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Abstract: High-spin states in *Tc were investigated via the ¥Rb(*?C, 4rn)*Tc reaction at a beam energy of 62 MeV
using standard in-beam y-ray spectroscopic techniques. The previously established level scheme was revised and ex-
tended through the identification of 42 new transitions. The experimental results are interpreted using large-scale

shell-model calculations. Valence-nucleon excitations outside the *Sr core dominate the excited states up to

J =33/2, corresponding to the maximum angular momentum possible within this restricted space. Of particular in-

terest are the systematics of vds;, — vgy/, excitations across the N = 56 subshell. These systematics show that proton

excitations across the Z =38 subshell, coupled with neutrons in the ds;, and g;, orbitals, are necessary for higher-

spin states.
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I. INTRODUCTION

High-spin states in atomic nuclei are generally gener-
ated through two distinct mechanisms: the collective
mode, associated with the rotation of a deformed nuclear
shape, and the non-collective (single-particle) mode, in
which angular momentum is generated by the successive

alignment of valence nucleons in specific orbitals [1-3].
Although high-j orbitals play a particularly important role
in the non-collective mode, medium- and low-;j orbitals
also contribute significantly to the generation of angular
momentum. Nuclei in the A ~90 mass region, located
near the ®Sr (Z = 38,N = 50) core, are well known to ex-
hibit predominantly single-particle excitations at low and
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medium spins [4—14]. The low-lying states in nuclei with
Z>38 and N > 50 can be interpreted by coupling pro-
tons in the m(py 2, g9/2) orbitals above the Z =38 shell to
neutrons in the v(ds), s1,2) orbitals above the N = 50 shell,
with *Sr treated as an inert core. For states at high en-
ergy, three competing excitation mechanisms are in-
volved: proton promotion across the Z =38 subshell,
neutron excitations across the N =50 closed shell, and
neutron excitations through the N =56 subshell
(ds;» — g7» excitation). Among these mechanisms, pro-
ton excitations across the Z =38 subshell are energetic-
ally favored because of the relatively small Z =38 sub-
shell gap [15]. Breaking the N = 50 core through neutron
gs/, excitations has been suggested as a mechanism for
generating higher angular momentum in several N =52
isotones, such as **Mo [7] and *°Ru [5]. The excitation
energy required to break the N =50 core increases with
proton number, as reported in Refs. [16, 17], whereas the
energy of the vgy, orbital decreases. As more protons oc-
cupy the mgo,, orbital, the vg;, orbital is lowered be-
cause of the enhanced proton-neutron attraction resulting
from the large wave-function overlap between these spin-
orbit partners (see Ref. [9] and references therein).

In %Tc, breaking of the N =50 core was previously
incorporated into shell-model calculations to describe
high-spin states [6]. However, large discrepancies remain
between theoretical and experimental level energies;
these discrepancies were attributed to either the effective
interactions or the limited model space used. Recent in-
vestigations indicate that neutron ds;, — g7/, excitation is
energetically more favorable than N = 50 core breaking in
the N =52 isotones [7—9]. Nevertheless, the ds;» — g7)2
excitation has not been included in calculations for *Tc,
and the lack of experimental data in the corresponding
energy region has further hindered understanding of the
dominant excitation mechanisms.

The purpose of the present study is to probe these
structural features in *>Tc and to complete the systemat-
ics of ds;, — g7,» excitations along the N =52 isotones,
thereby contributing to a comprehensive understanding of
nuclear structure in the A ~ 90 region. Prior to this work,
low-spin states in *Tc were observed from electron cap-
ture (EC) and isomeric decay [18, 19], as well as from
transfer reaction experiments [20]. Previous high-spin
work on *Tc was reported by Ghugre et al. [6], who pop-
ulated the nucleus through the (HI, a2n) side channel as a
by-product of the (HI, xn) and (HI, pxn) reactions using
the Early Implementation Gammasphere. Here, we report
the experimental results for the high-spin level structure
of ®Tc obtained via in-beam y-ray spectroscopy follow-
ing a heavy-ion fusion-evaporation reaction.

II. EXPERIMENT

High-spin states in Tc were populated via the
¥Rb(**C, 4n)”Tc fusion-evaporation reaction using a 62-
MeV "?C beam provided by the Sector Focusing Cyclo-

tron at the Heavy lon Research Facility in Lanzhou (HIR-
FL) [21]. The target consisted of an 18 pg/cm? C foil fa-
cing the beam, followed by an *’RbCl foil with a thick-
ness of 4.2 mg/cm? and a natural Pb foil with a thickness
of 8.7 mg/cm?. The Pb foil served as the stopper for the
reaction residues, and the C foil served as the covering
layer for the hygroscopic *’RbCl foil. The emitted y rays
were detected using a multi-detector array [22], which
consisted of five Clover detectors of the EXOGAM type
[23] grouped into a ring at 90° and fourteen high-purity
germanium (HPGe) detectors with a relative efficiency of
70% grouped into four rings at +52° and +26° relative to
the beam axis. Specifically, four HPGe detectors were
placed at each of 52° and 26°, and three were placed at
each of 128° and 154°. All detectors were equipped with
BGO anti-Compton shields. A total of 1.0x10° y-y-y coin-
cidence events were recorded and sorted into a three-di-
mensional histogram (cube) for subsequent off-line ana-
lysis. In addition, 7 x 10° y-y coincidence events were re-
corded. In the experiment, the energy and efficiency cal-
ibrations were performed using “’Co, '*Ba, and *’Eu
standard sources, and the typical energy resolution was
about 2.0-2.5 keV at full width at half-maximum
(FWHM) for the 1332.5-keV y ray of “°Co.

To obtain angular distribution information for the
emitted y rays, y-ray angular distribution asymmetry ra-
tios from oriented nuclei (ADO), Rapo(y)=1I,(+26°)/
L,(90°), were extracted. Two asymmetric matrices were
constructed using the y rays detected at all angles against
those observed at +26° and 90°, respectively. By setting
gates on the axis with all detectors, the y-ray intensities 7,
were extracted from the coincidence spectra regardless of
the multipole character of the gating transition. Typical
Rapo(y) values were ~ 1.4 for stretched-quadrupole trans-
itions (or unstretched dipole transitions) and =~ 0.8 for
stretched-dipole transitions, as deduced from known
transitions in nuclei produced in the present reaction.

The ADO ratio is mainly sensitive to the transition
multipolarity, i.e., the dipole or quadrupole character.
However, it does not provide direct information on the
electric or magnetic nature of a transition. Therefore,
stretched M1/E2 mixed transitions and E1 transitions may
not be unambiguously distinguished by ADO ratios
alone. Consequently, parity assignments derived solely
from ADO ratios, in the absence of complementary in-
formation such as linear-polarization measurements, must
be regarded as tentative. A linear-polarization analysis
using the present setup was not feasible because of lim-
ited statistics in the coincidence polarization matrices.
Accordingly, when the ADO ratios alone are insufficient
to determine the parity unambiguously, the parity assign-
ments of the newly observed levels are given in paren-
theses throughout this work.
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II. EXPERIMENTAL RESULTS

Compared with the previous work of Ref. [6], 42 new
y rays and 21 new levels have been incorporated into the
level scheme of *Tc, as shown in Fig. 1. The newly iden-
tified levels (transitions) and spin-parity assignments are
indicated in red, and the revised spin-parity assignments
are indicated in green. Representative y-ray coincidence
spectra are presented in Fig. 2. Rypo ratios of selected
transitions in *Tc are plotted as a function of y-ray en-
ergy in Fig. 3. The measured spectroscopic data, includ-
ing y-ray energies, relative intensities, Rapo ratios, multi-
polarities, and assigned level spin-parities, are summar-
ized in Table 1. It should be noted that the relative intens-
ities of the weak y rays listed in Table 1 were extracted
from the two-dimensional coincidence matrix, which
provides higher statistics. In contrast, the coincidence
spectra shown in Fig. 2 were generated from the three-di-
mensional coincidence cube with double gates to sup-
press contaminant transitions. Consequently, the appar-
ent peak heights of some weak transitions in Fig. 2 may
not directly reflect their relative intensities. These spectra
are used mainly to establish coincidence relationships,
whereas the relative intensities listed in Table 1 were ob-
tained from the two-dimensional coincidence matrix. Ex-
tensions and modifications of the level scheme are
presented and discussed below.

For the positive-parity states, the present level scheme
is consistent with the work of Ref. [6] up to the 5600-keV
level, whereas the 660-keV y ray feeding the 2184-keV
level reported in Ref. [6] cannot be confirmed. This y ray
can be traced back to the work of Sarantites [24], which

reported a cascade of three strong y rays with energies of
663,634, and 592 keV feeding the 11/2* state. Later, the
663-keV transition was found to decay from the 2213-
keV state to the 1550-keV state, corresponding to a
17/2- — 15/2* transition [25-27], as shown in the
present level scheme. It seems unlikely that an intense
660-keV transition should be placed above the 19/2*
state with a sudden termination of the y-ray flux [6].

Based on the measured R,po value, we assigned E2
multipolarity to the 1682-keV transition. This assign-
ment differs from the tentative M1 assignment in Ref. [6]
but agrees with the angular-distribution results in Ref.
[24], leading to the 33/2* assignment for the 5600-keV
level. Above this state, several y rays with energies larger
than 2 MeV are observed, as shown in the top right of the
level scheme and in Fig. 2(a).

The negative-parity states have been extended to an
excitation energy of ~9.1 MeV based on the identifica-
tion of new transitions, as shown in Fig. 2(c). In addition,
a sequence consisting of 656-, 582-, and 1134-keV y rays
is firmly established above the 25/2~ state at 4127 keV
through the observation of linking transitions connecting
the negative- and positive-parity states. The Rapo value
for the 306-keV y ray depopulating the 25/2- state is
1.35, consistent with an assignment of either a A7 =0 or
AI =2 transition, corresponding to a (25/27) or (29/27)
assignment for the 4127-keV level. The latter can be
ruled out because it would require an M2 multipolarity
for the 611-keV transition, which could not compete with
the presumed 306-keV E2 transition.
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Fig. 1.

(color online) Level scheme for **Tc. Transitions newly observed in the present work are marked in red; spin-parity assign-

ments that differ from those in Ref. [6] are marked in green. Transition energies are given in keV, and the y-ray intensities are indic-
ated by the arrow widths. Spin-parity values in parentheses are tentative.
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Fig. 2.

(color online) Typical double-gated coincidence spectra obtained from the three-dimensional coincidence cube are shown. The

spectra in panels (a) and (b) were obtained by summing spectra gated on the transition before the slash and on the transition(s) in paren-

theses. The newly observed transitions are marked in red.

IV. DISCUSSION

Spherical shell-model calculations were performed to
interpret the level structures of the N =52 isotones from
PSr to “7Rh [4-8, 10, 16, 28]. For *Tc, the low-lying
states up to spin 29/2 were reasonably described using a
model space of n(pi,2,892) and v(ds),, s1,,) with an inert
8Sr core [6]. However, significant discrepancies between
predictions and observations were found for the high-spin
states because of the limited model space. These discrep-
ancies remained unresolved, even when N =50 core
breaking was included in the calculation [6].

Recent studies of the neighboring nucleus **Nb indic-
ated that breaking of the N =50 core occurs only for
states above the 41/2 state at an excitation energy of
~9.1 MeV. In contrast, neutron ds, — g7, excitations
were found to occur at relatively low excitation energies
for both positive- and negative-parity states [8]. Similar
systematics were observed in other N = 52 isotones, such
as Zr [9] and **Mo [7]. Indeed, the energy required for
the neutron ds;, — g7, excitation was identified to be
around 1.6 MeV [7, 9], which is notably close to the en-

ergy of the 1682-keV transition feeding the 29/2* state in
%Tc. These systematic features emphasize the need to in-
clude such excitations explicitly in the calculations.

In the present work, new transitions have been identi-
fied, particularly above the 29/2* states. To interpret
these states, shell-model calculations were performed us-
ing the kshell code [29] within an enlarged model space
that includes both the neutron ds,, — g2 excitation and
neutron N =50 core breaking. The model space includes
four proton orbitals (fs5/2, psj, P1/2,89/2) and seven neut-
ron  orbitals (fs/2: 2312 P1/2,8972-A5/2, 87725 5172) - The
Hamiltonian within the fspgo shell employs the JUN45
interaction [30], whereas the remaining matrix elements
are derived from the V,,y interaction. Owing to computa-
tional limitations, at most one neutron is allowed to be
excited from the fspgy shell to the g7/2, ds;, Or 51/, orbit-
als [31]. The largest M-scheme dimension under this
1 p— 1h truncation is approximately 6.7 x 107,

Before comparing the experimental level scheme with
the shell-model calculations, we comment on the robust-
ness of the spin-parity assignments. The ADO analysis
described in Section III provides reliable discrimination

014001-4



High-spin states of **Tc: towards a systematic investigation of...

Chin. Phys. C 51, 014001 (2027)

2.0 T T T T T
2
1.8+ a9 _ 2 R
o (0 T
1.6 s} < %“"g } F 3 -
%] o> -
1.4 "'QJJ"?J }%No}a%r\l ----- AR
=3 N on|
= A A = <2
1.2+ > 7] oc} 2 e
2 & @ 2
~1.0F I N b
0.8 E {3 T REE [ AT=1
PEO I i VY 5 B I P 2 e o T Tt o |
pa F I = =
0.6 “lg N - = F e
gz [ k=
04 R
400 800 1200 1600 2000
Energy (keV)
Fig. 3.  (color online) The R,p, values for selected trans-

itions in *Tc as a function of y-ray energy. Newly observed
and previously reported transitions are indicated in red and
black, respectively. The quoted uncertainties include contribu-
tions from background subtraction, fitting, and efficiency cor-
rection.

among stretched dipole (AJ =1), stretched quadrupole
(AJ =2), and AJ =0 transitions, but it cannot distinguish
E1 from M1/E2 character on a transition-by-transition
basis. Consequently, the parities of several newly pro-
posed levels cannot be firmly established from the
present data alone. These include the parities of the
(25/27) level at 4127 keV, the (31/27) level at 5729 keV
and the higher-lying level at 6570 keV that feeds it, the
(35/27) level at 7803 keV and the levels at 8554 and
9078 keV, the (35/2%) level at 7906 keV, and the (39/27)
level at 8361 keV. These assignments should therefore be
regarded as tentative.

A comparison between the experimental excitation
energies and the shell-model predictions for the levels in
%Tc is presented in Fig. 4. For a given spin and parity,
the shell-model calculations often predict several states
close in energy. Throughout this work, the experimental
levels are matched to the calculated states on the basis of
the ordering of excitation energies and the yrast-popula-
tion criterion. When only one experimental level is
known for a given J7, it is associated with the lowest cal-
culated state. When two or more experimental levels are
observed, they are matched to the calculated states in in-
creasing order of excitation energy. The calculated trans-
ition probabilities for the high-lying states are subject to
larger uncertainties because of the model-space trunca-
tion; therefore, the correspondence is established primar-
ily on the basis of excitation energies and decay patterns
rather than B(M1) or B(E2) values. The calculated levels
show reasonable agreement with the experimental data,
particularly for the low-lying states up to ~4 MeV. Above
this energy, the discrepancies increase, especially for the
negative-parity states. The dominant wave functions and

seniorities of the positive- and negative-parity states are
listed in Tables 2 and 3, respectively. Here, the M-
scheme many-body wave functions are expanded in an
orbit-wise seniority basis and classified by proton senior-
ity v, and neutron seniority v,, obtained by summing the
seniorities over the proton and neutron orbitals, respect-
ively.

For positive-parity states, the 9/2* ground state is
dominated by a single proton in the g/, orbital with seni-
ority v = 1. This state is followed by a group of seniority-
three states based on the configuration of one gy, proton
coupled to a broken neutron pair in the ds,, orbital, i.e.,
vds,, up to the 17/2* state. In particular, the 832-keV en-
ergy of the 13/2* state in *Tc is very close to those of the
2% states in the even-even N = 52 isotones, i.e., 831, 934,
871, and 833 keV in *Sr [12—14], **Zr [9], **Mo [7], and
%Ru [5], respectively. The predominant configuration of
these 2* states is vd3,,. The 19/2* and 21/2* states are
predicted to involve mainly the v(ds;»g7,) component.
This indicates that the neutron ds;, — g7, excitation be-
gins at an excitation energy of ~2.2 MeV. Above the
three-particle fully aligned 21/2* state, an additional nuc-

Energy (MeV)

4
10-
7
9 392
37/
L 372 ?ﬂzﬁ 35/2%
i +
(39/2) | 3572
35/ —(39/2) i +
8 3r . 35
@3s/2) | C2V=—=
HB— ‘
- - 37/2
L =372 357200 33/2+
337 35/ —d332) — 31/2*
W= o
61 ) |
33/2 3120 o 31/2:
29/7 ey 33/2
L 292 - i
2972 —27/2) i
27/r |
4 (25/2) | .
25/7 - L2902
25/2 | . | 2077+
23/7 25/2 25/2%
L 21 2
- P2t
) 17 17/r 74 21/2*
. 13/2 + .
13/2 7 152
2 9z 193
12t +
- 112
72 57 I3z 1372+
7/2*
o 12 1z 7% —;Zi
CAL EXP EXP CAL
Fig. 4.  (color online) Comparison of experimental levels in

*Tc with shell-model predictions. As in Fig. 1, newly ob-
served levels are indicated in red, and levels with revised spin-
parity assignments are shown in green. Tentative spin-parity
assignments are shown in parentheses.

014001-5



K. K. Zheng, B. S. Cai, B. Ding et al.

Chin. Phys. C 51, 014001 (2027)

Table 1.

nal level energies, and spin-parity assignments in *Tc.

Experimental information, including the y-ray energies E,, relative intensities I,, Rapo ratios, multipolarities, initial and fi-

Et/keV T Ripo Multipolarities® E, - E,/keV? Jr— I
89.1 <0.4(3) 7319.8 — 7231.6 37/2- - 37/2°
104.4 0.2(1) 5832.7 — 5729.2 33/2- - 31/20
165.9 0.5(3) 6665.5 — 6499.3 35/27—33/2"
175.2 1.0(5) 7319.8 - 7145.5 37/27 — 35/20)
188.1 1.8(8) 0.84(8) (M1/E2) 4971.6 - 4783.4 29/2- - (27/2°)
305.6 4.4(18) 1.35(15) (M1/E2) 4127.4 - 3822.0 (25/27) —25/2
336.0 1.0(4) 0.77(20) (M1/E2) 336.0 —» 0.0 7/2% —9/2*
363.4 303) 0.86(9) (M1/E) 25472 - 2183.8 21/2 - 19/2*
402.3 43(4) 1.61(11) E2 3918.4 — 3516.1 20/2+ - 252+
468.3 <1.0(9) 5832.7 — 5365.5 33/27 - (29/27)
487.8 3.4(15) 1.49(16) E2 1702.2 — 1214.4 13/2= - 9/2°
510.7 8(4) 1.22(12) (E2) 2212.9 - 1702.2 17/2- = 13/2-
523.7 1.0(5) 0.65(19) (M1/E2) 9078.0 — 8554.3 (41/27) —> (39/27)
547.0 3.7(19) 1.54(17) E2 1214.4 — 667.4 9/2 —5/2"
566.1 0.8(7) 0.68(9) (M1/E) 7231.6 — 6665.5 37/2- - 352
582.1 33(17) 0.96(18) (M1/E) 5365.5 — 4783.4 (29/27) = (27/27)
592.3 30(7) 137(12) £ 1549.5 — 9572 15/2% = 11/2*
610.8 2.1(15) 1.1Q2) (E1) 4127.4 - 3516.1 (25/27) - 25/2*
628.9 3.7(19) 1.43(25) E2 667.4 — 38.5 5/2- - 1/2
633.0 75(15) 1.44(14) E2 1515.3 — 882.3 17/2 = 13/2*
634.4 18(10) 1.32(11) E2 2183.8 — 1549.5 19/2* — 15/2*
656.0 72) 0.6(2) (M1/E2) 47834 — 41274 (27/27) - (25/2°)
663.4 39(13) 0.82(20) El 2212.9 - 1549.5 17/2- - 15/2*
667.3 25(9) 1.55(23) (M1/E2) 1549.5 — 882.3 15/2 - 13/2*
668.5 32(12) 1.36(20) (M1/E2) 2183.8 - 15153 19/2* = 17/2*
697.5 4(1) 1.54(30) El 2212.9 - 1515.3 17/27 = 17/2*
732.7 1.3(7) 7231.6 — 6499.3 37/2 —33/2"
745.0 1.0(7) 7889.9 = 7145.5 5 35/20)
7452 3.5(11) 1702.2 = 9572 13/27 = 11/2°
750.6 1.6(7) 7319.8 — 6569.6 37/27 - (33/27)
751.8 1.4(8) 1.19(27) (E2) 8554.3 — 7802.5 (39/27) = (35/27)
755.7 0.6(4) 5729.2 — 4971.6 31/29) —29/2-
770.1 1.2(5) 0.80(26) (M1/E2) 6499.3 — 5729.2 33/2= - 31/29
783.6 0.5(4) 8903.6 — 8120.3 41/27) -
797.9 48(10) 1.53(8) E2 3822.0 - 3024.1 25/2- = 21/2-
801.5 <0.6(6) 8120.3 — 7319.8 — 37/2°
811.2 52(10) 1.53(9) E2 3024.1 - 2212.9 21727 - 17/2
819.9 13(8) 127(35) (E2) 7319.8 — 6499.3 37/2- —33/2
832.7 5.6(14) 0.87(10) (M1/E2) 6665.5 — 5832.7 35/2- —33/2
840.4 3.7(8) 0.68(20) (M1/E2) 6569.6 — 5729.2 (33/27) — 31/29
841.2 2.5(13) 3024.1 — 2183.8 21/2- > 19/2*
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Table 1-continued from previous page

E¢/keV i Ripo Multipolarities® E, — E/keV* Jr— g5
861.1 30(7) 1.45(10) E 5832.7 = 4971.6 33/2- —29/2
878.1 1.0(5) 0.78(20) El 1214.4 = 336.0 9/2- —7/2*
882.3 100 1.40(8) Jo») 882.3 — 0.0 13/2* - 9/2+
957.2 3003) 0.67(5) (MUE) 9572 - 0.0 11/2 - 9/2*
968.9 533) 1.56(12) £ 3516.1 — 2547.2 25/2* - 21/2*
1031.8 22(3) 1.56(16) E2 2547.2 - 1515.3 21/2* > 17/2*
1053.7 2.5(13) 1.42(25) El 4971.6 — 3918.4 29/2- —29/2*
1065.6 1.4(6) 0.94(21) £l 6665.5 — 5600.4 35/2- - 33/2*
1129.6 1768) 0.52(10) (M1/E2) 8361.3 — 7231.6 (39/27) > 37/2"
1133.6 1.6(9) 6499.3 > 5365.5 33/2- > (29/2°)
1138.8 0.3(1) 7802.5 — 6665.5 (35/27) — 35/27
1149.6 37(11) 1.34(8) £ 4971.6 — 3822.0 29/2- —25/2"
1196.6 0.43) 84285 — 7231.6 37/
1214.9 0.2(1) 1214.4 5 0.0 9/2- - 92+
1311.2 1.0(5) 7143.9 — 5832.7 — 33/2°
1391.1 1.0(5) 7223.8 — 5832.7 —33/2°
1398.8 8.4(24) 1.39(6) £ 7231.6 — 58327 37/2- 332
1415.6 0.5(4) 71455 — 5729.2 35/20) — 31/20)
1443.0 0.5(4) 7978.3 — 6535.3
1486.7 3.2(13) 1.34(10) B 7319.8 = 5832.7 37/2- 332
1527.8 3.5(15) 1.22(11) E2 6499.3 - 4971.6 33/2- —29/2-
1545.7 1.0(7) 0.74(18) (E1) 7145.5 — 5600.4 35/2¢7) — 33/2*
1583.7 1.6(8) 1.34(34) B2 8903.6 - 7319.8 (41/27) - 37/2-
1675.3 0.5(4) 8210.6 — 6535.3
1682.0 17(4) 1.33(12) E2 5600.4 — 3918.4 33/2% —29/2*
1695.9 3.4(12) 1.15(20) (E2) 8361.3 - 6665.5 (39/27) — 35/2-
1719.3 0.6(4) 7319.8 — 5600.4 37/2- — 33/2*
1763.3 0.5(3) 8428.5 — 6665.5 —35/2°
1811.0 8(3) 0.53(6) (E1) 5729.2 — 39184 31/20) —29/2*
1969.5 1.6(6) 0.57(9) (MI/E2) 7802.5 - 5832.7 (35/27) - 33/2
2205.7 0.5(3) 7806.1 — 5600.4 — 33/2*
2287.6 0.6(2) 8120.3 — 5832.7 — 33/2°
2289.5 0.4(3) 7889.9 — 5600.4 — 33/2*
2305.6 1.04) 0.74(25) (MU/E2) 7906.0 — 5600.4 (35/2%) - 33/2*
2324.4 0.5(3) 7924.8 — 5600.4 — 33/2*
2616.9 1.4(7) 6535.3 -5 39184 —29/2*
2880.2 2.0(7) 6798.6 — 3918.4 — 29/2*

“The error on the transition energies is 0.3 keV for transitions below 1000 keV and intensities larger than 5, 0.7 keV for transitions above 1000 keV and intensities larger than 5, and
1.2 keV for transitions above 1500 keV and/or weaker than 5.
’Relative y-ray intensities corrected for efficiency are normalized to the intensity of the 882.3-keV, 13/2+ — 9/2* transition.

“The notation M1/E2 denotes a mixed M1+E2 transition.
“Excitation energies of initial (£,) and final (E,) states.
‘Proposed spin-parity assignments for the initial j7 and final Jx levels.

“For y-ray energies above ~1.5 MeV, the efficiency calibration is obtained by extrapolation, and the quoted intensities and R, ratios may carry additional systematic uncertainties.
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Table 2. Main partitions of the wave functions for positive- Table 3. Similar to Table 2, but for negative-parity states.
. o 95
parity states in ~Tc. J, and J, denote the angular mor'nenta Proton Neutron
formed by the valence protons and ne.utrons, respectively, J Partitions
whereas v, and v, denote the corresponding proton and neut- (0fs251p3/251p1/2:0g92)7, (Ogs21ds0);
ron seniorities. In the calculations, only one neutron is al- ;
: 1/27 (6,4,1,4);),- (0,2) 34.95
lowed to be excited across the N =50 shell to the ds;,, g7/,
and s, orbitals. (6,4,1,4),- (0,2)% 8.75
Proton Neutron 5/27 (6,4,1,4),- (0,2)5. 23.03
J* Partitions
: y y (6,4, 1,4)] - 0,2)3. 18.01
(0fs12>1p37251p172:0g912) ) (0g7/2-1dsp)7! 12 ©.2;
- 5 0
9/2* (6,4,2,3) . ©.2))- 31.88 o2 6,4,1,4%,- ©,2)- 17.24
3 2
(6.4,2.38,. 0,23 7.74 ©.4.1.4%5- ©,2);- 13.94
— | 2
112+ (6,4,2,3)) 5. (0,2)% 28.78 13/2 6.4, 14)i,- (1, Dge 20.04
3 2
(6,4,2,3)}, - ©.2)) 10.68 6.4 1,4)5p,- (1, D5 13.68
- 3 0
13/2¢ (6.4.2.3)) 022 27.06 17/2 (6,4,1,4);,- (0,2)§. 30.45
S 2
(6.4.2.3)5 . 0,20, 12.61 (6,4,1,4),,,- (0,2)3 10.26
- 3 2
15/2¢ (6.4,2.3) 5. 0,22 36.07 21/2 @41 45p2- ©.2);. 23.90
5 2
(6,4,2,3% 5. 0,22 12.30 64,1, D032 ©,2);: 10.89
- 5 2
17/2° (6,4,2,3)} - 0,22 4198 252 64,1, 9032 (115 21.88
5 2
(6,423 0,23 747 (6,4,1,4)]s,,- (1,12 12.84
- 5 2
19/2* (6.4.2.3))- (LD 21.02 272 6.4, 1.9 ©,2); 2627
3
(6,4,2,3)} - 1,02 14.93 (64,1, 4)175- (1, D5 24.20
- 5
2172 (6,4,2,3)L 5. (112 2354 3172 6,4, 1,4)55/>- ©0.23 47.16
(6.4,0,5), . (L1 8.2 (6,4,1,4)3) - (1,12 11.03
252+ (6.4.2.3)} 0,22, 38.97 33/2" (6,4,1,4)3s,- (0,2)3. 77.21
(6.4.2.3)} - 0,2 2151 (6.3.2.4)35 - ©0.2)3 1.59
2972 (6.4.2,3)} - 0.2 71.01 35/2° (6.4, 1.4)35),- (1LD3 56.05
(6.4.0,5) 0,22 375 6.3.2.4)% - (LG 17.70
33/2+ (6.4, 2’3)%1/? a, l)é 59.05 37/2 (6,4, 1,4);5/2, (1, 1)2+ 70.69
(6.4.0,53 - (1,02 8.48 (6.3.2,4)35 - (LG 5.25
35/2+ (6,4, 0’5)25/2* (1’ 1)2‘ 35.36 39/27 (5,4,2,4)37/2, (1, l)é+ 43.65
(6,3,1,5% 5. 1,02 1521 (6.3.2,4)3,- (1, D5 17.94
37/2+ (6,4, 0’5)25/? (1’ 1)é+ 38.52 41/27 (5,4,2,4)29/2, (1 N l)é 69.00
(6,3,1,5)s - (1,12 17.72 (5,4,0,6)3,,- (1,15 6.30
39/2* (6,3,1,5)},- (1,12 42.10 ) ) )
] urations. Shell-model calculations predict that the break-
2 . . . .
3.1, 5)z972+ (& - 10.16 ing of a mgy, pair is responsible for the states up to the
41/2+ (5,4,1,9] - (112 24.78 33/2* state. Above this state, proton excitations from the
5.4.1.5)] w1e 2174 fs;2 or p3j orbitals across the Z = 38 shell to the go, or-
I ~ : bital become important. Among the transitions depopulat-
* The proton couplings differ between the two main configurations: ll'lg the levels around 7800—7900 keV’ the 2306-keV y ray
: s d (5 : 1 . : :
(£3,P) )3 ®(832)252+ (UppED) and (£5,p! ). @ (g3),)as2+ (lOWer) is the strongest, suggesting that the 7906-keV level de-
populated by this transition is more likely to be the yrast
leon pair must be broken to generate further excitations. (35/2%) state, consistent with the yrast-population cri-
The higher-spin states therefore have seniority-5 config- terion discussed above.
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It should be noted that although the ADO ratios of the
667.3- and 668.5-keV transitions are close to the values
expected for E2 radiation, both transitions connect states
with AI=1 and are assigned as mixed M1/E2 transitions.
According to the shell-model calculations, the 668.5-keV
transition involves a change in the dominant neutron oc-
cupation from v(g72ds;) to v(d3,). The corresponding
872 — ds;, neutron transition has Al =2, making the M1
component /-forbidden and strongly hindered. The relat-
ive E2 contribution can therefore be substantial, resulting
in an E2-like ADO ratio. In contrast, the states connected
by the 667.3-keV transition have similar proton and neut-
ron orbital occupancies but may differ in the angular-mo-
mentum coupling of the proton configuration. The trans-
ition could thus be regarded as occurring between differ-
ent proton-coupling multiplets, for which a sizable E2 ad-
mixture is consistent with the observed ADO ratio.

As shown in Table 3, the dominant proton contribu-
tion to nearly all negative-parity states includes a particle
occupying the p;,, orbital. The lowest 1/2- state has the
pure single-particle configuration np;,,. The 5/27, 9/27,
and 17/2- states mainly arise from the coupling of np,,,
to a broken proton pair in the go, orbital, whereas the
13/2~ state arises from the coupling of 7p,,, with two
neutrons in the v(ds»g7,) configuration. This indicates
that the neutron ds;, — g7, excitation occurs at ~1.7
MeV, lower than that in positive-parity states (~2.2
MeV). For the higher-lying states, the dominant configur-
ation is 7(p1/2892)° ®(ds)2/g7/2)* With a seniority of 7.
The maximum angular momentum of this configuration is
37/2". Therefore, excitation of a proton from the 7p;),
orbital and subsequently from the nfs,, orbital into the
7go, orbital is necessary to form the even higher-spin
states with J =39/2 and J =41/2, respectively. In addi-
tion, shell-model calculations predict several 43/2 states
dominated by the N =50 core excitation, but they are not
observed experimentally.

V. NEUTRON ds;; — g7 EXCITATION IN N =52
ISOTONES

As shown in Table 2, the 29/2* and 33/2* states,
while having identical proton configurations, are charac-
terized by relatively pure neutron components: predomin-
antly vd3, for the former and v(ds/»g7),) for the latter. The
1682-keV transition between them therefore provides an
excellent example of the ds;, — g7/, excitation.

In the framework of the spin-isospin-dependent cent-
ral force [32—34], the enhanced ngo» — vg7,» monopole in-
teraction lowers the energy of the vg;, orbital, leading to
a v(ds;y — g72) excitation of ~1.0 MeV in N =52 iso-
tones with 38 <Z <45 [9, 35]. Specifically, in **Zr and
%Nb, the yrast (12*) — (14%) and 29/2 — 33/2™* excita-
tions are attributed to the v(ds,, — g7,2) excitations, with
corresponding transition energies of 1098 [9] and 1040

keV [35], as shown in Fig. 5. However, the energy re-
quired for the 29/2* — 33/2* excitation in **Tc is 1682
keV, substantially larger than expected. This value
closely matches that of the adjacent even-even core nuc-
leus Mo (1609 keV, Fig. 5). These four nuclei can
therefore be classified into two groups: **Tc and **Mo,
which exhibit unexpectedly high excitation energies, and
227r and **Nb, which belong to the other category. The
increase in excitation energy may be accounted for by
configuration mixing, as discussed below.

We begin with the even-even nucleus *Zr, which can
be readily described as two protons and two neutrons out-
side the ®Sr core. The aforementioned 12* level is the
fully aligned four-particle state based on the pure config-
uration 7(go2)2. ®v(ds)»)2. . Similarly, the 29/2* state in
%Nb is expected to arise from the pure configuration in-
volving an additional 7go, valence proton. In **Mo, four
protons are available outside the **Sr core. Two 12* states
can be generated by coupling 7(g3,)s: or m(g3,)s+ to
v(d3))s+, respectively. Configuration mixing produces re-
pulsion between the two intrinsic states, lowering the
lower level and raising the higher level in energy. Fur-
thermore, when only two go,, protons are aligned, the
pairing interaction (pairing scattering) could occur
between 71(g5,)o- and 7(p7),)o+ [36], leading to enhanced
level repulsion. As shown in Fig. 5, the level repulsion
lowers the 12+ and 29/2* states, as well as all the states
below them, relative to the corresponding states in **Zr

60F M _ 332
> 1098 1040
> 12 :
Q sop 1609 2924 1
> = 1682
~ 10 N
=~ e 252
gy 4.0t 1
5 -
a 8,4
L 30 G __ S 21/2° 1
o T
=
S 20t 1
25 4 - S _
2 172
Mool 2 132 A
ol 0 92
94 95
27 Mo *Nb Tc

Fig. 5. Comparison of the excitation energies of positive-
parity states in N =52 isotones. All states in *Mo (*’Tc) lie
systematically lower in energy than these corresponding states
in ®Zr (®*Nb). The only exceptions are the 4* and 17/2*
states, which may be attributed to their pure, fully aligned
configurations, v(d3,,)s and mgo; ® v(dZ )4+, Tespectively. The
data for *Tc are from this work, whereas those for the other
isotopes are from the following Refs.: **Zr [9], **Nb [8], and
%Mo [7].
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and **Nb, respectively.

It should be noted that the pairing-scattering mechan-
ism qualitatively explains the systematic lowering of
many states in **Mo and *Tc compared with **Zr and
%Nb. However, this simple picture encounters diffi-
culties when examined in detail. The 29/2* state in *Tc
has a remarkably pure dominant configuration (71%, see
Table 2), suggesting a relatively pure state that should not
be strongly affected by configuration mixing. Neverthe-
less, the 29/2* — 33/2* energy gap is exceptionally large
(1682 keV), indicating that this state has undergone a
substantial downward shift. This inconsistency, together
with the observation that the 4* and 17/2* states are actu-
ally higher in *Mo and *Tc, indicates that the simple
two-state repulsion picture is incomplete.

VI. SUMMARY

The high-spin levels in *Tc have been studied using
in-beam y-ray spectroscopy via the *Rb(‘*C, 4n)”Tc fu-
sion-evaporation reaction. The level scheme has been ex-
tended by 42 y transitions, reaching an excitation energy
of ~9 MeV. Large-scale shell-model calculations have
been performed and reproduce the experimental levels

with good accuracy, providing a consistent interpretation
of the observed level structure. The low-lying states in
%Tc are described by a proton in the (pi,,g9,2) orbitals
coupled to ds;, neutrons, with an inert **Sr core. With in-
creasing excitation energy, ds;, — g7, neutron excita-
tions are involved, beginning at excitation energies of
2184 keV and 1702 keV for positive- and negative-parity
states, respectively. For the higher-spin states above the
maximum angular momentum available from these act-
ive orbitals, breaking of the Z = 38 subshell occurs. Pro-
ton excitations (7fs;2/ps3;n — go2) coupled with neutron
ds;y — g7/2 excitations result in y transitions with ener-
gies greater than 2 MeV. Future experiments with higher
statistics may help identify possible 2-MeV transitions as-
sociated with N =50 core breaking, which are expected
to be off-yrast. In the present work, no clear evidence for
N =50 core breaking is observed up to excitation ener-
gies of 9 MeV.
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