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Pionic Double Charge Exchange onN 5 Z Doubly Closed Shell Nuclei
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The sp1, p2d reaction on the isoscalar, doubly magic nuclei16O and40Ca has been measured in the
energy rangeTp  45 90 MeV. The forward angle cross sections of the ground state transitions (GST)
show a very pronounced resonancelike energy dependence. The observed energy and angle dependenc
are well described by the recent hypothesis of the formation of apNN resonance in the course of the
double charge exchange process. The deduced spreading widths are in accordance with estimates of th
d0 collision damping in the nuclear medium. In the reaction on16O in addition to the GST the transition
to a 01 state atEx  2.1s2d MeV in 16Ne has been observed, which is interpreted as the quadruple
isobaric analog state (QIAS) of the01

2 state in16C at Ex  3.03 MeV. [S0031-9007(97)04511-0]

PACS numbers: 25.80.Gn, 14.20.Pt, 21.10.Hw, 27.20.+n
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The pionic double charge exchange (DCX) reactio
on nuclei has received much attention in recent yea
mainly because of two features. First, it has been show
that this genuine two-nucleon (N) process is particu-
larly sensitive to correlations at smallNN distances at
energies below theD resonance [1,2], where distortion
effects no longer play a major role. Second, the expe
mental observation of a peculiar but systematic resonan
like energy dependence has come as a big surprise
has not yet found a satisfactory conventional explanatio
Even an elaborate coupled-channel treatment carried
on one particular example [3] has not been able to pr
vide a quantitative description of both energy and angul
dependences. Also such a coupled-channel mechani
which crucially depends on details of the structure of in
dividual nuclei, is not likely to explain a feature com
mon to all nuclei investigated so far. We therefore hav
proposed recently [4] that this peculiar behavior of th
DCX at low energies should be due to a particularNN
short-range correlation, the formation of aNN-decoupled
pNN resonance, calledd0. With this hypothesis we have
shown that all hitherto measured DCX transitions ma
be described reasonably well, both in their energy a
in their angular dependence, by assuming for this res
nance IsJPd  evens02d, GpNN ø 0.5 MeV, Gtotal 
Gspread 1 GpNN ø 5 MeV, and md0 ø 2065 MeV. We
also demonstrated [4] that such an assumption is n
at variance with data on any other reaction, whered0

could have been observed. Further support for thed0

hypothesis stems from recent measurements at CE
SIUS, which exhibit a narrow peak near 2.06 GeV i
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the ppp2 invariant mass spectrum of the reactionpp !
ppp2p1 [5].

In this Letter we report on measurements of the grou
state transitions (GST) on doubly magic isoscalar nucl
In such cases cross shell transitions dominate, which
conventional mechanisms are expected to be particula
weak. The measurements have been carried out with
Low Energy Pion Spectrometer (LEPS) setup [6] at th
pE3 channel at the Paul Scherrer Institute. In case
16Osp1, p2d16Ne we have used as target purified wate
with thicknesses of 4–15 mm, which has been contain
in an aluminium frame between thin polyethylene foils
For the40Casp1, p2d40Ti measurements we used natura
metallic Ca (isotopic abundance of40Ca: 97%) of thick-
ness 5 mm. Measurements have been performed in
energy range ofTp  45 90 MeV with angle settings of
Qlab  30± and45± for most cases. In addition measure
ments atQlab  17± and 65± have been carried out at a
few energies.

Figure 1 shows a samplep2 spectrum of the
16Osp1, p2d reaction. In addition to the peak due to th
GST a second peak is observed sitting upon a continu
from the DCX to the unbound systems14O 1 2p and
15F 1 p. This second peak corresponds to an ener
excitation of Ex  2.1s2d MeV in 16Ne and shows an
angular distribution identical to that of the GST within
uncertainties (Fig. 2). Since the latter is characteris
for a monopole transition we identify the peak as b
ing due to the transition to the01

2 state in 16Ne, the
quadruple isobaric analog state (QIAS) of the01

2 state at
Ex  3.03 MeV in 16C [7]. This finding constitutes the
© 1997 The American Physical Society 3849
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FIG. 1. Pion momentum spectrum of the DCX on16O,
corrected for the acceptance of LEPS. The drawn lines sh
the fits to peaks atEx  0 and 2.1 MeV in16Ne, which sit
upon a smooth background due to16Ne breakup.

first observation of an excited01 QIAS in an isotensor
quintuplet of nuclei. The observed energy differenc
of Exs16Cd 2 Exs16Ned  0.9s2d MeV for these 01

2
states is substantially higher than that known from th
corresponding21

1 states, which is only 0.1(1) MeV [7].
This very different behavior may be due to the Thoma
Ehrman shift [8], which occurs if levels in the isoba
multiplet get proton unstable and which is particularl

FIG. 2. Sample DCX angular distributions of the GSTs i
16O and 40Ca, preferably at energies where the forward ang
cross sections peak. The open symbols give the results
the transition to01

2 state in 16Ne. The drawn curves show
d0 calculations. The angular distribution forTp  49 MeV on
40Ca is scaled down by a factor of 2.
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large for nucleons ins1y2 shells. Both is the case for
the 01

2 state in 16Ne. Adding the energy displacement
of the 16Ne ground state as given in Ref. [9] results in
a total displacement of21.5s2d MeV for the 01

2 state.
This value, though very large, fits very well into the
phenomenological systematics of Thomas-Ehrman shift
across the proton dripline (see Fig. 1 of Ref. [9]). Based
on shell model calculations predicting this01

2 state at
2.6 MeV Gilman et al. [10] calculate for this transition
a cross section 6 times smaller than for the GST at pio
energies in theD-resonance region. At energies below
the D resonance we observe both transitions to hav
comparable energy dependences with a cross section ra
of roughly 1:3.

Sample angular distributions are shown in Fig. 2. At
the energies shown, as well as at the other energie
measured, the data are well described by the shape
angular distributions calculated within thed0 hypothesis
(solid lines in Fig. 2; see discussion below). Hence we
have used these calculated shapes to deduce forward an
sQ  5±d cross sections. This way we may compare our
results with corresponding LAMPF data [10] at higher
energies (Fig. 3). We note that as shown in Ref. [4]
angular distributions calculated within thed0 hypothesis
are very close in shape to those obtained with standar
DCX calculations. Hence this procedure should be largel
model independent and clearly superior to previous purel
phenomenological extrapolation methods [11].

The energy excitation functions of the forward angle
cross sections are shown in Fig. 3. They exhibit two
pronounced bumps, a narrow one at low energies, and
broad one in the region of theD resonance. The latter
one is well explained by the resonantDD—or DINT—
mechanism [10] and exhibits a very systematicA24y3

dependence of the forward angle cross section, whereA

FIG. 3. Same as in Fig. 2, but for the energy dependence o
the forward angle cross sections. The open symbols sho
our results for the01

2 state in 16Ne. Stars indicate the GST
measurements atu  30±. Data forTp $ 100 MeV are from
LAMPF [10,14]. Dotted lines give the parametrization of the
DD process, solid lines ared0 calculations withG  10 and
20 MeV for 16O and40Ca, respectively.
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3851
denotes the target mass number. The narrow bump
low energies is very pronounced in both cases with
peak-to-valley ratio of 6:1. The energy location of the
peak cross section turns out to be closely related to t
reactionQ value. Figure 4 shows theA dependence of
the peak energies of all GSTs and double isobaric anal
transitions (DIATs) measured so far (with the exceptio
of the DIAT in 48Ca, which shows no bump for reasons
discussed in Ref. [4]). In Fig. 4 we also have include
our most recent results for the GST on7Li and 12C, which
will be published in a forthcoming paper [12].

Figure 4(left) shows the peak energies characterized
the kinetic energy of the incoming pionsTin  Tp1 . We
would expect a smooth systematic behavior, if the orig
of the bump were due to an initial state interaction (IS
effect; vice versa, if we characterize the peak energies
the kinetic energy of the outgoing pionsTout  Tp1 1 Q
[Fig. 4(right)], then we would expect a smooth behavio
in case of a final state interaction (FSI) effect. In neithe
case such a systematics shows up. On the other ha
if plotted asTmean  Tp1 1 Qy2 the peak energies of
both GST and DIAT do indeed group into two smooth
lines [Fig. 4(middle)]. Such aQy2 dependence, which
gives a symmetric situation with regard to entrance an
exit channels, would appear to be characteristic for som
intrinsic process, like, e.g., the formation of apNN
resonance.

In the AGGK model [2] based on seniority and on th
conventional DCX mechanism of two successive charg
exchange processes, the GSTs on isoscalar nuclei are
dicted to have vanishing cross sections. Though it wou
be inappropriate to simply transfer this prediction to ou
cases of cross shell transitions, we may, however, exp
that calculations of the conventional DCX process in the
nuclei lead to very small cross sections—aside from th
problem of describing the observed narrow structure
the energy dependence. We hence investigate in the f
lowing, whether the recently proposedd0 hypothesis is

FIG. 4. Energy positionTpeak of the peak forward angle cross
sections for GSTs (full circles) and DIATs (open squares
plotted versus the target mass number and in dependence
the ingoing and outgoing pion energiesTin  Tp1 and Tout 
Tin 1 Q, respectively, as well as ofTmean  Tin 1 Qy2.
at
a

he

og
n

d

by

in
I)
by

r
r
nd

d
e

e
e-
pre-
ld
r

ect
se
e

in
ol-

),
of

able to provide a reasonable description. Since theQ
values of the reaction on16O and40Ca are huge (227.7
and 224.8 MeV, respectively), we have to account fo
them properly also in the Breit-Wigner denominator o
the d0 transition amplitude by substituting there [Eq. (1
of Ref. [4] ] ER by ER 2 Qy2. The amplitude due to the
d0 formation will interfere with the one of theDD process,
which is indicated by the dotted lines in Fig. 3. Becau
of the large width of theD resonance the extension o
this process to low energies is significant. In particular
case of light nuclei like16O, where this process is quite
strong, the interference ofd0 and DD amplitudes is con-
siderable and moves the peak energy towards higher p
energies.

The calculations based on thed0 hypothesis are shown
in Figs. 2 and 3 by the solid curves. For the GS
on 16O we have assumed a puresn1p1y2d2 ! sp1d5y2d2

transition. If we assume for the DCX process to the01
2

state in16Ne the transitionsn1p1y2d2 ! sp2s1y2d2, then
we obtain from these calculations a cross section ratio
1:3, which is compatible to the observed one. For40Ca
we have assumed that the shell closure is complete o
to 90%, the rest being due to configuration mixing a
suggested by transfer reaction analyses and microsco
calculations [10,13,14].

The d0 resonance parameters have been taken fr
Ref. [4] except for the total width in the nuclear medium
which has been adjusted to the data resulting inG  9s4d
and 19(5) MeV for16O and 40Ca, respectively. For the
description of theDD process (dotted lines in Fig. 3)
we have used the phenomenological Breit-Wigner ans
of Ref. [15] including the parameters given there an
with a phase running over 360± in this double-resonance
process. The latter assures that this amplitude is r
at resonance as requested for theDD mechanism. The
relative phaseDw between thed0 and DD processes
is not known a priori; hence it is treated as a free
parameter. For the calculations shown in Fig. 2 (so
lines) we have usedDw  0± for 40Ca andDw  290±

for 16O. Since this phase has quite some influen
on the peak position if theDD process is large as is
the case in16O, we obtain an equally good descriptio
for the 16O data, if we takeDw  0± but readjust the
effectived0 mass tomd0  2.071 GeV. We note that the
calculations of thed0 amplitude according to Eq. (1) of
Ref. [4] do not include pion distortions in entrance an
exit channels. Estimates of their effect in the ener
range of interest range from 10% [1] up to a factor of
[2,3] of increase in DCX cross sections. Hence, inclusi
of distorsions in thed0 amplitude could significantly
change the calculated energy dependences and thus re
the value for the partial widthsG6  GpNNy3 derived
in Ref. [4].

The d0 spreading widthGspread ø Gtotal in the nu-
clear medium has recently been calculated by Valca
et al. [16] assuming the isospin of thed0 beingI  2 and
exploiting theDN interaction in medium. Their result of
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a width increasing with the target mass is in qualitativ
agreement with our findings.

If the isospin of thed0 is zero then theDN-interaction
ansatz of Ref. [16] is inadequate. In such a ca
the spreading width due to collision damping by th
d0N ! 3N process may be estimated from virtua
pion and sigma exchange of thed0 with a nucleon in
the surrounding medium. Starting with the Lorent
invariant amplitude of thed0 decay in vacuum [17]
Ad0!NNp 

f
2m u1Cg5sit2 $tdu2 $p, where u1,2 are

bispinors,C  g2g0, m denotes the nucleon mass, an

f2 ø 27
p

2
3 p2

q
m
m

md0

smd0 22m2md2h GpNN with h being the
enhancement factor due to theNN FSI [17], then the
invariant matrix element for the processd0N ! 3N can
be written asMs0d 

fg
4m

P
ijk ´ijk

uiCg5st2 $tduj

sP2pkd22m2 ? ukg5 $tu.
There ´ijk is the antisymmetrical tensor,i, j, k  1, 2, 3
numerate outgoing nucleons with 4-momentapk , P, andu
being the 4-momentum and bispinor, respectively, of th
incoming nucleon,m the pion mass, andg2y4p  14.3
thepNN coupling constant.

Following further the formalism given in Ref. [17] for
the FSI we arrive at a value ofGspread ø 7 MeV from
pion exchange, if the surrounding medium has nucle
matter density. Assumings and p coupling constants
are equal on the quark level, we obtain a spreadi
contribution froms exchange comparable to that from
p exchange. We note that a value of orderG ø 15 MeV
appears to be quite reasonable in view of the resulti
free mean pathld0 of the d0 in nuclear matter. Since
in DCX the d0 picks up the momentum of the inciden
pion, i.e.,,100 MeVyc, thed0 velocity yd0 relative to the
medium is of the order,cy20; henceld0 ø yd0 yGs ø
0.7 fm which is comparable to the internuclear distance
nuclear matter.

In conclusion, the energy excitation function of th
forward angle cross sections of GSTs on closed sh
nuclei exhibits two pronounced resonancelike structure
a narrow one at low energies and a broad one in t
region of theD resonance. While the latter one is wel
established to arise from theDD process, the origin of
the first one has become of increasing interest in rece
years. We have demonstrated that this narrow structu
exhibits quite well aQy2 dependence. Such a dependenc
is in disagreement with ISI or FSI effects as origin of th
3852
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narrow structure, however, in favor of thed0 hypothesis,
which is able to account also for the new data. The
deduced collision damping of thed0 in the nuclear medium
is in qualitative agreement with estimates based on mes
exchange mechanisms. We note, however, that inclusio
of distortions could lead to significant changes in the
resonance parameters, in particular inGpNN . Finally, the
sp1, p2d reaction on16O has revealed a hitherto unknown
excited 01 state atEx  2.1 MeV in 16Ne, which we
identify as the QIAS of the01

2 state in16C exhibiting a
large Thomas-Ehrman shift.
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