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The two-neutrino doublg (2vBB) decay represents a test case for our knowledge about the nuclear struc-
ture of the involved isobars. The decay“ﬁ@a is an especially interesting case because it holds an anomaly of
a uniquely highQgs value and a comparatively long half-life, which points to a peculiar nuclear structure
situation. The nuclear matrix element relevant g8 decay can be calculated, if the complete set of Gamow-
Teller (GT) matrix elements for the two virtual transitions in the perturbative description are known. Using the
high-resolution(d,zHe) probe, we have measured the G3trength distribution irf®sc, which is the interme-
diate nucleus in théSCaﬂ,B decay. By combining our measured GT distribution with data froﬁscha(p,n)
experiment and taking into account relative phases between individual matrix elements, which can be gained
from theoretical models, one can compute the double-GT matrix element and deduce the half-life of the
48Ca 2083 decay.
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The nuclear doublg (88) decay continues to be a sub- ate odd-odd nucleus is included in the second-order pertur-
ject of fascination, both in the experimental and the theoretbative matrix element. Approximations over average energy
ical sense. It proceeds as a second-order transition of th#enominators should be avoidg?].
weak interaction. Two reaction modes are at the center of One obtains for the 288 decay half-life
attention, the neutrinoles§OvBB) and the two-neutrino (2o-1 an(29) 12
(2vBB) decay. The neutrinoless mode is kinematically fa- [T 891 =G MEE, (1)

vored, but violates lepton-number conservation and is, thug:NhereG(zy) includes the weak coupling and the phase space
forbidden in the standard model. The two-neutrino decayf bing P P

mode. in contrast. is kinematicallv suopressed but aIIowe(fCtor' If the initial and final states both al&=0" states, the
' . ' y supp Houble-Gamow-Telle(DGT) matrix element is given by
by all selection rules and has even directly been observed in

a few case$l]. () —llq+\ 1+ S0
The doubleg decay not only represents a stringent test of M2 = <09-S“Ek UkT"”lm)(lm”Ek ol Og.s
our knowledge about the nuclear wave functions, but, even et < %Qﬁﬁ(o(f)s) +E((15) - Eg
more, it is a test of our fundamental understanding of quan- . ¢ B
tum mechanics. The decay mechanism is believed to be a MET MET
combination of two sequential virtual decays, from a parent =2 1 (2)

1 (f) g
nucleus to the adjacent intermediate nucleus, to which ordi- m 2Qas(0gs) + B ~ &
nary 8 decay is either energetically forbidden or suppressed,(1,)-E, is the energy difference between tméh interme-
by angular momentum considerations, followed by the trandiate I* state and the initial ground state, and the sB
sition to the daughter nucleus, which then lies energeticallyuns over all the neutrons of the decaying nucleus.

below the parent. Contributions from Fermi-type virtual transitions are neg-
Decay rates for the allowed second-ordegB mode can ligible [3], because initial and final states belong to different
be deduced assuming tha isospin multiplets. In fact, the transition matrix is essentially
(i) the leptons are in as-wave state, a product of two ordinary3-decay Gamow-Teller matrix el-
(ii) the leptons share the phase space equally, and ements between the initial and intermediate state, and be-
(iii ) a complete set of virtual excitations of the intermedi- tween the intermediate and the final ground state, respec-
tively.

The *®Ca nucleus is an especially interesting test case, as
*Present address: TRIUMF, 4004 Wesbrook Mall, Vancouverjt has the highest decay energQ;;=4.27 MeV of all

B.C., Canada. BB-decaying nuclei. This means that the half-life ought to be
"Present address: ATOMKI Debrecen, Hungary. accordingly short, ady,,%(Qgg) ™% Surprisingly however,
*Permanent address: NIPNE, Bucharest, Romania. the measured half-life is about the same as, e.g., the one of
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18Cd [1], for which Q4=2.80 MeV. Clearly, this anomaly E, [MeV]
can only originate from the different nuclear structure in- -1 0 1 2 3 4 5 6 7 8 9 10
VOlVed. 50 [RAZE ERAAN R AR RSN EEREY RS BT EERES FEERS RATES FEN
An elegant way to determine the matrix elements of Eq. —= 1% 8Ti(d,?He)*8Sc¢ |
(2) experimentally, and thereby the half-life of the nucleus, is = 40 | Ocm.=0-1.5°
offered by hadronic charge-exchange reactions. At interme- = Eq=183 MeV
diate energies(E= 100 MeV), charge-exchange reactions ; present data
proceed mainly through the isovector spin-flip component of < 30 N )
the effective interaction, and at low momentum transfer, i.e., =

[}

at forward scattering angles, these transitions are governed x
by the above mentioned Gamow-Teller transition operator.
Charge-exchange reactions likp,n) or (n,p) are well-
established tools for the extraction of GT strength distribu-
tions in a nucleu§4—7]. Though the measurements presented
here have been performed using a bombarding energy of TN
only 90 MeV per nucleon, the dominance of the central 4BCa(p,n)*8sc
interaction and thus the proportionality betweefGB) and Ocm. = 0.3°
the cross section is still given, as has been shown in previous Ep =134 MeV
publications[8—10. IUCF
Experimentally, the first virtual transition of th@3 decay
can be accessed bgp,n)-type reactions on the parent
nucleus, whereas the matrix elements of the second virtual
transition can be obtained frofm, p)-type reactions on the
BB decay daughter nucleus.*Cap,n) experiment at inci-
dent energies of 134 and 160 MeV was carried out by Ander-
son et al. [11], which yielded a GT strength distribution

do/dQd

do/dQdEy [mb/ (st MeV)]

with a resolution of about 400 ke¥full width at half maxi- b .

mum). It was observed that almost all GTstrength in the

low excitation energy regimg.e., 0<E,<6 MeV) was con- E, [MeV]

centrated in ond™=1* state at 2.52 MeV. As shown in Fig. x

1, several other low-lying“1states above the 2.52 MeV state  F|G. 1. (Color onling Excitation energy spectra for

exist, but these are only weakly excited and can only barely®Ti(d,2He)*®Sc (upper panel and *®Cap,n)*®Sc (lower panel,

be resolved from th¢p,n) data alone. from Ref.[11]). The(d,?He) spectrum was taken at a spectrometer
Alford et al. have performed the complementafy,p) setting of 0° covering a center-of-mass angular range between 0°

measuremenfl3] and combined theiB(GT*) values with  and 1.5°. The excitation energies of levels obtained from the

the (p,n) data. However, energy resolution was pgaE (d,’He) measurement, toget_her with spectroscopic infqrmation

~1.3 MeV) and, further, the use of an oxide target led%o from Ref.[12], were u_sed to fit thép,n) spectrum. Lev_els v_|S|ny

contamination in the spectrum at energies above 5 Mevgxmted by both reactions are connegted by the vgrtlcal Ilnes.. The

Thus, a fitting procedure was necessary to relate the G as“??’ line connects a level excited by a higher multipole

strength to the states in the intermedi#i®c nucleus. In the ransition.

fitting, the positions of the possible $tates were taken from  giculations give half-lives 01-(12/;>:3_7>< 10" yr and T@)

low-energy spectroscopit®Ca®He p) [14] or “°Ti(t,°He) =1 9x 10 yr, respectively, which both seem to be in the
[15] information. right range. Referend@0] gives a comparative study of cal-

From the combinedp,n) and (n,p) cross sections the cylations for the'®Ca 83 decay, employing shell model and
48 H 9 . . .

Ca(3B) decay half-life was evaluated to 0.¥8.0° yr. As  quasiparticle random phase approximati@RPA) methods.
this result is at variance with the most recent experimentain recent overview articles, Elliott and Vogel deplore a lack
values published in Refs.[16,17, T'7/=4.324'14  of detailed nuclear spectroscopy predictioi, and Su-

X 10" yr andT(lz,g):4.3fi§>< 10" yr, respectively, the ques- honen and Civitaresg2] point out that for all double8 nu-

tion why “8Ca is so stable against doulfiedecay still re-  clei experimental data is highly demanded for tuning theo-

mains unresolved. retical models, even though experimental data may be
Theoretical shell-model calculations for both virtyatle-  restricted to excited states below the continu@mthis case

cays may give guidance to the understanding of this puzzld=x<5 MeV).

Model calculations have been carried out, e.g., by Caetier Meanwhile, the shortcomings of the limited resolution of

al. [18] in a full OAw model space, and by Zhab al.[19]in  the(n,p) experiments have been overcome by ugigHe)

a slightly truncated ®» model space. In both calculations reactions[8,21]. With such reactions, energy resolutions in

one observes that the centroids of the GT strength distributhe order of 100 keV are now routinely achievig]. As in

tions for the*®Ti(8*) and*®Ca(3") directions are displaced the (n,p) or (p,n) cases, zero-degree cross sections scale

by about 4-5 MeV, and neither the regions nor any twadlinearly with the GT strengttj4,5], and the extraction of

strong excitations for the two directions would overlap. TheB(GT") values is relatively straightforward, as shown in Ref.
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[8]. The only difference with thén, p) case is the appearance  In order to perform an accurate estimate of the double-
of an additional scaling factor that conne®€GT*) values  decay half-life, we converted th@,n) and (d,?He) cross
with the measure(d,He) cross section. In the case of light- sections into the respectiB{GT*) values. TheB(GT") val-
and medium-mass nuclei, this scaling factor is found to bgies were extracted by assuming that all Fermi strength
largely mass mdependeﬁll,lq.éFT_ 5 B(F)=N-Z=8 is concentrated in the isobaric analog state
I_n this paper we present i(d, H_e) measurement, (IAS) at 6.67 MeV, whose cross section is published in Ref.
which allows a high-precision determination of the GT 27, and by applying the common relation between Fermi
transition strength distribution connecting the intermediaté ' y-applying the comm 9 i
and the final nucleus in th®Ca doubleg decay. We used a and GT unit cross SeCt'O”E"GT/"F:(Ep/EO)_ [5] with Eo
183 MeV deuteron beam from the AGOR cyclotron at KVI, =(55£1.7 MeV. For the(d,"He) case, a unit cross section
Groningen. A metallic, self-supporting®Ti target with ~was determined using the prescription from Re&l1,1Q
4.9 mg/cn? thickness and an enrichment of 99% was usedand a distortion factoN,=0.073 from a distorted wave Born
Diprotons from the’He ejectiles were detected in coinci- approximation(DWBA) calculation [24] with appropriate
dence using the Big-Bite Spectromet@BS) [22] and the  proton and deuteron optical-model parame{@5,26. The
EuroSuperNovdESN) detector[23]. A full account of how  systematic errors are 20% for the, ’He) case and 12% for
(d,"He) experiments are carried out and analyzed can bge (p n) case[27]. For the latter, we have added a further

found in Ref. [8]. The achieved resolution was about -, ; . )
120 keV. Together with the measured angular distributions, §.5A) error for the weakly exmtgd statéise., all states b.e
reliable selection of thd™=1" states excited by GTtransi- Sides the strong 2.52 MeV leyeh order to account for fit-

tions was possible. ting errors and uncertainties in tBGT ") extraction, which
To confirm the purity of the®Ti target, we performed a IS less safe for weak excitations. Table | shows the detailed

separate’®Ti(d, p)*°Ti measurement a®=8°. The experi- comparison. o _
mental setup is flexible enough to accommodate this by sim- The summed GT strength for excitation energieg,
ply changing the data-acquisition software from two-proton<5 MeV is S(GT*)=0.427+0.108. This is in agreement
to single-proton detection, and by using a different magnetiwith the (n,p) result, which yieldedS(GT*)=0.54+0.09,
field in th(z spectrometer. In the fin&fTi spectrum, all the  and with the result from the shell-model calculation pre-
Iow-_lym_g °Ti levels were present and no significant con- sented in Ref[19], which givesS(GT*)=0.53. The shell-
taminatign was observed. model calculation in Ref.[18] yields a slightly higher

2 .
A (d, oHe) spoegtrum at a Cef‘ter of mass angle Intervalsummed GT strengt8(GT*)=0.69. Both model calculations
O.m=[0°...1.5° is shown in Fig. l(upper part The en- ]use effective operator@r=0.77r.

ergy scale was calibrated using the peak position o of :
1 2 . 48 course, the correlation of levels suffers from the
H(d, "He) and some known'llevels in "Sc[12]. Hydrogen 400 keV resolution in thép,n) spectrum. As an example,

is an ever-present contaminant and th#(d,’He)n (Q= )
-2.224 MeV signal appears in the spectrum at an equivalen%he known doublet at 2.98 and 3.05 MeV can barely be re

. 2 .
negative excitation energy of —3.20 MeV. Excitation ener-“:'OI\/(:"d\,'\'/1 ttt'u_a(((jj, ;f? spt—:ctrum{b?nd notbgt atl'” N tt‘(tegr)],n) th
gies are accurate t&20 keV. The fitting of structures in the CaS€- VVe led dilierent possibie combinations other than

. o i i A (2) ;
spectra was done manually, aided by spectroscopic informdb0se listed in Table I, but the resultind;; varied by less
tion from Ref.[12]. A Gaussian peak shape of constant widththan 10%. _ . _ .
turned out to be suitable for the entire energy range consid- The summation over the combined matrix elements is per-

ered. The 1 assignments of the states were made on théormed under the naive assumption that all matrix elements
basis of their distinct angular distributions. add constructively. This assumption may be too simple.

As predicted by the shell-model calculatiofis,19, the = However, the shell-model calculations of Ref$8,19 sug-
overall GT' strength is small and concentrated at low exci-gest that, except for one level, all matrix elements below
tation energies(E,<5 MeV). The cross section above 5 MeV indeed contribute constructively, whereas levels
5 MeV is dominated by higher multipole excitations. Be- above 5 MeV, which are not resolved in any of the charge-
cause of the small G'Tstrength, higher-multipole excitations exchange reactions, would generally contribute destructively
yield cross sections of comparable size evefat0°, nota-  [19] and thereby lower the overaN/II(Dzé)T by about 24%. The
bly clear in the spectrum for the 2evel at 1.40 MeV. only low-lying and destructively contributing level would be

Figure 1 also shows the comparison with tlpen) spec- located atE,=2.76 MeV[19] or E,=3.0 MeV [18], depend-
trum atE,=134 MeV [11]. The most striking feature is the ing on the underlying model. Experimentally, around 3 MeV
fact that the strongest GT transitiqat 2.52 MeVj in the there is an unresolved cluster of three levels existent. How-
direction of(p,n) is correlated with the weakest transition in ever, any further information about possible negative inter-
the direction of(n,p), respectively,(d,?He), and similarly, ference effects would at least require a much higher resolu-
the strongest transitions appearing in tde’He) data(here  tion of (p,n)-type data, which could be possible by using the
the structures at=3 MeV and 4.14 MeV are barely visible ~alternative(*He t) reaction[28] on “’Ca.
in the (p,n) data. In a medium-energy resolution experiment  Combining our measurement with the results from the
one would likely not recognize that these states are onlyp,n) experiment yields for thgg8 matrix elementM 2
weakly connected and consequently arrive at too low a half=0.0740+0.0150. Adopting the phase space factor from Ref.
life, as seemed to be the case in tmep) experiment by [29], G?=1.1x 1077 yri(MeV)?, was also used in Refs.
Alford et al. [13]. [13,18,19, we deduce a half-life of
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TABLE |. Experimental nuclear structure results for tea doublepg decay. Cross sectiortr/d() have been extrapolated ¢p=0 for
the (d,?He) case, and tg=0.077 fn1! for the (p,n) case to match the momentum transfer of the isobaric analog state. Errors given in the
table are statistical fofd,’He) cross sections and total errors B(GT*) and MfDZG")T. The cross sections at 2.98 and 3.05 MeV have been
combined into ondB(GT) value, in order to avoid errors from the deconvolution of the doublet.

GT* transition(d,’He) GT" transition(p,n)

E, do/dQ E, do/dQ M (BB)
(MeV) (ub/sp B(GT*) (MeV) (mbl/sh B(GT") (MeV?

2.20 63.7£3.3 0.047+£0.012 -

2.52 19.1+2.3 0.014+0.005 2.54 6.80 1.328+0.159 0.0313+£0.0054
2.98 974*2'1} 0.192+0.046 3.02 0.25 0.049+0.018 0.0199+0.0043
3.05 161.0+6.

3.15 23.1+£2.6 0.017£0.005 3.17 0.36 0.070+£0.026 0.0069+0.0017
3.7¢ 29.2+4.8 3.69" 0.58

4.00 20.8x2.4 0.016£0.005 -

4.14 120.7+£5.5 0.090£0.022 4.14 0.17 0.032+£0.012 0.0090£0.0020
4.28 33.5+34 0.025+0.008 -

4.76 34.3+3.2 0.026+0.008 4.79 0.42 0.082+0.030 0.0069+0.0016

3 0.427+0.108 1.561+0.246 0.0740+0.0150

@Angular distributions suggest that levels do not hdve 1*.
T(12/5>:(1.664_ro.6] X 10 yr. served in counting experiments, yet still within the given

confidence limits. A shell-model calculation suggests a re-
The central value is lower than the most recent result fromjuction of the matrix element by about 24% arising from
counting experiments[16,17, T22=4.32414¢1019yr.  destructive contributions from high-lying, unresolved levels.
However, all matrix elements are summed constructivelyThe application of the reduction raises the half-life closer to
and contributions from levels witk,>5 MeV are not ac- the central value obtained by counting experiments. Thé GT
counted for. If one applies the reduction of t88 matrix  distribution from our high-resolution experimental data is in
eIementM(Dzé)T by the aforementioned 24% originating from 9ood agreement with theoretical findings. Further measure-
destructive contributions of highgand unresolvedlevels, ~Ments, e.g., for thé\=76 isobar will follow. We stress that

as the shell-model calculatiqii9] suggests, one would de- experimental data should be exploited in fine tuning the pa-
duce rameters of nuclear models.

T =(2.87+0.52 X 10 yr. One of the author@.F.) appreciates the hospitality of the
Aspen Center of Physics, where some of the present issues
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AE=120 keV.B(GT") values were extracted and comparedto thank S. Brandenburg and the KVI accelerator staff. This
to B(GT") values from a complementaf§Ca(p,n) reaction,  work was performed with support from the Land Nordrhein-
which excites the same levels fiSc. Owing to the high Westfalen and the EU under contract TMR-LSF HPRI-1999-
resolution of the(d,He) probe, it was possible to combine CT-00109. It was further performed as part of the research
the matrix elements of the excited states and deduce thgrogram of the Stichting FOM with financial support from
double-GT matrix element for tH¥Ca two-neutrino double- the Nederlandse Organisatie voor Wetenschappelijk Onder-
B decay. The half-life resulting from a pure constructivezoek and as part of the research program of the Fund for
summation is about a factor of 2 shorter than the one obScientific Research—Flandres.
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