITY
g’GUELPH

1000

800 -

Counts per 0.5 keV

200

600

400

300 400 500 600 700
ll()In_)ll()Cd ?i 45+ 2706
Gate:1630-keV 2,%-2,* & 1

418
12 2287

. 1630

2 +

2 L 658

327

300

400 500

E, (keV)

418-keV transition has branching ratio = 0.0057(3),
resulting in B(E2;4;.*—2,*) = 55 = 14W.u.

4/25/2019

Paul Garrett, Warsaw seminar

1629.8

E’)’(e’}’)

1629.6

1163.4

E’)’(GT)

1163.2

F(7)=0.085(5)

+30

F(1)=0.139(30)

T =221*53 fs
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Establishment of new 3008 keV 5 level in '°Cd #GUELPH

Results from 7* 191n decay

6+3]-21 50000 T | T | T I T T T
114 i % |
5+ \‘, 3008 114 keV Gate
I ! 40000 — 3121 keV — 3008 keV _
132
349
. L _ I 3000 —— — T i
6* 2876 £ B - 2 {1 |
. {::j 30000 . 3
5 5 2660 2 | . |
847 5 2540 é 20000 1 1000 |
1466 8 ~
6+ 2480 - _® oo -
4+ 2220 10000 - & = i |
Y _ 3 00 s
3¢ 2162 AN j: . :
Ml
—~ %00 600 800
4+ 1542 E, (keV)
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MCd band structure #GUELEH

Transitions labelled with B(E2) in W.u.
Square brackets indicate relative B(E2) values
Very weak transitions removed

intruder gsb
quasi--y band intruder .
6Y 3240 - quasi- band I3-2-7 2 8
5+ 3008 [‘/‘30] I \ [<ei0} J—— et 3064 6% i
""""" JEL{/[/7 N ‘ [57] ‘ 6+ 2877 [<76] / 5 -
[<360] e =1

4 w2706 % RN N I (<1701 ¥

115(35)
__________________________________________________________________________________________________________________ 2" 91784
29 (5)
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Comparison to BMF calculations

BMEF calculations using Wave function probability distributions in (B,y) plane
symmetry-conserving

configuration method

(SCCM) with Gogny W . A W W
D1S energy-density - A
functional 0 02 0.4 06 08p,

Exact angular
momentum and particle
number restoration

Includes axial and non-
axial shape mixing

0 02 0.4 06 086,

Occupation numbers
for 0* states computed
using the Os, Op, 1s0d,
1p0f, and 0g9/2 orbits
as the reference to
define the particle-hole
structure for both
protons and neutrons

110Cd
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Calculations by T. Rodriguez, Madrid
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4 distinct shapes predicted for 0" bands
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4 distinct shapes predicted for 0" bands
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What do we conclude? o*GUELPH

Description of the Cd isotopes as spherical vibrators — the
paradigms of harmonic vibrational motion - fails
0* two-phonon strength appears nonexistent

We don’t have a full 2-phonon triplet — E2 strength from 0*
Intruder band head to 2* one-phonon entirely consistent with
weak mixing of the 0* states.

Only the yrast band appears to follow vibrational pattern in its

B(E2)’s
In many, if not all, of the vibrational candidate nuclel
near Z=50, the 0,* state Is a shape-coexisting state

Proven conclusively with detailed Coulex studies in some cases
BMF calculations suggest the intriguing possibility of
multiple shape coexistence in the stable mid-shell Cd
Isotopes

This needs to be thoroughly tested — program under way to do
this at HIL and LNL
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Summary

Existence of levels, and their energies are NOT a good indicator
of vibrational structure
Often misleading and appear vibrational when they are not

B(EA) values are a necessary, but not sufficient, condition to
establish multiphonon states

Ideally, detailed Coulomb excitation and formation of rotational
Invariants are required to firmly establish vibrational nature

Firm benchmarks need to be established in stable nuclei — when
probed in detail, the best examples of vibrational nuclei are
failing the test

Are their any nuclei that pass the stringent tests?

Quadrupole vibrational phonon does not appear to be a
“robust” boson — a fragile object that appears, at best, can only
be coupled in an aligned manner
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