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Abstract

Beta decay of?Mn has been studied at PSB-ISOLDE, CERN. The intense and pure Mn beam was
produced using the Resonance lonization Laser lon Source (RILIS). Based on the mgadecag

rates the ground-state spin and parity are proposed §G 5e5/2~. This result is consistent with the
systematic trend of the odd-A Mn nuclei and extends the systematics one step further towards the

neutron drip line.
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1 Introduction

Among the most fundamental properties that can be experimentally determined for a given nucleus
are ground-state spin and parity. Systematical studies of nuclei over large range in proton and neutron
numbers give information on the nature of the states ranging from single-particle to the strongly-mixed
collective ones. In addition, the knowledge of the ground-state spin lays necessary foundation for detailed
studies of nuclear level structure.

Along the isotopic chain of Mn nuclei the ground-state spin and parity have been determined firmly
from “8Mn up to °®*Mn. The low-lying level structure in the odd-even Mn nuclei is characterized by a
5/2~ - 7/2= doublet. In a framework of the extreme single-particle shell model the i&te is due to
the 25th proton which is in thef; ; subshell. Nature of the low-energy levels in the odd-A Mn isotopes
betweer’?~5"Mn has been studied by Puttaswamy et al., [1]. Indeed, the §#@e was found to have
a strong single-particle nature unlike the other states including the IBi&| which possesses a very
strong collective character. Nucleon-nucleon interaction forces the statd Wwitlb/2~ to be the ground
state for all the odd-even Mn isotopes between A = 49 and 57 exceptVior. The closed neutron shell
with N = 28 in the case of*Mn leaves a possibility for the odd proton to define the ground stat€’ as
=7/2".

Using the heavy-ion fusion evaporation reactidéga(>C,pny°Mn, Pardoet al.,[2] were able to
detect allowed3 transitions to the lowest five excited states’fre. However, due to the fact that the
branching ratio for the transition to the ground staté’ire could not be determined, only lower limits
for the logft values for the individual transitions could be set. Therefore, the question of the spin of the
ground state of’Mn was left unsolved in that work but was restricted to be"325/2~ [2]. In addition,
the experimental probes such as thei(*He, ®B) reaction [3], thes decay of?Cr [4] and the’’Co(r~,

71) reaction [5] have been used in studies't¥In. Information obtained on the low-lying levels have

been restricted to the mass excess of the ground state [3] and to the observation of two excited states at
~1.3 MeV [4]. Knowledge of the level structure of the daughter nuctéBs has been later on improved

by the5®Fe(d,p) [6] and?®Fe(n;)) [7] reaction studies. In addition, recently a Coulomb excitation study

on the secondary’Mn beam was performed at NSCL using fragmentatiofi*d{i[8] but the analysis

suffers from the uncertainty of the ground-stdfeof *Mn.

An experiment o decay of?Mn was performed at the ISOLDE on-line mass separator facility at
CERN using the Resonance lonization Laser lon Source (RILIS). A high yiele d62at/.C for 5*Mn
obtained made possible a high-precision half-life measurement and determinatiateocy feedings,
particularly to the ground-state 8tFe. In this paper we report on these measurements for determining
the ground-state spin 6fMn based on thg-decay transition rates observed.

2 Experimental methods

Mn nuclei were produced in spallation reactions in a 50 g/éimck Nb-foil target induced by 1
GeV pulsed proton beam from PS-Booster at CERN. In general, the PS-Booster provides 12 pulses of
intensity of 3<10'3 protons/pulse within 14.4 s supercycle. The distance between the successive pulses
is 1.2 s. During the experiment typically 7-8 pulses of these within one supercycle were taken into the
ISOLDE target. After ionization the extracted ions were mass separated in the General Purpose Separator
(GPS) and implanted into a movable implantation tape surrounded by the detection setup described
below.

The laser ion source at ISOLDE is based on the method of resonant laser ionization in a hot cavity.
Detailed description of the RILIS concept used at ISOLDE has been given in [9]. In short, the ionization
occurs inside a hot capillary tube where the laser light is guided through a quartz window in the vacuum
chamber of the separator magnet. Mechanical and chemical stability reasons limit the material of the
capillary to refractory elements such as Ta, W or Nb. The capillary is kept hot, typically in 2200 K, to
prevent sticking of the produced atoms at the walls of the tube. Thus, the wall acts as a surface ionizer
and reduces the selectivity of the LIS due to ionisation of the elements with low ionisation potentials. On
the other hand, this surface ionization character allows the target to be used more effectively and even
in the absence of laser ionization. Excitation schemes for Mn isotopes have been studied by Fedoseyev
et al. [10]. In this work we used the scheme shown in Fig. 1. This scheme was found to have the best
relative ionization efficiency. This is due to capability of the third-step transition to resonantly excite the



autoionizing state above the ionization potential of 7.44 eV. The yields observed for Mn nuclei during
the experiment have been reported in [11].

The measurement set-up was placed in a close geometry around the implantation position and
consisted of & telescope and a coaxial Ge detector with relative efficiency of 70%-fay detection.
The 3 telescope was a combination of a thin 2-mm-thick scintillator, which provided the trigger signal
for the event, and a 20-mm-thick planar Ge detector. Two energy signals with different amplifications
were taken out from the planar detector. A low-gain signal was used for high-efiatgiection and a
high-gain signal to search for low-energyrays. Data was collected in list-mode by using the GOOSY
acquisition system. In additiorj-gated~-spectra and3-multiscaling spectra were collected with the
SAM acquisition system from IReS, Strasbourg. Fhmtensities were measured with the coaxial Ge
detector. The relative efficiency calibration for this detector was obtained using the souré&dvior,
5TMn and”Ga collected online. The detection efficiency for theys in coincidence with thé particles
was determined using the well-known decayd€. The largest uncertainty was induced by the counting
statistics ing and g-gatedy spectra.

Two runs were performed f6f Mn, first one with the maximum number of proton pulses available
to maximize the counting statistics for theray intensities. The second run was made with only one
pulse per supercycle of the PS-Booster (14.4 s) with a short collection period of 50 ms. The latter run
had two aims: to minimize deadtime and to have a long decay period for half-life analysis within the 14.4
s supercycle. The implantation tape was moved after every 20th pulse.

3 Results

The half-life of ?Mn was determined from thg decay rate measured with the thin scintillator
and the multiscaling acquisition system. Single exponential curve with a constant background was fitted
into the multiscaling spectrum gf-rays. The new value obtained i/} = 4.59(5) s. Agreement with
the previous value of T/, = 4.6(1) s [2] is excellent.

The total number off particles due td°Mn decay was deduced from the listmode data collected
with the multiparameter system (GOOSY). First, the time spectrum of tharticles was fitted with a
single exponential plus a constant background. The half-lif€ iih was fixed to the new value given
above. Then, the amount of background given by the constant was subtracted from the total number of
counts to obtain the number @fparticles due t6°Mn decay. The assumption of a constant background
is justified since all the background activities observed have half-lives longer than 40 f&a$7Sc,
47Ca resulting from the previous mass scafi€o and the daughté?Fe.

Fig. 2 shows the3-delayedy spectrum observed in the coaxial Ge detector. List of+tHimes
assigned to the decay &tMn is given in Table 1. Assignments were based on the previously known
level scheme of?Fe. Altogether, we observed t6rays compared to 9 rays reported in the previous
work [2]. Other weaky lines were also observed but these could not be assigned to any known activity.
These were registered during the run for the maximum statistics and the time structure of the proton
pulses was not suitable for half-life analysis. The strongest of these were the 191, 2020 and 2294 keV
lines for which the relative intensities varied between 0.7 and 1 %. However, these were most likely due
to the beta decay 6P Mn as well, since it was the only activity producedat= 59.

Comparison of they-peak intensities and the totgtdecay intensity lead to the decay scheme
shown in Fig. 3. The population of a certain level was determined as follows. The intensity of the
strongesty transition de-exciting the level in question was adopted from the present measurement. Rel-
ative intensities of the other transitions de-exciting the same level were adopted from the literature [12]
and normalized using the strongest transition observed. Finallg, fleedings to the levels were obtained
by using an intensity balance method. The branching ratios and the deduged/ébges are given in
Table 2.

4 Discussion

In the previous studies, the ground-stafeof 5°Mn has been deduced to be 3/ar 5/2 [2, 12].
In the present work, allowed beta transitions were observed to lead to the ground state and to the 473, 571,
726 and 1162 keV states in consistency with the previous spin/parity assignments. Our assignment for
the ground-state spin/parity is based on theftogalues of transitions to the 172- and 7/2 - states. If
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the ground-state spin was 3/2 there is a possibility for allowed transitions to feed the known levels at 287,
1211 and 1962 keV that havE = 1/2~. However, no feedings to these states were observed. As shown
in the Table 1, feeding to the 287 keV level is zero within the experimental uncertainty. The 1211 keV
peak was observed but completely explained by the decay of the contariBanEeeding of the 1962
keV state should be accompanied by an 1235 kd¥ansition. However, no such a peak was observed.
An upper limit of <0.02% can only be set for th&-decay branching ratio to this state corresponding to
logf°t > 7.4 and logf't > 8.8. On the other hand, relatively strong transitions were observed to feed
the states at 1023 keV and 2349 keV that h&Ve- 7/2~ and (7/2) , respectively [12]. In particular, the
transition to the 2349 keV level has a ltf4 = 6.04(7) that is very close to the value of an allowed GT
transition [13]. In addition, logf't = 7.38(8) for this transition is within the limit corresponding t&d =
0,1 transfer: logf ' t;;mi: < 8.5 [13]. Thus,AJ = 2 is excluded for that transition leaving (5/2, 7/2, 9/2)
as only possibility for the ground-state spin/parity. Similar argument, though weaker, is valid in the case
of the transition to the 1023 keV level. These observations supporfthé/2- for the ground state of
%Mn instead of 3/2. Additional support is given by the level systematics of the odd-A Mn isotopes
shown in Fig. 4 [14]. The lowest 3f2state between A = 51 and 57 has been found at A = 57 and lies
at 850 keV. This is far above the low-energy 5/2and 7/2" - states that typically compete in forming
the ground state in these nuclei. Based on the evidence given above we sliggé&~ for the ground
state of?Mn.

The observation of the 2348.9(9) keV and the non-observation of the 1137-kay6 allow us to
clarify the problem found in the case of the 2348.2(4) keV level [12]. Assignmerit ef(7/2)~ is based
on a (d,p)-reaction study with a relatively poor resolution resulting in a level energy of 2345(10) keV [6].
A level with an energy of 2348.2(4) keV was observed i meaction work [7] and was shown to decay
totally by 1137 keVy-ray to the 1211 keV state with™ = 1/2~. These levels have been adopted to be
the same so far with a comment [12] that two different levels very close to each other might be excited in
the two reactions used in [6, 7]. Jif = 7/2" for the level observed in [6] it would imply an M3 transition
to the 1211 keV level. This should be drastically hindered compared to a E2 transitiontd th&/2~
ground state ofFe i.e. using the Weisskopf estimate@13, 1137 keV)t+(E2, 2348 keV)~ 2x10°.
This is in contrast to previous findings and, in fact, the observation of the 2348.9(9)-kay in our
spectrum is consistent with existence of two levels. Most likely the allowei@cay populates the J
= (7/2)~ state with an energy of 2348.9(9) keV which subsequently decays to the ground st#e.of
Thus we suggest that the 1137 ke¥transition, which is not observed in our spectrum, does not de-excite
that level but is related to another one with possibly diffec€htWe also note that fragmentation of the
1f7/2 intruder strength has been considered to prevent the formation of shape coexistence in this region
[15]. Based on the level energy considerations the observed state could be a candidate to contain a part
of this strength [16].

5 Summary

Resonance lonization Laser lon Source has been employed for productitvirofiuclei at PSB-
ISOLDE on-line mass separator facility at CERN. Based on the obsérteahsition rates and the level
systematics the ground-state®8Mn is suggested to havé & 5/2~. In addition,3 decay populating the
2348.9(9) keV level inFe could be used to solve a discrepancy between the previous reaction studies.
In addition, this level is a good candidate to contain a part of the fragmenfted intruder strength
considered to prevent the formation of shape coexistence in the region.
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Table 1: Gamma-ray intensities measured in this work followingidecay of?Mn.
E(keV)this work  E(keV)ref. [12]  Eioptea(keV)  transition 1 (rel)

287.03(13) 287.02(2) 287.02(2) 289.s. 11.0(11)
439.22(16) 439.43(4) 439.42(4) 2187 3.7(5)
452.8(11) 452.32(11) 452.33(11) 102371 0.38(25)
472.74(15) 472.71(9) 472.72(8) 473).s. 68(7)
570.76(16) 570.81(5) 570.81(5) 571.s. 53(6)
591.1(3) 591.20(3) 591.20(3) 116571 22(3)
689.2(3) 688.6(5) 689.08(23) 1162473 0.81(17)
726.30(17) 726.7(3) 726.40(15) 724).s. 100(10)
874.82(19) 875.12(5) 875.10(5) 116287 6.9(8)
1023.0(4) 1023.07(17) 1023.06(16) 1628.s. 0.21(16)
1161.7(3) 1162.17(8) 1162.12(8) 1163.s. 3.6(5)
1235 1235.54(4) 1235.54(4) 1962726  <0.05
1545 1544.8(9) 1544.8(9) 27571211 <0.08
1569.4(7) 1569.88(8) 1569.87(8) 15%@.s. 1.13(18)
1918.2(8) 1918.71(8) 1918.71(8) 1929.s. 0.21(6)
2159.9(10) 2160.20(6) 2160.20(6) 244287  0.37(9)
2348.9(9) 2345(10)ref. [6] 2348.9(9) 2349g.s. 0.93(15)
total G-intensity 316.6(5)

Table 2: Beta-decay branching ratios andflogalues in the3 decay of?Mn.

Ef(keV) N b(%) logf°t  logf't
0 32 25(5)  5.34(8)
473 5/2- 21.3(22) 5.21(5)
571 5/2- 9.8(19) 5.50(8)
726 312 33(4)  4.91(4)
1023 712 0.30(13) 6.81(19) 8.48(19)
1162 312 10.4(8) 5.19(4)
1570 5/2- 0.36(6) 6.43(7) 7.98(7)
1919 3/2 5/2t  0.09(2) 6.84(10) 8.30(10)
1962 1/ <0.02 >7.4 >8.8
2349 712y 0.29(5) 6.04(7) 7.38(8)
2447 (312) 0.19(4) 6.17(8) 7.48(8)

2757 1/2,3/2" 5/2F <0.024  >6.8 >8.1
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Figure 1: Laser ionization scheme used in this work for Mn.



Fig. 2.
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Figure 2:5-delayedy spectrum observed in the coaxial Ge detector.
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Figure 3: Proposed decay scheme TWIn. The solid arrows correspond to the lines observed in this
work. The dashed arrows are the transitions whose intensities have been taken from ref. [12]. See the text
for more details.
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Figure 4: Level systematics of the odd-A Mn isotopes frdm= 51 to A = 59 showing the low-lying
JT =3/27,5/27 and7/2~ states.



