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« HFS measurements in long chains of Au, TI, Pb, Po, At (~70 isotopes)
- Shape coexistence (EQ’s, new states...)

* Beta-delayed fission (TI, At, Fr)

« Atomic spectroscopy (IP, configuration...)

-

P—

1229 | Fi230 | Fe23l | Feza2
vl Al e

Energy (MeV)

1

T [ ez o ST KTl | Ral” | Rl =15 | Km0 | Rmal T KaZD) | Raaid | Ruiis | Raii | Fase7 | Rall
L e [ | e | e |7 R : e 144
caJrcall |« la e e lo e la o o
% ERE 3 220 | A | AR | ALT
.

EG [
¥ 7

aim
.

&
i el

o o

7 | Aulod | Anlsd | Aulse uly Aul99 | Au200 | A0l | Au302 | Au203 | AwI0S
Tes | Hoe | ited e | im i el el
Pl el Il | S [ =

=
e )

INTC, 12 February 2014



Wlndmlll Collaboratlon ‘2014

. nghly coIIaboratlve
» 15 institutions;>40 atomic and nuclear physicists
« Many PhD students, both atomic and nuclear physics
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Very large IS between 183.185Hg and 18"Hg | 84 5 -

J. Bonn et al, PLB38 , 308 (1972)
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« Shape coexistence around N~104
« Sphericity around N=126, kink in radii, high-spin isomers
* Octupole effects around N~132, inverse odd-even radii staggering
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« Shape coexistence around N~104
« Sphericity around N=126, kink in radii, high-spin isomers
* Octupole effects around N~132, inverse odd-even radii staggering
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2002- Birth of the "Windmill Collaboration”

Proof -of -principles: isomer separation in 18°Pb

Eur. Phys. J. A 14, 63-75 (2002)
DOT 10.1140/epja/iepjal 387

THE EUROPEAN
PHYSICAL JOURNAL A

©) Societa Italiana di Fisica

Nuclear spins, magnetic moments and «-decay spectroscopy of
Springer-Verlag 2002

long-lived isomeric states in 2°Pb

A.N. Andreyev!-®, K. Van de Vel?, A. Barzakh®, A. De Smet2, H. De Witte?, D.V. Fedorov®, V.N. Fedoseyev?:P,

S. Franchoo®®, M. Gérska?:¢, M. Huyse?®, 7. Janas”, U. Késter®, W. Kurcewicz”, J. Kurpeta”, V.I. Mishin?,
K. Partes”, A. Plochocki”, P. Van Duppen?, and L. Weissman”>9

! Department of Physics, Oliver Lodge Laboratory, University of Liverpool, PO Box 147, Liverpool, L69 TZE, United Kingdom
2 Instituut voor Kern- en Stralingsfysica, University of Leuven, Celestijnenlaan 200 D, B-3001 Leuven, Belgium
3 Petersburg Nuclear Physics Institute, 188300, Gatchina, Russia
f Institute of Spectroscopy, Russian Academy of Sciences, 142190, Troitsk, Russia
°> ISOLDE CERN, CH-1211 Geneve 23, Switzerland
6 University of Mainz, D-55099, Mainz, Germany L 185 "
7 Institute of Experimental Physics, University of Warsaw, Hoza 69, PL-00681, Warsaw, Pc Pb, 13/2 a)
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Measurement Tools '2014: WM, FC, MR-TOF MS

WM: A.Andreyev et al, Phys. Rev. Lett 105, 252502 (2010)

MR-ToF MS: R. N. Wolf et al, NIM, A686 82 (2012) ==
0
z*x Vi,

B. A. Marsh et al., 20013 EMIS conference, NIM B317, p.550 (2013) PI'O ons
60 kV "io

199

Faraday cup a, B, v - decay spectroscopy



~2006 2011 HFS for' TI Pb and Po
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3 PhD theses: Pb - H. De Witte (KU Leuven); Bi: B.A. Marsh (Manchester);
Po: T.E. Cocolios (KU Leuven)
« 2PRL’s, 1PLB, + 5 papers



IS466 (2008): Beta-delayed fission of 178.180T]

first ever fission studies at ISOLDE?

week ending

PRL 105, 252502 (2010) PHYSICAL REVIEW LETTERS 17 DECEMBER 2010

4

New Type of Asymmetric Fission in Proton-Rich Nuclei Via BDF Of 180T|

A.N. Andreyev,l’2 J. Elseviers.! M. Huyse,l P. Van Duppen,l S. Antalic.® A. Barzakh.* N. Bree.! T.E. Cocolios.,"
V. F. Comas.” J. Diriken,! D. Fedorov.* V. Fedosseev.® S. Franchoo,” J. A. Heredia,” O. Ivanov,' U. Késter,® B. A. Marsh.®
K. Nishio,” R. D. Page,m N. Patronis,”'" M. Seliverstov,'* 1. Tsekhanovich,'*'” P. Van den Belrgh,l J. Van De Walle,®
M. Venhart," S. Vermote,'* M. Veselsky,“ C. Wagemams,13 T. Ichikawa,' A. Twamoto,” P. Moller,'® and A.J. Sierk!'®
Unstituut voor Kern- en Stralingsfvsica, K.U. Leuven, University of Leuven, B-3001 Leuven, Belgium
2School of Engineering, University of the West of Scotland,
Paisley, PAl 2BE, United Kingdom, and the Scottish Universities Physics Alliance (SUP/UQ (180T|): E*
EC

_=10.44 MeV
Qec(189TI)-B4(**°Hg)=0.63 MeV
P or(120T1)=3.6(7)x 10

Calculations according to 5D fission model (P. Méller et al., Nature 409, 785 (2001))



IS466/534: Mapping ‘Terra Incognita' in Low-Energy Fission

Beta-delayed fission of 178.180T|, 194.196A% ~200.202Fp

A.N. Andreyev, M. Huyse, P. Van Duppen, “Beta-delayed Fission”, Reviews of Modern Physics, 85, 1541 (2013)
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* 1 PhD thesis completed (UWS, 2014), Rev. Mod. Phys., PRL, 3 PRC’s
« PRL+2 PRC’s in preparation, 2 PhD theses underway, L. Ghys (KU Leuven), V. Truesdale (York)




IS466/IS511/1S534: Shape coexistence and unusually

large EO's in Hg isotopes via Tl B decay (courtesy E. Rapisarda)
ISOLDE 3-decays | Systematics of even Hg isotopes
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- Decay properties of low-lying states well characterized by B-decay — link to Coulex studies
- More information are expected from the laser spectroscopy of 17°-184T| - analysis on going
- more information are expected from the a-decay of 182-184T| - analysis on going



From 2010 on: I086/IS534 Astatine's HFS and BDF

2010: Letter of Intent 1086

Development of astatine ion beams with RILIS

Spokespersons: A. Andreyev and V. Fedosseev

« Measurements of HFS, pu, Q for At’s

« Shape coexistence in daughter Bi, Po and Rn
nisten’ o B-delayed fission 194.190At

« Octupole region (N~132-136)

« Atomic spectroscopy (spins of excited states)
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Measurement of the first ionization potent|al
) .
- 46234 cm of astatine by laser ionization spectroscopy
44550 cm™ S. Rothe'?, AN. Andreyev3436, S. Antalic’, A. Borschevsky®®, L. Capponi®?, T.E. Cocolios, H. De Witte'®,

L E. Eliav', D.V. Fedorov'?, V.N. Fedosseev!, D.A. Fink"3, S. Fritzsche'*1>%, L. Ghys'%16, M. Huyse'©, N. Imai'”,
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Recent technical improvements of the in-source

spectroscopy method (2012 onwards)

New live spectra plotting General RILIS ISOLTRAP MR-ToF MS ion detection
and RILIS DAQ and Active beam position stabilization Au At »
scannlng program e,
/1mm /\ PN
G Dual TiSa and dye laser operation oy ‘/‘é""mm/ W L ’
- 2 spectroscopic transitions - ‘ : —
Au in one experiment : Y a A
p gg&‘&vsA b /\ LA \
RFQ DunChe" time-of-flight
At . Higher laser power for - - :
[T S Not limited by decay mod or long half-lives
Po =~ = non-resonant ionization Mass resolution in the range of M/AM = 105

Dual etalon, narrow-band Ti:Sa LIST for francium isobar suppression  Reference cell for RILIS
' Available in 2014
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slide courtesy Bruce Marsh B. A. Marsh et al., 20013 EMIS conference, NIM B317, p.550 (2013)



2011-2012 1IS534: HFS in Au and At chains

3.0 | IS534 At isotopes At ,.0;;*
- 8 A. Barzakh et al., under analysis -7 X g4PO
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« ‘“Back to sphericity” in the lightest Au isotopes: 177-182.185191Ay — [S534
* First measurement for At isotopes: 197.198,203,205,207,209,.211.217At — |S534
* First experiment with the LIST: ?1’Po —1S456



2014: IS534 Addendum to complete HFS studies for

193-196,199,201,202,204,206,218,219 A+ iSO"'OPCS (...BDF Of 194A-|-)

) )]
60 an B ’ AR P 22 ;
o] 2M7p¢ 15t step .'. .4-_.. o~ i \57«0‘" \Y’??" \"’/Q'\% il pdedlt |P = 75150 om-!
2 1=9/2, WM TR B 1 At R IR
201 " n iy 064 7 A
0 P I -y ' ’ ‘;,0
Il /_,'
. 0,4 T
800 At st step . e Gl T 58805 cm! J=3/2 5/2 03
1 12972, MRTOF o™ e ™o * I A J=3/2 TR
600 ‘ LI i . . & M
2004 "-- |,/’] ..h'. 1 , ,/ . AF>1
T /. ;helléﬁect : T 004’ / .”/,' 795.21 nm JNB Ti:Sa forbidden
; ; . s
.’ 205 e i
< 16 , _r',i.. At, 1st step 024 .- Sy 46234 cmt 2
S 12 S, N =012, FC < g 6p*75 4Sg1p F
o 8] ..f , 1, 1 i oo L
S T L wl L <% """ At)=0.07 (arb.)
60004 "/ "9t 1st step 064 i
4000{ g '.,,,._. =3, WM {1 .- 216.23 nm [ NB Dye
Z 50001 ", T, r+rvl*t*rTrryrrrvrvrvyr 171117
u t\ L. 195 197 199 201 203 205 207 209 211 213 215 217
o~ | . &
! _-onset of deformation . . 194 196
- — - 2012: 8isotopes (+BDF 2*1°At) ..
12001 ey :
. ' _ 6p5 2P3;5 2 F
8001 ...".'. L 1=9/2, WM ° _ 1
S| A WM, FC and MR-ToF MS used PR
04 . ';I I..-.-|l| [ ]

« Both 1st and 2" step scanning —
et needed for the King’s plot

15411.1 15411.2 15411.3 154114 154115 15411.6 154117

« 2013-2014- analysis underway, good understanding of further needs, e.g. better
precision needed (in several cases only 1 scan was available)

« New Addendum: 2" step; broader HFS; better precision; (use King’s plot 2012)

* IS/HFS for 193-196,199,201,202,204,206,218 219At: 17 shifts, narrowband HFS scans

« BDF of isomerically-pure beams of 1?4mL.m2At: 3 shifts, narrowband

* |In total, 16.5 shifts requested (+3.5 remaining from 2012)



IS456 Addendum: 211.212.219.220pg ~goals and shift request

(T.E. Cocolios, S. Raeder et al.)

 (Odd-even staggering reversal in =
charge radii associated with B
octupole deformation (N~136) _ o6t
* High-spin isomers and the role S sk
of the vi,, , orbital for the kink § -
at N=126 ( 1im,212mpg) R
* Further LIST characterization 2 -
* 13.5 shifts requested (+4.5 8 02
from 2012) 0.1
oL | | | | |

100 110 120 130 140 150
Neutron number

‘2012: HFS of 217Po with LIST

f . N/ “Po Isotope | T,,[s] | Yield After Isotope | T,,,[s] | Yield After LIST
- E ions/uC | LIST ions/uC
1000\ =
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i o
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Counts per supercycle

220pg ? ~10# 1+4+2  220Fr 27.4 3.8x107 4x10%#



Summary: Windnmill Collaboration ‘2014
Char'ge Rad Shape Coexistence, Beta-Delayed Fission
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Neutron number

« HFS measured for ~70 isotopes in the long chains of Au, Tl, Pb, Po and At

» Shape coexistence

» Beta-delayed fission

» Large amount of “by-product” nuclear spectroscopic information (e.g. EQ’s)

* 1 RMP, 1 Nat. Comm., 3 PRL’s, 1 PLB, + >10 articles

* 6 PhD and 6 MSc theses completed, 6 PhD projects in progress: Gatchina (1),
Leuven (2), Manchester(1), York(2)

* Longer-term plans: Bi’s -HFS and BDF; Hg’s — HFS; heaviest Fr’s - BDF







1st Step scanning vs 2" step for 1°7At
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Target temperature!!!




1st Step scanning vs 2" step for 1°7At
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Windmill System (WM) at ISOLDE

A. Andreyev et al., PRL 105, 252502 (2010)

Annular Si Si MINIBALL Ge cluster

pure 30 keV beam Annular Si

from RILIS+ISOLDE S

30 keV beam
from ISOLDE

C-foll

C-foils
AN Si detectors

20 ng/cm?

Setup: Si detectors from both sides of the C-foil

» Simple setup & DAQ: 4 PIPS (1 of them — annular)
 Large geometrical efficiency (up to 80%)

» 2 fold fission fragment coincidences

» ff-gamma coincidences

* Digital electronics




2012: IS534 HFS spectra for At isotopes

(+ BDF of 194.196At)
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‘2012 IS456 Results for 216-219pg with LIST

and Addendum (courtesy T.E.Cocolios)

e 2006-2009 campaigns — mostly D.A.Fink et al, NIMB 317 (2013) 417-421
neutron'def|C|ent, need data for 1S456 - Po in-source laser spectroscopy - 2012 LIST campaign
211,212,219,220po, but dominant Francium 4000

. . 219
contamination x10 Po
. . 3500 p
2012 campaign with LIST %
* Fr suppression by >1000 3000
218
Po

* Po reduction by <10
 First laser spectroscopy of 216-219pg

Counts per supercycle
N
=
o
=)

possible
Repeller scan
& 300 1500
¢  205Fr
P 10000
= 1000
o 000
100
© *
E" in * & o . 500
g o
Q
O| | 1 I T ? : : | 0_I|—l—+-ﬁ-.‘~i.‘.'“!.—,".'l.“1..|rIIII|IIII | |
-200 -100 0 100 200 300 400 500 600 20 15 -10 -5 0 5 10 15
: Repeller voltage [V] Frequency - 706277 [GHz]



2012' IS456: First decay spectroscopy of 2!9Po

Si2 - A=219 - Lasers ON vs. OFF

Lasers ON
Lasers OFF

Counts
T T 1717

10 _Unknown

B

219At

i |

5000 5500 6000 650 7000 7500 8000 8500 9000
Energy [keV]




Goals of the 1S456 Add: high-spin
isomers, deformation and viy, ,,

For N>126, kink is seen in charge radii.

Recent work by Goddard & Stevenson claims it
relates to occupancy of viy, ,.

Long-lived, high-spin (18*) isomer in ?*?Po
arises from a neutron occupying this orbital.
Direct study of its properties (spin, magnetic
dipole moment, quadrupole moment, charge

radii) to determine the importance of this
orbital for the isotopes with N>126.



N (MR-ToF)

Hyperfine Splitting Scans for 178.185.191.197Ay
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isotopes, ISOLDE 2012

IS534: Charge Radii of Au
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104

1.7 <" Aau)=0.11 (Walmeroth et al.)

197 199 201

T 1 1
185 187 189 191 193 195

A

177 179 181 183

Deformation jump toward less deformed shapes in the light Au isotopes
*Shape staggering in 1’8Au (large deformation difference between 2 states)



At vs Po charge radii
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Result lI: to be more quantitative > p2(EOQ)

We can get the strength of the EO transition but complementary informations are needed ...

2 2
ICC > N,(EO) + N_(M1) + N_(E2) E/\[kev]

534

From Coulomb excitation of 182184Hg

(Nick Bree, PhD in KULeuven) -0.065 (M1)

-0.89 (E2)

1
+
I i 375/ T
2 367 2+,

0.21 (E2)

O+ 0 —_ 184Hg

2%,
27 (E2)
(0}

Gosia calculations made by Kasia Wrzosek Lipska, KULeuven

unusually large p?(E0) (values in this mass region are ~ 10)
p?(E0)-103 p2(E0)-103

2
4+ + Z
e e p2(E0) x 103 = af - af v A(r?)?

Using the two states mixing model, by knowing the mixing amplitudes a,z . a121, we can:

v’ extract the difference in mean-square radii A(r?)?

v' compare it to the isomeric shifts measurements

WORK in PROGRESS




Five Physics Cases for LoI I086

-Studies of the beta-delayed fission (BDF) in At isotopes

‘HFS, IS and charge radii measurements within the long chain of At
Isotopes, from the very neutron-deficient side, across the N=126 neutron
closure, up to the most neutron-rich isotopes

Shape coexistence in the lightest Po isotopes (B*/EC -decay products of
At), in particular the search for coexisting oblate, prolate and spherical 0" band-
heads and corresponding excitations in the odd-A Po isotopes

*Search for octupole collectivity in the neutron-rich Rn isotopes (beta-
decay products of At) (

‘Few-nucleon transfer reactions of At isotopes to study single-particle
around N=126 and multi-particle multi-hole structures in the neutron-deficient
and neutron-rich isotopes. This would need beam energies from HIE ISOLDE.



9-12 October 2012: Laser spectroscopy of Au isotopes

with RILIS+ISOLDE

SHIP: 4Ca*4lPr—17Au+5n 177179A . RILIS+ISOLDE
7
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™ | 2 |
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A. Andreyev et al, draft ready alpha energy (keV)



IS534: Hyperfine Splitting Scans (HFS) for 177.179Au

- 50—
e i 179Ay narrowband = "’Au narrowband
200 measured (WM) _ measured (WM)
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s ¢ 30-
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Calculations c(

experimentally determined as 1/2*




Why is 1/2*—1/2* 181T|5177Au o decay hindered?

835.9(4) 140(3) ms  (9/2)
“B65(9) keV |

pu~1.6py , pure sph. 3s,,, by =0.40(6)%

(as in the heavier TI's) 058 32")
'\""\0 gzss.o M1 1/2+

577.9 (E3)
byr=99.60(4)%

-12801(9) keV [30] 181mmyQ
Tl
2 o
E, leg O, HF
421018 (92 keV %  keV 3200(300) ms [16
+——{6578(7) 96.0(7) 48(7) 1 <10% [27]
M_1 <18 keV

pu~1.1py, (preliminary)
mixed/def/triaxial 3s,,,/d;/,

20 l6818(15) 1.4(7) 0.10(5) 480(240)

—~— 31(16) $6974(15) 2.6(7) 0.05(3) 960(580) (5/2") +
o -21547(11) keV o Au
E, | 6124(7) keV 6161(7) keV
T,,| 1180(12) ms [21] 1462(32) ms [21]
b, | 66(10)% 40(6)%
5, |82(14) kev ) 29(5) keV
226(18) v (11/2)
-30049(13) keV 0 | NETN
173, _m
Ir -30275(13) keV 173| g
r

Plot from A.Andreyev et al., PRC 80, 024302 (2009)



What is the ground state spin of !7°Au: 1/2*,3/2*or 5/2-?

RITU: A. Andreyev et al., R35 experiment (+ISOLDE data)

GS+FMA: W.F. Muller et al, PRC 69, 064315 (2004)_
633 M. Venhart et al, PLB 695, 82 (2011)

179 183m
(9/27) 628.7
563 (27/2-
S N”™

508 25/27) (23 /9 Am = =15 963(10) keV

(23/2° ‘.L 23/, bu=1.5%
505

441 _ _ 500 E,= 6334 keV
(19/2- 4i2/ 2) (19/2447 .= 6334 ke

368 357 fo > 83 %
(15/2~ 82> 30 keV
(m/2)286 341 —+-\ % HF < 2.4
(7/2X192) 297 /2 581 57

Y. ) PN ~
(x +17) <tons) ©12) & g ;ZF_ & 134015)
- U 2 o A
62) ¥ 3 B N | AE=24(15) eV
- 4 %)
328 ns (3;2 ) v ’: D g_ 89.5 y
5
(312", 112%) ~ 274
| ! 0

' 179
5.85 MeV Au

Extensive ISOLDE data for g.s. of 18Tl are available, analysis underway



spin of 77Au: 1/2* or 3/2+?

What is the ground state

GS+FMA (ANL): SHIP(GSI): A.Andreyev et al., PRC 80, 024302 (2009)
F.G. Kondev et al., PLB 512, 268 (2001)

[ Bi .

409.9 1812 /m (2
Tl | I 184
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Why is a decay of 1/2* gs of 181T| hindered, HF>3?
Extensive ISOLDE data for g.s. of 181T| are available, analysis underway



HFS spectra for 197.198.217A%
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Laser Spectroscopy of Po isotopes at ISOLDE

8.4168eV

510.6nm

I bp.ﬂ?p 5p2

B
343.38nm

6p37s S,

20H.8nm

™~

* In-source laser spectroscopy :
* production rate as a function of laser frequency
» deduction of charge radii using atomic physics input
* A=218t0 192
*T1/2=3yrto 33 ms
* Intensity form 0.3 ion/s to over 107 ion/s

6pt 3Py

Th. Cocolios et al., PRL106 (2011) 052503



Shape Coexistence in Po isotopes
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Shape Coexistence in Po isotopes

week ending

PRL 106, 052503 (2011) PHYSICAL REVIEW LETTERS 4 FEBRUARY 2011

Early Onset of Ground State Deformation in Neutron Deficient Polonium Isotopes
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July 2011: Shape Coexistence in Tl isotopes
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Windmill Collaboration Status Report on

Studies in the Lead Region

Addenda IS456/IS534

Andrei Andreyev

University of York, UK and JAEA, Tokai, Japan
on behalf of the Windnill Collaboration

Charge radii in the long chains of Au, TI, Pb, Po, At (~70 isotopes)
‘Shape coexistence (E0’s, new states...) -
‘Beta-delayed fission (TI, At, Fr) Ra -
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