EQ transitions:

where we have been,
where we are going,
where we would like to go

John L. Wood
School of Physics
Georgia Institute of Technology



EO: transition operator and matrix element
--a model independent description

EO transition strengths are a measure of the
off-diagonal matrix elements of the
mean-square charge radius operator.

Mixing of configurations with different
mean-square charge radii produces
EO transition strength.
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T: partial lifetime for EO decay branch

J. Kantele et al. Z. Phys. A289 157 1979
and see
JLW et al. Nucl. Phys. A651 323 1999




Comments on model-motivated research

e Research should be pursued to falsify models, not to
promote them

* When a model fails, we have learned something—
recall that failure of the Standard Model of particles
and fields is being sought, avidly

 Models provide powerful schemes for organizing data
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Wave functions must overlap
for a transition to occur
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In the earlier literature there are
some serious misconceptions on
this point

Figure from JLW et al.,
Nucl. Phys. A651 323 1999



EO transition between states with very different
deformations and mean-square charge radii

J. Kantele et al., Phys. Rev. Lett. 51, 91 (1983) b2 33kev
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EO transitions in the light Ni isotopes:
the 0, = 0, strength in >®Ni is very small indicating near-pure neutron

ni2p-2h from 2-, 4-proton transfer RX
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EO transitions associated with shape coexistence in 114-120Sn

J. Kantele et al., ZP A289, 157 (1979) T. Kibedi and R.H. Spear, ADNDT 89, 277 (2005) |

Mixing of close lying configurations with different mean-square charge radii produces EO strength |
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E2 transitions associated with shape coexistence in 114-120Sn

B(E2) W.u. Data from ENSDF
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Systematics of B(E2; 0, — 2%)) vs. E, (0%, — 2%))
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B(E2) (W.u.)

B(E2; 0," > 2,*) vs. E(0,*) — E(2,%): coexistence and
mixing yields B(E2; 0,* 2,*) ~ a? B2 (AQ)?
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Deformed bands in 112-120Sn built on the first
excited O states

Figure from Rowe & Wood B(E2)’s in W.u. [100 = rel. value]
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The nature of the shape coexisting state in 116Sn
revealed by (3He,n) transfer reaction spectroscopy
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Excited O* states at closed shells:
intruder states in the Pb and Sn isotopes
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Coexistence in even-Pb isotopes:

multiple parabolas and spherical (seniority) structure

Figure: Heyde & Wood ‘ Heavy arrows indicate EO+M1+E2 transitions

188ph: G.D. Dracoulis et al., PR C67 R 051301 2003
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Coexistence in the odd-Pb isotopes:

Data for EO transitions are from:
J.C. Griffin et al., NP A530 (1991) 401—195Pb (UNISOR / LISOL);
J. Vanhorenbeeck et al., NP A531 (1991) 63—1°7Pb (LISOL);

K. Van de Vel et al., PR C65, 064301 (2002)—189191ph (KUL @ JYFL)
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Shape coexistence in the even-Hg isotopes:
NOTE characteristic parabolic energy trend
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Conversion electron spectroscopy:
uniquely sensitive to EO transitions, identifies shape coexistence
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EO transitions: oy > a, (M1)

M.O. Kortelahti et al., PR C43 484 1991
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0* 5 0* decays are pure EO: no y’s (**°Hg)

M.O. Kortelahti et al. PR C43 484 1991
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The ground states of 1/8-185pt and 1//-18/pt
are intruder states
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Excitation energy, MeV

Coexistence in the odd-Pt isotopes
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Coexistence in the even-Pt isotopes:
mixing and EO transition strength

; i /. From: J. von Schwarzenberg,
?5\ "““7‘“' PhD thesis, Ga Tech 1991
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Coexistence in the even-Pt isotopes:
coexistence of K =0 and K = 2 bands in 13*Pt
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184Pt

Coexistence in the even-Pt isotopes:
K=0and K =2 bands

Y. Xu et al. PRL68 3853 1992 UNISOR
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ENERGY IN KEV

Pure EOQ’s in an odd-mass nucleus?

185 Pt

J. von Schwarzenberg et al,,
PR C45 R896 1992 UNISOR
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Pure EQ’s in an odd-mass nucleus
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Odd-mass Au systematics showing

the hy/, intruder state

Figure from: M.O. Kortelahti et al., JP G14 1361 (1988)
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EO transitions between “single”and “double”
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Counts / Channel

EO transitions between “spherical” states and
“core” intruder states in 13>Au
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EO transitions between “single”and “double”

intruder states in 137Au
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EO transitions between “single”and “double”
intruder states in 187Au
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WHEN STUDYING THE QUANTUM MECHANICAL
MANY-BODY PROBEM, ALWAYS BE MINDFUL OF:

 "We are to admit no more causes of natural things than such
as are both true and sufficient to explain their appearances.

Therefore, to the same natural effects we must, so far as

possible, assign the same causes.”

--Isaac Newton
(From William of Ockham [near Guildford, UK], ca. 1320)

* “Everything should be made as simple as possible,

but not simpler.”
-- Albert Einstein




Systematics of 0, states in Zr isotopes, 50 < N < 62:
electric monopole transition strengths
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Systematic of 2,* states in Zr isotopes, 50 < N < 62:
electric quadrupole transition strengths

E(MeV) o+

2

2+

largest known
change in 2,* properties
on mass surface

— :
2+ 2+
-
, -
0* | 0+ 0 0* | 0+ | WEM
90 92 94 96 08 100 102



Systematic of E(2,*) for N > 50, Z < 50
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Ground-state properties are a direct signature of
shell and deformation structures
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Differences in mean-square charge radii (isotope shifts)
determined by:

optical hyperfine spectroscopy using lasers

Two-neutron separation energies deduced from
nuclear masses determined by:
direct mass measurements
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2,* state properties are a strong signature of
shell and deformed structures
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Energies of 2,* states determined by:
gamma-ray spectroscopy following B decay

problem—B-decaying parent is further from stability and yield will be (much)
lower than nucleus of interest

gamma-ray spectroscopy following Coulomb excitation

Reduced E2 transition rates, B(E2) from 2,* states
determined by:

lifetime measurements using fast B-y timing following B decay
problem--see above

gamma-ray vyields following Coulomb excitation



Excited O* states at closed shells--mixing and

repulsion of pair configurations in 2%Zr

N=50: g/, seniority structure

j = % orbitals can only contribute
to v = 0 states, at low energy

90Zr E(2,*) is high: suggests a closed
subshell, BUT is due to depression
of the ground-state energy
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Shape coexistence at and near closed subshells:
the nuclei °°Sr and 23Zr

Figure from K. Heyde and J.L. Wood, Rev. Mod. Phys. 83, 1467 (2011)
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Deformation in Zr isotopes, 50 < N <62

E(MeV)
21- 4+ deformed
0* \ = bands
— |2 0t |2
0* 0
— ] o+
1 0*
94Zr—A. Chakraborty et al. o+ —
PRL 110 022504 2013
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4+
o
21 2+
O | O+ O+ O+ o+ O+ O+ 0+

90 92 94 96 98 100 102



A deformed structure can intrude to become a ground state:

appears to produce a “collective phase change”

Nuclei are manifestations of coexisting structures
that may invert by addition of a few nucleons, and may mix.

Proton pair excitations with respect to the Z = 40 subshell

A

collectivity

Energy

suppressed
collectivity

| | | | | | > N
52 54 56 58 60 62

unmixed mixed




Ground state properties, S, and 6<r?>, in the regions of
N =60, 90 are very similar
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E(2,*) systematics for N ~90 and Z ~64

Evidence for the 7 =64 subshell gap fam E(2) vs. Z and N.
y /




Systematics of <r?>and S, for the Eu isotopes

Sudden changes in <r) and S,p,
at N =90

Gd

Eu

Sm




152Sm and the neighboring N = 90 isotones are a
manifestation of shape coexistence

Proton particle-hole excitations across the Z = 64 gap may be the
source of the coexisting shapes.

Less-deformed 2h and more-
deformed 2p-4h structures
coexist at low energy at N=90.

‘n(2p-4h)” normal N=90
collectivity

Strong mixing obscures the
energy differences that are

=p ; indicative of different shapes.
o n(2h) 2
. S
0 .
Strong EO transitions are a key
o signature of the mixing of
suppressed coexisting structures.
collectivity unmixed

|
84 86 88 90 92 94

As observed, the K=2 bands
will also mix strongly, resulting
in EO transitions.




Shape coexistence in the N = 90 isotones:
revealed by EO transition strengths

Strong mixing of coexisting shapes produces strong electric monopole
(EO) transitions and identical bands.

Data from Heyde and Wood (2011)
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Strong mixing produces (near) identical bands
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Mixing of coexisting structures in 1°2Sm

2
J 0 2 4 6 8 Z—4[A(r2)]2-103
o, 0.8458 | 0.8167 | 0.7656 | 0.7071 | 0.6536 R
\Z
B, 0.5334 | 0.5770 | 0.6433 | 0.7071 | 0.7569 p3(E0) = 348 o 5]
A(r?) = 0.39 fm® (from Eu) R=1.20AY3 fm cale | ext
8+ 1754
~_ 8" 1666 85.2
81290 /
6+ 1346 . 6"1311] g70
\8+ 1127 / 8+ 1125
6 840 6* 840 4+ 1019 4+ 1023| 84.4 | 88
. 2" 810] 77.3 | 69°
4 2+ 793
563\ 726% 6+ 706I0+ 6851 70.8 515
4454, -
378 / 0* 687
2+ 150 0+ 296 389 4+ 366 5(7°2>21H01 = A(T2>(622_/88)
- T = 0.0189 fm?
> . \ 136 27 122 a(r?) 4.6(—4)
. - .
\ 0+ 0 0+ 0 (12%)
148Ca 154G m expt 5.2°(—4)
unmixed mixed experimen
V =310 keV

t




Mixing of coexisting structures in *4Gd

2
J 0 2 4 6 8 z_4[A(T2>]2'103
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v
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152Sm: B(E2) values

Grodzins’ rule for quadrupole strength ,

A B(E2) = x 206.4 W.u.
[E(2]) keV |[B(E2;0f — 2])e? - bz]? ~ 16.0 (E2) 2J; +1
Rotor matrix elements cale.  expt. calc.*
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M _3J(J 1) 4, — 2, 196 2093 212
JJ-2 = o507 1 Y20 .
2(2J —1) 6, — 4; 228 245 246
6. 252 285" 272
J(J+1)(2] +1) 81— 6 25 8
M;; = — My
44
21
MZ = 1595¢e-b("“8Ce: E(2})) 22 I il ;’é'g i’gém
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M2101 - aUa?MSD + 160/82MSO - 1.785 eb 49 — 4, 5.12 4.98
My, = (004Msy+ Bo3sM3)(1.604) = 2.922
Moy, =  BofoMg + cpoa M, =  2.025 25 — 04 1.48 0.948
Moy, = —aofBo Mgy + B M3, = 0.1891 4y — 2, 047  0.7513
M2221 = a2ﬁ2(M§0 — Mgo)(—llg'f)) = —0.3525
M0221 = —C}:zﬁgMSO + G![)ﬁzMSO = 0.3891
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Mottelson, Tokyo Conf., 1967: comment on
breakdown of AK = 0 Alaga rules at N =90

I have discussed in some detail the phenomena associated with the coupling between
K=2 and X=0 bands in order to illustrate the wealth of quantitative relationships which
can be brought to bear in analyzing the rotational effects. I shall now consider, much
more briefly, the data concerning the coupling of the ground state and excited K=0 bands
(beta vibrations) in even-even nuclei. The first step in the analysis, as in the 4K=2 case,
is to consider the general form of the matrix elements as obtained from the expansion in
powers of I; for the E2 transitions between the bands we get (including up to linear
terms in 1)

B(E2; K=0,1,—»K=0,1,)=<1,0; 20| [,0)* | M, + My{ (L +- 1)~ L, + D)]|* - (17

The intensity rule (17) has been much less tested than the relation (6) for 4K=2 transi-
tions, but a similar accuracy is expected. During the past year, intensities of transitions
from excited X—0 bands in *’Sm, *'Gd and "°Gd have been measured and found to be
in disagreement with the predictions of (17) (Ewan and Graham: Moscow Conference
1966; Liu, Nielsen, Salling and Skilbreid: Moscow Conference 1966; Ewan and Anderson:
Contribution No. 4.146, this conference; Johnson, Riedinger and Hamilton: Contribution
No. 4.144; similar data on "Hf has been obtained by Loft Nielsen: private communica-
tion). Since a failure of (17) would imply a breakdown in the fundamental rotational re-
lationships (i.e. this is not a result that depends on any detailed model for the intrinsic
structure), I think that everyone is reluctant to believe that the fault lies there. Indeed it
has been noticed that all the deviations could be explained if in the transition 0,/=2-0,1
=2 there is a significant contribution from M1 radiation. Such radiation is forbidden in
the I-independent approximation, but the familiar rotational contribution to the nuclear
magnetic moments is already a term linear in I and if the g-factor depends somewhat on
the deformation we obtain a transition operator

[4

A ML, )= J%{m(ﬁdﬂﬁ—ﬁ«%*’ . '}I“ 2_}3'0)

and a transition matrix element for decay of a g-vibrational state

2 2

B(MI; ny=1, L,—>n, =0, m:%z 2?@) ;"é’z aaL;) S0, LU+, (172)
where (%w5/2Cj) is the amplitude of the f-vibrational motion as measured in the E2 tran-
sition matrix elements connecting the two bands, Values of Ggg/d8 of order unity are
sufficient to explain the postulated M1 intensities. The situation looks promising, but
the crucial measurement is obviously a direct determination of the MI contribution to the
AI=0 traositions between these bands. Tentative evidence against the expected M1 ad-
mixtures has been submitted to this conference by Hamilton, Ramayya, Whitlock and
Meulenberg: Contribution No. 4.145. I cannot judge the finality of this measurement, but
I must emphasize that if the M1 intensity is not found, we face a major crisis in the appli-
cation of the rotational relationships to these nuclei.
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Multi-Coulex of >2Sm 0,*(685 keV):
strongest response is to head of K=2* band at 1769 keV

(in-band response attenuated by 99.7% decay out @ 811 level)
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W.D. Kulp et al., Phys. Rev. C77 061301 2008
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Shape coexistence in the N = 90 isotones:
coexisting K = 2 bands revealed by EO transitions

3t, K=2 =» 3*, K=2: 631 keV transition in 1>%Er has no observable y-ray strength, only ce’s
[3K2 — I(I+1) = 0] are observed --accidental cancellation of E2; M1 is very weak.

8n and PACES at TRIUMF/ISAC.
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Neutron-deficient Kr isotopes:
puzzling collectivity

¢ 2370 E. Clément et al,,
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Multistep Coulomb excitation of 747°Kr using
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Quadrupole shape invariants constructed from
E2 matrix elements for 7476Kr
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CONCLUSIONS: EO TRANSITIONS

1). They give a unique perspective on shape coexistence
in nuclei

2). They probe the proton and neutron configurations that
occur in nuclei

3). They probe K quantum numbers through their AK =0
selection rule

We need more data for:
T,,,(0%) [and T,,,(2%), T,/,(4%), T,,,(37)]
conversion electron intensities
E2 / M1 mixing ratios—to extract E2 + M1 + EO



Electric monopole transition strengths: critical
test of phase transition models

Fit of a phase transition model to p%l (EO0). 10° at N=88, 90
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Shape coexistence in the Hg and Cd isotopes
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Shape coexistence in the Cd isotopes

Fielding NP A281 389 1977
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E (MeV)

Deformed bands in 110-116Cd

Figure from Rowe & Wood B(E2)’s in W.u. [100 = rel. value]
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The spectroscopy of mixing in the Cd isotopes:
p? (EO) values in '4Cd

t(n,n’y ) fs: >500
ak=0 IGENE 800 | 114cd

E(MeV)

y | \
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3* Igga 2
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I
2 1364
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Wood
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¥ 2 1210

0* 1135 = ee——

1 |—
Conv. Elec. ILL BILL/GAMS
Mheemeed NP A412 113 1984
Lifetimes n,n’y Doppler U. Kentucky
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EO transition strengths in 1*4Cd support the
existence of good K quantum numbers

T(n,n’y ) fs:
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Spectroscopy of mixing in the Cd isotopes:

p? (E0)-103 values in *4Cd

E(MeV)

p%(E0)*10% max ~ 100 (obs.) | 114Cd

0,5 2 (E0) * 103 ~ 400 a2 B2 ’
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4+ 2152

~ 4+ 1932 .
Bo/ g ~ 0.23 | AL » 185 NOTE N
4+ 1732 371864 > despite the proximity of
q these two 2* states, the
. 255 p? (EO) value is not large
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Coulex yield multiple ions  Fahlander NP A485 327 1988

p-e(t) (d,pe) JulinZP A296 315 1980
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Spectroscopy of mixing in the Cd isotopes:
116Cd (p,t) *4Cd and p?% (EO) - 10°

Fortune PR C35 2318 1987

0,"
o..(0,%)
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Dos o2 (E0) + 103 = 19 = 482 [A<r? >]2 103 [0.28 x 0.96]2
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Wood et al.

P, 2 (E0) - 10° ~ 300 a2 B, NP A651 323 1999



The spectroscopy of mixing in the Cd isotopes:
114Cd unmixed energies
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The spectroscopy of mixing in the Cd isotopes:
114Cd energies
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The spectroscopy of mixing in the Cd isotopes:
p? (EO) values in 114Cd
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The spectroscopy of mixing in the Cd isotopes:
M(E2) and B(E2) values in 114Cd
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Electric monopole transition strengths in the
N = 60 isotones
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Systematics of low-lying collective states in N=60 isotones
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8+ 2019
6+ 2009
6* 1856 51872
8* 1687
6* 1556
—4+1502 2°
8- 1432 41415 4+1398
6+ 1328 01334 335
+ 2+ 1250 +
0t 1106 3+1246 3+1242
6* 1063
988
6* 867 2+ 871 2+ 87 _2+ 893
2t 871 2+ 848
555 i 4+ | 889
0* 698
81 25
4+ 434
127
0+ 215
2+ L144 57
0* 0 w
8BSy
3g 60




Spectroscopy of mixing in the Cd isotopes:
2 (E0)-103 values in *4Cd

E(MeV) 0,0, 095 0.05

2,2, 0.88 0.12

4.4, 067 033

120 2 2
2,2, 050 0.50 m 1205 (;ho o 0361

, 2,2, 093 007 . 1932’ = 00, 09 o
B mixing is 2-state 184 2,2; 097 0.02
4+ 1732 3" 1864 4,4, 094 0.05
2,2, 087 0.04
0* 1306 4+ 173 2 1364 2,2, 0.87 0.09

¥ 2 1210

Garrett, Green, Wood
PR C78 044307 2008
To fit B(E2)'s

IBM2-MIX
mixing is multi-state




Excited 0* decays in the Cd isotopes

0 1731
#1476 1473 (0@ o 1433 1380
<1680 2 13138 » o 1306 o® 1283
< 80 (12) 1224 » 1210 Y 135 o 1213 2=
i < 127(16) 3.0(8)x10*
Y 0.099(14) 006
l ’51(14) 0.026(4) . 0.79(22) (6)
» y 658
110Cd A 112Cd 2 Yy 618Y 114Cd » ¥ 558 l 116Cd & 4 s
27.0(8) 30.2 (3) 31.1(19) 33.5(12)
ot 0 0,4 0 e 0 o 0

Deformed band head 0* states: strong E2 decay to “one-phonon” 2* states

“Two-phonon” 0* states: very weak E2 decay to “one-phonon” 2* states;
but strong E2 decay to “two-phonon” 2* states

o®



Introduction to mid-shell collectivity
inZ=48,52 (N =66) isotones

E(MeV) Differences exist for 0;* and higher-lying states

(5)" :
4 N
l— + 3_
4+ 0
0+
2+ o+
other 0 et
i states other states

114Cd




Demise of quadrupole vibrations in 110-116Cd:
low-energy 0* states are shell and subshell excitations

P.E. Garrett and J.L. Wood, J.Phys. G37, 064028 (2010)

E(MeV) J.L. Wood, J.Phys. Conf. Ser. 403, 012011 (2012)
trans. 10Cd  112Cd  4Cd !Cd harm.
vib.
0+,3%, 2,
5 |- 4+6* 4.2, 115% 11922
2,0, 242 278 175 3510 42
J, 4, 2,4, <5 <04 <03 <7 31
2,2, <0.76 <2 2.8 200 17
1}
Tt 2p-4h 0,2, <7.9 0.0099% 0.0026* 0.55* 60
2,0, 27 30 31 34 30
(norm)
B(E2) s (W.u.) from lifetime measurements @ Univ. of Kentucky using (n,n’ y).
oL

1 2h gg/,° High-lying, low-energy transitions are difficult to observe: used 8Pi array @
TRIUMEF-ISAC and ultrahigh statistics B-decay scheme studies.
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Coexisting deformed bands in the even-mass

Figure from Heyde & Wood

Pb isotopes

Heavy arrows indicate EO+M1+E2 transitions:
G.D. Dracoulis et al., PR C67 R 051301 2003
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Counts /Channel

Note: the non-
observation of ay ray
between the two 3*
K=2 states due to

accidental cancellation

of the E2 matrix
element because
3K2—1(1+1) = 0
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Shape coexistence in 184Pt:

revealed by EO transitions
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Zirconium isotopes have excited 0* states that are strongly
populated in two- and four-nucleon transfer reactions
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Figure: Heyde & Wood
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Figure from A. Saha et al. PL B82 208 1979
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