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Beta-decay half-lives and P-delayed neutron-emission probabilities of the very neutron-rich nuclei S
and Cl have been measured. These isotopes, which lie at or close to the N =-28 magic shell, were
produced in interactions of a 60 MeV/u 'Ca beam from GANIL (Grand Accelerateur National d'Ions
Lourds) with a Ni target, and were separated by the doubly achromatic spectrometer LISE (Ligne
d Ions Super Epluchesl. Their decay was studied by a P-n time correlation measurement. The results
are compared to recent model predictions and indicate a rapid weakening of the N =28 shell effect
below 20Ca2, . The nuclear structure effects reAected in the decay properties of the exotic S and Cl iso-
topes may be the clue for the astrophysical understanding of the unusual 'Ca/ Ca abundance ratio
measured in the solar system as well as the Ca-Ti-Cr anomalies observed in E. King inclusions of the Al-
lende meteorite.

PACS number(s): 23.40.Hc, 27.40.+z, 21.10.Tg

I. INTRODUCTION

The inhuence of shell effects has always been a fas-
cinating aspect of the study of very unstable nuclei. The
heaviest nuclei, for example, only owe their existence to
shell effects [1]. Another interesting question in nuclear
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structure physics is the persistence of the magicity of
closed neutron and/or proton shells for nuclei of very
far-off stability. Although experiments are very dificult
because of the extremely low production cross sections,
there is now hope to reach the doubly magic nucleus Ni
[2,3] by heavy-ion projectile fragmentation of Kr and,
similarly, ' Sn by means of a ' Xe beam. For the
neutron-magic number N =20, a new region of deforma-
tion was found in the very neutron-rich Na and Mg nu-
clei [4]. The properties of these isotopes are still very ac-
tively investigated, both experimentally and theoretically
[5]. Recent studies with the variational shell model,
which reproduces well the properties of the X =20 iso-
tones [6], may potentially be pursued also for N =28.
Far-off stability, i.e., for the elements lighter than Ar, the
experimental situation for the N =28 isotones is a com-
pletely unexplored territory.

This paper reports on a first study of P-decay proper-
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ties for Cl and Si isotopes in this region. This work was
motivated in part by the fact that these isotopes may play
a crucial role as progenitors in astrophysical scenarios
leading to the nucleosynthesis of the heavy Ca-Ti-Cr iso-
topes [7]. By means of intermediate-energy heavy-ion
fragmentation it has now become possible to produce and
separate these isotopes [8]. Although the production
yields are very small, often in the order of only a few
events per minute, measurements of half-lives and P-
delayed neutron probabilities are feasible: Far-off stabili-
ty, the P-decay energy (Q&) becomes sufficiently high to
populate unbound states in the daughter nucleus. The
observation of the correlated delay neutron emission with
a P-particle results in a strong suppression of back-
ground.

The paper is organized in the following way. The
description of the experimental method, presentation of
the data analysis, and comparison of the data to nuclear
model predictions are presented first. Finally, we shall
show the relevance of this new information to the nu-
cleosynthesis origin of the solar ' Ca abundances and
the correlated Ca-Ti-Cr isotropic anomalies in certain
meteoritic inclusions.

II. EXPERIMENTAL METHOD

A. Production and selection of S, ' Cl

The nuclei were produced by fragmentation of a Ca
beam [9] impinging at 60 MeV/u onto a Ni target (116
mg/cm ). Both beam and target are neutron rich and
were chosen in order to maximize the production of
neutron-rich isotopes. The selection of the desired nuclei
among all fragments was first provided by a magnetic
analysis (in AU/g) of the doubly achromatic spectrome-
ter LISE (Fig. 1) [10]. In addition, a thick degrader (180
mg/cm of aluminum) was used to perform an additional
energy-loss selection (approximately in 3 /Z ) in order
to reduce the number of contaminant nuclei. They were
deflected by the second magnet according to their

First Dipole

Achromatic
Degrader Second Dipole

[ DETECTION
Si detectors~ Polyethylene moderator
3
He neutron detectors

FIG. 1. Schematic representation of the LISE spectrometer
and the detection system.

B. Identification

The selected nuclei were detected in a telescope com-
posed of three detectors. The first two are implanted pas-
sivated silicon detectors of 300-pm thickness whereas the
third is a Si(Li) detector of 5500-pm thickness. The

di6'erent energy loss in the degrader and then suppressed
by means of a 18-mm collimator located at the LISE
second focal plane. Three settings of the magnetic rigidi-
ty (Bp) of the LISE spectrometer were carefully set to
optimize the production of S, Cl, and Cl; they are
presented in Table I. The result of the on-line selection in
the case of Cl production is shown in Fig. 2(a) for the
selection without the aluminum degrader and for the
selection with the degrader in Fig. 2(b).

The collection rate for these nuclei is very sensitive to
the magnetic rigidity of the first dipole. The outgoing
fragments exhibit a narrow energy distribution principal-
ly due to the fragmentation process in the relatively thin
production target. Thus, a variation of only 3%%uo in the
magnetic rigidity (Bp), of the first dipole eliminates 90%
of the transmitted nuclei.

TABLE I. Number of implanted and selected nuclei and detected 13 ncoincidences fo-r three different
magnetic rigidities.

Bp settings [Tm]
((&p), (&p) )

(2.85,2.641)

Implanted nuclei
(counts)

S (18724)
4'Cl (1515)

P (491)
"S (164)

Nuclei selected in the
AE-TOF window

(counts)

S (18724)
Cl (1515)

4'P (464)

Number of Pn-
coincidences

575
131

14

(2.886,2.56) Cl (20083)
Cl (3520)
S (3256)

"S (456)

"'Cl (20083)
Cl (1596)

880
147

(2.95,2.619) Cl (9724)
Ar (8237)
S (693)

C1 (9690)
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identification was determined on-line by comparison of
energy-loss signals produced in the first Si detector to
energy-calibrated signals from a pulser. The pulser was
adjusted to correspond to the expected energy loss of
each nucleus according to tabulated values [11]. The
identification is fully described below in the case of the

Cl setting.
A momentum acceptance of +1.4% was chosen to

favor a high transmission rate; this, however, led to a
large energy distribution for a given nucleus. Hence, Fig.
2(b) shows that S, Cl, and Ar have very similar
values of time of flight and energy loss. Off-line, a more
refined analysis using a redundant identification combin-
ing energy losses (bE1, EE2), total energy (E), time of
Right ~TQF and focal plane position has confirmed the
identification of the nuclei. Figure 3(a) represents a cal-
culated two-dimensional display (b,E1, rTo„) in the case
of Cl production with the degrader. The expected ener-

gy loss of Cl deduced from Fig. 2(b) is also represented
in this figure between the two horizontal lines. It shows
that, even if Cl is well centered, six nuclei lie almost in

this energy-loss range.
For each dipole, the velocity P of the nuclei is given by

the relation

Bp =3. 105 APy/Q .

The time of Aight ~TQ„ is calculated as the sum of the
times in the first section (length L„magnetic field Bi)
and in the second one (Lz, B2 ) of the spectrometer:

Ll L2
+TOF

p p
(2)

with 13, /132=B, /B2, and L, =758.5 cm and L2=1038.6
cm. The experimental time of flight is not an absolute
one because it was measured with the radio-frequency
pulses of the primary beam delivered by the cyclotron.
Then, only the di6'erence A~TQF between each nucleus is
relevant. According to Fig. 2(b), this value should be = 3
ns. This is moreover consistent with the calculated ~TQF
difference between S and Cl [Fig. 3(a)]. Finally, a po-
sition determination (in units of mm) [P( A, Z)=0 for a
selected nucleus] of the fragments after the second dipole:
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FIG. 2. (a) AE (energy loss) vs TOF (time of Aight) on-line

matrix for the first magnetic setting without any degrader. (b}

(AE, TOF) on-line matrix optimized for the Cl transmission
with an Al (180 mg/cm ) intermediate degrader.

FIG. 3. (a) Two-dimensional representation (EE1,67.TQF }

calculated for the conditions of the present experiment. The
selected zone on the y axis corresponds to the range of energy
loss of Cl due to the chosen momentum acceptance of the
spectrometer. (b) Position dependence at the focal plane F2
versus energy loss AE1 for different isotopes.
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Ef(AqZ) Ef(A~Z) Diisp
P( A, Z) =100

Ef( A, Z)
(3)

where Ef is the energy at the output of the degrader for a
given fragment, Ef is the energy preferentially transmit-
ted by the second dipole, and DL,sE [mm/%] is the
momentum dispersion of the second dipole, shows that
only the nuclei Ar, Cl, and S could be transmitted
through the collimator [Fig. 3(b)]. This confirms without

any doubt the identification of Cl.

C. Data acquisition

Each isotope under study was, as previously described,
identified on-line by a combined measurement of its time
of Bight through the spectrometer and its energy loss in
the first 300-pm silicon detector. Two single-channel
analyzers examined the AE and ~TQF pulse heights. Each
time a detected nucleus lay within the selected AE-v.TQF
window thresholds, the beam was stopped. The cutofF
duration lasted about five times the expected P half-life of
the implanted nucleus. During this time, a second data
acquisition recorded coincidences between a /3 particle
and a neutron at low background. A set of plastic scintil-
lators above and below the neutron counter was used to
detect cosmic muons which could induce neutron back-
ground. Thus, in the subsequent oA-line analysis it was
possible to discriminate 13-muon coincidences from true
P-neutron events. With this setup, almost all P-delayed
neutron coincidences could be directly correlated to im-
planted precursor nuclei. This triple coincidence
(nucleus-P-neutron) leads to a very low background rate.
The small remaining background contribution comes
from the decay of the contaminants implanted slightly
prior to a desired nucleus. The evaluation of this con-
tamination rate is explained in the following chapter.

III. DATA ANALYSIS

A. Background evaluation

Each nucleus transmitted by the spectrometer and im-
planted in the third silicon detector, may give rise to a
P-n decay (whose half-life is often unknown). If this nu-
cleus is not selected in the AE-TOF window, it will not
trigger the second acquisition used for radioactivity mea-
surements and will not stop the beam. This type of event
represents the principal source of background. In this
case, the decay event could be fortuitously correlated
with that of a nucleus implanted later. Hence, it is im-
portant to carefully choose the AE-TOF window. This
window can either (i) select all the transmitted nuclei or
(ii) only the desired one. With the first solution, one con-
siderably reduces the background because the acquisition
is triggered for each transmitted nucleus and the beam is
cut oft'at each time. The only contamination then will be
due to nuclei implanted between the detection of a nu-
cleus and the beam cutoft. The drawback of this method
is to lose beam time in an amount which depends on their
production rates and on their half-lives (the longer the
half-life, the longer one must wait for the radioactive de-
cay). With the second method, one just takes the time

necessary to measure the desired nucleus' decay, but
sometimes one needs to deal with unknown contaminants
implanted prior to the beam cutoK Simulations of the
experimental time sequences of implanted nuclei and
beam cutofF have been made to estimate the contribution
of the background. An example of this estimation is
shown in Fig. 4.

B.EKciency calibrations

The transmitted nuclei were implanted into the third
detector which also served for the P detection (see Fig. 1).
The telescope was surrounded by a nearly 4m neutron
counter, composed of two concentric rings consisting of
39 He-proportional counters embedded in a polyethylene
moderator matrix. The detector has a nearly energy-
independent efficiency of E„=27+2% up to E„=2 MeV
and has no low-energy cutoff; as scintillators do. The P
detection efficiency c& is deduced from the following rela-
tion:

Ep=
+nuclei ~n

(4)

with Np„being the number of P-neutron coincidences,
iV„„,&„ the number of nuclei detected, and I'„ the
delayed-neutron emission probability. This detection sys-
tem was calibrated with the well-known values of
T, &2=10.3+0.2 ms and P„=100%of ' B [12,13], which
led to c.&=60+5%.

C. T&&2 and P„results

counts /

100- i
/
r
r
r
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/'

r

r

r

total counts

Q background

45
C1

0
120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560

t (ms)

FICx. 4. Estimation of the importance of the P nbackground-
compared with the P nevents from -Cl decay.

The number of implanted and selected nuclei is given
in Table I together with the number of P ncoinc-idences
for each Bp setting. The half-lives were deduced from
constructing a time histogram of the P n(N&„) coin--

cidences detected after the identification of the corre-
sponding nucleus. The decay curves were compared with
those obtained with the simulation mentioned in Sec.
IIIA. This showed that, except for one set of measure-
ments ( Cl) for which a contaminant with a short half-
life was implanted (Fig. 4), a linear subtraction of the
background was sufhcient. To perform a better deter-
mination of the Cl half-life, the first 240 ms were
skipped in order to avoid the steeper slope due to the S,

Cl contaminations (see their contamination rate in
Table I). The decay curve was then fitted keeping the
background fixed.

200
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TABLE II. Comparison of half-lives deduced from diff'erent fitting procedures.

Nucleus

44S

45Cl

46Cl

TI z2 (ms)
MIN UIT

125+9
400+45
237+31

TI yp (ms)
MIN UIT

122+13
395+48
230+29

TI&2 (ms)
FITB01

121+9
405+35
202+50

TIq2 (ms)
Mean value

123+10
400+43
223+37

'Maximum likelihood minimization with the MINUIT [14]code.
g minimization with the MINUIT code.

'y' minimization with FITB01 [1S]code.

1000

counts

100:

10 =.

1000-
counts

100 .

200 400 600

t (ms)

T = 223+ 37 ms
1/2

44

800 1000

For the other two isotopes, considering a linear sub-
traction only, a single decay component was observed
(see Fig. 5). The three first results have been obtained
with two different fit algorithms MINUIT and FITB01 with

or maximum likelihood minimization. The half-lives
are presented with their standard deviation. These re-
sults given in Table II are consistent.

The somewhat longer half-life of S (200+30 ms) found
in Ref. [16] may be explained by two reasons: (i) an un-
derestimation of the background (this experiment did not
use an energy degrader, which led to a higher contamina-
tion rate due to all the nuclei implanted) and (ii) the time
window for recording the decay events, fixed for a whole
set of nuclei, was too short in this case (about three times
the half-life). The slope of the decay curve was then
diScult to determine without ambiguity.

In the case of Cl, with 9724 nuclei implanted (Table
III), we observed only very few P ncoin-cidences, compa-
tible with P„~3%. Therefore, no reliable half-life could
be deduced. The P„values were determined by the ratio
of true /3 ncoincidenc-es and the number of implanted nu-
clei corrected by the P ndetec-tion efficiency:

Pn

X„„„„-c&c.„

10

1000 .
counts

200 400 600
t(ms)

800 1000

IV. COMPARISON WITH MODEL PREDICTIONS

When comparing our experimental data to the TDA
model predictions of [17], one observes only moderate
agreement: the T1&2 of S and Cl—both representing
"key nuclei" for the nucleosynthesis of Ca (see Sec.
V)—were found to be experimentally shorter by factors
of 3 and 4, respectively. However, even more recent and

TABLE III. Numbers of nuclei and contaminants as well as
P„results for the three settings of LISE, with v&=0. 6 and
E„=O.27.

100 -.

10
400 600 800 1000 1200

t (ms)
1400 1600

FICx. 5. Experimental decay curves for S, ' Cl. Their
half-lives (T, ~ )and2g-delayed neutron emission probabilities
(P„)are also given.

Analyzed
nucleus

44S

45C1

46Cl

47Cl

Implanted
nuclei

+nuclei

18724

20083

3111

9724

Total X&„detected
(without background

subtraction)

575
(background =45)

880
(background = 140)

285
(background =6)

24
(background =17)

p„(%)

18+3

24+4

60+9

(3
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sophisticated QRPA models [18—20] seem to have

difhculty in this mass region due to the rapid, and partly
unexpected, nuclear-shape changes in the neutron-rich vi-
cinity of the doubly-magic nucleus ~cCazs (for a recent re-
view, see for example, [5]).

All recent (macroscopic-) microscopic mass models,
e.g. , the finite-range liquid-drop (FRLD) model [21], the
finite-range droplet (FRD) model [22] in its present form
[23], as well as the extended Thomas-Fermi with
Strutinski-integral (ETFSI) model [24], agree in that the
neutron-rich isotopes of,6S to, 8Ar have a rather "soft"
potential-energy surface with several shallow minima for
diff'erent shapes (i.e., different deformations). These mini-
ma are often separated by "barriers" of only a few hun-
dred keV height. In the three models above, per
definition, the lowest calculated minimum represents the
ground-state shape of the nucleus. Hence, it is not
surprising that occasionally quite different ground-state
deformations are listed in the mass tables for the same
isotope (see Table IV). Since nuclear (quadrupole) defor-
mation is an important input parameter for the quasiran-
dom phase approximation (QRPA) calculations of
Gamow-Teller strength function SOT, which determines
the ground-state spin and parity and the wave functions
of the P-decay mother and daughter nuclei, a "wrong"
deformation often leads to a "wrong" GT-decay pattern
finally resulting in a "wrong" half-life (T,&i ~1/SGT)
and/or a "wrong" P„vlaeu(see, for example, [25]).

Another problem in the calculation of p-decay proper-
ties within the present QRPA models is in their model-
inherent assumption of equal ground-state deformation
for both mother and daughter nuclei. As can be seen
from Table IV, in the N =28 &6S to &8Ar region, this may
not always be the case. Therefore parent-daughter pairs
with different deformations or shape coexistence cannot
be treated properly in the current shell models. In conse-
quence, again "wrong SOT and "wrong" T1/2 3

values may result. Hence, reliable predictions of un-

known P-decay features in the mass region below Ca
cannot be made in a straightforward way. In this paper
we use the most recent QRPA model of Moiler and
Randrup [19]with a simple residual GT interaction. The
Nilsson model is applied for determining the wave func-
tions of initial and final nuclei. The shell-dependent L S-
and L -strength parameters of the modified oscillator po-
tential recommended by Ragnarsson and Sheline [27],
with slightly changed values for the X =3 oscillator shell

[28], were used. Instead of the earlier used BCS code
[18], the more sophisticated Lipkin-Nogami approxima-
tion [29] has been applied to calculate pairing correla-
tions. Quadrupole deformation parameters (Ez) and p-
decay energies Q& were taken from the above mass mod-

els. In the following we will briefly discuss the T»z and
P„calculations against our experimental findings.

As can be seen from Table IV, the neutron magic
(N =28) isotope, 6S is predicted to be either spherical or
oblate, whereas its daughter Cl is assumed to have a
prolate g.s. deformation. However, in the light of the
above discussion of the potential-energy surface in this
mass region and the possible shape changes in the vicinity
of the % =28 shell, none of the predicted g.s. deforma-
tions can be excluded a priori. Since no detailed spectro-
scopic information of "S P decay (or its close neighbors)
is available, one can only hope that the integral quantities

T&&z and P„may to some extent reflect nuclear structure.
In Fig. 6, theoretical GT strength functions are shown
for three "typical" shapes, prolate with c,&=0.125, spher-
ical and oblate with Ez= —0.25. As the influence of Q& is

negligible in this case, the differences in T, &z and P„
must be due to the different nuclear structures reflected
in the SGT pattern. From this figure it is evident, that a
"short" T, zz together with a "small" P„as observed in

the experiment can only be obtained when assuming that
the g.s. of the semimagic nucleus S is not spherical but
oblate deformed.

TABLE IV. Predictions of deformation parameters ez and P-decay energies Q& from the recent FRLDM [21], FRDM [23], and
ETFSI [24] mass models. The Q& of the last column [26] are either experimental or deduced from extrapolations (recognized by the
sign +) from the mass surfaces.

Isotope

43
16S27
44S

28
45S

29
46S

30

FRLDM
[21]

0.14
—0.14
—0.17

0.19

FRDM
[23]

0.18
0
0.16
0.20

ETFSI
[24]

0.17
—0.23
—0.18
—0.22

FRLDM
[21]

12.67
11.49
14.62
15.19

FRDM
[23]

12.04
10.66
15.10
14.83

Qp (MeV)
ETFSI

[24]

12.61
11.91
15.34
15.56

Expt. or Extrap.
[26]

11.55+0.86
10.10
14.72*
13.00

44
17C127
45C1

46C1

C13o

0.12
—0.15
—0.18

0.19

0.14
—0.16
—0.18
—0.20

0.16
—0.20
—0.18
—0.22

13.20
11.63
15.96
16.26

12.89
13.07
16.19
14.70

11.58
11.13
14.17
15.01

12.27+0.22
10.80+0.65

15.46*
15.34*

45
18Ar27

Ar2q
47Ar29
-A,

"
30

0.10
0.03

—0.11
—0.19

—0.18
0

—0.18
—0.20

0.14
—0.20
—0.22
—0.22

8.55
6.97
10.66
10.83

7.13
6.81
11.98
10.63

7.82
7.38
10.79
11.12

6.89+0.06
5.70+0.04
9.79+0.10

9.55
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Nilsson model (L-N)

', S = '„CI+
E&——0.1 25 c4——0.000

A„=1.94 MeV h,,=2.07 MeV

I I I I
/

I I I I
(

I I

P„=55.3 %

T„,=214 ms

0—
0 10

Nilsson model (L-N)

",,S =",,CI+8

cp ——0.000 c4——0.000

5„=1.84 MeV A,=2.05 MeV

2

CD

Q)

Q3

~1
Q)I—

O
E
c50

I
I I

P„=59.3

T,»-186 ms

0

I I I I I

I I I I

10

Nilsson model (L-N)

"'S = "CI+
1.0

c2——-0.250 c4= 0.000

h,„=1.89 MeV A,=2.06 MeV

P„= 24.3

T„,=121 ms

0.0—
0 30

A similarly unclear situation exists for the P decay of
N =28 isotone Cl (see Table IV). Whereas all three
mass models predict oblate deformations for the parent
nucleus, the daughter Ar is assumed to be either prolate
or oblate deformed, but not spherical. With its known
g.s. spin of J =7/2, however, "Ar presumably has a
prolate shape. Using the Q& value of the FRLD or ETFSI
models and taking prolate deformation for the Cl — Ar
pair, we calculate T, &2

—=460 ms and P„—=44%, in fair
agreement with observations. When assuming the more
unlikely spherical or oblate shapes, shorter
Ti y2

=250—260 ms are obtained. From these results we
can again speculate that the neutron-magic nucleus is not

spherical.
For /3 decay of Cl, a "short" T, &2 together with a

"small" P„, as observed in experiment, can only be ob-
tained when assuming oblate deformation. A (near-)
spherical shape, as might be inferred from the FRLD and
FRD model predictions for the Ar daughter, would
lead to Ti&& =—1 s and P„=—90%. In the case of Cl P de-
cay, all three models consistently predict an oblate defor-
mation for both parent and daughter. With Q&-=14.7
MeV (FRDM) and E2—=0.21, one calculates T, &~

=—95 ms
and P„—= 100%; when using the higher P-decay energy of
FRLDM, the T, &2 drops to about 40 ms with still a large
P„=70%. Unfortunately, so far no experimental value
for the half-life is available, and only evidence for a "very
small" P„value —in contrast to al/ present model
predictions —has been obtained. A possible explanation
may lie in low-lying first-forbidden (II) 13 transitions
"missing" in the QRPA models which only describe GT
decay. For oblate deformation of" Cl, the lowest-energy
GT branch is predicted close to 8„-=4MeV in Ar, thus
explaining the large theoretical P„value. With the
[211]—,

'+ g.s. configuration of 7rd3&z parentage for, 7C1,
and the [312]—,

' g.s. configuration of vp3&z shell-model
origin, a strong ff g.s. transition is possible. When assum-
ing, for example, a logft—=6.0, a considerable part of the
sum-rule I3 strength would then lie below B„,resulting in
a "small" P„value —without inAuencing in the theoreti-
cal T, &2 too much.

Summarizing, we can conclude that —due to the
specific nuclear structure —straightforward predictions
of P-decay properties in the, 6S to, sAr region are not
possible. As we have seen, big surprises are possible even
for semimagic isotopes which, from simple considera-
tions, may be expected to be (near) spherical. However,
the fact that our experimental results on T, &z and P„of

S28 and C128 indicate collectivity, provides first evi-
dence for a rapidly vanishing X =28 shell strength
"below" 20Ca28. This observation is in agreement with
the recent mass-model predictions. In order to obtain
better insight into the phenomenon of shape changes, de-
tailed spectroscopic studies as well as fully microscopic
shell-model calculations are requested. Finally, as a
consequence of our findings, present predictions of P-
decay properties of neutron-rich Ar isotopes —of impor-
tance as possible astrophysical progenitors of Ca (see
Sec. V)—should not be taken too seriously. From what
we have seen for the X=—28 sulfur and chlorine isotopes,
it is necessary to measure at least T»2 and P„values of
neutron-rich Ar isotopes, if not their detailed level
schemes. Such experiments are foreseen at GANIL using
the LISE3 spectrometer [30].

Excitation Energy (MeV) V. CORRELATED Ca-Ti-Cr-Fe-Ni ANOMALIES
IN METEORITES

FIG. 6. Theoretical Gamow-Teller strength functions for &68

decay are shown for different c2 nuclear shape assumptions
(from the upper curve down to the lower: prolate, spherical, ob-
late). The arrows on the horizontal axis show the position of
the predicted B„(—= 5 MeV) aud Q& ( —= 11.5 MeV) values, see
text for comments.

A. Nucleosynthesis origin and astrophysical sites

The two existing scenarios to produce correlated
Ca-Ti-Cr anomalies in meteoritic inclusions [a rapid
neutron-capture process and a neutron-rich nuclear
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statistic equilibrium (NSE) model] are discussed in the
light of present experimental findings. They indicate in a
first estimate a change to required neutron densities of
n =-3X10' cm and time scales of 1 s for the first
scenario, which are typical for explosive Si-burning zones
in type-II supernovae, adjacent to zones which experience
r-process conditions. These are conditions close to a very
neutron-rich NSE, which makes a merging of both
scenarios possible. Such conclusions have to be verified
in future calculations which will have to include further
knowledge of the properties of neutron-rich Cl and Ar
isotopes and a proper treatment of an alpha-rich (see Sec.
V E) rather than a normal freeze-out of charged-particle
reactions. The closeness of the r-process site ensures a
correlation of the Ca-Ti-Cr anomalies with r-process
anomalies in meteorites.

B. Situation before the present experiment

Correlated anomalies of Ca, Ti, Cr, Fe, Ni,
Zn, and also r-process isotopes in CaA1-rich inclusions

have been found by a number of investigators [31—40].
Early theoretical attempts to explain these anomalies in-
cluded three possible approaches: (1) neutron-rich nu-
clear statistical equilibria (NSE [41]), (2) neutron-capture
processes (np process [42]), and (3) proton-rich environ-
ments (the rp process [43]), which were mainly parameter
studies and not linked to astrophysical models. These
were later refined by Hartmann et al. [44] who used a su-
perposition of NSE zones with varying neutron excess-
the multizone mixing (MZM) model —and by Ziegert
et al. [45] and Hillebrandt et al. [46]. They introduced
into the neutron-capture process (also called Pnd process)
improved P-decay properties, in particular efFects of P-
delayed neutron branching around Ca. Lee [47] could
show that, when utilizing the predictions for all isotopes,
the rp process and the plain np process could be excluded
from explaining the Ca-Ti anomalies. The MZM model
and the pnd process did not cause such contradictions.

Sandier et a/. [42] had to postulate nonstatistical
neutron-capture cross sections for the reaction K(n, y)
and Ca(n, y) in a neutron-capture process, caused by
hypothetical low-lying s-wave resonances. In the latter
case, indeed, such a resonance was observed experimen-
tally in the inverse process, i.e., neutron emission follow-
ing the P decay of K [48]. However, subsequent mea-
surements of the partial decay widths of this state [45] ex-
cluded the explanation of the meteoritic ' Ti abun-
dances suggested by Sandier et al. [42]. In a different ap-
proach, Hartmann et al. [44] in their neutron-rich NSE
model were able to produce Ca-Ti anomalies by utilizing
a mixed-zone approach with varying neutron excess for a
normal freeze-out from nuclear statistical equilibrium at
3 X 10 K, as it was expected from the innermost zones of
type-II supernova ejecta (or possibly even in the central
mass zones of type-Ia supernovae). The observed ratio of

Ca/ Ti=3.55 could not be explained; they obtained
only a Ca/ Ti ratio of 0.8. The predicted "Zn
enhancements were much larger than later observed.
These discrepancies might, however, be explained by ele-
ment fractionation due to the diA'ering volatility of

difFerent elements (e.g. , Zn). On the other hand, p-decay
properties of unstable primary nuclei were not taken into
account in this approach which have been shown to play
an important role in the vicinity of Ca [45].

One of the possible sites of neutron-capture scenarios is
the He zone of massive stars during a type-II supernova
explosion. Blake et a/. [49] and Cowan et al. [50] could
show that these zones will not attain r-process conditions
by (a, n) reactions, as expected initially [51,52], but the
neutron densities could be large enough to cause nuclear
transmutations and nonsolar neutron-rich patterns. The
attempts by Ziegert et al. [45] and Hillebrandt et al. [46]
made also use of p-decay properties of neutron-rich nu-
clei. Of particular importance was the strong variation in
the P„val ues(neutron emission after p decay of the
parent nucleus) of the neighboring isotopes K (1.1%)
and K (86%). This allowed a large enhancement of the

Ca abundance and a reduction of Ti without the pos-
tulated nonstatistical neutron-capture cross sections [42].

The studies of Ziegert et al. [45] considered only
neutron-capture reactions in each isotopic chain. Beta
decay was considered after the sequence of neutron cap-
tures ended. Hillebrandt et al. [46] performed a com-
plete network calculation which included neutron and
charged-particle captures as well as photodisintegrations
and p decays. With the temperature chosen ( T9 ( 1),
charged-particle captures and photodisintegrations were,
however, negligible. Both of these investigations as-
sumed a solar system composition for nuclei heavier than
Si. The latter, with strong abundance changes between
odd-Z and even-Z chains, was essential for their results.
For a neutron exposure of about 5 X 10 mol cm s,

Ca was found to be formed mainly from the
even-Z»Ar-progenitors Ar(p ) K(p ) Ca and

Ar(/3 ) K(p n ) Ca, whereas the abundance distribu-
tion of,6S isotopes has not yet reached 3 =46. Thus, a
low production of Ca originates mainly from the odd-Z
(low initial abundance), 7C1 progenitors ' Cl.

It should be noted, however, that the results of Hille-
brandt et a/. [46] depended on the —at that time
unknown —T»2 and I', values of neutron-rich S, Cl, and
Ar isotopes for which model predictions [53,17] had to be
used. The situation in 1986 is summarized in Fig. 7 for a
neutron density 5X10 molcm, but without con-
straints on the process duration. A strong time limitation
of r=-50 ms for the pn„process was caused by the short

Tizzy of S of about 310 ms [17]„as shown in Fig. 8.
With this exposure time, one obtains a neutron density of
p Y, =—10 mol/cm; therefore, the neutron-capture
times »Tz(n) given in Fig. 7 would have to be divided by
a factor of 20. As the P decay of S is preferable over
neutron capture [T»2(n) =1 s] under these conditions,
the neutron capture on Cl essentially "measures" the
abundance transfer to ' Cl. Thus, short time scales are
required (see Fig. 8) to minimize the leakage from S into
the Cl chain in order to obtain a high final Ca/ Ca ra-
tio. In the Cl chain itself, successive neutron captures
will also proceed up to ' Cl. The most important quan-
tity of these isotopes was found to be their pnd-branching
ratio. As an example, Fig. 9 demonstrates the inAuence
of the P„( Cl) on the final 'Ca/ Ca ratio. With a fixed
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=2.6 Y„,/f X 10 (9)

Here we made use of thermonuclear reaction rates for
neutron capture on Fe by Bao and Kappeler [55]
(N~ ( o v )

~ „~= 1.915X 10 ) and a solar system abun-
dance of Y~6=2X 10 [56]. With (p Y„)r—= 5 X 10,we
obtain the necessary condition, Y„,=f ( 1.92 X—10 ).
Then the mass fraction of the neutron source has to be

X„,= A Y„,-=Af( l.92 X 10 ) . (10)

From r—=0.05 s and Eq. (8) follows the condition for the
He abundance

1
pY 0.05Nq (ou )( „)

Because the thermonuclear reaction rate for charged-
particle induced reactions is temperature dependent, the
latter expression cannot be simplified further. It should
be noticed that Eq. (11) might be hard to fulfill. In a so-
lar mix, with Ne being the neutron source and an abun-
dance equal to ' N after all CNO nuclei were converted,
one obtains f= 10 (see, e.g. , Fi—gs. 1 and 2 in Thielemann
et al. [52]). This was also verified in recalculations with
updated reaction rates. Part of the reason for this large
factor is that Mg, resulting from the (a, n) reaction on

Ne, is a strong neutron poison. When using ' 0 as a
neutron source, f=5a somewhat s—maller factor is re-
quired in the case of ' C (f—=3). With these f values, Eq.
(11) would require minimum mass fractions of 15%%uo for
' C, and as much as 40% for Ne, the latter value cer-
tainly not being attained in astrophysically reasonable
conditions. The results by Ziegert et al. [45] and Hille-
brandt et al. [46] gave solutions in a pure mathematical
sense for the free parameters of neutron density and ex-
posure time. Whether they can be fulfilled seems to be
marginal; a ' C source would provide the best conditions.
The half-life of S (T,&z

—=310 ms) was decisive for re-
quiring an exposure time of ~-=0.05 s, which is hard to
fulfill in He zones of massive stars during a supernova ex-
plosion. He-shell fIashes in accreting white dwarfs and
' C Gashes in a yet undetermined site could perhaps fulfill
this constraint (see, e.g. , Hillebrandt et al. [57]). It is,
however, important to test whether new experimental in-
formation on neutron-rich isotopes can change the previ-
ous constraints and whether the now also observed Fe
and Ni enhancements can be attained as well.

D. Status after the present experiment

Major changes are the considerably shorter half-lives
of S (0.12 s compared to 0.31 s [16])and Cl (0.4 s com-

The time scale for the depletion of the neutron source,
i.e., neutron irradiation, is given by

d(Y„, ) = ——Y„, with r=[N&(crv )~ „~pY ]
' . (8)

dt

Combining Eqs. (7) and (8) gives an expression for (p Y„)r

1 Y„,
p Y„g= N„(ou)(„) fY56

+0.14s ( S)+0.007s ( Cl)+1.07s ( Cl)

+0.055s ( Ar)+0. 14 s ( Ar)=1.93 s,
the maximum abundance would occur in Ar after 0.31
[T,&2( S)]+0.18[T,&2( Cl)]+1.93=2.5 s. After 2 s

(p Y„r~ 10 ) we see already the rise to that peak. With
the new S and Cl half-lives of 0.12 and 0.4 s we can

Q6
21.5s ~ 7.8s (0.7s)

0 018s 0.055s 0.14 s

~42 ~43 ~44 ~45 ~46

6.9s 3.3s (1.2s) 0.40s 0.22s
0.005s 0.030s 0.007s 1.07s 0.15s

(55 ms)
14s

/40 /41 /42 /43 /44 /45

8.6s ~ (1.Os) ~ (1.85s) ~ 0.22s ~ 0.12 s -//+ (0.10s)»» (P)
0.16s 0076s 0.33s 014 s 20s T)i2 (n)

T) i2 (p) exp. or GRPA prediction

T1&2 (n) for n density of 5.10 5mol/cm3

FIR. 10. Neutron capture path in the, 6S to „Ar chains [7]
for a stellar temperature of T = 8 X 10 K and a neutron density
of 5 X 10 ' mol cm ' with our new experimental data. At both
N =28 "turning-point" isotopes, S and 'Cl, P decay back to
stability starts to dominate over further neutron capture.
Hence, the possible A =46, 47 progenitors of Ca will be pro-
duced in small amounts only. With this, large Ca/ Ca ratios
can be obtained, as required to explain the observed abundances
in EK-1-4-1. In the earlier approach of [46], neutron capture in
the &&C1 chain proceeded up to ' 'Cl which had put constraints
on the P„value of Cl (for discussion, see text and Fig. 8).

pared to 1.7 s [17]), which is indicated in Fig. 10. At a
first glance, this seems to strongly worsen the conditions.
In order to get a similarly small leakage from S to Cl as
discussed in Sec. VB, the process time would have to be
shortened from 50 ms to 0.12/0. 31X50=—20 ms. This
makes the astrophysical likeliness of such a process even
smaller than with the previous 50 ms. On the other
hand, the shorter half-life of Cl allows a leakage of
the Cl chain into the even-Z chain of Ar, where neutron
capture cross sections are large and the mass A =46 is
bypassed fast. Portions of the fIow which stay in the Cl
chain do not have such a negative eA'ect, because of the
smaller P„value for the P decay of Cl and the larger P„
value of Cl, both less contributing to the final Ca
abundance. This behavior can already be recognized in
Fig. 8 (although still calculated without making use of
the new experimental information).

Only the curve with a neutron density of 5 X 10
molcm and an exposure time of 900 ms at the first
peak results in time scales of the order of 1 s. There, the
Y( Ca)/Y( Ca) ratio is rising again to a second peak for
larger exposures p Y„~beyond 10 molcm s or ~~2 s.
This is due to the leakage from the Cl chain to Ar (which
is still very small for the old Cl half-life). With half-
lives of 0.3 s for S and 0.18 s for Cl and a total
neutron-capture time scale for p Y„=5X 10 mol/cm
and the reaction path in the S to Ar chains in Fig. 7 of

0. 16s ( S)+0.076s ( 'S)+0.33s ( S)
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reach the same situation via the reaction path of Fig. 10
already after 0. 12 s+0.4 s+0.925 s=1.45 s or
p Y„~=7.25 X 10 mol cm s, and the rise of
Y( Ca)/Y( Ca) in Fig. 8 would start at pY„r=5X10
mol cm s. The required exposure time change by about
a factor of 2, due to the changes in P-decay half-lives,
would shrink the abscissa of the 5 X 10 curve in Fig. 8
by that factor, accordingly. Therefore, values of ~=—1.45
s and p Y„~=—5X10 molcm s would result in a max-
imum of the Ca/ Ca ratio. The larger branching into
P decay at Cl due to the half-life change by a factor of 4
would increase the 48/46 ratio in addition. These con-
clusions, coming from a first analytical analysis of the
present experimental findings, change the constraints on
exposure time from ~—=0.05 s to ~ ~ 1 s, while leaving the
total neutron exposure of about 5 X 10 mol cm s
practically unchanged.

E. Astrophysical sites

The exposure time scale &~1 s, resulting from the
above estimate, is now in accordance with any type-II su-
pernova site. The neutron exposure p Y„-=5 X 10
mol cm results in a neutron number density of
n, =pX~ Y„-=3X10' cm . This is a large neutron den-
sity, close to the smallest components in r-process condi-
tions (n„) 10 cm, see Thielemann et al. [58] and
Kratz et al. [59]) and hardly reachable in explosive He
burning as already discussed in Sec. V C (see also
[52,49,50]). A site adjacent to the r process, deep in the
interior of a supernova core, but slightly further out in
radius, where smaller neutron densities are expected,
seems to be the most logical choice.

This is also the region of neutron-rich explosive Si
burning and thus very similar to the scenario suggested
by Hartmann et al. [44]. The main diff'erence is that, in
type-II supernovae, all of the explosive Si zones experi-
ence an alpha rich freeze-out -[60—62] (so called when, at
high temperature, a large fraction of a particles formed
during the NSE, is expanded and cooled so rapidly that
not all the alphas have time to reassemble) and not a nor
mal freeze-out as assumed in the MZM model. The final
composition of the elements will then differ substantially.
Hence, it seems that with a straightforward application,
both of the initially suggested scenarios, our Pnd process
and the multizone NSE approaches converge. They both
have to be recalculated now, including the new experi-
mental findings and a full treatment of the alpha-rich
freeze-out. The alpha-rich freeze-out automatically pro-
vides large abundances of even-Z nuclei which act as seed
for the Pnd version of a rapid neutron capture, in a simi-
lar way as the solar abundances used in our previous cal-
culations.

The correlation with r-process enhancements in Sm,
Nd, Ba [32,33], and Zr [40] underlines that the isotopic
pattern in the Ca-Ti-Cr anomalies and the r-process con-
tributions could come from the same astrophysical

source. In general, we expect mixed compositions from
supernovae. In the type-II supernova SN 1987A, mixing
of the ejecta was evident from the widths of spectral lines
in the infrared and the early emergence of x-rays and g-
rays, originating from the y irradiation following the de-
cay of Ni and Co (see, e.g., Arnett et al. [63]).
Theoretical models of convective overturn and instabili-
ties behind the propagating shock front also predict mix-
ing of the ejecta [64—66], especially close to the neutron-
star mass cut where r-process and neutron-rich Si burn-
ing are located.

VI. SUMMARY AND CONCLUSIONS

The half-lives and P„values of S and Cl obtained in
the present experiment deviate from straightforward
shell-model predictions assuming spherical shapes for
these semimagic (N =28) nuclei. This may indicate col-
lectivity, providing first evidence for a rapid vanishing of
the X =28 shell strength below Ca.

There partly unexpected nuclear properties of S and
Cl give the clue to an understanding of isotopic

anomalies in this region. With the new nuclear physics
parameters, the problem of producing "very little" Ca
in a high-density Pnd process seems to be solved. But, in
order to confirm the simultaneous production of "much"

Ca, the nuclear properties of Ar nuclei (as possible
progenitors of Ca) have to be determined experimental-
ly.

In a broader context, the observed correlation of the
Ca-Ti-Cr abundances with overabundances in Fe, Ni,

Zn (raising the question whether these elements are,
indeed, produced in a single process) strengthens the
necessity of studying nuclear properties of a hitherto vir-
gin region of neutron-rich Sc to Mn isotopes. Informa-
tion of the T»2 trends as a function of mass-number are
required to reduce the uncertainties in the extrapolation
to the turning points at the neutron-rich 3 -=56, 64, and
66 progenitors of the overabundant Fe-Ni-Zn nuclides.
Finally, "complete" astrophysical network calculations
with improved nuclear physics data are required, includ-
ing a full treatment of the a-rich freeze-out both in the
MZM model and in the Pnd process.
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