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The 81 Spectrometer at TRIUMF-ISAC
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The 81 Spectrometer at TRIUMF-ISAC
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DANTE

Di-pentagonal Array for Nuclear Timing Experiments

Fast-timing allows the determination of
transition rates

-BaF,, truncated cone;

base 4cm, front 2cm, length 3cm
-LaBr;(Ce) 2°x2” cylinder
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GRIFFIN Facility at TRIUMF

Sensitive Decay Spectroscopy

= GRIFFIN

Fast, in-vacuum tape system Initial operation in \ # HPGe: 16 Clovers
Enhances decay of interest fall 2014. Fully JE Detect gamma rays and
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The GRIFFIN Spectrometer at TRIUMF-ISAC

Technical Overview Paper
C.E. Svensson and A.B. Garnsworthy, Hyp. Int. 225, 127 (2014)

The first 3 months of operation...

Neutron single and pair
hole states in the 48Ca e ‘
doubly-closed shell 7 — Y - -

Equilibrium of "5Cdm
During the s-process

Over 70 scientists from 12 countries have now joined the collaboration



R TRIUMF 32Na decay with s8¢
8pi and GRIFFIN —Ede s
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R TRIUMF 32Na decay with
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R TRIUMF LaBr,

Fast-Scintillator Array for Excited-State Lifetime Timing

Eight LaBr;(Ce) 2"x2" cylindrical crystal
* Source-detector distance=12.5 cm.

 GEANT4 simulated efficiency
1.4%@1.3MeV

« LaBr-LaBr FWHM <200 ps achieved in
8pi analogue electronics

Fast Zero-degree scintillator for 3-y
timing. BC422Q = 0.7ns
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Lifetime Measurements for the
Determination of Electric Monopole
Transition Strengths
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Excitation Mechanisms of Nuclei

Eq4/Ey<2 E4/Ep~2-22 E4/Es~27 E,/E,~333
Ratio of 4+ energy to 2+ energy, 2* - 0* B(E2)
o7 >
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. ot
"Shell Model" Vibrator Transitional Rotor
nucleus
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First 2+ energy

Figure from: R. Casten, Nuclear Structure from a Simple Perspective (2000)
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« Peaks/troughs at magic
numbers

« Smooth transition away
from magic numbers

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

Figure from S. Raman, C.W. Nestor, JR., P. Tikkanen,
Atomic Data and Nuclear Data Tables 78, 1 (2001).

Energy of 2‘; (MeV)

Evolution of Structure
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Evolution of Structure

T T T
A 05 states

« Peaks/troughs at magic e
8000 - » definite .
numbers o doubtful

* Smooth transition away
from magic numbers

What mechanisms drive 0
the transition from
spherical, single-particle
structures to deformed,
collective excitations?

6000

4000

2000

Excitation energy [keV]

Figure from T. Kibédi and R.H. Spear, Atomic Data and
Nuclear Data Tables 89, 77 (2005).
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« Peaks/troughs at magic
numbers

« Smooth transition away
from magic numbers

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).

Evolution of Structure
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Theoretical Interpretation

* Shell Model
J.L. Wood, Nucl. Phys. A 651, 323 (1999).

p* = 0.5473

» Beta Vibration
P.E. Garrett, J. Phys. G: Nucl. Part. Phys. 27, R1 (2001).

9 s E(27)

p?(EO: ng=1—->ng=0)= 52 ,BO E(O*)

 |IBA
P. Van Isacker, Nuclear Data Sheets 120, 119 (2014).

S. Zerguine et al., PRL 101, 022502 (2008).
G. llie and R.F.Casten, Phys. Rev. C 84, 064320 (2011).
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Theoretical Interpretation

Shell Model
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Predicted p? (x10%) from Shell Model

J.L. Wood, Nucl. Phys. A 651, 323 (1999).

Beta Vibration
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P.E. Garrett, J. Phys. G: Nucl. Part. Phys. 27, R1 (2001).
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m,c_’ - ® Shell Model = 20%
Z10° O Bvib. = 20%
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@TRIUMF ) K.Heyde et al.,
Particle-Hole | AN veq PRC 25, 3160 (1982)
Excitations — N\
1.7 Effect of attractive
o g L proton-neutron
T 4p - 4h A I residual interaction
LU § 3
ol s N\
20903090 g|° |- O\
L : Nt .
O : =+ | State mixing
e T Z
CD 2 »
2p = 2h o= 03 005 0 % §;°o'_

pn interaction strength

Unperturbed Wavefunctions — Mixing — Mixed Wavefunctions

- El, &I
E1, Y1 y
’ AE
E2, w2 1 .-
State Where: o + %> =1 ’

The amount of mixing depends on the mixing amplitude and
the initial separation energy of the states (AE)
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Co-Existing Nuclear Shapes

Energy (MeV)
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Figure from A.N. Andreyey, et al., Nature 405, 430 (2000).
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Letter to Nature, May 2000
“Atriplet of differently shaped
spin-zero states in the atomic
nucleus 186Pb”

186Ph: 7=82, N=104

Recent review by Heyde and
Wood, Reviews of Modern
Physics 83, 1467 (2011)

Review notes severe lack of
experimental data:

-particle transfer

-mean square charge radii
-B(E2), <Q?*>

-E0 strengths
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EO Transition Strengths

Recall that:
Oy = a4+ Wy
(I)Q — —,8\1/1 + CY\I!Q

where: o? + 2 =1

For a transition between these states

the EO strength, p;; = <‘1’1|me(£720)|‘1>2>

where e = electric charge
1
and R =1.2A3 fm and

(P1|m(E0)|Pg) ~ aBA(r?) Therefore the EO strength is
directly proportional to the
difference in deformation and
the amount of mixing
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Measured B(E2) values

Measured B(E2 : o; — 2]) [W.u.] values
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Raman et al., Data Nucl. Data
Tables, 78 (2001)

Pritychenko et al., arXiv:1312.5975 [nucl-th]
(Dec 2014)
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Measured p? values

Measured B(E2 : 0; — 2]) [W.u.] values
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Measuring p? values

p? from branching ratio and
< w,(E2). parent state partial decay constant
of E2 gamma ray

Ok (E2)
Qk (EO)

p*(E0) = g3 (E0/E2) x

g+ (E0/E2) = jK(EO) g? found from ICE spectroscopy
x(E2)
¢>(E0/E2) = I3~ 0.(E0) * % (ED) or from IPF spectroscopy

W, (E2) can be found from Coulex or
from direct lifetime measurement
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Present Knowledge of EO strengths

Kibédi and Spear, Atomic. Data and Nucl. Data Tables 89, 77 (2005).

87 p?values of first excited 0* to GS 0* known
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Present Knowledge of EO strengths

Kibédi and Spear, Atomic. Data and Nucl. Data Tables 89, 77 (2005).

87 p?values of first excited 0* to GS 0* known
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R TRIUMF

Present Knowledge of EO strengths

Kibédi and Spear, Atomic. Data and Nucl. Data Tables 89, 77 (2005).

87 p?values of first excited 0* to GS 0* known
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Present Knowledge of EO strengths

Kibédi and Spear, Atomic. Data and Nucl. Data Tables 89, 77 (2005).

40 p? values of first excited 0* to GS 0* known with 10ps < T,,, < 10ns
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Present Knowledge of EO strengths

Kibédi and Spear, Atomic. Data and Nucl. Data Tables 89, 77 (2005).

87 p?values of first excited 0* to GS 0* known
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Half-life required to determine EO strengths

Kibédi and Spear, Atomic. Data and Nucl. Data Tables 89, 77 (2005).

59 g2 values known but no T, , of first excited 0* to GS 0* known

:C_’Nmz = But, 8 new T,, since 2005 review !
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Half-life required to determine EO strengths

Kibédi and Spear, Atomic. Data and Nucl. Data Tables 89, 77 (2005).

51 g2 values known but no T,, of first excited 0* to GS 0* known

J:C_’Nmz? Please measure these cases! ?
NO - 19 ®
O B ®
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Half-life required to determine EO strengths

Kibédi and Spear,

Atomic. Data and Nucl. Data Tables 89, 77 (2005).

51 g2 values known but no T, , of first

excited 0" to GS 0* known

Please measure these half lives!

Table 1: Medium-mass and Rare-earth region.

Table 2: Transitional metals to Actinides.

2

Nucleus Energy 05 (keV) Energy 0 — 2] (keV) q
887148 1521.4 464.37 0.09 (0.02)
106Ru62 990.62 720.55 0.017 (0.007)
2Pdgg 890.4 541.61 0.08 (0.05)
110Cdg, 1473.07 815.308 0.21 (0.03)
$20Tegq 1103.1 542.662 0.32 (0.08)
$22Teqg 1357.4 793.307 0.125 (0.012)
18X egy 830.36 493.04 0.58 (0.15)
L21g, 808 668.09 1.4 (0.7)
13Bayg 1760.56 1155.83 19 (2)
136Bag, 1578.99 760.493 2.6 (0.6)
138Cegp 1476.93 688.186 6.5 (0.8)
$30Gdss 1207.1 569 0.92 (0.2)
apg 660.55 326.21 2.2 (0.4)
136D veo 675.6 537.83 3 (2)
leopy 1279.94 1193.15 2.2 (0.8)
ey 1400.26 1319.6 0.31 (0.02)
18y 806.38 614.23 1.5 (0.3)
e 2Ergq 1087.16 985.12 4.4 (1.5)
$84Ergq 1246.04 1154.66 2.5 (0.4)
0¥ D100 1069.35 985.095 0.059 (0.02)

Nucleus Energy 0; (keV) Energy 0; — 27 (keV) ¢
" Hf100 871.3 776.08 3.9 (0.4)
114 Hf 0 828.13 737.145 3.1(1.2)
175Hf04 1149.94 1061.59 2.2 (0.3)
VS Hf, 06 1199.38 1106.2 3.02 (0.13)
172\ e 761.6 638.4 3.6 (1.1)
1M Wig0 792.2 679.2 2.1 (0.7)
I6W 05 843.3 735 2.5 (0.7)
182 0 1135.82 1035.71 1.8 (0.7)
1720846 758.27 530.5 8.3 (2.5)
174Osgg 545.3 386.7 5.3 (0.9)
1760100 601.2 466.1 3.7 (0.5)
11805102 650.4 518 4(1)
190504 736.3 604.19 3 (0.5)
180py, 478.13 324.92 9.8 (0.8)
182p 0 499.5 344.9 4.6 (1)
18Py o 491.78 328.8 3.5 (0.4)
186Dt g 471.51 279.98 6.3 (2.1)
188Pt110 798.76 533.13 1.92 (0.06)
190py, |, 920.86 625.06 1.45 (0.17)
192p |, 1195.17 878.663 2.81 (0.2)
i He o 1278.6 862.28 3.7 (1.9)
s Hg s 1401.52 989.717 2.2 (0.6)
200Hg o 1029.34 661.401 0.011 (0.004)
1°Po126 2608.58 1427.18 2.6 (1.3)
28T ¢ 831.8 774.041 30 (16)
232U140 691.2 643.628 38 (7)
238Dy, 40 941.5 897.42 90 (30)
20Puy46 860.7 817.876 7 (3)
21Cmy4s 984.9 941.935 210 (70)
54 Cmaso 1174.7 1131.85 920 (30)
2500, 1154.3 1111.58 32 (5)
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Half-life required to determine EO strengths

Kibédi and Spear, Atomic. Data and Nucl. Data Tables 89, 77 (2005).

51 g2 values known but no T,, of first excited 0* to GS 0* known

- Please measure these cases!
| Predicted half-life for 1 < p2 <300 x103

Predicted T, of 0, (ps)
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Half-life required to determine EO strengths

Kibédi and Spear, Atomic. Data and Nucl. Data Tables 89, 77 (2005).

51 g2 values known but no T,, of first excited 0* to GS 0* known
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1ot letredicted half-life for 1 < p? <300 x10°
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R TRIUMF
Summary

« \We do not have a universal and consistent
description of 0* states in nuclei.

« EO transition strengths are a sensitive probe of
nuclear structure. More data is required to properly
map the systematic behavior.

« Half life measurements are an essential ingredient
for determining p#

* 51 cases with electron work already completed.



Canada’s national laboratory for particle and nuclear physics
Laboratoire national canadien pour la recherche en physique nucléaire
et en physique des particules

TRIUMF: Alberta | British Columbia |
Calgary | Carleton | Guelph | Manitoba |
McGill | McMaster | Montréal | Northern
British Columbia | Queen’s | Regina |

Saint Mary’s | Simon Fraser | Toronto |
Victoria | Western | Winnipeg | York
|
BRITISH
M |

@@ COLUMBIA

The Best Place on Earth

Canada Foundation for Innovation
Fondation canadienne pour llnnovation

I * Western Di i 1 de I
y Diversification Canada  de I'Ouest Canad

I*I Natura Resources Ressources naturelles
Canada Canada

CINP R
@ concrtomo asl
d icpn w
. imagination at work . lege
7 1\ @& nordion
~—e

frf(’ingo:;l'npcmngelinlion LAWSO

A

Positron Emission Tomography Imaging = » © . pusisas
‘ o Rewearch lastitase
THE UNIVERSITY OF BRITISH COLUMBIA

Owned and operated as a joint venture by a consortium of Canadian universities via a contribution through the National Research Council Canada

Propriété d’'un consortium d’universités canadiennes, géré en co-entreprise a partir d’'une contribution administrée par le Conseil national de recherches Canada



R TRIUMF

Medium-Mass Systematics

2] Energy in medium-mass Nuclei O;' Energy in medium-mass Nuclei
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Rare-Earth Systematics

2] Energy in Rare-Earth Nuclei O;' Energy in Rare-Earth Nuclei
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R TRIUMF

Rare-Earth Systematics

2] Energy in Rare-Earth Nuclei O;' Energy in Rare-Earth Nuclei
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: Table 1: Tj/, of 05 state is known. A ¢° measurement will yield a p? value.
S TRIUMF
Nucleus Energy 05 (keV) Energy 27 (keV) T1/2 (ps)
2Ner, 6234.3 1274.58 0.24 (0.08)
D 2Ne 4766.5 1981.6 1.6 (0.9)
Kibédi and Spear, E\ig,, 3862.15 1473.54 0.55 (0.07
Atomic. Data and Nucl. Data Tables 89, 77 (2005). ingiz 1788.2 1482.8 3900 ((4003
: 2684, 3336.4 1797.3 1.39 (0.49
41 T,,, values known but no g2 of first B 408 oare 03 010
: + + 3880 3346 3290.9 8800 (200)
excited 0" to GS 0* known 443, 1365 1315 2.619¢-+06 (26000)
0Ary, 2120.8 1460.85 90 (28)
46Ty, 2611 889.286 0.076 (0.021)
18y 2097.22 983.539 0.078 (0.009)
Electron spectroscopy can measure BT 386279 1553.78 0.5 (0.23)
54 Cry 2829.62 834.855 0.15 (0.06
these cases. B ooais 68 ods (0L
BGeys 1546.6 619.36 25 (11)
. . T8Sey 1498.6 613.727 45 (8)
» L Sess 1478.82 666.27 114 (1.7)
£ 10 = 5‘58% 1410.3 654.75 30 (30)
+o F B K1 1837.3 881.615 25 (10)
o I 8281, 1310.89 573.54 1750 (1750)
w 107 881, 3156.19 1836.09 1.5 (0.6)
~ 96154 1229.28 814.93 115 (12)
= 14 96Mos, 1148.13 778.237 61 (8)
— 10°F o ° %Rus, 2148.78 832.56 0.46 (0.63)
- S 116Cds 1282.56 513.49 65 (4)
103 = 18G4, 1285.61 487.77 9.7 (1.4)
= ° 120Cdy, 1388.9 505.94 6.5 (6.5)
- l 120X e 908.7 322,61 3.1 (3.1)
10% & ® e o 2B, 1535.53 359.596 9 (7)
= i 1B 1020.03 199.326 13 (13)
- $7¢ i 8 120y, 2031.01 641.282 0.17 (0.15)
10 ¢ 14N dg, 2084.68 696.561 0.13 (0.08)
= o| 8 T 8N d g 916.93 301.705 4.4 (0.3)
B T é ¢ ' 130N dgg 675.9 130.21 5.7 (0.3)
e 1 e 1348m,, 1099.26 81.981 0.9 (0.21)
- 8 ¢ ¢ 138G dy, 1196.16 79.5128 3.8 (2.5)
10 L T 1900g) 4 911.78 186.718 15 (3)
E * 1920816 956.54 205.794 10.3 (1.1)
e v b b b b P B L Lovoo Loy L] éSGngG 523 405.33 26 (26)
10 20 30 40 50 60 70 80 90  [Pbygs 658 773.9 110 (110)

7 _iPou 1271.6 686.526 465 (20)




