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Data of the ¢r*,7) reaction on'?®Te and'*Te atT, =48 MeV are presented, which constitute also the
first observation of pionic double charge exchaf@€X) on heavy nuclei at energies below t{&3) reso-
nance. For the ground state transitions in these isotopes we find very small cross sections of about 15 nb/sr only
at 30° and a ratio ofr(**Te)/o(*?®Te)=1.5"}-8 The experimental results and their impact on the under-
standing of theBB decay of the Te isotopes are discussed within the framework of recent proton-neutron
quasiparticle random phase approximation calculations. For the transitions to the double isobaric analog states
in 128Xe and*3%e we obtain cross sections in the ranggt/sr which fit very well into a systematics, that is
in accordance with a dominance of the short-range part of the DCX operator in analog transitions at low pion
energies[S0556-281®6)50105-4

PACS numbe(s): 25.80.Gn, 27.60kj, 23.40.Bw, 23.40 Hc

The (7" ,7 ") reaction has the unique property of chang-nately, measurements conducted in the past in the region of
ing the charge of a nucleus by two units while leaving thethe(3,3) resonance and above show that in this energy region
number of nucleons unchanged. Since these constraints forcerrelation effects in the cross sections are hidden beneath
at least two nucleons to be involved in this process, thiother dominating effects such as absorption phenomena. To
reaction has been thought for long to be an ideal probe foovercome this problem double charge exchafiy@X) mea-
investigating correlations between bound nucleons. Unfortusurements have been carried out at energies well below the

(3,3) resonance, where the mean free path of pions in nuclei

is very large. The subsequent discovély of a particular
“Now at CERN, PPE Division, CH-1211 Gere23, Switzerland.  sensitivity of low energy pionic double charge exchange to
Now at Temic Telefunken Microelectronics, Sieboldstr. 19, nucleon-nucleonNN) correlations of short range has stimu-

D-90411 Nunberg, Germany. lated systematic investigations of the low energy D{2X
*Now at Pietzsch AG, Automatisierungstechnik, Hertzstr. 32,In parallel to this it has been realized that also in doyble
D-76275 Ettlingen, Germany. (BB) decay particle-particle correlations play a crucial role

$Now at CERN, PPE Division, CH-1211 Gare23, Switzerland. changing the calculated lifetimes up to several orders of
'Now at Gesellschaft fuElektronische Informationsverarbeitung, magnitude[3,4]. The common dependence on internucleon
D-64283 Darmstadt, Germany. correlations puts both these processes, which connect the
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same initial and final states, in a very close relation to eaclurift chamber at the focal plane, which both determine posi-
other in as far as thé&IN-matrix elements are concerned, tion and angle of incidence of the detected particles. The
though both processes are driven by totally different interacparticle identification is done with a range telescope consist-
tions. Thus the DCX reaction o@p-instable nuclei can, in ing of a stack of scintillators in the focal plane as well as by
principle, serve as a critical test of the nuclear structure paime of flight measurements against the radio frequency of
relevant for the understanding g8 decay. the cyclotron. Application of all the different constraints re-
Fazely and Liu[5] have studied the connection betweensults in a background reduction of up to®1 the focal
neutrinoless8B decay(0vB8B) and DCX at resonance ener- plane. Thus very cleam™ spectra are obtained. The DCX
gies. Since there nonanalog ground state transiti@®T) runs have been normalized to calibration runs of elastic
are dominated byA processes they examined the role of scattering calibrated in turn with the “lepton normalization
those also in 8B decay and arrived at a data-to-data rela-technique”[14] which gives absolute cross sections accurate
tion between forward angle GST andv8g lifetime by  to within five percent. As target we used self-supporting wa-
eliminating theNN-matrix elements common to both pro- fers of 99.4% isotopically enriched materiat*{Te: 800
cesses. In a subsequent measureni@hof the GST’s in  mg/cn? of size 10 crx 10 cm; *¥9Te: 550 mg/cn? of size 9
128Te and ¥¥°Te at T_=164 MeV a ratio of o(**°Te)/  cmx9 cm), which are identical to those used in previous
o(*?*Te)=2.914) was obtained and a corresponding ratio DCX measurements at LAMP®,15] at higher energies.
for the NN-matrix elements was derived. However, realizing Two sets of measurements have been performed with
the small mean free path of resonant pions in nuclei and thuiese targets, the first one still on the o3 channel and
their restriction to the nuclear surface region, the relevancwith an ~200 uA proton beam incident on the production
of DCX measurements at resonance energies for the extratarget E. At T, =50 MeV this leads to a flux of about
tion of NN-matrix elements has been questioned by the au6X 10°7*/s at the place of the scattering target. The second
thors[6] emphasizing instead the need for measurements &et of runs has been carried out already on the més®
low energies. Since the low-energy DCX is not dominatedchannel with about 80QwA primary beam and a flux of
by A processes we will discuss the connection to g  about 2x 10’7 /s. Specifications of the new beamline are
decay here in a different approach by comparing our experigiven in Ref.[16]. Since the time resolution of the beam
mental DCX results on the Te isotopes with microscopicparticles in the new beamline is somewhat worse than in the
calculations performed in the framework of the proton-old one At=2 ns full width at half maximum compared to
neutron quasiparticle random phase approximatiom\t=1 ns[14]), a thin(2 mm) scintillator has been installed
(pnNQRPA), i.e., the same model which has been very sucat the entrance of LEPS in the runs with the new beamline in
cessful in the description of sing|d,7] and doubles decay order to obtain an additional time of flight measurement with
[3.4]. good time resolution between entrance and focal plane of
Aside from these very interesting interrelations DCX LEPS. With this setup measurements have been performed at
measurements on heavy nuclei are interesting in their owtwo LEPS momentum settings, the first one centered around
right. So far low-energy DCX data are available only for the reactiorQ values of the GST's'¢Te: Q=+ 1.89 MeV;
light nuclei up to °®Fe [2,8], and at a single energy and a 130Te: Q= +3.56 MeV), and the second one centered around
single angle for®*Nb [9]. At resonance energies and abovethe region expected for the DIAT'${Te: Q= —25.8 MeV;
the dependence of the forward angle DCX cross section of*°Te: Q= —25.5 MeV[15]). Note that for the ground state
the target mas# is well described 10] by simple scaling setting the collection of one spectrum typically took one
laws predicted in a strong absorption moflel]—both for ~ week of running time.
transitions to the double analog st@dAT) and for those to DCX spectra from these measurements are shown in Figs.
the ground statdGST). At T,~50 MeV the situation is 1 and 2. Figure 1 displays the results for the region of the
more complex. The forward angle cross sections of the DIATGST in ?®Te (top) and *°Te (bottom). The dashed lines
in T=1 nuclei (*C-’Ca) have turned out to be approxi- represent the momentum acceptance of LEPS as determined
mately independent oA, and the DIAT's inT>1 nuclei by elasticar scattering at various field settings of the spec-
appear to fit into a systematics which emphasizes the domirometer. The solid curves indicate the position of the peak
nance of short-range effects in the DCX transitions at lowexpected for the GST. The line shape has also been extracted
energied 9]. For the GST’s on the other hand, low energy from measurements of the elasticscattering. The number
data show no systematfc dependence; they rather appear toof DCX events observed in these spectra is largest at the
be very sensitive to individual nuclear structure effects atmost negativeQ values falling off smoothly towards less
smallNN distanceg?2,12]. negativeQ values. AtQ>0 there are only a few counts,
Here we report on DCX measurements on Te isotopes &ome in the region expected for the GST and very few also
low energies performed & ,,=30°,45° andT ,=48 MeV  above. These latter, of course, are a measure of the back-
midtarget energy, with the Low Energy Pion Spectrometeiground in our spectra and have been taken into account for
LEPS[13,14] at thewE3 channel of the Paul Scherrer Insti- the determination of the GST cross sections and their uncer-
tut (PSJ). Outstanding features of LEPS, which are crucialtainties. The shape of the observed spectra is comparable to
for reliable studies with small cross sections, are high backthat obtained aT ,=164 MeV[6]. The observed continuum
ground suppression in combination with a good energy resowith its onset at abouR~0 has to be associated with unre-
lution utilizing time of flight and energy loss technigues for solved transitions to bound states as well as with transitions
particle identification as well as vertex reconstruction. Theto continuum states< —6.3 MeV and—5.1 MeV, respec-
information for the latter is supplied by a six-plane multiwire tively) in 128Xe and *3*%e. The levels closest to the ground
proportional chamber at the intermediate focus and a verticadtate in*?2Xe and **%e are of spin 2 and higher; in particu-
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FIG. 1. DCX spectra for*?®Te (top) and **°Te (bottorm at a Q [Mev]

spectrometer setting in the region of the ground state transition |G, 2. Sample DCX spectra fdf®Te (top) and 2°Te (bottom)
(GST). The solid curve gives the expected response for the GSTyt 5 spectrometer setting in the region of the double isobaric analog
the dashed lines illustrate the acceptance of the LEPS spectrometgggte transitioDIAT). The solid and dash-dotted curves show the
DIAT peak fitted onto a smooth background with lindalotted
lar there are no excitedOstates below an excitation energy lines) and quadrati¢dashed linesmomentum dependence, respec-
of E,=1.5 MeV. Since in all previous DCX measurementstively, and folded with the LEPS momentum acceptafsieort-
at forward angles and low energies no sizeable strength ofashed lines
transitions to other than™Ostated2] has been observed, and
since our experimental resolution is in the order of 1 MeV,respectively. These were obtained by least-squares fitting of
we are confident that at the position of the G8@lid curves  the data with first and second order polynomials, respec-
in Fig. 1) there are no counts due to other transitions. Wetively, multiplied by the momentum acceptance of LEPS; the
then deduce cross sections of@2nb/sr and 167) nb/sr for  |atter is indicated by the long-dashed curve. Also included in
the GST in*?Te and **°Te, respectively, al ,=48 MeV  the fit procedure was the height of a peak at the position of
and @ ,,,=30°. the DIAT (Q~26 MeV) with the shape being deduced from
From our 30° values we may extrapolate forward angleelastic scattering at accordingly reduced channel momentum.
cross sections oér(0°)=54(27) and 8&0) nb/sr, respec- The uncertainties in the DIAT cross sections due to these
tively, based on the shape of angular distributions predictedifferent assumptions for the description of the background
in pnQRPA calculationgFig. 4 with g, ,=1.2 in Ref.[17])  are 10-20 % only in case df°Te, but as much as 50% in
which will be discussed below. These cross sections are afase of 1*Te due to the inferior statistics accumulated in
similar magnitude as those obtainedTaj=164 MeV and these spectra.
0.,=5° [24(7) and 7@26) nb/sr[6], respectively. In the Our results for the DCX cross sections on the Te isotopes
present case the ratio of cross sectionsoiss(**°Te)/  are summarized in Table I. The observed DIAT cross sec-
oss(*?®Te)=1.5"38 whereas af ,=164 MeV a value of tions are in accordance with the systematics from DIAT data
2.9(14) has been obtained. Within their large statistical erat T,,~50 MeV, which is shown in Fig. 3. Our values in-
rors these values are compatible with each other. cluded there have been extrapolated to forward angles based
Figure 2 displays sample spectra for the region of theon our 30° and 45° values as well as on the typical slow
DIAT in ?%Te (top) and '*°Te (bottom), respectively. We angle dependence of DIAT’s known for lighter nuclei. As
associate most of the observed events with a continuousan be seen in Fig. 3, the forward angle DIAT cross sections
physical background represented by dotted and dashed linedivided by (N—2Z)/(N—Z—1) are approximately constant
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TABLE I. Cross sections found in this work for GST and DIAT sults on the Te isotopes with microscopic calculations per-
in 128Te and'3Te (in nb/sp with statistical errors ().

formed in the framework of the proton-neutron quasiparticle
random phase approximatiorpiiQRPA), i.e., the same

T, (MeV) O State 12Te e model which has been very successful in the description of
o single[4,7] and double3 decay[3,4]. The DCX calculations,
48 30 GST 1 1907 . . g B o .
®) A" the details of which are given in RdfL7], utilize a realistic
R effective NN interaction derived from the Bonn potential
jgo DIAT 1:8(;1;(?(;) 1910(&(15553 [18]. For a complete determination of tipgQRPA solution

two parameters need to be fixed which renormalize the bare

Bruckner two-body matrix elements: the particle-hole

with values betweer(1—2 ublsr. In Ref.[9] it has been Sréngthg,, and the particle-particle strengt,,,. Ideally
pointed out that this approximate constancy reflects théhese parameters S.hOUId be unity. Deviations from this valu_e
dominance of the short range part in the DCX transition®® caused by a limited quel space as.well as by thg density
operator afl ,~50 MeV. Our results for the DIAT’s in the ependence of the effecthN Interaction. The pa.rtlcle-
Te isotopes extend the validity of these findings up to heaV)po'? s?rengthgp_h can be. f|xed_ easily by the _expenmental
nuclei. They also indicate that distortion effects obviouslye_xcItatlon energy_of the isobaric analpg state In the interme-
play a minor role at low energies even for heavy nuclei.  diaté nucleus which depends approximately linearlygpn

In contrast to the situation for the DIAT's there is no [17]: The partlcle-partlcle' strength,.,, however, can only
simple systematic behavior for nonanalog GST's at low enbe f'XeF‘ by Processes which d?—‘pe_”d strongly on tyvo—nucleon
ergies. At energies in th€3,3 resonance and above the Properties likesg decay and pionic DCX. Assuming 83
forward-angle cross sections are well accounted for by thd€cay associated with the emission of two neutrinos
black disk limit rgsr~A %3 and thus do not exhibit much (2786) the pnQRPA calculationy3,4] reproduce the ex-
sensitivity to nuclear structure effects. Since the DIAT sys-Perimental lifetimes of °Te and**Te for two solutions of
tematics at low energies indicates that distortions are of n@p-p IN the range 0.8 to 1.0, the exact values of which criti-
major importance there, we would expect a very fiatle-  cally depend3,4] on the model space used in the calcula-
pendence for the nonanalog GST’s, if they were not domidion. In the model space of thenQRPA calculations dis-
nated by individual nuclear structure effects. However, thefussed here for the interpretation of the DCX data the
latter is in fact the case at low energies as has been demofresponding solutions ag,;~0.9 and 1.1, respectively.
strated in several investigatiop2,12]. As shown in Fig. 6 of Refl17] an increase of.,, which is

In case of the GST’s it2813%re microscopic calculations connected with an increasing role N correlations, causes
[17] predict large cancellations between different compo-2 drastic reduction of the DCX cross section similar to the
nents in the transition matrix element due to short-rangdeduction observed in calculations (ﬁf, 2vppB, and
particle-particle correlations, which lead to very small DCX 03B decayd3,4,7,19. The DCX calculations come closest
cross sections. The same correlations are simultaneouslg the data fog,.,>1 though even there the predicted cross
quoted as the origin for the very longB-decay lifetimes of se_cuons are too high by roughly a factor o_f 3—.4_. Rgasons_for
these Te isotopes. this may be sought in a number of simplifications still

In the following we compare our experimental DCX re-
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FIG. 4. Ratio of forward angle cross sections for the GST in

FIG. 3. Forward angle cross sections for the DIAT's at °Te to the one in**Te in dependence of the particle-particle

T,.~50 MeV divided by N—2Z)/(N—2Z—1). The figure is an up-

strengthg,,,. The solid curve represents a calculation of R&]

date of Fig. 3 in Ref[9] with our values for'?®3%e extrapolated  with a particle-hole strength parametgy,=1.30. The hatched area

to forward angles.

gives the experimental result of this work.
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present in these calculatiof$7] which do not account yet heavy nuclei at pion energies below 83) resonance. The
for distortions in entrance and exit channels as well as foGST's have very small cross sections with values of612
nuclear recoil and proper particle number projection, and stilnd 197) nb/sr at 30°, which are indicative of forward angle
consider therN Hamiltonian in the nonrelativistic limit. To cross sections less than 100 nb/sr. Within the large uncertain-
minimize these deficiencies, which are expected to affect thges the observed cross section ratit*?®Te)/a(**%Te) is in
calculations forl.zaTe and**Te in a similar manner, we next reasonable agreement with microscopic calculations in the
consider the ratio of these cross sections, the theoretical prgmQRPA framework, which also quantitatively establish an
diction of which should be much more reliable. The depeny,iimate connection between pionic DCX af@ decay with

gﬁnci of the clrossd;e_cuon ratio Q?P IS shovxr/]n N Fig. 4. yoqard to their strong dependence N correlations char-
e theoretical prediction comes closest to the experimenta) o ;o4 in the calculations by the particle-particle strength
result forg, ,>1.1, i.e., the DCX data clearly favor the sec-

ond solution(with the largerg,.,). Hence it appears that
pnQRPA calculations are able to provide a reasonably con-
sistent description for both the DCX on the Te isotopes an
their lifetime assuming 288 decay. If the decay of*®Te
and 1*Te is assumed to be of thesB type, then an inter-

i EI'he DIAT’s have forward angle cross sections which are
n order of magnitude larger than those of the GST’s. They
agree very well with the systematics of the DIAT data on the
lighter nuclei atT ,=50 MeV, which reflects the importance
pretation of the geochemical decay rates vgi=1.1 re- of the short—ra_nge part in thg DC?( transition opere}tor as well
sults in a limit for the Majorana neutrino mass mf,<1.5 25 the subor.dlnate role of distortions at low energies even for
eV [19]. heavy nuclei.

We finally note that a shortcoming @hQRPA calcula-
tions has been that they violate the Pauli exclusion principle . . .
and lead to an eventual collapse of ieQRPA ground state We acknowlgdgg valuable d|scu55|ons. with A. Faessler
close to the region of realistic strength parametgys. This and W.A. Kaminski on these matters. This work was sup-
difficulty has been resolved recently by the so-called renorPorted by the German Federal Minister for Research and
malizedpnQRPA approximatiorf20]. Technology(BMFT, BMBW) under Contracts No. 06 TU

We have observed the GST's and DIAT's i3®Te and 243, No. 06 TU669, and No. 06 KA 266 and by the DFG
130Te, which constitute the first DCX measurements on(Mu 705/3, Graduiertenkollgg
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