INDIAN INSTITUTE OF TECHNOLOGY ROORKEE

Nuclear Isomers: What we learn from Tin to Tin

Ashok Kumar Jain
Bhoomika Maheshwari

Department of Physics




Outline

* Nuclear Isomers

* The longest chain of Sn isotopes from 100Sn to 138Sn
iIncluding two doubly magic nuclei

« Beautiful concepts of Seniority and Generalized Seniority

* A new kind of odd-tensor Seniority Isomers, and a new set of
selection rules

« Application to medium mass '%Sn to heavy mass 132Sn
« Application to Sn isotopes beyond 132Sn

 What we learn and conclude from Sn to Sn

* Future possibilities
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Chart of Nuclear Isomers

* Longer lived excited states due to hindered decays
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“Atlas of Nuclear Isomers”, A. Kc.).lain, B. Maheshwari, S. Garg, M. Patial and B. Singh,
Nuclear Data Sheets, 128 (2015) 1-130. IITROORKEE HEHE



hy,/,: 11/27, 10* and 27/2” isomers

Are they seniority isomers ??
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Why Sn isotopes?

« The longest chain of isotopes in the nuclear chart
« From '%8n to 132Sn, and beyond up to 38Sn

* To explore the complex nuclear structure near the doubly
magic numbers

« Auseful set of data to study various systematics, like B(E2)
and B(E3) values.

« Emergence of new type of seniority isomers which decay by
E1, E3 transitions

« To test the realistic effective interactions
« Estimation of single particle states in the neutron-rich region
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What is Seniority ?

« Seniority quantum number (v)= No. of unpaired nucleons

* Leads to a particle number independent energy across a set
of isotopes/isotones for a given state

« Leads to a constant energy gap for Av=0 or, 2 set of states

* Already proved that any interaction between identical
fermions in single-/ shell conserves seniority if j < 7/2.

PHYSICAL REVIEW VOILUMIE 63, NUMEBERSE 9 ANID 10 MAY 1 AND 15, 19243

Theory of Complex Spectra. III

Gt Racan
The Hebrew Universily, Jerusalem, Polestine

{Received February 8, 1943)

The consideration of the phases of the fractional-parentage coefficients allows the extension
of the matrix methods to configurations with more than two equivalent electrons. Tables are
given for the parentages of the terms of p* and 47 Applications are made to the spin-orbit
interaction of the d* terms and to the elecirostatic interaction between the configurations J°,
%1z, and @+ %% Errata in Part 11 are indicated.



Empirical evidences of good seniority

E(MeV)
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Z=50 isotopes

gd7/2> dg;2

10+ v=4

Empirical features persist even though j is as high as 11/2.
Features of Seniority hold even with configuration mixing.
The concept of Generalized Seniority is needed.
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Single-j: Quasi-spin scheme (The theoretical
framework)

« The pair creation operator

-=—Z( y™a,a;_,

« Therefore, the pair annihilation operator
_ 1 —m
5 :EZ(_I)] Qimj-m
« Also, we define

2j+1
':_Z ajm Jm 4

* Ej o= 2s(s+1)- 72 (Q-n) (Q+2-n) = 12 (n-v) (2Q+2-n-v)
where s = /5 (Q-v), S =4 (n- Q), and Q=72 (2j+1)
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Decay properties in Seniority scheme (Single-j) (' ©

[”’f 2: QLY(L)(Hu¢iHJij

For L even, k=0 component of quasi-spin vector
For Av=0, seniority conserving transitions

<j"vlJf > Y 0,4) j"vz'Jl->= (§:Z}<Wf

For Av=2, seniority changing transitions

The reduced transition probability
2

1

BIEL) ="

> rﬁY“)(H,.,qﬁi)‘

jvvl'Ji>

: n —v+2)2Q+2—n—v) | . Y —

I SO @) s b= [PV WIS HEYO@ ) v F2 0,

<J f Zl ( l,¢l) J z> \/ 2(2,(24—2—2\/) J f Zz ( l,¢l) J i

For L odd, quasi-spin scalar, only Av=0

<j”vljf Z riLY(L)(Hi,¢i) jnv 'l 'Ji> = <ijlJf Z riLY(L)(Hi,¢i)‘ jvv 'l 'Ji>5v,v'

1
Here pair degeneracy Q) = — (2 +1)
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Decay properties in single-j seniority scheme

o i Even L
5 gl Y \ Av=2 /
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2 27 / Even L
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As expected: E2, seniority(v) isomers

« 107, v=2 (h;;,,) in even-even Sn-isotopes
« 27/2,v=3 (h;;,,) in even-odd Sn-isotopes

* Qualitatively understood 1n terms of seniority 1somers, as expected

from the single-j scheme. However, no quantitative results were
available so far.

V"B{EZ, 10+ = 8)e fm?

i t
i o =

0514 /B(E2,27/2- = 23/2")e fm?

Fig. taken from: Iskra et al., Acta Physica
116 118 120 122 124 126 123 130 Polonica B, 46 (2015) 651.

Sn Isotopes
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Multi-j: quasi-spin scheme
l. Talmi, Simple Models of Complex Nuclei. (Harwood, 1993).

» For multi-j shell, we define S*=3) S*

 The commutation between pair creation operator S* and
single-nucleon Hermitian tensor 7'*, can be written as

[S*, T ] = \/zziﬁ S+ 0 (] i)(ar < a; )
J<Jj'

« x is the component of tensor with rank «.
* a;" is the creation operator for particle in j-orbit.

 Therefore,
— For k odd, the tensor =>» quasi-spin scalar.

— For k even, the tensor — K =0 component of the quasi-spin vector.
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For many orbitals with different j

* The pair creation operator now becomes,
S7=2 (-1"S;

J
where /; denotes the orbital angular momentum of the j-orbit.
Green and Moszkowski, Phys. Rev. 139, 790 (1965).

* The new selection rules:

— The phase factor (— 1)* modifies as (1) /"%, therefore,
* For [+I’+k odd, T ® tensor is a quasi-spin scalar.

* For [+I’+k even, T ® tensor is a K=0 component of the quasi-spin
vector.
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Electric/ magnetic multipole transitions

« [+]’+L always remains even, for any L value (odd or even) in
electric transitions.
— [and !’ control the parity of the initial and final states of the transition.
— L specifies the nature of the transition.
— For L odd, /+]’= odd.
— For L even, [+]’= even.

« Hence, we conclude that Electric transitions, for both the odd

and even L, now behave as the K=0 component of the quasi-
spin vector.

« The magnetic transitions, on the other hand, for both even and
odd L, behave as quasi-spin scalar due to I+1’+L =odd.
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Seniority isomerism in single-j and multi-j shell:{ © |

« Single-j : Only even tensor electric transitions between the
same seniority states can have a minimum in the middle of
their transition probabilities.-> Since parity change is not
possible in single-j case, therefore, only E2 transitions
correspond to seniority isomerism.

« Multi-] : Electric transition probabilities now have a dip in the
middle irrespective of the nature of the involved tensor (even
or odd) between the same seniority states. - One can
expect seniority isomers in all E1, E2, ES,.... transitions
depending upon the initial and final states.
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A new kind of seniority isomers

 We show for the first time the occurrence of seniority isomers, which
decay by odd-tensor transitions to the same seniority states.

* In our recent paper, we have presented an evidence of odd-tensor E1
decaying generalized seniority isomers.

Phy=ircs Lemxers B 753 (2016) 122-125

Contents lists available at ScienceDirect
PR WATE EFTTRRS B

Physics Letters B

Wi elsevier.com/locate/physietb

Odd tensor electric transitions in high-spin Sn-isomers and
generalized seniority

Bhoomika Maheshwari *, Ashok Kumar Jain

Deporrmenre of Phvsics. fndion Instirure of Technology, Roorkee 247667, ndic

A RTI CLE I N F O A B STRACT
Arciche Riseory: The similar behawvior of the B({E 1) waloes of the recenthy observed 13— odd rensor E1 isomers and the
Received 7 Ocrober 2015 B(EZ2) wvalues of the 10" and 15~ even tensor EZ isomers in the Sn-isotopes has been underswood in

Hecewed in revised form 31 Ocmober 2015
Accepoed 26 Novembser 2015
Available online 8 December 2015

terms of the generalized seniority for mulri- j orbits by using the guasi-spin scheme. This simple approcach
proves o be quite successful in explaining the measured ramsition probabilities and the corresponding

Ediror: |_P. Blaizor hali-lves in the high-spin isomers of the semi-magic Sn-isomopes. Hence, we show for the first timme the
cccurrence of seniority isomers in the 137 Sn-isomers, which decay by odd-rensor E1 transitions o the

Kevwords: sSame Sseniority states.

High-spin isomers & 2015 The Authors. Published by Elsevier BW. This is an open access article under the OC BY license

Sn-isouDpes {hop:ffcrearivecommons.org licenses/by/4.0{/). Funded by SCOAPS.

Ceneralized seniorioy
Odd-rensor E1 rransicions
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Odd-tensor seniority isomers in 120-1265n

« (Odd tensor seniority isomers have been discovered for the
very first time. Here we show the 13- isomers.

« Take ""4Sn as a core by freezing g, and d., orbits.

« The remaining active orbits: 50-82 valence space

— Nyyp, d3pp @nd sy, 87/2 ds/2 h11/2, 3/, and s, orbits
— Possible mixed configurations

N 24 XE-7  y=4 to v=4, E1 decay
J=h,®s,, Q=7 , o
j:hll/Z ®d3/2 Q=8
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] T T T T T 10%*isomers: so far qualitatively explained as

z z hyq,% config.
o0 _'_E’ig 1 We explain them as generalized seniority
] 9;8 1 Isomers, involving config mixing.
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E2 and E1 isomers behave similar to each other. i i
B(E2)s are in e’fm*, and B(E1)s are in e*fm?. s 18 190 122 1oa | 1% 138 130
Exp. Data for 13- and 15- isomers: Phys. Rev. C 89, 044324 (2014); A

for 10+ isomers: Phys. Rev. Lett. 68, 11 (1992), Phys. Rev. C 62, 057305 (2000). |, ROORKEE m 5 ®




Half-life calculations for Sn isomers

10Jrllll""l'l'l'l
10", E2 isomer —

1 Total transition probabilities
T(E1) = 1.587 x 10°E,;® x B(E1) x (1 + a;)
0.1 T(E2) = 1.223 » l{iﬂEﬂf‘ x B(E2) % (1+ o)
(a)3
w7 T —T—T . — Where B(EL) are in units of e*fmt,
3 1157 E2isomer / ] L: multipolarity,
é& Z E, are in MeV,
Ty 1 ] and T(EL) are in second’
. 1 77 =0.693/T(EL) in seconds
(b) 3 _
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Twin parabolas in the B(E2) variation of Sn isotopes

Aorailable online at weww sciencedirect_.com
@ ScienceDirect CLEAR
1
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NMoclear Physics A 952 (2016) 6269
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Asymmetric behavior of the B(E24:; Ot — 27) wvalues
in 1941305, and generalized seniority

Bhoomika Maheshwari %, Ashok Kumar Jain ®, Balraj Singh "

& Deparrierernt of Pirvsics, fndian Iastitere of Technology, Roorkee - 2870057, fndia
B Depariment of Plesics and Astrenomy, MeMaster Dniversity, Hamilien, Cntario-L8S 4M T, Canada

Received 29 March 20016 accepted 10 April 2016
Available online 14 Apnl 2016

Abhstract

Wi present freshly evaluated Bq £24:; 0 — 27 ) valoes across the even—even Sn-isotopes which confirm
the presence of an asymmetric behavior as well as a dip in the middie of the foll valence space. We explain
these features by using the concept of generalized seniority. The dip in the B(E2) values near ''®Sn is
understood in terms of a change in the dominant orbits before and after the mid shell, which also explains
the presence of asymmetric peaks in the B{E2) values. This approach helps in deciding the most active
valence spaces for a given set of isoltopes. and single out the most useful tmuncation scheme for Large Scale
Shell Model (LLSSM) calcalations. The LSSM calculations so guided by generalized seniority are also able
o reproduce the expenmental data on B( £2)t values gquite well.
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- Expected: a single parabolic trend
coming from generalized seniority heo
using full valence space.

« Observed: A minima in the middle of 0.20-
the valence space from recent «
measurements and our evaluation of .
the data. et .

« Reason: The different rates of filling of * i =10 {:gm@)d”@d”@“q”
the orbits involved, in agreement with & o104 /| W12 j=dy, Odyy Bs5, Ohys
Morales et al. [Phys. Lett. B 703, 606- & |/ |~ B o
608 (2011)] = ‘.-' ---f---Qi10, General!zed Sen!or!ty

0.05- -~ (=12, Generalized Seniority

* Our calculations based on Generalized —+-SSM1, & =1.2
seniority, before and after the mid-shell, ' —e- L SSM2. ei=1,0
explain the data very well. 0.00+ ) i

e LSSM calc, guided by generalized L e L AL A e
seniority assigned by us, also explains woTe me W e e e
the trend very well. A

B. Maheshwari, A. K. Jain and B. Singh, Nucl. Phys. A 952, 62 (2016).
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Other configurations do not explain!
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The first excited 3- states in Sn isotopes

Active set of orbitals : g;,,ds, ds/ 815 01
Assumed core: N=58 (g, 1s full.)

| ' | Y | ¥ 1 T | b L ; ! ) ) . )
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m ; 2 2
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DHDE- - -.-- L] .--
| ¥ | T ) T 1 T 1 T ) L 1 v ! ) i

108 110 112 114 116 11?’-‘1 120 122 124 126 128

Experimental data : Kibedi and Spear
Atomic Data and Nucl. Data Tables 80, 35 (2002).
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LSSM calculations

Original -10.6089, -10.2893, -8.7167, -8.6944, -8.8152 MeV
SPE 0g7/2, 1d5/2, 1d3/2, 2s1/2, O0h11/2
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e
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112 114 116 118 120 122 124
A

SN100PN: B. A Brown, N. J. Stone, J. R. Stone, I. S. Towner, and M. Hjorth-Jensen, Phys. Rev. C 71 (2005) 044317.
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Generalized Seniority in n-rich nuclei beyond 132

« We understand the B(E2) properties of n-rich Sn-isomers,
and explain the anomaly at '36Sn in terms of seniority mixing.

PHYSICAL REVIEW C 91, 024321 (2015)

61 isomers in neutron-rich Sn isotopes beyond N = 82 and effective interactions

Bhoomika Maheshwari.” Ashok Kumar Jain, and P. C. Srivastava
Department of Physics, Indian Institute of Technology, Roorkee 247667, India
(Received 20 November 2014; revised manuscript received 5 January 2015; published 23 February 2015)

Recent observation of the 67 seniority isomers and measurements of the B(E2) values in the **'*¥Sn isotopes
lying close to the neutron drip line have raised some questions about the validity of the currently used effective
interactions in the neutron-rich region. Simpson ef al. [Phys. Rev. Lett. 113, 132502 (2014)] had to modify the
diagonal and nondiagonal 1.'}"?1:.2 two-body matrix elements of the V/k interaction by ~1350 keV in their shell
model calculations in order to explain the data of '**Sn. In contrast, we are able to explain the observed energy
levels and the B(E2) values after marginal reduction of the same set of matrix elements by 25 keV in the RCDB
(renormalized CD-Bonn) interaction. The observed mismatch in reproducing the data of '**Sn is due to the
sentority mixing. Further, we do not find it necessary to consider the core excitations, and the RCDB interaction
seems better suited to explain the data beyond N = 82 magic number.
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Simpson et al. PRL 113, 132502 (2014).
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mod: Reduced TBME of f,, by 150 keV
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A small change in TBME & seniority mixing

50 ¥ ) ¥
If the seniority is
T conserved then the BE2
40
should be almost zero
. at the mid-shell, 136Sn.
e
N‘; 30 1 Large nonzero
o On modifying the value = Seniority
TF interaction , BE2 mixing
Yo 20 |- increases — seniority
_:uN_J: mixing increases.
m
10 —a— Exp.
—eo— RCDB \ )
——
REDBNO Active orbital: f,/, orbital
0 [ [ [
134 136 138
A

RCDBMO: modified RCDB by reducing the diagonal and non-diagonal uf7/22 TBME by 25 keV.
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6* seniority isomers beyond 132Sn

B. Maheshwari, A. K. Jain and P. C. Srivastava, Phys. Rev. C 91, 024321 (2015)

Exp. RCDB RCDBMO EXxp. RCDB RCDBMO EXxp. RCDB RCPBMO
6" 1523 %2 1542
—_— ¥
+ N 47 1516 61448
N 6_% 6 1353 (6+ 1344 125 4...16‘,8
— 53 7 —
6" 1047 6' 1255 6 1264 ({8 21295 =A% " Res | T " 4 1 1273
] T 217456 4" 1290¢4 )
36(7) | Fad +| 36.7 . |24c4) - 2 1 41176
4" 4, 41115 41 y1112 (4. Yo7 —F y22.0
1y 1073 1 Xyl 4, 1160 4 1124 o5 179
28.0 1
857 86 71 95 3
* ope 21 774 2" (761 2"y 734 * 2%y 761 | 799
2 726 — ") 688 Y 2" 1699 |(2) 715 —— v
575 63.6 64.6 P o5 186.7 163.3
+ + +
1343n 1368n 138Sn

Exp. Data: Simpson et al. Phys. Rev. Lett. 113, 132502 (2014) S e




Generalized Seniority
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LSSM calculations with new set of SPE

« RCDBN : new set of

Allmond et af. Modified

Phys. Rev. Lett. 112, 172701 (2014)1. - energies
0.390 112 « RCDBNT1 :iy5, shifted as
presented.

f“ . RCDBN2: 25 keV

o e reduction from f,,,2

e AR TBME.

+ RCDBNS3: iy, shifted +

e 2,402 25 keV reduction.
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Level schemes from LSSM results and Exp. data:|

136, 138 138. 134 136 138 134g 136 138c 134 138o 138 a4y 38 138g
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RCDBNS3 results and Generalized Seniority

T . . ' .
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B(E2)s for the 2,* states in 1341385

I L 1 : 1
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What we learn and conclude from Sn to Sn

 The concept of Seniority has been extended to the Generalized Seniority for multi-j shell in a
very simple way. Isomers in the Z=50 isotopic chain have been addressed.

 We find for the first time emergence of the odd tensor E1, seniority isomers in multi-j
configurations.

 We show the role of generalized seniority and configuration mixing in explaining the E2
seniority isomers, which were only qualitatively understood as pure-seniority isomers before.

 We understand the B(E2) and B(E3) systematics in Sn-isotopes in terms of generalized
seniority for seniority changing transitions and support the interpretation using LSSM
calculations, though these LSSM calculations are not perfect in terms of used truncations (our
computational limitation).

« We explore the recently measured 6* seniority isomers in 34138Sn, and explained the so-
called anomaly at '36Sn by using the generalized seniority and SM calculations. It also suggests
a modified location for the i13/2 neutron orbital.

* The generalized seniority scheme has also been applied to the isomers in odd-A Sn isotopes
(not shown here).

 To conclude, Generalized seniority scheme behaves as a nearly good quantum number
in understanding various properties in the semi-magic chains. Predictions can be made for the
gaps in the measurements.

« The present work could be extended for the non-degenerate orbitals and both type of
nucleons in future. This will open up new directions.
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