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The extremely weak-forbiddenlds,, — 2s,,, magnetic dipole ¥/ 1) transition from the ground state
of 32Sto aJ™ = 17 state atE, = 7.003 MeV was investigated by 185and 180 electron scattering.
The extracted strength 660040(5)u3 represents the smalleB{M 1)] value ever measured in electron
scattering. A combined analysis with the isospin-analogous Gamow-Teller (GT) decays/6f thd *
ground states of>Cl and 3P is performed. Empirical corrections of Brown and Wildenthal to the
magnetic operators reasonably account for the data. Corrections derived from microscopic approaches
are less successful pointing towards a fundamental, not yet understood problem in the description of the
effective M1 and GT operators. [S0031-9007(98)08207-6]

PACS numbers: 25.30.Dh, 21.60.Cs, 23.20.Js, 27.30.+t

The phenomenon of quenching of thel and Gamow- to the free-nucleon strength, the delta correction is ex-
Teller (GT) response in nuclei, i.e., the reduction of thepected to be essentially the same for the isovetbrand
experimentally observed strengths with respect to the be&T operators. However, the analysis of théorbidden
available model results, has attracted intense interest oveét/s» — 2s;,, single-hole transitions i = 39 nuclei
the years (see, e.g., [L-6] and references therein). It hagves an order of magnitude largkfl strength relative to
become clear that a large part of the reduction can be exhe GT strength [9—13]. While this result contradicts the
plained by tensor correlations induced by the renormalizaealculations [2,7] it can be well explained by the empirical
tion of the transition strengths in (necessarily) truncatedapproach [8]. Indeed, this is one of the major problems
model spaces. However, there are also finite effects fromemaining in our understanding of electromagnetic gad
non-nuclear degrees of freedom such as mesonic-exchandecay observables in light nuclei which we address here.
currents and excitations of nucleons to thésobar. The One possibility of explaining this discrepancy is that
different contributions can be incorporated by the intro-the A = 39 transitions are not well described by pure
duction of effectiveM1 and GT operators [see Egs. (1) 1d3, and2s,, single-hole states, and that low-lying core
and (2) below]. Spin, orbital, and tensor corrections to theexcitations across from thel shell to thefp shell, i.e.,
operators for transitions ind-shell nuclei have been de- ground state correlations, could introduce some allowed
rived from microscopic calculations of Arined al. [2] and  strength in a way which is not well understood. Indeed,
Towner and Khanna [7], as well as by Brown and Wilden-sizableM 1 strength has been found [14] in tiA€ closed-
thal [8] from empirical fits to a large body of data. Both shell nucleus’®Ca. Therefore it is important to examine
methods agree quite well with each other except for thelata away from the end of the! shell (where such low-
isovectorM1 tensor corrections whose predicted magni-lying core excitations should be less important) in order
tude is much smaller than the empirically found value. to see if the discrepancy persists. Unfortunately, it is

Allowed M1 and GT transitions are usually dominated very difficult to find very purd-forbidden transitions [15],
by the spin strength, and the tensor corrections are weaknd small admixtures with allowed components make the
In contrast/-forbidden transitions are mainly governed by extraction of the-forbidden component uncertain [16].
the tensor part, thus providing experimental insight into Two of the most hindered allowed beta decaysdh
this otherwise hardly accessible contribution. The ternshell nuclei are those for the mirror decaysJéf = 1
“[-forbidden” refers to a selection rule for the one-bodyground states in?P and *2Cl with isospin T = 1 to
operator ofM1 or GT transitions which does not allow a the J7; T = 0*;0 ground state (g.s.) ofS [17]. Their
change of the radial quantum number. structure in the simplest shell model as well as in the

The higher-order corrections to tligforbidden transi-  full sd-shell configuration mixing model [17] is dominated
tions are theoretically expected to be dominated\bgd- by a 1ds/; — 251/, transition. Thus, the transitions in
mixtures into the nuclear wave functions [2,7], and theyA = 32 nuclei are perhaps the best case available for a
are a unique observable in this respect. When scalestudy of/-forbidden strength towards the middle of tihe
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shell. In this work, we have measured for the first time ameasurements were normalized to the proming&ht
B(M1) value for the extremely weakforbidden transition transition inSLi at 3.562 MeV where detailed form factor
to the isospin-analog™ state in*2?S by inelastic electron measurements are available [20].
scattering. This information is of particular interest for The extracted form factor of thét transition is dis-
a combined analysis with the GT strengths to test thelayed in Fig. 2. It rises monotonously in the investigated
sd-shell wave functions and the effects of higher-orderg range indicating a first maximum ag.; =~ 1 fm~!.
corrections. Such ag dependence deviates strongly from the typ-
The 32S(e, ¢’) reaction has been investigated at theical behavior observed for spin-dominatéd1 transi-
superconducting Darmstadt electron linear accelerator (Sions. This is demonstrated by a calculation for a pure
DALINAC) with a new O = 180° scattering system 1d3;» — 1ds;» spin-flip transition (dashed line) which
[18] coupled to a large solid-angle Q-CLAM magnetic shows the first maximum at an effective momentum trans-
spectrometer [19]. Incident electron energies wege=  fer of about0.5 fm~! and cannot reproduce the data at all.
42, 66, and 82 MeV. Additional data were available from However, when using the shell-model wave functions ob-
experiments at a high-resolution energy-loss spectromet¢ained with the unifiedd-shell (USD) interaction [21,22]
positioned at® = 165° for E, = 30, 35, and 49 MeV. a very good description of the dependence is achieved
In total, a momentum transfer range= 0.3-0.8 fm™! (solid line). The transition strength is extracted from a
was covered. A self-supporting 43 target containing normalization of the form factor to the data and an ex-
natural sulfur (95.6% abundance &fS) of 28 mg/cn?  trapolation to the photon point = E,/lic. One finds
areal density was used. Average beam currents weR(M1)] = 0.0040(5),u%, which constitutes, to the best of
several uA. Figure 1 presents typical spectra taken atour knowledge, the smallest/1 strength ever measured
both spectrometers. Energy resolutions of about 40 keVh electron scattering experiments.
(FWHM) at 165 and 100 keV at 180 (limited by the Because of the extreme weakness of the transition, one
target thickness) were achieved. The line contents of thmay ask how sensitive the results are to details of the
weak transition to the 7.003 MeV state were obtainednodel wave functions. As pointed out above, the free-
from a simultaneous fit of all spectra including the nucleon transition strength fdrforbidden transitions is
additional close-by levels indicated in Fig. 1. For anzero. According to our present understanding, nonzero
extraction of the form factor the data measured at°165strength might be induced by (i) configuration mixing
were normalized to elastic scattering taking into accountvith allowed shell-model components within the/
the Coulomb distortion of the wave functions. Becauseshell, (ii) configuration mixing with allowed shell-model
of the rapid variation of the elastic scattering cross sectiomomponents outside the/ shell, (iii) A admixtures into
as a function of the effective detection angle, the °180the nuclear wave functions, and (iv) mesonic exchange
currents [1]. The fullsd-shell model calculations contain
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the effect of (i) to all orders. Effects [(ii)—(iv)] are usually

effective g factors [8] is shown. Clearly, one finds ex-

treated in perturbation theory in terms of an effective GTcellent agreement even on a level-to-level basis. The two

operator
GT.r = S48 + 65(GT)S + 8,(GT)L
8v

+ 8p(GN) V87 [Y? @ STV}, (1)
and an effective isovectd 1 operator
Ml = gsS + gL
+ gs{8s(M1)S + 6. (M1)L
+ 8pM1) V87 [Y? @ SIVTY, (2

where gy and g4 are the weak Fermi and GT coupling
strengths,g,/gv = —1.2599(25) [23], g, = —4.706 is
the isovector spiry factor, andg; = 0.5 is the isovector
orbital g factor. (Both terms implicitly contain the
isovector operator.) Spin, orbital, and tensor corrections
are denoteds, 6,, anddp, respectively. The difference
betweends(GT) and 6s(M1) is dominated by mesonic
exchange currents (iv). The empirical values &g
obtained from a global fit of manyd-shell data [17] as
well as specific transitions ifMg [24] and S [25,26]
give a significant enhancement 6§(M 1) over 65(GT)
consistent with the microscopic calculations [2,7].

The predictive power of calculations using the USD in-

prominent transitions ak, = 11.5 MeV exhibit a strong
mixing in the calculation, and the sharing of the strength
is very sensitive to the assumed energy difference. Thus,
one should rather compare the sum of both with experi-
ment which again agrees satisfactorily. The bottom part
of Fig. 3 shows the squardd/s/, < 2s;/, one-body tran-
sition density associated with™; T = 0%;0 — J™; T =
1*;1 transitions in3?S. It is concentrated in the low-
est state predicted at, = 7.058 MeV confirming the
I-forbidden character of the transition to the level ob-
served experimentally at 7.003 MeV.

We now proceed to a combined analysis of the
[-forbiddenM 1 and GT transitions from the set of isospin-
analogl™ states in*?S, 3>Cl, and*?P, respectively. The
importance of using the combined information on both
quantities, i.e.M 1 and GT strengths, was demonstrated in
Ref. [24]. The complete set of data allows a particularly
stringent test. Furthermore, as was pointed out above,
only the comparison reveals the theoretical problems in
full depth [1,10-12]. The asymmetry in th@-decay
probabilities of2Cl and*?P indicates that isospin mixing
effects must be considered, and we include this by carrying
out an isospin-mixed calculation in the full proton-neutron
basis with the Ormand-Brown [30] isospin nonconserving

teraction [21,22] and effective operators is demonstratetiamiltonian added onto the USD. Th&1 and GT

by an investigation of th&(M 1) strength distribution in

matrix elements are given in Table | as calculated with

325 also obtained from the experiments described abovéhe empirical Brown-Wildenthal (BWp parameters. In
This reaction has been studied previously in electron scatach case, the breakdown of the matrix element in terms
tering, but with conflicting results on the strengths of twoof its spin, orbital, and tensor contributions is given.

of the most prominend/1 transitions [27,28]. The up-
per part of Fig. 3 presents the experimem@i/1) distri-

Inspection of Table | shows that the tensor pieces of the
I-forbidden matrix elements are largest, but the spin and

bution derived from the present data up to an excitatiororbital contributions cannot be neglected. The experimen-
energy of 12 MeV (details will be presented elsewherdal asymmetry in the GT matrix elements 0.046:0.012 is

[29]).
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FIG. 3. Upper part: Experimenta#(M1) distribution in S
(from [29]). Middle part: Shell-model prediction with the
USD interaction [21] and effectivg factors from [8]. Lower
part: Distribution of thel-forbidden 2s,,, < 1d;,, strength

component (expressed in terms of the squared one-body

transition density) over excitation energy 8.

In the middle part, a calculation using empirical close to 4 while the BW calculation yields 0.024:0.012, a

ratio of about 2. FoPf?P decay, where the effects due to

TABLE |. Description of the/-forbidden M1 transition in
S and the corresponding GT decays of tR€l and 3?P
g.s. with USD shell-model wave functions. The total matrix
elementsv [with B(M1), B(GT ) = |M|?] and their breakdown
into the individual spinM(S), orbital M (L), and tensoM (P)
contributions are given. Calculations are performed including
isospin mixing and corrections to the operators from the
empirical approach of Ref. [8] (BW) or the analytical results
of Ref. [7] (TK).

MES) ML)  M(P) |M|
325 BW 0.076 0.119 -0.136  0.058
M1 TK 0.052 0.105 -0.070 0.087
Expt. 0.063(3)
2¢| BW  —-0.009 0.003 -0.018 0.024
M(GT) TK -0.017 0.004 -0.026 0.039
Expt. 0.046(10)
2p BW 0.002 0.003 -0.017 0.013
M(GT) TK -0.006 0.003 -—0.026 0.030
Expt. 0.012(0)
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isospin mixing in the calculation are smallest, experimenthe A = 39 case. The failure of the otherwise successful

and theory are close (0.013:0.012). The predicted matrixicroscopic approach to account for the tensor corrections

element|M| = 0.058 for the M1 transition in*’S is in  of the M1 operator still asks for an explanation.

good agreement with the experimental value of 0.063(3). The present experiment originated from discussions

Considering the weakness of all investigated transitionspf one of us (A.R.) with E. Adelberger ohforbidden

we conclude that the BW results provide a reasonablyransitions. Very helpful discussions with I. Towner
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spin and orbitalM 1 matrix elements, exhibits the afore-

mentioned difference of a much smaller tensor correction
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