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Low-energy pionic double charge exchange on thebb-instable nuclei 128,130Te
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Data of the (p1,p2) reaction on128Te and130Te atTp548 MeV are presented, which constitute also the
first observation of pionic double charge exchange~DCX! on heavy nuclei at energies below the~3,3! 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 ofs(130Te)/s(128Te)51.520.8

11.8. 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 and130Xe we obtain cross sections in the range 1mb/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.@S0556-2813~96!50105-6#
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The (p1,p2) reaction has the unique property of chan
ing the charge of a nucleus by two units while leaving t
number of nucleons unchanged. Since these constraints f
at least two nucleons to be involved in this process, t
reaction has been thought for long to be an ideal probe
investigating correlations between bound nucleons. Unfo
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nately, measurements conducted in the past in the regio
the~3,3! resonance and above show that in this energy reg
correlation effects in the cross sections are hidden bene
other dominating effects such as absorption phenomena
overcome this problem double charge exchange~DCX! mea-
surements have been carried out at energies well below
~3,3! resonance, where the mean free path of pions in nu
is very large. The subsequent discovery@1# of a particular
sensitivity of low energy pionic double charge exchange
nucleon-nucleon (NN) correlations of short range has stimu
lated systematic investigations of the low energy DCX@2#.
In parallel to this it has been realized that also in doubleb
(bb) decay particle-particle correlations play a crucial ro
changing the calculated lifetimes up to several orders
magnitude@3,4#. The common dependence on internucle
correlations puts both these processes, which connect
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same initial and final states, in a very close relation to ea
other in as far as theNN-matrix elements are concerned
though both processes are driven by totally different inter
tions. Thus the DCX reaction onbb-instable nuclei can, in
principle, serve as a critical test of the nuclear structure p
relevant for the understanding ofbb decay.

Fazely and Liu@5# have studied the connection betwee
neutrinolessbb decay~0nbb! and DCX at resonance ene
gies. Since there nonanalog ground state transitions~GST!
are dominated byD processes they examined the role
those also in 0nbb decay and arrived at a data-to-data re
tion between forward angle GST and 0nbb lifetime by
eliminating theNN-matrix elements common to both pro
cesses. In a subsequent measurement@6# of the GST’s in
128Te and 130Te at Tp5164 MeV a ratio of s(130Te!/
s(128Te!52.9~14! was obtained and a corresponding ra
for theNN-matrix elements was derived. However, realizin
the small mean free path of resonant pions in nuclei and t
their restriction to the nuclear surface region, the releva
of DCX measurements at resonance energies for the ex
tion of NN-matrix elements has been questioned by the
thors @6# emphasizing instead the need for measurement
low energies. Since the low-energy DCX is not dominat
by D processes we will discuss the connection to thebb
decay here in a different approach by comparing our exp
mental DCX results on the Te isotopes with microscop
calculations performed in the framework of the proto
neutron quasiparticle random phase approximat
(pnQRPA!, i.e., the same model which has been very s
cessful in the description of single@4,7# and doubleb decay
@3,4#.

Aside from these very interesting interrelations DC
measurements on heavy nuclei are interesting in their o
right. So far low-energy DCX data are available only f
light nuclei up to 56Fe @2,8#, and at a single energy and
single angle for93Nb @9#. At resonance energies and abo
the dependence of the forward angle DCX cross section
the target massA is well described@10# by simple scaling
laws predicted in a strong absorption model@11#—both for
transitions to the double analog state~DIAT ! and for those to
the ground state~GST!. At Tp'50 MeV the situation is
more complex. The forward angle cross sections of the DI
in T51 nuclei ~14C-42Ca! have turned out to be approxi
mately independent ofA, and the DIAT’s inT.1 nuclei
appear to fit into a systematics which emphasizes the do
nance of short-range effects in the DCX transitions at l
energies@9#. For the GST’s on the other hand, low energ
data show no systematicA dependence; they rather appear
be very sensitive to individual nuclear structure effects
smallNN distances@2,12#.

Here we report on DCX measurements on Te isotope
low energies performed atQ lab530°,45° andTp548 MeV
midtarget energy, with the Low Energy Pion Spectrome
LEPS@13,14# at thepE3 channel of the Paul Scherrer Inst
tut ~PSI!. Outstanding features of LEPS, which are cruc
for reliable studies with small cross sections, are high ba
ground suppression in combination with a good energy re
lution utilizing time of flight and energy loss techniques f
particle identification as well as vertex reconstruction. T
information for the latter is supplied by a six-plane multiwi
proportional chamber at the intermediate focus and a vert
ch
,
c-

art

n
-

f
a-

-

io
g
us
ce
rac-
u-
at
d

ri-
ic
-
on
c-

X
wn
r

e
on

T

mi-
w
y
to
at

at

er
-
al
k-
so-
r
e
e
cal

drift chamber at the focal plane, which both determine po
tion and angle of incidence of the detected particles. T
particle identification is done with a range telescope cons
ing of a stack of scintillators in the focal plane as well as
time of flight measurements against the radio frequency
the cyclotron. Application of all the different constraints re
sults in a background reduction of up to 105 in the focal
plane. Thus very cleanp2 spectra are obtained. The DCX
runs have been normalized to calibration runs of elasticp
scattering calibrated in turn with the ‘‘lepton normalizatio
technique’’@14# which gives absolute cross sections accur
to within five percent. As target we used self-supporting w
fers of 99.4% isotopically enriched material (128Te: 800
mg/cm2 of size 10 cm310 cm; 130Te: 550 mg/cm2 of size 9
cm39 cm!, which are identical to those used in previou
DCX measurements at LAMPF@6,15# at higher energies.

Two sets of measurements have been performed w
these targets, the first one still on the oldpE3 channel and
with an'200 mA proton beam incident on the productio
target E. At Tp550 MeV this leads to a flux of abou
63106p1/s at the place of the scattering target. The seco
set of runs has been carried out already on the newpE3
channel with about 800mA primary beam and a flux of
about 23107p1/s. Specifications of the new beamline a
given in Ref. @16#. Since the time resolution of the beam
particles in the new beamline is somewhat worse than in
old one (Dt52 ns full width at half maximum compared to
Dt51 ns @14#!, a thin ~2 mm! scintillator has been installed
at the entrance of LEPS in the runs with the new beamline
order to obtain an additional time of flight measurement w
good time resolution between entrance and focal plane
LEPS. With this setup measurements have been performe
two LEPS momentum settings, the first one centered aro
the reactionQ values of the GST’s (128Te:Q511.89 MeV;
130Te:Q513.56 MeV!, and the second one centered arou
the region expected for the DIAT’s (128Te:Q5225.8 MeV;
130Te:Q5225.5 MeV @15#!. Note that for the ground state
setting the collection of one spectrum typically took on
week of running time.

DCX spectra from these measurements are shown in F
1 and 2. Figure 1 displays the results for the region of
GST in 128Te ~top! and 130Te ~bottom!. The dashed lines
represent the momentum acceptance of LEPS as determ
by elasticp scattering at various field settings of the spe
trometer. The solid curves indicate the position of the pe
expected for the GST. The line shape has also been extra
from measurements of the elasticp scattering. The number
of DCX events observed in these spectra is largest at
most negativeQ values falling off smoothly towards les
negativeQ values. AtQ.0 there are only a few counts
some in the region expected for the GST and very few a
above. These latter, of course, are a measure of the b
ground in our spectra and have been taken into account
the determination of the GST cross sections and their un
tainties. The shape of the observed spectra is comparab
that obtained atTp5164 MeV @6#. The observed continuum
with its onset at aboutQ'0 has to be associated with unre
solved transitions to bound states as well as with transiti
to continuum states (Q,26.3 MeV and25.1 MeV, respec-
tively! in 128Xe and 130Xe. The levels closest to the groun
state in128Xe and130Xe are of spin 2 and higher; in particu
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lar there are no excited 01 states below an excitation energ
of Ex51.5 MeV. Since in all previous DCX measuremen
at forward angles and low energies no sizeable strength
transitions to other than 01 states@2# has been observed, an
since our experimental resolution is in the order of 1 Me
we are confident that at the position of the GST~solid curves
in Fig. 1! there are no counts due to other transitions. W
then deduce cross sections of 12~6! nb/sr and 19~7! nb/sr for
the GST in 128Te and 130Te, respectively, atTp548 MeV
andQ lab530°.

From our 30° values we may extrapolate forward an
cross sections ofs(0°)554(27) and 83~30! nb/sr, respec-
tively, based on the shape of angular distributions predic
in pnQRPA calculations~Fig. 4 with gp-p51.2 in Ref.@17#!
which will be discussed below. These cross sections are
similar magnitude as those obtained atTp5164 MeV and
Qlab55° @24~7! and 70~26! nb/sr @6#, respectively#. In the
present case the ratio of cross sections issGST(

130Te!/
sGST(

128Te!51.520.8
11.8, whereas atTp5164 MeV a value of

2.9(14) has been obtained. Within their large statistical
rors these values are compatible with each other.

Figure 2 displays sample spectra for the region of
DIAT in 128Te ~top! and 130Te ~bottom!, respectively. We
associate most of the observed events with a continu
physical background represented by dotted and dashed l

FIG. 1. DCX spectra for128Te ~top! and 130Te ~bottom! at a
spectrometer setting in the region of the ground state transi
~GST!. The solid curve gives the expected response for the G
the dashed lines illustrate the acceptance of the LEPS spectrom
y
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respectively. These were obtained by least-squares fitting
the data with first and second order polynomials, respe
tively, multiplied by the momentum acceptance of LEPS; th
latter is indicated by the long-dashed curve. Also included
the fit procedure was the height of a peak at the position
the DIAT (Q'26 MeV! with the shape being deduced from
elastic scattering at accordingly reduced channel momentu
The uncertainties in the DIAT cross sections due to the
different assumptions for the description of the backgroun
are 10–20 % only in case of128Te, but as much as 50% in
case of 130Te due to the inferior statistics accumulated in
these spectra.

Our results for the DCX cross sections on the Te isotop
are summarized in Table I. The observed DIAT cross se
tions are in accordance with the systematics from DIAT da
at Tp'50 MeV, which is shown in Fig. 3. Our values in-
cluded there have been extrapolated to forward angles ba
on our 30° and 45° values as well as on the typical slo
angle dependence of DIAT’s known for lighter nuclei. As
can be seen in Fig. 3, the forward angle DIAT cross sectio
divided by (N2Z)/(N2Z21) are approximately constant

ion
T;
eter.

FIG. 2. Sample DCX spectra for128Te ~top! and 130Te ~bottom!
at a spectrometer setting in the region of the double isobaric ana
state transition~DIAT !. The solid and dash-dotted curves show th
DIAT peak fitted onto a smooth background with linear~dotted
lines! and quadratic~dashed lines! momentum dependence, respec
tively, and folded with the LEPS momentum acceptance~short-
dashed lines!.
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R2036 53K. FÖHL et al.
with values between~1–2! mb/sr. In Ref. @9# it has been
pointed out that this approximate constancy reflects t
dominance of the short range part in the DCX transitio
operator atTp'50 MeV. Our results for the DIAT’s in the
Te isotopes extend the validity of these findings up to hea
nuclei. They also indicate that distortion effects obvious
play a minor role at low energies even for heavy nuclei.

In contrast to the situation for the DIAT’s there is n
simple systematic behavior for nonanalog GST’s at low e
ergies. At energies in the~3,3! resonance and above th
forward-angle cross sections are well accounted for by
black disk limit sGST;A24/3 and thus do not exhibit much
sensitivity to nuclear structure effects. Since the DIAT sy
tematics at low energies indicates that distortions are of
major importance there, we would expect a very flatA de-
pendence for the nonanalog GST’s, if they were not dom
nated by individual nuclear structure effects. However, t
latter is in fact the case at low energies as has been dem
strated in several investigations@2,12#.

In case of the GST’s in128,130Te microscopic calculations
@17# predict large cancellations between different comp
nents in the transition matrix element due to short-ran
particle-particle correlations, which lead to very small DC
cross sections. The same correlations are simultaneo
quoted as the origin for the very longbb-decay lifetimes of
these Te isotopes.

In the following we compare our experimental DCX re

FIG. 3. Forward angle cross sections for the DIAT’s a
Tp'50 MeV divided by (N2Z)/(N2Z21). The figure is an up-
date of Fig. 3 in Ref.@9# with our values for128,130Te extrapolated
to forward angles.

TABLE I. Cross sections found in this work for GST and DIAT
in 128Te and130Te ~in nb/sr! with statistical errors (1s).

Tp ~MeV! Q lab State 128Te 130Te

48 30° GST 12~6! 19~7!

30° DIAT 1300~300! 1100~500!
45° 500~300! 900~500!
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sults on the Te isotopes with microscopic calculations p
formed in the framework of the proton-neutron quasipartic
random phase approximation (pnQRPA!, i.e., the same
model which has been very successful in the description
single@4,7# and doubleb decay@3,4#. The DCX calculations,
the details of which are given in Ref.@17#, utilize a realistic
effective NN interaction derived from the Bonn potentia
@18#. For a complete determination of thepnQRPA solution
two parameters need to be fixed which renormalize the b
Bruckner two-body matrix elements: the particle-ho
strengthgp-h and the particle-particle strengthgp-p. Ideally
these parameters should be unity. Deviations from this va
are caused by a limited model space as well as by the den
dependence of the effectiveNN interaction. The particle-
hole strengthgp-h can be fixed easily by the experiment
excitation energy of the isobaric analog state in the interm
diate nucleus which depends approximately linearly ongp-h
@17#. The particle-particle strengthgp-p, however, can only
be fixed by processes which depend strongly on two-nucl
properties likebb decay and pionic DCX. Assuming abb
decay associated with the emission of two neutrin
(2nbb) the pnQRPA calculations@3,4# reproduce the ex-
perimental lifetimes of128Te and130Te for two solutions of
gp-p in the range 0.8 to 1.0, the exact values of which cr
cally depend@3,4# on the model space used in the calcul
tion. In the model space of thepnQRPA calculations dis-
cussed here for the interpretation of the DCX data t
corresponding solutions aregp-p'0.9 and 1.1, respectively
As shown in Fig. 6 of Ref.@17# an increase ofgp-p, which is
connected with an increasing role ofNN correlations, causes
a drastic reduction of the DCX cross section similar to t
reduction observed in calculations ofb1, 2nbb, and
0nbb decays@3,4,7,19#. The DCX calculations come closes
to the data forgp-p.1 though even there the predicted cro
sections are too high by roughly a factor of 3–4. Reasons
this may be sought in a number of simplifications st

t
FIG. 4. Ratio of forward angle cross sections for the GST

128Te to the one in130Te in dependence of the particle-partic
strengthgp-p. The solid curve represents a calculation of Ref.@17#
with a particle-hole strength parametergp-h51.30. The hatched area
gives the experimental result of this work.
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present in these calculations@17# which do not account yet
for distortions in entrance and exit channels as well as
nuclear recoil and proper particle number projection, and s
consider thepN Hamiltonian in the nonrelativistic limit. To
minimize these deficiencies, which are expected to affect
calculations for128Te and130Te in a similar manner, we nex
consider the ratio of these cross sections, the theoretical
diction of which should be much more reliable. The depe
dence of the cross section ratio ongp-p is shown in Fig. 4.
The theoretical prediction comes closest to the experime
result forgp-p.1.1, i.e., the DCX data clearly favor the se
ond solution ~with the largergp-p!. Hence it appears tha
pnQRPA calculations are able to provide a reasonably c
sistent description for both the DCX on the Te isotopes a
their lifetime assuming 2nbb decay. If the decay of128Te
and 130Te is assumed to be of the 0nbb type, then an inter-
pretation of the geochemical decay rates withgp-p*1.1 re-
sults in a limit for the Majorana neutrino mass ofmn,1.5
eV @19#.

We finally note that a shortcoming ofpnQRPA calcula-
tions has been that they violate the Pauli exclusion princi
and lead to an eventual collapse of thepnQRPA ground state
close to the region of realistic strength parametersgp-p. This
difficulty has been resolved recently by the so-called ren
malizedpnQRPA approximation@20#.

We have observed the GST’s and DIAT’s in128Te and
130Te, which constitute the first DCX measurements
or
till
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heavy nuclei at pion energies below the~3,3! resonance. The
GST’s have very small cross sections with values of 12~6!
and 19~7! nb/sr at 30°, which are indicative of forward ang
cross sections less than 100 nb/sr. Within the large uncert
ties the observed cross section ratios(128Te!/s(130Te! is in
reasonable agreement with microscopic calculations in
pnQRPA framework, which also quantitatively establish
intimate connection between pionic DCX andbb decay with
regard to their strong dependence onNN correlations char-
acterized in the calculations by the particle-particle stren
gp-p.

The DIAT’s have forward angle cross sections which a
an order of magnitude larger than those of the GST’s. Th
agree very well with the systematics of the DIAT data on t
lighter nuclei atTp550 MeV, which reflects the importanc
of the short-range part in the DCX transition operator as w
as the subordinate role of distortions at low energies even
heavy nuclei.
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243, No. 06 TÜ669, and No. 06 KA 266 and by the DFG
~Mu 705/3, Graduiertenkolleg!.
of
ge

h.
@1# E. Bleszynski, M. Bleszynski, and R.J. Glauber, Phys. Re
Lett. 60, 1483~1988!.

@2# For a survey see, e.g., H. Clement, Prog. Part. Nucl. Phys.29,
175 ~1992!, and references therein.

@3# O. Civitarese, A. Faessler, and T. Tomoda, Phys. Lett. B194,
11 ~1987!.

@4# K. Muto, E. Bender, and H.V. Klapdor, Z. Phys. A334, 177
~1989!; 334, 187 ~1989!; Phys. Lett. B201, 420 ~1988!.

@5# A. Fazely and L.C. Liu, Phys. Rev. Lett.57, 968 ~1986!.
@6# A. Fazelyet al., Phys. Lett. B208, 361 ~1988!.
@7# J. Sohunen, T. Taigel, and A. Faessler, Nucl. Phys.A486, 91

~1988!.
@8# R. Bilgeret al., Phys. Lett. B269, 247~1991!; Z. Phys. A343,

491 ~1992!.
@9# H. Wardet al., Phys. Rev. C47, 687 ~1993!.

@10# J.D. Zumbro, inProceedings of the International Workshop o
Pion-Nucleus Double Charge Exchange, edited by W.R. Gibbs
and M.J. Leitch~World Scientific, Singapore, 1990!, p. 49.

@11# M.B. Johnson, Phys. Rev. C22, 192 ~1980!.
@12# N. Auerbach, W.R. Gibbs, J.N. Ginocchio, and W.B. Kau
v.

n

f-

mann, Phys. Rev. C38, 1277~1988!.
@13# J. Jakiet al., Phys. Lett. B238, 36 ~1990!; H. Matthäy, K.
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