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Abstract. Excited states in the neutron-deficient nucleus 3" Tc have been studied via the fusion-evaporation
reaction *Fe(®**Ar, 2nl1p)®"Tc at 115 MeV beam energy. The AGATA ~-ray spectrometer coupled to the
DIAMANT, NEDA, and Neutron Wall detector arrays for light-particle detection was used to measure the
prompt coincidence of 7 rays and light particles. Six transitions from the de-excitation of excited states
belonging to a new band in 8 Tc were identified by comparing y-ray intensities in the spectra gated under
different reaction channel selection conditions. The constructed level structure was compared with the shell
model and total Routhian surface calculations. The results indicate that the new band structure in 8" Tc is
built on a spherical configuration, which is different from that assigned to the previously identified oblate
yrast rotational band.
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1 Introduction

Nuclei in the vicinity of the N = Z line with A > 80
have been the subject of intense study in recent years. Of
special interest in this region of the Segre chart, between
the strongly deformed nucleus "®Sr [I,2] and the doubly
magic nucleus '°°Sn, are the predictions of shape transi-
tions and shape coexistence [3l4], and the possible effects
of enhanced neutron-proton pairing correlations [5]. Ma-
jor difficulties in the experimental study of this remote
area close to the proton drip line are the low produc-
tion cross-sections and the limited number of stable beam-
target combinations that can be used for fusion-evaporation
reactions, which has made the experimental progress in-
creasingly challenging. One example of recent experimen-
tal advancements is the study of the level structure of the
heaviest deformed self-conjugate nucleus 3Ru [6l[7], for
which the yrast ground-state band was extended, includ-
ing the observation of the first backbending [8]. Another
example is the yrast band in the N = Z + 1 nucleus 3" Tkc,
for which two previously known v-ray transitions [9] were
recently extended to a rotational band structure [10].

We here report on the identification of new excited
states in 3" Tc populated in the fusion-evaporation reaction
54Fe(36Ar, 2n1p)®"Tc. The prompt ~y rays were identified
by comparing the intensities of v rays in the spectra gated
under different reaction channel selection conditions. The
constructed level structure is discussed within the frame-
work of shell model and total Routhian surface calcula-
tions.

2 Experiment

The experiment was performed at the Grand Accélérateur
National d’Tons Lourds (GANIL). The fusion-evaporation
reaction %4Fe(*6Ar, 2n1p)8"Tc was induced by a 115 MeV
36 Ar beam bombarding the 6 mg/cm? thick, isotopically
enriched (99.58%) metallic > Fe target (0.40% 5CFe, 0.015%
5TFe, and 0.005% °®Fe). Prompt v rays emitted in the reac-
tion were detected by the Advanced Gamma Tracking Ar-
ray (AGATA) in its GANIL implementation [IT] consisting
of 11 triple-cluster segmented HPGe detectors [12]. Energy
and efficiency calibration of the AGATA detectors were
performed with a '%2Eu standard radioactive source giv-
ing a 0.095% o/ E resolution for the 1408.1 keV transition.
The detection of emitted light particles used for the chan-
nel selection was achieved by the DIAMANT, NEDA, and
Neutron Wall arrays. Evaporated charged particles were
measured by the DIAMANT [I3[I4] array consisting of
60 CsI(T1) scintillators placed inside the target chamber.
The NEDA [151[16] and Neutron Wall [I7] neutron detector
arrays, consisting of 54 and 42 organic liquid scintillator
detectors, respectively, were placed in the forward hemi-
sphere with respect to the beam, covering approximately
1.6 solid angle in the laboratory system. The event trigger
condition required at least two AGATA detectors to fire in
coincidence with at least one neutron detector (NEDA or
Neutron Wall) to record a neutron-like event.

During the ten-day experiment and with a beam in-
tensity of 5 ~ 10 pnA, about 2x10'° reaction events ful-
filling the trigger condition were collected. In the off-line
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Fig. 1. For the newly identified 7 rays: (a) Sum of the gated
spectra (red) on 718.6, 731.6, 791.7, 862.8, 905, and 1042.4 keV
lines with the width of 2 keV, and summed normalized back-
ground spectra (black) gated 4.75 keV above these lines with
the width of 2.5 keV. The coincidence spectrum in (b) is the
difference between the two spectra in (a). For the previously
reported yrast band: (¢) Sum of the background-subtracted co-
incidence spectra for the yrast band in 3" Tc [T0] gated on the
712.0, 886.5, 1007.4, 845.9 and 956.3 keV lines.

analysis, prompt - rays were sorted into different -y coin-
cidence matrices according to the detected light particles.
The DIAMANT charged particle detectors were placed in
the forward hemisphere resulting in single-proton detec-
tion efficiency of 39(1)%. Therefore, both the “Op”- and
“1p”-gated events were used in the analysis to increase
the statistics. The requirement of “01p” events was either
a complete silence of the whole DIAMANT array or the
presence of a signal assigned to a proton. The probability
of neutron scattering between detectors was relatively high
due to the geometry of the NEDA and Neutron Wall. To
suppress the contamination from the “ln” related chan-
nels in the “2n”-gated ~-ray energy spectra, a purification
of the “2n” events was performed to reject the scattering
events using the time-of-flight of the detected neutrons and
the positions of the fired detectors. Under the selection con-
dition of “2n01p”, approximately 1.9 x 107 reaction events
were sorted into the final -y coincidence matrix.

3 Results

Based on the present experiment, we have previously ex-
tended the yrast band of 8" Tc in Ref. [10] (see Fig.[1](c)) on
the basis of the reported 712 and 886 keV transitions [9].
In this study, the weaker ~-ray cascade to be reported
was subsequently identified by comparing the ~-ray inten-
sities in the spectra gated under different channel selection
conditions. Fig. [1] (a) and (b) show coincidence spectra
from the “2n01p” - coincidence matrix, in which all six
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Fig. 2. Intensity ratios for different y-ray transitions deduced
from the “1p” gated spectrum and the “Op” gated spectrum. All
ratios were measured using other coincident transitions as gates.
The transition energies of **Cr and 3"Mo are from Ref. [20/21].
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Fig. 3. Intensity ratios for different y-ray transitions deduced
from the “On” gated spectrum, the “1n” gated spectrum, and
the “2n” gated spectrum. In the measurement, triple y-y-v co-
incidences are used for a better peak-to-background ratio.

newly identified transitions: 718.6(1), 731.6(2), 791.7(2),
862.8(1), 905(1), and 1042.4(4) keV, are clearly visible.
The ratio between 7-ray intensities measured in spec-
tra gated under different particle multiplicity conditions
depends on the detection efficiencies for the particles and
the reaction channel of the specific transition. In addi-
tion to impurities from heavy iron isotopes, the **Fe tar-
get foils were also contaminated by 60 due to oxida-
tion from the residual Os in the beam-line vacuum, ac-
celerated by beam-induced heating of the target. The ~
rays from the main fusion-evaporation products resulting
from 36Ar beam bombardment of target impurities, such
as ¥Mn [18] (from °O(3¢Ar, 2n1p)¥®Mn) and *9Tc [22]
(from °°Fe(35Ar, 2n1p)89Tc), were used as references for
the channel assignment of the observed transitions. In Fig.
the intensity ratios between transitions in the “1p2n” gated
and the “Op2n” gated spectra are shown. The intensity ra-
tios for all the six new 8" Tc candidates are consistent with
those of the known “l1p” evaporation channels. In addi-
tion, we confirmed that these lines are not present in the
“la2n” gated and the “2p2n” gated spectra. These results
unambiguously identify the six v rays as belonging to a
1p-evaporation channel. The v-ray intensity ratios in spec-
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Fig. 4. The background-subtracted spectra gated at 791.7 keV
(a), 731.6 keV (b), 718.6 and 862.8 keV (c). The width of all
gates was 3 keV. The background spectra were gated in the
range from 3 to 18 keV above these lines, excluding all areas
covered by clear peaks in these energy intervals.

Table 1. The ~-ray transition energies in keV (E,) and the
relative intensities (I;). The upper part of the table is for the
new cascade while the lower part is for the yrast band [I0].
“x3” indicates that the intensity ratio between the transitions
at 712 keV and 863 keV is approximately 3.0(3).

E’y L"el E’y I'rel
862.8(1) 100(10) 731.6(2) 32(7)
718.6(1) 87(9) 905(1) 12(4)
791.7(2) 57(8) 1042.4(4) 18(5)
712.0(1) 100(4)x 3 845.9(1) 37(4)x3
886.5(1) 80(3)x3 956.3(2) 26(3)x3
1007.4(1) 65(5)x3 1108.1(4) 13(3)x3

tra from different neutron gates are shown in Fig. [3] from
which we can conclude that the six new transitions are
from a 2n-related channel.

For the “2nlp” channel, only three nuclei, *Mn, 3°Tkc,
and 8"Tc, were produced in the experiment in any signifi-
cant amounts. *°Mn can be excluded based on its relatively
large cross-section and the existing y-ray spectroscopy of
49Mn [18] and its mirror 4°Cr [20]. In the newly discovered
cascade in 8" Tc, there is a transition at 791.7 keV, the en-
ergy of which is close to the two known transitions in 8°Tc
at 791 and 792 keV [19.22]. In the “2n01p” matrix, the
791.7 keV line can coincide with the transitions from both
89T¢c and the new cascade, but no 8T¢ transition is visible
in the spectra when gated on other members of the new
cascade (see Fig. . This excludes that the new cascade
belongs to 8T, or it should reasonably have been discov-
ered in the previous study [22]. Based on the above, we
assigned the new cascade to 87Tc. Fig. [ also reflects the
coincidence relationships between the v rays with energies
719, 863, 792, 732, and 1042 keV, while the 905 keV tran-
sition only coincides with the 719 keV and 863 keV transi-
tions. A level scheme, established based on the coincidence
relationships and the relative intensities of the ~ rays listed
in Table[T] is displayed in Fig. [l Due to the limited angu-
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Fig. 5. Level scheme of 8"Tc. The left part (black) is for the
yrast band from Ref. [I0]. The right part (red) is deduced in the
present work. The width of the arrows are proportional to the
relative intensities of the « rays listed in Table[I] “+X” in the
left part is used to indicate an overall shift due to the unknown
excitation energy of the (9/27) state.

lar coverage of AGATA for DCO measurement, tentative
spin-parity assignments were made based on the results of
shell-model calculations (see below). In the present exper-
iment, no transition connecting the observed cascade and
the previously identified yrast band [10] has been identi-
fied. The intensity of the 712 keV transition, corresponding
to the lowest (13/2])—(9/27) transition in the yrast band,
is approximately three times higher than that of the 863
keV transition in the newly observed cascade.

4 Discussion

The low-lying level structure of neutron deficient N = 44
isotones shows rotational-like behavior as can be inferred
from the known experimental data [T0,23.24.25.26]. In
85Nb and #Y [23,24125,26], the negative parity bands with
different signatures are linked by relatively strong F2/M1
transitions, while the positive-parity bands are dominated
by stretched E2 transitions. The y-ray cascade identified
in the present work is structurally more similar to the pos-
itive parity bands from a systematic point of view.

Total Routhian Surface (TRS) calculations, which em-
ploy a deformed Wood-Saxon potential and monopole pair-
ing residual interactions for different configurations as a
function of the cranking frequency [27], have been carried
out for 8" Tc to study the predicted deformation and spin
alignment of the yrast states. Among the four calculated
configurations (parity, signature) = (7=+, a==+1/2), the
Routhians of the positive-parity configurations are lower
(at least 700 keV). The corresponding surfaces in the (32,7)
plane are displayed in Fig. [} Deformed minima, all asso-
ciated with a transition from a soft near-triaxial minimum
(0.22, -40°) to a near-oblate more rigid shape (0.20, -48°),
reflect a gy /o neutron alignment around hw = 0.45 MeV.
This structure is assigned to the previously identified yrast
band [I0]. The calculated alignment frequency is similar to
the experimental observation, and the proposed deforma-
tion is close to Moller’s prediction [3] of an oblate ground
state in 8" Tc with 8y ~ —0.24. The near-oblate deforma-
tion is induced by particle-hole excitations of neutrons and

B.sin(y+307)

Y =

01 02 03
X =p,cos(y+30)

Fig. 6. Total routhian surfaces in the (82,7) plane for the
(m,@) = (+, +1/2) and (+, —1/2) configurations in 3" Tc. The
distance between contour lines is 0.2 MeV.
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Fig. 7. Comparison of the experimental level scheme (left) and
the shell model prediction (right).

protons from the fp shell to the 1gg,5 substates. The calcu-
lation predicts the negative-signature configuration to lie
somewhat higher in energy and the minimum is softer. The
newly observed irregular level structure assigned to 7Tc
does not exhibit a rotational behavior. The shape of these
states could be spherical corresponding to the spherical
minima as shown in Fig. [6] The spherical minimum in the
surface is predicted to be the lowest in the full rotational
frequency range up to hw = 0.55 MeV and hence to form
the ground-state band.

A shell model calculation for the positive-parity states
in 8"Tc was performed with the slgmt0 interaction [28]
in a configuration space consisting of 2p,/; and 1gg/o or-
bitals for protons and neutrons. A comparison between
the known experimental level structure of 8"Tc and the
shell-model predictions is shown in Fig. [} For the posi-
tive signature band (black) built on the (9/2]) state [10],
the shell model calculation provides a good description
above 2.6 MeV excitation energy, while the collectivity
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below the (21/2]) state appears underestimated which
may be due to the limitation of valence space. For the
three remaining calculated E2 sequences (red, green, and
blue) in Fig. |7} the red one built on the 7/2] state has
the best overall match with the observed level structure,
based on which tentatively the spin-parity assignment of
the cascade was made. Although the calculated level en-
ergies are higher, the ratio of transition energies Ry =
E.(15/2T—11/2%)/E,(11/2"—7/2") from the experiment
(0.83) and the calculation (0.85) is similar, and both values
are lower than the rotational (1.33) and vibrational (1.0)
limits, indicating a non-collective structure.

The calculated energy differences between the predicted
9/2F and 7/2] states (50 keV) are within the model un-
certainties. Hence, it is quite possible that the 7/ 21’ state
forms the spherical ground state in agreement with the
TRS calculation. The fact that the new band is observed
with a significantly lower intensity could hence be a conse-
quence of it being the unfavored of the two shape-coexisting
bands.

5 Conclusions

In summary, we have studied the low-lying excited states of
87TT¢ via the ®*Fe(36Ar, 2n1p)87 Tc fusion-evaporation reac-
tion at the GANIL accelerator complex. The AGATA ~-ray
spectrometer was used in conjunction with the DIAMANT,
NEDA, and Neutron Wall detector arrays to measure the
prompt coincidences of « rays, neutrons, and charged par-
ticles. Six new ~y-ray transitions, with energies at 718.6(1),
731.6(2), 791.7(2), 862.8(1), 905(1), and 1042.4(4) keV,
were identified by means of comparison of v-ray intensi-
ties in the spectra gated under different channel selection
conditions. The observed cascade contains no transition
linking to the known yrast band of 8" Tc. The constructed
states were tentatively assigned to positive parity, and the
results were compared with shell model and TRS calcula-
tions. The proposed level structure exhibits spherical be-
havior different from the yrast band which is assigned to
an oblate-deformed shape.
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