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Abstract. The beta-decay of the neutron-rich nucleus *'°Mo, separated by the IGISOL on-line mass sepa-
rator from other fission products, has been investigated by using beta-gamma and gamma-gamma coinci-
dence techniques. The decay scheme of '°Mo has been revised, including 3 new excited states and 7 new
7 transitions in '°Tc. The B-feedings were measured and log ft values and B(GT) values were deduced
based on a Qgs-value from systematics. Three excited 1" states in *'°Tc fed by spin-flip allowed-unhindered
beta transitions were identified. The deduced beta-decay strengths are compared with the Gamow-Teller
strength distribution obtained from a macroscopic-microscopic calculation. The role of the asymptotic
quantum numbers in the context of the allowed beta-decay is discussed.

PACS. 27.60.4+j 90 < A <149 — 21.10.Tg Lifetimes — 23.20.Lv Gamma transitions and level energies

1 Introduction

Studies of the B~ -decay of exotic nuclei far from the
line of stability provide an important contribution to un-
derstanding the weak-interaction mechanism and nuclear-
structure features of neutron-rich nuclei. It also provides
the basic information for studies of heavy-element synthe-
sis in stellar environments and double beta-decay.

In the neutron-rich mass region between the nearly
spherical Z = 50 (Sn) and the strongly deformed Z = 40
(Zr) nuclei, fast allowed beta-decay to low-lying states is
expected to occur between the spin-orbit partner shell
model orbits g7/ and gg/2. In the spherical shell model
only one 07 — 17 Gamow-Teller (GT) transition is ex-
pected corresponding to the transformation of a g7/, neu-
tron into a gg /o proton. When nuclei are deformed, spheri-
cal single-particle states are split into Nilsson states which
can be described by the asymptotic quantum numbers
27 [Nn,AX] [1]. In this case, beta-decay will obey the
additional asymptotic quantum number selection rules.
If A2 =1, AN = An, = AA = 0, the beta transi-
tion is called allowed-unhindered (au) [2]. Such kind of
transitions can be identified by their low log ft values
(log ft <5). f A2 =1, AN = An, = AA =0 or 1, the
beta-decay is called allowed-fast which is relatively fast,
though slower than the au transitions [3]. All other al-
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lowed transitions violating the asymptotic quantum num-
ber selection rules are called allowed-hindered.
Systematics of au transitions have been evaluated in
great detail in the rare-earth region [4], where they con-
nect states originating from the hg/, and hjy o unique-
parity orbits across the major shell. The beta-decays of
the even-even 14 120pd, 1107114Ry and 1027 108)\[o nuclei
were studied using the ion guide isotope separator IGISOL
in Jyvéskyld [5-9]. In these nuclei, the GT strength
was found to reside mainly in two to four 0t — 17
transitions with their log ft values between 4.4 and 5.1.
These observations are in agreement with the deformed-
shell-model predictions in which the sequence of Nilsson
states implies four candidates for au pairs in this re-
gion, namely v7/2[404|®79/2[404], v5/2[413]@n7/2[413],
v3/2[422]|®@n5/2[422] and v1/2[431]®73/2[431]. As a con-
tinuation of the systematic studies of the beta-decay of
even-even neutron-rich nuclei in the transitional region,
the beta-decay of ''9Mo was studied in this work. This
isotope is the most neutron-rich isotope of Mo whose de-
cay has been observed up to now. Beta-decay of ''°Mo was
observed for the first time at IGISOL a few years ago [10].

2 Experiment

The neutron-rich nucleus *°Mo was produced by using
25 MeV proton-induced fission of 223U. It was on-line mass
separated from the other fission products using the ion
guide technique. The proton beam with a typical inten-
sity of 10 uA was delivered as 50 MeV H; ions by the
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Table 1. List of 4-rays from the decay of *'°Mo. 100 v intensity units correspond to a f§-feeding of 54%.

Energy (keV) + intensity From To Coincident lines
39.4 (1) <8 390 (223)
53.3 (1) 19.8 (9) 53 0 132
121.0 (1) 41.3 (6) 263 142 142, 204, 273, 478
131.7 (1) 166 (5) 185 53 53
142.1 (1) 100 142 0 121, 204, 273, 326, 448, 478, 598, 767
203.6 (2) 2.0 (4) 467 263 121, 142, 223, 263, 273
223.4 (1) 21.1 (21) 263 39 (39), 204, 273, 478
262.9 (2) 8.2 (9) 263 0 204, 273, 478
273.0 (1) 2.9 (8) 741 467 121, 142, 204, 223, 263, 326
325.7 (1) 5.4 (3) 467 142 142, 273
447.6 (3) 2.3 (4) 590 142 142
477.8 (1) 25.6 (15) 741 263 53, 121, 132, 142, 223, 263
598.4 (1) 39.9 (20) 741 142 142
741.1 (2) 8.2(10) 741 0
766.7 (1) 6.5 (6) 909 142 142

K = 130 MeV cyclotron at the Accelerator Laboratory
of the University of Jyviskyld. The uranium target was
placed at an angle of 7° with respect to the beam direction
in order to increase its effective thickness from 15 mg/cm?
to 125 mg/cm?. The ion guide method was based on ther-
malizing the primary recoil ions from the target as single
charged ions in helium and guiding ions with helium flow
and electric fields to a conventional mass separator [11].
The ion guide permits thermalized nuclear-reaction prod-
ucts to be injected directly into an isotope separator.
Thus, the separation time and efficiency are independent
of the volatility of the element. This technique is very effi-
cient to investigate short half-life nuclei of refractory ele-
ments such as those between Zr and Rh. In principle, it can
be used for radionuclei of all elements with half-lives even
less than ms. Recent fission ion guide development and
high proton beam intensity have substantially increased
the yields of mass-separated ions [12]. At present, isobaric
yields of the order of 10° ions/s are routinely available for
medium-mass fission product beams [13]. The production
rate of 1Mo in this experiment was 42 atoms/s, which is
10 times higher than that of the previous experiment [10].

The mass-separated beams were implanted into a col-
lection tape, which was moved at preset time intervals to
reduce the - and «-background from longer-lived isobaric
activities. Two 1 mm thick plastic scintillator detectors
were placed on both sides of the implantation point for
detection of B-particles. Laboratory and neutron-induced
background were suppressed by measuring ~y-rays in co-
incidence with (-decay. Three Ge detectors with relative
efficiencies of 20%, 37% and 23%, respectively, were posi-
tioned in a plane around the collection spot at a distance
of 30 mm and at angles of 90 degrees with respect to
each other for the detection of y-rays. The total efficiency
for 1332 keV v-rays was approximately 1.9%. The exper-
imental data, including (-7, B-vy-t and ~-v coincidences,
were recorded by means of the multiparameter data ac-
quisition system VENLA and written on an exabyte tape
for off-line analysis [14]. In the data analysis, a v-TDC
matrix was formed by summing all events from three Ge
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Fig. 1. ~-ray spectrum gated by the 142 keV transition of
110
Tec.

detectors in coincidence with S-particles as a function of
the time of their occurrence within the measurement cy-
cles. This matrix was used for half-life analysis. A -y
energy matrix was created off-line from all detector pairs
by using a gain-matching algorithm from the EUROGAM
software [15]. The v~y energy matrix was analyzed by us-
ing a set of programs on a VAX computer with general
projection techniques to establish the decay scheme.

3 Results

The present experiment confirms the results of the previ-
ous study, which identified 6 excited states and 8 gamma
transitions. In addition, we observe 3 new excited states
and 7 new gamma transitions which can be attributed to
the beta-decay of ''°Mo. Figure 1 displays the y-ray spec-
trum gated by the 142 keV transition of ''°Tc. Transitions
assigned to the S-decay of 1'9Mo are listed in table 1. The
relative y-ray intensities were obtained from the §-gated
singles y-ray spectrum and the coincidence spectra. The
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Table 2. Levels in *°Tc fed in the decay of '°Mo. Logft
values are calculated with Qg = 5.67 MeV [16] and T}/, =
0.27(1) s.

Energy (keV) [(-feeding (%) logjft I™
0.0 0.0 (31
39.4 (1)
53.3 (1) 16.7 (7) 4.7 1"
142.1 (1) 2.5 (12) 55  (11)
185.0 (1) 9.0 (4) 49 (11
262.9 (1) 23.2 (13) 4.5 1+
467.1 (2) 2.4 (5) 54 (11
589.7 (1) 1.2 (2) 5.6
740.8 (1) 41.4 (14) 4.1 1t
908.8 (1) 3.5 (3) 51 (11)
0.27(1) s
11OM0 AN
35 5.1 L@ = a E'l:“ i~ 908.8
414 4.1 " E g R‘ E ﬁ 740.8
1.2 56 % g g 589.7
2.4 5.4 a9 & & _ 467.1
82 45 o S H & ‘?g 2629
) B3 [ 185.0
25 55 O A —e
16.7 4.7 I ? E 53.3
2.3) | 304
I’ logft “OTC

Fig. 2. Decay scheme of 1'°Mo.

levels of 119T¢ fed in ''Mo decay are listed in table 2 and
the revised decay scheme is shown in fig. 2. The 3-feedings
and log ft values represent apparent values, i.e. assume
that the decay scheme is complete.

A new ~ transition of 263 keV was observed to connect
the 263 keV level and the ground state.

A new level at 467 keV is introduced by observing new
~ transitions at 204 and 326 keV in coincidence with the
121, 142 and 223 keV transitions and with the 142 keV
transition, respectively.

A new 590 keV level is based on a new 448 keV ~
transition in coincidence with 142 keV transition.

A new 273 keV transition was observed to connect
the 741 keV level and the new level at 467 keV. It is in
coincidence with the 121, 142, 223 and 326 keV transi-
tions. A tentative transition from the 741 keV level to the
ground state reported in [10] was confirmed by observing
the 741 keV ~ transition with the same half-life as the
other v lines of 1Mo decay.

A new level at 909 keV is supported by a new 767 keV
transition to the 142 keV level. The 767 keV transition is
in coincidence with the 142 keV transition.
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Fig. 3. Decay curves of the beta-gated 121 and 142 keV tran-
sitions in the decay of '*°Mo.

In the previous work the decay half-life of 1Mo was
determined as 0.30(4) s by fitting the decay curves of
142 keV ~-ray and the K, X-rays [10]. Figure 3 displays
the decay curves for the 121 keV and 142 keV ~ transitions
when gated by the beta detector. Half-lives obtained from
these two decay curves as single component exponential
fits are 0.26(1) s and 0.28(2) s, respectively.

Another decay study on ''°Tc suggests I™ = 3% for
the ground state of 1°Tc [17]. Therefore, the (-feeding
from Mo to the '°Tc ground state is negligible. The
log ft values are calculated with Qg = 5.67 MeV, deduced
from the systematics [16]. This value is somehow higher
than the decay energy of 4.9 MeV predicted by the finite-
range droplet model [18]. The intensity of the 53 keV ~-ray
was corrected for internal conversion on the basis of data
measured in the previous work [10]. The systematic uncer-
tainties caused by the internal conversion of the 121 and
132 keV transitions can be estimated to be less than 5%
for B-branchings and 0.1 for log ft values. For the 142 keV
level the (-feeding becomes 13% and the log ft value 4.8.
The spin and parity of the excited states at 53, 263 and
741 keV are assigned to be 11 due to low log ft values
of the feeding beta transitions. The excited states at 142,
185, 467 and 909 keV are relatively strongly fed in beta-
decay suggesting a 17 character. Thus, this result implies
that as many as 7 17 states are seen in the 1Mo decay.

4 Discussion

A macroscopic-microscopic model described in [19] was
applied to calculate the distribution of the GT strength
in the beta-decay of '°Mo. This model was success-
fully used to calculate the GT strength distribution for
even-even 08712Ry and 1927198Mo nuclei earlier [7,9].
The calculation is based on the deformed Woods-Saxon
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Fig. 4. Beta strength B(GT) distribution of *'°Mo over the
calculated and experimental 17 states of 11°Tc. The calculated
oblate and prolate states are presented in the bottom and top
panels, respectively. Experimental states are presented in the
middle panel.

potential using the shell correction method together with
the liquid-drop formula of Myers and Swiatecki [20] and
pairing treated in the Lipkin-Nogami extension of the
BCS-approximation [21]. The calculation for each state
was based on minimizing the nuclear potential energy as
a function of the deformation parameters 35 and 4. Neu-
tron states originating from the shell model states ds /s,
g7/2, 8172, d3/2 and hyy /o and proton states from the f5,2,
D3/2, P1/2, 9o/2 and ds 9 shell model states were included
in the calculation of the two—quasi-particle states of the
odd-odd daughter nuclei.

The calculation of the deformation of the ground state
of 1Mo shows two energy minima with almost identical
energies, both well below the energy corresponding to the
spherical shape. This implies that the 1Mo nucleus is de-
formed in its ground state, but the sign of deformation re-
mains unknown. The results calculated for both oblate and
prolate states of 1'°Mo are shown in fig. 4. The calculated
2-quasi-particle states of the daughter nucleus ''°Tc have
a significant oblate or prolate deformation, except for the
relatively high-lying spherical 17 state resulting from the
coupling of the 9/2%[404] neutron state and the 7/27[404]
proton state. Due to large deformation of the parent nu-
cleus, this state does not play an important role in the
beta-decay pattern, because the decay from the deformed
initial state to the spherical final state is “shape hindered”.
For the prolate deformation, the most important coupling
among au transitions is v5/21[413]@n7/2%[413]. The en-

Table 3. Beta-decay characteristics of *!°Mo compared with
other neighbouring even Mo isotopes.

Isotope Tis2 (s) Qp (keV) log ft Bx(GT) E*(ave)
10200 678 (12) 1010 (23)  4.09 0.31 77
Mo 60 (2) 2155 (40)  4.13 0.29 382
106Mo 873 (10) 3520 (17)  4.18 0.26 525
108Mo  1.09 (2) 5120 (40) 4.14 0.28 396
HoMo  0.27 (1) 5670 3.8 0.67 533

ergy of this state is at 1377 keV. The average energy of
the prolate 17 states follows the energy of this state, due
to its dominant role among the prolate final states. In
the case of the oblate final states, the number of states is
higher and there are two au transitions available, namely
to the states with configuration v3/2%[422]@75/27[422]
and v1/2%[431]@n3/217[431]. The calculated energies of
these two states are at 1576 and 2017 keV.

The experimental beta strength distribution is com-
pared with theoretical calculation in fig. 4. In allowed 3~ -
decay the reduced GT transition strength can be obtained
by the formula B(GT) = 3864/ ft, where f is the phase
space factor taken from [22] and ¢ is the partial half-life in
seconds and the constant 3864 s represents the constant
D = 6145 s divided by the square of the free-nucleon
value of the ratio of the axial to vector coupling con-
stants (ga /gv) = 1.263 [23]. The total beta-decay strength
is deduced by summing the strengths of the individual
transitions through the relation Bx(GT) = 3864X(1/ ft).
Therefore, the total log ft value can be deduced. The ex-
perimental B(GT) distribution does not follow the trend
of those calculated from either prolate states or oblate
states. This might be due to the experimental sensitiv-
ity limited by more than three-orders stronger isobaric
contamination. By the way, the information on the sign
of deformation may be obtained by comparing the experi-
mental average energy of the excited 11 states to the theo-
retical average energies of prolate states and oblate states.
The average energy of the excited 17 states is calculated
according to the relation E*(ave) = (X;B;E})/(X:B;) ~
E(1%). The average energy of prolate states is 1.8 MeV,
while that of oblate states is 3.4 MeV. Both of them are
far away from the experimental average energy of the ex-
cited 17 states, which is 533 keV. However, comparing
with the value of oblate states, the average energy of pro-
late states is much closer to the experimental value. This
might be an indication of prolate deformation for !°Mo.
The beta-decay gross properties of ''°Mo are summarized
in table 3 including those of 027108Mo for comparison [9].
The experimental average energy of the excited 11 states
of 10471100\ o keeps nearly constant, while the model pre-
dicts the average energies of 11 states increase with re-
spect to increasing neutron number [9].

5 Conclusion

Reinvestigation of the beta-decay of ''"Mo leads to
some new results. Comparison between the experimental
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data and the theoretical calculation of a macroscopic-
microscopic model does not show a clear evidence for the
shape of 11%Mo. It remains an open question. Recent devel-
opment of a Penning trap system on the IGISOL facility
for purification of isobaric contamination will improve sen-
sitivity and precision of the experiments extremely. This
will make the level lifetime measurement of '°Mo pos-
sible. Therefore, the problem of the interpretation of the
shape of "°Mo can be finally solved.

This experiment has been financially supported by the
Academy of Finland and by the access to the Large Scale Facil-
ities programme under the TMR programme of the European
Union. This work is part of a PhD work (J.C. Wang).
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