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Abstract

Some general properties of nuclei far from stability which are determined by Gamow-Teller
matrix elements are discussed and compared to theoretical predictions. The discussion is limited to
light proton-rich nuclei for which a more precise determination of the GT strength is obtained. The
deviation observed in the interpretation of some sd nuclei with shell model calculations are illustrated
by the case of the 38Ca decay. Interrelations between values obtained in decay or charge-exchange
reactions studies are outlined in the case of fp nuclei for which new theoretical results allow to
extend the description given by partial experimental data. Finally, the possible observation of 1%t
forbidden transitions far from stability is illustrated with a few examples.

Introduction

The Gamow-Teller spin-isospin excitation and the measurement of its strength give access to
important matrix elements. These m.e. provide a sensitive test of the multiparticle structure of
nuclear wave functions and also of the different correlations which reduce the observable strength.
Among the possible probes of spin excitation (by weak, electromagnetic or strong interaction), we
limit here the discussion to complementary results obtained either in the weak decay study of p-rich
nuclei or with charge exchange processes such as (p.n) reactions. With the hadronic probe, it is
possible to map out the full range of spin-isospin excitation at small or high momentum transfer. It is
therefore the best tool to investigate the spin-isospin mode and search for possible missing strength
by comparison with theoretical estimates.

In the nuclear B* decay, the Gamow-Teller transition results from the coupling of the axial-
vector current with the spin of the nucleon. Within the accessible Qg energy window accurate
measurements of the GT strength can be made with excellent resolution, high sensitivity and low
background. For p-rich nuclei, and also for nuclei near closed shells, the strongest transitions (i.e. the
major part of the strength) may be included in the Qp window. For these selected cases, excellent
conditions are met for a state-by-state, or an overall, comparison of the corresponding matrix
elements with theoretical predictions and a quantitative evaluation of the reduction (quenching) of
the experimental strength. These two excitation modes are sketched in Fig.1, their interrelations with
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Fig.1 : GT transitions in the case of a light A=4n system,
stemming from states with different isospin and populating
levels in the same final nucleus.

the electromagnetic modes (e, €' or v, y) have been discussed by W.
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GT decay rates and theoretical values calculated in p, sd or fp shell

/ lo.9) model configuration an excellent agreement has been observed, in

most of the cases, with an overall reduction of m.e. by a factor 0.76.
The resulting predictive power of these calculations if of interest in

two different fields :
- the description of nuclear properties far from stability

- the estimation of weak interaction rate in stellar evolution. In the current studies undertaken to
calculate weak interaction rates in stellar matter, the electron capture rate plays a major role at
advanced stage of stellar evolution?). The capture rate for a transition from the i-th state of the
(Z,N) nucleus to the j-th state in the (Z+1, N-1) nucleus, is given by 3) :

én2

Ajj = ) By gj; (1)
where D is expressed by universal constants,
By = B(F)y+(84/8v)" B(GT); @)

corresponds to the reduced Fermi and GT transitions and g;; is the phase space integral. The same
quantities are necessary to calculate the neutrino energy loss rate and the y heating rate. These
calculations are extremely sensitive to the details of nuclear structure through phase-space
considerations and therefore the experiments providing GT rates in the large energy range open in
the decay of p-rich nuclei are very profitable tests of the shell-model calculations.

GT transitions in proton-rich sd nuclei. Shell-model estimates / experimental results

For these decays, a first comparison between predicted and measured GT strength can be made
with half-life values. This property, apart from a contribution of the Fermi component, reflects the
distribution of the main GT transitions. It is often the only available information near the drip-line.
Ty values, calculated by Muto et al.4) in a complete sd-space shell model with the effective
Hamiltonian of Wildenthal®), are compared for T, = -3/2 with experimental values in Fig.2. The
excellent agreement is a convincing argument for using far from stability the quenching factor for the



GT transitions operator previously established with existing data in the sd-shell®) :

[2=(7 /gA)2 =(0.76)2].
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In order to compare more precisely experimental data with GT estimates, it is useful to
discern?) different regions in the final nucleus excitation range corresponding to different decay
channels following upon the GT transition (Fig.3). It is also important to note that the sensitivity of
the experiment/calculation comparison is different in these three regions. We have plotted in Fig.4
the summed branching strength (expressed as a 8 percentage of the total decay) corresponding to the
different region defined in Fig.3 and resulting from sd-shell calculations by Muto et al. ).
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For 6 cases [21Mg, 29S, 33Ar, 37Ca (T, = -3/2) and 3%Ar, 36Ca (T, = -2)] where detailed
results have been reported, experimental value of P, (1-delayed proton emission probability) are
found in fair agreement while more precise experimental results are needed for a extended
comparison. With present data, calculated strength in region 2 (T, = -2) exceeds by far measured
values of P, in many cases where more work would certainly be justified. Many interesting features
are however already apparent in the A and T, evolution of the calculated intensities.
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If we compare experimental and predicted sums of B(GT) values for nuclei where this
comparison can be done, we obtain a diagram (Fig.5) similar to the one given previously by Borge et
al.7) where most results are well described with a renormalized coupling constant and some cases are
clearly anomalous. Especially for the argon isotopes, the quenching factor seems to be greatly
reduced or even nonexistent (33Ar). However the comparison, made in Fig.5, is model dependent
with different degrees depending the individual decay. In particular :

- the fraction of total GT strength which is measured is different from isotope to isotope,

- in some cases, as for the T, = -3/2 nuclei, the experimental cut-off is close to the maximum of the
GT resonance, the ratio of experimental to calculated strength in then drastically model dependent
with a very large uncertainty on the resulting value. Until recently this absence of quenching
seemed to be specific to the argon isotopes but new investigations of the 37Ca decay®) have
suggested in the same way that a renormalization of the axial-vector current is not supported by
the comparison of the data with sd shell model calculations. More accurate data on p-rich Ca
nuclei were required.
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In Fig.6 are represented the mass diagram corresponding to three isobaric multiplets where p*

decays of the Ca member have been studied and results reported at this conference?-11). In two cases

(A = 37 and 38) matrix elements resulting from (p,n) studies are available and can be compared to

beta decay values. The 38Ca case, with a modest Qg value, is of particular interest for different

reasons :
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- direct population of 38K by B* or (p,n)

- very simple 2 holes structure of the 38Ca

parent state

- excellent experimental condition available

for both production and detection

- and, most important, for 38Ca a very large
fraction of the GT strength lies within the
decay Q value window.

Fig.6 : Mass diagram for A=36-38 with B* and
(p,n) GT excitation modes.



This property is manifest when evaluating the theoretical value of the sum T(GT), defined by 6)

1/2
T(GT) = [z RY}(GT,i— b)} )
/
where R(GT) = M(GT)IW @

is a dimensionless quantity obtained after introducing the sum rule value :

W = |ga/gv|[@d + D3|V - 2] ©)

Using theoretical values calculated with the "free-nucleon” Gamow-Teller operator®), T(GT) = 0.78
for 38Ca and only 0.38 for 37Ca. The strength in 38K is concentrated in the lowest-lyings 17 states
and is shifted to higher excitation energies as the proton excess is increased in 37-36K, in close

analogy with the evolution of B- strength with increasing neutron excess, near closed shells.

In the 38Ca decay study by Baumann et al.12), production yields of pure Ca sources by
fluoration in the ISOLDE ion source and efficient -y measurements allowed a sensitivity around 40

p.p.m. for the population of the 1* states. B(GT) determination, reported in Fig.6, are compared

to

(p,n) zero degree cross section measurements obtained by Anderson!3) and populating the same final
nucleus. Shell model predictions by A.B. Brown with two different configuration spaces, are also

reported. Two important points can be highlighted (Fig.7) here :
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- The (p,n) measurement confirms that 80 % of the strength is located within the Qg window where
the high resolution B-delayed gamma measurement can resolve branches to six 17 final states.

- From these six 1% states, three can be interpreted with the sd-shell model while the d3/, 7,
calculation allows to locate intruder 1% states as low as 4 MeV in agreement with the
experimental findings.

The new experimental summed strength is reported in Fig.5. In fact the additionnal strength
being due to intruder states, this representation is no longer valid and another normalization is
needed to take into account the increase of model space. The total S* strength :

St=3(Z-N)+S~ 6)

strictly limited to 3(Z-N) = 6 in the sd space, is increased when the f contribution allows S- to have a
sizeable value. The evaluation of S- in this case is still to be made. It is of interest to note that for a
similar 2 holes-case, Hardy and Towner!4) have reported an increase from 6 to 7.1 of the S* value
when adding 2p4h configurations to the p-shell description of 140.

The same restriction has to be made with the integrated strength representation of Fig.7 (lower left).
The apparent excess of experimental strength, relative to the calculation with effective operator
values, may be only a deluding result related to the sd-space limitation when the experimental data
clearly require an extended configuration.

What are the changes we can expect in the GT strength of Ca isotopes when going from 38Ca
to 36Ca ? Intruder states are still located in the same energy ranges as it is shown by the comparison
of experimental levels with sd calculations. On the other hand the increase of Qgc (from 6.74 MeV
for A=38 to 10.99 MeV for A=36) and phase space arguments give a strong enhancement in the
population of these intruder states. In addition, the increase of ground state correlations resulting
from the increment of valence nucleons should induce a shift of the GT strength to higher energy.

In conclusion, the proton-rich nuclei in the sd-shell present at low energy alien configurations
which are populated with increasing probability by GT transitions when going away from stability.
This nuclear structure effect is revealed as deviation from sd shell model expectations and can be
traced already in simple cases like the 38Ca decay.

GT transitions in fp shell nuclei. T, = -2 drip-line nuclei and T, = +2 charge-exchange target
nuclei

Recent theoretical studies give a microscopic description and a successful account of many
observable for stable or unstable fp nuclei. In particular detailed shell model calculations of the GT
strength for A = 4815), 54 and 5616-17) have been made and a good agreement has been found with
the available (p,n) data. Very recently, Nowacki et al.1®) have extended these calculations to the
description of the beta decay of the T, = -2 drip-line nuclei between 44Cr and 36Zn. Allowed
transitions from 44Cr, 46Mn, 48Fe, 50Co, 52Ni and 36Zn have been evaluated (>*Cu is predicted
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unbound). For the even-even parent nuclei, daughter 1* states in 44V, 48Mn, 52Co and 3Cu are
members of the isobaric triplets which have been already studied in 44Sc, 48V, 52Mn and 36Co. The
odd-odd 46Mn and 30Co parent states are expected to have, respectively J® = 4* and 6* on their
analogues in the isobaric quintuplets (46Sc and 50V). Results obtained by F. Nowackil® for three
T, = -2 nuclei are reported in Fig.8 in two different ways. On the left side, the B(GT) distribution
reveals the density of transitions, increasing with the number of valence nucleons and, for 48Fe and
52Ni, the resonant-like structure with a maximum below the Qgc limit. On the right side, converting
B(GT) values in B branches intensities, one brings to light the difficulty for giving an experimental
description of the strength in the whole window. Recent advances have been made in the
spectroscopy of T, = -2 nuclei!®22) but detailed comparison of branching GT strength with
calculation is still difficult. On the other hand, except for 56Zn, half-lives have been measured19-22)
and are found in excellent agreement with the shell model estimates, in particular for the even-even
nuclei (AT, < 10 %).

Fig.9 . Multiplet of A = 56 isobars.
aM

o)\ - I
n GT N 1 A=56
{ M : The mass diagram corresponding to the

fp isobars with A = 56 is given in Fig.9 in order
Ty , to illustrate the possible GT studies in this mass
< region. Unlike sd-nuclei, the stable member of
the multiplet has T, = +2 (56Fe) while the
analog T, = -2, 3%Zn is the last bound isobar.

0.0} ar
AT |43) Many properties of this drip-line nucleus

can therefore be deduced from its stable
counterpart. In particular GT decay properties

are given by matrix elements which can be
extracted from 0° charge-exchange cross-
sections measured on the analogue isobar.

Extracting GT matrix elements from (p,n) cross-sections ; application to decay properties

estimations near the drip-line

The accuracy of the determination of GT matrix elements and the correlation between beta
decay and (p,n) determination have been recently discussed by Ch. Goodman?3). As a good
correspondence is found for GT values obtained with the two different probes for transitions
between J® = 0+ and 1%, we can choose the case of the 36Fe (p,n) reaction for the determination of
GT matrix elements which govern decay rates at the drip-line. As shown in Fig.9, 56Fe ground state
(0%, T, = 2) is the analog of the very proton rich 36Zn g.s.. Decay properties of the T, = -2 exotic
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emitter are unknown but the (p,n) reaction on the T, = +2 target has been measured by J. Rapaport
et al2¥) and the corresponding cross-section measurement at 0° is given after background
subtraction in Fig.10. In a low momentum transfer approximation, the cross-section is related to
B(GT) as follows23) :

do/da(0°) = (u/ 7h?)t (K, 1 K;) NgJ2  B(GT) )

if we omit the Fermi, B(F) contribution.

. Fig.10 : From J. Rapaport?¥), cross-section of
~ e (p.n) “Co the 36Fe(p,n)>6Co reaction measured at 0°.
E: . ED'IGOMQV
e L 20 Sirength
2
= n Two parameters, Ng; , the distorsion
'8
< factor, and Jg,, the effective interaction
E J strength are obtained by normalization of the
g- (p,n) to the beta decay probe for transitions
é 2L where accurate data are obtained in both ways.
Dividing the spectrum of Fig.10 in
- energy bins, we can then, using relation (7),
Ex i Co (MeV) obtain a B(GT) distribution where :
B(GT) =g " BG)  ®
The B(GT) value is related to the partial half-life in decay rates evaluations by :
L/ ft = g} B(F) +g% B(GT) ©)

The B;(GT) distribution is then converted in a set on partial half-lives, t; B; (GT) — fit;

and (h2) ' =2 )™ (10)

i
Using the experimental (p,n) cross-sections of Rapaport24) we obtain for 36Zn : Ty/; =36 £ 10 ms.
This determination can be compared to the theoretical shell-model calculation of Nowacki!®)
(T1/2 =24 ms).

15t forbidden transition in competition with allowed GT decays far from stability

Beta decay studies with exotic nuclei are often limited to the most intense transitions and
therefore to superallowed or allowed branches. However forbidden transition can also be involved in
these studies and particularly in two cases :

a) When the detection sensitivity is very high. This condition is met for delayed charged particle
detection. For light nuclei, where forbidden transitions are clustered near magic numbers, it is
remarkable that the only forbidden transitions known in the mass range 22 < A < 36 are in the
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32Cl, 1* decay and correspond to very weak alpha delayed (2. 10) or proton delayed

(19 . 10%) branches25).

b) When the transition rates are comparable to allowed ones.

Previous compilations26) of comparative half-lives, expressed with logft values, allow to

delineate the range of the different classes of beta transitions. Unfortunately these compilations do

not include more recent data which are mostly obtained far from stability. A new survey has been

made recently?”) for 10 < A < 100 with data corresponding to reliable spins and parity. From the

results (Fig.11) a strong overlap between logft values for allowed and 15t forbidden non unique

transitions is confirmed and more precisely described. These distribution suggest also some

modifications of the empirical rules given by Raman and Gove?8) for spin and parity limitations from

logft values.

Fig.11 : Frequency distribution of logft values for
allowed (2227 cases), 15t forbidden non unique (424
cases) and 15t forbidden unique (157 cases) transi-
tions given in the literature in the 10 <A < 100 range
(Ref.27). In the two first classes, log/r values are
reported ; for the last class, logf;f values are given.

The studies of 15t forbidden f transitions has
allowed previously?? to verify the prediction made
by Kubodera et al.30) of a strong enhancement over
the impulse approximation for the time-like com-
ponent, M; of the axial current, A°. This enhan-
cement, due to meson-exchange contributions (mec)
is studied most easily with transitions between states
of the same spin (as 0¥ — 0-) and it can be quantified
by the ratio, €pe, Of the experimental A° value, to
the calculated one obtained in the impulse appro-

ximation without meson-exchange contribution :
Emec = [A°(1party+ A°(mec)] | A°(1part)

with experimental values corresponding to s, <
p1/ transitions and A values around 16 or 96, the
strong enhancement is confirmed and a mean value of
€ = 1.64(2) has been obtained3D).
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The situation is unsatisfactory for p3;, < dsj, transitions. This class includes cases with
enhanced values for €[33S(0%) — 38CI(0°), Eqec = 1.13, 29) S0K(07) —» 50Ca(0%), Epec = 1.52 33 ]
and cases where the 15t forbid transition is much lower than the shell-model estimate in the impulse
approximation [38Ca(0%) — 38K(0)!2), 39Ca(3/2%) — 39K(3/2)39), 37K(3/2*) — 37Ar(3/2°)9)].
Clearly more studies are needed before a clear picture of mesonic enhancement effects comes out in
the full range of atomic masses and nuclear configurations.

Conclusion and outlook

Efficient production and detection techniques allow in many cases a better determination of the
GT distribution in the Qg window and the measurements of weak branches which give significant
tests for the models. These measurements allow also the evaluation of other classes of transitions
(isospin forbidden, J — J 15t forbidden ) which give access to subnuclear processes.

The intercorrelation of beta decay results and charge exchange studies which can be illustrated
by different examples in the sd and fp shells may be extended with the use of radioactive ion beams.
In the fp shell, present conditions for GT studies are unsatisfactory : detailed microscopic description
of p-rich nuclei decay are available but, the comparison with experimental data is limited as efficient

ion sources are not yet available for many of these elements.

A more general limitation of the experiment/theory comparison is noted in an extended mass
range which includes most of the p-rich sd nuclei. It corresponds to the difficulty to include intruder
configurations in the model space when these configurations are clearly borne out by the
experimental data. For neutron-rich nuclei, this limitation is evidently still more general.

Finally, next GT studies should include transitions of particular interest : beta branches to
states in halo nuclei or beta transitions to unbound levels from proton even (69Kr, 39Ti) or neutron
even emitters (37Na) at the very limit of nuclear stability.
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