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Octupole correlations in atomic nuclei
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Expected at Z or N equal to 34, 56, 88, 134.

[Butler and Nazarewicz, RMP 68, 349 (1996)]



Octupole correlations in atomic nuclei (Predictions from DFT at mean-field level)
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[Y. Cao et al., PRC 102, 024311 (2020)]

See also, e.g., S.E. Agbemava et al., PRC 94, 044304 (2016).




Octupole correlations in atomic nuclei
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B(E3) systematics in Ge-Kr mass region from light-ion scattering
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Sudden strength increase in Ge but not in Se. Why? There seems to be nothing special
about Ge in terms of octupole collectivity in the other isotonic chains.

[Rosier et al., NPA 453, 389 (1986); Schiirmann e al., NPA 475, 361 (1987); Ogino, PRC 33, 71 (1986); Matsuki ef al., PLB 113, 21 (1982)]



B(E3) systematics in Ge-Kr mass region from light-ion scattering
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Strength increase delayed in the other isotopic chains? Ge or Se special?

[Rosier et al., NPA 453, 389 (1986); Schiirmann e al., NPA 475, 361 (1987); Ogino, PRC 33, 71 (1986); Matsuki ef al., PLB 113, 21 (1982)]



Experiment with combined GRETINA-S800-LH, setup at NSCL

= [Inelastic proton scattering in inverse
kinematics
= Powerful probe to populate 3™ states
| = NSCL/Ursinus LH, target
ntrance quad = “Thin” cell was used (50 mg/cm?)
| 21 = Secondary beam energies corresponding
to proton energies of 100 MeV in c.m.
frame
= Enhanced sensitivity to both proton
and neutron contributions
= Beam purities: 79% for 7°Kr, 51% for 7K,
6% for 7*Se
= 8 GRETINA Quads mounted in north
hemisphere (3™ campaign had nominally 12
Quads).
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Excellent resolution with GRETINA.
37 and 3, states (candidates) are
strongly populated in (p,p’)

In addition, several low-spin states are
populated for which scattering lengths
and, thus, reduced transition
probabilities can be determined.

[Results: MS et al., PRC 106, 054305 (2022); UCGRETINA: Riley ef al., NIM A 1003, 165305 (2021)]



] ] (p,p’) cross sections for 7>Se and 747¢Kr
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[MS et al., PRC 106, 054305 (2022) and PLB 841, 137932 (2023)]




Systematics in the Kr isotopes with N < 50
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B(E3) strength distribution in Ge-Kr mass region
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Strength increase observed for 7>Se but not for 747Kr. What determines strength increase?

[Rosier et al., NPA 453, 389 (1986); Schiirmann ef al., NPA 475, 361 (1987); Ogino, PRC 33, 71 (1986); Matsuki et al., PLB 113, 21 (1982); MS et al., PRC 106, 054305 (2022)]



> Summed B(E3) strengths in Ge-Kr mass region

Two distinct regions with sudden strength increase at A =72
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Summed B(E3) strengths in Ge-Kr mass region

Two distinct regions with sudden strength increase at A =72
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Some recent work on “shapes”:
[Ayangeakaa et al., PLB 754, 254 (2016)]
[Henderson et al., PRL 121, 082502 (2018)]
[Gillespie et al., PRC 104, 044313 (2021)]
[Wimmer et al., PRL 126, 072501 (2021)]

spherical to
prolate (triaxial?)




Summed B(E3) strengths in Ge-Kr mass region

Two distinct regions with sudden strength increase at A =72
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Octupole and quadrupole “correlations” from SCMF+IBM calculations
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The minima associated with the Op-Oh, 2p-2h, and 4p-4h unperturbed configurations are
identified by the circle, square, and triangle, respectively. The red solid symbol denotes the
global minimum. Octupole softness is predicted to decrease from 7°Kr to 7?Kr.

(Calculations courtesy of K. Nomura)



Summed B(E3) strengths in Ge-Kr mass region

Experimentally, two distinct regions with sudden strength increase at A = 72.
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(Calculations courtesy of K. Nomura)
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So, what is going on here? Are the sudden shape transitions in this region affecting octupole
collectivity? What should we expect for 7%-7>Kr and 7°Se? These nuclei could be studied at
FRIB. But can theory even reliably inform experiment in this mass region?




TABLE II. The results for selected nuclei with the number of
neutrons or protons are around 16, 34, 56, 88, and 134 (neu-
Enhanced octupole transitions are found from
light to heavy octupole-magic nuclei, while “collapse” may be

tron only).

obtained for heavy nuclei.

Nuclei

Force
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Recent work from the arXiv

Recently posted on the arXiv: RPA/QRPA study of
B(E3; 37 — 07) strength using different Skyrme
functionals at mean-field level.

[Bui et al., arXiv:2303.10928 [nucl-th]]
— Observed huge model dependency for excitation
energy and reduced transition probability.

Kr isotopes and strength evolution in Kr-Ge mass
region not discussed. Not clear whether “model”
gets trend right.

Huge model
dependency!

Bui et al. state:

“The results for octupole-magic nuclei are extremely sensitive to the choice of
Skyrme force. [...] The difference between SLy5 and SLy4 is from the terms
which depend on the spin-orbit densities. It is well-known that the spin-orbit
interaction plays a key point in the single-particle spectrum which, as we saw,
largely determines the octupole magic numbers. A small change in the spin-
orbit component makes a significant change in the result.”

[Table: Bui ef al., arXiv:2303.10928 [nucl-th]]



The challenges? (The example of the B(E3; 37 — 07) = 42(3) W.u. in %Zr)
Table 2

Contriburtions of the various proton and neutron excitations to the B(E3; 3~ — 01) transition probability
in 97 calculated using the MCSM approach described in the text.

Proton Neutron
Initial orbit  Final orbit Contribution [%] Initial orbit  Final orbit Contribution [%]
g Ofs_‘.az Ugg.fg 1.3 6.0 Oggp 01’111_‘12 6.3 8.2
S 1ds); 0.7 162 15
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1p1j2 1ds;2 19 4.9
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]p;l;g 0.5 1(13;2 0.1 N
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Sum 416 587 12

[L.W. Iskra et al., PLB 788, 396 (2019)]

[Butler and Nazarewicz, RMP 68, 349 (1996)]
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The challenges? (The example of the B(E3; 37 — 07) = 42(3) W.u. in %Zr)

Rong et al. performed projection-after-
variation calculations for *°Zr based on a
multidimensionally constrained relativistic
Hartree-Bogoliubov model. They showed
that an octupole deformed shape is favored
in energy after symmetry restoration, and
that this phenomenon cannot be reproduced
in the pure mean-field calculations.

(b) non-axial but reflection

symmetry with (8,0, B22), (¢) axial
symmetry but reflection asymmetry

with (S50, B30), and (d) non-axial
and reflection asymmetry with =

(,820, BZZI ﬁ301 :832)-

O'90.4—0.2 0.0 0.2 0.4

B20

I
090.4—0.2 0.0 0.2 0.4

(c) Kit+ PNP(5)

0.4 o1
B0 B2z

[Rong et al., PLB 840, 137896 (2023)]



... and coming back to the Ge-Zr mass region

BN ncutron rich

287y

Should we also expect enhanced B(E3) ~ 40 W.u. strengths in the neutron-rich
1sotopes? Can we really claim that they could be octupole deformed? What about
90Se (Z=34, N=56)? 5-kW (?*3U) rate is 10* pps for %°Se. That is feasible!




Octupole correlations in atomic nuclei
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Expected at Z or N equal to 34, 5688, 134 (Butler and Nazarewicz, RMP 68, 349 (1996)]



24Ra _ o
Appearance of alternating-parity band Ra —The textbook example?
at low spin and low excitation energy
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Safe Coulomb excitation of 222:228Ra at HIE-ISOLDE
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What it takes!

[P.A. Butler ef al., Phys. Rev. Lett. 124, 042503 (2020)]

Rates of 10° to 10° pps expected for
reaccelerated beam experiments! Those are
the rates previously available for 222->2%Ra.

— Lol has already been submitted to

PACI for beam development.
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Octupole collectivity and EDM? 2>Ra and ?>°Pa — The holy grails

Energy (keV) KH[N“ZA] KK[N”ZA] Energy (keV)
cod 3/27521] _
. 21] .
We need modern, reliable 562
approaches which can
calculate odd-A nuclei! 02 1<

[Level scheme: 1. Ahmad ef al., Phys. Rev. C 92, 024313 (2015)]
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Highlighted experiment: Coulomb excitation of
223Ra with GRETINA and CHICO-2 at ANL to test
whether 223Ra is statically octupole deformed
(parity doublet AE=50 keV). Experiment used 400
ng Ra(NO,), target (70% enriched sample; dose
rate of 60 mR/hr). Experiment happened during
last GRETINA campaign. Analysis is ongoing.

[R.V.F. Janssens and A.D. Ayangeakaa, private communication]



Octupole collectivity and EDM? 2>Ra and ?>°Pa — The holy grails
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- (parity doublet AE=50 keV). Experiment used 400

\\\ ng Ra(NO,), target (70% enriched sample; dose
e _\l\l-’f[ﬁ“] - rate of 60 mR/hr). Experiment happ?ned dqring
0 2 [642] 0 last GRETINA campaign. Analysis is ongoing.
231 229

Pa Pa [R.V.F. Janssens and A.D. Ayangeakaa, private communication]



Octupole correlations in atomic nuclei
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EXpeCted at Z or N equal to 3 56, 88 134 [Butler and Nazarewicz, RMP 68, 349 (1996)]
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144,146Bq — What we know from ANL experiments

E 2t50t ToF-gated (40°<B8<75°), tracked
C 4+ m 14gg sy
B Contaminants
6+—>4+ 108, 134
8t—6* 14Nd Cd Xe
- 144 - .
113cd9 -8 . e “ 5 —=4* 1078 e 3 _)21:4
X:\JV' 76+ 138y 1447 144Ce/ ATV Nd 134y
TN L Ty
L | f
/e =
40? Yield fit **Ba 40? Yield fit '**Ba
30555 qp0+,, 9 E1decay 30 270 3 E1 decay
oy g.s. =
= 208 20
0= sy l 1445, 10p
| =T o S L
| 280 290I 300 3|10 320 | | : |
200 300 400 500 600 700 800 900
E 2*0* Observed A=146 Isobars
- 42t Ba
— 20 Ce
\L e o

ToF-gated (40°<0<75°)

L L I L L L
200

300
v-Energy [keV]

L 1 \ 1 L 1 L
400

B(E3;37
B(E3;37

- 0F) = 48%23 W.u. for “Ba
- 0}) = 48%33 W.u. for °Ba

[B. Bucher et al., PRL 116, 112503 (2016) & PRL 118, 152504 (2017)]

Rate at ANL was less than 10 pps.

— Projected 400-kW rate is more than
10° pps for 4*Ba and around 10° pps
for 146Ba.




144,146Bq — What we know from ANL experiments

146Ba
TABLE 1. The experimental |(I;EHM A7) matrix elements
(e - b*?) based on the Gosia fit along with new symmetry- — +\ +25 144
M conserving configuration-mixing calculations (see text and B(EBI 31 - 01) - 4'8—34- W'u' fOI' Ba
8 Ref. [23] for details). B(EB, 3; N OZ-II.-) — 48t%% W.u. for 146Ba
o
= IF = I Ei Experimental SCCM
@) P £l 10 0.00474 [B. Bucher et al., PRL 116, 112503 (2016) & PRL 118, 152504 (2017)]
. 0.000223( ¢ ) * ‘
(wn) - = 3~ E2 1.2(5) 1.6 (a) Bz only (b) B3 only (c) Bz-B3 (d) Experiment
3= 0+ — 2+ E2 117(2) ® 1.14 : —s;
° 2t - 4t E2 1.97(14) 1.90 ok . — 7 144Bgq
= 4+ - 6t E2 5 %(Jrzo) 243 s — s
8 . TN =24 7
E 67 — 38 E2 217 4065 2.90 5k .
p— -33 5 6" 1 )
a° ; — O — 6 7
0" — 37 E3 (14 0.54 o)
().65(_2(]) u?: SIS ) e
2t - 5 E3 | m(+61) 0.87 1E — =
A2 __3 — i a1 —
47 =77 E3 85 [.11
— ]25(1_}4) 05:__4;’ 1] 4 g
6t — 9= E3 Ls( T8 i 7
3(Cn) e e
*Primarily determined by previous lifetime and/or branching ratio oL —0 —0 —0 —

data [10] [SCCM: R.N. Bernard ef al., PRC 93, 061302(R) (2016)]




144,146Bq — What we know from ANL experiments

B(E3;37 — 03) = 48123 W.u. for 4Ba

-4
o .- +\ +21 146
E B(E3;37 —» 0F) = 4821 W.u. for 1Ba
I
=
@) [B. Bucher et al., PRL 116, 112503 (2016) & PRL 118, 152504 (2017)]
= r (a) Bzonly (b) Bs only (c) Bz-B3 (d) Experiment
c 9 ¥ —8
- C R
g 2 N g 73 1 144Ba
S -8 —
o 7
o 04 02 0 02 04 -04 02 0 02 0.4Mev) 1.5 ¢ ) . 5 —8
e BQ BQ ; r P 51 - 61 _ 7(’)
“It is important to point out that a fully quantitative agreement = S-S )
with the experimental data cannot be expected within the woqL 3 — 3 "
present framework because neither triaxial (K mixing) nor . _ g1 —?{:
time-reversal symmetry breaking (cranking) intrinsic wave 7 -
functions are considered. As a consequence, the ground state 05F e —
is better explored variationally than the excited states and . —2
gains more correlation energy producing the stretching of the —3& — —Z
spectrum. Including triaxial cranking intrinsic states would oL —0f —0F — 0 — 0

thus produce a compression of the calculated spectrum, and a

o . . SCCM: R.N. B d et al., PRC 93, 061302(R) (2016
better quantitative agreement with the experiments.” [ crardeta (R) (2016)]




Octupole correlations in rare isotopes?

HOT TOPIC
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Systematics in the Kr isotopes with N < 50
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A g ° . ] determination of deformation parameters [5;.
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= 1500 | . ]
[ i.(p»p') ] . —_ +
L I A = B (E3,32,(p,p,) - 01) strengths, even though
A A assigned tentatively in 7#7%Kr, show that
[MS ez al., PRC 106, 054305 (2022)] and other data from: strength remains fragmented.
[Wimmer et al., EPJA 56, 159 (2020); Wimmer et al., PRL . . e 1 nd 2—
126, 072501 (2021); Pritychenko et al., Nuclear Data Sheets — Fragmentatlon appears nonter1a as 2 3

120, 112 (2014); Gillespie et al., PRC 104, 044313 (2021); . : nd
Matsuki et al.. PLB 113,21 (1982)] 1S not necessarlly 2 strongest fragment.




B(E3) systematics in Ge-Kr mass region

N=44 N=42 N=40 N=38
. T [ T | T T I T I T T I T I T T I T | T
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B(E3;31gos — 07) strength is fragmented in Ge-Kr mass region.

[Rosier et al., NPA 453, 389 (1986); Schiirmann e al., NPA 475, 361 (1987); Ogino, PRC 33, 71 (1986); Matsuki ef al., PLB 113, 21 (1982)]



B(E3) systematics in Ge-Kr mass region

N=44 N=42 N=40 N=38
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Strength fragmentation different but most of the strength in B(E3; 3] — 07).

[Rosier et al., NPA 453, 389 (1986); Schiirmann e al., NPA 475, 361 (1987); Ogino, PRC 33, 71 (1986); Matsuki ef al., PLB 113, 21 (1982)]



Prolate-oblate shape transition and triaxiality in Ge-Kr mass region

From safe CoulEx Shape transition in N = 39 isotones

(a) | ~ Pairing delays shape transition in even-A isotopes?
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[Gillespie et al., PRC 104, 044313 (2021)] [Heyde and Wood, RMP 83, 1467 (2011)]




Prolate-oblate shape transition and triaxiality in Ge-Kr mass region

0S¢ (CHFB+LQRPA) Shape transition in Se 1sotopes

(spectroscopic quadrupole moment)
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[N. Hinohara et al., PRC 82, 064313 (2010)] 72 Se frOm Safe COUIEX @ ReA




Prolate-oblate shape transition and triaxiality in Ge-Kr mass region

76
Se from safe CoulEx @ ReA Shape transition in Se isotopes

Triaxiality in "6Se (spectroscopic quadrupole moment)

o .
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[J. Henderson ef al., PRL 121, 082502 (2018)]

2Se from safe CoulEx @ ReA

[J. Henderson, C.Y. Wu, et al., PRC 99, 054313 (2019)]




Prolate-oblate shape transition and triaxiality in Kr isotopes
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[K. Sato and N. Hinohara, Nuclear Physics A 849, 53 (2011)]
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Prolate-oblate shape transition in Kr isotopes

74Ky (CHFB+LQRPA)

[K. Sato and N. Hinohara, Nuclear Physics A 849, 53 (2011)]

=  We were able to determine £, and [, from our inverse
kinematics (p,p’) experiments.

= Mixing between oblate and prolate configuration
influences B(E2; 2] — 07) but appears to have only
minor influence on B(E4; 47 — 07) strength. The
latter is linked to prolate configuration.

— In agreement with CHFB+LQRPA predictions?

[Data from MS et al., accepted for publication in PLB and E. Clement et al., Phys. Rev. C 75, 054313 (2007)]
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Understanding nuclear structure and octupole collectivity in Ge-Zr mass regions

One-proton knockout reactions

“/(deg)
L L 4_;_ T T ] 40
16 1 70 h
W F oF Se ] 70Se
8 - 2, 4;’ 31+ .
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16 | _ 72 -
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ig ) 2F o "3 ] [N. Hinohara ef al., PRC 82, 064313 (2010)]
i N i i 1 (2t) ii ]
S S i ? B Is sudden increase of the partial (exclusive)
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Fxcitation Energy [keV] cross section for the 47 state from ’“Se to

70 9
70Se: K. Wimmer ef al., PLB 785, 441 (2018) Se Caused by a structure Change '

7274Se: MS et al., to be published



Triangular octupole coupling Y33 in %3Se

Triangular octupole shape

superimposed on oblate- Qualitatively similar results obtained with
deformed ground state three different Skyrme interactions.
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[Yamagami et al., NPA 693, 579 (2001)]




- Any alternating-parity bands?
—
| :
’f If octupole deformed, should we not observe an alternating-
| parity band?
o w/ — Intruder structure forms alternating-parity sequence with the
g ._M,m< negative-parity states in %°Zr!
% Why could this be interesting?
O]
A T L_m -L (a) Proton occupation numbers i
98 +, 98 + , 100 + , 110 110 +
= 56 20072y ) ©*)""°zr0",) |
4! NST_‘“Z\l E 5 i Ofsjrz |
l. 2 B 1Py,
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& ||| L '% 3l B 09y, |
I| % n 1d5.f2
‘Il g 21 231#2 ]
2§ 546 | 1k i o |
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L ‘L S [T. Togashi, Y. Tsunoda, T. Otsuka, N. Shimizu, Phys. Rev. Lett. 117, 172502 (2016)]
[NNDC (2023)] — Intruder structure becomes ground state of 1°9Zr. Intruder

structure 1s “dominated” by proton 1g),.
?432’55
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Determining the target thickness

Kapton windows
of LH, cell

N‘ = Pressure difference between Kapton windows
cause them to bulge outwards.

= Effect is quantified by simulating the kinetic-
energy distribution of the beam.

— Kinetic-energy distribution of

Y
(e
O

£
P
O
o,
o

88

A S

B incoming beam through empty cell is

. 40000 7I4 | | —lcxpcrimclnt ] d . t
§ 30000 I KI‘ — simulation ) use aS lnpu .
g 20000 i
S oo | : — Very good agreement between experimentally

| L | 1 L | . . . .

o[ T ] measured and simulated distribution for both

% 30000 - 76K1‘ —— simulation ] 74’76Kr,
E 20000
& 10000 | - . 2

L - Target thickness: 69(3) mg/cm

-4 -2 0 2 4

AE/E, [%]

[MS et al., to be published]




LH, target cells

“Thin” cell (50 mg/cm?)

“Thick” cell (200 mg/cm?)

= Aluminum cell

= Different assemblies (50-200 mg/cm?)

= 125-mm Kapton foils (<2% C contaminant)
= 340 cm

= Future: 400 mg/cm”2 @ HRS?

Courtesy of J. Pereira, L.A. Riley



The refrigerator system

Sumitomo RDK-205D Cryocooler

=  Heat block + diodes connected

15t Stage to Lakeshore 331S temperature
controller
2nd Stage »  Controlled via PC
Heater block
Cold finger

Heat shield

Sumitomo CKW21
compressor

Target cell

Courtesy of J. Pereira, L.A. Riley



P(Torr)
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Courtesy of J. Pereira, L.A. Riley



B(E3) strength distribution in Ge-Kr mass region
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Strength increase not seen in the N = 38 and N =40 Kr isotopes. So, what is going on?

[Rosier et al., NPA 453, 389 (1986); Schiirmann e al., NPA 475, 361 (1987); Ogino, PRC 33, 71 (1986); Matsuki ef al., PLB 113, 21 (1982)]



The state-of-the-art: GRETINA

Gamma-Ray Energy
Tracking In-Beam Nuclear Array

S % y-ray tracking
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The state-of-the-art: GRETINA

Gamma-Ray Energy e
Tracking In-Beam Nuclear Array égﬁﬁ%\%
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