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Low-spin excitations in the 1 Tc nucleus
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Monoisotopic samples of '®Mo nuclei, produced in the deuteron-induced fission of 2*®U and separated using
the IGISOL mass separator coupled to a Penning trap, were used to perform 8- and y-coincidence spectroscopy
of 1%Tc. Spin and parity 5/27 for the ground state of %Mo, proposed earlier, are supported in the present work.
Three new low-energy levels observed in ' Tc are interpreted as bandheads of the 73/2~[301], #5/27[303], and
7t 1/2%[431] configurations, respectively. A further three levels observed around 0.4 MeV are interpreted as K =
1/2 triaxial excitations. A similar interpretation is proposed for an analogous set of three levels observed in ' Tc
in another 8~ decay work. The systematics of these excitations breaks down in "' Tc, most likely due to a transition
from prolate to oblate deformation. An excitation at 745.0 keV in '®Tc and 850.7 keV in ' Tc is interpreted as
the 7r7/2%[413] configuration. Quasiparticle-rotor model calculations support the proposed interpretations.

DOI: 10.1103/PhysRevC.86.044306

I. INTRODUCTION

The neutron-rich '®Ru nucleus has been predicted to
have the highest energy gain due to triaxial deformation
throughout the nuclear chart [1]. One may thus expect a variety
of phenomena associated with triaxiality in nuclei around
1%8Ru. An example is a transition from y-soft vibrations in
neutron-rich Mo isotopes, where, in '°®Mo, one finds the best
known example of a double-phonon y-vibrational state [2],
toward triaxial rotors in neutron-rich Ru isotopes [3]. Another
interesting effect expected in this region is the transition from
triaxial-prolate deformation toward an oblate deformation
[4-6]. Our recent study of excited states in ' Tc populated
in the B~ decay of '''Mo has provided the first clear signature
in favor of an oblate deformation in ! Tc [7], which makes the
A ~ 110region the second location on the nuclear chart where
this rare phenomenon is observed. The key nuclei in which
these transitions should be manifested are the neutron-rich
isotopes of Tc.

The evidence for an oblate shape in !'''Tc is based on
the observation of low-energy configurations, which are not
expected in the prolate minimum of the nuclear potential, while
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they appear in the oblate minimum. In "' Tc the candidate for
an oblate configuration is the 5/27 level at 42.6 keV, located
just above the 5/2% ground state dominated by the 5/27[422]
prolate configuration. There is thus a coexistence of prolate
and oblate excitations in ''!Tc. Furthermore, as indicated in a
more advanced theoretical study of nuclei in this region [8,9],
one may also observe a mixing between the prolate and oblate
solutions. A simple calculation within the Nilsson scheme
applied in our work to ''!'Tc [7] was able to account for both
the prolate and oblate 5/2% levels mentioned above, but it was
not able to explain a new 3/2% level at 30.7 keV. It is possible
that this level results from mixing of both types of deformation.
It is of interest to find arguments which could help to verify
these suggestions.

The systematic observation of various nucleon configura-
tions along isotopic or isotonic lines can be very helpful in
these respect. Several recent studies of odd-A, neutron-rich
Tc isotopes [6,10-16] have established basic proton configu-
rations in these nuclei. Up to '’ Tc, having N = 64 neutrons,
these configurations are well known and vary smoothly with
the neutron number, as can be seen in Fig. 1(a). These are
the prolate proton configurations 3/27[301], 5/27[303], and
5/2%[422]. The  5/2%[422] configuration is observed also in
109T¢ and ""'"Tc, but the 7 3/27[301] and = 5/27[303] levels
are not known in these two nuclei.

Figure 1(a), which shows prolate configurations, does
not indicate any second 5/2% level at low energy in !''Tc.
Therefore the 5/25 level at 42.6 keV in "'Tc is a good
candidate for an oblate configuration. However, for the low-
lying 3/27 level seen at 30.7 keV in '!!Tc, the situation is not
so obvious. In Fig. 1(b) we show energies of 3/2" members
of the w 1/2%[431] intruder band. (The 7 1/27[431] level is,
in most cases, located above the 3/21[431] level, due to large
decoupling.) The 1/2%[431] intruder band is firmly identified
in a number of Ag and Rh odd-A isotopes and in '95107T¢
(and there is also a likely candidate in '*Tc). If the variation

©2012 American Physical Society
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FIG. 1. Systematics of proton configurations in neutron-rich Tc
isotopes and 3/27" levels in Tc, Rh, and Ag, drawn relative to the
9/2" member of the 7 5/2%[422] configuration. The data are taken
from Refs. [6,10—12]. The dashed lines are drawn to guide the eye.

of the 3/27" excitation energy in the Tc isotopes is similar to
that observed in the Ag and Rh isotopes, then one may expect
in '%Tc a 3/2* level close to the 5/2*[422] ground state. Fur-
thermore, the 3/2" member of the = 1/27[431] intruder band
should be located well above the w 5/27[422] ground state in
IT¢, Consequently, the 3/2% level at 30.7 keV in "' Tc may
be due to an oblate (or a mixed prolate-oblate) configuration.

It is then clear that searching for further proton config-
urations in '“Tc and extending the systematics shown in
Fig. 1 is vital for further studies of oblate deformation in
the mass A ~ 110 region. This became the main motivation
of the present work, dedicated specifically to searching for
new low-energy bandheads in ' Tc. We note that, apart from
looking for the m 1/2*[431] intruder band, it is equally
important to search for the = 3/27[301] and = 5/27[303]
configurations, which are expected near the 7 5/21[422] level
in 'Tc. In our previous study of '"Tc [13] we have identified
a band which may correspond to one of these configurations
and found an upper limit for the energy of its bandhead. The
observation of this bandhead would support the use of the
excitation-energy systematics.

Furthermore, as pointed out in Ref. [13], there may be
nonyrast excitations in '®Tc corresponding to y vibrations
coupled to the 5/21[422] ground state. The yrast members
of y bands, with spins 9/2 or higher, were observed in
measurements of prompt y rays from fission [13]. It would
be interesting to check whether these low-spin excitations are
related to low-spin levels in ' Tc, such as the 30.7-keV level.

This article is presented as follows: in Sec. II we describe
our experiments; in Sec. III we present the experimental
results, which are then discussed in Sec. IV. The work is
summarized in Sec. V.

II. EXPERIMENTS

The Mo nucleus has been investigated in two indepen-
dent experiments carried out at the Ion Guide Isotope Separator
On-Line (IGISOL) facility [17] of the University of Jyvaskyla.
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FIG. 2. Ion counts registered in the second experiment using an
MCP detector placed after the Penning trap. The resolved atomic ions
from the IGISOL isobaric beam of A = 109 are marked with their
element symbol. Note that the Tc count rate is highly saturated.

In both experiments '’Mo nuclei were produced in fission
induced by 25-MeV deuterons irradiating a natural uranium
target. Fission products were on-line mass separated with the
IGISOL3 [18] mass separator. The isobaric beam of ions from
IGISOL3 was directed into a radio-frequency cooler-buncher
[19] from where ions were sent to the purification Penning trap
of the JYFLTRAP setup [20-22], where isobaric contaminants
were removed using buffer gas cooling technique [23]. Figure 2
shows the spectrum of ions with mass A = 109, measured after
the Penning trap using a micro channel plate (MCP) detector.
The measurement was done by scanning the quadrupole
electric field frequency over the cyclotron frequency f =
% %B, where g and m are the charge and mass of the ion and
B is the magnetic field inside the trap. Transmission of ions
occurs only near the cyclotron frequency of the ions. As seen in
Fig. 2, JYFLTRAP can deliver a monoisotopic beam of '“Mo
with a mass resolving power M /A Mgrwnm of about 40,000.

The %Mo ions, released from the trap, were implanted into
a plastic tape used to remove the long-lived decay products at
regular intervals. Our detector setup consisted of a 2-mm-thick
plastic scintillator surrounding the implantation point, used
for detecting electrons from S decay, two 120% Ge detectors
for measuring y rays, and a low-energy photon spectrometer
(LEPS) used to measure low-energy y rays. In the first
experiment the data acquisition system was triggered when
a signal from the B scintillator was in time coincidence with a
signal from any of the y detectors. In the second measurement
the data acquisition was triggered by a signal from any of the
y detectors or the 8 counter.

In the first experiment a fresh sample of Mo ions was
implanted into the collection tape every 111 ms. The tape
was moved every 300 s to remove the excessive activity. Due
to the long time interval between tape movements one can
observe a high intensity of y transitions associated with the
long-lived isobars of the '’ Mo decay chain, as shown in Fig. 3.
In the second run a fresh ion sample was delivered every
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FIG. 3. The sum of spectra measured in the two Ge detectors in coincidence with K, x rays of (a) Tc, (b) Ru, (c¢) Rh, and (d) Pd in the
LEPS detector. The collection tape was moved every 300 s. The peaks marked with an asterisk result from partial overlap of Tc and Ru K|, x
rays (b) and overlap of Tc Kg and Rh K, x rays (c). Peak and gate energies are given in keV.

121 ms and the collection tape was moved after 9 subsequent
implantations. Therefore the activity due to long-lived isobars
was considerably reduced. In the first measurement the rate of
109Mo ions counted with the MCP was about 430 counts/s and
in the second run it was about 560 counts/s.

III. RESULTS

The B~ decay of '’ Mo was studied earlier with the IGISOL
mass separator without the Penning trap setup [24,25]. A half-
life of 0.53(6) s was obtained and two y lines at 65.1 and
289.1 keV were assigned based on coincidence with Tc K x
rays.

A. Identification of elements

In the measurement in which the long-lived daughters of
1Mo were observed it was possible to distinguish y lines
belonging to a given element by gating on a respective K,
x-ray peak in the LEPS detector. Our data shown in Fig. 3(a)
confirm the coincidence between Tc K, x rays and the y lines
at 65 and 289 keV. The spectrum in Fig. 3(b) was gated on Ru
K, x rays and shows y lines in '“Ru fed by the 8 decay of
109T¢. Similarly, the spectra in Figs 3(c) and 3(d) were gated
by Rh and Pd K, x rays and they show y lines fed by the g
decay of '®Ru and '"Rh, respectively.

B. Beta decay scheme of Mo

The scheme of excited levels in ' Tc was constructed based
on yy coincidence relations between y rays following the g

decay of '“Mo. Coincidence y spectra measured with Ge
detectors, gated on K x-ray lines seen in the LEPS detector,
enabled the discovery of new lines populated in the '“Mo
decay [Fig. 3(a)] and helped us to identify y lines from
the less exotic nuclei in the § decay chain. Examples of
coincidence y spectra from the LEPS detector, gated by y
lines in the Ge detectors, are shown in Fig. 4. Such spectra
allowed coincidence relations to be made between low-energy
y lines and, in some cases, to estimate their internal conversion
coefficients. The resulting scheme of excitations populated by
the '“Mo B~ decay is shown in Fig. 5. The intensities and
coincidence relations of y lines in 1097¢ as observed in this
work, are listed in Table I.

We confirm the 69.1- and 137.0-keV transitions reported
in the yrast cascade of ' Tc in the prompt-y measurement
of 2¥Cm spontaneous fission fragments [13]. Several new y
lines are observed in the B decay of Mo as compared to
the prompt-y measurement [13]. Their coincidence relations
allowed new, low-energy excited states in '®Tc to be estab-
lished at 7.0, 18.0, 50.4, 333.1, 358.6, 423.8, and 489.0 keV,
as shown in Fig. 5.

Comparing the spectra in Figs. 3(a) and 3(b) one can see
the line at 69.1 keV present in the 8 decay of both Mo and
109T¢. In the decay of '®Tc, there is a y line with a very similar
energy of 68.8 keV with an intensity even higher than that of
the 69.1-keV line. Moreover, in the 8 decay of '"Ru there is a
68.1-keV line, which partially overlaps with the 69.1-keV line.
Even the data recorded in a run when the collection tape moved
every second do not discriminate between the intensities fed
by Mo and '®Tc decays as their half-lives of 0.53 and
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FIG. 4. Coincidence y spectra in the LEPS detector gated by
peaks in two 120% Ge detectors in the second run. Peak and gate
energies are given in keV.

0.86 s are too similar. Consequently, it is difficult to estimate
the true intensity of the 69.1-keV transition populated in the
B~ decay of '“Mo by simple subtraction of the components
coming from the transitions in the daughter isobars. By using a
coincidence spectrum gated by the 65.2-keV line, the intensity
of the 69.1-keV transition was estimated to be higher than
53 &£ 17. By subtracting components of the 69.1-keV transition
coming from the 69.1- and 68.8-keV lines in '’ Ru and from
the 68.1-keV transition in '®’Rh, one can roughly estimate
the intensity of the 69.1-keV line belonging to the 8 decay
of Mo as 44 4 15. In summary, the y intensity of the
69.1-keV line fed by the B decay of Mo can be estimated
to be higher than or equal to 19 and not larger than 74, if
one assumes an uncertainty of two standard deviations (see
Table I). By taking into account the balance of transitions
populating and decaying out of the 69.1-keV level, its
maximum S feeding can be estimated to be 3 &+ 1, which sets
a lower limit of 6.3 for log ft, as shown in Table II.

The short (1 s) and long (300 s) collection-tape cycles in
our two measurements provide a hint on the origin of y lines,
based on their half-lives, because the ratio of y intensities seen
in the two measurements (see Fig. 6) depends on the 8 decay
half-life. In this way we assigned the 165.0-keV line to the
decay of '"’Mo, while this line is observed in singles spectra,
only, and does not show any coincidence relations. A y line of
the same energy was reported in a prompt-y experiment [13]
at the bottom of the negative-parity band.

PHYSICAL REVIEW C 86, 044306 (2012)
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FIG. 5. Partial excitation scheme of '®Tc as obtained in the
present work. The Qg value was calculated based on the mass excess
values measured with JYFLTRAP for %Mo [22] and '®Tc [26].

A y line of 128.7 keV was observed in the B~ decay
of '“Tc [29]. In this work it is seen in both experiments
with long and short collection tape cycles. In the second run
the 128.7-keV peak is twice as intense as in the first run,
when compared to the 194.6-keV line in '“’Ru (see Table III).
The significantly increased intensity when the collection tape
was moved every second may indicate that the 128.7-keV
line is fed by the B decay of Mo as well. According to
Table III, one can estimate that about 51(9) intensity units of
the 128.7-keV line belong to the '®Mo decay. As we did not
see any additional coincidence with this line, it is not placed
in the decay scheme.

C. Experimental internal conversion coefficients

Using y spectra measured by the LEPS detector we
estimated the K, internal conversion coefficients (ICC) for
low-energy y lines in ' Tc by comparing their y intensities to
the intensity of the 18.3-keV K, x-ray line produced in their
conversion process. In the case of the 69.1-keV line its total
ICC was also found by the intensity balance in the 65.2-289.5—
69.1-keV cascade. While gating on the 65.2-keV line the total
intensities of the 69.1- and 289.5-keV transitions must be equal
and thus the missing y intensity of the 69.1-keV line is bal-
anced by its total ICC. The experimental K shell, the total ICC,
and the respective theoretical values are shown in Table IV.

D. The estimate of the ground-state feeding

Table V presents an estimation of intensities of 8 decay to
the ground states of isobars in the decay chain of '"Mo. In
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TABLE 1. Energies, relative intensities /,, and coincidence
relations of y lines observed in the 8~ decay of '®Mo.

E, keV) I, (%) Coincident y lines
X-K, 65.2,69.1, 213.5, 289.5, 438.6
32.2(2) 11(3) 213.5,438.6
43.6(2) 28.2(16) 213.5, (282.5), 438.6
65.2(2) 34.8(27) 18.3, 69.1, 289.5, 321.4, 358.7,
(1599.1)
69.1(2)*®  19-74 18.3,65.2, (137.0), 289.5, 321 .4,
354.6, 358.7, 386.6, (1332.2), (1664.2)
90.7(2) 36(5) 282.5,314.8,321.4,333.3, (1332.2)
128.7(2)%¢  51(9)
137.0(3)* 4(1) (69.1), (152.1)
152.1(5) 1.4(3)
165.0(3)¢ 4.1(4)
213.5(2) 37.9(14) 18.3, 32.2, 43.6, 438.6, 471.0
282.5(2) 17.4(18) 18.3, 32.2,43.6,90.7, 412.1, 1689.6
289.5(2) 100(6) 18.3,65.2, 69.1, 321.4, 386.6,
(1599.1), 1664.2
314.8(3) 9.6(12) 90.7, 412.1
321.4(2) 17.909) 18.3,65.2, 69.1,90.7, 289.5, 333.3,
(354.6), (358.7), 423.9
333.3(2) 200(9) 18.3,90.7, 321.4, 412.1, 1689.6
354.6(4) 12.2(10) 18.3, 69.1, (321.4)
358.7(2)° 55.6(61) 18.3, 65.2, 69.1, 321.4, 386.6
386.6(3) 11.2(15) 18.3, 69.1, 289.5, 358.7
412.0(2) 60(9) 18.3, 282.5, (314.8), 333.3
423.9(2) 77.1(75) 321.4,1332.2, 1599.1
438.6(2) 43.1(43) 18.3, 32.2,43.6, 213.5, 1365.5
471.0(2) 33.3(34) 213.5, (1365.5)
652.3(3) 8.9(16) 18.3, (43.6)
744.6(2)° 41.7(49)
1332.2(3) 20.2(17) 18.3, (65.2), (69.1), 90.7, (289.5),
333.3, 358.7,423.9, 1174
1365.5(4) 6.6(8) 18.3, 438.6,471.0
1599.1(3) 13.1(7) (65.2), (69.1), (90.7), 289.5, 333.3,
4239
1664.2(4) 5.2(6)
1689.6(3) 41.5(25) (282.5),333.3
2022.9(3) 8.5(7)
2235.7(3) 15.4(8) (18.3), (32.2)

PHYSICAL REVIEW C 86, 044306 (2012)

TABLE II. Beta feedings and log fr values of excited levels
populated in the 8~ decay of Mo and '’Mo. The data for the
log ft evaluation of the %Mo decay are taken from Ref. [27].

1090 o 107Mo

E;., (keV) Ig (%) log ft  Eg, (keV) Iz (%) logft

0.0 3 0.0 >6.3

7.0 5.1 65.7 6.0

18.0 1374 >6.8

50.4 9.3(14) 5.8 465.9 13.9 6.0

69.1 <3(1) >6.3 495.8 8.8 6.2

206.1 0.14(6) 7.6 549.4 24.7 5.7

333.1 3.909) 6.1 850.6 50.8 5.3

358.6 3.4(7) 6.2 1374.7 8.3 5.9
423.8 9.6(1.3) 5.7
489.0 2.1(4) 6.3
702.6 2.2(3) 6.3
745.0  7.3(1.1) 5.7
1756.0 1.1(2) 6.2
2022.9 4.0(5) 5.6
2068.1 0.37(7) 6.6
2286.1 0.9(1) 6.1

Also in 'Tc decay.
®Also in '®Ru decay.
“Based on intensity ratio in two experiments.

the top row of Table V there are relative S decay intensities
calculated with Bateman equations for the decay chain of
109Mo. The presented estimation was made for the case when a
new monoisotopic source of '’Mo nuclei was delivered every
t =0.111 s and the collection tape was moved after 2700
implantations, i.e., every T = 299.7 s. To perform calculations
for a series of decays in question two assumptions were made:
(i) the first bunch of '“Mo nuclei after the collection tape
movement is implanted into clean tape without any traces
of radioactivity, and (ii) the nuclei in the decay chain of the
1Mo parent transform into its daughters only by the A~
process. For the B-decaying, A = 109 isobars we used the

following half-life values: 0.70 s (Mo) and 1.14 s (Tc) [30],
34.5 s (Ru) [31], and 80.0 s (Rh) [32].

For the first sample of the '’ Mo parent nuclei the numbers
of decays of Mo, Tc, Ru, and Rh were calculated over
the whole time T till the next collection tape movement.
For the second sample of parent nuclei implanted ¢ seconds
later, the numbers of decays were calculated over the remaining
T — t period and added to the numbers of decays calculated
for the first sample. In general, for the nth sample the numbers
of decays of Mo, Tc, Ru, and Rh isobars were calculated over
the remaining T — (n — 1) seconds and added to the numbers
of decays calculated for the previous n — 1 'Mo samples. In
this way the relative S-decay intensities in the decay chain of
19Mo were estimated as presented in the top row of Table V.

T
cycle 1s i

% 6000 &) 128.7 o
3 4000 2
© 2000

e = : N
€ 6000 [0)! .|| cycle300s o]
§4ooo - I L
32000 [ : ]

0 e My

100 150 200 250 300

energy [keV]

FIG. 6. Gamma spectra in the LEPS detector for ' Mo measured
in two experiments. The collection tape was removing implanted ions
every second (a) and every 300 s (b). The vertical lines mark the peaks
194.6 keV in the decay of '®Tc (0.86 s), 116.3 and 206.3 keV in the
decay of 'Ru (34.5 s), and 178.0 and 326.8 keV in the decay of
10Rh (80 s). The peaks marked with energies are fed by 8~ decay of
109Mo.
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TABLE III. Intensity of the 128.7-keV line normalized to the
intensity of the 194.6-keV line in '®Ru. The data come from a
compilation [28] and the two experiments presented in this work.

y energy y intensity
(keV) ENSDF First expt. Second expt.
128.7 51 59 124
194.6 100 100 100

One should note that these relative decay intensities depend
only on the half-lives of the A = 109 isobars and the interval
T between consecutive collection tape movements.

For 'Ru and 'Rh there are compiled data on their
y intensities per 100 8 decays, including the ground-state
feedings [28]. Thus it was possible to estimate experimentally
the total number of 8 decays of Ru and Rh based on measured
intensities of a few stronger y lines populated by their 8
decays. Those experimental § intensities were compared
to the calculated ones to find a relation (a normalization
factor) between the measured and calculated § intensities.
The final value of the normalization factor is an average from
data for '"Ru and '®Rh. Certainly, the “quality” of such a
normalization factor depends on the data on ' Ru and 'Rh
found in the literature [28]. Experimental total 8 intensities
for the decays of ' Ru and '"Rh calculated with the average
normalization factor are given in the respective columns of
the second row in Table V. As the data on Ru and Rh cover
B feeding to excited and ground states the difference of their
calculated and experimental 8 feedings, given in the respective
columns in the third row of Table V, should equal zero—which
is satisfied within error bars.

The calculation-to-experiment normalization factor was
applied to the experimental B intensities for the decays of
109Mo and '®Tc to find B feedings to the excited states in Tc
and Ru. The resulting values of 47(5) and 64(6) are shown
in the respective columns of the second row in Table V. For

TABLE IV. Experimental and theoretical internal conversion
coefficients for y transitions fed by the 'Mo B decay. Our
experimental value for the 68.1-keV transition in '’Rh does not
contradict with its known M 1 [29] character, which gives a check of
the method.

K -shell conversion

E, Theory [33] Experiment  Proposed
(keV) E1l M1 E2  (this work) multipolarity
322 2.804 6.321 31.04
43.6 1.234  2.627 14.56
32.2 + 43.6 4.7(4)
65.2 0.3357 0.8151 4.22 1.1(1) MI1(+E2)
69.1 0.3339 0.6874 3474 0.9(2) M1(+E2)
65.2 + 69.1 1.12(25)
90.7 0.1541 0.3203 1.405 0.45(6) MI1(+E2)
68.1 0.3819 0.8890 3.772 1.5(3) M1 [29]
Total conversion
69.1 0.382 0.788 4.68 0.90(20) M1
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TABLE V. Estimation of 8 feeding to the ground state in the
decay of Mo and '®Tc. The relative simulated 8 decay intensity
was estimated using Bateman equations for the decay chain of Mo
monoisotopic samples.

B-decaying nuclide 1Mo  1®T¢  !®Ru 19Rh
Simulated g intensity 100 99.6 83.0 49.4
Expt. B intensity 47(5) 64(6)  76(8) 49.6(20)
Unobserved 8 intensity 53(5) 35(6) 7(8) —0.2(20)

the B decays of Mo and '®Tc the difference between the
calculated total 8 intensity and the experimental 8 intensity
to the excited states is shown in the respective columns in the
third row of Table V. The values of 35(6)% and 53(5)% can
be interpreted as feedings to the ground state in the decay of
109T¢ and to the ground and two low-lying states in the decay
of 1Mo (see decay scheme in Fig. 5).

The uncertainties given in Table V were estimated based
on statistical uncertainties of the y intensities measured in this
work and the uncertainties given in the compiled data on '®’Ru
and 1Rh [28].

E. Spin of the ground state of Mo

The obtained multipolarity information on y transitions
in 'Tc, and, consequently, the information on spins of
excited levels in'®Tc, is too limited for providing clear-cut
information on the spin of the ground state of '®Mo. It is
rather that one has to start with a certain assumption on the
spin of the '®Mo nucleus to be able to interpret the excited
levels in '®Tc.

In Ref. [34] spin and parity 5/2% have been proposed for
the ground state of '“’Mo. There it was mentioned that the
3/2%[411] neutron configuration, which forms the ground state
in %Mo and which is close to the 5/2F ground states in '“Mo
and '’ Mo, may also be close to the 5/2* ground state in '*Mo.
The key question is whether this 3/2% configuration could be
the ground state in ' Mo.

In '"”Mo the 3/2*[411] band receives the population in
the fission of >*8Cm, which is comparable to the population
of the 5/2%[413] ground-state band. It is then expected that
if the 3/27[411] configuration forms the ground state in '“Mo
the population of the 3/2*[411] band in the fission of >*Cm
should be at least as high as the population of the 5/2%
ground-state band. This is not observed in the experiment.
Furthermore, the 3/2% level, which is below the 5/27" level in
105\, raises above the 5 /27" level in 107Mo. This is consistent
with the Nilsson scheme for neutrons in this region of nuclei.
Accordingly, in '%’Mo the 3/2%[411] configuration is expected
above the 5/2%[413] configuration.

We also note that the 7/2% and 9/27 levels, observed in
199T¢ in prompt-y fission [13], are seen in the present data.
The log ft values for these levels suggest even that both levels
may be populated in B decay. This would exclude the 3/2%
spin for the ground state in 'Mo. This optimistic scenario
is weakened by the fact that there may be some unobserved
feeding to the 9/27 level, which means that this level may
be populated indirectly, via y cascades, rather then directly
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FIG. 7. Partial excitation schemes of ' Tc and '®Tc, populated in
B~ decay of '’Mo and '®Mo, respectively. Levels are drawn relative
to the 5/27 level, which is drawn at zero energy. The experimental
energies of the levels are given in keV.

in B decay. One also has to note that the log f¢ value limit
>6.3 (see Table II) for the 69.1-keV level is too high for 8
decay from a 5/27" level to a 7/2% level, unless there is some
unknown hindrance.

It is instructive to compare S decay schemes of '“’Mo and
197Mo. We note that, with high confidence, the spin of the
ground state of '"’Mo is 5/2% [35]. From the available y
intensities in '“’Tc [27] we have evaluated log ft values for
levels in '9’Tc, which are shown in Table II. In Fig. 7 we
display fragments of 8 decay schemes for '’Mo [27] and for
19Mo. There are obvious similarities between the two decay
schemes, which further support a spin 5/2% assignment for
the ground state of '"’Mo. Therefore we conclude that spin
5/2% for the ground state in '’ Mo is at present the most likely
solution, and this will be adopted in further discussions in this
work.

F. Spin and parity assignments to levels in !”Tc

We assign spins and parity 7/2% and 9/2% to the 69.1- and
the 206.1-keV levels, respectively, assuming that these levels
are the same as the two lowest excited states in the 5/27 band,
observed in prompt-y fission [13], because they show the same
energies and decays.

There are three low-lying excited levels at 7.0, 18.0, and
50.4 keV which are candidates for the low-spin excitations
in 'Tc suggested in Fig. 1. The combined K-conversion
coefficient for the 32.2- and 43.6-keV transitions, ax = 4.7(4),
indicates that at least one of these transitions should have an
E'1 multipolarity. Therefore, the three discussed levels can
not all have the same parity. The experimental ax value is in
between the theoretical solutions (i) « Z‘ = 4.04 obtained when
both transitions are E1 and (ii) " = 5.43 obtained when the
32.2-keV transition is an E'1 and the 43.6-keV transition has
pure M 1 multipolarity (with other solutions being further away
from the experimental value). Furthermore, one expects two
of the three levels to have negative parity, according to Fig. 1.
This leaves three solutions, (a), (b), and (c), which are sketched
in Fig. 8.

PHYSICAL REVIEW C 86, 044306 (2012)
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FIG. 8. Spin and parity hypothesis available for the low-energy
excitation in '®Tc. See text for further discussion.

In '“”Tc one observes an E1 link between the 5/2F
bandhead at 65.6 keV and the 5/2~ bandhead at 45.6 keV
[27]. Tt is likely that such a link should be also present in
19T¢. In Ref. [13] an upper limit on the energy of this
link has been put at 30 keV. Therefore, we reject solution
(c). Consequently, the 5/27 state should be assigned to the
7.0-keV level. Furthermore, in '’ Tc there is a strong E1 link
between the 5/2" bandhead and the 3/2~ ground state, which
is also expected in ' Tc. The absence of this link in '®Tc
makes solution (b) less likely. The remaining solution, (a),
with two E1 transitions, fits well the Alaga rules for the E'1
transitions but it has to be mentioned that the nonobservation
of the 50.4-keV transition remains unexplained. Therefore the
proposed spin and parity assignments are tentative.

In this work we observe, in singles spectra, a line at
165.0 keV. It is possible that this line corresponds to the
165.0-keV transition of the (5/27) band reported in the
prompt-y work [13]. Thus we tentatively propose spin 7/2~
for the level assigned as X, shown in Fig. 5.

By considering the observed branchings and the log ft
value for the 333.1-keV level, the most likely spin and parity
assignment for this level is 3/2". A similar conclusion can be
drawn for the analogous 466.1-keV level in '9Tc, shown in
Fig. 7.

The M1 + E2 multipolarity and high intensity of the 65.2-
and 90.7-keV transitions indicate that the 333.1-, 358.6- and
423.8-keV levels have the same parity and similar structure.
Therefore the absence of the transition between the 358.6- and
333.1-keV levels suggests a spin difference Al > 1 between
these two levels and, thus, spin 7/27" for the 358.6-keV level.
Consequently, the 423.8-keV level should have spin and parity
5/2%. These assignments are consistent with the observed
branchings and log ft values for the 358.6- and 423.8-keV
levels. Analogous spin and parity assignments can be made
for the 495.9- and 549.4-keV levels in '’ Tc, shown in Fig. 7.

IV. DISCUSSION

The 5/2* ground state in '“Mo is dominated by the mixed
5/2%[402] and 5/2%[413] neutron configurations [34], origi-
nating from the vg7,, and vds, orbitals, while the ground state
of 'Tc is dominated by the 5/2%[422] proton configuration
originating from the mw1gg,, orbital. The similarity of the
initial and the final wave functions is consistent with the
strong feeding of the 5/2% ground state of ' Tc in the B
decay of '“Mo, which does not require a change of spin,
angular momentum, or parity. We note that the 5/2%[402]
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single-particle configurations have been also proposed for the
ground states in '’ Mo and '''Ru neighbors of Mo [36].

The 5/2~ and 3/2~ spin and parity assignments proposed
in this work for the 7.0- and 18.0-keV levels are consistent
with the 5/27[303] and 3/27[301] proton configurations
originating from the 7 f5,, and 7 ps3,, orbitals. It is expected
that the 8 feeding to these two levels should be smaller than the
feeding to the ground state because it requires both a change of
angular momentum and parity. In this work we could not single
out the g feeding to the 7.0- and 18.0-keV levels but it is likely
that the large feeding indicated in Table II for the group of the
three levels—the ground state and those at 7.0 and 18.0 keV
—goes mostly to the ground state. Excitation energies of
the 7 3/27[301] and 7 5/27[303] configurations, calculated
in Ref. [13] using the quasiparticle-rotor model (QPRM)
[37—40], fit well the known 3/2~ and 5/2 levels in '’ Tc [27]
and the 3/2~ and 5/2~ levels in ' Tc, which are newly
proposed in this work.

The assignment of spin and parity 3/2" to the 50.4-keV
level makes it a good candidate for a member of the 1/27[431]
intruder band, originating from the 7 2ds,, orbital. The strong
B decay to the 50.4-keV level could be explained by the
similarity of the corresponding wave functions, both of which
contain a contribution from the 7 2ds, orbital. The 1/ 2%[431]
intruder configuration in '’Tc has been well reproduced by
the QPRM calculations in Ref. [41]. It has been found there
that this configuration has a large prolate deformation and
is also triaxial. The deformation parameter, €; = 0.35, used
to reproduce the intruder band is higher than that used for
the ground state (¢, = 0.33) but the triaxial deformation of
the intruder, y = 19°, has been found to be smaller than the
triaxial deformation of the ground state (y = 23°). In '®Tc we
were able to reproduce the 50-keV excitation energy proposed
for the 3/27 member of the 1/2%[431] intruder with very
similar parameters of €, = 0.35 and y = 20°. This consistency
supports the proposed interpretation of the 50.4-keV level in
IOQTC.

In Fig. 9 we show the near-yrast, positive-parity excitations
in Tc isotopes (relative to the position of the 9/2] level).
There are three groups of levels. The yrast levels (open circles)
correspond to the K = 5/2 rotational band build on top of the

0.8 —

0.4 —

0.0 — 9/2¢ ---

ol

772,
o 3252
52

12,32

Excitation energy relative to 9/2; [MeV]

¢
0

105 ¢ 107 T¢ 109 ¢

111 g

FIG. 9. Systematic behavior of selected low-energy excitations
in Tc isotopes. See text for further explanation.
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5/27[422] proton configuration in a prolate potential. This
ground-state solution in the Tc isotopes shown does not vary
much with increasing number of neutrons, though there is
some increase in deformation from '®Tc to ' Tc.

The second group (gray circles) comprises levels which
were classified as K = 9/2 members of a triaxial band in a
prolate potential, built on top of the ground-state configuration
[13] (and the 425.0-keV level in '''Tc may be the 9/ 2;
excitation as well [7]). As can be seen in the figure, triaxiality
increases with increasing neutron number, which is reflected
by the lowering of excitation energies of levels in this group,
when the number of neutrons increases.

Levels belonging to the third group (black circles in Fig. 9)
show in '%Tc and ' Tc a trend similar to that of the levels from
the K = 9/2 band. Interestingly, no decay of the 9/ 2; level
with K =9/2 to the 7/ 2;“ level has been observed in ' Tc,
109T¢, or '"""Tc, despite the expected similar origin of these
levels. For example, in ' Tc such a link would correspond to
a M1 + E2 transition of 130 keV, a decay which should be
fast. Its nonobservation suggests a strong hindrance.

The three levels at 333.1, 358.6, and 423.8 keV in '®Tc,
belonging to the third group, for which we have proposed spins
and parities of 3/2%,7/2%, and 5/2%, respectively, represent a
new type of excitation, not observed in prompt-y fission [13],
probably because of their nonyrast nature. These levels can be
interpreted as K = 1/2 members of the triaxial band built on
top of the ground-state configuration, = 5/2%[422]. In Fig. 10
we show the QPRM calculations in a prolate potential for
107T¢, 19Tc, and '"'Tc. (These results were not shown in
Ref. [13] due to the lack of the corresponding experimental
data.) To help the comparison we show the corresponding
experimental energies in the discussed Tc isotopes (with two
3/2* candidates being shown for !'!'Tc). The reproduction of
the 3/2%,5/2%, and 7/2* tripletin '’ Tc and '®Tc is good. We
note that, with this interpretation, the very large difference in
the K number between the 7/ 22+ and 9/ 2; levels could cause
the hindrance of the transition linking these two levels, even if

Calculations Experiment

positive—parity, prolate—triaxial 03/2 A2,

052, V23
780 12
v 751 /. } K=7/2
607 72
[m]
420 52 o
s 32 3716 32 -
%1 52 8 330 5/2 K=172
341 12 281 32
235 72 S
207 12~
o
0 52 0 512 0 50 8. k=51
107 109 111
Tc Tc Tc

FIG. 10. QPRM results for positive-parity levels in a prolate
potential in Tc isotopes.
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the corresponding K numbers are not pure, which is the case
in a nucleus with a triaxial deformation or y softness.

The reproduction of the experiment with the prolate
solutions is much worse in ! Tc, as already noted in Ref. [7].
The sudden drop of the 5/27 excitation energy, seen in Fig. 9,
supports the transition from prolate to oblate deformation,
as proposed in Ref. [7]. It is interesting to note that the
5/25 calculated at 10 keV in '''Tc in Ref. [7] is the same
7 5/27[422] configuration with K = 1/2 but calculated in an
oblate potential. However, while there is no decay from the
9/25 to the 7/27 level, which agrees with the hypothesis of a
large difference in the K number, the decay from the 9/27 to
the 5/ 22+ level at 42.6 keV is seen [7]. This may raise further
questions about the structure of the 5/27 level. It is possible
thatthe 5/ 2; level results from mixing of the prolate and oblate
solutions, as suggested in more advanced calculations [8,9].
Such a mixing could alter the picture obtained with our simple
QPRM calculations. Clearly, more theoretical effort is needed
to produce details of such mixed configurations and their
decays.

In Fig. 7 there are characteristic levels in '“’Tc and
109Tc at 850.7 and 745.0 keV, respectively, which have very
similar decays in both nuclei and are clearly linked with
the 3/ 2;, 5/2%, and 7/ 2;” triplet of levels. These levels
cannot correspond to the K = 1/2 configuration with spin
1/2% or 9/2%, given the observed branchings. We also note
that they decay as well to the K =5/2 ground state. The
closest QPRM solution is the 7/2%[413] configuration with
K =7/2, originating from the 7 g9/, orbital. This is the
third-lowest single-particle configuration of positive parity in
the discussed Tc isotopes, after the 5/2%[422] ground state
and the 1/27[431] intruder.

In Ref. [13] the 7/2F level with K =7/2 in '®Tc has
been calculated at 634 keV, somewhat below the experimental
counterpart, proposed at 745.0 keV. We have already noticed
that various configurations in a given nucleus may correspond
to slightly different deformations. For example, there are
consistent differences between deformations of the 5/27[422]
ground-state configuration and the 1/2%[431] intruder in '’ Tc
and '%°Tc. In Ref. [13] we also indicated different deformation
(both quadrupole deformation and triaxiality) for the negative-
parity configuration. Therefore, the 7/2%[413] configuration
may correspond to a slightly different deformation. We have
found that with a quadrupole deformation parameter €, = 0.30
and triaxiality parameter y = 19°, we could reproduce well
the discussed levels in both nuclei, as shown in Fig. 10. This
supports the proposed spin and configuration assignment to
the 850.7-keV level in '’ Tc and the 745.0-keV level in '®Tc.

An intriguing remaining question concerns the 1/2% level
shown in Fig. 10, which is predicted in 107T¢, 199T¢, and
"ITc at rather low energy but not observed experimentally
(but in "''"Tc this could be one of the levels around 200 keV
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without spin assignment [7]). It is likely that such a collective
excitation with K = 1/27 is not populated in the B decay of a
K = 5/2 single-particle configuration. However, in ' Tc one
would expect a decay from the K = 1/2, I™ =3/27" level
to this K = 1/2, I™ = 1/2% level, considering the predicted
transition energy of 141 keV, which was not observed in the
experiment.

V. SUMMARY

We have studied nonyrast levels in '%Tc, which could not
be observed in the previous, prompt-y works. The levels were
populated in the 8~ decay of Mo nuclei, produced in the
fission of natural uranium induced by 25-MeV deuterons and
separated by IGISOL3 and the JYFLTRAP facilities of the
University of Jyviskyli. In '%Tc we have found 13 new levels
for which spins and parities have been proposed. The spin
and parity assignment 5/2% for the ground state of '"’Mo,
proposed in a prompt-y study, is confirmed in the present work.
Three low-energy excitations are interpreted as single-particle,
proton configurations 3/27[301], 5/27[303], and 1/2%[431],
which were expected here based on systematic predictions.
These configurations are well reproduced by the quasiparticle-
rotor model. We have also found three excitations, which
we interpret as members of the K = 1/2 triaxial band built
on top of the 5/2%7[422] ground-state configuration. Similar
excitations are proposed in %’ Tc, for which 8~ decay has been
studied in another work. Excitation schemes of both nuclei are
very similar but differ clearly from the scheme of ''!Tc. This
breakdown of the systematics is interpreted as a transition from
prolate to oblate deformation. There is a clear need for further
studies of '7Tc, 'Tc, and '"'Tc, both experimental and
theoretical. Especially important would be firm spin and parity
assignments in all three Tc isotopes (in particular one should
determine multipolarities of the 32.2- and 43.6-keV transitions
in !°Tc) and the search for the K = 1/2, I™ = 1/2* levels
in '%Tc and '®Tc, predicted by the calculation at rather
low energies. The experimental information on triaxiality in
neutron-rich Mo, Tc, and Ru isotopes is one of the richest data
sets available for testing nuclear models.
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