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b decay of 49,50Ar
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Information on grossb-decay properties of neutron-rich noble gas isotopes49,50Ar was obtained at the
PSB-ISOLDE facility at CERN using isobaric selectivity achieved by the combination of a plasma ion source
with a cooled transfer line and subsequent mass separation. A doubly charged beam was used in the case of
49Ar to suppress the corresponding multicharged background from heavier noble gas fission products. The
comparison of the obtained data with results of quasiparticle random-phase approximation calculations indi-
cates that theN528 shell is not disturbed significantly for neutron-rich Ar nuclei. The obtained results are
useful for better understanding of the origin of the48Ca/46Ca isotopic anomaly discovered in inclusions from
the Allende meteorite.
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I. INTRODUCTION

The interest in the nuclear structure of the neutron-r
nuclei around doubly magic48Ca has both nuclear physic
and astrophysics origins. The experimental data fr
GANIL and NSCL indicate a significant degree of collecti
ity in the correspondingN528 sulfur and chlorine isotope
@1–4#. On the other hand the effect of theN528 shell clo-
sure persists in46Ar @3#. The mass region of interest is qui
challenging for theoretical calculations due to the ‘‘so
potential-energy surface that results in rapid nuclear-sh
changes. In general, several recent theoretical studies@5–10#
have confirmed the experimental results. Nevertheless, a
questions regarding the origin of the observed collectiv
are still open. For example, it is not completely clear whet
the observed collectivity has static or vibrational origin@11#.
It is also argued that the investigated isotopes are collec
due to shifts in the proton single particle energies rather t
weakening of theN528 shell @12#. Therefore new experi-
mental information is highly desirable for further investig
tion of the region. In this context, the heavier neutron-r
argon isotopes are of considerable interest.

Knowledge of the nuclear properties of these isotope
also important for understanding a long persisting as
physical puzzle, the Ca/Ti/Cr isotopic anomalies observe
some meteoritic inclusions. Especially striking isotop
anomalies were discovered in the refractory inclusions of
Allende meteorite@13,14# where the ratio of abundances
the 48Ca/46Ca isotopes was found to be approximately fi
times higher than the corresponding value for the solar s
tem. These meteorite inclusions, most likely, were form

*On leave from Dept. de Fı´sica Atómica, Molecular y Nuclear,
Unı̀versidad Complutense, E-28040 Madrid, Spain.
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from not completely mixed matter at the earliest stage of
solar nebula; therefore, they may provide unique informat
on specific nucleosynthesis processes. For the most plau
astrophysical scenario, theZ<20 and N'28 neutron-rich
isotopes are the progenitors of the stable48,46Ca, therefore,
their nuclear properties are important input parameters
astrophysical network calculations@15#. In most of the cases
even the gross nuclear decay properties, such as half-
and neutron emission probabilities,Pn , are very useful. This
was demonstrated in experimental studies performed
GANIL and ISOLDE where half-lives andPn values of the
neutron-rich 48251K, 43P, 42245S, 44246Cl, and 47Ar iso-
topes were measured@1,2,16–18#. At present, the decay
properties of neutron-rich argon isotopes are the least kn
compared to other nuclei relevant to the48Ca/46Ca anomaly.
As 48Ar is the main progenitor of the48Ca isotope, the lack
of information on its decay properties limits considerably t
predictive power of the astrophysical network calculatio
@15#.

Even though the neutron-rich argon isotopes were
served at GANIL up to51Ar by fragmentation of a 55 MeV/
nucleon 48Ca beam@19#, the low yields obtained for very
neutron-rich fragmentation products made it difficult to pe
form reliable measurements at that time. The neutron-rich
nuclei can also be produced at ISOL facilities. For instan
bombardment of a standard ISOLDE uranium carbide tar
with a 1–1.4 GeV proton beam from the CERN proton sy
chrotron booster~PSB! facility provides sufficient yields of
neutron-rich asymmetric fission~ASF! argon products@20#
to perform such a measurement. However, a number of
perimental difficulties significantly hinder such measu
ments. While mixed beams of radioactive nuclei can be u
at fragmentation facilities, where measurements of ene
losses and time of flight allow unambiguous identification
various species, such a measurement at an ISOL facility
©2003 The American Physical Society14-1
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quires high purity of the radioactive beam. This purity can
achieved only by using the chemically selective ion sourc
In general, ionization of noble gas products is difficult a
requires chemically nonselective plasma ion sources that
ize the whole isobaric chain. Using a cooled transfer l
between the target and the ion source adds the nece
element selectivity by condensing and depositing all n
volatile reaction products, except the noble gases. Thus,
noble and some other gas products are transported via
cooled line, ionized in a plasma ion source, and subseque
extracted and mass separated. The extracted singly cha
ASF argon products, however, cannot be mass separ
from multiply charged krypton and xenon symmetric fissi
~SF! noble gas products that have the sameM /Q ratio. Even
though the ionization efficiency of a plasma ion source
much lower for ionization of multiple charge states, the
target SF productions are, in many cases, few orders of m
nitude higher than the corresponding values for the A
products. This results in an overwhelming doubly charg
krypton and triply charged xenon background for the sin
charged argon beam. This experimental problem may be
sponsible for the fact that since the earlier45,46Ar study @21#
no significant progress has been made in the investigatio
neutron-rich Ar isotopes using the ISOL method.1

An additional complication for the measurement of nob
gases is their fast diffusion from the implantation materia
For a given implantation energy the fraction of diffused io
depends on the implantation host and the diffusion time v
ies considerably for different noble gas species@23#. There-
fore, it is virtually impossible to extract information on th
decay of an argon isotope only fromb and neutron decay
profiles when a cocktail of noble gas ions is implanted
pure argon beam has to be produced for a reliable meas
ment.

In this paper we address a possible way to partly ov
come the above mentioned experimental difficulties, and
thermore report on the experimental results for49,50Ar and
discuss their implications.

II. EXPERIMENT AND RESULTS

Neutron-rich argon isotopes were produced in fission
actions induced by a pulsed beam of 1.4 GeV protons
31013 protons per pulse! from the PSB accelerator imping
ing on a standard ISOLDE uranium carbide targ
(50 g/cm2 U).

The reaction products effused from the target heated
about 2000 °C via a low-temperature, water-cooled tran
line to a standard FEBIAD type plasma ion source, where
ionization by plasma discharge took place@24#. The tempera-
ture of the transfer line was kept at about 50 °C, provid
efficient condensation of possible isobaric contaminants
95%/5% mixture of argon and xenon was used as support
for the plasma discharge. The ratios of efficiencies of ioni
tion for different charge states were determined for the th
noble-gas elements by measuring mass separated cur

1An exception is a Brief Report on the half-life of47Ar @22#.
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For the Ar11-Ar31 and Xe11-Xe41 mass-separated beam
the relative efficiencies were measured with a standard
aday cup. For the higher charged Xe and for the Kr bea
the intensities of the mass-separated long-lived radioac
isotopes produced by proton bombardment of the target w
measured with ab counter. The ratios were found to be
Ar11: Ar21: Ar3151050:125:1, Kr11: Kr21: Kr31: Kr41

560 000:6000:30:1, Xe11: Xe21: Xe31: Xe41: Xe51:
Xe615300 000:33 000:5500:80:1:2.5. The measured e
ciency ratios strongly depend on various ion source par
eters such as anode voltage, internal magnetic field, and
get line temperature@25#. All source parameters wer
therefore kept unchanged during the measurements and
efficiency ratios obtained for the stable isotopes were
sumed to be the same for the radioactive isotopes. The l
age of non-noble-gas elements through the cooled line
found to be negligible for the masses of interest.

The highest available, 1.4 GeV, energy of protons w
chosen to enhance the ASF production in respect to the s
metric fission@26#. Ionized neutron-rich noble-gas isotope
were extracted, mass separated, and implanted into an al
nized mylar tape, which allowed to remove the long-liv
daughter activity from the detector setup. The implantat
point was situated in the center of a cylindrical 4p neutron
long counter. The detector consists of 12 parallel-coup
3He proportional counters embedded in a paraffin moder
@27#. The implantation point was placed close to a 125-mm
Kapton window transparent to high-energyb particles. A
1.5-mm-thick plastic detector was positioned close to
Kapton window for detection ofb particles. Several 50-cm
long optical fibers guided the scintillation light to two pho
tomultipliers placed outside the neutron counter barrel. O
coincidences between fast time signals from two photom
tipliers were considered as a true detection of ab particle.
This allowed for the reduction of random electronic noise
a level of the order of 1 Hz. The detection times of t
thermalized neutrons andb particles were recorded by a pre
cise time-stamping module based on a 10-MHz clock w
32 bits time resolution. Each registered event consisted
the time relative to the proton beam hitting the target, an
pattern word to indicate whether the event was triggered b
neutron or ab particle. This allowed to produce bot
‘‘singles’’ time decay spectra of neutrons and betas indep
dently, as well asb-neutron time correlations. The detectio
efficiency of the neutron long counter was measured wit
calibrated Am~Li ! neutron source and was found to b
19(1)%. Thedetected random neutron background was o
0.3 Hz. The efficiency of theb detector was calibrated b
simultaneously fitting theb and neutron time spectra of th
known 94,96Kr isotopes@23# and by comparison of the num
ber of neutron-b correlations with the number of neutro
counts @28#. The b detector efficiency was found to b
5.5~10!%.

The yields of the singly charged argon isotopes are co
pared in Fig. 1~a! to the yields of the corresponding mult
charged Kr and Xe symmetric fission contaminants. The
ter were obtained by scaling the yields for singly charged
and Xe ions@23# with the measured ratios of ionization effi
4-2



ca
on
e

d

m
in
e
-

-
re
to
tio
te

F

th

, i
ng

the
ms,
ery
.4 s.
ll

the
of
-
-
ly
ent

e

ure

in
s
e

ed
bly
d
ms

the
ent

on

on

ly

the
to
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ciencies for the corresponding charge states. The43,44,49Ar
yields were measured for doubly charged ions~see below!
with low multicharged SF background and subsequent s
ing by the ratio of the singly and doubly charged ionizati
efficiencies. Due to the SF background it was not possibl
determine the yield for47,48Ar, even with a doubly charged
beam. The yield for50Ar was measured for a singly charge
beam.

When the multicharged SF background is of the sa
magnitude as the yields of the ASF isotopes, the determ
tion of decay properties, from the decay profiles, becom
virtually impossible due to the complexity of the fitting pro
cedure. Only for the most exotic isotope,50Ar, the contami-
nations do not present a problem@Fig. 1~a!#.

The situation can be improved for49Ar by mass separa
tion of doubly charged argon ions. In this case the cor
sponding SF contaminations are quadruply charged kryp
and sextuply charged xenon isotopes. Since the ioniza
efficiency is reduced significantly for the higher charge sta
the SF background is much lower. As is seen in Fig. 1~b!, the
doubly charged49Ar beam is practically clean from the S
contaminants. Thus a measurement for doubly charged49Ar
can be performed though compromising significantly on
overall yield. The measurement of doubly charged48Ar is
still hindered by multicharged fission products. In addition
cannot be completely mass separated from a strong si
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FIG. 1. ~a! Comparison of the yields of singly charged arg
~diamonds!, doubly charged krypton~triangles!, and triply charged
xenon~squares! isotopes. b. The comparison of the yields of doub
charged argon~rhombus!, quadruply charged krypton~triangles!,
and sextuply charged xenon~squares! isotopes.
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charged beam of the24Ne ASF product.
The time decay spectra measured in theb and neutron

detectors for singly charged50Ar are presented in Fig. 2
together with the results of the fit. The beam-gate, i.e.,
time period when ions were implanted, was set to 100
and was opened after a short 10-ms delay following ev
proton pulse. The duration between proton pulses was 8
The tape was moved in 7 s after each proton pulse. A sma
fraction of ions, less than 5%, was implanted next to
tape, resulting in the buildup of a constant background
longer-lived activities in theb time spectrum. The measure
ment was performed during 5 h corresponding to 2150 pro
ton pulses on the target. To verify the purity of the sing
charged50Ar beam we have performed a short measurem
at mass A5100. No signal from a singly charged100Kr was
observed, ensuring the absence of doubly charged100Kr in
the spectrum at massA550. Theb and neutron spectra wer
fitted simultaneously by a decay chain that included50Ar,
50K, 50Ca, 50Sc, 49K, 49Ca, and 49Sc nuclei. A constant
background was also included in the fit. The fitting proced
is described in detail in Ref.@23#.

The half-lives andPn values of the 50Ar descendants
were varied in the fit within the uncertainties tabulated
Ref. @29#. The efficiencies of theb and neutron detector
were varied in the fit within the limits deduced from th
calibrations. The obtained values for the50Ar half-life and
Pn value are 85~30! ms and 35~10!%, correspondingly.

As the analysis of the time spectra of the singly charg
49Ar was hindered by the presence of a strong dou
charged98Kr component, only data for the doubly charge
49Ar beam were taken. The beam-gate was set to be 200
after every proton pulse and a 20 ms delay. Theb and neu-
tron time decay spectra taken for the doubly charged49Ar
beam are presented in Fig. 3 together with the results of
fit with the corresponding decay chains. The measurem
was performed for 3 h~1320 proton pulses on the target!.
The values obtained from the fit for the half-life and neutr
emission probability are 170~50! ms and 65~20!%, corre-
spondingly.

β50Ar

C
ou

nt
s/

20
m

s

n

Time (ms)

C
ou

nt
s/

20
m

s

0

20

40

60

80

100

120

0
10
20
30
40
50
60
70

200 400 600 800 1000 1200 1400

FIG. 2. Theb and neutron decay time spectra measured for
singly charged50Ar beam. The constant background contribution
the fitting is not shown.
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The quality of the data for both the49,50Ar isotopes does
not allow to perform a more careful analysis including t
fraction of argon atoms that diffused from the tape. Howev
as was noticed in Ref.@23#, the diffusion effect on the ob
tained half-lives is negligible if the duration of the collectio
time is larger than the time of diffusion. Comparing the d
fusion times for He and Kr ions obtained in Ref.@23#, the
diffusion time of argon implanted at 60-keV energy can
estimated to be of the order of 50 ms. Therefore the ab
condition is satisfied for our data and the diffusion effect c
be neglected within the experimental errors.

III. DISCUSSION

The major interest in the nuclear structure around48Ca is
associated with the discovery of the rapid weakening of
N528 shell in the44S and 45Cl nuclei @1,2#. A few theoret-
ical and experimental studies motivated by this experime
finding @3–6,8–10# pointed out towards large deformation
44S and neighboring lighter nuclei. However, the effect
theN528 shell closure persists in the46Ar. There is quite a
big uncertainty in the theoretical predictions for the heav
argon isotopes. The available theoretical predictions
46,48,50Ar include the large scale shell model calculatio
@8,10#, the Hartree-Fock-Bogolyubov, and the relativis
mean-field~RMF! calculations@5,6#, as well as predictions
of the finite range droplet@30# and the extended Thomas
Fermi with the Strutinsky-integral models@31#. The pre-
dicted nuclear shapes for48,50Ar nuclei range from spherica
to moderately oblate shapes withb2'20.25. According to
the theoretical description the nuclei of interest areg soft in
character@6,8#, thus the extraction of nuclear deformatio
from the B(E2) matrix elements measured in the Coulom
excitation experiments@3,4# is not a straightforward proce
dure.

Although one does not expect to obtain detailed inform
tion about nuclear structure from gross nuclear proper
such as theb-decay half-life andb-delayed neutron prob
ability, taken together these two values often lead to so
first insights into nuclear structure. BothT1/2 and Pn are
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FIG. 3. Theb and neutron decay time spectra measured for
doubly charged49Ar beam. The constant background contributi
to the fitting is not shown.
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determined by theb-strength functionSb(E). While the
half-life is dominated by the lowest-energy part in th
b-strength function, theb-delayed neutron-emission prob
ability is sensitive to feeding to the energy region just abo
the neutron separation energySn . SinceSb(E) strongly de-
pends on nuclear deformation, the measuredT1/2 andPn do
as well, but this dependence is not always trivial~see the
discussion in Refs.@23,32#!. Therefore information on
nuclear structure may be obtained from the relative mag
tude ofT1/2 andPn . It can be accomplished by compariso
of the experimental data with the results of theoretical cal
lations. The b-decay half-lives andb-delayed neutron-
emission probabilities for49,50Ar were calculated using a mi
croscopic quasiparticle random-phase approximat
~QRPA!, see Refs.@33–35#, that has been enhanced to a
count for first-forbidden decays. The latter were calculated
the statistical gross theory@36,37#. Typical contribution of
the first-forbidden decays in theb-strength function is of
order of 10–15 %. The folded Yakawa potential and Lipki
Nogami pairing interaction were used in the model@37#. As a
first step, theb-strength distribution was calculated assu
ing a certain nuclear deformation. The half-lives were o
tained by summing up all the transition probabilities to t
states in the daughter nuclei within theQb energy window.
The correspondingPn values were calculated as the ratios
the sum of the transition probabilities to the high-lyin
states, above the neutron separation energy, to the sum
transitions probabilities within theQb energy window. The
procedure was repeated assuming different nuclear sh
from strongly oblate to strongly prolate values and, thus,
dependence of the calculated parameters on the nuclea
formation was obtained. TheQb andSn values used for these
calculations were taken from the calculated masses@30,34#.
The nuclear shapes of the mother and daughter nuclei w
assumed to be identical. This assumption is justified in m
of regions of the nuclear chart except the transition regio
The calculated values for49Ar and 50Ar are compared with
the experimental data in Figs. 4~a!,~b! and Figs. 4~c!,~d!, re-
spectively. It can be seen in the figure that even though
experimental data suffer from large uncertainties the co
parison with the calculations allows to draw some use
conclusions. For example, the experimental values for49Ar
are consistent with a spherical shape of this nucleus w
deformation parametere2<0.1. The50Ar nucleus is slightly
deformed with the absolute value of the deformation b
tween 0.1 and 0.2. It is impossible to determine the sign
the deformation, but the deformation is most likely obla
according to theoretical considerations@5,6,8,10,31,30#.

The similar QRPA calculations for48Ar are presented in
Figs. 4~e!,~f!. The recommendedQb andSn values for 48Ar
were taken from the literature@38# and were used in the
calculations. Assuming that46Ar is a spherical nucleus@6#
and 50Ar is only weakly oblate, we can safely exclude th
ground state deformation values for48Ar larger than e2
560.1, i.e., the nucleus is nearly spherical. This leads t
predicted half-life value in the the order of 550 ms and
neutron emission probability in the order of 30%@Figs.
4~e!,~f!#. This value of the half-life is considerably differen
from the earlier QRPA prediction (T1/25246 ms @30,34#!.

e
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FIG. 4. Half-lives andPn values calculated for different deformation parameters,e2 , are compared with the experimental data for49Ar
~a!, ~b! and 50Ar ~c!, ~d! nuclei. The similar calculations for the48Ar isotope are also presented~e!, ~f!.
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The new prediction of the48Ar half-life is in good agreemen
with the recently reported result from GANIL@39#. The ob-
tained experimental values and the improved QRPA pre
tions can now be implemented in the astrophysical netw
calculations. Preliminary results of canonicalr-process cal-
culations indicate that the measured properties of the49,50Ar
nuclei do not influence significantly the48Ca production and
the 48Ar isobar is the major progenitor.

IV. CONCLUSION

We have obtained new information on the grossb-decay
properties of neutron-rich49,50Ar noble-gas isotopes usin
isobaric selectivity achieved by the combination of a plas
ion source with a cooled transfer line and subsequent m
05431
c-
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a
ss

separation. A doubly charged beam was used in the cas
49Ar to suppress the corresponding multicharged backgro
from noble gas symmetric fission products. At present,
measurement of decay properties withb and neutron decay
time profiles is not possible for singly and doubly charg
48,47Ar beams due to the multicharged SF background~see
Fig. 1! and the singly charged24Ne contamination for the
case of a doubly charged48Ar beam. On the other hand
using triply charged Ar beams will lead to further reductio
of the yield by two orders of magnitude. As an alternativ
one can consider the measurement ofb-delayedg rays from
singly charged beams using comparison of the spectra
tained for M547,48 with the correspondingg spectra for
A594,96 andA5141,144 masses, identifying thus theg
rays originating from SF and ASF products.
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The comparison of the49,50Ar data with the results of
QRPA calculations indicates that theN528 shell is not dis-
turbed significantly for neutron-rich argon nuclei and the
nuclei have only slight oblate deformation. As a cons
quence, the ground state shape of48Ar is expected to be
nearly spherical. The obtained experimental results toge
with the improved model predictions are useful for a bet
understanding of the origin of48Ca/46Ca isotopic anomaly
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discovered in inclusions from the Allende meteorite. The c
culations are in progress.
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