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ABSTRACT

The 3-decays of Mg, **Ca and *"Ca were investigated by using beam
line spectrometers at GANIL, Caen, and GSI, Darmstadt. The results
from these studies are presented together with those on decay proper-
ties of nuclei near '°°Sn, investigated at the online mass separator of
GSI. Emphasis is put on a comparison of the experimental Gamow-
Teller strength with model predictions, a discussion of level assignments
of interest to the astrophysical rp process, a determination of the solar
neutrino capture cross—section of *"Cl, and a search for cluster radioac-
tivity from ' Ba.

1 Introduction

During the last few years improvements in experimental techniques have permit-
ted detailed studies of the 3-decays of very proton-rich nuclei [1, 2]. Characterized
by high energy release, these decays allow one to extract the Gamow-Teller (GT)
strengths for transitions to a large range of excitation energies in the daughter nu-
cleus and thus represent a valuable tool for testing the quality of model calculations.
This holds, e.g., for the sd—shell nuclei Mg, **Ca and *"Ca which have Qgc¢ val-
ues of 10726(28), 10990(40), and 11639(22) keV {3], respectively. The latter two
cases provide the additional possibility that the 3-decay B(GT) strengths can be
compared to the B(GT) function extracted from the (p,n) reactions on the N = 20
mirror nuclei for transitions into several final states. This is interesting as, under the
assumption of isospin symmetry, the B(GT) functions for the 3-decay of 3Ca and
the 37Cl(p,n)* Ar reaction as well as for the f—decay of **Ca and the **S(p,n)**Cl
reaction should be identical.

Among nulcei far from the 3-stability line very neutron-deficient isotopes near
the doubly-magic nucleus '°°Sn (Z=N=50) have met considerable experimental and
theoretical interest recently. Most of the experimental progress in this field has been
achieved by in-beam spectroscopy or by studying (ground-state) decay properties,
this report being focused on the second topic. In addition to effects such as the oc-

currence of iospin mixing (see, e. g., 4, 5, 6]) or proton halos (see, e. g., (7, 8]), the



following features make the '°°Sn region unique with respect to gaining new insight
into nuclear-structure phenomena: Firstly, owing to the fact that protons and neu-
trons occupy identical (g¢/2) shell-model orbits, one may encounter superallowed «
and cluster emission beyond '°°Sn. Secondly, S~decay decay in this region is domi-
nated by a fast (superallowed) mgg/3—vg1/2 (or, for Z,N<50, also by a 7ge;3—vge/2)
GT transition. This dominance is expected to facilitate both the experiments, that
are limited due to low source strengths, and the comparison with model predictions.

Most of the nuclei discussed in this paper lie very close to the proton drip line:
If one considers neighbouring isotopes with one neutron less than Mg or %*Ag,
for example, the corresponding nuclei either have a very small predicted proton
separation energy (660 + 550 keV [3]) or are predicted by most of the current mass-
formulae [9] to be proton—unbound, respectively.

The 3-decays mentioned above are also of astrophysical interest. The A = 37
B(GT) furction, for example, is needed for calibrating the measurement of the solar—
neutrino flux by means of the *’Cl detector [10]. Furthermore, the study of the
decay of Mg and **Ca may yield information of levels in **Na and 3°K, that play
an important role in the “break-out” reactions Ne(p,y)?**Na and **Ar(p,7)*°K,
respectively, of the astrophysical rp process [11, 12]. It has even been speculated
that this nucleosynthesis process may extend up to heavy elements such as tin. In
such a case, the decay properties measured for nuclei near '°Sn may allow one
to test rp—process models which, e.g., predict a significant overproduction of **Mo,
%Mo, °®Ru and **Ru [13].

This report describes a detailed study of the S-delayed proton (8p) and y-ray
(B7y) emission of Mg, *Ca and *"Ca, performed by means of the LISE3 facility
at GANIL, Caen, and the projectile fragment separator FRS at GSI, Darmstadt,
respectively. Moreover, recent experiments on neutron-deficient isotopes near °°Sn
are presented, that were carried out at the isotope separator online (ISOL) of GSI.
Emphasis is put on the physics results whereas details on the related experimental
techniques are discussed elsewhere [14].

2 Beta—Decay of Mg

The investigation of the decay of **Mg [15] at GANIL yielded an improved half-
life value of 95 +£ 3 ms and an improved decay scheme established on the basis of
Bv, Bp and proton—y coincidence data. The resulting GT strength above excitation
energies of 3 MeV is more fragmented than predicted by using the effective GT
operator determined from the universal sd-shell interaction (USD model) [16]. For
the astrophysically interesting 2645 keV level in 2°Na, an upper limit of 0.1% was
derived for the 3-feeding, corresponding to a lower limit of 6.24 for the log ft value.
Therefore, a 1* assignment for this state is not very probable, even though it cannot
be completely excluded [15].



3 Beta-Decay of **Ca

Figure 1 compiles the new results obtained for the **Ca decay [17] at GSI. The
nonobservation of the astrophysically interseting 1890 keV state in K suggests
that a 1* assignment is excluded for this level (From a comparison with the analog
level in the mirror nucleus **Cl one would expect a 1* or 2% assignment). Two strong
Bvy-transitions to proton-bound states in **K at 1112.8(4) and 1619.0(2) keV were
observed, whereas six transitions to proton-unbound levels at 3370(29), 4289(8),
4457(33), 4687(37), 5947(47) and 6798(71) keV were identified in the Bp-spectrum
shown in figure l1c. The energy of the 3370(29) keV state represents a weighted mean
of the new result of 3390(41) and the literature value of 3350(40) [18]. The energy
of 4289(8) keV for the isobaric analog state (IAS) in **K has been taken from the
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Figure 1: Results obtained for the 3-decay of ** Ca at GSI. a) proton spectrum (decay~
time characteristics shown as inset), b) y-spectrum in coincidence with B-rays in the
implantation detector, and c) decay scheme (Ig = branching ratio). The assignment
for the v lines is given by indicating the nuclides in which the transition occurs. The
weak 3° Ar line originates from the B3-decay of the implanted contaminant **K and
from the proton decay of the [AS in 3®K to the first excited state in *° Ar.



recent work of Garcia et al. [19] which agrees with the previous result of 4258(24) keV
obtained by Aystd et al. [20] and the GSI value of 4287(39) keV. IAS in **K decays
mainly by proton emission to the **Ar ground state (po) and with a weak branch
to the first excited state of **Ar (p;). From the line intensities in the Bp spectrum
a value of T, /T, = 0.03(1) was extracted. The **Ca half-life was measured to be
102 + 2 ms (see inset in figure la). The resulting value for the Fermi strength in
the 3¥Ca B-decay B(F) = 4.09(14) is consistent with the model-independent value
B(F) = (Z ~ N) = 4 [16}.

In comparison to theory, the B(GT) strength measured for the S-decay **Ca
and *"Ca (see below) is well reproduced up to about 4 MeV by USD model which,
on the other hand, systematically underestimates the strength for transistions into
highly excited final states {17, 21, 22] (see figure 2). The total B(GT) strength is
better reproduced by applying the Chung-Wildenthal Hamiltonian [23] in the shell-
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Figure 2: Comparison of the summed B(GT) strength of **Ca (upper panel) 3" Ca
(lower panel) from experiment (solid-line histograms) with the results of USD calcu-
lations (dashed line histograms). For the experimental data the uncertainty due to

one standard deviation is shown.



model calculations. A similiar effect was observed for the 3-decay of **Ca [24]. The
The discrepancy between S-decay strength and USD prediction has probably be to
ascribed to the interactions rather than to the influence of intruder states [25].In
this context, (p,n) experiments are important. However, the (p,n) data show some
inconsistencies for the case of 3'Ca, as will be discussed below, and are not available
yet for the case of **Ca. (**S(p,n) measurements are apparently difficult due to low
isotopic abundance of *°S.)

4 Beta—Decay of *'Ca

A previous high-resolution study of the f-delayed proton emission of *’Ca [26]
revealed large discrepancies between the S-decay and the 3"Cl(p,n)*"Ar reaction
[27, 28] that cannot be ascribed to isospin asymmetries alone. Investigations of
the **Ca(p,a)*” [29] and *°Ar(p,y)*”K [30] reactions showed that some proton-
unbound states in *’K significantly decay also via y—emission. The B(GT) asym-
metries claimed for the A = 37 system might thus originate from the normalization
of the 3"Ca -decay scheme used in [26], which was based on the assumption T' = T,
for all proton-unbound states in the daughter nucleus *’K fed by allowed 3~decay
of ¥Ca.

Figure 3 shows the results on the decay of *’Ca, obtained at GSI recently [22].
In this experiment, the y—deexcitation of the first three excited states of 'K fed
by allowed -decay of *’Ca was observed for the first time. They have excitation
energies of 1370.9(2), 2750.4(2) and 3239.3(2) keV and receive a 3—feeding of 2.1(1),
2.8(1) and 4.8(2) %, respectively. The values for the 3v— intensities have meanwhile
been confirmed [31].

Combining the 3+ and 3p intensities measured at GSI, with the known [18]
y-deexcitation pattern of the 2750.4 keV state, values of ', /T, = 0.54(3) for this
level and I', /T, = 22(2) for the 3239.3 keV state have been obtained. Furthermore,
the known resonance strengths w~y of the **Ar(p,v)*"K reaction of 0.208(30) eV [18]
and 0.60(15) meV [30] for the states at 2750.4 keV and 3239.3 keV, respectively,
together with the new I'|/T', values allow one to deduce the partial widths and the
corresponding mean lifetimes 7 (see table 1). The value of 7 = 2.2(2) fs for the 2750.4
keV state is consistent with the previously found upper limit 7 < 3 fs [18], while the
new partial y-decay widths [, are considerably different from the known widths of
the particle-bound (i.e. I' = I',) mirror states in *” Ar [18]. The surprisingly domin-

Table 1: Lifetimes and decay widths of excited states in 3" K.

E/keV | T,/eV I,/eV 7/fs T(*"Ar)/eV [18]
2750.4 | 0.20(3) 0.11(2) 2.2(2)  0.033(10)
3239.3 | 2.1(6) - 107* 4.6(1.2)x10"% 140(40) 8(1)x107*
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Figure 3: Results obtained for the 3-decay of 37 Ca at GSI. a) proton spectrum (decay-
time characteristics shown as inset), b) y-spectrum in coincidence with B-rays in the
implantation detector, and c) decay scheme (Ig = branching ratio). The assignment
for the v lines is given by indicating the nuclides in which the transition occurs. The
36 Ar lines originate from the 3-decay of the implanted contaminant 3¢ K and from the
proton decay of ezcited states in **K to ezcited states in 36 4r. The branching ratio
for the ground-state transition was obtained from Igs =1 — . I, Igs and I:a being
the decay branching ratios to the ground state and the level i in 3 K, respectively.

ating y-decay of the 3239.3 keV state, which 1s unbound by more than 1.3 MeV, 1s
due to an extremely suppressed proton-decay of this level (see table 1).

The half-life of ¥’Ca was redetermined to be 181.1:£1.0 ms (see inset in Figure
3a), this value being two standard deviations larger than the previously accepted
tesult [18]. Including our delayed vy-ray intensities, the discrepancies between the
B(GT) functions of the *’Ca decay and the 37CI(p,n)*" Ar are drastically reduced (see
table 2). Furthermore, the B(GT) value measured for the ground-state transition
agrees very well with that of the 37Ar(EC)*'Cl mirror transition [16]. In addition
to the above—mentioned comparison between experimental and calculated B(GT)
values (see figure 2), the new results allow one to deduce evidence, at a level of 1.7
standard deviations, for an isospin-mixing amplitude between the TAS and the 5016



Table 2: B(GT) values for low ezcitation energies in 3" K. The values of the
(p,n)-data [27] have been multiplied by (g4/gv)? = (1.26)* because of a dif-
ferent definition of B(GT). The (p,n)-data taken from [28] represent pre-

liminary results.

E.(*"K)/MeV | B-decay [22] 3-decay [26] (p,n)[27] (p,n) (28]
0.0 0.048(2) 0.054(11)

1.3709 0.0126(6) < 0.014

2.7504 0.102(3) 0.067(4) 0.077(10)
3.2393 0.087(4) 0.0039(9) 0.136(15)

keV state in *"K [22]. The neutrino~capture cross section for **Cl, deduced from the
new B(GT) and B(F) data to be 1.09(3)x 10" *? ¢cm~2, is consistent with the value
that has so far been assumed for estimating, on the basis of standard solar-model
calculations [32, 33, 26], the solar-neutrino rate of the 3"Cl detector.

5 The Region around '°°Sn

Even though the section of the chart of nuclides near '°Sn, which represents an
ideal testing ground for the spherical shell-model, is occasionally considered to be a
“well-known doubly magic region” [34], only some gross properties have been mea-
sured [35, 36, 37] for '°Sn so far, and the few—nucleon excitation states around the
19951 core are also poorly known. The present experimental status on decay prop-
erties of Z=N nuclei in the silver-to-barium region, displayed in Figure 4, is based
almost exclusively on measurements performed by using beam-line spectrometers or
isotope separators online (ISOL). In most of the ISOL experiments relevant here, the
neutron—deficient isotopes of interest were produced by fusion—-evaporation reactions
such as °Cr(*®Ni,xpyn) and mass-separated as singly—charged 60 keV beams for sub-
sequent decay studies. Figure 4 includes in particular recent and partly unpublished
data on, e. g., **Ag [38], the heaviest N=Z7 nucleus with known decay properties;
the isotope identification obtained for *®In, ®°In, '°Sn, °2Sn and !°*Sb [35, 36];
1013 [39], the closest decay-spectroscopy approach to '°°Sn achieved to date; the
proton-radioactive nucleus '°*Sb [40]; and the light barium isotopes [41, 42].

The decay of nuclear ground-states by the emission charged-particles allows
one to identify rare nuclei, to determine their mass by “linking” the measured Q
values to known masses [44], and to deduce information on the particle-emitting
(ground) state and on the daughter states [38]. The region of neutron—deficient iso-
topes above tin is well suited for a discussion of the interplay between «, proton and
cluster radioactivities (see Figure 4). The existence of an island of a emission be-
tween !%Te and '"*Cs is the most convincing experimental proof for the occurrence
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Figure 4: Section of the chart of nuclides, showing the lightest known isotopes from
silver to barium. Arrows indicate charged-particle and 3% /EC-decay modes, with
“a@” and “p” marking a and proton radioactive nuclei, respectively. Note in partic-
ular the three consecutive a-decays starting from ''* Ba and the 2 C-decay of this
nucleus. New isotopes whose decay properties have recently been measured by using
the GSI ISOL facility are marked by heavily outlined bozes. Dashed bozes indicate

cases studied by means of beam-line spectrometers.

of a shell closure at Z=50 and N=50: Similar to the conclusions drawn from the
a decay data of the heaviest elements [44], it can be shown, with reference to pre-
dictions from macroscopic-microscopic mass formulae (see e.g. [34]), that the large
measured Q, values are almost entirely due to the shell effect (For N-Z=2 nuclei,
for example, the Q, value decreases, when going away from the valley of 3-stability,
from 4.32 MeV for '%Te to 3.38 MeV for ''°Xe, whereas a macroscopic mass model
[34] would predict an increase from approximately 1.1 to 1.4 MeV). Another inter-
esting result is that the o widths measured in this region so far, namely those of
196 Te and !'°Xe, do not support the concept of superallowed a decay of these nuclei.

The double shell-closure at '°°Sn gives also rise to two other ground-state de-
cay modes involving charged-particle emission. One of them is proton radioactivity
[45], experimentally identified for '°°Sb [40], '°°1, !*2Cs [46], and '**Cs. It is inter-
esting to note that the spectroscopic factor determined for the proton decay of '°°1,
12Cs and ''3Cs is below unity which is interpreted as reflecting different shape of
mother and daughter nucleus [45]. Another exotic decay mode above '°°Sn is the
2C decay of '*Ba. Recent measurements, performed by using the GSI ISOL facility,



have allowed one to identify the new isotopes ''*~!'®*Ba and ''*Ba, to study their
decays [42], and to collect isotopically separated ''*Ba atoms for a search for a and
cluster radioactivity [41]. So far, the latter measurement has yielded only lower lim-
its of 1.2x10% and 1.1x10% s for the partial a and '?C half-life, repectively, of '*Ba
[41]. It is a challenge to try to improve these results with the aim of unambigiously
identifying these disintegration modes of ''*Ba.

The region near '°°Sn was discussed so far with emphasis put on the direct
emission of charged particles from nuclear ground states. However, this area of the
chart of nuclides has also been subject of an intense programme of 3-decay stud-
ies recently [38, 39, 41, 42, 47, 48, 49, 50, 51, 52]. As has already been mentioned,
B-decay in this region of nuclei is dominated by a 7ge2—vgr/2 (or, for Z,N<50,
also by a mge/2—vge;2) GT transition. Correspondingly, 8 decay experiments allow
one to investigate, even with low source strengths, the GT strength distribution
and to compare it with model predictions. Recent shell-model calculations (see [52]
and references therein) indicate that °°Sn decays almost exclusively by (superal-
lowed) GT transition to the 1*{7rg9"/12,1/g7/2} GT resonance state in !°°In, whereas
neighbouring nuclei show in constrast a complex and broad distribution of the GT
strength. In the following, some recent 3-decay studies will be discussed, obtained
by using the ISOL systems at CERN and at GSI, respectively. The measurements
include B-delayed y-rays for 1°°Ag, *8Cd, '°%1%[n and '%Sn as well as 3-delayed
protons for *#9Ag, 190102 [ apd 101:103.105Gy

The decay of even-even nuclei such as **Cd [47] is characterized by the feeding
of several 1* levels in the odd—-odd daughter nuclei instead of one 1+{7rg;/12, vgr/2}
state as expected from the extreme single-particle shell model. The excitation-
energy of the observed 17 states ranges from 1.7 to 2.5 MeV in rough agreement
with what is expected from shell-model considerations for the two-quasiparticle
state. The splitting of the GT-strength has been interpreted as being due to residual
Tgoe/2-Vg7/2 interactions. Part of the GT strength is missed by the experiment because
of the restricted decay—energy window and of the limited experimental sensitivity.
Additional reduction is caused by core polarization effects in the parent nuclei.
However, even when all calculated hindrance factors are taken into account, part of
the GT-strength still seems to be missing when comparing the theoretical values
to the experimental data of N=50 isotones. The question is whether the nuclear
structure and the experimental limitations are understood well enough to assign at
least part of this still missing strength to subnucleonic effects (For sd-shell nuclei, 2/3
of the quenching of the GT operator has been ascribed to higher-order configuration
mixing and 1/3 to A-admixtures [53]).

The decay of even-odd nuclei such as 1°1:103105Sp (39, 50, 48] is expected to
be governed by a resonance-like, but broad beta-strength function whose maxi-
mum, at an excitation energy of approximately 3.3 MeV in the odd-even daugh-
ter nuclei, might be ascribed to the coupling of an odd ds;; neutron to the GT
pair 1*{rg;\,vg7/2}. The calculated half-lives agree with the measured ones for

105103G whereas the value of 1.4 s, predicted for '°'Sn, deviates somewhat from
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the experimental result of 3+1 s [39, 52] (see figure 5a). The observation that the
predicted proton energy distribution is more narrow than the experimental one (see
figure 5b) indicates that the GT strength is spread over more (comlicated) states
than assumed in the calculation [52].
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Figure 5: a) Grow-in and decay time characteristic of the 3p decay of 1°' Sn, detected
during consecutive 20 s intervals with the mass-101 beam switched on and off, re-
spectively. The experimental data are given as circles, while the curve represents the
best fit obtained by assuming one decay component. b) Comparison of the ezperi-
mental Bp energy spectrum of % Sn (blank histogram) with the spectrum predicted
by a shell-model calculation.

In addition to high-resolution techniques for detecting positrons, X-rays as
well as By- and (p radiation, a total-absorption y-ray spectrometer was used to
study the decay of the odd-odd nuclei near 100Sn, namely '9*!°%1%4]n [49] and %°Ag
'51]. Here one expects the dominant population of a four-quasiparticle structure at
an excitation energy of the order of 5 MeV in the final even—even nuclei, consisting



of a GT pair l*{vrorg_/;,ugnz} from the respective core decay coupled to the spectator
particles, i. e. the odd ds;;-neutron and the odd g9/2-proton. Indeed, results obtained
for positrons, X-rays and (-delayed protons from the decay of !°0103[p (49] (see
figure 6) and '°*'%Sn [50, 48] indicate such a dominant four—quasiparticle component
of the strength distribution. This is qualitatively confirmed by the total absorption
data measured for '®®Ag [51] (see figure 7) and ®*In [49] (Note that in figure 7
experimental data for '°°Ag are compared to calculations for **Ag).
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Figure 6: Energy spectra of 3-delayed protons from the decay of 1°2In (a) and '*°In
(b). The experimental spectra (solid-line histogram) are compared to predictions
(dashed-line histogram) calculated by using a shell-model GT strength together with
a statistical model.

In concluding this section, I would like to mention that the resonance-like GT
distribution of 3 decay below '®°Sn may lead to unusually high Bp branching ratios.
For the case of '°'Sn, for example, a value close to 40% has been predicted [52].
At the ISOL facility of GSI, Bp measurements have been initiated [54] in order to
clarify whether the overproduction predicted for light molybdenum and ruthenium
isotopes by rp—process calculations [13} would be altered by unexpectedly high 8p
branching ratios.

6 Summary and Outlook

In this paper, I have shown that complete 3-decay spectroscopy of very neutron-
deficient nuclei has become possible by using beam-line spectrometers. The term
“complete” refers to the fact that both 3-delayed protons and v-rays were observed,
that the normalization of the decay branching ratios was achieved by counting de-
cays and decaying atoms, and that the decay half-lifes were measured with high
precision. In this context, I would like to underline in particular the advantage of
the ion-counting technique for obtaining absolute decay branching ratios. A further
experiment of this kind will be devoted to **Ti [55]. This nuclide, a member of the
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uncertainty in the decay pattern of the daughter nucleus, '°° Pd. The full histogram
displays results from a high-resolution study, and the smooth line connecting full
circles represents the result of a shell-model calculation for ®® Ag. The ezperimental
Qec uvalue of 1% Ag is indicated as a vertical line with the uncertainty given as dashed
lines.

T=2 series as **Ca, is of interest since its 3 decay represents the mirror transition to
neutrino capture in **Ar and is thus relevant to the calibration of the solar-neutrino
detector ICARUS.

The study of proton-, «, cluster and 3 decay near '°°Sn, which has been de-
scribed in this report, is a continuing programme, too. Its success depends crucially
upon the development of new or refined experimental methods. In the case of ISOL
experiments, this includes (i) the development of rapid, efficient and chemically se-
lective ion sources, which involves, e. g., laser resonance ionization or ionization of
molecules, (ii) the application of total-absorption y-ray spectroscopy, and (iii) the
search for cluster decay. In the case of intermediate—energy or relativistic heavy—ion
experiments, performed by means of beam-line spectrometers, the recently obtained
intensities of '%°Sn have been sufficently high to allow for an unambigious in—flight
isotope identification and even for a measurement of gross decay properties. To date,
the '°!'Sn rate obtained by using fusion-evaporation reactions at the GSI ISOL is



one to two orders of magnitude higher than that reached by nuclear fragmentation
at GANIL and GSI, respectively. The measurement of the atomic mass of 100G,
performed by using [37] **Ni(**Cr,2p6n) fusion-evaporation reactions, seems to sup-
port this conclusion. On the other hand, there are apparent improvements possible
for the high-energy facilities, such as the increase of the primary beam intensity.
In summary, interesting new results, that are of relevance to nuclear physics as
well as astrophysics, have recently been obtained for very proton-rich nuclei in the
sd-shell and in the !°°Sn region, and there is every reason to believe that there is
more to come along this line soon. Last not least, this optimistic view is also based
on the considerable recent progress made in studying such nuclei by other methods

such as in-beam 7y spectroscopy or determination of nuclear radii from relativistic
interaction cross-section [56].
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