Version of Record: https://www.sciencedirect.com/science/article/pii/S0375947418304366
Manuscript_f8772452fc8a43da255bdd299d9c46a7

Empirical study of the shape evolution and shape coexistence
in Zn, Ge and Seisotopes

J.B. Gupt&" and J.H. Hamiltoh**
'Ramjas College, University of Delhi, Delhi-110007, India
Physics Department, Vanderbilt University, Nashville, TN, 37235, USA

Received Oct. 10, 2018, revised Nov. 15, 2018

Abstract

The spectra of the isotopes of Zn, Ge and Se iA#6€-80 region of the nuclear
landscape display interesting spectral variations WiimdZ. At first we study these
structures empirically. The state-wise deformation status of each isotope is deduced using
the power index formula. The average value of the power index displays the variation
with neutron numbeX. The linear plot oB(E2, 0, - 2;") versus [1E(2;,")] for a givenZ
gives further information on the spectral variation WithThe level energy spectra are
used to study the role of the excited bands in the phase transitions and the possible shape
co-existence. The common spectral features of the three isotopic chains and some unique
features are pointed out from our study and the role of the Nilsson partjide orbits is
discussed. A comparison with recent works for Ge and Se isotopes reveals the
importance of our empirical studies vis-a-vis the high efficiency experiments and

different theoretical interpretations of the shape changed\natidZ and spin.
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1. Introduction

The isotopic chains of the nuclei in tAe60-80 region extend from the neutron
deficient, toN=Z, and to the neutron excess isotopes, acrogs3-sability valley. This
involves the filling of the Nilsson single partiaebits in the fpg subshells [1]. After the
closure of the sd shell &=Z=20, the $, subshell gets filled d&i=2=28. Above it the
close lying pr, fs;2 and pr2 subshells fill aN=2=32, 38 and 40 respectively. Then the
Oor2 SUbshell is filled up tti=2=50 magic number.

The filling of these small subshell spaces prowithee rich variety of nuclear
structures. Further, the n-p interaction playsmg vaportant role. The re-inforcement of
the neutron-proton shell gaps at spherical or dedor shapes was shown to produce
surprising effects, as reviewed by Hamilton [2]isTis especially evident in thié=Z
nuclei and the neighboring isotopes in A¥60-80 light mass region of the fpg shell. The
recent advances of the last few decades in théi@adaechnology, including the induced
fission, and the high detection efficiency of tmaitted radiation, using Gammasphere
detectors, have provided very rich data in the tspexf the light mass nuclei 6=2=30,
32, 34 and their neighbors.

Long ago, in review articlegdvances in studies of nuclei far from stabijlity
Hamiltonet al [3] and Hamilton [4] reviewed the progress in esments for the new
findings on the light nuclei, including the phenorae of the shape coexistence.
Cejnaret al.[5] reviewed the subject of phase transitionstamac nuclei. F. lachello [6]
reviewed the critical point symmetry and the anehltsolution thereofHasegawat al
[7] discussed the phase transition in exotic nualieng theN = Z line (Ge, Se and others)
in the shell model calculation. K. Heyde and J.lodd [8] discussed the special structure
of theN=40 isotones. Recently, K. Nomugaal [9] have discussed the structural
evolution of Ge, Se nuclei, in the Interacting Boddodel (IBM) PES mapped from the
Gogny energy density functiondlhe excitation energies and tB2 transition strengths
were derived, and the shape phase transition apksto-existence were illustrated. K
Nomuraet al [10] also applied the PES matching method ofnieroscopic
Hamiltonian and IBM, to the inclusion of the interdexcitations in the Pb region.
Niksic et al [11] studied the shape evolution and triaxiaility* ®Ge isotopes, using the

relativistic functional DD-PC-1 and the finite rangairing force to perform a



constrained mean filed calculation. In particuthe triaxiality inN=44 "°Ge was pointed
out. Z. P. Li, T. Nik& and D. Vretenar [12] applied the method of deniihctional to
study the shape co-existence in nuclei and theroeace of low lying Oexcited states,
and illustrated it for th&l=28 and N=90 isotones

Thusthe subject of quantum phase transitions, shapletewo and shape
coexistence has been of interest for the deepesrstachding of the nuclear structures.
Further the interest in the special structures of thggare has continued over the last few
decades, in experiment and in theory using theedapproaches. The rich features of

this region provide new insights of the nucleacésrand the role of the subshells.

In the following we illustrate somampirical feature®f this region, as exhibited
in Z=30 - 34 Zn, Ge and Se isotopic chains, which glew transparent view of some
basic features of the spectra. Besides the entitiE€2;"), B(E2, 0" - 2;7), the energy
ratio Ry2=E(4,")/E2,"), the energies of the ground state bdr@,4,6,8,...), and of the
excited bands, we also use the power interf the power index formula Eq. (1),
proposed by Guptet al[13] for studying the level structure of the grdwstate band in

these nuclei:

E()=al’. 1)
Here the power index’ is a non-integer, 12, and the coefficienf' corresponds to
the inverse of the moment of inertia of the nuckaae. It may be noted here that the
values of the indek(l) and its variation with spihprovidesdetailed information on the
structure of the rotational band, as illustratethimm Ref. [13]. The indicd¥(l) are related
to the energy ratios;R= E(I")/E(2;:") in the band. In Ref. [14], the justification atine
relevance of the non-integer power indb{)’ is discussed.

Recall that for reproducing the ground state bepettra of the shape transitional
nuclei in between the spherical and well defornsederal alternative formulae exist in
the literature, involving the sum of two or morents using integer power of spin But
most of these, whether in fixed mode or the leqséee fit mode, aim to reproduce the
spectra well. In the power index formula, sinae plower index(l) is related to the
energy ratio R(I)pne gets the deformation status if each stateioflspefore deducing

the average valua, for the spectrum, which can be used to verifyehergy fits. Also



theb,y value itself yields the variation wit, Z, or other parameters. In Ref. [14] it is
pointed out that, here the quantum mechanicallinddfspinl is raised to the noninteger
index b, which can vary continuously, as in classical heaucs.

In Sec. 2 detailed results on Zn, Ge and Sdlastrated, and the discussion on

our new findings is given in Sec. 3.

2. Results
2.1.Z =30 Zn (N=30-48)isotopes
2.1.1 State-wise deformation
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Fig. 1. Power indek(l) of Eq. 1, for the ground band & %Zn isotopes.

In the fpg shell region, we start wii¥30 Zn isotopes. Its 2 valence protons occupy the
down sloping orbit of theps/, subshell.

A plot of the power indek(l) versus spir is given in Fig. 1 (data taken from
NNDC compilation [15]), which provides a quick tsgrarent view of the spin-wise
deformation of the ground stafg.S.)band. Here it is observed that a regular g.s. ismnd
built atN= 30, 32, 34, 40, 42, 44, 48, buiN&t36, 38 and 46 only the two members of the
g.s. band (2and 4) are assigned [15], giving a single data poirfio1.
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Fig. 2. Average power index, for the ground bands 61%Zn isotopes.

The plots of Fig.1 are interesting. TRe40 "°Zn isotope has a regular band upto
spin =12", but it also has the least value of the poweniritdd)’, and of the b,,. The
N=32 and 42 isotopes also have the ground band sgpind™ =10", and haveglmost
equa) higher values db(l). In other isotopes, the ground state banchigtéid to spin 6
or 8. For a stable deformation of a nuclen@) should be constant with spinHowever,
if above the spih = 4, theb(l) values vary, they reflect the changes in tharisic
structure of the band. That provides a test ofélgeilarity of the level energies in the
band, and the variation bi{l) provides useful information for theory. Noteetimcrease
of b(l) atl = 4-6, and the subsequent nearly constahtes.

In Fig. 2, the values of the averatyg,”for a band are plotted verstis which
summarizes the data of Fig.1. The error bars reptéhe rms variation across the band
with spinl. The maximum value of the indel, is less than 1.30 if’"%zn, indicating
the limiting deformation status of the ground ba(flg, < 2.34) of all the Zn isotopes.
TheN=40 isotope has the minimum valuebgf = 1.04, corresponding to a harmonic
vibrator. Note the rise df,, in the groups of nuclei on bo#iides 0fN=40 (as also seen in

Fig. 1), buttheir collectivity is different. The difference §en the moment of inertia in



the two groups. The range of the eneEg®: ") is different in the two groups. It is an

interesting feature worth further study (see bglow
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Fig.3(a, b). Plot oB(E2)t versus (1#(2;")) for Zn,N=(32-44) and (50-44). The straight
line is the linear LS fit with slopes of 0.10. Ttiata are taken from [18].

Grodzins [16] observed that even if the level ggeE(2;,") and the excitation
probability B(E2, 0,™-2,") = B(E2)t separately vary widely witthN andZ, their product

remains constant.

B(E2, 0"~ 21") x E(2,") = constanz® A" @
as suggested by Ramanal [17]. This also leads to the Eq. 3 for fix&d
B(E2, 0"~ 2,") = constank 1/E(2;+) A#® @)

which yields a linear plot for Zn isotopes, assthated in Fig. 3, (data taken from Ref.
[18], figure adopted from Ref. [19]). Since’Avaries only about 10% over A = 60-76,
thespread of the datan the linear ploprovides a transparent quick view of the shape
phase transformations with varyihg

The variations in the power indég) andb,,need to be studied along with Fig.3,
for the excitation probabilitB(E2, 0," - 2,") = B(E2)t versus the reciprocal [E{2;")].
Theb,, is small aiN=40, andB(E2) is also small, but it is finite = 0.15t&, and larger
than for the lighter isotopes, with highét (Figs.2, 3). The moment of inertia [or
1/E(2,")] A" atN=40 is higher than for the lighter isotopes, beintallest alN=38.
This feature of°Zn is important (see below).



There is irregularity &l1=32, 34, 36 and 38 (Fig. 3). The linearity rulerasdo be
broken here. The same is reflected in the mismaittie power indexly’ and the
B(E2)t. Further, theN=32 andN=42 Zn isotopes have almost sarbg’; but very
differentB(E2)t and moments of inertia. This is a significant pfraenon, where the
moment of inertia (Mol) and energy ratios (=indbi)’) act differently. It is known that
for the same R, of two nuclei, their Mol can be different, whicfiexts theB(E2) as
well. The utility of theb(l) plots (Fig. 1) to resolve the crowding of datdowerN in
Fig. (3) is evident.

At N=40-42, there is a shape phase transition, whiglvigly visible in Fig. 2
and 3, from the anharmonic vibrator towards thé deformed rotor. Note the small
range of théB(E2)1 scale from 0.12 to 0.2 in Zn, and of the power indexJjand
Raj2.

At N=48-50, the energi(2;") (Fig.3b) rises sharply by a factor@ but the
B(E2) remains low. The straight.line represenlis@ar LS fit to thedata. The
deformation is maximum &4=44 (Fig. 3a). Beyontli=44, again the enerdy(2;") rises
andB(E2)t drops fast alN=46-48 (Fig. 3b) due to the filling of neutronsup sloping

orbitals, and th&l=50 shell closure effect.

2.1.2 Level energy spectrum of Zn isotopes

The partial level spectrum of Zn isotopes is giwrefig. 4 [15]. AtN=2=30, the
nucleus’®Zn remains spherical withi(2,") =1003 keV, and R =2.18. AtN= 32,E(2,")
drops only a little to 954 keV, to rise again t®3&V, 1039 and 1077 keV B34, 36
and 38 respectively (see Fig. 4, open square symkivh corresponding drop iB(E2)1
(Fig. 3a). Beyond\ = 40, the energf(2;,") andE(4;") is decreasing witlN. The K=2",
2," state (open circle symbol) of the n=2 phonon ¢tifg below the 4 state (upright))
for N=32 to 38, and crosses upwards of the fallifiga#N > 40. But the @ state of the
triplet (cross symbol) lies low &=38, 40, 42, forming a sort of parabolic valley oag
sees aN=88, 90 for Sm, Gd [15]. The third 8tate (inverted]) follows the Q" state,
falls down atN=38, 40, along with the,Ostate This unique feature of the Zn spectrum is

very interesting. It provides a challenge for tluelear theory.
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Fig. 4. The partial energy spectrum®®fZn isotopes.

In ®%Zn (N=38), the @' excited state is low (1654 keV), below thesPate at 1883
keV and 4" state at 2417 keV. The"2state at 2338.5 keV (overlapping thé dymbol)
decays to 0, 2" and to @" (weak intensity, but more than fos'20 G;"). Also a 4" state
at 2959.5 keV is a likely member of thé30," band. Then the (0, 2", 4,") spacing
indicates their increased deformation comparetie¢ajts. band and the possibleape
coexistenceThe K=0," band formation ifi°Znss is not apparent, but it seems to have the
[3-soft character.

At N=40, the0," state goes down further to 1071 keV, only 186 kbdve the Z
state. Also the # state of the quintuplet comes down, touching testate of the triplet.
For higherN, the Q" state rises up again. These unique featur&'®n are interesting
and need further elucidation. TNe40 isotones Zn to Zr display these unique features
and have been reviewed by Heyde and Wood [8]. 8eeZ+4 below.
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Fig. 5. Level energy spectrum (partial)°&Zn.

The power indek(l) is relatively large for th&l=32 isotope, almost equal to
N=42 isotope, and thB(E2)1 is finite = 0.12 &7, but much different from’Zn. As
shown in Fig.1, the ground band up Te=1.0" with regular spacing is visible (also shown
in Fig. 5). Notice the regular rise bfl) in ®?Zn in Fig. 1, indicating some increase in
deformation with spin. Also the K=2" band, with both odd spin and even spin
components is well developed (Fig. 5).Mst32, the state,? decays to 0 ground state
with 70 % intensity, of the cross over transition, relative to thé-2 2;" transition [15].
The 2" state at 2803 keV is rather close to thesbate, that would suggest larger
deformation However, there are several othérsates above it [15]. In the absence of
decay data, the band assignment is difficult. Blaisd structure d¥zn reflects stability,
and may be due to the n-p interaction in equalgrpits. For the role of Nilsson orbits
see below (Sec.2.1.3).

In Table 1, we list the values of energy ratigRand R = E(2,")/E(2;"). In the
rigid triaxial model (RTR) [20] the asymmetry pargtery can be deduced from.R

Sing = [9/8 (R -1)/ (R +1)I*%, 4)
The deduced values pffor the Zn isotopes are listed in Table 1. |fiRless than 2.0, the
formula is not applicable. Thus only N30, 42 and 44, are the valuesyavailable.

In all the three isotopes,is about 22



Table 1. Values of R, R, andyin Zn isotopes.

N 30 32 34 36 38 40 42 44

Ry 218 229 233 236 224 202 230 234
Ry 2.55 Less than 2.0 254 2.76
y(degree)24.2 24.3 23.2

Here we note that a large valueydfyreater than 20up to 30) is obtained not
only for a triaxial rotor, but also for the anhamovibrator. That leads to the problem of
defining the shape status of the Zn isotopesN&®4-40, the nuclei may be termed as
anharmonic vibrators, with energy ratig/Ress than 2.35, below the 2.5 valueyeoft
rotors. Thé®’>’Zn isotopes may be termedyasoft triaxial rotors or anharmonic
vibrators. With degenerate n=2 phonon tripldilat2, 44, the anharmonic status is better
applicable. The problem of defining the shape rm&eof the vibration-rotation model is

complex here. See Sec. 3 of discussion.
2.1.3 Role of Nilsson single particle orbits

In order to understand the relation of the varigekctral features with neutron numieér
here, we look at the Nilsson single particle orfits3]. Thevf;, subshell gets filled at
N=28. The 10 neutrons (up k&=38) can fill thevps, subshelland thev fs;,subshell. The
almost horizontal orbit ofips;, and of 1§, subshells, enable the stable structur&z.
Two additional neutrons abo=38 (forN=40) can fill thevp,, subshell or the
V02 Subshell, whichever is energetically favorablee Tditer yields a linear drop in
E(2,") (to 884 keV for°Zn) as seen in Fig. 4 and the increasB(i2)1 (Fig. 3a). The 4
additional neutrons (up t§=44) can occupy thegs, subshell. Note the sharp rise of
B(E2) atN=40-42 and the slow rise Bt=42-44, due to the filling of the down sloping

orbitals ofvlg, and the up sloping orbitals ofsiLfrespectively
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At N=40, there is competition between the up slopitit®of p» and §, and the
down sloping orbits of thge, subshell. The lowering of ti®" state is the unique
feature, associated with this competing fillingisTfeature is different from the ones
observed near or at subshell closure. The quadzugeibrmatior3 also determines the
fillings of nucleons. AN=42, the filling of down sloping orbits of thg,gsubshell leads
to the shape phase transition as evident in Figndl2. But alN=36, 38, the sphericity
persists. The deformation 44, 46, 48 also is determined by the competitiieds

of the above stated orbitalas discussed above
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Fig. 6. The low energy levels in the o8dZn isotopes [15, 21].

The low energy spectra of oddisotopes are a rich source of orbit occupancy
(Fig. 6) [15, 21]. For examplé’Zn has the g.s. spin 5/Rdicating the occupancy of the
37" neutron in the1fs;, orbit. The spin of first excited state at 93 ka\w4, and the 9/2
state lies at 604 keV, representing the excitatiorig,, orbit higher up [21], A high
lying 9/2" level reflects the role of thegsubshell for higher excited statesd the low
deformation in the g.s. &=38. With an odd neutron for oddin thevp,, orbit, the
additional 1 or 2 neutron pairs occupy the higigrorbits up toN=43. Note the
decreasing energy of the 9l@vel atA=69, 71. In the eveA isotopes this leads to the

increasing deformation fo¥ > 40 as seen above. In oddn, the g.s oA=75, 77

11



changes to 7/2corresponding to the odd neutron hole in the drbit and increased
number of neutron pairs i,gsubshell.

O. Kennet al. [22] did a Coulomb excitation experiment f6¥%n isotopes and
determined life time and g-factors. They also comgpdhe experimental data with large
scale shell model calculations considering the igonétions in the fp and fpg model
spaces with inert cores #iCa andNi, respectively and obtained good agreement. J.
Leskeet al [23] predicted the dominantgg? configuration of the £ state of®Zn from
the measured g-factors. S. Réaid. [24] did shell model calculation in the Strutkys
approach, and reproduced the order of the levakspf®®%Zn isotopes. Earlier, Passoja
et al [25] studied the decay branches from thiesBate at 1910 keV to the2and 2"
states (withB(E2) ratio of 1.1) irf“Zn, and. suggested the O(6) pattern here.

These findings [22-25] are in agreement with qalgsis in the above.

2.2. Z = 32 GeN=32-50)isotopes

2.2.1 Statewise deformation
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Fig. 7. Power indek(l) of Eq. 1 for ground bands 8t "%Ge isotopes.
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Next we study th&=32 Ge isotopes. The 4 valence protons of Ge campycthe
down and up sloping orbits of tmgs, subshell.

In Fig. 7 we depict the variation of the powererdb(l) with spinl for the ground
state bandsN=32-46). FoiN=34, 36 and 40, the ground band extends Uptb2 (or
higher, not shown). In the other isotopes, it igaippin [=10" or 8, except aN=44.
The indexb(l) at first drops from 1.25 &=32, down to 1.005 &i=38. There after, it
increases again up to 1.35Nr46 ®Ge. For T'> 6", the decreasing values indicate the
condensing of the ground band level spectrum. fitiexib(l) at I'=4" is the same for
N=38, 40 Ge, but at higher spins, opposite trendspétion are exhibited. This is
important and helps in the competing shell clos®&=88 orN=40, as discussed in Ref.
[26], and the scattering of neutrons to the higkiésson orbits in the two isotopes due to

pairing interaction (see below).
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Fig. 9 (a, b). Plot oB(E2)t versus 1E(2;") for Z=32 Ge. AtN =38-40-42, the rise is fast.
At N =50 -48, [1E(2,")] increases fast, but tiBE2)t does not rise.

Theb,, (Fig. 8), also exhibits the same dependence ongbhton numbeN, a
fall up toN=38 and the rise above it. Adr> 38, there is increased collectivity, as also
reflected in théB(E2)1 versus 1E(2;") plots (Fig. 9, [19]), but thB(E2) stays almost
constant at lowel, and is maximum &=32. In fact, the Grodzins linearity relation,
B(E2) being proportional to the rotational momentradriia 3E(2;"), breaks down here
atN= 32-36 (Fig. 9).

At N=40-42 un-ambiguously, there is a shape phasedtiansas the power index
‘bay rises, and botlB(E2) and 1E(2;") also rise. This is similar to the variation in.Zn
BeyondN=42, atN=44, 46, 48B(E2)1 is falling sharply, but H(2;") shows an increase
atN=42-44, and a slow decrease upNte16. Also the power indedb,, is almost
constantat N=42-46. AtN=44, only 2", 4" states are assigned, andNa#6, a regular
g.s. band up td%8" is known, though 2 is below 4" in both isotopes. Al=48 a
regular band is not formed there [15].

2.2.2 Level energy spectrum of Ge isotopes

14



64-80 02
5+ Ge| a4
3 O 22+
=2 a4 o)
= ' Vo2
~ + D
5 | % ©%
o 1-
T +
21

0 —rT T T T T T T T T T T T T
30 32 34 36 38 40 42 44 46 48 50
N

Fig. 10. Energy level spectrum (partial)’6f%e isotopes.

TheZ=32 Ge isotopes fill 4 protons in tmpz, subshell, and the neutrons fill up
to N=50, up to the top of fpg shell. The partial enesggctra (Z, and the possible n = 2
phonon triplet, and?) are illustrated in Fig. 10. The Ge spectrum mayiewed ia two
parts: (a) up ttN=38 (filling of ps, and £, orbits) and (b) abovid=38, filling the p,, and
Jos2 Orbits.

The energ¥E(2;") is increasing slowly a¥=32-38 and drops thereafter for higher
N. The same is true for the staté.4'he presumably = 2 phonon triplet is well split.
The 2" state lies below the 4state for alN, and follows the £ state closely. The
energy ratio Ris less than 2.0 féf">"®"%e. AtN=46 to 48, closed shell effects appear.

The behavior of the excited'Gstate is rather varied. At first it drops in eneag
N=36-40. BeyondN=40, it rises up ilN = 42, 44, forming a parabolic valley appearance
as in Zn isotopes (Fig. 5).

The detailed groung:vibrational, and § bands are illustrated fd=36, 38 and
40. In contrast to the ideal vibrational isotopé€d, where one gets the almost
degenerate n=2 phonon, and n=3 phonon multiplets, in theA=60-80 region we get
the almost equally spaced in energy ground band«&2" y-bands, and well

developed B=0," bands irf®’%e. This is rather unusual and therefiateresting.

15
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TheN=36 Ge with higherld,,/, but lowerB(E2)t (Figs. 8, 9), also exhibits regular
ground bandy-band and & band up to spin¥10" (Fig.11). The power indet(l) for
theB-band are 1.023, 1.114, 1.181 and 1.188=(.13) for spin=4" to 10. Compare it
with ground band values of 1.159, 1.176126, 1.100, 1.104,~1.03). Theb(l) is
deceasing with spin in g.s. band, and increasirtig syin in the-band. But the g20g
spacing of 703 keV is much less than th®gspacing, indicating larger deformation of
the3-band
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Fig. 13. Energy level spectrum (partial)N£40 "“Ge.

At N=36 to 38 in Ge, the excited 8tarts falling in energy to lie just 176 keV
above the 2state. In°Ge the ground band,%2* y-band and the ¥0," band are well
developed (Fig. 12). The power index =1.024 for the3-band is nearly equal to 1.036

for ground band and the moments of inertia alsabm®st equal. Thus the two bands
have almost the same deformation.

At N=40 in °Ge, the state) drops even below the 2state (a rare phenomenon,
discovered at Vanderbilt from the decay®a) by S.K. Haynes [27] by measuring the
internal conversion electron energies, which bex#tra topic of intense research [3,
26,28,29 and References therein]. The nature afeéhend 2 state in°Ge also has been
ambiguous. In NNDC [15], it is shown as a parthef K'=0," band, including 4 and 6"
members. But recent data [26] led to its assignrasrhe band head of thé4" band,
as shown in Fig. 13 here, with spin up to Bhe states ¢, 3;, 4", 6," and 8") form the
K™=2" quasiy-band. The level spacing (for even spin) in tie2" band is similar to the
ground band. Using the sum rules, Ayangeastes [26] obtained almost equal €5
values for thegground bancndy-band.

The 2" state at 2402 keV even with large spacing fronDfistate is suggested
to be associated with it, on account of the langeistateE2 matrix element [26].

Fortune [28, 29] has reviewed the shape co-existen'éGe and by 2-state mixings,
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reproduced th&2 matrix elements iffGe. However, the systematics af 8tates in Ge,
(Fig. 10 and 18) shows it to be an exception.

Hasegawat al [30] from their extended PPQ model calculatiohiaced
structure change in Ge isotopes nga#0 caused by the transfer of 2 neutrons to §he g
subshell.

The®*Gey; 0dd-A nucleus has the ground state™®£19/2", and excited states of
Y and 7/2, which support the above explanation of increasgiéctivity atN=42. Also
theN=39 and\=43 isotopes have ground spins of[15].

Table 2. The interbanB(E2) ratios in°®"Ge [15].

2 -01/21 | 31-44/21 | 31-2/21 | 23-00/21 | 23-00/01 | 40-2/21 | 43-25/2

*Ge 0.009(1)| 53(10)| 23 (2)| 0.32(3) 150 (15) 52(3) 27 (2)

“Ge 0.007(1)| 146(30)| 637 (65) 0.006(L) 229(24) 18B( 16 (3)

“Ge 0.002 [48(2) 137 (6) | 0.014 (1)87(9) 281 (30)

a) For 4" -25'/2," transition ratio.

The interbandB(E2) ratios (Table 2) may shed further light on thadbinteraction.
Most of theB(E2) ratios, here are as expected from the rotatibratton model. The
cross over transition from the*Xstate to ground state is weak. For thetate the large
gain in energy ratio yields lar@E2, 3" - 4,°/2,") andB(E2, 3'- 2,'/2,") values. Similar
considerations apply to the2 transitions from Z, 4," and 4" states. The increased
B(E2.2" - 0,'/0;") in the 3 isotopes visible in Table 2, is alsoaskied forN=40 in the
E2 matrix elements in Ref. [26].

At N=50%Ge is spherical in the ground band, but a deforexeited band has
been assigned by Hwamegjal [31] predicting a shape co-existence here. Tdetemed

rotational bands can be formed by two-particle -hete excitations with the'Qairing

energy states of th@®/2[404]° ®1/2[431F configuration across tHé=50 closed shell, as

calculated by Praharaj [32], using the surfaceadealieraction (SDI), and predicted the
deformed excited band budh the spherical ground band®*fiGe.
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Thus the plots in Figs. 7-13 give a reasonalde of the spectral variations in Ge

isotopes. Several features are common to Zn and Ge.

2.3. Z = 34 SesotopegN=34-46)

2.3.1 Statewise deformation

1.4
] 68-80
Se

1.3
z\ ]
pYe 1.2_
% ] —0-34
c —0O—36
" 1.1 —/\—38
) —7-40
; E $42
o 44
o 1.0+ N=38 —>—46

0.9+—F——+—— —

4 6 8 10 12 14
Spin(l)
Fig. 14. Plot of power indet(l) for the ground bands 8%2%e isotopes.

As for Zn and Ge, we study the spectral structfite isotopes, using the power
index plots. The power indéx1) of Eq. (1) deduced fd*®°Se isotopes, displayed in
Fig. 14, illustrate the variation of quadrupoleatefation of these nuclei with spin for
each isotope. Thie(l) curves 0fN=34, 38, 40 show similar variations with spjrand
b(l) are decreasing fa¥= 44, 46(subshell closure effect) with increasing shiiihe
plots are limited to"1=12", even if higher spin levels are known [15]. Espligi
noteworthy is the extension of the ground bandoupigh spinsE20" in "°Se, '=28" in
?Se andE22" in "*Se. This feature is markedly different in Se fromahd Ge. This
may be due to the stabilizing effects of the 6 nedeprotons above tl#=28 subshell
closure, which enable many more n-p interactionstedver, the horizontal orbits of the

s/, subshell and of thafs, subshelblso enhance the stability
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The plot of by’ (Fig. 15) also indicates a fall &t= 34 to 38, and a rise Bit=

38-40-42, and saturation thereafter. This pattéarminimum atN=38 or 40 is common
to Zn, Ge and Se.

14
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Fig. 15. Plot of k, versusN for the ground bands @34 °*%%e isotopes.
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Fig. 16 (a, b).Plot oB(E2)1 versus 1F(2;,") for Se N=34-42, 42-50). AN =38-40-42,

the rise is fast in both. A =50 - 48, 1E(2;") increases fast, b@(E2) does not rise
much.

20



The excitation probabiliti3(E2, 0" - 2;") in Se isotopes are plotted versus
[1/E(2,)] in Fig. 16,adopted from [19]Again the data lie on linear plots. The straight
line represents the LS fit to the data. Ne136-42, a linear rise is exhibited, with sharp
jump atN=38-40, and slower &=40-42. AtN=34-36, one observes a fall, in agreement
with the fall of power indeX,, in Fig. 15. AtN=36-38,b,, data show opposite trend to
the 1E(2,") andB(E2)1. BeyondN=42, agairB(E2)t decreases fast, but the Mol falls
slowly. At N=48-50 a reverse trend is observed.

TheN=Z effect is again operative f81Sey.. At N=36, 38 it is weak (Fig. 16a).
Note the fall alN=34-36 and then a rise B{E2)t atN=36-38. The linearity relation still
holds here. Th&l=34, 42 isotopes have equml, but much differenB(E2). The rise of
B(E2) atN=38-40 is a clear indication of the increased patpoh of the g,subshell. At
N= 39 in oddA "*Se, a ground band is formed on tFe9/2" ground state up t6$41/2"
[15] supporting the above description.

2.3.2Level energy spectrum of Se isotopes

Energy (MeV)

_’Av*zg'l'l'l'l'l'l-
32 34 36 38 40 42 44 46 48 50

N

Fig. 17. Level energy spectrum (partial)°8f*Se isotopes.

The (partial) level energy spectrum of #re34 Se isotopedN=34-48) is
illustrated in Fig. 17. The energies af 2tate and of the potential n=2 triplet states, all
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go down with increasinlyl, up toN=42, and rise for highé¥. But as in Zn and Ge, the
0," state forms the parabolic valleyNt38-40. The § state at 937.2 keV iffSeis only
75 keV above the;State at 862.1 keV. It is obvious that the lowgiafithe Q" state is a
microscopic effect related to tiN=38-40 neutron filling.

Hamiltonet al [33, 34] gave evidence for its mixing with thdsational states in

?Se. The mean life of the 937 keY Btate was measured to be 22.8+1.4 nsec, yielding

B(E2) =36+7 single-particle units for the 75-k€¢ —2;" transition. From the in-beam,
y-ray spectroscopy following the reactiivi(*°0, 2p), a strong-ray cascade was

observed from the yrast band of levels @ ,... to 12) in 2Se, (vhich is now extended

up to "= 28). The moment of inertigersus fiw) plot is vertical for the 2and 4 states

as expected for a spherical vibration and then edobecomes nearly horizontal as
expected for a well deformed rotor to further destmate the coexistence of two different
shapes. The lifetimes of the' 24" to 12 states [33] support the shape coexistence.

Using a collective rotation vibration model, tH8@] also obtained 2 minima in
the PES, the spherical one for thie2," states, and a deforme=0.4) for the @ state
and states above 4 Later, Kumar [35Fxplained that to have shape coexistence in an
isotope, one need not obtain two minima in the MESproposed an alternate
explanation where the effect can be dynaamd involves the variation in mass
coefficients as well. KumdB5] predicted the deformed excited band built dova 0,
state in’’Se, based on the prolate potential minimum, usiegiynamic deformation
model.

The ambiguity regarding the point of shape traositn the isotopic chain of Se
isotopes is highlighted in the most recent worklehdersoret al. (2018) [36]. The
ambiguity of the prolate/oblate status of the $¢oises at or nedd=38 is resolved by
the precise valuation of the quadrupole moment bétite of “Se [36]. Also in
consonance of the previous findings of Hamiléoal. [3, 33, 34] regarding the change of
shape with spim at I" > 4,+ of the ground band has been reconfirmed. By gpemison
of the quadrupole moments of other Se isotopes uned®arlier, the shape transition
(oblate to prolate) &=38 Se is established. In this context, we wowdd to highlight
the information contained in the plots of the powelexb(l) andb,yin Figs. 14 and 15
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respectively. Thé(l) curve ofN=36 shows the change of deformation beydwé1and

the continuous rise df(l) in theN=38 curve, so that at higher spins the two curvestm
together. In Fig. 15, the plot bf, clearly reflects the shape transition. Also tready
values ofb,, atN=42-46 agree with the almost constant values of Q(isplayed in

Ref. [36] for these isotopes. Combined with othetiacbfB(E2, 0" - 2;") discussed

above, our findings are in consonance with thegbesbblate changes in Se isotopes with
neutron numbel in Ref. [36]. Thus, our simple empirical curveslgia transparent

view of the problem discussed here.

2.4, N=40 isotones

3.0

Energy (MeV)

o
ik

28 30 32 34 36 38 40
7

Fig. 18. Energy level spectrum (partial)\#40 isotones.

It should be of interest to study the spectrdlo40 isotones, in the context of the
varied behavior of the,0 state (or band). In Fig.18 we display the low sgiergy levels.
All the states, exhibit a decreasing energy witlréasingZ aboveZ=32, except the k&

0" levels. It may indicate the increasing occupatibthe g orbitals.

In Z = 28 Ni and in°Ge, the §' is the first excited state (cross symbol). But as
noted in Ref. [26], their formation is due to difat processes. From the present
empirical study of Zn, Ge and Se, we have emphdgizimportance of the lowering of
the Q" state being a common occurrenc@&#¥0 Zn to Kr. This provides further material

for research of the shape transition and shapesteeke in these light nuclei.
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3. Discussion

The spectral features of the Zn, Ge and Se isotopbe A=60-80 region have been
illustrated here, through their variation with mewmt numbeN, in each of them. The
variation of the power indelx(l) with spinl exhibits the variation of the structure of the
bands. The variation (of the summed effect) Wtis high lighted in the plots dif,,. The
shape phase transition at certdirare vividly visible on these plots. Then a congaar
with B(E2, 0" - 2;) versus [1E(2;7)] highlights the correspondence wiifl), and the
shape phase transition (static versus dynamictgffBece partial energy level spectrum
for eachZ indicated the close relation of the quasiand with the ground band. In almost
all cases the,Xtate lies below the 4state and varies witN along with it. Thus all of
them have non zero finite valuesyoln several isotopes (of Zn, Ge, Sg)iRless than
2.0, and thus the RTR formula for deducyng not applicable. The inter ba&@
transition ratios further highlight the mutyag interactions. Thg-g B(E2) ratios in Ge
(Table 2) seem to follow the expectation in tb&ation-vibration model.

The formation of the parabolic valley by thg 6tate alN=36-44, is common to
all the three elements, with some variation in idketaith respect to the magnitude of the
depression dti=38 or 40, and in its position in the spectrum. Ag@akaaet al [26]
pointed out the limitations of the various formgiod collective vibration-rotation
models, in justifying the formation of a low'Gstate, even below;2in “Ge. They
deduced the matrix elements for the intraband atetband transition, extended upto
spin 4, and obtained consistent sets. Therein they cdedlthat the low 0 state arises
from triaxial deformed states.

However, apart from the varied interpretationshafse typical features in the
literature for the individual isotopes, the comnieatures noted here are very important
for an overall understanding of the nuclear inteoas producing them. The role of some
Nilsson orbitals off, and p,» crossing with g, orbitals, which generate the'Gtate, is

common to these cases, eved i§ different.
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Another feature of the spectra in these isotopéisd indication of the spherical
shape iMN=36, 38 Ge, Se ard=40 Zn p,, =1.05), but with finiteB(E2)1, yielding
nonzero quadrupole deformatifril0.2. Even if the minimum of the potential energy
surface (PES) lies #=0, (andy independent), for an anharmonic vibrator fhg and
the quadrupole moment can be nonzero. Alswy bel130° for the anharmonic vibrator
as well as for thg-unstable oy-soft rotor. Formation of the equi-spaced energglin
ground band and the higher excited bandsome nuclidess an equally important
phenomenon.

In all the 3 isotopic chains, fdi=42-48, there is a mis-match of the power index
‘bay and the fallingB(E2). This is an interesting feature of the ineriasor and the
electro-magnetic tensor.

Howy affectsB(E2) is an open problem, since one often l&®) as a basic
unit, and ignores its essential role in determirthigstructure of the nucleus. It may be
recalled here that thereadimitation in expressing the shajpé a nucleus in terms of the
hydro-dynamics, viz the spherical or anharmoniatitar, or soft triaxial rotor et@and in
small subshell subspaces this is possible, andyjsieal feature. Also note the role of the
proton numbeZ. With increasing, there is a definite increase in the rangB(&?2)
from Zn to Ge and Ge to Se. Kumar [35] in his stafl{’Se using the dynamic
deformation model (DDM), pointed out that, the shapexistence does not necessitate
the formation of double minima in the PES. Dueht® pairing interaction scattering, in
small subshell spaces, the dynamic effects canrltveedeformed ™=0," state, In [28]
Fortune also noted that a sphericdl tate in"“Ge fits the data well, while Ayangeakea
et al [26] preferred the triaxial rotor view. Note tamall 2°-2," E2 matrix element = -
0.02 (2) e.b in [26]. The ambiguity of nuclear gas further investigated in the recent
work of Hendersomt al [36] for the Se isotopes. The problem lies with thange of
shape not only with neutron numbérbut also with spith. Our empirical plots provide

the model independent basic picture of these confplures.
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Figure Captions
Fig. 1. Power indek(l) of Eq. 1, for the ground bands 8t '%n isotopes.
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Fig. 2. Average power index, for the ground bands 61 %Zn isotopes.

Fig.3(a, b). Plot oB(E2)t versus (1E(2;")) for ZnN = (32-44) and (50-44). The straight
line is the linear LS fit with slope of 0.10. Thatd are taken from [18].

Fig. 4. The partial energy spectrumf%Zn isotopes.

Fig. 5. Level energy spectrum (partial)°aZn.

Fig. 6. The low energy levels in the odd-A Zn igms [15, 21].

Fig. 7. Power indek(l) of Eq. 1 for the ground bands %f'%Ge isotopes.

Fig. 8. Average power index,for the ground bands 8f "%Ge isotopes versus.

Fig. 9 (a, b). Plot oB(E2)t versus 1£(2,") for Z = 32 Ge. AN = 38-40-42, the rise is
fast. AtN =50, 48, 1E(2,") increases fast, b@E2)t does not rise.

Fig. 10. Energy level spectrum (partial)’6f%e isotopes.

Fig. 11. Energy level spectrum (partial)NE 36%°Ge.

Fig. 12. Energy level spectrum (partial)NE 38°Ge.

Fig. 13. Energy level spectrum (partial)NE 40"“Ge.

Fig. 14. Plot of power indetx(l) for the ground bands 8#%°Se isotopes.

Fig. 15. Plot oba, versusN for the ground bands @f= 34°%%%e isotopes.

Fig. 16 (a, b). Plot dB(E2)t versus 1E(2;") for Se N=34-42, 42-50). AN =38-40-42,
the rise is fast. AN =50 - 48, 1E(2;") increases fast, b@&E2) does not rise much.
Fig. 17. Level energy spectrum (partial)°8f*Se isotopes.

Fig. 18. Energy level spectrum (partial)N#40 isotones.
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