Shape Coexistence in the proton unbound
177Au

Fuad Arif Ali
University of Guelph
Permanent address: College of Education, Department of Physics, University of
Sulaimani, KRG-Iraq.

2017 CAP Congress, May 29 - June 2, Queen's University, Kingston, ON

f O
NSERC & Science & Technology /
CRSNG @ Facilities Council . I

’&'d UNIVERSITY OF SAF ?
<Y
(s LIVERPOOL - JYVASKYLAN YLIOPISTO
I UNIVERSITY OF JYVASKYLA




> Introduction
» Laboratory Overview
- Experimental Set-up ( JUROGAMII -RITU - GREAT)
» Recoil-Decay-Tagging Technique
» Data Analysis of *’Au

» Conclusion




Introduction:

» ~3000 unique ensembles of (p,n).

» Structure of exotic nuclei at the extremes of the nuclear landscape.
> Relative locations of single-particle orbitals near
the drip line through the study of single-proton excitations

through the phenomenon of shape coexistence in *’Au.
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Shapes in A!\u,Hg, Pb, Po nuclei
(Liverpool, Jyvaskyla, ...etc)
Evolution of the nuclear structure from
highly deformed to near-spherical shapes.
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Introduction:

I
~ Shape coexistence refers to the phenomenon where two or more nuclear shapes that are based

on different underlying configurations lie at very similar (usually low) excitation energies.

> Coexisting structures are sensitive to the interplay between the stabilizing presence of shell gaps
and the deformation driving tendencies of residual interactions between single-particle orbitals.

> An intuitive interpretation of shape coexistence arises from

Bt

the consideration of specific configurations based on multiple { W
particle-hole (mp-nh) excitations across closed shells, which N
provide the basis for low-lying collective bands.

- Spherical, oblate and prolate minima are indicated in ***Pb.

J. L. Wood et al., Phys. Rev. C 14, 682 (1976). ; B,cos(y+30) (2)




Introduction:
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~ Most extensively characterized regions of low-energy

shape coexistence.

- An odd-proton aboutthe s, d_ and h _ orbitals

below the shell gap and the h_, f _and i _ intruder

states above it.

> Search for collective bands associated with
- h,_and f intruder configurations

- s__,d__and h___proton hole structures.
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Proton-Hole and Proton-Particle configurations:
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closed shell is approached.
> Gap is sufficiently narrow C>coexisting
configurations to be built on proton
excitations across the closed shell.
> 1p-4h can be formed.

(4)



Laboratory Overview (Experimental set up)



Laboratory Overview:

University of Jyvaskyla, Finland




Experimental setup sketch:

lon Beam direction

GREAT RITU JUROGAM II
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Experimental Setup: 8Sr+°2Mo=18Hg* (at 378 MeV.):

RITU (Recoil lon Transport Unit) Peectorchomber

| \

Q3

Target Chamber Helium Gas (~1mbar)

O Tm (6)
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Experimental Setup: 8Sr+°2Mo=18Hg* (at 378 MeV.):

RITU (Recoil lon Transport Unit) Peectorchomber
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Experimental Setup: 8Sr+°2Mo=18Hg* (at 378 MeV.):

RITU (RECO'I Ion Transport Unlt) Deh?c.tcrr(?hmnber
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Experimental Setup: 8Sr+°2Mo=18Hg* (at 378 MeV.):
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Experimental Setup: 8Sr+°2Mo=18Hg* (at 378 MeV.):

RITU (Recoil lon Transport Unit) Peectorchomber
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Experimental Setup: 8Sr+°2Mo=18Hg* (at 378 MeV.):

RITU (Recoil lon Transport Unit) Peectorchomber
[ Transmission Efficiency: ~40% ] \
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Experimental Setup: 38Sr+°2Mo=18Hg* (at 378 MeV.)




The JUROGAMII and DSSSD:

Double Sided Silicon Strip Detector
(DSSD)

Measures energies of charged
particles (recoils, alphas, electrons
and protons).

40 vertical strips.

2 sides of 60 horizontal strips.
4800 pixels in the detector.

Compton suppressed hyper-pure
germanium detector array
JUROGAM II

Sensitive to photons in the region:
S0keV < E, < 2MeV.

24 segmented CLOVER detectors.
10 PHASE | detectors.

(7)




GREAT Spectrometer:

The planar germanium detector is
located ~1cm behind the DSSD and a
0.5mm thick Be entrance window.

Sensitive to photons in the region:
10keV < E, < 400keV, and up to several

MeV for electrons.

12 vertical strips.

24 horizontal strips.

288 pixels in the detector.

Crystal size:
130 mm x 70 mm X 15 mm

o sl E (i =P T
. - (1)
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Recoil Decay Tagging Technique (RDT)



Recoil Decay Tagging Technique:

| ~ Correlating of prompt gamma-rays at the

discrimination.

U RITU gas-filled recoil separator target position with recoil and their
\\ D subsequent alpha decay at the focal plane.
bear ] Distinguish between recoil and scattered
O beam implantation in the DSSD.
/_\ Qf Z number and velocity ensure this
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Recoil Decay Tagging Technique:

| ~ Correlating of prompt gamma-rays at the

U RITU gas-filled recoil separator target position with recoil and their
\\ D subsequent alpha decay at the focal plane.
bear -] Q2 - Distinguish between recoil and scattered
O/_\ 3 ' Sistipdetectr 0€@M implantation in the DSSD.
Qf / olanar Z number and velocity ensure this

Ge discrimination.
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In-Beam gamma-ray Spectroscopy of '"’Au

-~ "Au and recoils from other reaction
channels. y-rays in coincidence with any
recoil.

x103
o

- y-rays by recoil followed by a characteristic
alpha decays of *"’Au. The transition are
belong to *"Au only.
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339
410

339

(d) 257 keV
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f
= 160
é{i 90 -
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410

~ Gamma-gating: y-rays observed in that band
which are coincidence with 257keV.

| o | 0 100 200 300 400 500 600 700 800
Recoil-decay tagged y-vy coincidence matrices allows to establish the E (keV)
Y

(10)

relationships between y rays populated in the de-excitation process.




Experimental Results and its Interpretations



What previously known on *’’Au:

A\

7 Au was first observed by Siivola who identified the 6115 keV o decay from the
11/2 - state. at Berkeley in 1968

(57/2%) 6158.3
(714.0) » First insight into the higher-spin excited states, (GAMMASPHERE).
(5372 %) 5444.3
183 181
» o decay spectroscopy of Tl and =TI,
691.0
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m
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F.G. Kondev et al; Phys. Lett. B, 268 (2001) A. N. Andreyev, et al; PhyRev C 80, 024302 (2009) (171)
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The a-decaying states in '’’Au:

I
~ A precise measurement on T_1/2 and Energy of the alpha decaying:

~ O particles that are observed up to 3900 ms after a recoil implantation in same DSSD pixel.

The centroids of a decays are distinct, however

peak shapes overlap: 000 .

(a) Total

Leads to an effect on half-lives measurement . 400

- To suppress the background arising from m;m i
correlation with overlapping decay. = N
- Exclusive gamma-ray feeds used. % 6
.. 4 [
Some level of suppression is apparent <+ 4t
b L
- Unique gamma-ray to a specific nucleus. 8. »l
_‘Eﬁ L
S 0
@ 300 2 (c) 203 keV
O £

250
200
150
100

50

)
;”BHg
é mHg

$500 5400 5600 5800 6000 6200 6400 6600 6800
Decay Particle Energy (keV) (12)



The a-decaying states in '’’Au:

3
450 10 @ "Au
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Deduced level scheme:
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Accepted for publication:
F. A. Ali at al. In preparation M. Venhart, F. A. Ali at al. Phys Rev. C

> Matrices tagged on the a decays from the 1/2 + and 11/2 — states contained a total of

2.0 x 105 and 6.3 x 10" 5 a (*"’Au)-tagged y — y events, respectively. (14)
DT



Assignment of Band 1



Band 1 - The i

A\

. intruder band:

200

257

Band head had decay paths to both a decaying states

150 F

339

are reordered.

100

50

The first excited state is fixed to be 3/2+ at an
excitation energy of 25(1) keV.

(a) '""9Au 160 keV

Counts

257

300

consistent with A. Andreyev et al and M. Venhart et al.

339

200

but with a greater precision.

100

No discrete linking transitions connect the 13/2 + state

177m

(b) Au 160 keV
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Band 1 - The i 13

. intruder band:

Band 1
Xx+756 (25/27)
y/,
/4 339 177
x+417 * (21/2*) Au
257
x+160 (17/2%)
o 1@0 (13/2%)
743 & (9124 749 T (1/27) 750 (13/2)
319 290
a, 493 430 | v (92
290 (5/2%) 241
04 , | I 189 v 11/2~
264 290
_a> 0 25 ¥ B2%) (1/2+)

100

X (13/2%) ,,’

80T

290

60T

Counts

401

20T

0O 10 20 30 40 50 60 70 80 90 100
Transition Energy (keV)

L ayny
1+ Qf

N counts

~ constrain the 13/2 + excitation energy to be no more than 40 keV above the 749 keV (11/2 -) level.

» dominance of the internal conversion process for low-energy transitions in this heavy nucleus.

(16)




The systematic trend in 7__

- A parabolic dependence on the neutron number.

- Alower deformation resulting in a higher excitation energy of the / _ intruder configuration.

- Thus itis likely that the / _  intruder parabola reaches a minimum at N = 98.

3.

1200

- . 1000 S— — _
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1000 - 1001 900 |
I 3 380 -
= 900 - - 800 T s
© 800 ’ % 700 |
< I 689 — 368 37 378
> 700 889 - i —v
9 I R = 600 339 354 _v 21/2+
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c - 529 c 500+ )
© 500 J o _ 322 IR TR S
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O 400+ 388 S 400
= I 370 = 287
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Neutron number N Neutron number N (17)



Assignment of Band 2 & Band 3



intruder band:

I
- 3 decay path to decay paths to the 11/2 — isomer and no discrete transition decay path to ground

Band 2 - The f72

state.
- Intensity of 271 keV compare to 262 keV, a short lived nano second isomer.
» Decay to the ground state is not fully identified although a 364 keV transition.

~ 364 keV transition places some constraints on the various scenarios.

40

(a) '""°Au 324 keV Band 2
30} g
177 1409 (19/27)
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g \
=
5 1] 344 382
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40 2 N 290 y (5/27) 71 241
3 189 Y ¥ 1/2”
20r 2 290 264 364
0 o, 0 v (3/2%) (1/2+)

7500 600 700 800 900

E, (keV)

0 100 200

71000
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Band 3 - The hgz intruder band:

I
> Included in the NNDC data tables, but there are no further details published in the literature.

- Decay paths to the negative-parity 11/2 — isomer via 241 keV exclusively. Band 3

- Intensity of 241 keV compare to 290 keV, a short lived nano-second isomer. Supported .., . (37/29)

{

in a commissioning Experiment using SAGE y-ray - conversion electron coincidence
588

spectrometer. (IC. Electron) 3127 ¢ (33/20)

> Anomalous conversion coefficient revealed for 9/2- state.
280 568

B 383 keV
2401 (2) 383 ke 2560 y (29/27)
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4335
1103 ¥ (17/27)

80

3
720 (13727)
290

=

430

0 100 200 300 400 500 600 700 800 900 1000 11/2- 241

EY (keV)

9/2~
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Systematic trends Band 2 and Band 3:

>

>

Excitation energy 459 keV, Band 2, fit with a parabolic trend established for mixed ri(f, ®h_,)

configuration.

Passing the minimum at N=100.

- The trend reveals that the energy difference of the ri(f, ) and ri(h, ) single-particle states are closest

Excitation energy (keV)

in energy in *°Au and the ni(th, ) is always lower in excitation energy across the isotopic chain.

Band 3, is assigned as the r(h_ ) intruder configuration based on the 1/2-[541] Nilsson orbital. And to

be a collective band with a prolate shape.
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The kinematic moment of inertia:

-~ Information on the degree of deformation. (a)
60 1

- Pb and Po to compare the bands in *""Au. o BaN%S
. —~ \2
> Bands can be considered as a proton or hole coupled <~ 407 + ™Ppp PO

o 1®pp
1 as
201 192 Po O‘O\ ate pan

|

to '"°Pt or *"®Hg cores.

calculations.

~ Both cores, have oblate ground states that are v 9Py
. D 3 y
crossed by a prolate band at low spin. The core )
configurations are prolate at spins | > 6. 01, ®pp o "Hg
- prolate deformation of the the cores is predicted to 401 © “Pb * Pt
v 192
be B 2 ~ 0.25 from potential energy surface Po
201 V 194Po
0 + t }

- Band 1 has a highest moment of inertia ->well
deformed prolate shape.

1001
(c)

801 o ﬁaHg

6071 = Band 1

cores. And consistent with prolate shape. 40+ ® Band 2

o Band 3

° 1?6Pt

Vo 01 0.2 0.3 0.4
Rotational Frequency (MeV) (21)
DTSSR

- Band 2 & 3, are very similar to the moments of the

Kinematic Moment of Inertia (ﬁ2 MeV

201




Band 4 Strongly Coupled Band (s.c.b.):

I
~ Included in the NNDC. data tables, no further details published in the literature.

- 521keV transition that connects the lowest energy level observed in the strongly coupled band
(Ex.=710keV) with the 11/2- a- emitting isomer.

- A state at an excitation energy 713keV, which decays directly to the 11/2- isomer through a 524keV

ray.
y ray Band 4
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Band 4 Strongly Coupled Band (s.c.b.):

>

Heavier Au isotopes -> either a few interconnected sates
or the band appear as a floating band.

A well developed s.c.b were firmly placed in the level
scheme -> Unique observation in N- deficient -> probe
shape coexistence and elucidate information on the
underlying core.

From both BOML:I — I —1)/B(E2I — I — 2)ratios and 7 (1)

Band 4 assigned to be a proton-hole configuration

(rth . and has a prolate shape respectively.

-1
11/2)
The 11/2 - a- decaying isomer is interpreted as continuing

the trend of a th__ _hole coupled to the “"*Hg core. Hg

cores are oblate in their g.s. and at low spin. Thus the
11/2- isomer is likely to be an oblate configuration.

Should also couple to the excitations of the *"®*Hg core

such as the oblate 2° state and the 0", prolate intruder
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Conclusions:

>

Gamma-ray spectroscopy using RDT experiment at JYFL allowed us to extract information on the
single particle structure of 1"7Au.

A precise measurement of the half-life and Energy of the alpha- decaying states in *"’Au were
achieved.

The level scheme is extended greatly and the relative energy of nuclear states (and the shape
associated with them) were determined.

Two Nano-second ismoreic states are observed based on the intensity balance in this work.

Excited states formed by coupling the odd rth™  proton hole to excitations of the *“Hg core have

been identified.

Further studies of this type may provide evidence of the attribution of the intruder states (e.g. Tl)
and improve our understanding of nuclear shape coexistence.

Provides some encouragement for future experiments aimed at identifying new structures in other

odd-Z nuclei near the proton drip line. (24)
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(Age " + ) f(1),

The function f (t) is deduced from the time difference between successive recoil implantations that are
followed by an a particle within the same DSSD pixel and was obtained by fitting a sum of four
exponential functions, which is normalized
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Data Acquisition System (TDR):

LM sz
- Eliminate the problem of common 711\

JUROGAM MWPC  PINs DSSD  Planar cjovers

dead time from the composite | | 3 1 3 8 1

detection system.
Shaping amplifiers + CFDs

-~ signal is time stamped with |

reference to a SyStem wide clock Metronome ™ vX] time stamping ADCs (12x32 channels in, 12 links out) - Data storage
to a precision of 10ns. And | B BEE B0 B © ’

VXI time stamping ADCs (12x32 channels in, 12 links out)

38 48 48 88 8

Data Buffering, collection and merging
triggering. 1
> event builder constructs the Event builder

gy gy

Data storage

constructed in the software rather
than by conventional hardware

events for storage.

GRAIN software package used to analysis the data...

(9)
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Recoil-alpha correlation in *"’Au:

450

400 -

> Matrices tagged on the a decays from the 1/2 + and
11/2 - states contained a total of 2.0 x 10°"5 and

250
200 | 6.3 x 10" 5 a (*"’Au)-tagged y — y events, respectively.

150

Counts per 4 keV x 10°

100

- Gamma-rays originating from other structure in *"’Au.

50

0 I I Fiii sl
5800 5900 6000 6100 6200 6300

Enerey a (keV)
8000 —
[Tel
g T (a) """9Au (6153 keV)
6000 T v o
& 3
> 4000 -
) = + B
- o Tas
— 2000 ol @ 3o
o« & Q N o

o R NI
o 15008 1 N 1 N 1 N 1 N 1 e ~yer
e
= (b) """Au (6118 keV)
O
O

10000

5000

0 I~ —
© No@ 5

300 400 500 600 700 800 900 1000

Energy v (keV) (15)




B(M1)/B(E2) [(it,/eb)’]

o
I
1

(@)
]
1

N
l

N
I
)

g 10 12
Initial Spin (%)

14

16



60T

n
o

]
o

(a)

o 178Hg
.0 1?7Au

® 175Pt

Kinematic Moment of Inertia (7‘1‘2 MeV_l)

(b) | | I177 AU

100 ¢
801
j 'Dﬁ
40+ * Band 1
= Band 2
20T o Band 3
+ o Band 4
00.0 0?1 0?2 0?3

Rotational Frequency (MeV)

0.4



Band 1

- Decay paths from the i _  intruder to the ground state have not been established completely across

372

the range of isotopes.

Band 2 Band 3
> Absence of a decay path to g.s -> parity-changing transition of higher multipolarity from the 9/2 -

band head is required, unlikely to be competitive.



Shape associated in the deduced level scheme:
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