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‘ The HIE-ISOLDE project (2010 -)

Energy: 4.5 — 10 MeV/u

Intensity: x 4 in power ”
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HIE-ISOLDE Phase 1 (2016)

Phase 1 -2015/16

L A Coulomb excitation:
G e 7476787n (KU Leuven)
el i o 142Xe (Darmstadt)
' % ¢ 110§n (Lund)

v 5 . 1325n (K6ln)
(] ‘J : |
\' Y ' Reactions:
R /_\ * 66Nij(d,p) (Oslo/iThemba)
' ﬁ * 9Li(t,p) (Aarhus) @ SEC
Moveable | ISOLDE Solenoidal

Setups (SEC) Spectrometer (ISS)




‘ HIE-ISOLDE Phase 2a (2017)

Reactions:

e 9Rb(2°8Pb) MNT (Legnaro/Zagreb)
o 15C(298pDb) Elastic (Huelva)

* Li(t,p) (Aarhus)

* 33Cu(p, ) (Edinburgh)

Commissioning:
« 14N to ISS

/."‘L :

Moveable
Setups (SEC)

Phase 2a - 2017

Coulomb excitation:

» 72Ge (Surrey)

o 70Se/66Ge (Western Cape)
o 142,144B3 (Paisley/Liverpool)
o 140§m (Oslo)

o 140Nd (Darmstadt/Sofia)

o 1085n (Lund)

e 206Hg (Surrey)

Moments:
e 28\g g-factor (Orsay)




‘ HIE-ISOLDE Phase 2b (2018)

Reactions: 7 Jg
* 8B(54Zn) @ 4.900 MeV/u (SEC) i e
« "Be(dp) @ 5.000 MeV/u (SEC) N
e OLi(t,p) @ 8.000 MeV/u (SEC) Zi/ ;
« 11Be(decay) @ 7.498 MeV/u (SEC-TPC) sy & g
e 132134n(d p) @ 7.200 MeV/u (Miniball+T-REX) 5 />5A5P"
* 28Mg(t,p) @ 9.473 MeV/u (Miniball+T-REX)
* 28Mg(d,p) @ 9.473 MeV/u (ISS)
e 206Hg(dp) @ 7.380 MeV/u (ISS) Coulomb excitation (Miniball):
: v o 9Ky @ 5.325 MeV/u
wa 2EL * 212Rn @ 4.355 MeV/u
of ; v "-&_/.) . @ 3.824 MeV/u
o L » 222R3 @ 4.305 MeV/u
My B > + 228Ra @ 4.310 MeV/u
Sy o . 1425 @ 4.190 MeV/u
i LN - 2Rn @ 4.230 MeV/u
5 0 o 224226Rn @ 5.080 MeV/u
Moveable o 106G @ 4.404 MeV/u

Setups (SEC)




Physics campaign (2016-2018)

206Hg(d,p) — 1S631
206Hg — |S547
terra incognita
Doubly-magic nuclei

1%°Sn - 15562 212Rp, — 15506
Shell evolution /

= Seniority scheme i
seniority scheme e

A
1S546/1S558 5‘&

%Mg(t/d,p) - : 5 /
1 Mixed-symmetr Bl =t e = - - ) : 222,224,226 222,228
15651/15621/15628 . 5 e, Rn/ Ra

Shape coexistence A8 €
Island of Inversion b % IS552
%= Octupole collectivity

140N d’ 140,1425m - f
o!

70,72Ge — 1S569/15597 A ) 142X e, 142,144g4 —
Shape coexistence BP® ,‘ - 1S548/1S553
g rgw=h e d"’ 1345 (d,p) — 1S654 Octupole collectivity
. 1326 — 1S551
r-process /
doubly-magic nuclei

%Kr — 1S644

74-78 - .
g Zn - 15557 Shape coexistence

,{f Pw~g Approaching 78Nj

88,9 711Be — Not everything included!

IS616, 1S561, 1S554, 1S629 —

. . p
Halo nuclei, astrophysics lﬁ'll_ﬂi




‘ Physics campaign (2016-2018

o 4

1326 — 1S551
r-process /
doubly-magic nuclei

28Mmg(t,p) -
1S651/1S628

Island of Inversion
222,220,226R, [ 222,228R 4

IS552
o % Octupole collectivity

142Xe 142,144Ba -
’

IS548/1S553
Octupole collectivity

%Kr - 15644
Shape coexistence A smaller sample for today

—
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Miniball @ HIE-ISOLDE

Sy
A 0 MiniballExp



Miniball: Coulex set-up

Particle ID in a
Double-Sided Si Strip
Detector (DSSSD).

Event-by-event
Doppler correction.

~20° < B1ab < ~60°

Array of HPGe of 8 triple clusters
6-fold electronic segmentation

€ > 7% for 1.3MeV y-rays

N. Warr et al., EPJ 49 (2013)




Shape coexistence in 2°Kr

M. Albers et al., Phys. Rev. Lett 108, (2012)

® Sudden shape change in Zr, Sr, Kr 2000 . L oze
— 1500 : St —eo— |
E " p Keooe
® DropinE(2)), butnot observed forkr = 1000 | . O\ -
in earlier REX-ISOLDE experiment [1]. % 500 ° ' ‘, _
1 L 1 L .Fi ) ;? —?
® Shape coexistence and mixing? 52 54 56 58 60 62 64
N
5.0
® New results: o K K. Nomura at al.
> 4+ from AGATA at GANIL [2] ) o'——  [1C 96 034310 (2017)
4.0 — —
» States in 98.100Kr from RIKEN [3] Theo.
- o P -
» Preliminary °6Kr states from RIKEN [4] = L - 6
2 30— e
® Employ Coulomb-Nuclear Excitation §2.5 - -
(CNE), to access non-yrast states. 5 20— =
.
1.0 — —
[1] M. Albers et al., Phys. Rev. Lett 108, (2012) Ueer N

[2] Dudouet et. al PRL 118, 162501 (2017) 0.0 —
[3] Flavigny et. al PRL 118, 242501 (2017)
[4] K. Moschner et al., in preparation

12

Courtesy of A. Blazhev, Kéln




A challenging beam: 2°Kr

@ First Miniball/HIE-ISOLDE run of 2018 A—06 at 4.73 MeV/u Beam composition

dE(lonisation Chamber) vs. E_rest (Si-det)

® In-beam decay to °°Rb + 26Sr

3
> Ty(%Kr) = 80 ms 4000F ' g | °
> Trelease ~ 50 Ms 35005- .
> TEB|S ~ 100 ms 30005_ 2
2500 =10
® Zero-degree ionisation chamber 2| o000k
e _
e datap;oints . ! 2 \ 1 0
Product of release curve and *°Kr decay curve = ek
—~ 80 F | Sl
E 1 9Kr+96Rb+%6Sr
60 g .
: ] . ! . l 1
£ oaof 1000 2000 3000
5 & Identifying gamma-rays
R with lifetime of %6Kr
8 20
-40

0 200 400 600 800 1000 1200 1400
time difference between proton impact and MB events [ms’




ldentifying states in 2°Kr

Beam gatac, background subtracted, Doppler correciad y-rays vs. Protan tme
prompt
® CERN “heartbeat” of 1.2s == Es °2369$:
@ °°Kr only present in first half e 96Ki (\(\\'\(‘P N i
50 — !
® Use proton — Miniball timing zuz; M \ 96Mo
to get “clean” %°Kr spectrum ol i i {1 L
C [ |
znoﬁwﬁwl W’/ L m ? * ll. i
i —OAi 150 Il |
® Analysis on-going... "t YA i W h
» Search for high-lying states [ BLUE: (G t-T1) = 0to 600ms --shortlived +
» Low statistics due to :g RED: (G_t —T1) 600 to 1200ms -- stable Q,M
saturation of ion-source w0 80 00 0 800 Energ’) [3331

Integral 1.161e+06

Energy [MeV]

Projectile A=96 &=

10?

300

Courtesy of A. Blazhev, Nigel Warr
and Julia Litzinger, K&In
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‘ Octupole Collectivity

184

da
8%2
Microscopically driven... fé .
> " o
Intruder orbitals of opposite parity and f) ’ gs
AJ, AL = 3 close to the Fermi level 126 pL
s
3 P fia
)
—T ) 2 7
(E+3)(j13) 2 - :
.~ ds
N | ) 2 hQ
\ 51 2
€F oo N > 97 ds
s 2 4 202 & 50
—> 93
224Ra (actinides) 34 " J{’Sé
Z =88, N =134 region . 2 : p3
28
144Ba (lanthanides) i

Z =56, N = 88 regi 20
A5 15 i2%94d




Octupole moment, @3 [efm?]

The Actinides

® B(E1) sensitive to microscopic effects 2

® B(E3) accessible with Coulex
» Q3 (octupole moment)

3200 }
‘A’GRB;
2800
2‘24Ra_
? Ty, =3.6 days
2400 2200Rn
208Ph Ty, = 56 secs
b - - .l ___________________________________________
2000 | Octupole vibrational E }
239
Th 236U
1600 long-lived /stable targets ~@—
radioactive ion beams ~@—
208 212 216 220 224 228 232 236 240
Mass Number, A 16

102

102 .
= L
=10* ]
o5 4
}
107 1
Ra 1
L.M. Robledo et al., t
Phys. Rev. C 81, 034315 (2010)
1 0'6 1 A 1 N 1 M 1 N 1
216 220 224 228 232
A

L. P. Gaffney et al.,
Nature 497, 199 (2013)

12%1dc




224,226Rn — Virgin nuclei

® Higher beam energy (5.1 MeV/u), with aim of maximising multi-step excitation

10'E X 2'—0"
> = . ta2t 222
2 - K., e Rn
2 i K -~ 22403,
® 10° i g g
< E 98 5—4 208
A F - o | 8*—6" Rn
8 10° g = ' 76 i
= i A |10r—gt 32"
- 102 .:.'_ 2 —0 4 2 1'_)20 R R
i - E K, 6- .4 1—0
4 107 E It K 8'—6
10 = = Il 10'—8
= C 10k &8 7 -6 5 —4
[ m B -9 12=10"
11 [ 2'=0' 4'-2 : 32"
E = 1 K ' 6 —4"'
F - = , 86"
E T " Pty
10° - .
E - 1210 e
10 g 1=
1 e 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1
0 100 200 300 400 500 600
Energy (keV)

Thanks to Peter Butler (Liverpool)
and Pietro Spagnoletti (UWS Paisley) 17




‘ What about odd-mass Rn?

I X rays

® Are 221.223Rn good candidates for e

the EDM measurements?

ZZan

Can we Coulex them?
Conversion electrons!
After LS2!

120

Counts per 2 keV

18
1 -
1400 N

Radium (Z=88)

2012 data

E; [keV]

SE88E888888
o L LI PR L B S i
| IV NI U T U N S N

oo 8 8 8 8

I WIIHIIIWIHI[IIIIIIIIHIIIII

[ -

N
8

8—%

[«]

T R e ”* cD detector ] 1| |
— o1 [ SPEDE signial
1800 |- . — it \ Z feedthroughs
1600 *— =8 ‘ |

—

3814

E, [keV]

SPEDE - P. Papadakis et al,
Eur. Phys. J. A 54, 42 (2018).

12%1dc

| | | |
Radon (Z=86)
| | |

i ®— J=1 y
1400 __ " — )=3 ‘77:—'
_ \ ) ;‘;\
gl — J=7
| ]

] | | |
126 128 130 132 134 136 138 140 142 144 - F
Neutron Number N 1g HVfeedthrough




The Lanthanides

@ Regions to the north-east of doubly-magic shell closures, good candidates
for octupole deformation.

® B(E3) known to be good measure; CARIBU@ANLI12l — 144B3 = 48+25 5, \W.u.
146Bg = 48+21_29 W.u.

12 3014
138 36 ’ 4 16 1 147 1148 Eg
6!2 La 2017 [2|La
137 136 7 | 148
9~ 2351 10t 2342 Ba : | B Ba a Ba
44 [ 145 | 146 | 147
463 N, i A Cs|[Cs|Cs|Cs
7 1888 135 IREQ 1414 142 N1 5 | 146
\ \ g* 1732 Xe Xel Xe 2016 e | Xe
135 138 | 139 | 140 142
1516
N 551 I
1259 6* 1181 135 | 136 | 137 | 138 | 139 | 140
s Te|Te|Te |Te | Te | Te B c.<0ls
490 134 | 135 [ 136 | 137 | 138 | 139 B 0.1s<T,<3s
972 4* I 691 Sb | Sb Sb Sb|Sb Sb ] 3s<7T,<2mins
131 [ 132 .

404 [ 2mins<1,,< 1 hour
2t 287 130 B 131 D | hour < t,,< 1 day
ot 27 B !day<rt,<]I year
(UM A

142 B 1year<t,<1Gy
Xe N =82 B t.>1Gy

[1] B. Bucher et al. Phys. Rev. Lett. 116, 112503 (2016) 4 -
19 i2%1dc
[2] B. Bucher et al. Phys. Rev. Lett. 118, 152504 (2017)




‘ Comparison of REX/HIE — 142Xe

Doppler corrected with respect to Xe

> = 142 + + -
% 30000 __ — 4.5 MeV/u Xe 2= 0 E 900 - 12y0 6*> 4°
-~ i target: 206 Pb ~ 800: !
m - —~ -~
5 = HIE | gm0
=
3 25000— 3 wo
— = 2.8 MeV/u 500 H expected:
~ target: **Mo oo | - iXe 3> 2*
20000(— ~19 h J‘." Xe 8*> 6" 770
- REX 300 ,,' ¥ 3 new: 206pph 2> 0*
- 200" hﬂu’
15000 100
— A AN g
500 600 700 800
B / Gamma energy in keV
10000— “Mo2'»>0’
L ¥2xe 4'> 2°
5000 [—
- “2ye 6*> 4"
0 ¥ A\ =
i | 1 1 l 1 B | 1 J 1 1 1 l 1 1 1 1 1 1 1 J L |
200 400 600 800 1000

Gamma energy in keV
2016 data

12%1dc

Thanks to Corinna Henrich and Thorsten Kréll (Darmstadt) 20




® Laserionised (RILIS) with Cs suppressed using beam gate.

142B3 on 208pPp

2018 data

® Small contamination from isobars, but 50% duty cycle from beam gate.

“Counts per 2 keV
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Energy (keV)
21
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‘ New developments: Plunger

® New plunger chamber installed for 2017.
® Developed at IKP Koln.

® Excited-state lifetime measurements, g-factors, etc.

Coulex target wheel




‘ TDRIV on H-like ions — 15628

® TDRIV - Interaction between the nuclear spins (oriented by the reaction)
with the electron spins (random) for well defined time (plunger)

® H-like ions = well defined magnetic field (1s) 24\Mg @ ALTO
R(T) — T T T T T T T T T 7T
1.00 ++'+w IJT-+ L+++l++1|JNULL
excitation electron configuration particle ' Bgptttgtt Y f1¢

target foil (Nb) J reset foil (Au) detector

+ INTERMEDIATE

28

beam

D=wt

0.45

W(6,.0,) = Z‘V 2k +1p,,(6,)G FQy DES(@ -¢,.6,,0)
k.q

0.40

1 1 1 1 1 1 1
0 20 40 60 80 100 120
DISTANCE (um)
Amar Boukhari and Georgi Georgiev (IPN Orsay)

Andrew Stuchbery (ANU) 23




Experimental setup — 15628

DSSD for particle
detection

angular coverage:
0 =21°-50°
14 strips
¢ =0°-360°

4 quadrants, 12 sectors

First use of Miniball plunger

3.9 mg/cm? Nb target
1.1 mg/cm? Ta degrader

Amar Boukhari and Georgi Georgiev (IPN Orsay)
Andrew Stuchbery (ANU) 24




M TREX: (t/d,p) with Miniball

@® Successful utilised at REX-ISOLDE.

® Transfer (t/d,p) in inverse kinematics.
® 66% solid angle (AE-E) for proton detection.

® vy-rays used to select states = high resolution

® Experimtsin 2018:

> 13450 (d, p)135Sn

> *Mg(t,p)*’Mg
12%1dc

V. Bildstein et al, Eur. Phys. J. A (2012) 48: 85 25




First publication: 132Sn

® Doubly-magic nucleus on the r-process path
131| 132| 133| 134| 135| 136| 137| 138|

Single-particle properties: . e (g | o, MTe; =y

G. Bocchi et al. _
PLB 760, 273-278

(2016) 1288b | ¥°Sb | **'Sb | '*Sb § "**Sb | 'Sb | '¥Sb | *Sb
Do0i:10.1016/
j-physletb.
2016.06.065 1288n 1298n 1SOSn 1318n 1328n 133$n 1348n 135$n

N n| ™™l % | "N | ®Bn | *n

'%Cd '¥Cd|'™Ccd | ™'Cd ™Cd 'Cd

M. Gorska et al.
PLB 672, 4, 313-
316, . .
(2009) Coulomb excitation of 132Sn:
f'e‘::;"'m“/i""hys Collective properties?

2009.01.027

p
g

D. Rosiak et al., Phys. Rev. Lett. 121, 252501 (2018). 26




First publication: 132Sn

® Molecular ISOLDE beam: 1325n34S N
® HIE-ISOLDE beam: 1325031+ @ 5.49 MeV/u

® Total RIB intensity: ~3.0 x 10° ions/s

® ‘safe’ scattering angles: lab=17.8 - 41.5°

® Beam composition: 132G, 1328p, 132B3, 166Yp

X rays (Pb) 206p}
10000k | ['Yb |166yy, Haa0 2f > 0f
166 .
> % 66y, 100 C-REX Si array
=
< 1000 2Ba; _ LT
% l66yy 700 800 900
S 100
H 300 400 600 800 1000
(©) .
i 21— or
z | -
= i High energy efficiency
—_ . 17 ” 66
=z - 37 0%, 03560 4000 4500 s000| USINE fresh” ®>Ga source,
z produced at ISOLDE
8 _ u
() 1 1 1 1 1 Ini"“” Ijh‘l ii L| ||L o QI I.l

3500 4500 5000 5500
E (keV)

D. Rosiak et al., Phys. Rev. Lett. 121, 252501 (2018). 27




First publication: 132Sn

C 1.0
@® Gosia used to extract 0.34 - -
B(E2) and B(E3) values = 0.32 0.8
® Direct measurement of 2 030F | -
CO”eCtiVity in 132Sn! ~ 0.28 - 4 —— 4416 keV
=3 -3 4352 keV
SM  RRPA  RPA R 026 F 2 4041 keV
5200_(3) ':ojﬁ 0.24 :._ ::::
> 4700 o
v/ " 0.22 E 0} 0 keV
:4200’— . . AA 0.20_lllllllllllllll[lllllllllllllllllllllll
e o ' i 0.22 0.26 0.30 0.34 0.38
" % 1
T 3700} (0gs | E3|37) (eb™?)
e DB —— — e this work previous
oK (b) B(E2; 0" —27) | 0.087(19) e®b®> | 0.14(6) eb?/ 0.11(3) e2b?
s M B(E3:0 —3) | 0.11(4) e’ > 0.0512 &b}
? 0.10F » L B(El; 2" —3) |[9.1(31)x 10°¢e’b >3.97x10°e’b
2 ®
~o:}; | | D.C. Radford et al., Nucl. Phys. A 746, 83 (2004)
g 0.05F J.R. Beene ef al., Nucl. Phys. A 746,471 (2004)
€3 D.C. Radford et al., Nucl. Phys. A 752, 264 (2005)
Iy ob—— 1 1 1 L1l R.L. Varner ef al., Eur. Phys. J. A 25, s01, 391 (2005)
> = g £ ﬁ =¥ B. Fogelberg et al., Phys. Rev. Lett. 73, 2413 (1994)
28 <4 2993 N




Conclusions

HIE-ISOLDE physics

® HIE-ISOLDE is operating as a reliable and exciting new facility.
» Three beam lines are now in use, Miniball, ISS and SEC.

2016: 6 RIB experiments, 5 of them at Miniball
2017: 12 RIB experiments, full campaign from July-November.
2018: 12 RIB experiments, 2 at new ISOLDE Solenoidal Spectrometer (ISS)

€ © ¢

Coordinators reserve HIE-ISOLDE = 32%

. 6%

~ Nuclear structure
from beta decay
14%

Medical physics , Biophysics
4% - 6%




