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Abstract

Measurements of the beta-decay half-lives of neutron-rich nuclei (Mg—Ar) in the vicinity aVtke28 shell closure are
reported. Some 22 half-lives have been determined, 12 of which for the first time. Particular emphasis is placed on the results
for the Siisotopes, the half-lives of which have been extended ¥om?25 to 28. Comparison with QRPA calculations suggests
that42Si is strongly deformed. This is discussed in the light of a possible weakening of the spin—orbit potential.
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1. Introduction deformation occurring if°S. Moreover, the slope of
the two-neutron separation energy for the Si isotopes
together with the ? energy and the f7,> occupation

The investigation of very neutron-rich nuclei pro- number indicate that th&Si has the characteristics
vides a fertile testing ground for our understanding of a doubly magic nucleus, such 4¥Ca. Recently

of nuclear structure. In the region d&f = 28, evi-  the same authors adjusted the interaction to reproduce
dence has accumulated for modifications in the shell the Sing|e_partic|e states ﬁ?S| [15] and interpreted
structure. In particular, the energies aBdE2) for  the reduction between thef7,2 andvps)» orbitals as

the lowest/™ = 2* states of the neutron-rich iso-  an erosion of the spin—orbit force far from stability.
topes3840424§, have been measured via Coulomb This erosion is moderate and the change# at 28
excitation[1,2] and indicate that®*24% are moder-  are predicted to be very small except in the case of
ately deformed|{,| ~ 0.3). These results support an  425j where the doubly closed-shell character is less
earlier suggestion, derived frofrdecay half-life and  pronounced in comparison with that found in R&#]
delayed-neutron emission probability measurements with the 2+ energy decreasing from 2.56 to 1.49 MeV.
[3], of a weakening of theV = 28 shell closure be-  As such, the structure of?Si appears to be quite
low 8Ca. Mass measurements have provided addi- sensitive to the choice of the interaction.

tional evidence through the observation of a drop in with present day detection arrays, nuclear structure
the two-neutron separation energies,) at N = 26 studies viag-decay are feasible for relatively weakly
instead ofV = 28 for the S and P isotopic chaif#. produced nuclei lying far from stability (such as
Furthermore the observation of an isomeric state in ﬁSizs)- For example, it has already been demonstrated
“3S pointed towards the presence of shape coexistencethat valuable nuclear structure information can be
in the vicinity of N = 28 [4]. More detailed informa-  optained from half-lives 11/2) and delayed-neutron
tion on the level structures of the S and Ar nuclei was emission probabilities®,) [3]. In particular, it was
recently obtained from in-beam gamma spectroscopy shown that the Gamow—Teller strength functions, and
experiments employing high-energy fragmentafsn  hence ther/, and P,, depend on the deformation.
6] In particular the energies of th(—fféstates in*Ar We report here on the measurements of ghdecay
and in49425 as well as those of the secont &ates  half-lives of nuclei betweeA®Mg (N = 24) and*8Ar

in 4€Ar and in49424%5 were determined. It was con- (N = 30).

cluded that*°S and“2S are deformedy-soft nu-

clei, while #*S exhibits shape mixing in the low-lying

states. Moreover it was concluded that tNe= 28 2. Experimental techniques and data analysis

shell gap was not large enough to compete against de-

formation. The neutron-rich isotopes of interest were produced
Relativistic mean field calculatiorfg,8], Hartree— by the reaction of a 60 Me}hucleor®Cal* primary

Fock calculations employing different Skyrme forces beam on a 530 um-thick Be target and selected
[9,10], and the Gogny interactiofi1,12] as well as using the doubly achromatic LISE3 spectrom§i&i.
recent Hartree—Fock—Bogoliubov calculations using Five magnetic rigidity settings were employed in
the SLy4 Skyrme interactiofi3] predict both prolate  the present LetterTable 1. Some of the nuclei
and oblate deformed minima in the potential-energy were produced for different spectrometer settings,
surfaces forjaSps. The nucleus}2Sipg is calculated  along with various neighboring nuclei at different
to be strongly oblate deformed by several mod@|s count rates. We could, therefore, compare half-life
11,12] This was interpreted as a consequence of a measurements under different background conditions.
gradual reduction of the size of th¥ = 28 shell The particle identification was performed on an
gap from Z = 20 to 14. Large scale shell model event-by-eventbasis using standaré-TOF identifi-
calculations by Retamosa et dil4] are in good cation techniques. The time-of-flight (TOF) was mea-
agreement with the experiment&l(E2) values for sured with respect to the cyclotron HF and by using
404244 They concluded that an erosion of tNe= 2 PPAC’s located one meter upstream of the collec-
28 gap occurs for the sulfur isotopes with a maximum tion point. The energy-loss\(E) provided for the de-
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Table 1

Spectrometer settings

Setting 48Cabeam Be target Be degrader Rigidities Nucleus of  Rate Other Total rate

number intensity thickness thickness Bpl-Bp2 interest (pps) nuclei (pps)
(HAe) (1m) (nm) (Tm)

1 1 747 220 B57-2468 43p 04 43455 4142 10

39-42g; 37-39| 36g

2 2 747 1054 530-2491 44g 75 39-4%p 75

3 18 562 1054 B51-2451 46¢) 150 44g 155

4 18 679 536 2886-2667 47¢) 0.6 4445 46c| 3

5 18 689 536 2734-2521 48y 35  4ar, 46470 10

termination of the chargeZ) of the fragments. The  Table 2

residual energy was measured in the double-side Si-

strip implantation detector (DSSD). The last Si detec-
tor (500 um) was used as a veto.

The nuclei were implanted in a 1 mm thick 48
48 mn? double-side Si-strip detector (DSSD) divided
into 16 3 mm-wide strips in the horizontal and vertical
directions. This segmentation allowed the location of
the implanted nuclei to be determined which could
then be correlated with thg-rays arising from the
decay. An Al foil of adjustable thickness located
upstream of the implantation point permitted the
nuclei of interest to be implanted at the centre of the
DSSD. Theg-particles were detected using two &0
50 mn? plastic scintillators of thicknesses 500 and

1000 pm located 1 cm either side of the implantation j

detector. Because of the absorption of the low-energy
B-rays in the thick Si implantation detector, thie
efficiency €g) depended on the beta enerd@i(. The
absorption of thes-rays in the Si as a function of the
Eg was derived from a Monte Carlo simulation. The
absoluteg-efficiency was then obtained by adjusting
this absorption curve to the value extracted from a
measurement of th®P decay and then checked using
the decay of'N.

The determination of the half-lives of the nuclei
implanted in a continuous-beam mode requires time-
correlation between thg-rays and the precursor im-
plants to be made. When the total implantation rate
of ions is small in compare with the measured half-
life (< 1/(5 x T1/2)), a very clean correlation is ob-
tained. This condition was fulfilled in the spectrome-
ter settings 1, 4 and 5Téble ). For higher implan-
tation rates, as in settings 2 and 3, the additional re-
quirement of a spacial correlation between fheays
and precursor nuclei was required. As a test, the de-

Half-lives deduced from the present and earlier works

Nucleus T1/2 (msec) T1/2 (msec)
this work literature

3Bmg 39+13
37l 10.7+£13
38 7.6+£0.6
39 7.6+16
39 475+2.0
40g; 330+£1.0
4lg;j 200425
42g; 125435
3% 250+ 80 160"3008-320+ 30°
40p 1254+ 25 260+ 60°-146+ 10°
41p 100+5 120+ 202150+ 15°
42p 485+15 1107592

3p 365+15 33+3°

4p 185425
43s 28227 220 852260+ 15
44g 100+ 1 123+ 104
45g 68+ 2 82413
465 50+ 8
46¢| 23242 223+ 37
47¢) 101+ 6
47pr 1250+ 150 > 70CF
48y 475440

a Ref.[17]; P Ref.[18]; © Ref.[19]; Y Ref.[3].

termination of the half-life of**S was made for two
very different counting rates. In the first spectrome-
ter setting, thé**S rate was 5.5 pps and was accom-
panied by 12 other isotopes, whereas in setting 2 the
count rate was 75 pps with a purity of greater than
96%. Not only were the total counting rates different,
but the other nuclei implanted and their yields were
different. Half-lives of 99+ 2 and 10 + 0.5 msec,
respectively, were deduced. THedecay time-spectra
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Fig. 1. Decay time spectra for isotopes of Ar, Cl, S, P, Al and Mg. llires are the fits including the (un)known components arising from the
decay of the daughter nuclei. The results for the Si isotopes are reported separgigly2in

are displayed irFig. 1 for the isotopes of Ar, Cl, S, is considered in the analysis the decay curve is dis-
P, Al and Mg and inFig. 2 for the Si isotopes. The torted by the blocking of subsequent betas which may
half-lives extracted are listed ifable 2 The fitting include that of interest. This effect is well reproduced
procedure to determine the half-life includes several by our detailed simulations.

parameters: the number of implanted isotop¥s),(

the g-efficiency of the DSSD detectoef), the half-

life (T1/2) and delayed-neutron emission probabilities 3. Results and discussion

(Pxy) of the nucleus and its descendants, and the level

of background. In case the periods or tAg,-values The half-lives derived from the present measure-
of the descendants are not (well) known, the result- ments are listed iffable 2together with previously
ing uncertainties are included in the error bars. ¥he  reported values. In all except one casgpP), the
value was checked to be coherent with that of nuclei present measurements are in good agreement with ear-
with known Q. The background component, which lier work. In the case of?P, the only previously re-
mainly results from multiple links for each-ray, is ported measurement suffered from rather low statis-
directly related to the total implantation rate and can tics and encountered uncertainties in the determina-
be easily shown to be a constant. We note that if only tion of the background componefit7,20] As may

the firstg-particle detected following the implantation  be seen from th&able 2 the present study improves
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considerably on the precision of the earlier measure-
ments. Moreover, some 12 half-lives have been mea-

sured for the first time (in the case &fAr only a
lower limit could be established in RgfL9]). As dis-

257

ory[22]. The ff-strength is a factor of about 26 weaker

than the GT, but feeds states at very low excitation
energy. As a consequence, the half-lives are short-
ened to 62.3 msec farp = +0.3 and to 44.1 msec

cussed below, perhaps the most significant new resultsfor ¢ = —0.3. Larger deformation would not change
are those obtained for the Si isotopic chain, whereby drastically the calculated half-lives (sE#y. 2).

half-lives have now been established out toshe- 28
nucleus*si.

In order to gain some structural insight for the Si
isotopes, we have used the QRPA theory of Mdller
and Randrup[21] in order to determine the half-
lives for various quadrupole-deformation parameters,
g2, between—0.4 and+0.4. We note that the QRPA
model can only handle the same values for the

As the half-lives are stronglyYs dependent, we
have included the corresponding experimental uncer-
tainties in the QRPA calculations of tH#g 2. In this
context, we have taken the most recent experimental
masses measured at GANIL for the neutron-rich Si
isotopes[23]. Fig. 2 shows the results of the QRPA
calculations as a function of the quadrupole deforma-
tion in the39-4%i isotopes. The shaded area delimits

parent nucleus and states in the daughter. The essenthe range of calculated half-lives given the experimen-

tial ingredients of the calculations were as follows.
For eachey value, the wave functions of the parent
and daughter nuclei were determined by solving the
Shrodinger equation with a Folded—Yukawa potential.
The Gamow-Tellers-strength functions SeT(E*))
were then calculated for each stai#,, in the daugh-
ter nucleus in order to deduce tifg/» values through
the equation,

Op
zfsﬁ(E*).(Qﬁ—E*)f’dE*.
0

T2

The normalized intensity of th@-strength function
(Ig(E™)) was defined as,

Sp(E*).(Qp — E)®
fOQﬁ Sﬁ(E*)(Q/S —E*)SdE*

Fig. 3(a) and (b)show theScT(E*) and Ig(E™)
in the case of a spheric&#Si whereby the Gamow—
Teller strength (f7,> — mf7/2) is confined essen-
tially to a single transition at high excitation energy
(~7MeV). As a result, the half-life valuel, =
264 ms, is long. At large deformation, tifestrength

[5(E*) =

tal uncertainties on th@g. It is clearly evident that the
experimental half-lives, represented as dashed lines in
Fig. 2can be reproduced only at large prolate or oblate
deformations. Moreover, the deformation appears to
increase fromes| ~ 0.2in39Sito|e2| > 0.3in*2Si. In
addition to the half-lives, th@, is also sensitive to the
deformation. Irf*2Si, the single-neutron separation en-
ergy (S,) is very close to 6 Me\[23] and is indicated

by the arrow inFig. 3. In the spherical case, all the
strength is located above the neutron-emission thresh-
old, leading to aP, of 100%. TheP, decreasesto 72%
for extreme prolate deformationf= +0.3) and to
38% for the oblate case. Including the ff-transitions,
the P, drops to 50% in the spherical and prolate cases
and to 32% in the oblate case. It is clear that a mea-
surement of theP, values of Si isotopes would give
more insights into the deformation in this region.

From the comparison between the measured and
calculated half-lives for thé?Si, we infer that it is
strongly deformed. We note that the oblate deforma-
tion is in somewhat better agreement with the ex-
perimental value. This result also agrees with the
observation at RIKEN of theV = 29 nucleus*3Si
since its stability was interpreted as a possible sig-

becomes fragmented and is shifted to lower energies nature of deformation in this regid24]. Indeed, the

(Fig. 3(c)—(f) due to the energy splitting of thé;,»
proton orbital. Consequently, we find shorter half-
lives: T1/2 = 88 ms fore; = +0.3 and7y2 = 55 ms

for ¢2 = —0.3. These values are somewhat closer to
the experimental half-life of 18 4+ 3.5 msec. More-
over, part of theg-decay strength could occur through
vf7/2 — mds; first-forbidden (ff) transitions whose
contribution has been callated using the Gross the-

stability of this nucleus is in contradiction with the
finite range drop model (FRDM) which predicts a
single-neutron separation energy-af.68 MeV, while

the extended Thomas—Fermi plus Strutinsky integral
method (ETFSI) suggests th&tSi is bound §, =

0.6 MeV). The main difference between the two ap-
proaches lies in the degree of deformation—the ETFSI
predicting a larger deformation than the FRDM for the
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Si isotopes aroundv = 28, indicating that the shell
closure may have been overestimated by the FRDM.

This suggestion of strong deformation of the Si
isotopes agrees also with Reinhard et[aD] who
have employed Hartree—Fock calculations and several
effective interactions to stud$*S. They have shown
that the ground state configuration is very sensitive
to the choice of the Skyrme force and concluded
that deformed nuclei are found in the cases of a low
vf7/2—p3/2 energy difference—i.e., a smaV = 28
gap. On the other hand, the role of the protons has
also been pointed out as a major contribution to the
quadrupole collectivity in the neutron-rich S isotopes
[5]. This may be traced to the smatldz/o—ms1/2
energy differencg14,25] In $2Si, these orbitals are
not yet filled, and we may expect a stabilization of
the Z = 14 subshell closure. Moreover, experimental
data from Cad,%He) reactions suggesf&5,26] that
the gap atZ = 14 between therds,»> andn s/ orbits
is even larger fotv = 28 (5.0 MeV) than forN = 20
(4.2 MeV). We thus believe that the protons do not
contribute significantly to the deformation of the Si
isotopes. Can we therefore conclude that she- 28
shell gap vanishes in the neutron-rich Si isotopes?

In this context we note that Lalazissis et[d]] pre-
dict a well deformed oblate minimum in the potential
energy surface of2Si. The evolution of theV = 28
isotones from a spheric&fCa to the strongly oblate
deformed*?Si was attributed to the reduction of the
sphericalN = 28 gap. In these relativistic mean field
calculations, the spin—orbit potential is considerably
reduced in neutron-rich drip-line nuclei; a reduction
which is especially pronounced in the surface region.
For the Mg isotopes, going frony = 20 to 28, the
energy splitting decreases from 1.2 to 1.0 MeV for
the 2p1/2—2p3/> spin—orbit partners and from 7.0 to
5.5 MeV for 1fs5/2—1f7,2. A similar reduction is ob-
served in Ref[11] where the spherical shell gap at
N =28 is 5.6 MeV in%'Si and 3.5 MeV in*?Si.
Our QRPA calculations suggest a spherical gap around
3.4 MeV. The deformation in the Si isotopes could
then be interpreted as a direct consequence of the mod
ification of the spin—orbit force far from stability re-
sulting from the increase of the surface diffuseness
in such loosely bound neutron-rich nuclei. Thé#sSi
may be the ideal candidate to measure experimentally
the reduction of theV = 28 gap due to the reduction
in the spin—orbit force far from stability.

S Gréwy et al. / Physics Letters B 594 (2004) 252-259

In order to proceed further, it will be necessary
to confirm more directly the deformation of the Si
isotopes and to determine experimentally the size of
the neutron-shell gap if?Si. A direct measure of
the deformation can be obtained from Coulomb ex-
citation, but such an experiment require much higher
beam intensity than presently available. In bepam
spectroscopy measurements can be undertaken at rela-
tively low intensities (see, for example, R§27]) and
may permit the energies of theé"Znd 4" states to be
established. In the next few years, second-generation
radioactive beam facilities will hopefully provide a
425j beam with sufficient intensity to perform(d, p)
reaction measurement, thus providing access to the
single-particle energies f¥Si.

4. Conclusions

We have reported here on measurements of the
beta-decay half-lives of veryeutron-rich nuclei in the
region of theN = 28 shell closure. Some 22 half-
lives have been determined, including 12 for the first
time. In the cases for whiameasurements already ex-
isted the precisions have been considerably improved.
Through comparison with QRPA calculations we con-
clude that the neutron-rich Si isotopes are deformed.
In the case of?Si a deformation (possibly oblate) of
le2] > 0.3 was deduced. Links to a possible weaking
in the spin—orbit potential have been discussed. More
experimental work is clearly required to confirm the
suggestions made here. In particular, a direct measure-
ment of the deformations would be highly desirable,
although probably not feasible in the near future. Mea-
surements of the delayed-neutron emission probabili-
ties and the position of the first-states are, however,
feasible and can be expected to be undertaken in the
very near future. Similarly, the decay schemes of the
nucleiinvestigated here would also provide constraints
on our interpretation of their structure. Future papers
will report on the results of the analysis of beta-gamma
and beta-neutron decay data sets obtained in parallel

with the work described here.
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