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QR TRIUMF Evolution of Structure

Excitation energies
* Peaks at magic numbers
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* Smooth transition as move away
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Key Question: \What mechanisms
drive the transition from spherical,
single-particle structures to
deformed, collective excitations?
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Figure from T. Kibédi and R.H. Spear, Atomic Data and
Nuclear Data Tables 89, 77 (2005).
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R TRIUMF

Co-Existing Nuclear Shapes
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Figure from K. Heyde and J.L. Wood, Rev. Mod. Phys. 83, 1467 (2011).
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Q2 TRIUMF

Evolution of Structure

Transition strengths:
* Dips at magic numbers

« Smooth transition away from
magic numbers

Key Question: \What mechanisms
drive the transition from spherical,
single-particle structures to
deformed, collective excitations?

Figures from S. Raman, C.W. Nestor, JR., P. Tikkanen,
Atomic Data and Nuclear Data Tables 78, 1 (2001), and
T. Kibédi and R.H. Spear, Atomic Data and Nuclear Data
Tables 89, 77 (2005).

8 Nov 2016

103 p2(E0)

SSNET2016

103 E
102 E
10l E

100 £

1072 &

B(E2)! (€'

p—
.....

(i>2) ;

50 100 150
Neutron number N




QR TRIUMF Co-Existing Nuclear Shapes
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Figure from K. Heyde and J.L. Wood, Rev. Mod. Phys. 83, 1467 (2011).



QR TRIUMF Shape Coexistence studies at TRIUMF-ISAC

« 8m, GRIFFIN
— High-statistics y-y coincidence data — Branching ratios
— PACES: conversion electrons — EO strengths
— LaBr;: Lifetimes, transition matrix elements

 TIGRESS
— Coulomb excitation — quadrupole moments
— Transfer reactions — spectroscopic factors
— TIP plunger: Lifetimes, transition matrix elements
— SPICE: conversion electrons — EO strengths

8 Nov 2016 SSNET2016 6



2 TRIUMF EO Transitions

2
v 0+ M(EQ) = Ekekrk

e-
4 / 2+ e, = effective charge

0+ r, = radius of kth nucleon

e Between 0* states, decay only via EO transitions

e y-ray decay forbidden in EO transitions due to angular momentum selection rules

8 Nov 2016 SSNET2016 7



QR TRIUMF Measurement of EO transition strength

1 p2(E0) is dimensionless,
given in milliunits (x 103)
Qka

p*(E0)=

Branching ratio of E2

EO transition strength )
\, I, (E0)  a,(E2) BR(E2))
P (EQ) = X X
I.(E2) Q,(EO) 1|7
/ Lifetime of parent state
. (EO
(B0 ED) = £ tomic
K(E ) theory
Branching ratio of EO/E2 transitions <f|M(EO)|l>
R.S. Hager & E.C. Seltzer, Nucl. Data Tables 6 (1969) P(EQ) = .
T. Kibédi et al., NIM A 589 (2008) ¢R
202-229: http://bricc.anu.edu.au/ EO Nuclear matrix element
SSNET2016 8
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Q2 TRIUMF

EO Transitions

2+ Y Y 2+

e-
Y o+ Y o+
v /e-2+ 2%
o+ 0+

e Between 0* states, decay only via EO transitions

y-ray decay forbidden in EO transitions due to angular momentum selection rules
e Between J* states, decay via EO+M1+E2

(y-rays only emitted in M1+E2)

8 Nov 2016 SSNET2016



QTRIUMF Measured p? (E0) values

Measured B(E2 : 0: — 27) [W.u.] values
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R TRIUMF

Measured B(E2 : 0: — 27) [W.u.] values
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Pritychenko et al., Atomic Data & Nucl. Data
Tables, 107 (2016)
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~120 new values in 15 years
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Measured p? (E0) values
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R TRIUMF

Measured B(E2 : 0: — 27) [W.u.] values
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~120 new values in 15 years
8 Nov 2016

10°

10

Measured p? (E0) values

Measured p? (EO : 0 — 0) (x 10%) values

Proton Number (Z)
g 8 8 S
T | T T l T—-T°7T I T
a

-
o

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

_ rrrrrrrrrrrrrrrrrrrr 86~Values :

20 40 60 80 100 120 140 160

Neutron Number (N)
Kibédi & Spear, Data Nucl. Data Tables, 89

(2005)

SSNET2016



QTRIUMF Modern Electron Spectrometers

¢ - Pakarinen, P. Papadakis et al., EP) A 50 (2014) P. Papadakis, J. Pakarinen et al., JPS 6 (2015)
-

JYVASKYLAN YLIOPISTO Perkowski et al., Rev. Sci. Instrum. 85 (2014).
' A

UNIVERSITY OF JYVASKYLA

T. Kibedi, A.E. Stuchbery et al., EPJ
WoC 35 (2012)

SPICE
8 Nov 2016 SSNET2016 13



QR TRIUMF Measured p? (EO) values

2 i + + TE
Measured p2(E0:O;—>O;‘) (x 10%) values 15 measured P (EO) In 2 — 2 transitions

Sf I Nuclide | p%(E0) x 10° |Nuclide | p%(E0) x 10°_
Broof- | 1741 27(13)
E | g'C cd 36(5) 17614 52(9)
Zef SR S 1 1505m 100(40) 1880g 0.7(6)
S | ] 1s29m 69(6) 194py 0.46(16)
0%60_— -__10 152Gd 35(3) 196pt 1.0(6)
a0 ; 1%4Gd 74(9) 230Th 90(20)
[ LET 8 ,5,\/?,'9?5, 777777777777 1%6Gd 55(5) 232Th 63733
B 1 O O A B 172yp 3.1(15) 238pyy 180(110)
B . : : 1
N T S O ST J.L. Wood et al., Nucl. Phys. A, 651 (1999) 323-368

0 20 40 60 80 100 120 140 160

Neutron Number (N) A lot more data exists but has not been evaluated!

Kibédi & Spear, Data Nucl. Data Tables, 89 (2005)
8 Nov 2016 SSNET2016 14



R TRIUMF https://en.wikiversity.org/wiki/Monopole

Spectroscopic information on pure Eo and mixed Eo+E2+Ma1 transitions |edit]

Recommended evaluated and published values are from:
Pure EO: T. Kibédi and R.H. Spear, At. Data and Nucl. Data Tables 89 (2005) 77 NeW reVieW Of EO tra nSition
EO0+E2+M1: J.L. Wood, E.F. Zganjar, C. De Coster and K. Heyde, Nucl. Phys. A651 (1999) 323 .

strengths being undertaken by

Garnsworthy, Kibédi, Wood.

Additional entries are from:

J.L. Wood from available ENSDF datac’

Available ENSDF data has the relevant Nuclear Data Sheets citation.

Nuclide E; T2 Ji — J¢ EO E2 | 3(E2M1) ak(exp) qg2(EO/E2) | X(EO/E2) 103xp(E0)2  Source Reference
1968Fr04 @
{He,y 20210 5.3fs o} — ot 20210 |[1 185 (77) | 2005Ki02%
g d 1970Wa09e&
10p o — 0 ) 1969A117&
1" Beg 6179.3 | 0.8 (3) ps 5 — 0] 6179.3 | 2811.3 3.4 (14) 1.1(4) 93 (26) 2005Ki02€ | oo
120 : : ) 1977A131 &
6-Cs 7654.2 | 0.054 (7)fs | 05 — 0] 7654.2 | 3215.3 2.8 (4) 24(4) 500(81) | 2008Ki02€ |
1980To05 &
ol 0% 6589.4 3.0(4)ps |0 —0! 6589.4 [ 34 (5 2005Ki02& _
6 o 1991Aj01&
1976KI09&
1 Wis 11358 0, —0 11358 10357 1.8 (7) 0.09 (4) 2005KI02& | ooy o
. A 13 0.0092 0.162 2015Wood&
1257.4 | 1.71 (13)ps | 24 — 2| 1157.3 913 ) 2.31 (18) (13) 1.8(13) | 2015Wood® | o
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QR TRIUMF ISAC rare isotope facility

ISAC-I and ISAC-II Facility

TIGRESS Progra ms in

ISAC II: Nuclear Structure &

> 10 AMeV for A<150 |
> 16AMeV for A<30

\/

= Dynamics

* Nuclear Astrophysics

e Electroweak Interaction

Studies

ISACI:
60 keV & 1.7 AMeV

_ * Material Science

* 18 permanent experiments

RFQ

TRINAT

i~k Resolution
eparator

ISOL facility with high primary beam | .....ccoe some
intensity (100 uA, 500 MeV, p)
Delivering RIBs since 1999.




Cyclotron

ISAC-I Low-Energy <60keV

Isotope Separator and ACcelerator

Z (protons)

1 RIB delivery to experiments

500MeV p* at 100uA on ISOL target

SiC, NiO, Nb, ZrC, Ta, UC, Targets
Surface, FEBIAD, IG-LIS ion sources

N o @
S <] S
U e A A A

n
o
T

Ground state + decay, material science

ISAC-I Medium E  <1.5MeV/u Astrophysics
ISAC-II SC LINAC <10MeV/u Nuclear reactions and structure

R0 ARSI S ; ;
: _‘?.
: Pl
g : e
: .:M e :
ke ‘
e
HIE S
e euli | N | NS N | N T | S | E—_—
0 20 40 60 80 100 120 140
N (neutrons)



AC experimental areas

- TITAN s e A PSS
Low energy RIBs == Penning Traps SJNUSLEE

< 60 kev "“" Sy £y 8 (masses,
%*' in-trap decay)
FRANCIUM MOT - /
(PNC, anapole moment) A Polarizer beamline
Wizl e | | e Laser spectroscopy, MTV
CPT test, betaNMR

=" Beta-NMR

/ Material science

GRIFFIN

Gamma & Electron
spectrometer
(decay spectroscopy,
superallowed decays)

R TRIUMF IS

\ L+ AR
TRINAT

Neutral Atom Trap
(Bv-neutrino correlations)
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R TRIUMF

Researchers from 24 institutions
from 8 countries.

25 post-docs,

5PhD, 12MSc, 1MPhys

Many Grad. Students in progress
8 Nov 2016

The 811 Spectrometer

Performed decay spectroscopy at
TRIUMF-ISAC-I from 2000 to 2013

SSNET2016 19



Fast, in-vacuum tape system
Enhances decay of interest

ISOBAR T1 n Longer
I SOMER T, ,, Shorter
Jn T

GS

SCEPTAR: 10+10 plastic
scintillators
Detects beta decays and
determines branching ratios

See C.Andreoiu

talk tomorrow!

GRIFFIN Facility at TRIUMF

Initial operation in
fall 2014. Fully
commissioned in 2015

1 I

Zero-Degree Fast scinftillator
Fast-timing signal for betas

DESCANT Neutron array

Detects neutrons to measure beta-
ér\' delayed neutron branching ratios

HPGe: 16 Clovers
Detect gamma rays and
determines branching ratios,
multipolarities and mixing ratios

LaBr;: 8 LaBr,
Fast-timing of photons to
measure level lifetimes

PACES: 5 Cooled Si(Li)s
Detects Internal Conversion
Electrons and alphas/protons



R TRIUMF The 81 Spectrometer at TRIUMF-ISAC

High-statistics studies of Cd, Sn, Xe

Superallowed/Mirror Beta Decay

1°C, 10, ™Ne, '°Ne, 2mAl, 35K, ©2Ga, ™Rb B. Jigmeddorj et al., Eur. Phys. J. A 52, 36 (2016). Half Life of geochronometer, '"°Lu

M.R. Dunlop et al, PRL. 116, 172501 (2016). B. Jigmeddorj, et al., EPJ Web Conf. 107, 03014 (2016). G.F. Grinyer et al., PRC 67, 014302 (2003)
A.T. Laffoley et al., PRC 92, 025502 (2015) A.J. Radich et al., PRC 91, 044320 (2015)

R B o e o As01 (2013) P.E. Garrett et al., PRC 86, 044304 (2012)

G.F. Grinyer et al., PRC 87, 045502 (2013) P.E. Garrett et al., Acta Phys.Pol. B42, 799 (2011)

A.T. Laffoley et al., PRC 88, 015501 (2013) P.E. Garrett et al., AIP Conf.Proc. 1377, 211 (2011)

P. Finlay et al., PRC 85, 055501 (2012) K.L. Green et al., PRC 80, 032502 (2009) :

S. Triambak ef al., PRL 109, 042301 (2012)
P. Finlay et al, PRL 106, 032501 (2011)
G.F. Grinyer et al., NIM A622, 236 (2010) 7z
P. Finlay et al., PRC 78, 025502 (2008)

K.G. Leach et al., PRL 100, 192504 (2008)

G.F. Grinyer et al., PRC 77, 015501 (2008)

G.F. Grinyer et al., PRC 76, 025503 (2007)

G.F. Grinyer et al., NIM A579, 1005 (2007)

E.F. Zganyar et al., Acta Phys.Pol. B38, 1179 (2007)

B. Hyland et al., PRL. 97, 102501 (2006) Z=50
B. Hyland et al., AIP Conf.Proc. 819, 105 (2006)
B. Hyland et al., J. Phys. G31, S1885 (2005)
G.F. Grinyer et al., PRC 71, 044309 (2005)
A. Piechaczek et al., PRC 67, 05123052(%0(]3) i

Isomer decay in 74Tm, 178Hf, 179Lu

R.S. Chakrawarthy et al., PRC 73, 024306 (2006)
"""" =* R.S. Chakrawarthy et al., EPJ. A 25, S1, 125 (2005)
M.B. Smith et al., NPA746, 617c (2004)

= M.B. Smith et al., PRC 68, 031302 (2003)

N Large Beta-Delayed neutron branching ratio observed from '%2Rb
Z.M.Wang et al., PRC 93, 054301 (2016).

~  Shape coexistence in neutron-rich Sr, Zr
J. Park et al., PRC 93, 025802 (2016).
A. Chakraborty et al., PRL 110, 022504 (2013)

Technical and Overview Publications

4 p N =82 A.B.Garnsworthy, EPJ Web of Conf.s 93, 01032 (2015)
et T P.E. Garrett et al., J. of Phys. Conf. Series 639, 012006 (2015).
N =50 A.B. Garnsworthy and P.E. Garrett, Hyp. Int. 225, 121 (2014)

G.C. Ball et al., J.Phys.:Conf.Ser. 387, 012014 (2012)

D S Cross et al., JINST 6, P08008 (2011)

P.E. Garrett et al., NIM Phys.Res. B261, 1084 (2007)

G.C. Ball et al., J.Phys.(London) G31, S1491 (2005)

S.J. Williams et al., J.Phys.(London) G31, S1979 (2005)

C.E. Svensson et al., NIM Phys. Res. B204, 660 (2003) 21

N=2 Island of inversion, 32Mg
"Li beta-delayed neutron emission C.M. Mattoon et al., PRC 75, 017302 (2007)
C.M. Mattoon et al., PRC 80, 034318 (2009)
F. Sarazin et al., PRC 70, 031302 (2004) SSNET2016




@ TRIUMF SCEPTAR - ScCintillating Electron-Positron Tagging ARray

 Two hemispheres of 10 plastic scintillators

* Detects beta particles with ~“80% solid angle
coverage

* Improves peak-to-background of HPGe
spectra

Events/keV
—_
=
=}
|

AT i
oot h'*.f.,:v«.“h',"?'-‘-f.a‘ui‘-'J"",""

" 200 400 600 800 1000
keV

C.M.Mattoon et al., PRC75, 017302 (2007)

22
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QR TRIUMF

PACES - Pentagonal Array for Conversion Electron Spectroscopy

5716 keV
223Ra
6623 keV
21B;
5747 keV
R
6278 keV | |6425 keV
211B; 219Rn

8 Nov 2016

2500

Alpha-tagging

6819 keV
219R

7386 keV
215pg

k

SSNET2016

5000

Counts per keV
:

:

Five 5mm thick, 200mm? Si(Li), LN,-cooled Si diode and FET
Solid angle coverage: 1.4% each, 7% total

~2keV resolution for electrons

:

:

>’ T
8 Si(Li) spectrum in coincidence
z with a 656 keV 7Y ray
2 @ 871
5l I
Ov :‘
_ >4 % 656
§ = a
v 0
wy
\ i
983I’
0 100 200 300 400

Energy (keV)
J. Park et al., PRC 96, 014315 (2016). 23



Q2 TRIUMF
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Shape coexistence in %8Sr

042 ) BE2; 2" - 0)) T BE2052)
04 BERE S S pAEC 0] 0)

,,,,, = e

E(OD) =18.5 keV

. AE,=9.5keV

0.34
-0.3 -0.25 -0.2

S

-0.15

Minimization in two-state mixing using all available
experimental data indicates:

9% mixing of O+ state, 1.3% in 2+ states.
Deformation difference in B of 0.38.

SSNET2016 J. Park et al., PRC 96, 014315 (2016).
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2 TRIUMF "8Rb decay to "8Kr

E(MeV)
60'
6+ +0.16 4+_
, 6,,0-874).12
6 —
6+_ 2+ —2.90‘4 20 2+
0.5 I
185, +047) 71,305 02257
4+
4+ —
& +
ot 2 — . +0.5850 —
o 03307 4 ' '
C M —— +0.15
i o - o
o o
o 2110
20'
| ‘ o+ 47"
2¢ 2* 79" .
M 07002 47 -0.9% 0.8
| o U o U ot A a — ~Z
72Ky TAK, 76Ky "8Kr SO0Kr

E. Clement et al., Phys. Rev. C 75, 054313 (2007).

F. Becker et al., Nucl. Phys. A 770, 107 (2006).
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'@»TR“’MF P. Routalainen, Garnsworthy et al. "®Rb decay to 78Kr

— 7T ———— 7T
n * not placed in the level scheme

a) Gate on 692 keV  ~
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308keV is 0.07%
the intensity of
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103 = .
=~ b) Gate on 725 keV < e
10% = =

733
778
||||||

—
o
w

|

Counts/ 1 keV Counts/ 1 keV

200 300 200 500 600 700 800
Energy (keV)

8 Nov 2016 SSNET2016 26



@»TRNMF P. Routalainen, Garnsworthy et al.

8 Nov 2016

SSNET2016

"8Rb decay to 8Kr

Observed 308keV transition
for first time.

Mostly confirmed branching
ratios from previous beta
decay study. Some revised.

No evidence found for the K=2
band actually being a K=0
band.

27



@»TRNMF P. Routalainen, Garnsworthy et al.

"8Rb decay to 8Kr

Electron singles in PACES
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Counts per keV
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K417

| l |

I|IIII|I§

Will measure EO
strengths for J®-J™
transitions
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Cyclotron

ISAC-I Low-Energy <60keV

Isotope Separator and ACcelerator

Z (protons)

1 RIB delivery to experiments

500MeV p* at 100uA on ISOL target

SiC, NiO, Nb, ZrC, Ta, UC, Targets
Surface, FEBIAD, IG-LIS ion sources

N o @
S <] S
U e A A A

n
o
T

Ground state + decay, material science

ISAC-I Medium E  <1.5MeV/u Astrophysics
ISAC-II SC LINAC <10MeV/u Nuclear reactions and structure

R0 ARSI S ; ;
: _‘?.
: Pl
g : e
: .:M e :
ke ‘
e
HIE S
e euli | N | NS N | N T | S | E—_—
0 20 40 60 80 100 120 140
N (neutrons)



QTRIUMF ISAC experimental areas

Medium energy RIBs
~0.15 -1.7 AMeV TUDA

Astrophysical charged
particle reactions

TUDA PN \\| &7 [#
chamber N L N
£ N\ 4 /] o
x o\ % :
C. i / recoil
- CH, target Protons
incident

beam

Electrostatic

Astrophysical capture /"[|/ =g
reactions Reci Do » =




Q@ TRIUMF ISAC experimental areas

High-energy RIBs TIGRESS + auxiliary

> 6 AMeV HPGe y-ray spectrometer
EMMA (2016) in-beam spectroscopy of
nuclear reactions

Mass analyzer for

_—~nuclear reactions

— ol
'»w-‘.fm T AL
y .l WA

Scattering array
for direct reactions

"""""""""

LEDA detector: 8 sectors x 16 strips

Solid hydrogen target “
for direct nuclear 2
reactions




R TRIUMF TIGRESS

16 Compton-Suppressed segmented HPGe Clovers
with digital DAQ

SHARC Silicon barrel

Studies with accelerated RIBs 0.5-15MeV/u

downstream of reaction target (York
I Micron).

Length: 72 mm (24 strips)

Width: 48 mm (48 strips)

Upstream 1000 xm

Downstream 140 xm + 1500 z.m.

ron QQQ2 CD detector (A.A. Chen,
Master)

4 sectors, active area:

9.0 mm to 41 mm radius (16 rings)
81.6° (24 radial strips)

Thickness: 300—400 ..m.

8 Nov 2016 SSNET2016



QR TRIUMF Shape Coexistence at Z~40 N~60

+ Beyond mean field calculations predict binding energy as a function of deformation.

« Measurements of single particle levels in 9>9.97Sr essential for a detailed description of
this transitional region.

4.6 —

--A--sph. 'y

Predicted sL vl el Observed

Binding energy
curves predict
almost degenerate
potential minima

at N = 60.

Sudden increase
in charge radius
suggests change
of ground state
shape

r (fm)

E (MeV)

4'2 1 1 1 1 1 1 1 L 1 1
50 52 54 56 58 60 62 64 66 68

N
Plot source: R. Rodriguez-Guzmdn et al. Phys. Lett. B 691 (2010) J. Xiang et al. / Nuclear Physics A 873 (2012) 1-16

89Y 90Y 91Y 92Y 93Y 94Y 'QEx a 96Y 97Y 98Y 99 100Y 101Y 102Y ‘103L

o © .
stable ssg, 895 @ |”$l‘ .91$r 92g, 93Sr‘ oagy SSSI’ %g, 975y o9gr 100y 1015( 1026, § neutron d”p
Z ¢ ~ ’ dine A>107
(] -m & 100  “w0lpe
87Rb 88Rb 89Rb 90Rb 91Rb 92Rb 93Rb 94Rb 95Rb 96Rb 97Rb 98Rb 99Rb

b b
8 Nov2016 N N =52 N=56 ssneT2016 N =60 N = 64 33



Q@ TRIUMF Transfer Experimental Campaign

S. Cruz, P.C.Bender, Kruecken et al.

94.95,96Sr(d,p)Sr reactions to study evolution of structure in Sr through low
energy single particle states.

Aims

/’

® Measure angular momentum transfer of Sr

states (do/dQ).
® Measure cross section, which gives a

orbital occupation number.
Py :
Compare occupation numbers to large
scale shell model calculations that will be Neutron populates one of the single particle orbitals
carried out in collaboration with shell N
— N —
model experts. ¥

8 Nov2016 SSNET2016 g ; N




R TRIUMF

® The strong 0s* (1465 keV) >0,* (1229 keV) EO
transition is characteristic of coexisting shapes.

® The deformed 0s* state at 1465 keV is expected
to be the same structure as the *8Sr ground

state.

S. Cruz, P.C.Bender, Kruecken et al.

3.0

20

Edef—Esph [MeV]

./ @0 00 @0 06

- ,35\\

$=036,0.40

G. Lhersonneau et al., Phys. Rev. C 49, (1994) 1379

8 Nov 2016
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Shape coexistence in 2°Sr

2

P(ED) = 7a(1 = AT

0

0+ 1229

o0

49 2120
4+ 1793

o]

2+ 1507

2+ 815

8+

6+
4+

2+

3125

2466

1975

1628

96

3SSr58

Shape coexistence in atomic nuclei
[Rev. Mod. Phys. 83, 1467 (2011)]




R TRIUMF

S. Cruz, P.C.Bender, Kruecken et al. SHARC Data

TBragg spectrum, mass 95 beam Kinematics For 9E;SI'
10000 [ 30000 A J L v \J Al L] L] L] LJ L v L] A L L) LJ Ll L] L] T Ll T L
9500 R I B was ~5X 105 p p S E [ s l (‘~ ; ' ¢ l Proton a:nd deuteron Iidemific:ationl ]
w0 and ~98% 9°Sr. Soso00 =F a
8500 L ) , = o 5000 = 5000 <]
gaooo Lo I'F I.% [ 955\((’ d) \ | o d
B v ™ r(a, -
S 7500 o 05 S o
B - CalE o) 20000 |- k
sso0t: %0 ¥ "’- Closeef T [ o
oo | l 15000 |— ko
5500 95Rb : ! Dmmgv:-:w e :
5098500 42000 46000 48000 8522%(; [afs?oo 54000 56000 10000 ® 95Sr(p,p) ' =
Excitation Energy E E
[ T T T A B T T LI T o~ T sooo p— —
: o —1 g Ry g giel googuag Jepvg g l'-"-‘l..l o1 1-.1-1‘]_]'i‘f:;:[-':1-‘: :l::l:-i;-‘ 1
0 20 40 60 80 100 120 140 160 180
P’ | Theta Lab [degl
" Particle ID from dE-E detectors —

PR 1 s | PRI B P | L 1 P s |
-1000 0 1000 2000 3000 4000 5000 6000
Excitation Energy [ke
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TIGRESS Data

R TRIUMF

S. Cruz, P.C.Bender, Kruecken et al.

3 _ IA‘AI‘?'I T T T
= f N Gamma singles |
g - -
3493 3 10° -
KN ]
3239 ¢y @ i
Sr 102 —
2576 ]
v
" PRETEE BTSN S S o PSP B L PN Bt S N A
] %%% 10, 500 1000 1500 2000 2500 3000 3500 4000
2084 Gamma energy [keV]
1| 1% Excitation Energy vs. Gamma Energy 'dp’
1792 <7000 S
1628 £ ~ 10°
1507 EP000
1465 2
25000
1229 2
ol <l vl =] o =
M HEBEMNE R EE N G 4000
<O O oo O —if N —f ™ m 10
v vvVYVY VYV 815 3000
2000
wn
% 1000 5
v v 00 500 1000 1500 2000 2500 3000 3500 4000
0 keV Gamma energy [keV]
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%Sr 012" States

Ground State 1=0 Angular Distribution

Q2 TRIUMF

S. Cruz, P.C.Bender, Kruecken et al.

‘I‘ﬂu.l_ln"(‘ﬁy [ } 5.378 MecViu
- Clear £=0 character. ot
. « Experimental Data
_EG { FRESCO : L = 0, SF = oz«)o(m‘
- Spectroscopic factors are similar, and tell us that the i 'F ¥ -
9Sr 01,0+ states are not pure [s2]? configurations. : Vo
' F:
. e KNS
- TIGRESS gate used on 414 keV transition to select 1 3 Iig
1229 keV state. 2 I T
ih
- Pair scattering of neutrons in %Sr would affect the N

CrOSS SeCUOn for th|s reaCtlon 10 20 30 40 50 60 70 80 90 nlx) I;t) 120

Scattering Angle [deg)
P |
1229 keV State 1=0 Angular Distribution

- Shell model calculations for %8 to follow shortly. 955+(dp 9GSt @ = 5,378 MeViu

UM S B B S S S S S B S S S N S S S S S S m—

‘ «  Experimental Data

965r o* . i I L=0: SF =0.32(3), Chi2 = 5.554
(s1/2)? configuration I .
70 - 0gr/2 i F 3 i3
62 v 1dsp2 :‘ [ i1 g IIIEII
58 o 2s1/2 | i

56 ——0—0—0—0—0— 1052

i

1 1 1 1 1 1 l 1 1 1 1
) 10 20 30 40 50 60 70 80 90 100 110 120
Scattering Angle [deg)
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, 96 +
/@’TRIUMFS. Cruz, P.C.Bender, Kruecken et al. Sr keV 03" State

96Sr Excited States Measured in UQQQ

- Y gate on isomeric decay of 1465 keV 03* state
and compare to 02* population strength.

- Mixing amplitude of Oz*: O2* states, a =50+ 10 %.

. Smaller [s1/2]2 contribution in 0s* than Oz*.

- This suggests a different structure in Oz*
compared to 02*:

‘Gamma Singles Gated on Excitation Energy Range 855.0 - 1855.0 keV

5 BB h i e e e LS SIS SIS S |

Fit Results :

BgConstant : 57.30 +/- 29.09

Counts /2 keV

BgSlope : -0.07 +/- 0.04

Area :153.62 +/- 43.65

v/ ‘

p*(E0) = —a*(1 — a?)[ AP i

a — : TT TP
5;“4_._“1‘[@.‘]1.“1;.11.,1.@

8 Nov 2016 SSNET2016 600 620 640 660 680 700 720 740 3

Gamma Energy [keV]

Mean :641.28 +/- 1.49
Sigma : 5.69+/ 1.40

* COUNTS : 76.81 +/- 21.82*




‘,@,TRIUMF A. Chester, K. Starosta SFU et al. TIGRESS Integrated Plunger

First 2* state populated in Coulomb excitation

2 210 c
£ 84
: o of 3*Kr beam
g 220 3
2 200 I~ ' < Zzz Group 1 400 um Experiment ]
® K e L
a C ﬂ Tsim. = 5.84 ps Simulation
a 300}
T 180 = C
3 1000 A . .
] w 550 F
160, 7 450 [ Group 2
] 350 _jqﬁ:%\w‘\x
g 250F
150F
50F — .

o

s b by b b g a0

E' 1 " 1 — "
; %’ soofGroup 3
100 T T > : e / %3@%5 m
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 - 2 15p
Amplitude [arb.] ¥ 3 S0k = - - . . . — , -
. AEE O 2% Group 4
3 o ﬂ
3 250F
S C 150F
205 — . 50p . . . .
oor taTget degrader " :ggEGmuP 5
0.3 ~ € 350
. = 250
02} > S 150F
variable distance e 50 f . . .
P - 820 840 860 880 900 920 940
0.1 ';{\ Energy [keV]
T 55 ﬂ
- = 3 5 l :
0.05 e e o
o[ Preliminary: 8 —
0.03| } S
— S
ozl TaUp = 5.84(18)ps S g
it s |
3
= 3 4d
oorb TaUgy, 5.87(4)ps 3 .

1argevaegrader separation |microns] Energy
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R TRIUMF TIGRESS Integrated Plunger

A. Chester, K. Starosta SFU et al.

18
&;‘ _ e  Machetal (1991)
N - m  Clementetal. (2016)
D, 161 | Pritychenko et al. (2016)
i~ - v Mach et al. (1989)
i (@) C ¢ Ohm et al. (1987)
Very sudden change in T 14f . (4990) .
ground-state structure 12l
observed at N=60. & F
w1 {
o - .
B(E2) values from 08—
coincidence timing n
06—
measurements and from - i
Coulex. 04
- i
02 ?
B A
- A i
0 _l 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 ? 1 ? I 1 1 1 1 I 1 1

80 85 90 95 100
Mass number (Sr, Z = 38)
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@TRIUMF A Chester, K. Starosta SFU et al. Precision lifetime measurement in %4Sr

= 350 20
3 . + .
< I8 First 2* state populated in unsafe Coulex of *Sr beam
$
£ 1, 20 25 15
=] (] *
= 50 um " — Experiment 100 um 150 pum
% -4 Group 1 : - _ 5 ps lifetime ool Group 1 Group 1
z i 15 -~ 10 ps lifetime
[ I 10~
o 15
10
8
) 10
=6 5
5
4 M 5
5 | L[
Al recoil I N o
X ':iizlﬁ"i ) 2 — 0 [ j 0! o—l |
100_‘ ‘VI‘II‘\VII]\l“lll\I\Il\l\ll\l\llll!llll!l i 800 850 900 800
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 2 .
Ampliude [arb.] g 29) 40 20
o
50 pm 100 pm 150 um
© 20 GYOL:JPS Grotﬁ)S * Grotilps
30 15
20 10~
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L 3 0l
0750 0750

Energy [keV]
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@TRIUMF A Chester, K. Starosta SFU et al. Precision lifetime measurement in %4Sr

= 350 — 20
A . + .
! I8 First 2* state populated in unsafe Coulex of *Sr beam
< L
g 1. 20 25 . 15
= 50 pm _ ; 100 pm 150 pm
3 —|14 Grghp1 2 Experiment 20 Grou%1 Grotﬁn
g i 151 -~ 7.9 ps lifetime
T 10
o 15
10k
8
) 10
=6 5
T 5
e o3 L
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: apn— 2 v o 850 900 9500 850 500 olllgts
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@TRIUMF A Chester, K. Starosta SFU et al. Precision lifetime measurement in %4Sr

Reference Technique  Lifetime 7 [ps] B(E2) [e*b?]
Current work RDM 7.91+£04 0.0252713
Mach et al. Fast timing 10 +4 0.020 + 0.008
o 0.40[
c\-,Q — [ | Experimental data (Mach and At. Data Tables)
. . [)) — o Current measurement
* Improves uncertainty in the — 035 a Clementetfal. PRL 116 (2016) 022701
= ¢ —— Skalskietal Nucl. Phys. A617 (1997)
B(E2) value from 40% to <6%. S - ToT leimetebi e
+ - 0.30— - - __ Buchinger et al. Phys Rev. C 49 (1994) (a) —
e g
o - Ibid. (b) Al
* Confirms sudden onset of W 0.25— // j-‘ 4
deformation in ground-state - 0.20 / . el
structure. = ) A
0.15 Y ;
* In preparation for publication. 0.10 / K
0.05 1,4/ b
I: 1 * _ l— g 1 1 t L ol | g l-._l—.-l.,- 1 1 1 I 1 1 1 I 1 1
H. Mach et al., NPA 523, 197 (1991). 0.00——45 92 od 96 98 100

8 Nov 2016 Mass number [Sr, Z = 38]
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Garnsworthy, Smallcombe et al.

1. Vacuum vessel
2. Si(Li)

3. Photon-shield
4. Magnetic lens
5. Target wheel

6. DSSD
7. HPGe (TIGRESS)

SSNET2016

Absolute Efficiency (%)

SPICE Design

25
Low-Energy Lens
20 o Medium-Energy Lens
[ /'\\ High-Energy Lens
Fofoy No Lens or Photon Shield
15— |
I
[ |
ol
10f ‘r J
|
st ]
= ‘ |
I
oLal D A e S
0 1000 2000 3000 4000

Electron Energy (keV)



R TRIUMF SPICE run:

J.Smallcombe et al.
[ ™?Sm Target TIGRESS Raw |

-3
Ow

1200

ey 68 MeV 12C beam,

Mean 3875

RMS 249 4 mg/Cm2 1528m, 300 ppA,
HPGe singles 13.5 hours

g
o

III|III|III|III|III|III|"

©
]

Counts/2 keV
o
8

Coulex:
1528m(12C,12C)1528m*

400

0 L L | 1 1 1 | TR 1 | L 1 1 | L 1 |
il 200 400 500 800 1000

Energy [keV)

e e Fusion evaporation:

RMS 161.5

Si(Li) singles

Counts/2 keV

IS
8
S
III‘\IH‘JIII‘HII‘III \IIII\III‘\III‘\
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R TRIUMF SPICE run:

J.Smallcombe et al.

68 MeV 2C beam, 2.9 mg/cm? 196Pt, 10 ppA, 2 hours, 196Pt(12C,12C)196pt*

“E '®pt Target SPICE S3
: TE L+M Electrons
w Coincidence with heavy-
B L LA T RN N S | ion recoil in S3 detector
~E 356 keV  19%py Target TIGRESS S3
= 2%-0° Gamma ra
s ™E ys
i E

Energy [keV]
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Cyclotron

ISAC-I Low-Energy <60keV

Isotope Separator and ACcelerator

Z (protons)

1 RIB delivery to experiments

500MeV p* at 100uA on ISOL target

SiC, NiO, Nb, ZrC, Ta, UC, Targets
Surface, FEBIAD, IG-LIS ion sources

N o @
S <] S
U e A A A

n
o
T

Ground state + decay, material science

ISAC-I Medium E  <1.5MeV/u Astrophysics
ISAC-II SC LINAC <10MeV/u Nuclear reactions and structure

R0 ARSI S ; ;
: _‘?.
: Pl
g : e
: .:M e :
ke ‘
e
HIE S
e euli | N | NS N | N T | S | E—_—
0 20 40 60 80 100 120 140
N (neutrons)



—> ARIELI
—> ARIELII

A 44 e

e-linac Cyclotron

Sept. 20

Advanced Rare-lsotopE Laboratory

I RIB = 3 simultaneous RIBs
ARIEL Project:
" new electron linac driver for photo-fission
" new target stations and front end
" new proton beamline

E-linac and electron beamline
14

—




R TRIUMF

500MeV Protons on UCx

Proton energy

above 350 MeV /

Protons
R 4

Rare-isotope beams
will be produced by
from proton and
electron driver beams.

e n
» P

Photo-fission of UCx

Electron energy
~ 50 MeV

—7
gamma ~ 7 . ~
AN ®
~ . T4
N Fission

High energy

N\

* @
T 3



QTRIUMF ARIEL Completion to Science

CY2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
G3 G4A G4B
: .a- G Y N N D
P1: AETE to Beta-NMR 1999 | Low-energy ISAC beams
Safety
ALIS lab G3 GaaGss 2019 ISAC-CANREB-ISAC beams

P2: Photo-fission emmssss—— amm)Stems
2020 ARIEL beam to B-NMR

G3 G4AA ' G4B
P3: CANREB Beamlines _P 2021 ARIEL photo-fission beams to ISAC

Ground Floor done

2022 ARIEL spallation beams to ISAC

G3 G4A G4B
P3:110 C AN R E B ‘

ISAC-EBIS-ISAC

beam? G3 G4A  G4B
P4: BLAN beamlines and AP TV (e

meeting planned for
January 2017

-‘---------»
CY2014 ' 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024



o 8
— 98Sr and "8Kr EO transition strengths
— GRIFFIN dramatically increases coincidence efficiency

* TIGRESS

— (d,p) reactions in 949%.96Gr, in the future (t,p)
— TIP plunger: precision B(E2) measurement in 24Sr
— SPICE: Now commissioned in-beam, Coulex of 78Kr next week

* ARIEL will bring more beamtime to ISAC experiments
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Canada’s national laboratory
for particle and nuclear physics
and accelerator-based science

Thank you!
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