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Abstract 

 

 
The scope of this dissertation is to unfold a distinct and detailed analysis regarding the quantification of nuclear deformation over a 

broad spectrum of nuclear mass numbers, A. Several basic current nuclear models are introduced and explained that provide an 

insight on nuclear structures. This is followed by an investigation of the nuclear 2+ and 4+ excited state transition energies of even-

even nuclei. By using the information yielded from the E (2+), E (4+) excitation energies and their respective R (4/2) ratio, the 

respective values of the moments of inertia were shown to be a result of the nuclear deformation. The extracted deformations were 

investigated using the respective moments of inertia and also the nuclear product valence correlation (Np.Nn) scheme. Moreover, 

the data were manipulated in such a way that the existence of magic (and doubly magic) numbers were clearly evident at N,Z=2, 8, 

20, 28, 50, 82 and 126, corresponding to nuclear shell closures. Finally, it is shown that the ratio of the E (4+) energy to the E (2+) 

energy has a value of 3.33 for a perfect rotor and a value of closer to 2.0 for an idealised vibrational nucleus, and a value of < 2.0 

for a near closed shell/near magical nucleus. The results demonstrate the importance of valence nucleons which are the main 

contributors to the evolution of nuclear deformation. 
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1. In tro d u ctio n  

 

 

Th e  se arch  fo r th e  e lem e n ts th at co n stitu te  th e  

fu nd am e n tal n atu re  o f m atte r h as its o rigin s back to  

th e  an cie n t G re e ks .  In  fact, it w as a G re e k 

ph ilo so ph e r, Dem o critu s th at first in tro d u ce d  and  

su b se qu e n tly d e v e lo p e d  th e  id e a th at all liv ing 

m atte r is in  fact com po se d  by tiny b its w h ich  h e  

co n se qu e n tly calle d  ‘atom s’ (Walke r J. , 2004, 

Cam pbe ll MK.  and  G o ld ste in  N. , 201 2).  De sp ite  th e  

fact th at th is n o v e l id e a o f atom s w as h igh ly 

re v o lu tio n ary and  in n o v ativ e , it w as so o n  

aband o n e d  b e cau se  it w as p lain ly th o u gh t o f as 

b e ing an  u n re alistic figm e n t o f Dem o critu s ’ 

im agin atio n .  Th e re fo re , it w as n o t b e fo re  th e  

b e gin n ing o f th e  1 9
th

 ce n tu ry and  Dalto n ’s su cce s sfu l 

e xp e rim e n ts th at th is id e a w as re v is ite d  and , 

co n se qu e n tly starte d  b e com ing p re v ale n t and  

w id e ly acce p te d .  Dalto n  h ad  n ow  cle ar e v id e n ce  th at 

d istin ctly p ro v e d  and  d em o n strate d  th at m atte r 

in d e e d  se em e d  to  co n sist o f fin e  and  e lem e n tary 

particle s (Dem tröd e r W . , 201 0, O lm ste d  J.  and  

William s GM. , 1 997).  How ev e r, it w as th e  d isco v e ry 

o f rad io activ ity by Be cqu e re l in  1 896 th at e sse n tially 

trigge re d  th e  d e v e lo pm e n t o f th e  n o v e l, ye t 

fascin ating fie ld  o f n u cle ar ph ysics , a fie ld  th at 

re v o lv e d  aro u nd  nu cle ar ch aracte ristics and  

in te ractio n s .  Fu rth e rm o re , th e  su b se qu e n t d isco v e ry 

o f e le ctro n  by JJ Th om p so n  in  1 897 and  th e  

in te rp re tatio n  o f th e  fam o u s scatte ring e xp e rim e n ts 

p e rfo rm e d  by G e ige r and  Marsd e n  by Ru th e rfo rd  in  

1 91 1  add itio n ally p ro p e lle d  th e  basic in te rp re tatio n  

o f th e  atom ic stru ctu re .  A ll p o sitiv e  ch arge  and  

alm o st all o f th e  atom ic m ass are  co n ce n trate d  in  th e  

ce n tral (n u cle u s), w h e re as , o n  th e  o th e r h and , th e  

n e gativ e ly ch arge d  e le ctro n s w e re  su rro u nd ing th at 

ce n tre  o n  d istin ct o rb its (d e  G ru yte r W . , 1 997, Niaz 

M. , 2009).  Ne v e rth e le ss , th e  stu dy o f rad io activ ity 

w as re lativ e ly low  pro file  u n til th e  1 930s and  it w as 

p rim arily lim ite d  to  m e d ical re se arch  e . g.  rad iatio n  

th e rap ie s fo r can ce rs  (Re e d  BC . , 201 3 ).  He n ce , it w as 

th e  d isco v e ry o f n e u tro n  in  1 932 and  th e  su b se qu e n t 

Fe rm i’s n e u tro n  bom bardm e n ts e xp e rim e n ts th at 

re nd e re d  n u cle ar ph ysics as a h igh -p ro file  d om ain  o f 

re se arch  (Maso n  TE.  e t al, 201 3 ) .  In  fact, Ch adw ick ’s  

d isco v e ry allow e d  fo r th e  co rre ct id e n tificatio n  o f 

th e  co n stitu e n ts o f n u cle u s : p o sitiv e ly ch arge d  

p ro to n s and  e le ctrically n e u tral n e u tro n s .  Th e  

n u cle u s is th u s d e te rm in e d  by its ch arge  n u m be r Z 

(d e fin e d  by th e  n u m be r o f p ro to n s ) and  its m ass 

n u m be r A  (w h ich  is , in  tu rn , d e fin e d  as th e  to tal 

n u m be r o f n e u tro n s p lu s p ro to n s).  Elem e n ts th at 

h av e  th e  sam e  atom ic n um be r o f Z bu t d iffe re n t 

n e u tro n  n u m be r N are  kn ow n  as iso to p e s , w h e re as 

o n  th e  o th e r h and , e lem e n ts th at h av e  th e  sam e  N 

bu t d iffe re n t Z are  kn ow n  as iso to n e s (Martin  B. , 

201 1 , Kakan i SL . , 2006).  

 

1 . 1 .  Sco p e  o f th is d is se rtatio n  

 

 

In  th is d isse rtatio n  th e  n u cle ar stru ctu re  is e xp licitly 

d e scrib e d  th ro u gh  th e  in v e stigatio n  o f som e  o f th e  

p ro p e rtie s o f n u cle i in clu d ing th e  e n e rgy o f th e  

e xcite d  state s and  th e  ro tatio n  and  v ib ratio n al state s 

o f th e  re sp e ctiv e  d e fo rm e d  nu cle i.  Th e  p rim ary 

fo cu s w ill re v o lv e  aro u nd  th e  so  - calle d  Yrast
i

 state s  

w ith  angu lar m om e n tu m  and  parity qu an tu m  

nu m be rs 2
+

 and  4
+

.  Th e se  co rre sp o nd  to  th e  n u cle ar 

e xcite d  state  e n e rgie s  o f e v e n  – e v e n  n u cle i (i. e . , 

n u cle i w ith  e v e n  n u m be r o f p ro to n s and  e v e n  

n u m be r o f n e u tro n s).  It sh o u ld  b e  n o te d  th at th e  

ro tatio n al ch aracte ristics o f nu clid e s h av e  b e e n  lo ng 

e xh ib ite d  by Bo h r.  In  fact, Bo h r state d  th at 

m e asu rem e n ts o f ro tatio n al n u cle i are  p o ss ib le  d u e  

to  th e ir d e fo rm atio n  w h ich , in  tu rn  allow  fo r a 

ch ange  in  th e  po sitio n  o r po in t o f re fe re n ce  (He llem  

J. , 2008, Blau m  K.  e t al, 201 3).  Ne v e rth e le ss , som e  o f 

th e  basic cu rre n t m o d e ls w ill b e  d iscu s se d  and  

u nfo ld e d  th at d e scrib e  th e  n u cle u s and  th e  

re sp e ctiv e  n u cle ar stru ctu re .  Fo r in stan ce , th e  sh e ll 

m o d e l d e fin e s th at th e  m o tio n  o f e ach  and  e v e ry 

n u cle o n  is d ire ctly in flu e n ce d  by th e  av e rage  fo rce  

(attractiv e ) o f th e  o th e r n u cle o n s (Kran e  KS. , 1 998).  

He n ce , th e  re sp e ctiv e  o rb its  are  by d e fau lt fo rm ing 

sh e lls .  A s a re su lt o f th is m o d e l m agic n u m be rs are  

p re d icte d  th at re p re se n t sh e lls w h ich  are  ‘fille d ’.  On  

th e  o th e r h and , th e  co lle ctiv e  m o d e l acco u n ts fo r 

v ale n ce  n u cle o n s th at h av e  b e e n  sh ow n  to  

co lle ctiv e ly cau se  d e fo rm atio n  as com pare d  to  th e  

n o rm al sph e rical sh ap e  

(Kh agram  P. , 2007).  Th e  d e cays from  th e  I =2
+

 and  

4
+

 e xcite d  state s in  e v e n  – e v e n  n u cle i, w e re  p lo tte d  again st th e  re sp e ctiv e  p ro to n  and  n e u tro n  n u m be rs .  Mo re o v e r, th e  ratio s R (4/ 2), th e  ratio  b e tw e e n  th e  e xcitatio n  e n e rgy o f th e  yrast 4
+

 and  2
+

 state s w as also  p lo tte d  again st N and  Z.  Th is ratio  sh o u ld  h av e  a v alu e  R = 3 . 33* fo r an  id e al, p e rfe ct ro to r; a v alu e  o f 

R = 2. 0 fo r an  id e alise d  v ibratio n al n u cle u s ; and  it 

sh o u ld  b e  R < 2. 0 fo r n e ar clo se d  sh e ll /  n e ar m agic 

n u cle i.  Th e se  d e fo rm atio n s w e re  an alyse d  u sing th e  

re sp e ctiv e  m om e n ts o f in e rtia and  also  th e  n u cle o n  

p ro d u ct v alan ce  co rre latio n  sch em e  (th e  N
p
N

n
 

sch em e ).  

 

Nu cle ar Stru ctu re  and  De cay Th e o ry and  Mod e ls  

 

2. 1 .Nu cle u s and  th e  Nu cle ar Ch art 

 

Each  e lem e n t co n sists o f d iffe re n t iso to p e s ; atom s 

w h o se  n u cle i h av e  th e  sam e  Z bu t d iffe re n t N  v alu e s 

(L ille y J. , 2002, Du rran t A . , 2000) .  A dv an cem e n ts in  
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th e  fie ld  o f acce le rato r te ch n o lo gy h av e  allow e d  

nu cle ar scie n tists to  e xte nd  th e ir re se arch  o n  n ew  

iso to p e s th at are  far from  th e ir re sp e ctiv e  stab le  

iso bars .  On e  o f th e  m o st e s se n tial go als o f n u cle ar 

ph ysics is th e  p ro d u ctio n  and  id e n tificatio n  o f n ew  

e lem e n ts th at w ill, in  tu rn , re d e fin e  th e  e xisting 

p e rio d ic tab le  (Bow le r MG . , 1 973 ).  Th e re fo re , it 

com e s as n o  su rp rise  th at th is in  d e p th  stu d y o f th e  

n ew  nu clid e s h as le d  to  a m assiv e  e xpan sio n  and  

acqu is itio n  o f th e  av ailab le  n u cle ar d ata .  In  fact and  

acco rd ing to  th e  Natio n al Nu cle ar Data Ce n tre  

(NNDC), th e  to tal n u m be r o f n u clid e s fo r w h ich  

d ata is cu rre n tly availab le  e xce e d s th e  3000 

(n nd c . bn l. go v , 201 5).  How e v e r, o u t o f th e  

app ro xim ate ly 7000 n u clid e s th at are  th o u gh t to  

po s sib ly e xist th e re  are  o n ly 286 p ro to n  – n e u tro n  

com b in atio n s th at are  ab le  to  p ro d u ce  e ffe ctiv e ly 

stab le  n u cle i (ph ysicsw o rld . com , 201 1 ) .  Fo r in stan ce , 

tin  (Z = 50) h as 1 0 stab le  iso to p e s , w h e re as 

te ch n e tiu m  (Z = 43 ), p ro m e th iu m  (Z = 61 ) and  

po lo n iu m  (Z = 84) h av e  n o n e .  Ne v e rth e le ss , a 

n u cle ar ch art e sse n tially d e p icts all th e se  n u cle i 

w h ich  are , in  tu rn , p lo tte d  w ith  re sp e ct to  th e ir Z 

and  N valu e s (W inn  W . , 201 0).  Figu re  1  sh ow s su ch  

a n u cle ar ch art in  w h ich  th e  b lack are a ind icate s 

stab le  n u cle i (i. e .  th o se  th at lie  alo ng th e  lin e  o f 

stab ility in  th e  Se gré ch art), and  th e  ye llow  are a 

ind icate s th e  are a o f all kn ow n  nu cle i.   

 

Fu rth e rm o re , an  are a d e fin e d  as ‘Te rra in co gn ita ’ 

illu strate s th e  ‘zo n e ’ w h e re  th e  e xiste n ce  o f n u cle i 

h as b e e n  assu m e d .  De sp ite  th e  fact th at th is are a is  

n o t ye t e xp e rim e n tally su ppo rte d  it is  o f u tm o st 

im po rtan ce  fo r com p re h e n d ing th e  p ro d u ctio n  o f 

h e avy nu cle i.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 .  Th e  n u cle ar land scap e .  Black d o ts 

re p re se n t th e  are a o f stab ility, ye llow  are a d e n o te s  

th e  are a o f kn ow n  ye t u n stab le  n u cle i, and  gre e n  

re p re se n ts th e  re gio n s w h e re  th e  e xiste n ce  o f n u cle i 

is p ractically assu m e d .  Im age  take n  from  (Be h re n s 

T. , 2009) 

 

 

 

2. 2.Nu cle ar Stab ility 

 

 

How e v e r, a v e ry e sse n tial asp e ct o f figu re  1  d e als 

w ith  th e  stab ility o f n u cle i and  th e ir re sp e ctiv e  ratio  

o f p ro to n s v s n e u tro n s .  A t lo w e r m asse s (ligh t 

n u cle i) n u cle ar stab ility is fo u nd  w h e re  th e  ratio  o f 

n e u tro n s v s p ro to n s is 1 :1 .  On  th e  o th e r h and , 

iso to p e s w ith  a gre ate r n e u tro n  n u m be r th an  th e  

stab le  o n e s are  b o u nd  to  b e com e  u n stab le  by m ean s 

o f β-

 d e cay, w h e re as iso to p e s w ith  a gre ate r p ro to n  

n u m be r w ill b e com e  u n stab le  by β+

 d e cay o r e le ctro n  

cap tu re  (Walth e r J. , 2009, Je v rem o v ic T. , 2009).  

How e v e r, and  as th e  p ro to n  n u m be r is in cre ase d , 

th e  stab le  iso to p e s te nd  to  h av e  an  in cre asing ratio  

o f n e u tro n s v s p ro to n s in  th e ir n u cle u s .  In  fact, 

h e av ie r n u cle i are  m o st stab le  w ith  N > Z.  .  Figu re  2 

d em o n strate s th e  v alu e s fo r N and  Z fo r 266 stab le  

n u clid e s .  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  2.  Valu e s fo r Pro to n s and  Ne u tro n s re gard ing 

th e  266 p rim o rid ial, stab le  n u clid e s .  G raph  take n  

from  (w e b . u tk . e d u , 201 3 ).  

 

 

 

In  o rd e r to  e xp lain  th is w e  first n e e d  to  take  in to  

co n sid e ratio n  th e  b ind ing fo rce s (e n e rgy re qu ire d  to  
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‘b re ak ’ in to  its co n stitu e n t parts) w ith in  th e  n u cle u s .  

Th e  n u cle u s is e sse n tially h e ld  to ge th e r by th e  

app licatio n  o f a sh o rt range  fo rce , n am e ly th e  stro ng 

fo rce .  In  fact, th e  sh o rt range  o f th is fo rce  is  

u nd e rsto o d  d u e  to  th e  fact th at it is o p e ratin g at 

d istan ce s b e tw e e n  1  fm  and  2 fm , w h e re  fm  = 1 0
-1 5

 m  

as sh ow n  in  figu re  3 (Van  Oe rs WTH. , 1 992).  A t su ch  

d istan ce s th e  stro ng fo rce  h igh ly o v e rcom e s th e  

re pu ls iv e  Co u lom b p o te n tial (th at is app lie d  

b e tw e e n  th e  po sitiv e ly ch arge d  p ro to n s ) and  is  

re sp o n sib le  fo r h o ld ing th e  n u cle o n s to ge th e r w ith  a 

v e ry sm all (and  n e ce ssary) se paratio n .  In  fact, ‘th e  

sp in  - iso sp in  in d e p e n d e n t attractio n  o f abo u t 50 – 

1 00 MeV in  th is re gio n  p lays an  e sse n tial ro le  to  

n u cle ar b ind ing’ (Hatsu d a T. , 201 1 , pp .  1 ) .  In  o th e r 

w o rd s , th e  stro ng fo rce  is ch arge  asym m e tric and  

d o e s  n o t d istingu ish  b e tw e e n  th e  sp in  state s  

(paralle l o r an ti - paralle l) o f th e  re sp e ctiv e  n u cle o n s .  

Ne v e rth e le ss , th e  n atu re  o f th is sh o rt range  fo rce  

im p lie s th at e ach  n u cle o n  n e e d s to  m o v e  in  an  

alm o st sph e rical p o te n tial w h ich  e ffe ctiv e ly com e s 

as a re su lt o f th e  av e rage  in te ractio n  b e tw e e n  th e  

giv e n  n u cle o n  and  its su rro u nd ing o n e s .  

 

Se v e ral n u cle ar m o d e ls h av e  b e e n  p ro po se d  and  

w h ich  attem pt to  ad e qu ate ly e xp lain  n u cle ar 

stab ility and  th e  b ind ing e n e rgy o f th e  n u cle u s as it 

is sh ow n  in  th e  n e xt se ctio n .  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  3 .  Stro ng fo rce  is re pu ls iv e  at d istan ce s b e low  

0. 5 fm  and  th e n  attractiv e  at gre ate r d istan ce s Im age  

take n  by (cyb e rph ysics . co . u k , 201 5) .  

 

 

 

2. 3 .Nu cle ar Mo d e ls  

 

A ll th e o re tical n u cle ar m o d e ls e v e n tu ally face  tw o  

p rin cipal lim itatio n s (Row e  D .  and  Wo o d  J. , 201 0).  

Th e  first lim itatio n  d e als w ith  th e  fact th at th e re  is  

cu rre n tly n o  e xact and  p re cise  m ath em atical 

e xp re s s io n  th at d e scrib e s n u cle ar fo rce s , as o ppo se d  

to  atom ic o n e s .  On  th e  o th e r h and , th e  se co nd  

lim itatio n  em ph asise s o n  th e  fact th at th e re  is n o  

m ath em atical so lu tio n  to  th e  m any-b o dy p ro b lem .  

How e v e r, and  d e sp ite  o f th e se  lim itatio n s , th e re  

h av e  b e e n  se v e ral n u cle ar m o d e ls th at h av e  b e e n  

in tro d u ce d  and  th at can  accu rate ly d e scrib e  n u cle ar 

and  atom ic p ro p e rtie s .  Th e  m o st im po rtan t o f th e se  

m o d e ls are  th e  L iqu id  Dro p  m o d e l, th e  Sh e ll m o d e l, 

and  th e  Co lle ctiv e  m o d e l.  

 

2. 3 . 1 .  Th e  L iqu id  Dro p  Mo d e l and  th e  Sem i - 

em p irical Mass Fo rm u la  

 

 

Th e  L iqu id  Dro p  m o d e l is a sim p le  m o d e l 

d e scrib ing th e  b in d ing e n e rgy o f a n u cle u s .  Th is  

m o d e l w as in tro d u ce d  as an  accu rate  n u cle ar m o d e l 

d u e  to  th e  fact th at a liqu id  d ro p  h as  co n stan t 

d e n sity w h ich  is in d e p e n d e n t o f th e  n u m be r o f 

m o le cu le s (Brow n  GE.  e t al, 201 0) .  Un til th e  1 930s , 

and  fo llow ing th e  e xp e rim e n tal m e asu rem e n ts o f a 

su b stan tial n u m be r o f atom ic m asse s , d e n sity and  

nu cle ar b ind ing e n e rgy w e re  fo u nd  to  b e  

app ro xim ate ly th e  sam e  fo r all stab le  n u cle i (Pate l 

SB. , 2006).  In  p rin cip le , th e  e n e rgy th at is re qu ire d  in  

o rd e r to  rem o v e  m o le cu le s from  a liqu id  is d e fin e d  

as th e  h e at o f v apo risatio n  w h ich  is , in  tu rn , d ire ctly 

p ro po rtio n al to  th e  n u m be r (m ass ) o f m o le cu le s  

w ith in  th e  liqu id  (m u ch  lik e  th e  b ind ing e n e rgy is  

p ro po rtio n al to  th e  m ass o f n u cle o n s).  He n ce , and  in  

p ro po rtio n  to  th is an alo gy, th e  L iqu id  Dro p  m o d e l 

w as in tro d u ce d  to  e xp lain  n u c le ar b ind ing e n e rgy 

and  in  w h ich  th e  n u cle o n s are  co n sid e re d  to  b e  

d istribu te d  in  a fairly u n ifo rm  m ann e r (Yarw o o d  J. , 

1 973 ).  A s a re su lt o f th is th e o ry, We iz sacke r 

d e v e lo p e d  h is sem i - em p irical m ass fo rm u la 

(SEMF) in  1 935 (e q .  1 ) w h ich , in  tu rn , d e scrib e s th e  

m ass o f th e  n u cle u s , and , th u s its b ind ing e n e rgy, in  

re latio n  to  A  and  Z.  

 

 

 

 

A cco rd ing to  th e  SEMF th e  sh o rt range  fo rce  is v alid  

(o r e ffe ctiv e ) to  particle s o n ly w h e n  it com e s to  th e ir 

d ire ct n e igh bo u rs .  Th e re fo re , th e  b ind ing e n e rgy 

B  [ a A  a 

A
2/ 3 

 
a Z
 2 

A
1/ 3 

 a ( A  2Z ) 

2 

A  a 

A
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w ith in  th e  n u cle u s so le ly d e p e nd s o n  th e  n u m be rs 

o f n u cle o n s th at re s id e  in sid e  it (Je lle y NA . , 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  4.  Th e  b ind ing e n e rgy p e r n u cle o n  as a 

fu n ctio n  o f th e  atom ic m ass n u m be r A .  Th e  so lid  

cu rv e  illu strate s th e  We iz sacke r SEMF.  Im age  take n  

from  (ifm . liu . s e , 201 5) 

 

 

 

Th e  first te rm  o f e qu atio n  1  state s th at th e  nu m be r o f 

in te ractio n s is p ro po rtio n al to  A , and  it, h e n ce  

d e fin e s th at th e  b ind ing e n e rgy is p ractically 

co n stan t.  Th e  se co nd  te rm  is a m in o r co rre ctio n  to  

th e  first o n e  and  it p rim arily acco u n ts fo r th e  fact 

th at n u cle o n s th at e xist o n  th e  su rface  o f th e  n u cle u s 

w ill e v e n tu ally h av e  a sm alle r n u m be r o f n e igh bo u rs 

(and , th u s a sm alle r to tal b ind ing e n e rgy).  It sh o u ld  

b e  n o te d  th at th is te rm  com e s in  to tal acco rd an ce  to  

th e  su rface  te n sio n  o f liqu id  d ro p  an alo gy 

(ifm . liu . s e , 201 5).  Th e re fo re , th e  n u cle ar e qu iv ale n t 

o f th e  su rface  te n sio n  sh o u ld  b e  

 

               

 

 

 

w h e re  
2
 is th e  re sp e ctiv e  co e fficie n t (co n stan t) in  

th e  We iz sacke r fo rm u la p re se n te d  e arlie r.  On  th e  

o th e r h and  th e  th ird  te rm  acco u n ts fo r th e  po sitiv e  

e le ctro static e n e rgy o f a ch arge d  d ro p  (d u e  to  

Co u lom b re pu ls io n  w h ich , th e re fo re  re s ists  th e  

n u cle ar tre nd  tow ard s a sp h e rical sh ap e ), w h e re as 

th e  fo u rth  o n e  is s im p ly qu an tu m  - m e ch an ical 

base d  te rm  th at w as add e d  in  

 

o rd e r to  acco u n t fo r th e  fact th at in  case s w h e re  th e  

n u m be r o f p ro to n s is n o t e qu al to  th e  n u m be r o f 

n e u tro n s th e  e n e rgy if th e  n u cle u s is fo u nd  to  

in cre ase .  He n ce , th e  b in d in g e n e rgy w ill, in  tu rn  

d e cre ase  as a re su lt o f th e  e xclu sio n  p rin cip le .  

Fin ally, th e  last te rm  in co rpo rate s  an  em p irical 

acco u n t fo r th e  pairing te nd e n cy o f th e  re sp e ctiv e  

n u cle o n s .  It sh o u ld  b e  n o tice d  th at th e  su cce ss o f 

th is m o d e l w as d u e  to  th e  fact th at it accu rate ly 

d e fin e d  th e  re sp e ctiv e  lim its o f stab ility as a re su lt o f 

particle  em iss io n  o r fiss io n  (He llem  J. , 2008).  

Ne v e rth e le ss , and  th ro u gh o u t th e  last d e cad e s , th is 

m o d e l h as u nd e rgo n e  se v e ral ch ange s su ch  as th e  

d e scrip tio n  o f th e  co lle ctiv e  e xcitatio n s as a re su lt o f 

ro tatio n s and  v ib ratio n s .  How e v e r, th e  failu re  o f th is  

m o d e l in  te rm s o f in su fficie n tly e xp lain ing th e  

m icro sco p ic e ffe cts  o b se rv e d  in  th e  n u cle u s 

p ro p e lle d  th e  in tro d u ctio n  o f add itio n al n u cle ar 

m o d e ls su ch  as th e  Sh e ll m o d e l and  th e  Co lle ctiv e  

m o d e l (Mo o dy KJ.  e t al, 2005).  

 

 

2. 3 . 2 .  Th e  Sh e ll Mo d e l 

 

 

A s o ppo se d  to  th e  p re v io u sly m e n tio n e d  L iqu id  

Dro p  m o d e l, th e  Sh e ll m o d e l d e fin e s th at th e  m o tio n  

o f e ach  and  e v e ry n u cle o n  com e s as a re su lt o f th e  

av e rage  attractiv e  fo rce  o f all th e  o th e r n u cle o n s 

(and  n o t sim p ly as a re su lt o f th e  n e igh bo u ring o n e s ) 

(Brow n  GE.  e t al, 201 0) .  Th is is e xactly w h y th e  

re sp e ctiv e  o rb its fo rm  w h at is calle d  ‘sh e lls ’ (Kran e  

KS. , 1 998).  It sh o u ld  b e  m e n tio n e d  th at th e  e v id e n ce  

o f th is m o d e l stem m e d  from  th e  sam e  lim itatio n s 

state d  in  th e  L iqu id  Dro p  m o d e l: th e  failu re  o f th e  

L iqu id  Dro p  m o d e l to  e xp lain  th e  m icro sco p ic 

e ffe cts w itn e s se d  in  th e  n u cle u s .  Th is lim itatio n  is , 

th e re fo re  p ro v id ing cle ar e v id e n ce  o f th e  qu an tu m  

sh e ll stru ctu re  o f th e  n u cle u s A cco rd ing to  th e  Pau li 

p rin cip le  e ach  n u cle o n  po sse sse s its  ow n  d istin ct se t 

o f qu an tu m  nu m be rs th at e ss e n tially d e fin e  it  

 

 

 

 

 

(A bad i Vah id  MM.  e t al. , 201 5) .  He n ce , and  as m o re  

and  m o re  n u cle o n s are  add e d  in  th e  n u cle u s , th e y 

w ill n e e d  to  re s id e  in  th e  low e st p o s sib le  e n e rgy 

le v e l.  A dd itio n al e v id e n ce  th at p ro p e lle d  th e  

w id e sp re ad  u se  o f th is n u cle ar m o d e l w as th e  e xtra 

b ind ing e n e rgy th at w as o b se rv e d  in  case s w h e re  

e ith e r th e  p ro to n  o r th e  n e u tro n  n u m be rs w as e qu al 

to  28, 50, 82, and  

 Mo re o v e r, and  as it w ill be  sh ow n  in  th e  re su lts  

se ctio n  o f th is d is se rtatio n , th is m o d e l is also  

su pp o rte d  by th e  p re re qu is ite  am o u n t o f e n e rgy 

 

2 

Eq. 2, 4  R
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 A   
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n e e d e d  to  e xcite  n u cle i th at co n tain e d  th e  so -calle d  

m agic n u m be r o f p ro to n s o r n e u tro n s .  Th e se  m agic 

n u m be rs (2, 8, 20, 28, 50, 82, 1 26. . . ) d e n o te  th e  

sp e cific n u m be r o f n u cle o n s th at are  n e e d e d  fo r a 

fu ll sh e ll (all p o s s ib le  se ts o f qu an tu m  nu m be rs h av e  

b e e n  o ccu p ie d ) (Ro d rigu e z -G u zm an  e t al. , 201 5).  It 

sh o u ld  b e  m e n tio n e d  th at n u cle i w h ich  h av e  m agic 

n u m be rs fo r b o th  th e ir n e u tro n s and  p ro to n s are  

calle d  d o u b ly m agic (Hinke  CB.  e t al, 201 2, Ryd in  R. , 

201 1 ).  A s sh ow n  in  figu re  5 th e re  is a co n sid e rab le  

am o u n t o f sp in -o rb it in te ractio n s th at sp lit th e  le v e ls  

by a n u m be r th at is d ire ctly p ro po rtio n al to  th e  

o rb ital qu an tu m  num be r and  is re sp o n sib le  fo r th e  

o v e rlapp ing le v e ls o b se rv e d  (Ne e raj M. , 201 1 ).  

Figu re  5 also  sh ow s th at th e  m o st stab le  ato m s are  

(as e xp e cte d ) th e  n o b le  gase s .  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  5.  Diagram  d e p icting a com pariso n  b e tw e e n  

atom ic e n e rgy le v e ls and  th e  e n e rgy le v e ls as 

d e fin e d  by th e  n u cle ar sh e ll m o d e l.  Im age  take n  

from  (h yp e rph ysics . p h y-astr. gsu . e d u , 201 5) 

 

 

 

2. 3 . 3 .  Th e  Co lle ctiv e  Mo d e l 

 

 

Co lle ctiv e  m o d e ls  w e re  d e v e lo p e d  in  re sp o n se  to  th e  

fact th at n u cle i are  n o t statio n ary; o n  th e  co n trary, 

n u cle i sh ow  sh ap e  and  ph ase  e v o lu tio n  

(Nakatsu kasa T. , 201 2) .  Th e  m ain  fo cu s o f th is 

d is se rtatio n  is th e  qu an tificatio n  o f n u cle ar 

d e fo rm atio n .  Th e re fo re , it go e s w ith o u t saying th at 

ch ange s in  th e  sh ap e  o f th e  n u cle u s in v o lv e  m any 

nu cle o n s (m any nu cle o n s acting to ge th e r = 

co lle ctiv e ly).  Th e  d e v e lo pm e n t o f th e  co lle ctiv e  

b e h av io u r in  nu cle i com e s as a re su lt o f co rre latio n s 

am o ng v ale n ce  nu cle o n s .  Th e re fo re , and  as o ppo se d  

to  th e  pu re  sh e ll m o d e l as d iscu sse d  e arlie r, 

co lle ctiv e  m o d e ls  (co nfigu ratio n s) assu m e  th at w av e  

fu n ctio n s are  m ixe d  and , th u s th e y are  lin e ar 

com b in atio n s o f se v e ral com po n e n ts (u n i-k o e ln . d e , 

201 5).  In  o th e r w o rd s co lle ctiv e  m o d e ls assu m e  th at 

apart from  th e  ind iv id u al n u cle o n s th at m anage  to  

ch ange  o rb its (and , th u s cre ate  e xite d  state s o f th e  

n u cle u s) th e re  are  add itio n al n u cle ar tran sitio n s th at 

in v o lv e  m any o th e r n u cle o n s .  Ne v e rth e le ss , th e re  is 

a p le th o ra o f w e ll - e stab lish e d  e xam p le s o f 

co lle ctiv e  e xcitatio n s th at p ro v o ke  e ith e r o scillatio n  

o r/ and  ro tatio n  (Bo h r A .  and  Mo tte lso n  B. , 1 955) .  

 

- Co lle ctiv e  Excitatio n s  

 

 

First o f all, it sh o u ld  b e  n o tice d  th at co lle ctiv e  

e xcitatio n s h av e  a p re d om in an t e ffe ct in  m e d iu m -

m ass to  h e av y nu cle i th at lie  in  th e  are as b e tw e e n  

th e  m agic n u m be rs (Kh agram  P. , 2007).  He n ce , 

n u cle i th at d em o n strate  co lle ctiv e  b e h av io u r 

patte rn s are  p rim arily th o se  w ith  a large  m ass and  

w ith  a p ro to n  o r n e u tro n  n u m be r th at is n o t n e ar to  

th e  m agic n u m be rs (fille d  sh e lls ) (Sto ck R. , 2006).  

Th is is an  e xtrem e ly lo gical assu m ptio n  b e cau se  in  

th e se  re gio n s th e  large  n u m be r o f v ale n ce  n u cle o n s 

p rom o te s a co lle ctiv e  b e h av io u r w h e re  e ach  n u cle o n  

affe cts e ach  o th e r (and , th u s trigge rs a co lle ctiv e  

in flu e n ce ).  How e v e r, and  ow ing to  th e  e ffe ct o f 

v ale n ce  n u cle o n s , v a le n ce  co rre latio n  sch em e s su ch  

as th e  N
p
N

n
 sch em e  are  u su ally u se d .  Th e  N

p
N

n
 

sch em e  p ro v id e s th e  m e an s fo r param e te ris ing 

nu cle ar d ata in  a w ay th at h igh ligh ts th e  v ale n ce  p  - 

n  in te ractio n  (Caste n  R. , 2000).  In  fact, and  by firstly 

assu m ing th at th e  p -n  in te ractio n s are  fairly lo ng 

range  in  add itio n  to  th e  fact  

 

th at th e y are  so le ly th e  o n e s re sp o n sib le  fo r th e  

o n se t o f co lle ctiv ity, co nfigu ratio n  m ixing, and  

d e fo rm atio n  in  n u cle i, th e n  th e  to tal v ale n ce  p -n  

stre ngth  w ill scale  w ith  th e  p ro d u ct o f N
p
N

n
; Th e  

Np .Nn  (o r Nn .Np ) v alu e  is  o f ab so lu te  im po rtan ce  

d u e  to  th e  fact th at th e  in te ractio n s b e tw e e n  p ro to n s 

and  n e u tro n s in  h igh ly o v e rlapp ing o rb its are  

w id e ly acce p te d  to  b e  e xtrem e ly im po rtan t 

param e te rs in  te rm s o f n u cle ar d e fo rm a tio n  and  

th e ir re sp e ctiv e  ph ase  tran sitio n s (Caste n  RF. , 1 985)  
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Th e  sign ifican ce  o f a N
p
N

n
 sch em e  is illu strate d  in  

figu re s 6 and  7 w h e re  d ata from  A  = 1 30 re gio n  are  

p lo tte d  again st th e  E
2+
 and  E

4+
 /  E

2+
.  A  com pariso n  

b e tw e e n  p lo tting N and  N
p
N

n
 h igh ligh ts th e  

s im p licity and  u tility o f th is sch em e .  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  6.  No rm al (le ft) and  N
p
N

n
 (righ t) p lo ts o f 

E(2
+

) fo r th e  A  = 1 30 re gio n .  Im age  take n  from  

(Caste n  R. , 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  7.  No rm al (le ft) and  N
p
N

n
 (righ t) p lo ts o f 

E(4
+

)/ E(2
+

) fo r th e  A  = 1 30 re gio n .  Im age  take n  from  

(Caste n  R. , 2000) 

 

 

 

A  v e ry u se fu l and  se n sitiv e  m e th o d  fo r m e asu ring 

th e  in te rn al stru ctu re  a n u cle u s is  th e  m e asu rem e n t 

o f th e  e xcitatio n  o f th e  n u cle u s to  th e  v e ry first 

e xcite d  state .  Du e  to  th e  stro ng pairing fo rce , e v e n  – 

e v e n  n u cle i d o  n o t te nd  to  e xh ib it s ingle  particle  

e xcite d  le v e ls and , th u s e xh ib it th e  s im p le st 

system atics (He llem  J. , 2008).  Ev e n -e v e n  n u cle i 

e xh ib it e ith e r o n e  o r tw o  particle  h o le  e xcitatio n s o r 

tw o  qu asi particle  e xcitatio n s at low  e xcitatio n  

e n e rgy.  He n ce , w h at w e  e xp e ct is th at all e v e n -e v e n  

n u cle i w ill h av e  gro u nd  state s w ith  a sp in / parity o f 

0
+

 (Kran e  KS. , 1 998).  On  th e  o th e r h and , th e  first 

e xcite d  state  o f e v e n -e v e n  n u cle i is e xp e cte d  to  h av e  

sp in / parity v alu e  o f 2
+

; h ow e v e r, and  acco rd ing to  

th e  lite ratu re , th is is n o t th e  case  fo r 
1 4

O, 
1 6

O, 
1 4

C , 

40

Ca, 
68

Ni, 
72

Ge , 
72

Kr, 
90

Zr, 
96

Zr, 
98

Zr, 
98

Mo , 
1 46

Gd , 
1 82

Hg, 

1 86

Pb , 
1 88

Pb , 
1 90

Pb, 
1 92

Pb, 
1 94

Pb and  
208

Pb (Ram an  S.  e t 

al. , 2001 ).  Ne v e rth e le ss , th e re  are  tw o  m ajo r typ e s o f 

co lle ctiv e  n u cle ar b e h av io u r th at d e p e nd s o n  th e  

s iz e  o f th e  n u cle u s .  In  fact, fo r A  < 1 50 th e  v ario u s 

n u cle i v ib rate  abo u t a sph e rical e qu ilib riu m  

(v ib ratio n al), w h e re as fo r n u cle i w ith  1 50 < A  < 1 90 

o r A  > 220 th e y in ste ad  e xp re ss a ro tatio n al 

b e h av io u r as a re su lt o f th e ir n o n -sph e rical sh ap e  at 

e qu ilib riu m  (Re gan  PH.  e t al. , 2003 ) .  

 

 

- Nu cle ar Vib ratio n s  

 

 

Th e  L iqu id  Dro p  m o d e l can  giv e  u s a p re tty go o d  

id e a re gard ing th e  w ay w ith  w h ich  a n u cle u s 

v ib rate s .  How e v e r, th e  e n e rgy o f a n u cle u s , as a 

qu an tu m  system , n e e d s to  b e  qu an tise d  (v an 

Dom m e le n  L . , 201 3 ) .  In  fact, and  by taking in to  

co n sid e ratio n  th e  class ical  

 

 

e xp re s s io n  fo r th e  low e st fre qu e n cy w e  ge t th at 

 

 

 

 

 

 

 

 

 

 

w h e re  Es , Ec re p re se n t th e  re lativ e  stre ngth  o f th e  

su rface  te n sio n  and  th e  re lativ e  stre ngth  o f th e  

Co u lom b re pu ls io n s , re sp e ctiv e ly fo r th e  low e st 

fre qu e n cy .  Th e  in stan tan e o u s sh ap e  o f th e  n u cle i is  

n o n -sph e rical, as  o p po se d  to  th e  sph e rical av e rage  

sh ap e .  Th e re fo re , th e  s ligh te st d e fo rm atio n  in  th e  

sh ap e  from  th e  e qu ilib riu m  is b o u nd  to  in cre ase  th e  

e n e rgy o f th e  su rface .  In  fact, and  acco rd ing to  

L ille y, a sm all d e fo rm atio n  is b o u nd  to  ind u ce  a 

parabo lic e n e rgy po te n tial (L ille y J. , 2001 ).  Figu re  8 

illu strate s th e  sh ap e  o f th e  barrie r as a fu n ctio n  o f 

th e  d e fo rm atio n  o r fragm e n t se paratio n  fo r se v e ral 

v alu e s o f atom ic m ass n u m be r A .  It is sh ow n  th at at 

large  se paratio n s th e  sh ap e  o f th e  barrie r is  d e fin e d  

by th e  Co u lom b po te n tial b e tw e e n  th e  ch arge s o f th e  

n u cle i.  A  m e asu re  o f th e se  ch arge  d istribu tio n  

d e v iatio n s from  th e  sph e rical sh ap e  are  d e fin e d  as 

th e  qu ad ru po le  m om e n t (Q ) o f th e  d istribu tio n  

(cd fe . s in p .m su . ru ).  On  th e  o th e r h and , and  at sm all 

d e fo rm atio n s (d isto rtio n s) b o th  te rm s o f e q .  3  

    E   E 
2 

1 

 E
2 

Z
 2 

eq. 3, 

A 
A
2 

v ib ratio

n  s  c  
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com pe te  to  e ach  o th e r, w h e re  su rface  te n sio n  is 

trying to  pu ll th e  n u cle u s back to  its o rigin al 

sph e rical sh ap e .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  8.  Th e  re sp e ctiv e  sh ap e  o f th e  barrie r as a 

fu n ctio n  o f th e  d e fo rm atio n  o r fragm e n t se paratio n .  

Im age  take n  from  (sh e f. ac . u k , 2003 ) 

 

Ne v e rth e le ss , th e  in stan tan e o u s sh ap e  o f th e  

n u cle u s can  b e  d e scrib e d  by a rad iu s v e cto r R (θ, φ) 

as a fu n ctio n  o f tim e  (t) w ith  θ and  φ d e fin ing th e  

angu lar co o rd in ate s o f a p o in t th at re s id e s  at th e  

su rface  

 

R (t )  R
av
 [1    

2
 co s( t )Y

,m
 (  , )] e q .  4, 

 

 

w h e re  β
2
 is th e  d e fo rm atio n  param e te r, R

av
 is th e  

av e rage  rad iu s o f th e  n u cle u s (w h ich  is d ire ctly 

p ro po rtio n al to  A
1 / 3

 (Pe arso n  J. , 2008).  On  th e  o th e r 

h and , th e  te rm  Y λ,m  in tro d u ce s angu lar m om e n tu m  

and  figu re  9 sh ow s th e  re sp e ctiv e  v ib ratio n al m o d e ls  

fo r th re e  d istin ct v alu e s o f λ (λ= 1 , 2, and  3 ) 

(Tre n talage  S.  and  Ko o n in  E. , 1 980) .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  9.  Th e  th re e  low e st v ib ratio n al state s (m o d e s) 

o f a n u cle u s .  Im age  take n  from  (Kran e  KS. , 1 998) 

 

Fo r λ = 1  w e  h av e  a d ip o le  e xcitatio n .  In  th is case  th e  

sph e rical h arm o n ic ch ange s from  th e  ce n te r o f th e  

m ass w ith o u t th e  app licatio n  o f e xte rn al fo rce s .  

Mo re o v e r, w h at is o b se rv e d  in  th is state  is a h igh ly 

co lle ctiv e  d ip o le  e xcitatio n  th at h as a sp in  /  parity 

o f 1
-

 at e xcitatio n  e n e rgie s o f 1 0 - 20 MeV (L ille y J. , 

2002) On  th e  o th e r h and , and  fo r λ = 2, w e  h av e  a 

qu ad ru po le  w h e re  all n u cle o n s co n tribu te  to  th e  

m o tio n  o f th e  n u cle u s .  Th is m o d e  is th e  low e st 

v ib ratio n al m o d e  and  d o e s  n o t call fo r com p re s s io n  

o r se paratio n  o f p ro to n s and  n e u tro n s .  Fin ally, and  

fo r λ = 3 w e  h av e  an  o ctu po le  w ith  an  o v e rall 

n e gativ e  parity .  Su ch  v ib ratio n al state s are  typ ically 

o b se rv e d  at e n e rgie s th at are  gre ate r th an  th e  E2 

v ib ratio n al state s .  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 0.  En e rgy spacing o f bo th  qu ad rapo le  and  

o ctu po le  ph o n o n  e xcitatio n  o f a sph e ro id  

 

 

 

Figu re  1 0 illu strate s th e  e n e rgy spacing o f bo th  

qu ad ru po le  and  o ctu po le  ph o n o n  e xcitatio n  o f a 

sph e ro id .  

 

 

- Nu cle ar Ro tatio n s  

 

 

Co lle ctiv e  n u cle ar ro tatio n  can  b e  o n ly o b se rv e d  in  

n u cle i th at h av e  n o n -sph e rical e qu ilib riu m  sh ap e s .  

Fo r in stan ce , and  acco rd in g to  th e  p rin cip le s o f 

qu an tu m  m e ch an ics , n u cle i th at lie  clo se  to  th e  

m agic n u m be rs are  p ractically sph e rical and , th u s 

ro tatio n  is by d e fau lt fo rb id d e n .  It w as p re v io u sly 

state d  th at n u cle i w ith  1 50 < A  < 1 90 o r A  > 220 th e y 

e xp re s s a ro tatio n al b e h av io u r as a re su lt o f th e ir 

n o n -sph e rical sh ap e  at e qu ilib riu m  (as o p po se d  to  

n u cle i 
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Figu re  1 1 .  Th e  sh ap e  o f an  axial sym m e tric p ro late  

e llip so id  th at is d e fin e d  by its sem i-m ajo r axis .  In  

th is case  c is gre ate r th an  th e  sem i-m in o r axis .  

Figu re s take n  from  (Ov e nd e n  C . , Kh agram  P. , 2007) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 2.  Th e  sh ap e  o f an  o b late  e llip so id  th at is  

d e fin e d  by its sem i-m ajo r axis .  In  th is case  c is  

sm alle r th an  th e  sem i-m in o r axis .  Figu re s take n  

from  (Ov e nd e n  C . , Kh agram  P. , 2007) 

 

w ith  A  < 1 50 in  w h ich  cas e  th e y v ib rate  abo u t a 

sph e rical e qu ilib riu m  (v ib ratio n al)).  Th e se  n u cle i 

are , h e n ce  calle d  as d e fo rm e d  nu cle i and  th e y are  

e llip so id al: e ith e r p ro late  o r o b late  (se e  figu re s 1 1  

and  1 2).  How e v e r, and  in  bo th  case s , th e  n u cle i 

e xh ib it sym m e try abo u t bo th  sem i-m ajo r and  sem i-

m in o r axis .  Ne v e rth e le ss , and  as p re v io u sly 

m e n tio n e d , th e  sh ap e  o f th e  d e fo rm e d  nu cle i can  b e  

d e scrib e d  by an  e llip s o id  as in  e qu atio n  4, w h e re  β is  

th e  d e fo rm atio n  param e te r.  Th e  re latio n sh ip  

b e tw e e n  th is param e te r and  th e  e cce n tricity o f th e  

re sp e ctiv e  e llip se  is giv e n  by e qu atio n  5 
 

 

 

4     R 

 eq. 5, 

3 

 

5 R    

      

av e ra

ge   

 

w h e re  R
av e rage

 = R
0
 A

1 / 3

 and  R d e scrib e s th e  d iffe re n ce  

b e tw e e n  th e  sem i m ajo r and  sem i m in o r axis fo r th e  

e llip so id  (A ld e r K.  e t al, 1 956) .  Th e  param e te r β 

d e fin e s th e  d e gre e  to  w h ich  a n u cle u s is d e fo rm e d  

(its e cce n tricity).  Th e re fo re , w h e n  β take s p o sitiv e  

v alu e s th e  re sp e ctiv e  n u cle u s is d e fo rm e d  like  a 

p ro late  e llip so id  (figu re  1 1 ), w h e re as in  case s w h e re  

β take s n e gativ e  v alu e s th e  re sp e ctiv e  n u cle u s is  

o b late  (figu re  1 2).  

 

 

- Mom en t o f In e rtia 

 

 

Th e  kin e tic e n e rgy fo r a ro tating o bje ct is giv e n  by  

 

 

E  

1 

2 eq.6, 

2    

 

 

Wh e re  ζ is th e  m om e n t o f in e rtia (ro tatio n al m ass), 

and  ω is  th e  angu lar v e lo city o f th e  o bje ct.  Taking 

in to  co n sid e ratio n  th at th e  angu lar m om e n tu m  is , in  

tu rn  e qu al to  ζω th e n  e qu atio n  6 b e com e s  

E  

l 
2 

eq. 7, 

2    

 

 

He n ce , and  by sim p ly re p lacing th e  v alu e  o f angu lar 

m om e n tu m  l w ith  th e  angu lar m om e n tu m  qu an tu m  

nu m be r w e  ge t th at 

 

2  

E ( I )  [ 
2
 ]i (i 1) eq. 8. 

 

 

Equ atio n  8 sh ow s th at th e  ro tatio n al e n e rgy o f a 

giv e n  n u cle u s is in cre asin g in  p ro po rtio n  to  th e  

angu lar m om e n tu m  qu an tum  nu m be r.  

How e v e r, th is e qu atio n  is also  v e ry im po rtan t fo r 

th e  pu rpo se s o f th is d is se rtatio n  b e cau se  it p ro v id e s  

th e  e n e rgie s o f e v e n  - e v e n  n u cle i (ro tating o bje cts ) 

in  qu an tu m  m e ch an ics .  He n ce , and  w h e n  

co n sid e ring th e  2
+

 e n e rgy state  (w h e re  i = 2) w e  ge t 

th at E (2
+

) = 6(ħ 2/ 2ζ).  A cco rd ingly, and  by re p lacing 

th e  app ro p riate  v alu e s fo r i, w e  can  ge t th e  valu e s 

fo r th e  o th e r e n e rgy state s as sh ow n  b e low .  It sh o u ld  
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b e  m e n tio n e d  th at th e  gro u nd  state  o f e v e n  – e v e n  

n u cle i h as alw ays a valu e  o f 0.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 3 .  En e rgy fo r e v e n  - e v e n  n u cle i at th e  

re sp e ctiv e  gro u nd  o r e xcite d  state s  

 

 

Ne v e rth e le ss , an  im po rtan t e lem e n t o f figu re  1 3 is 

th e  ratio  E (4
+

) /  E (2
+

) b e cau se  o n  o n e  h and  it 

e lim in ate s th e  d e p e nd e n ce  o n  m om e n t o f in e rtia and  

o n  th e  o th e r h and , se ts th e  u pp e r lim it o f 3 . 3 3  fo r 

th is ratio .  Th is n u m be r is ch aracte ristic fo r n u clid e s  

th at are  kn ow n  as p e rfe ct ro to rs .  

 

Figu re  1 4 in  tu rn  illu strate s th e  gro u nd  state  

ro tatio n al band  th at is fo rm e d  as a re su lt o f th e se  

n u cle ar e xcite d  state s in  th e  fo rm  o f e n e rgy le v e l 

d iagram s .  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 4.  Sch em atic e n e rgy le v e l d iagram  

illu strating th e  se qu e n ce  fo rm e d  by nu cle ar e xcite d  

state s 

Th e  m om e n t o f in e rtia can  also  b e  w ritte n  as a 

fu n ctio n  o f th e  n u clid e ’s m ass and  rad iu s as in  

e qu atio n  9.  

 

r
2

 9, 

w h e re  κ re p re se n ts a p ro p o rtio n ality co n stan t and  

can  b e  u se d  in  o rd e r to  d e fin e  th e  re sp e ctiv e  n u cle ar 

d e fo rm atio n .  Th e re fo re , and  by taking in to  

co n sid e ratio n  th e  d e p e nd e n ce  b e tw e e n  th e  rad iu s 

and  th e  atom ic m ass w e  ge t, 

 

    r 
2

   (r  1 . 2 A
1 / 3

 fm , M  A ) 

e

0

, 

 

    A
5/ 3

u fm
2 

 

 

w h e re  u  is th e  atom ic m ass u n it.  

 

  

2. 4.Nu cle ar d e fo rm atio n  and  its  

d e te rm in atio n  from  th e  e xp e rim e n tal 

d e cay life tim e s o f th e  2
+

 Yrast state  

n u cle i 

 

A  v e ry accu rate  and  se n sitiv e  m e th o d  o f m e asu ring 

th e  stab ility o f th e  v ario u s n u cle i is  to  

e xp e rim e n tally co lle ct v alu e s  fo r th e  re d u ce d  e le ctric 

qu ad ru po le  tran sitio n  p ro bab ility B(E2)↑ b e tw e e n  

th e  0
+

 gro u nd  state  and  th e  first 2
+

 e xcite d  state  in  

e v e n  – e v e n  n u clid e s (Ram an  S.  e t al. , 2001 ).  In  fact, 

and  in  case s  w h e re  th e  n u cle i u nd e r in v e stigatio n  

are  d e fo rm e d , th is  p ro bab ility d ire ctly d e p e n d s o n  

th e  m agn itu d e  o f th e  in trin sic qu ad rap o le  m om e n t 

Q
0
 (and , th u s o n  d e fo rm atio n ) (Ho ssain  i.  e t al, 201 4) .  

In  fact, th is p ro bab ility is , in  tu rn , giv e n  by th e  

in v e rse  o f th e  life tim e  o f th e  giv e n  e xcite d  state  τ 

(Ram an  S.  e t al. , 2001 , He llem  J. , 2008) Th e  

accu m u latio n  o f th e  B (E2)↑ v alu e s can  b e  o b tain e d  

by m e an s o f C o u lom b e xcitatio n  and  in e lastic 

e le ctro n  scatte ring.  Th e se  v alu e s can  also  b e  

acqu ire d  by m e an s o f m e asu ring th e  life tim e s o f th e  

re sp e ctiv e  e xcite d  state s , a m e th o d  w h ich  is v e ry 

su itab le  in  o u r case  d u e  to  th e  fact th at w e  are  

d e aling w ith  h igh  sp in s (Lo ngo  L . , 201 5).  Th e  

e xp e rim e n tal d e cay life tim e s o f n u cle i is an  

add itio n al, ye t e qu al, in d icato r o f th e  re sp e ctiv e  

n u cle ar stru ctu re s .  

A cco rd ing to  Ram an , th e  B (E2)↑ v alu e s and  th e  τ 

v alu e s are  re late d  th ro u gh  e qu atio n  

 

1 1  (Ram an  S.  e t al. , 2001 ): 

 

 

1 3  5  (  2)  
1 

 

 (1  )       [  ] eq. 11 

International Journal of Scientific & Engineering Research Volume 9, Issue 2, February-2018
ISSN 2229-5518 1,499

IJSER © 2018
http://www.ijser.org

IJSER



  

40.81  10 

 e
2

 b
2 

 

 

w h e re  α is a co n stan t (in te rn al co n v e rsio n  

co e fficie n t) th at d e p e n d s o n  th e  sp e cific v alu e  o f E, 

 

E is d e fin e d  in  te rm s o f keV, B(E2) in  te rm s o f e
2

b
2

 (e  

= 1 . 6 x 1 0
-1 9

  J, b  = 1  x 1 0
-28

 m
2

) and  τ 

 

is th e  m e an  life tim e  o f th e  state  in  p ico se co n d .  It 

sh o u ld  b e  n o te d  th at th e  re d u ce d  e le ctric 

qu ad ru po le  tran sitio n  p ro bab ility v alu e s are  

fu nd am e n tal e xp e rim e n tal qu an titie s and  are  

in d e p e nd e n t o f th e  n u cle ar m o d e ls .  In  co n trast to  

th e  B (E2)↑ v alu e s , th e  d e fo rm atio n  param e te r β is  

m o d e l d e p e n d e n t.  How e v e r, and  ow ing to  its e asy 

v isu alizatio n  th is param e te r is o f u tm o st im p o rtan ce  

to  th e  qu an tificatio n  o f n u cle ar d e fo rm atio n s .  In  fact, 

and  assu m ing a ch arge  d istribu tio n  th at is u n ifo rm  

u p  to  a d istan ce  o f R (θ,φ) bu t take s th e  valu e  o f ze ro  

b e yo nd  th at, th e  d e fo rm atio n  param e te r can  b e  

re late d  to  th e  B (E2)↑ v alu e s by th e  fo llow ing 

e qu atio n  (Ram an  S.  e t al. , 2001 ) 

 

  

( 

4  B E2  
1/  2 

eq. 

12. 

 )

[ 

 

]  3 R
2 

e
2 

 0     

 

 

w h e re  Z re p re se n ts th e  atom ic ch arge  o f th e  n u cle u s .  

 

 

3 .  Re su lts  

 

 

3 . 1 . Yrast 2
+

 e n e rgie s o f e v e n  – e v e n  n u clid e s  

 

 

It w as p re v io u sly state d  th at th e  low e st e xcite d  state  

o f m o st e v e n  – e v e n  n u clid e s is a sp in / parity 2
+

 

state .  Th e  d ata o f th e  2
+

 e n e rgy state  w e re  co lle cte d  

from  th e  lite ratu re  and  th e y are  co n se qu e n tly 

p lo tte d  as a fu n ctio n  o f th e  re sp e ctiv e  p ro to n  and  

n e u tro n  n u m be rs as sh ow n  in  figu re  1 5 

(n nd c . bn l. go v , 201 5).  A pp e n d ix 1  p ro v id e s a fu ll list 

o f all v alu e s co lle cte d  fo r all n u clid e s re gard ing th e ir 

2
+

 and  4
+

 e n e rgie s to ge th e r w ith  th e ir re sp e ctiv e  

p ro to n , n e u tro n , and  m ass n u m be rs .  Ne v e rth e le ss , 

and  d e sp ite  th e  fact th at th e  re sp e ctiv e  sh ap e  o f th e  

graph  d o e s n o t at first in d icate  any o rd e r o r u se fu l 

co n clu sio n s re gard ing th e  re aso n s fo r th e  

app e aran ce  o f sp ike s in  e xcitatio n  e n e rgy, it can  be  

e asily in fe rre d  th at th e  su dd e n  in cre ase  in  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 5.  2+ Yrast 2
+

 Excitatio n  En e rgie s fo r e v e n -

e v e n  n u cle i p lo tte d  as a fu n ctio n  o f N and  Z 

 

 

th e  e xcitatio n  e n e rgy o f ce rtain  n u cle i can  b e  

attribu te d  to  th e  th e o re tical p re d ictio n s w h e re  a fu ll 

sh e ll w ill alw ays tran s late  in to  a h igh ly stab le  

n u clid e  (Bryan  J. , 201 3 , Magill J.  and  Galy J. , 2005).  

Th e se  sp ike s are  in  acco rd an ce  to  th e  m agic n u m be rs 

are  2, 8, 20, 28, 50, 82, and  1 26 and , h e n ce  co rre sp o n d  

to  fu ll sh e lls (in  to tal agre em e n t to  th e  nu cle ar sh e ll 

m o d e l th at w as d iscu sse d  e arlie r).  Th e  first co u p le  o f 

sp ike s th at are  e xh ib ite d  to  th e  le ft o f figu re  1 5 

b e lo ng to  
1 6

O (8 p ro to n s and  8 n e u tro n s) and  th e  

alph a particle  
4

He  (2 p ro to n s and  2 n e u tro n s), 
1 2

C
6
 

(s ix p ro to n s and  six n e u tro n s )
,
 
1 4

C
6
 (s ix p ro to n s and  8 

n e u tro n s).  On  th e  o th e r h and , th e  tw o  large  sp ike s to  

th e  righ t o f th e  graph  co rre sp o n d  to  
1 32

Sn  and  
208

Pb 

nu clid e s .  He n ce , it can  b e  e asily se e n  th at th e se  

n u clid e s h av e  e xcitatio n  e n e rgie s th at are  e ith e r 

d o u b le  (tin ) o r qu ad ru p le  (le ad ) com pare d  to  th o se  

o f th e ir re sp e ctiv e  n e igh bo rs .  Th e re fo re , and  go in g 

back to  figu re  1 5, th e  large  sp ike s o b se rv e d  

co rre sp o n d  to  n u clid e s th at are  e ith e r m agic o r 

d o u b ly m agic (iso to p e s w ith  bo th  p ro to n  and  

n e u tro n  n u m be rs m atch ing th e  m agic o n e s ).  Th e  

h igh  e n e rgie s  o f u p  to  7 MeV co rre sp o nd  to  th e  

n u clid e s 
1 2

C
6,
 
1 4

C
8,
 
1 32

Sn
82,

 
40

Ca
20
, 

1 4

O
8
, 

1 6

O
8
 and  

208

Pb
1 26.

 

Mo re o v e r, it can  b e  also  o b se rv e d  th at th e  h e av ie r 

th e  n u cle i in  o u r graph  th e  low e r th e  e x citatio n  

e n e rgy b e com e s and , th u s th e  m o re  u n stab le  th e y 

are  (are as o f h igh  d e fo rm atio n  th at are  e sp e cially 

fo u nd  in  th e  re gio n  b e tw e e n  th e  tw o  p ike s to  th e  

righ t o f th e  graph  in  figu re  1 5).  A n  add itio n al 

ch aracte ristic o f figu re  1 5 is  th e  b e h av io r o f th e  
32

Mg 

nu cle u s .  A cco rd ing to  th e  m e an  fie ld  fram ew o rk , th e  
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32

Mg nu clid e  is th e o re tically p re d icte d  to  h av e  a 

sph e rical gro u nd  state  (Ro d rigu e z -G u zm an  e t al. , 

201 5).  How e v e r, and  acco rd ing to  th e  acqu ire d  

e xp e rim e n tal v alu e  o f th e  first e xcite d  state  B (E2, 0
+

 

→ 2
+

) (and  as w e  w ill se e  late r also  d u e  to  th e  ratio  R 

(E
4+
 /  E

2+
 )) it is su gge ste d  th at th is is n o t tru e  and  

th at th is n u clid e  d em o n strate s in  fact a d e fo rm e d  

gro u nd  state .  Th is w e ake n ing (o r e ro sio n  as 

d e scrib e d  in  th e  lite ratu re ) is ch aracte ristic o f th e  N 

= 20 and  N = 28 m agic n um be rs in  n u cle i th at are  

ligh t and  h av e  a rich  co n siste n cy o f n e u tro n s (p lain  

m e an  fie ld  app ro xim atio n s (Ring P.  and  Sch u ck P. , 

1 980)).  He n ce , su ch  ch alle nging sh e ll e ffe cts w ith  

re sp e ct to  n e u tro n  rich  n u cle i, are  in  co n trad ictio n  

w ith  th e  accu m u late d  e xp e rie n ce  re gard ing stab le  

n u cle ar system s (Mich im asa S.  e t al, 201 4) .  

 

In  fact, and  acco rd ing to  a pap e r pu b lish e d  from  

Nakad a and  Su giu ra in  201 4, ‘alth o u gh  d e fo rm atio n  

d e gre e s o f fre e d om  are  n o t e xp licitly take n  in to  

acco u n t, th e  sem i-re alistic in te ractio n s d e scrib e  th e  

e ro sio n  o f N = 20 and  28 m agicity in  th e  p ro to n -

d e ficie n t re gio n , as w e ll as th e  em e rge n ce  o f N = 1 6 

and  32 m agicity .  In  add itio n  to  th e  kn ow n  m agic 

n u m be rs , p o s s ib le  m agicity at N = 40, 56, 90, 1 24, 

1 72, 1 78, 1 64, 1 84 and  Z = 1 4, 1 6, 34, 38, 40, 58, 64, 92, 

1 20, 1 24, 1 26 h as b e e n  argu ed , in  com pariso n  w ith  

sim ilar p re d ictio n s o b tain e d  from  th e  G o gny D1 S 

and  D1M in te ractio n s’ (Nakad a H.  and  Su giu ra K. , 

201 4, pp .  1 6).  
 

Figu re  1 6 and  figu re  1 7, are  an  alte rn ativ e  

w ay to  v isu aliz e  th e  issu e s th at w e re  p re v io u sly 

d iscu s se d .  Figu re  1 6 d e p icts th e  re latio n sh ip  

b e tw e e n  th e  p ro to n  n u m be r and  th e  e xcitatio n  

e n e rgy E
2+
 w h ich  is p lo tte d  in  a lo garithm ic scale .  It 

can  b e  e asily in fe rre d  th at th e re  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 6.  2
+

 Yrast Excitatio n  En e rgie s again st Z 

 

is a grad u al d e cre ase  in  th e  v alu e  o f th e  e xcitatio n  

e n e rgy th e  gre ate r th e  atom ic n u m be r o f th e  

n u clid e s b e com e s , e xclu d in g, o f co u rse , th e  sp ike s 

co rre sp o n d ing to  stab le  n u clid e s (clas s ically, th e se  

sh o u ld  d e cre ase  as A
5/ 3

 fo r th e  sam e  d e fo rm atio n ).  

Ne v e rth e le ss , sp ike s  at 8, 20, 28, 50, 82, and  1 26 

(re p re se n ting p ro to n  sh e ll c lo su re s ) can  cle a rly b e  

se e n  by th e  are as lab e lle d  o n  th e  graph .  On  th e  o th e r 

h and , figu re  1 7 illu strate s th e  re latio n sh ip  b e tw e e n  

th e  e xcitatio n  e n e rgy E
2+
 and  th e  n e u tro n  n u m be r o f 

th e  re sp e ctiv e  n u clid e s .  Th e  sam e  co n clu sio n s can  b e  

re ach e d  as in  th e  p re v io u s graph .  In  bo th  case s , it is 

cle ar th at th e  sp ike s co rre sp o nd  to  th e  m agic and  

d o u b ly m agic n u m be rs .   

How e v e r, figu re  1 8 is fu rth e rm o re  

d em o n strating th e  co lle ctiv e  e ffe ct o f atom ic m ass 

n u m be r o n  th e  e xcitatio n  o f th e  re sp e ctiv e  n u clid e s .  

Th e  tw o  sp ike s , as d iscu sse d  e arlie r, at th e  righ t sid e  

o f th e  graph  co rre sp o nd  to  th e  d o u b ly m agic 

n u clid e s .  On  th e  o th e r h and , th e re  is a cle ar 

e v id e n ce  fo r th e  sh e ll stru ctu re  m o d e l p ro v id e d  by 

th e  sh e ll clo su re s at N = 50, N = 82, and  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 7.  2+ Yrast Excitatio n  En e rgie s o f th e  2+ 

state  again st N .  

N = 1 26.  Th e  re st o f th e se  sh e ll clo su re s , n am e ly at 8, 

20, and  28 can  also  b e e n  se e n , bu t fo r m e an s ke e p ing 

th e  graph  sim p le  th e y h av e  n o t b e e n  ind icate d .  It 

sh o u ld  b e  n o te d  th at th e re  are  tw o  rath e r 

u n e xp e cte d  sp ike s at th e  re gio n  su rro u n d ing th e  
68

Ni 

(28 p ro to n s and  40 n e u tro n s) and  at th e  re gio n  

su rro u nd ing th e  
90

Zr (40 p ro to n s and  50 n e u tro n s).  

How e v e r, th e  first o n e  h as ∼2. 2 MeV e xcitatio n  

e n e rgy, w h ile  th e  analo go u s n e u tro n  in tru d e r state s 

in  
90

Zr re s id e  at 41 26 keV and  5441  keV .  Th is 

d iffe re n ce  in  th e  e xcitatio n  e n e rgy can  b e  e xp lain e d  

by th e  sh e ll m o d e l d e scrip tio n  o f 0
+

 in tru d e r state s .  

Th is m o d e l state s th at th e  e xcitatio n  e n e rgie s (and  

th e  re sp e ctiv e  d iffe re n tiatio n  o f th e se  n u clid e s as 

com pare d  to  th e  o th e rs ) o f  b o th  
68

Ni and  
90

Zr can  b e  

e xp lain e d  by th e  fact th at ‘th e y are  s im ilar in  sp ite  o f 

th e  d iffe re n ce  in  th e  u np e rtu rb e d  single -p article  
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sh e ll-gap  e n e rgie s , a s it is com pe n sate d  to  a large  

e xte n t by th e  d iffe re n ce  in  pairing e n e rgie s ’(Pau w e ls  

D .  e t al, 201 0).  Fu rth e rm o re , th is h igh ligh ts  th e  fact 

th at th e  stro nge r pair n e u tro n  scatte ring in  
68

Ni 

trigge rs m o re  activ e  v ale n ce  n e u tro n s th at h igh ly 

in te ract w ith  p ro to n  e xcitatio n s aro u nd  th e  re gio n  o f 

Z = 28.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 8.  2+ Yrast e xcitatio n  e n e rgie s again st th e  

atom ic m ass .  Tw o  d o u b ly m agic n u clid e s are  sh ow n  

to  h av e  large  sp ike s .  

 

 

He n ce , n e u tro n  pair scatte ring aro u nd  N = 40 is far 

m o re  im po rtan t and  in flu e n tial th an  

p ro to n  pair scatte ring aro u nd  Z = 40.  
1 32

Sn  

 

3 . 2. Yrast 4
+

 e n e rgie s o f e v e n  – e v e n  n u clid e s  

 

Figu re  1 9 e xh ib its th e  e xcitatio n  e n e rgy E
4+
 as a 

fu n ctio n  o f bo th  th e  p ro to n  and  n e u tro n  n u m be r.  A s 

e xp e cte d , th e  av e rage  e xcitatio n  e n e rgy is h igh e r as 

com pare d  to  th e  re sp e ctiv e  E
2+
; h ow e v e r, b o th  p lo ts 

app e ar to  h av e  a v e ry sim ilar sh ap e .  He n ce , it can  b e  

co n clu d e d  th at th e  sh e ll clo su re s w ill b e  th e  sam e  

(sam e  po s itio n s o n  th e  graph ) re gard le ss o f w h ich  

e n e rgy is p lo tte d .  A n  in te re sting fact is th e  gre at 

am o u n t o f e n e rgy th at is n e e d e d  at 6 n e u tro n s o r 

p ro to n s , d e sp ite  th e  fact th at th is n u m be r is n o t a 

m agic o r d o u b ly m agic o n e .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  1 9.  4+ Yrast e xcitatio n  e n e rgie s again st N and  

Z 

Th e se  re su lts b e com e  m o re  e v id e n t in  th e  n e xt figu re  

w h e re  th e  co lle ctiv e  e ffe ct o f atom ic m ass n u m be r 

o n  th e  e xcitatio n  E
4+
 o f th e  re sp e ctiv e  n u clid e s .  On ce  

again  th is graph  p ro v e s th e  e xiste n ce  o f clo se d  sh e ll 

clo su re s at th e  so -calle d  m agic n u m be r (2, 8, 20, 28, 

50, 82, and  

1 26).  Mo re o v e r, th e  d iffe re n ce s in  th e  re sp e ctiv e  

e xcitatio n  e n e rgie s fo r n u clid e s th at h av e  th e  sam e  

m agic n u m be r o f n e u tro n s bu t n o t th e  sam e  n u m be r 

o f p ro to n s can  b e  o n ce  again  e xp lain e d  by th e  sh e ll-

m o d e l d e scrip tio n  as e arlie r.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  20.  4+ Yrast e xcitatio n  e n e rgie s fo r th e  4
+

 

state  in  e v e n -e v e n  n u cle i again st th e  atom ic m ass .  

Tw o  d o u b ly m agic n u clid e s are  sh ow n  to  h av e  

large  sp ike s  

 

 

3 . 3 . Th e  R(E(4
+

)/ E(2
+

)) ratio  

 

 

In te re sting co n clu sio n s can  b e  in fe rre d  by p lo tting 

th e  ratio  o f th e  tw o  e xcitatio n  e n e rgie s (E(4
+

)/ E(2
+

)) 

as a fu n ctio n  o f bo th  th e  p ro to n  and  n e u tro n  n u m be r 

International Journal of Scientific & Engineering Research Volume 9, Issue 2, February-2018
ISSN 2229-5518 1,502

IJSER © 2018
http://www.ijser.org

IJSER



  

o f th e  n u clid e s .  It is  sh ow n  th at th e re  is a cle ar 

co rre latio n  b e tw e e n  bo th  e xcitatio n  e n e rgie s and  

th at th e ir re sp e ctiv e  ratio  in cre ase s w ith  th e  add itio n  

o f v ale n ce  n u cle o n s u n til a m axim um  v alu e  is 

re ach e d  (th at is fo u nd  to  b e  app ro xim ate ly 3 . 3 3 ).  

Fo llow ing th is v alu e , th e  ratio  te nd s to  re tu rn  back 

tow ard s stab ility .  It sh o u ld  b e  m e n tio n e d  th at th e  

th e o re tical app ro ach  d e fin e s th at th is ratio  sh o u ld  

h av e  a v alu e  o f R = 3 . 333 fo r a n e ar-p e rfe ct axially 

sym m e tric d e fo rm e d  ro to r, w h e re as it sh o u ld  take  

v alu e s o f R = 2. 0 fo r id e aliz e d  v ib ratio n al n u cle i 

(p e rfe ct h arm o n ic v ib rato rs) (A lkh om ash i N. , 201 0).  

On  th e  o th e r h and , th e  ratio  o f th e se  tw o  e xcitatio n  

e n e rgie s fo r n u cle i th at h av e  n e ar clo se d  sh e lls (n e ar 

m agical n u cle i) te nd  to  take  v alu e s th at are  le ss th an 

2. 0.  Mo re o v e r, figu re  21  add itio n ally sh ow s th at th e  

large r th e  m ass th e  low e r th e  e xcitatio n  e n e rgy is 

re qu ire d  in  o rd e r to  d e fo rm  th e  n u cle u s .  Th is 

su gge sts th at h e av ie r n u cle i are  m o re  p ro n e  (and  

m o re  e asily) to  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  21 .  Plo t o f R(4/ 2), a m e asu re  o f th e  ratio  o f 

th e  E(4
+

) e n e rgy to  th e  E(2
+

) e n e rgy, again st N and  Z 

 

d e fo rm atio n  Of co u rse , th e  e xce p tio n s in  th e  re gio n  

o f h igh  m ass in clu d e  th e  m agic and  d o u b ly m agic 

n u m be rs .  Fo r in stan ce , fo r tin  and  le ad  th e  ratio  is 

e xp e cte d  (and  is fu rth e rm o re  sh ow n ) to  h av e  low e r 

v alu e s (R > 2. 0) w h ich  co rre sp o n d  to  sph e rical 

n u cle i.  Th e  sam e  co n clu sio n  can  also  b e  re ach e d  by 

p lo tting th e  ratio  o f th e  tw o  e xcitatio n  e n e rgie s  

(E(4
+

) / E(2
+

)) as a fu n ctio n  o f th e  atom ic m ass 

(figu re  22).  Th is graph  is v e ry u se fu l b e cau se  it 

d ire ctly e xh ib its th e  p le th o ra o f n u cle i th at are  

u n stab le  and , th u s e asily d e fo rm e d .  Fo r in stan ce , 

and  fo r th e  are a th at h as atom ic m asse s b e yo nd  220, 

th e re  are  a large  n um be r o f n u cle i th at are  d e fo rm e d .  

Th e  sam e  o b se rv atio n  can  b e  m ad e  fo r n u clid e s  

h av ing 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  22.  Th e  ratio  o f (E(4
+

)/ E(2
+

) again st th e  

atom ic m ass 

 

 

atom ic m asse s aro u nd  th e  are a o f A  = 1 50 and  fo r 

ligh t n u cle i (A  < 20).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  23 .  Th e  ratio  o f (E(4
+

)/ E(2
+

) again st th e  

n e u tro n  n u m be r 

 

Figu re  23 is d em o n strating th e  ratio  o f th e  tw o  

e xcitatio n  e n e rgie s (E(4
+

)/ E(2
+

) as a fu n ctio n  o f th e  

n e u tro n  n u m be r.  Th e  m agic n u m be rs o f 82 and  1 26 

are  n ow  far m o re  e v id e n t (R << 2. 0).  

 

3 . 4 . De fo rm e d  nu cle i 

 

 

A n  add itio n al param e te r th at can  sign ific an tly aid  in  

th e  qu an tificatio n  o f n u cle ar d e fo rm atio n  and  th e  

su b se qu e n t e v alu atio n  o f th e  n u clid e s ’ n u cle ar 
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stru ctu re  is th e  re sp e ctiv e  m om e n t o f in e rtia in  th e  

re sp e ctiv e  n u cle i.  Th is param e te r can  b e  calcu late d  

from  e q .  8 and  figu re  1 3 and  it d em o n stra te s its 

in d e p e nd e n ce  from  th e  giv e n  e lem e n ts .  Figu re  24 

e xh ib its th e  v alu e  o f th e  m om e n t o f in e rtia again st 

th e  p ro to n  and  n e u tro n  n u m be r o f th e  n u clid e s 

(figu re  24).  It is cle arly sh ow n  th at th e re  is gre at 

v ariab ility re gard ing th e  valu e  o f th e  m om e n t o f 

in e rtia th at can  re ach  u p  to  o n e  o rd e r o f m agn itu d e .  

Th is is d ire ctly attribu te d  to  th e  re sp e ctiv e  n u cle ar 

sh e ll stru ctu re s bu t also  to  th e  n u m be r o f v ale n ce  

n u cle o n s th at w as p re v io u sly d iscu s se d .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  24.  Mom e n t o f in e rtia  fo r E
2+
 p lo tte d  again st 

th e  n u m be r o f p ro to n s and  th e  n u m be r o f n e u tro n s  

 

Fu rth e rm o re , it can  b e  d e d u cte d  th at re gio n s w h ich  

co rre sp o n d  to  stab le  n u clid e s , su ch  as th e  o n e  

lo cate d  b e tw e e n  th e  d e fo rm e d  rare  e arth  and  

actin id e  e lem e n ts (1 90 < A  < 220) w ill sh ow  th e  

low e st v alu e  fo r th e  m om e n t o f in e rtia .  He n ce , 

m om e n t o f in e rtia is a param e te r th at d o e s n o t 

d e p e nd  o n  th e  e lem e n t itse lf bu t so le ly to  th e  m ass 

n u m be r (th e  gre ate r th e  m ass n u m be r th e  gre ate r th e  

v alu e  o f in e rtia , e xce p t o f co u rse  w h e n  it com e s to  

th e  m agic o r d o u b ly m agic nu m be rs).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  25.  Mom e n t o f in e rtia fo r E
2+
 p lo tte d  again st 

th e  atom ic m ass n u m be r, A .  

 

Figu re  25 also  illu strate s h ow  th e  d e fo rm atio n  

param e te r β v arie s w ith  th e  re sp e ctiv e  n u clid e  

m asse s .  Th e  A
5/ 3

 d e p e nd e n ce  fo r co lle ctiv e  n u cle i is  

e v id e n t and  it is sh ow n  at b o th  figu re  26 and  figu re  

27.  Ind e e d , th e se  figu re s sh ow  th at th e  m om e n t o f 

in e rtia o f a n u cle u s d o e s n o t d e p e n d  u po n  w h ich  

e lem e n t it is , bu t also  th at th is v alu e  is affe cte d  w h e n  

th e  m ass in cre ase s .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  26.  Mom e n t o f In e rtia o v e r th e  e n tire  range  as 

fu n ctio n  o f m ass , A .  Mom e n t o f in e rtia h as b e e n  

d iv id e d  by A  
5/ 3

.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  27.  Lo g-lo g p lo t o f m om e n t o f in e rtia and  

m ass n u m be r sh ow ing th e  app ro xim ate  A
5/ 3

 

d e p e nd e n ce .  

 

Fin ally, figu re  26 d em o n strate s o n ce  again  th at th e  

ratio n  b e tw e e n  th e  tw o  Yrast e n e rgie s (4
+

/ 2
+

) te nd s 

tow ard s 3 . 3 3bu t cann o t be  gre ate r.  A t th is m axim um  

v alu e  o f 3 . 3 3  th e re  is a w id e  range  o f po te n tial 

n u cle ar d e fo rm atio n s th at can  take  p lace .  
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Figu re  28: Th e  n u cle ar d e fo rm atio n  sh ow n  again st 

th e  E(4
+

)/ E(2
+

) ratio .  Th is sh ow s th e  d e v iatio n  o f 

d e fo rm atio n  fo r a p e rfe ct ro to r.  Tw o  tracks sh ow  th e  

o b se rv e d  classe s o f n u cle ar p h ase  tran sitio n s .  

 

 

 

3 . 5 . Vale n ce  Pro d u ct 

 

 

A n  add itio n al te ch n iqu e  th at can  d istin ctly sh ow  

and  p re se n t ind icatio n s o f n u cle ar stru ctu re  is th e  

v ale n ce  co rre ctio n  sch em e  (VCS).  Th is te ch n iqu e  is 

e xtrem e ly u se fu l b e cau se  th e  h u ge  array o f d ata 

in v o lv e d  can  som e tim e s o b scu re  (o r b e tte r said  n o t 

cle arly d e p ict) th e  re su lts th at w e  w an t to  p re se n t.  

VCS is a w ay o f d isp laying th e  re su lts in  te rm s o f th e  

v ale n ce  n u cle o n s and  th e  p articu lar te ch n iqu e  th at 

w ill b e  u se d  is th e  Np .Nn  v ale n ce  p ro d u ct 

param e te r.  Th is param e te r s im p ly d e n o te s th e  

p ro d u ct o f th e  v ale n ce  p ro to n s and  v ale n ce  n e u tro n s 

o r th e  p ro d u ct o f th e  n u m be r o f h o le s past m id -sh e ll 

(in  case s w h e re  th e  re sp e ctiv e  n u cle o n  n u m be rs are  

clo se r to  th e  n e xt fille d  (fu ll) sh e ll).  He n ce , it is 

e xtrem e ly u se fu l to  sh ow  o u r re su lts  u tiliz ing th is  

param e te r w h ich  e sse n tially illu strate s th e  tre nd  as 

‘d istan ce ’ from  th e  m agic n um be rs e . g.  w h e n  Np .Nn 

is at a m axim um  v alu e  th e  n u cle u s is at its m o st 

u n stab le .  It sh o u ld  b e  n o te d  th at th is p ro d u ct Np .Nn  

can  b e  th o u gh t o f as p re se n ting th e  stre ngth  o f th e  

re sp e ctiv e  in te ractio n s b e tw e e n  th e  n u cle o n s and  it 

is th e  d om in ating facto r re gard ing n o t o n ly ph ase  

tran sitio n s bu t also  re gard ing nu cle ar d e fo rm atio n s .  

Figu re  27 sh ow s th at as th e  p ro d u ct Np .Nn  

in cre ase s  so  d o e s th e  d e fo rm atio n  param e te r 

(in itially).  How e v e r, and  fo llow ing th e  v alu e  o f 200 

th e  p re v io u s lin e ar tre nd  b e gin s to  ch ange  w h ich  

d ire ctly re fle cts th e  add itio n  o f m o re  and  m o re  

v ale n ce  n u cle o n s (th e  so -ca lle d  satu ratio n  re gio n ).  

Ham am o to  w as th e  first to  p o in t o u t th at th e  squ are  

ro o ts o f th e  ratio s o f th e  m e asu re d  and  th e  single  

particle  B (E2) v alu e s w e re  p ro p o rtio n al to  th e  

p ro d u ct Np .Nn  (Ham am o to  I. , 1 965).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figu re  27.  Th e  v ariatio n  o f th e  d e fo rm atio n  co n stan t 

as a fu n ctio n  o f th e  Nn .Np vale n ce  p ro d u ct fo r th e  2
+

 

yrast le v e l.  

 

Th e  v ale n ce  p ro d u ct app e ars to  b e  h igh e r th e  fu rth e r 

aw ay w e  go  from  th e  so  - calle d  m agic n u m be rs .  

Th is co n firm s th at a h igh  ratio  w ill b e  fo u nd  at th e  

ce n te r o f sh e lls and , th e re fo re  th is is th e  lo catio n  

w h e re  w e  are  m o st like ly to  find  th e  p e rfe ctly 

ro tating d e fo rm e d  nu cle i.  On  th e  o th e r h and , th e  

v alu e  o f th is p ro d u ct te nd s to  z e ro  if e ith e r th e  

n u m be r o f p ro to n s o r n u m be r o f n e u tro n s co in cid e s 

w ith  a m agic nu m be r.  

 

 

4.  Co n clu sio n s  

 

 

A ll th ings co n sid e re d , th is d is se rtatio n  p re se n te d  a 

d istin ct and  d e taile d  an alysis re gard ing th e  

qu an tificatio n  o f n u cle ar d e fo rm atio n  and  m asse s .  

Th e  d ata o f th e  2
+

 and  4
+

 yrast e n e rgy state s (Yrast 

state s ), th e  n u cle ar e xcite d  state  e n e rgie s o f e v e n  – 

e v e n  n u cle i (n u cle i w ith  e v e n  n u m be r o f p ro to n s 

and  e v e n  n u m be r o f n e u tro n s) w e re  co lle cte d  from  

th e  lite ratu re  and  th e y w e re  co n se qu e n tly p lo tte d  as 

a fu n ctio n  o f th e  re sp e ctiv e  p ro to n  and  n e u tro n  

n u m be rs .  Ou r re su lts sh ow  th at th e  sh e ll stru ctu re  

m o d e l can  b e  co n sid e re d  to  b e  a re liab le  m e an s in  

te rm s o f d e scrib ing th e  stab ility o f nu clid e s .  In  fact, 

th e re  app e ar to  b e  ce rtain  m agic n u m be rs th at w h ich  

re p re se n t fu ll ce lls  and  th e y are , th u s v e ry stab le .  

Th is stab ility can  b e  p ro fo u nd ly u nd e rsto o d  from  

figu re s 1 6 – 24, w h e re  th e  e xcitatio n  e n e rgy o f th e  

low e st e xcite d  state  o f m o st e v e n  – e v e n  nu clid e s 
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(th e  2
+

 state ) is particu larly h igh  (sp ike s) at th e  

m agic n u m be rs 2, 8, 20, 28, 50, 82, and  1 26 (o r 

d o u b ly m agic iso to p e s w ith  bo th  p ro to n  and  

n e u tro n  n u m be rs m atch ing th e  m agic o n e s) and , 

h e n ce  co rre sp o nd  to  fu ll sh e lls .  Th e  tw o  sp ike s , as  

d iscu s se d  e arlie r, at th e  righ t sid e  o f th e  graph  o f 

figu re  1 8 co rre sp o nd  to  th e  d o u b ly m agic n u clid e s .  

Mo re o v e r, it can  also  b e  in fe rre d  th at th e  h e av ie r a 

n u cle u s is th e  low e r e xcitatio n  e n e rgy it p o sse sse s 

(h igh  d e fo rm atio n  are as).  Ne v e rth e le ss , an  

add itio n al is su e  th at w as e xam in e d  w as th e  re lativ e  

d iffe re n ce  th at w as p re se n te d  w ith  re sp e ct to  

n e u tro n  pair scatte ring and  p ro to n  pair s catte ring.  

Th e  u nd e rlin e  in ce n tiv e  fo r th is is su e  w as th e  

d isco v e ry o f tw o  rath e r u n e xp e cte d  sp ike s at th e  

re gio n  su rro u nd ing th e  
68

Ni (28 p ro to n s and  40 

n e u tro n s) and  at th e  re gio n  su rro u nd ing th e  
90

Zr (40 

p ro to n s and  50 n e u tro n s).  Th e ir re s p e ctiv e  d iffe re n ce  

in  e xcitatio n  e n e rgie s  can  b e  e xp lain e d  by th e  sh e ll 

m o d e l d e scrip tio n  o f 0
+

 in tru d e r state s and  p ro v e s  

th at n e u tro n  pair scatte ring aro u nd  N = 40 is far 

m o re  im po rtan t and  in flu e n tial th an  p ro to n  pair 

scatte ring aro u nd  Z = 40.  

 

Th e  e xcitatio n  e n e rgy d ata o f th e  2
+

 and  4
+

 

state s , th e  ratio  E(4
+

) /  E(2
+

) w as fo u nd .  Th is ratio  

take s v alu e s w ith in  th e  range  o f 1 . 5→3 . 3 3  and  it is a 

cle ar in d icatio n  o f th e  n u cle ar d e fo rm ity o f e ach  and  

e v e ry n u cle u s .  It w as sh ow n  th at th is ratio  re ach e s a 

v alu e  o f R = 3 . 333 fo r a n e ar - p e rfe ct axially 

sym m e tric d e fo rm e d  ro to r, w h e re as it take s v alu e s 

o f R = 2. 0 fo r id e aliz e d  v ib ratio n al n u cle i (p e rfe ct 

h arm o n ic v ib rato rs).  How e v e r, and  as o p po se d  to  

th e se  v alu e s , th e  ratio  o f th e se  tw o  e xcitatio n  

e n e rgie s fo r n u cle i th at h av e  n e ar clo se d  sh e lls (n e ar 

m agical n u cle i) te nd  to  take  v alu e s th at are  le ss th an 

2. 0.  On ce  again  th e  h igh  in stab ility o f h e av ie r n u cle i 

is d em o n strate d  (figu re  21 ).  Fu rth e rm o re , th e  

m om e n t o f in e rtia w as also  e xam in e d  (figu re  24) and  

it w as fo u nd  th at re gio n s w h ich  co rre sp o n d  to  stab le  

n u clid e s , su ch  as th e  o n e  lo cate d  b e tw e e n  th e  

d e fo rm e d  rare  e arth  and  actin id  e lem e n ts (1 90 < A  < 

220), w ill sh ow  th e  low e st v alu e  fo r th e  m om e n t o f 

in e rtia .  It sh o u ld  b e  also  state d  th at th e se  v alu e s 

sh ow  a gre at d e gre e  o f v ariab ility (u p  to  o n e  o rd e r 

o f m agn itu d e ), an  is su e  th at can  b e  e xp lain e d  by th e  

n u cle ar sh e ll stru ctu re  and  to  th e  n u m be r o f v ale n ce  

n u cle o n s .  Th e  m om e n t o f in e rtia is app ro xim ate ly 

p ro po rtio n al to  A
5/ 3

, th e re fo re , w h e n  th is v alu e  is 

d iv id e d  by th is d e p e nd e n ce  th e  re su lt is a 

d e fo rm atio n  co n stan t th at can  b e  also  u tiliz e d  in  

o rd e r to  d e fin e  th e  e cce n tricity o f th e  e llip so id  

n u clid e s .  It h as also  b e e n  sh ow n  th at fo r Nn .Np 

v alu e s gre ate r th an  200 th is d e fo rm atio n  is gre ate st 

bu t also  b e com e s satu rate d .  Th is p ractically su gge sts  

th e  fact th at in  case s w h e re  a large  nu m be r o f 

v ale n ce  n u cle o n s is p re se n t in  th e  re sp e ctiv e  n u cle ar 

stru ctu re  th e n  th e re  is a co lle ctiv e  e xcitatio n  th at 

trigge rs th e  n u cle i to  b e  d e fo rm e d .  Fin ally, th e  

d e fo rm atio n  param e te r sh ow e d  m axim a at sp e cific 

re gio n s in  th e  n u cle ar ch art w h ich  can  b e  se e n  in  

figu re  25.  Th e  v ale n ce  p ro d u ct app e ars to  b e  h igh e r 

th e  fu rth e r aw ay w e  go  from  th e  so -calle d  m agic 

n u m be rs .  He n ce , d e fo rm atio n  is o n ce  again  sh ow n  

th at it is  d ire ctly d e p e nd e n t to  th e  n u m be r o f 

v ale n ce  n u cle o n s .  
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  Nuclide  Proton Number (Z) Neutron Number (N)  Mass Num be r   E(2+) keV E(4+) keV R(4/ 2) 

                     

4 He    2  2  4,002603254           

2   2                   

6

 He    2  4  6,0188891  1797        

2   4                   

8 He    2  6  8,033922  3590        

2   6                   

1

0 He   2  8  10,0524  3240        

2   8                  

                  

6 Be    4  2  6,019726  1670        

4   2                   

8 Be    4  4  8,0053051  3040   1,14E+04 3,75E+00 

4   4                   

1

0  Be    4  6  10,013533  3368,03  11760  3,49E+00 

4   6                   

1

2  Be    4  8  12,026921  2102        

4   8                   

1

4  Be    4  10  14,04289  1590        

4   1 0                  

                   

1

0
6 

 

C
4 

  6  4  10,0168532  3353,6        
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1 2 
C 

  6  6  12  4438,91  14083  3,17E+00 

6   6                   

1 4 
C 

  6  8  14,00324199  7012  14667  2,09E+00 

6   8                   

1 6 
C 

  6  10  16,014701  1766  4142  2,35E+00 

6   
1
0                   

1 8 
C 

  6  12  18,02676  1620        

6   
1
2                   

              

1 4 
O 

  8  6  14,00859625  6590  9915  1,50E+00 

8   6                   

1 6 
O 

  8  8  15,99491462  6917,1  10356  1,50E+00 

8   8                   

1 8 
O 

  8  10  17,999161  1982,1  3554,84  1,79E+00 

8   
1
0                   

20 
O 

  8  12  20,0040767  1673,68  3570  2,13E+00 

8   1 2                   

22 
O 

  8  14  22,00997  3190  6936  2,17E+00 

8   1 4                   

                  

1

6 Ne    10  6  16,025761  1690        

1
0 6                  

1

8  Ne    10  8  18,0057082  1887,3  3376,2  1,79E+00 

1
0  8                   

2

0 Ne    10  10  19,99244018  1633,674  4247,7  2,60E+00 

1
0 1 0                  

2

2 Ne    10  12  21,99138511  1274,542  3357,7  2,63E+00 

1
0 1 2                  

2

4 Ne    10  14  23,9936108  1981,6  3972  2,00E+00 

1
0 1 4                  

2

6 Ne    10  16  26,000461  2018,2        

1
0 1 6                  

2

8 Ne    10  18  28,01207  1310  3010  2,30E+00 

1
0 1 8                  

             

22 
Mg 

 12  10  21,9995738  1246,3  3308,22  2,65E+00 

12  10                  

24

 Mg  12  12  23,9850417  1368,675  41 22,889  3,01E+00 

12  12                  

26 
Mg 

 12  14  25,98259293  1808,73  4318,88  2,39E+00 

12  14                  

28 
Mg 

 12  16  27,9838768  1473,4  4021  2,73E+00 

12  16                  

30 
Mg 

 12  18  29,990434  1482,2  3381 ,2  2,28E+00 

12  18                  

12

32

 Mg
20 

 12  20  31,998975  885,5  2322,3  2,62E+00 

34
Mg 

2  12  22  34,00946  670  2120  3,16E+00 
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1

2  

2 

                 

              

26

 Si   14  12  25,99233  1795,9  3842,2  2,14E+00 

1

4 1 2                   

28

 Si   14  14  27,97692653  1779,03  4617,86  2,60E+00 

14  1 4                   

30 
Si 

  14  16  29,97377017  2235,33  5279,37  2,36E+00 

14  1 6                   

32 
Si 

  14  18  31,97414808  1941,5  5502  2,83E+00 

14  1 8                   

34 
Si 

  14  20  33,978576  3327,5        

14 20                  

36 
Si 

  14  22  35,9866  1399,25  2850  2,04E+00 

14 22                  

38 
Si 

  14  24  37,99563  1084,2        

14  24                   
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1 6

30

 S
1 4 

1 6 1 4 29,984903 2210,6 5168 2,34E+00 

      

1 6

32

 S
1 6 

1 6 1 6 31,972071 2230,3 4459,1  2,00E+00 

      

34 

S 
 1 6 1 8 33,9678669 2127,564 4698,88 2,21 E+00 

1
6 1 8       

1 6

36

 S
20 

1 6 20 35,96708076 3290,9 651 4,4 1 ,98E+00 

      

1 6

38

 S
22 

1 6 22 37,971163 1292 2825,2 2,1 9E+00 

      

1 6

40

 S
24 

1 6 24 39,97545 900 1916,84 2,1 3E+00 

      

1 6

42

 S
26 

1 6 26 41,98102 890   

      

44 

S 
 1 6 28 43,99021 1315 2457 1 ,87E+00 

1
6  

2
8       

        

3

4 A r 1 8 1 6 33,9802712 2090,9   

1
8  1 6       

3

6 A r 1 8 1 8 35,96754511 1970,39 441 4,4 2,24E+00 

1
8  1 8       

3

8 A r 1 8 20 37,9627324 2167,462 5349,4 2,47E+00 

1
8  20       

4

0 A r 1 8 22 39,96238312 1460,859 2892,6 1 ,98E+00 

1
8  22       

4

2 A r 1 8 24 41,963046 1208,2 2414 2,00E+00 

1
8  24       

4

4 A r 1 8 26 43,964924 1144 2746,2 2,40E+00 

1
8  26       

4

6 A r 1 8 28 45,96809 1550   

1
8  28       

       

38 
Ca 

20 1 8 37,976318 2206 5810 2,63E+00 

2
0  1 8       

40 
Ca 

20 20 39,96259098 3904,38 5278,8 1 ,35E+00 

2
0  20       

42 
Ca 

20 22 41,95861801 1524,73 2752,41 1 ,81 E+00 

2
0  22       

44 
Ca 

20 24 43,9554818 1157,047 2283 ,1 1 4 1 ,97E+00 

2
0  24       

46 
Ca 

20 26 45,9536926 1346 2574,7 1 ,91 E+00 

2
0  26       

48 
Ca 

20 28 47,952534 3831,72 4503,14 1 ,1 8E+00 

2
0  28       

50 
Ca 

20 30 49,957519 1026 4515,02 4,40E+00 

2
0  30       

52 
Ca 

20 32 51,9651 2563   

2
0  32       
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42 
Ti 

22 20 41,973031 1554,9 2676,6 1 ,72E+00 

2
2  20       

44 
Ti 

22 22 43,9596901 1082,99 2452,33 2,26E+00 

2
2  22       

46 
Ti 

22 24 45,9526316 889,286 2009,846 2,26E+00 

2
2  24       

48 
Ti 

22 26 47,9479463 983,519 2295,654 2,33E+00 

2
2  26       

50 
Ti 

22 28 49,9447912 1553,778 2674,91 1 ,72E+00 

2
2  28       

52 
Ti 

22 30 51,946897 1049,73 2317,65 2,21 E+00 

2
2  30       

       

48 
Cr 

24 24 47,954032 752,16 1858,47 2,47E+00 

2
4  24       

50 
Cr 

24 26 49,9460442 783 ,3 1881,31 2,40E+00 

2
4  26       

52 
Cr 

24 28 51,9405075 1434,09 2369,633 1 ,65E+00 

2
4  28       

54 
Cr 

24 30 53,9388804 834,855 1823,93 2,1 8E+00 

2
4  30       

56 
Cr 

24 32 55,9406531 1006,61 2681 ,7 2,66E+00 

2
4  32       

        

5

0 Fe  26 24 49,96299 810 1 851 ,5 2,29E+00 

2
6  24       

5

2 Fe  26 26 51,948114 849,6 2384,55 2,81 E+00 

26  26       

5

4 Fe  26 28 53,9396105 1408,19 2538,1  1 ,80E+00 

26  28       

5

6 Fe  26 30 55,9349375 846,776 2085,1045 2,46E+00 

26  30       

5

8 Fe  26 32 57,9332756 810,784 2076,52 2,56E+00 

26  32       

6

0 Fe  26 34 59,934072 823,63 21 1 4,6 2,57E+00 

26  34       

6

2 Fe  26 36 61,936767 876,8 2176,47 2,48E+00 

26  36       

        

5

6 Ni 28 28 55,942132 2700,6 3923 ,6 1 ,45E+00 

28  28       

5

8 Ni 28 30 57,9353429 1454 2459,21 1 ,69E+00 

28  30       

6

0 Ni 28 32 59,9307864 1332,518 2505,753 1 ,88E+00 

28  32       

6

2 Ni 28 34 61,9283451 1172,91 2336,52 1 ,99E+00 

28  34       

6

4 Ni 28 36 63,927966 1345,75 261 0,1  1 ,94E+00 

28  36       

6

6 Ni 28 38 65,9291393 1425,1 3185,44 2,24E+00 

28  38       

6

8 Ni 28 40 67,931869 2033,2 31 49,2 1 ,55E+00 

28  40       

7

0 Ni 28 42 69,9365 1259,6 2229,5 1 ,77E+00 

International Journal of Scientific & Engineering Research Volume 9, Issue 2, February-2018
ISSN 2229-5518 1,514

IJSER © 2018
http://www.ijser.org

IJSER



  

47
28 
42       
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30

60

 Zn
30 

30 30 59,941827 1004,1 2193 2,1 8E+00 

      

30

62

 Zn
32 

30 32 61,93433 954 2186,06 2,29E+00 

      

64 
Zn 

30 34 63,9291422 991,55 2306,75 2,33E+00 

3
0  34       

66 
Zn 

30 36 65,9260334 1039,39 2451,01 2,36E+00 

3
0  36       

68

 Zn  30 38 67,9248442 1077,37 2417,4 2,24E+00 

3
0  38       

70 
Zn 

30 40 69,9253193 884,8 1786,33 2,02E+00 

3
0  40       

72 
Zn 

30 42 71,926858 652,5 1499,52 2,30E+00 

3
0  42       

74 
Zn 

30 44 73,92946 605,82 1418,56 2,34E+00 

3
0  44       

76

 Zn  30 46 75,93329 598,68 1296,46 2,1 7E+00 

3
0  46       

78 
Zn 

30 48 77,93844 729,6 1620,07 2,22E+00 

3
0  48       

       

64 
Ge 

32 32 63,94165 901 ,7 2052,6 2,28E+00 

3
2  32       

66

 G e  32 34 65,93384 957 2173,29 2,27E+00 

3
2  34       

68 
Ge 

32 36 67,928094 1015,99 2267,83 2,23E+00 

3
2  36       

70 
Ge 

32 38 69,9242474 1039,25 2153,16 2,07E+00 

3
2  38       

72 
Ge 

32 40 71,9220758 834,011 1 728,3 2,07E+00 

3
2  40       

74

 G e  32 42 73,9211778 595,85 1 463 ,759 2,46E+00 

3
2  42       

76 
Ge 

32 44 75,9214026 562,93 1410,08 2,50E+00 

3
2  44       

78 
Ge 

32 46 77,922853 619,34 1 570,2 2,54E+00 

3
2  46       

80 
Ge 

32 48 79,92537 659,15 1742,59 2,64E+00 

3
2  48       

82

 G e  32 50 81,92955 1348,04 2028,6 1 ,50E+00 

3
2  50       

       

68

 Se  34 34 67,9418 854,2 1 942,1  2,27E+00 

3
4  34       

70 
Se  

34 36 69,93339 944,6 2038,1  2,1 6E+00 

3
4  36       

72

 Se  34 38 71,927112 862,08 1636,86 1 ,90E+00 

3
4  38       

74 
Se  

34 40 73,9224764 634,75 1363,17 2,1 5E+00 

3
4  40       

76

 Se  34 42 75,9192136 559,102 1330,86 2,38E+00 

3
4  42       

78 
Se  

34 44 77,9173091 613,727 1 502,825 2,45E+00 

3
4  44       

8

0 Se  34 46 79,9165213 666,16 1701,45 2,55E+00 

3
4  46       

8

2 Se  34 48 81,9166994 654,69 1735,12 2,65E+00 

3
4  48       

8 Se  34 50 83,918462 1454,42 2121,65 1 ,46E+00 
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4 

3
4  50       

8

6 Se  34 52 85,924272 704,1  1 567,9 2,23E+00 

3
4  52       

        

7

2 Kr 36 36 71,942092 709,1  1 321 ,4 1 ,86E+00 

36  36       

74

 Kr 36 38 73,9330844 455,8 1013,32 2,22E+00 

3

6  38       

7

6 Kr 36 40 75,92591 423,96 1034,62 2,44E+00 

3
6 40       

78

 Kr 36 42 77,9203648 455,04 1119,48 2,46E+00 

3

6  42       

8

0 Kr 46 44 79,916379 616,61 1436,09 2,33E+00 

36  44       

8

2 Kr 36 46 81,9134836 776,521 1820,53 2,34E+00 

36  46       

8

4 Kr 36 48 83,911507 881,615 2095 2,38E+00 

36  48       

8

6 Kr 36 50 85,91061073 1564,87 2250 1 ,44E+00 

36  50       

8

8 Kr 36 52 87,914447 775,31 1643,78 2,1 2E+00 

36  52       

9

0 Kr 36 54 89,919517 707,13   

36  54       

9

2 Kr 36 56 91,926156 769 1804 2,35E+00 

36  56       

9

4 Kr 36 58 93,93436 665 1 51 8,7 2,28E+00 

3
6  58       
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7

6 Sr  38 38 75,94177 260,9 746,7 2,86E+00 

3
8 

3
8        

7

8 Sr  38 40 77,93218 278,5 780,8 2,80E+00 

3
8 

4
0        

8

0 Sr  38 42 79,924521 385,86 980,68 2,54E+00 

3
8 

4
2        

8

2 Sr  38 44 81,918402 573,54 1328,54 2,32E+00 

3
8 

4
4        

8

4 Sr  38 46 83,913425 793 ,3 1767,69 2,23E+00 

3
8 

4
6        

8

6 Sr  38 48 85,90926073 1076,68 2229,81 2,07E+00 

3
8 

4
8        

8

8 Sr  38 50 87,90561226 1836,087 4232 2,30E+00 

3

8 

5

0        

9

0 Sr  38 52 89,907738 831,68 2527,92 3 ,04E+00 

3

8 

5

2        

9

2 Sr  38 54 91,911038 814,98 1 673 ,3 2,05E+00 

3

8 

5

4        

9

4 Sr  38 56 93,915361 836,91 2146 2,56E+00 

3

8 

5

6        

9

6 Sr  38 58 95,921697 814,93 1792,77 2,20E+00 

3

8 

5

8        

9

8 Sr  38 60 97,928453 144,225 433 ,52 3 ,01 E+00 

3

8 

6

0        

1 00 

Sr 
 38 62 99,93535 1 29,7 41 7,98 3 ,22E+00 

3

8 62       

1 02 

Sr 
 38 64 101,94302 126   

3

8 64       

         

8

0 Zr  40 40 79,9404 289,9 825,8 2,85E+00 

4
0 40       

8

2 Zr  40 42 81,93109 407,3 1040,84 2,56E+00 

4
0 42       

8

4 Zr  40 44 83,92325 540 1261,81 2,34E+00 

4
0 44       

8 Zr  40 46 85,91647 751,75 1666,57 2,22E+00 
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6 

4
0 46       

8

8 Zr  40 48 87,910227 1057,03 2139,59 2,02E+00 

4
0 48       

9

0 Zr  40 50 89,9047044 2186,274 3076,927 1 ,41 E+00 

4
0 50       

9

2 Zr  40 52 91,9050408 934,49 1495,46 1 ,60E+00 

4
0 52       

9

4 Zr  40 54 93,9063152 918,75 1469,62 1 ,60E+00 

4
0 54       

9

6 Zr  40 56 95,9082734 1750,498 2750 1 ,57E+00 

4
0 56       

9

8 Zr  40 58 97,912735 1222,93 1843,45 1 ,51 E+00 

4
0 58       

1 00 

Zr 
 40 60 99,91776 212,53 564,486 2,66E+00 

4
0 60       

1 02 

Zr 
 40 62 101,92298 151,77 478,28 3 ,1 5E+00 

4
0 62       

1 04 

Zr 
 40 64 103,92878 1 40,3 452,1 3 ,22E+00 

4
0 64       

         

8

4 Mo  42 42 83,94009 443 ,8 1 1 1 7,3 2,52E+00 

4
2 42       

8

6 Mo  42 44 85,9307 566,6 1 327,5 2,34E+00 

4
2 44       

8

8 Mo  42 46 87,921953 740,53 1654,83 2,23E+00 

4
2 46       

9

0 Mo  42 48 89,913937 947,97 2002,06 2,1 1 E+00 

4
2 48       

9

2 Mo  42 50 91,906811 1509,49 2282,61 1 ,51 E+00 

4
2 50       

9

4 Mo  42 52 93,9050883 871,096 1573,76 1 ,81 E+00 

4
2 52       

9

6 Mo  42 54 95,9046795 778,245 1 628,1 88 2,09E+00 

4
2 54       

9

8 Mo  42 56 97,9054082 787,384 1 51 0,039 1 ,92E+00 

4
2 56       

1 00 
Mo 

42 58 99,907477 535,57 1136,09 2,1 2E+00 

42  58       

1 02 
Mo 

42 60 101,910297 296,597 743 ,73 2,51 E+00 
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42  60       

1 04 
Mo 

42 62 103,91376 1 92,3 560,68 2,92E+00 

42  62       

1 06 
Mo 

42 64 105,918137 171,548 522,32 3 ,04E+00 

42  64       

1 08 
Mo 

42 66 107,92345 1 92,9 563 ,69 2,92E+00 

42  66       

        

8

8
4

4 

Ru

44 44 44 87,94026 616 1416 2,30E+00 

9

0
4

4 
Ru

46 
44 46 89,92989 738,1  1638,11 2,22E+00 

9

2
4

4 
Ru

48 
44 48 91,92012 864,6 1 854,9 2,1 5E+00 

9

4 Ru   44 50 93,91136 1430,51 21 86,6 1 ,53E+00 

44 50       

9

6 Ru   44 52 95,907598 832,57 1518,05 1 ,82E+00 

44 52       

9

8 Ru   44 54 97,905287 652,44 1397,82 2,1 4E+00 

44 54       

1 00 

Ru  
5

6 

44 56 99,9042195 539,506 1 226,465 2,27E+00 

44        

1 02 

Ru  
5

8 

44 58 101,9043493 475,079 1106,43 2,33E+00 

44        

104

44
 Ru

60 
44 60 103,905433 358,02 888,48 2,48E+00 

1 06 

Ru  
6

2 

44 62 105,907329 270,07 71 4,69 2,65E+00 

44        
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10

8
44 
Ru

64 

44 64 107,91017 242,24 665,1 2,75E+00 

      

11

0
44 

Ru
66 

44 66 109,91414 240,71 663 ,35 2,76E+00 

      

11

2
44 

Ru
68 

44 68 111,91897 236,66 644,97 2,73E+00 

      

11

4 Ru  44 70 113,92428 127 708,2 5,58E+00 

4
4  

7
0       

       

94

46
 Pd

48 

46 48 93,92877 814 1719,11 2,1 1 E+00 

      

96

46
 Pd

50 

46 50 95,91816 1415,4 2099,01 1 ,48E+00 

      

98

46
 Pd

52 

46 52 97,912721 863 ,1  1 541 ,4 1 ,79E+00 

      

10

0
46 

Pd
54 

46 54 99,908506 665,56 1416,15 2,1 3E+00 

      

10

2
46 

Pd
56 

46 56 101,905609 556,43 1275,91 2,29E+00 

      

10

4
46 

Pd
58 

46 58 103,904036 555,81 1323,59 2,38E+00 

      

10

6
46 

Pd
60 

46 60 105,903486 511,851 1 229,3 2,40E+00 

      

10

8
46 

Pd
62 

46 62 107,903892 433,938 1 048,21 6 2,42E+00 

      

11

0
46 

Pd
64 

46 64 109,905153 373,81 920,78 2,46E+00 

      

11

2
46 

Pd
66 

46 66 111,907314 348,79 882,96 2,53E+00 

      

11

4
46 

Pd
68 

46 68 113,910363 332,5 852,37 2,56E+00 

      

11

6
46 

Pd
70 

46 70 115,91416 340,6 877,58 2,58E+00 

      

11

8 Pd  46 72 117,91898 378,4 953,2 2,52E+00 

4
6  

7
2       

       

98

48
 Cd

50 

48 50 97,9274 1394,7 2082,3 1 ,49E+00 

      

10

0
48 

Cd
52 

48 52 99,92029 1004,5 1799 1 ,79E+00 

      

10

2
48 

Cd

54 

48 54 101,91446 776,55 1 637,9 2,1 1 E+00 

      

10

4
48 

Cd
56 

48 56 103,909849 658 1 492,1  2,27E+00 

      

10

6
48 

Cd

58 

48 58 105,906459 632,64 1493,78 2,36E+00 

      

10

8
48 

Cd
60 

48 60 107,904184 632,986 1 508,466 2,38E+00 

      

11

0
48 

Cd

62 

48 62 109,9030021 657,7638 1542,44 2,34E+00 

      

11

2
48 

Cd
64 

48 64 111,9027578 617,52 1415,48 2,29E+00 
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11

4
48 

Cd
66 

48 66 113,9033585 558,456 1 283 ,789 2,30E+00 

      

11

6
48 

Cd
68 

48 68 115,904756 513,49 1219,45 2,37E+00 

      

11

8
48 

Cd
70 

48 70 117,906915 487,77 1164,94 2,39E+00 

      

12

0
48 

Cd
72 

48 72 119,90985 505,9 1 203 ,7 2,38E+00 

      

12

2
48 

Cd
74 

48 74 121,91333 569,45 1329,15 2,33E+00 

      

12

4
48 

Cd
76 

48 76 123,91765 613,33 1530 2,49E+00 

      

1 26 

Cd 
 48 78 125,92235 652 1467 2,25E+00 

4
8  

7
8       

        

1 02 

Sn  
 50 52 101,9303 1472 1969 1 ,34E+00 

5
0 52       

1 04 

Sn  
 50 54 103,92314 1260,1 1 942,7 1 ,54E+00 

50 54       

1 06 

Sn  
 50 56 105,91688 1207,7 201 9,6 1 ,67E+00 

50 56       

1 08 

Sn  
 50 58 107,911925 1206,07 2111,11 1 ,75E+00 

50 58       

1 1 0 

Sn  
 50 60 109,907843 1211,89 2197,05 1 ,81 E+00 

50 60       

1 1 2 

Sn  
 50 62 111,904818 1256,85 2247,39 1 ,79E+00 

50 62       

1 1 4 

Sn  
 50 64 113,902779 1299,92 21 87,602 1 ,68E+00 

50 64       

1 1 6 

Sn  
 50 66 115,901741 1293,56 2390,879 1 ,85E+00 

50 66       

1 1 8 

Sn  
 50 68 117,901603 1229,666 2280,342 1 ,85E+00 

50 68       

1 20 

Sn  
 50 70 119,9021947 1171,34 21 94,299 1 ,87E+00 

50 70       

1 22 

Sn  
 50 72 121,903439 1140,55 2142,06 1 ,88E+00 

50 72       

1 24 

Sn  
 50 74 123,9052739 1131,739 21 01 ,71 1  1 ,86E+00 

50 74       

1 26 

Sn  
 50 76 125,907653 1141,15 2049,74 1 ,80E+00 

50 76       

1 28 

Sn  
 50 78 127,910537 1168,83 2000,37 1 ,71 E+00 

50 78       

1 30 

Sn  
 50 80 129,913967 1221,26 1995,65 1 ,63E+00 

50 80       

1 32 

Sn  
 50 82 131,917816 4041,1 441 5,6 1 ,09E+00 
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50 82       

1 34 

Sn  
 50 84 133,92829 725 1600 2,21 E+00 

50 84       
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10

8
52 

Te
56 

52 56 107,92944 625,4 1289 2,06E+00 

      

11

0
52 

Te
58 

52 58 109,92241 657,7 1 401 ,8 2,1 3E+00 

      

1 1 2 
Te 

52 60 111,91701 689,01 1 476,1  2,1 4E+00 

5
2 60       

1 1 4 
Te 

52 62 113,91209 708,9 1483,83 2,09E+00 

5
2 62       

1 1 6 
Te 

52 64 115,90846 678,92 1359,39 2,00E+00 

5
2 64       

1 1 8 
Te 

52 66 117,905828 605,706 1206,42 1 ,99E+00 

5
2 66       

1 20 
Te 

52 68 119,90402 560,438 1161,56 2,07E+00 

5
2 68       

1 22 
Te 

52 70 121,9030439 564,117 1 1 81 ,248 2,09E+00 

5
2 70       

1 24 
Te 

52 72 123,9028179 602,731 1248,58 2,07E+00 

5
2 72       

1 26 
Te 

52 74 125,9033117 666,338 1361,39 2,04E+00 

5
2 74       

1 28 
Te 

52 76 127,9044631 743 ,3 1 497,035 2,01 E+00 

5
2 76       

1 30 
Te 

52 78 129,9062244 839,494 1 632,997 1 ,95E+00 

5
2 78       

1 32 
Te 

52 80 131,908553 973 ,9 1671,29 1 ,72E+00 

5
2 80       

1 34 
Te 

52 82 133,911369 1279,04 1576,13 1 ,23E+00 

5
2 82       

1 36 
Te 

52 84 135,9201 605,91 1029 1 ,70E+00 

5
2 84       

1 38 
Te 

52 86 137,92922 443 ,1  750 1 ,69E+00 

5
2 86       

        

11

2 Xe  54 58 111,93562 466 1 1 22,1  2,41 E+00 

5
4 58       

11

4 Xe  54 60 113,92798 449,7 1 069,1  2,38E+00 

5
4 60       

11

6 Xe  54 62 115,921581 393 ,5 917,9 2,33E+00 

5
4 62       

11

8 Xe  54 64 117,916179 337,32 81 0,271 6 2,40E+00 

5
4 64       

12

0 Xe  54 66 119,911784 322,4 796,1 6 2,47E+00 

5
4 66       

12

2 Xe  54 68 121,908368 331,18 828,53 2,50E+00 

5
4 68       

12

4 Xe  54 70 123,905893 354,14 878,92 2,48E+00 

5
4 70       

12

6 Xe  54 72 125,904274 388,634 942 2,42E+00 

5
4 72       

12

8 Xe  54 74 127,9035313 442,91 1 033 ,1 47 2,33E+00 
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5
4 74       

13

0 Xe  54 76 129,903508 536,085 1 204,61 4 2,25E+00 

5
4 76       

13

2 Xe  54 78 131,9041535 667,72 1 440,323 2,1 6E+00 

5
4 78       

13

4 Xe  54 80 133,9053945 847,041 1731,17 2,04E+00 

5
4 80       

13

6 Xe  54 82 135,907219 1313,028 1 694,386 1 ,29E+00 

5
4 82       

13

8 Xe  54 84 137,91395 588,825 1072,53 1 ,82E+00 

5
4 84       

14

0 Xe  54 86 139,92164 376,658 834,29 2,21 E+00 

5
4 86       

14

2 Xe  54 88 141,92971 287,1  690,7 2,41 E+00 

5
4 88       

14

4 Xe  54 90 143,93851 252,6 644,3 2,55E+00 

5
4 90       

        

11

8 Ba 56 62 117,93304 194 554 2,86E+00 

5
6 62       

12

0 Ba 56 64 119,92604 183 544 2,97E+00 

5
6 64       

12

2 Ba 56 66 121,9199 1 96,1  568,6 2,90E+00 

56 66       

12

4 Ba 56 68 123,915094 229,89 651 ,66 2,83E+00 

56 68       

12

6 Ba 56 70 125,91125 256,09 711,1 2,78E+00 

5

6 70       

12

8 Ba 56 72 127,908318 284,09 763 ,3 1  2,69E+00 

5

6 72       

13

0 Ba 56 74 129,9063208 357,38 901 ,85 2,52E+00 

5

6 74       

13

2 Ba 56 76 131,9050613 464,588 1 1 27,61 5 2,43E+00 

5

6 76       

13

4 Ba 56 78 133,9045084 604,723 1400,59 2,32E+00 

56 78       

13

6 Ba 56 80 135,9045759 818,515 1 866,548 2,28E+00 

56 80       

13

8 Ba 56 82 137,9052472 1435,818 1 898,61 4 1 ,32E+00 

56 82       
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14

0 Ba 56 84 139,910605 602,35 1 1 30,6 1 ,88E+00 

56 84       

14

2 Ba 56 86 141,916453 359,597 834,81  2,32E+00 

56 86       

14

4 Ba 56 88 143,922953 199,326 530,1 9 2,66E+00 

56 88       

14

6 Ba 56 90 145,93022 181,05 513,5 2,84E+00 

56 90       

14

8 Ba 56 92 147,93772 1 41 ,7 423,1 2,99E+00 

56 92       
 

 

 

 

51  
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12

4
58 
Ce

66 

58 66 123,93041 142 447,8 3 ,1 5E+00 

      

12

6
58 
Ce

68 

58 68 125,92397 169,59 51 9,04 3 ,06E+00 

      

1 28 

Ce 
  58 70 127,91891 207,3 606,77 2,93E+00 

5
8 70       

1 30 

Ce 
  58 72 129,91474 253,99 71 0,37 2,80E+00 

5
8 72       

1 32 

Ce 
  58 74 131,91146 325,54 858,82 2,64E+00 

5
8 74       

1 34 

Ce 
  58 76 133,908925 409,12 1048,68 2,56E+00 

5
8 76       

1 36 

Ce 
  58 78 135,907172 552,2 1314,15 2,38E+00 

5
8 78       

1 38 

Ce 
  58 80 137,905991 788,744 1826,48 2,32E+00 

5
8 80       

1 40 

Ce 
  58 82 139,9054387 1596,227 2083,26 1 ,3 1 E+00 

5
8 82       

1 42 

Ce 
  58 84 141,909244 641,286 1219,37 1 ,90E+00 

5
8 84       

1 44 

Ce 
  58 86 143,913647 397,441 938,65 2,36E+00 

5
8 86       

1 46 

Ce 
  58 88 145,91876 258,46 668,3 1  2,59E+00 

5
8 88       

1 48 

Ce 
  58 90 147,92443 158,468 453 ,45 2,86E+00 

5
8 90       

1 50
Ce 

  58 92 149,93041 97,1 305,7 3 ,1 5E+00 

5

8 92       

1 52

58
Ce

94 
58 94 151,93654 81,7 264 3 ,23E+00 

        

12

8
60 
Nd

68 

60 68 127,93539 133,66 424,47 3 ,1 8E+00 

      

13

0
60 

Nd

70 

60 70 129,92851 158 485,5 3 ,07E+00 

      

13

2
60 
Nd

72 

60 72 131,923321 212,62 61 0,85 2,87E+00 

      

13

4
60 
Nd

74 

60 74 133,91879 294,3 788,92 2,68E+00 

      

13

6
60 
Nd

76 

60 76 135,914976 373 ,6 976,37 2,61 E+00 

      

13

8
60 
Nd

78 

60 78 137,91195 520,1  1249,87 2,40E+00 

      

14

0
60 
Nd

80 

60 80 139,90955 773,73 1 801 ,9 2,33E+00 

      

14

2
60 
Nd

82 

60 82 141,9077233 1575,83 21 00,787 1 ,33E+00 

      

14

4
60 

Nd

84 

60 84 143,9100873 696,513 1 31 4,669 1 ,89E+00 
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14

6
60 
Nd

86 

60 86 145,9131169 453,77 1042,22 2,30E+00 

      

14

8
60 
Nd

88 

60 88 147,916893 301,702 752,29 2,49E+00 

      

15

0
60 
Nd

90 

60 90 149,920891 130,21 381,1 2,93E+00 

      

15

2
60 
Nd

92 

60 92 151,924682 72,51  236,54 3 ,26E+00 

      

15

4
60 
Nd

94 

60 94 153,92948 70,8 233,2 3 ,29E+00 

      

15

6 

N

d  60 96 155,93502 66,9 222,2 3 ,32E+00 

6
0   96       

        

1 30 

Sm  
 62 68 129,94892 122   

6
2  

6
8       

1 32 

Sm  
 62 70 131,94069 131 417 3 ,1 8E+00 

6
2  

7
0       

1 34 

Sm  
 62 72 133,93397 163 479 2,94E+00 

6
2  

7
2       

1 36 

Sm  
 62 74 135,928276 254,91 686,36 2,69E+00 

6
2  

7
4       

1 38 

Sm  
 62 76 137,923244 346,9 891,6 2,57E+00 

6
2  

7
6       

1 40 

Sm  
 62 78 139,918995 530,7 1245,83 2,35E+00 

62  78       

1 42 
Sm  

62 80 141,915198 768 1 791 ,4 2,33E+00 

62  80       

1 44 
Sm  

62 82 143,911999 1660,2 21 90,891  1 ,32E+00 

62  82       

1 46 
Sm  

62 84 145,913041 747,115 1381,28 1 ,85E+00 

62  84       

1 48 

Sm  
 62 86 147,9148227 550,265 1 1 80,261  2,1 4E+00 

62  86       

1 50 
Sm  

62 88 149,9172755 333,863 773,374 2,32E+00 

62  88       

1 52 

Sm  
 62 90 151,9197324 121,7817 366,48 3 ,01 E+00 

62  90       

1 54 

Sm  
 62 92 153,9222093 81,976 266,817 3 ,25E+00 

62  92       

1 56 

Sm  
 62 94 155,925528 75,89 249,71  3 ,29E+00 

62  94       

1 58 

Sm  
 62 96 157,92999 72,8 240,3 3 ,30E+00 

62  96       

1 60 
Sm  

62 98 159,93514 70,6 233,3 3 ,30E+00 

62  98       

        

13

8
64 
Gd

74 
64 74 137,94012 220,9 605,2 2,74E+00 

1 40 
7

64 76 139,93367 328,6 836,2 2,54E+00 
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Gd  6 

64        
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14

2
64 
Gd

78 

64 78 141,92812 51 5,3 1 208,8 2,35E+00 

      

14

4
64 
Gd

80 

64 80 143,92296 743 1744,52 2,35E+00 

      

14

6
64 

Gd

82 

64 82 145,918311 1971,97 2611,39 1 ,32E+00 

      

14

8
64 
Gd

84 

64 84 147,918115 784,43 1416,38 1 ,81 E+00 

      

15

0
64 

Gd

86 

64 86 149,918659 638,045 1288,42 2,02E+00 

      

15

2
64 
Gd

88 

64 88 151,919791 344,2789 755,39 2,1 9E+00 

      

15

4
64 

Gd

90 

64 90 153,9208656 123,0714 370,99 3 ,01 E+00 

      

15

6
64 
Gd

92 

64 92 155,9221227 88,9666 288,187 3 ,24E+00 

      

15

8
64 

Gd

94 

64 94 157,9241039 79,51  261 ,46 3 ,29E+00 

      

16

0
64 

Gd

96 64 96 159,9270541 75,26 248,52 3 ,30E+00 

1 62 

Gd  
 64 98 161,930985 71 236,4 3 ,33E+00 

6
4  98       

         

14

2 Dy  66 76 141,94637 31 5,9 798,9 2,53E+00 

6
6  76       

14

4 Dy  66 78 143,93925 492,5 1165 2,37E+00 

6
6  78       

14

6 Dy  66 80 145,932845 682,9 1 608,2 2,35E+00 

6
6 80       

14

8 Dy  66 82 147,92715 1677,3 2426,7 1 ,45E+00 

6
6 82       

15

0 Dy  66 84 149,925585 803 ,4 1 456,6 1 ,81 E+00 

6
6 84       

15

2 Dy  66 86 151,924718 613,81 1 261 ,2 2,05E+00 

6
6 86       

15

4 Dy  66 88 153,924424 334,58 746,78 2,23E+00 

6
6 88       

15

6 Dy  66 90 155,924283 137,83 404,1 9 2,93E+00 

6
6  90       

15

8 Dy  66 92 157,924409 98,918 317,139 3 ,21 E+00 

6
6 92       

16

0 Dy  66 94 159,9251975 86,7882 283 ,32 3 ,26E+00 

6
6  94       
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16

2 Dy  66 96 161,9267984 80,66 265,664 3 ,29E+00 

6
6  96       

16

4 Dy  66 98 163,9291748 73,392 242,231 3 ,30E+00 

6
6  98       

16

6 Dy  66 100 165,9328067 76,587 253 ,53 3 ,3 1 E+00 

6
6 1 00       

         

14

4 Er  68 76 143,96038 330   

6
8 76       

14

6 Er  68 78 145,952    

6
8 78       

14

8 Er  68 80 147,94455 646,6 1522,68 2,35E+00 

6
8 80       

15

0 Er  68 82 149,937914 1578,87 2293 ,9 1 ,45E+00 

6
8 82       

15

2 Er  68 84 151,93505 808,27 1 480,9 1 ,83E+00 

6
8 84       

15

4 Er  68 86 153,932783 560 1 1 62,2 2,08E+00 

6
8 86       

15

6 Er  68 88 155,931065 344,51 797,39 2,3 1 E+00 

6
8 88       

15

8 Er  68 90 157,929893 192,15 527,22 2,74E+00 

6
8 90       

16

0 Er  68 92 159,929083 1 25,8 389,9 3 ,1 0E+00 

6
8 92       

16

2 Er  68 94 161,928778 102,04 329,62 3 ,23E+00 

6
8 94       

16

4 Er  68 96 163,9292 91,4 299,43 3 ,28E+00 

6
8 96       

16

6 Er  68 98 165,9302931 80,577 264,99 3 ,29E+00 

68 98       

16

8 Er  68 100 167,9323702 79,804 264,089 3 ,3 1 E+00 

68 1 00       

17

0 Er  68 102 169,9354643 78,591 260,148 3 ,3 1 E+00 

68 1 02       

17

2 Er  68 104 171,939356 77 255 3 ,3 1 E+00 

68 1 04       

        

1 52 

Yb 
 70 82 151,95029 1531,4   
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70 82       

1 54 

Yb 
 70 84 153,946394 821 ,3 1516 1 ,85E+00 

70 84       

1 56 

Yb 
 70 86 155,942818 536,4 1 1 43 ,2 2,1 3E+00 

70 86       

1 58 

Yb 
 70 88 157,939866 358,2 835,2 2,33E+00 

70 88       

1 60 

Yb 
 70 90 159,937552 243 ,1  638,4 2,63E+00 

70 90       

1 62 

Yb 
 70 92 161,935768 166,85 487,33 2,92E+00 

70 92       

1 64 

Yb 
 70 94 163,934489 123,36 385,56 3 ,1 3E+00 

70 94       

1 66 

Yb 
 70 96 165,933882 102,37 330,48 3 ,23E+00 

70 96       

1 68 

Yb 
 70 98 167,933897 87,73 286,551 3 ,27E+00 

70 98       
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17

0
70 

Yb

1 00 

70 100 169,9347618 84,25474 277,43 3 ,29E+00 

      

17

2
70 

Yb

1 02 

70 102 171,9363815 78,7427 260,268 3 ,3 1 E+00 

      

1 74 
Yb 

70 104 173,9388621 76,471 253,117 3 ,3 1 E+00 

7
0 1 04       

1 76 
Yb 

70 106 175,9425717 82,1 3 271 ,85 3 ,3 1 E+00 

7
0 1 06       

1 78 
Yb 

70 108 177,946647 84 278 3 ,3 1 E+00 

7
0 1 08       

        

15

4
72 

Hf

82 

72 82 153,96486 1513   

      

15

6
72 
Hf

84 

72 84 155,95936 858 1 585,2 1 ,85E+00 

      

15

8
72 

Hf

86 

72 86 157,954799 476,36 1033,33 2,1 7E+00 

      

16

0
72 
Hf

88 

72 88 159,950684 389,6 898,26 2,3 1 E+00 

      

16

2
72 

Hf

90 

72 90 161,94721 285 729,5 2,56E+00 

      

16

4
72 
Hf

92 

72 92 163,944367 211,05 587,1 2,78E+00 

      

16

6
72 

Hf

94 

72 94 165,94218 1 58,5 470,46 2,97E+00 

      

16

8
72 
Hf

96 

72 96 167,94057 124 385,92 3 ,1 1 E+00 

      

17

0
72 
Hf

98 

72 98 169,93961 1 00,8 321 ,99 3 ,1 9E+00 

      

17

2 Hf 72 100 171,939448 95,22 309,24 3 ,25E+00 

7
2 1 00       

17

4 Hf 72 102 173,940046 90,985 297,38 3 ,27E+00 

7
2 1 02       

17

6 Hf 72 104 175,9414086 88,351 290,1 8 3 ,28E+00 

7
2 1 04       

17

8 Hf 72 106 177,9436988 93 ,1 8 306,61 82 3 ,29E+00 

7
2 1 06       

18

0 Hf 72 108 179,94655 93,326 308,579 3 ,3 1 E+00 

7
2 1 08       

18

2 Hf 72 110 181,950554 97,79 322,1 7 3 ,29E+00 

7
2 1 1 0       

18

4 Hf 72 112 183,95545 1 07,4 349,6 3 ,26E+00 

7
2 1 1 2       

       

1 62
W 

74 88 161,963497 450,2   

7
4 88       

1 64
W 

74 90 163,958954 331 ,6 823,7 2,48E+00 

7
4 90       
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1 66
W 

74 92 165,955027 251 ,7 675,7 2,68E+00 

7
4 92       

1 68
W 

74 94 167,951808 1 99,3 562,3 2,82E+00 

7
4 94       

1 70
W 

74 96 169,949228 156,85 462,33 2,95E+00 

7
4 96       

1 72
W 

74 98 171,94729 1 23 ,2 377,1 3 ,06E+00 

7
4 98       

1 74
W 

74 100 173,94608 113 356,4 3 ,1 5E+00 

7
4 1 00       

1 76
W 

74 102 175,94563 109,08 348,2 3 ,1 9E+00 

7
4 1 02       

1 78
W 

74 104 177,945876 106,06 342,74 3 ,23E+00 

7
4 1 04       

1 80
W 

74 106 179,946704 103,557 337,516 3 ,26E+00 

7
4 1 06       

1 82
W 

74 108 181,9482042 100,106 329,4268 3 ,29E+00 

7
4 1 08       

1 84
W 

74 110 183,9509312 111,208 364,069 3 ,27E+00 

7
4 1 1 0       

1 86
W 

74 112 185,9543641 122,33 396,547 3 ,24E+00 

7
4 1 1 2       

1 88
W 

74 114 187,958489 143 439,49 3 ,07E+00 

7
4 1 1 4       

1 90
W 

74 116 189,96318 205 564 2,75E+00 

74 1 1 6       

       

1 64 
Os 

76 88 163,97804 548 1 206,3 2,20E+00 

76 88       

1 66 
Os 

76 90 165,972691 430,8 1021 2,37E+00 

76 90       

1 68 
Os 

76 92 167,967804 341 ,2 857,3 2,51 E+00 

76 92       

1 70 
Os 

76 94 169,963577 286,7 749,9 2,62E+00 

76 94       

1 72 
Os 

76 96 171,960023 277,77 606,1 7 2,1 8E+00 

76 96       

1 74 
Os 

76 98 173,957062 1 58,7 435 2,74E+00 

76 98       

1 76 
Os 

76 100 175,95481 1 35,1  395,5 2,93E+00 

76 1 00       

1 78 
Os 

76 102 177,953251 1 31 ,6 398,79 3 ,03E+00 

76 1 02       

1 80 
Os 

76 104 179,952379 1 32,3 408,62 3 ,09E+00 

76 1 04       

1 82 
Os 

76 106 181,95211 127 400,29 3 ,1 5E+00 

76 1 06       

1 84 
Os 

76 108 183,9524891 1 1 9,8 383 ,68 3 ,20E+00 

76 1 08       

1 86 
Os 

76 110 185,9538382 137,159 434,087 3 ,1 6E+00 

76 1 1 0       
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18

8
76 

Os

1 1 2 

76 112 187,9558382 155,021 477,94 3 ,08E+00 

      

19

0
76 

Os

1 1 4 

76 114 189,958447 186,718 547,854 2,93E+00 

      

1 92 
Os 

76 116 191,9614807 205,79561 580,28 2,82E+00 

7
6 1 1 6       

1 94 
Os 

76 118 193,9651821 218,509 601 2,75E+00 

7
6 1 1 8       

1 96 
Os 

76 120 195,96964 300 760 2,53E+00 

7
6 1 20       

        

16

8 Pt 78 90 167,98815 582 1 307,3 2,25E+00 

7
8 90       

17

0
78 
Pt

92 

78 92 169,982495 509 1 1 71 ,2 2,30E+00 

      

17

2
78 

Pt

94 

78 94 171,977347 457 1069,98 2,34E+00 

      

17

4
78 
Pt

96 

78 96 173,972819 394 891,8 2,26E+00 

      

17

6
78 

Pt

98 

78 98 175,968945 263 ,9 564,1 2,1 4E+00 

      

17

8 Pt 78 100 177,965649 1 70,1  427,4 2,51 E+00 

7
8 1 00       

18

0 Pt 78 102 179,963031 152,23 41 0,74 2,70E+00 

7
8 1 02       

18

2 Pt 78 104 181,961171 1 54,9 41 9,62 2,71 E+00 

7
8 1 04       

18

4 Pt 78 106 183,959922 162,97 435,91  2,67E+00 

7
8 1 06       

18

6 Pt 78 108 185,959351 191,53 490,33 2,56E+00 

7
8 1 08       

18

8 Pt 78 110 187,959395 265,63 671 ,01  2,53E+00 

7
8 1 1 0       

19

0 Pt 78 112 189,959932 295,8 737,04 2,49E+00 

7
8 1 1 2       

19

2 Pt 78 114 191,961038 316,50819 784,5759 2,48E+00 

7
8 1 1 4       

19

4 Pt 78 116 193,9626803 328,453 811,269 2,47E+00 

7
8 1 1 6       

19

6 Pt 78 118 195,9649515 355,6841 876,865 2,47E+00 

7
8 1 1 8       

19

8 Pt 78 120 197,967893 407,22 985,07 2,42E+00 

7
8 1 20       
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20

0 Pt 78 122 199,971441 470,1  1 1 03 ,3 2,35E+00 

7
8 1 22       

        

17

6
80 

Hg

96 

80 96 175,987355 61 3 ,3 1 369,7 2,23E+00 

      

17

8
80 
Hg

98 

80 98 177,982483 558,3 1 01 2,4 1 ,81 E+00 

      

18

0 Hg 80 100 179,978266 434,1  706,7 1 ,63E+00 

80 1 00       

18

2 Hg 80 102 181,97469 351 ,8 613,2 1 ,74E+00 

80 1 02       

18

4 Hg 80 104 183,971713 366,51 653 ,77 1 ,78E+00 

80 1 04       

18

6 Hg 80 106 185,969362 405,33 807,99 1 ,99E+00 

80 1 06       

18

8 Hg 80 108 187,967577 41 2,8 1 004,8 2,43E+00 

80 1 08       

19

0 Hg 80 110 189,966322 41 6,4 1041,77 2,50E+00 

80 1 1 0       

19

2 Hg 80 112 191,965634 422,8 1057,58 2,50E+00 

80 1 1 2       

19

4 Hg 80 114 193,965439 428 1064,19 2,49E+00 

80 1 1 4       

19

6 Hg 80 116 195,965833 425,98 1061,44 2,49E+00 

80 1 1 6       

19

8 Hg 80 118 197,966769 411,80249 1048,49 2,55E+00 

80 1 1 8       

20

0 Hg 80 120 199,968326 367,944 947,24 2,57E+00 

80 1 20       

20

2 Hg 80 122 201,970643 439,562 1119,84 2,55E+00 

80 1 22       

20

4 Hg 80 124 203,9734939 436,552 1128,23 2,58E+00 

80 1 24       

20

6 Hg 80 126 205,977514 1068,54   

80 1 26       

        

18

2 Pb 82 100 181,992672 888,3 1 1 1 9,5 1 ,26E+00 

82 1 00       

18

4 Pb 82 102 183,988142 701 ,5 938,9 1 ,34E+00 

82 1 02       

18

6 Pb 82 104 185,984239 662,4 923 1 ,39E+00 

82 1 04       

18

8 Pb 82 106 187,980874 723 ,9 1 064,7 1 ,47E+00 
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82 1 06       

19

0 Pb 82 108 189,978082 773 ,8 1 229,1  1 ,59E+00 

82 1 08       

19

2 Pb 82 110 191,975785 853 ,6 1 355,5 1 ,59E+00 

82 1 1 0       

19

4 Pb 82 112 193,974012 965,35 1540,03 1 ,60E+00 

82 1 1 2       

19

6 Pb 82 114 195,972774 1049,2 1738,27 1 ,66E+00 

82 1 1 4       

19

8 Pb 82 116 197,972034 1063,5 1 625,9 1 ,53E+00 

82 1 1 6       

20

0 Pb 82 118 199,971827 1026,62 1488,95 1 ,45E+00 

82 1 1 8       
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82

202

 Pb
120 

82 1 20 201,972159 960,66 1382,84 1 ,44E+00 

      

82

204

 Pb
122 

82 1 22 203,9730436 899,171 1274,13 1 ,42E+00 

      

20

6 Pb 82 1 24 205,9744653 803 ,1  1683,99 2,1 0E+00 

82 1 24       

20

8 Pb 82 1 26 207,9766521 4085,4 4323 ,926 1 ,06E+00 

82 1 26       

21

0 Pb 82 1 28 209,9841885 799,7 1 097,7 1 ,37E+00 

82 1 28       

21

2 Pb 82 1 30 211,9918975 804,9 1117 1 ,39E+00 

82 1 30       

21

4 Pb 82 1 32 213,9998054 836 1179 1 ,41 E+00 

82 1 32       

        

19

2 Po 84 1 08 191,991335 262 605,2 2,3 1 E+00 

84 1 08       

19

4 Po 84 1 1 0 193,988186 31 8,6 686,5 2,1 5E+00 

84 1 1 0       

19

6 Po 84 1 1 2 195,985535 463,12 890,99 1 ,92E+00 

84 1 1 2       

19

8 Po 84 1 1 4 197,983389 605 1158,39 1 ,91 E+00 

84 1 1 4       

20

0 Po 84 1 1 6 199,981799 665,9 1 276,9 1 ,92E+00 

84 1 1 6       

20

2 Po 84 1 1 8 201,980758 677,3 1 248,6 1 ,84E+00 

84 1 1 8       

20

4 Po 84 1 20 203,980318 684,342 1 200,661  1 ,75E+00 

84 1 20       

20

6 Po 84 1 22 205,980481 700,66 1 1 77,8 1 ,68E+00 

84 1 22       

20

8 Po 84 1 24 207,9812457 686,528 1346,56 1 ,96E+00 

84 1 24       

21

0 Po 84 1 26 209,9828737 1181,4 1 426,701  1 ,21 E+00 

84 1 26       

21

2 Po 84 1 28 211,988868 727,33 1132,53 1 ,56E+00 

84 1 28       

21

4 Po 84 1 30 213,9952014 609,316 1 01 5,039 1 ,67E+00 

84 1 30       

21

6 Po 84 1 32 216,001915 549,76 968,94 1 ,76E+00 

84 1 32       

21

8 Po 84 1 34 218,008973 511 935,2 1 ,83E+00 

84 1 34       

       

1 98 
Rn 

86 1 1 2 197,998679 339 749,5 2,21 E+00 

8

6 1 1 2       

200 
Rn 

86 1 1 4 199,995699 432,9 936,3 2,1 6E+00 

8 1 1 4       
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6 

202 
Rn 

86 1 1 6 201,993263 504,1  1 073 ,1  2,1 3E+00 

8

6 1 1 6       

204 
Rn 

86 1 1 8 203,991429 542,9 1 1 31 ,5 2,08E+00 

8

6 1 1 8       

206 
Rn 

86 1 20 205,990214 575,3 1 1 34,3 1 ,97E+00 

8

6 1 20       

208 
Rn 

86 1 22 207,989642 635,8 1 1 88,9 1 ,87E+00 

8

6 1 22       

21 0 
Rn 

86 1 24 209,989696 643 ,8 1 461 ,6 2,27E+00 

8

6 1 24       

21 2 
Rn 

86 1 26 211,990704 1273,8 1 501 ,6 1 ,1 8E+00 

8

6 1 26       

21 4 
Rn 

86 1 28 213,995363 694,7 1 1 41 ,2 1 ,64E+00 

8

6 1 28       

21 6 
Rn 

86 1 30 216,000274 461 ,9 840,5 1 ,82E+00 

8

6 1 30       

21 8 
Rn 

86 1 32 218,0056013 324,22 653 ,1 8 2,01 E+00 

8

6 1 32       

220 
Rn 

86 1 34 220,011394 240,986 533 ,68 2,21 E+00 

8

6 1 34       

222 
Rn 

86 1 36 222,0175777 186,211 448,37 2,41 E+00 

8

6 1 36       

       

206 
Ra 

88 1 1 8 206,003827 474,3 1 052,1  2,22E+00 

8

8 1 1 8       

208 
Ra 

88 1 20 208,00184 520,2 1 093 ,6 2,1 0E+00 

8
8 1 20       

21 0 
Ra 

88 1 22 210,000495 603 ,3 1 205,1  2,00E+00 

8

8 1 22       

21 2 
Ra 

88 1 24 211,999794 629,3 1 454,3 2,3 1 E+00 

8

8 1 24       

21 4 
Ra 

88 1 26 214,000108 1382,4 1 639,6 1 ,1 9E+00 

8

8 1 26       

21 6 
Ra 

88 1 28 216,003533 688,2 1 1 64,1  1 ,69E+00 

8

8 1 28       

21 8 
Ra 

88 1 30 218,00714 389,1  741,1 1 ,90E+00 

8

8 1 30       

220 
Ra 

88 1 32 220,011028 178,47 41 0,07 2,30E+00 

8

8 1 32       
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222 
Ra 

88 1 34 222,015375 111,12 301 ,39 2,71 E+00 

8

8 1 34       

224 
Ra 

88 1 36 224,0202118 84,373 250,783 2,97E+00 

8

8 1 36       

226 
Ra 

88 1 38 226,0254098 67,67 21 1 ,54 3 ,1 3E+00 

8

8 1 38       

228 
Ra 

88 1 40 228,0310703 63,823 204,702 3 ,21 E+00 

8

8 1 40       

230 
Ra 

88 1 42 230,037056 57,4 1 88,64 3 ,29E+00 

8

8 1 42       
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21 6
Th 

90 1 26 216,011062 1478 1 81 3 ,8 1 ,23E+00 

90 

1 2

6       

21 8
Th 

90 1 28 218,013284 689,6 1 1 94,2 1 ,73E+00 

90 1 28       

220
Th 

90 1 30 220,015748 373 ,3 759,8 2,04E+00 

90 

1 3

0       

222
Th 

90 1 32 222,018468 1 83 ,3 439,8 2,40E+00 

90 

1 3

2       

224
Th 

90 1 34 224,021467 98,1 284,1 2,90E+00 

90 

1 3

4       

226
Th 

90 1 36 226,024903 72,2 226,43 3 ,1 4E+00 

90 

1 3

6       

228
Th 

90 1 38 228,0287411 57,759 186,838 3 ,23E+00 

90 

1 3

8       

230
Th 

90 1 40 230,0331338 53,2 174,111 3 ,27E+00 

90 

1 4

0       

232
Th 

90 1 42 232,0380553 49,369 1 62,1 2 3 ,28E+00 

90 

1 4

2       

234
Th 

90 1 44 234,043601 49,55 1 63 ,05 3 ,29E+00 

90 

1 4

4       

       

226

92
U

1 34 
92 1 34 226,029339 80,5 250 3 ,1 1 E+00 

228

92
U

1 36 
92 1 36 228,031374 59   

230

92
U

1 38 
92 1 38 230,03394 51 ,72 1 69,34 3 ,27E+00 

232

92
U

1 40 
92 1 40 232,0371562 47,572 156,656 3 ,29E+00 

234

92
U

1 42 
92 1 42 234,0409521 43,498 143,352 3 ,30E+00 

236

92
U

1 44 
92 1 44 236,045568 45,242 149,477 3 ,30E+00 

238

92
U

1 46 
92 1 46 238,0507882 44,91  1 48,38 3 ,30E+00 

240

92
U

1 48 
92 1 48 240,056592 45 150,6 3 ,35E+00 

       

236 
Pu  

94 1 42 236,046058 44,63 1 47,45 3 ,30E+00 

94 1 42       

238 
Pu  

94 1 44 238,0495599 44,08 145,952 3 ,3 1 E+00 

94 1 44       

240 
Pu  

94 1 46 240,0538135 42,824 1 41 ,69 3 ,3 1 E+00 

94 1 46       

242 
Pu  

94 1 48 242,0587426 44,54 147,3 3 ,3 1 E+00 

94 1 48       

244 
Pu  

94 1 50 244,064204 46 155 3 ,37E+00 

94 1 50       

246 
Pu  

94 1 52 246,070205 44,2 154,5 3 ,50E+00 

94 1 52       

       

238
Cm  

96 1 42 238,05303 35   

96 1 42       

240
Cm  

96 1 44 240,0555295 38   

96 1 44       

242
Cm  

96 1 46 242,0588358 42,1 3 137 3 ,25E+00 
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96 1 46       

244
Cm  

96 1 48 244,0627526 42,965 142,348 3 ,3 1 E+00 

96 1 48       

246
Cm  

96 1 50 246,0672237 42,852 141,989 3 ,3 1 E+00 

96 1 50       

248
Cm  

96 1 52 248,072349 43 ,38 143,8 3 ,3 1 E+00 

96 1 52       

250
Cm  

96 1 54 250,078357 43   

96 1 54       

       

244
Cf 

98 1 46 244,066001 40   

98 1 46       

246
Cf 

98 1 48 246,0688053 44   

98 1 48       

248
Cf 

98 1 50 248,072185 41 ,53 1 37,81  3 ,32E+00 

98 1 50       

250
Cf 

98 1 52 250,0764061 42,722 141,875 3 ,32E+00 

98 1 52       

252
Cf 

98 1 54 252,081626 45,72 1 51 ,74 3 ,32E+00 

98 1 54       

       

248 
Fm  

100 1 48 248,077186 46 152 3 ,30E+00 

1 0

0 1 48       

250 
Fm  

100 1 50 250,079521 44   

1 0

0 1 50       

252 
Fm  

100 1 52 252,082467 46,6   

1 0

0 1 52       

254 
Fm  

100 1 54 254,0868544 44,988 1 49,35 3 ,32E+00 

1 0

0 1 54       

256 
Fm  

100 1 56 256,091774 48,3 159,9 3 ,3 1 E+00 

1 0
0 1 56       

 

 

 

 

i Th e  ‘yrast’ state  re fe rs to  th e  low e st e xcitatio n  state  fo r a giv e n  angu lar m om e n tu m  o r sp in  in  a n u cle u s .
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