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The initial results of a systematic investigation into pion-double-charge-exchange reac-
tions are reported. Data consisting of angular distributions and excitation functions have
been measured in an effort to determine the reaction mechanism and understand its im-
plications for nuclear physics. Cross sections are presented for (7 *,m~) reactions on *Be
12,3¢, 16180 2426Mo 32§ and 2®Bi. Surprising systematics of the reaction as functions of
pion scattering angle and energy, as well as target mass and isospin, are revealed. The
data are discussed in terms of two reaction models, one involving a higher-order optical
potential and the other involving multiple reaction amplitudes.

NUCLEAR REACTIONS °Be, '213C, 16130, 2426Mg, 325, 2Bi

(7w*,77), E=100—300 MeV, 8=5°—233°; measured o(E ;0,A4), double

analog and nonanalog transitions; discuss second-order optical model,
deduce two-amplitude model.

I. INTRODUCTION

The (7*,7%) double-charge-exchange (DCX) re-
action, long on the list of “exotic” nuclear reac-
tions because of experimental difficulties, is an in-
triguing process. It has been discussed as a possi-
ble probe of two-nucleon correlations inside the nu-
cleus,! and as a means of creating and studying nu-
clei far from the line of stability.’

Several facets of the reaction have engendered
continuing theoretical interest. In lowest order, the
reaction involves two nucleons and should then be
sensitive to nucleon-nucleon correlations, as reflect-
ed, for example, in higher-order terms of the -
nucleus optical potential. Because it involves a
double isospin flip of the projectile, the isospin
structure of the nucleus should be strongly in-
volved, which means that DCX is expected to
show some sensitivity to the matter distribution.
Since it should be possible with DCX to create
proton-rich nuclear species, various mass formulas,
and nuclear structure effects could be studied.
Theoretical work has been especially productive in
examining DCX with respect to the N-N correla-
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tions and higher-order optical potentials.>~7 Fig-
ure 1 demonstrates the range of such pursuits prior
to the measurement of constraining data.

DCX cross sections are generally less than 1
pb/sr and had thus remained practically inaccessi-
ble to researchers®® before the advent of the meson
facilities, LAMPF and SIN. Early LAMPF exper-
iments!® were the first to observe discrete, two-
body final states in the (7,7 ™) reaction. Transi-
tions from targets with various isospins were ob-
served, with the surprising result that nonanalog
transitions from T=0 targets were found to be as
strong as those analog transitions from T=1 tar-
gets. Transitions to the double-isobaric-analog
state (DIAS) were expected to dominate because of
the high degree of overlap between initial- and
final-state wave functions. Data from SIN,!! in
conjunction with that from LAMPF, indicated
that the cross section for 0(7*,77)!®Ne (g.s.)

" might be strongly angle dependent.

Another LAMPF measurement'? observed this
strong angular dependence. At 164 MeV, the
180(7+,7~"*Ne (DIAS) angular distribution
showed an apparent diffractive shape, but with the
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FIG. 1. Predictions of '®O(7+,7)'®Ne DIAS,
forward-angle excitation functions, prior to the appear-
ance of data. C-L, Chew-Low model of Ref. 3; G1, G2,
and G3, Glauber calculations of Refs. 5, 28, and 30; FS,
fixed scatterer of Ref. 4; and LL, local Laplacian of
Ref. 6.

first minimum at a very small angle—nearly 20°.
In standard elastic m-nucleus diffractive models
this would imply an 80 nuclear size of ~5.7 fm.
This is unphysically large when compared with the
electron scattering!® and pion elastic scattering!*
value of ~3.8 fm.

These data were not sufficient to adequately ap-
praise DCX as a probe for nuclear structure stu-
dies. A systematic investigation of the details and
dependencies of the reaction was needed to eluci-
date the features of the reaction mechanism and its
relation to nuclear structure.

We report here the initial results of such a pro-
gram. DCX measurements have been performed
which have given new information on the depen-
dence of the process on angle, as well as on target
mass and isospin. The utility of the technique for
measuring new masses of proton-rich nuclei has
been confirmed. The remainder of this paper is
devoted to a presentation and discussion of this
new data, and the current direction of analyses we
are making.

II. EXPERIMENT

The EPICS pion spectrometer facility'® at
LAMPF was used for these experiments because of
its high flux (~10® 7/s) and good resolution
(~150 keV). A modification of the facility was
designed by this collaboration to enable forward-
angle DCX measurements.

With the EPICS sytem, high incident 7+ flux
with good resolution is obtained through the
momentum-dispersed beam technique; a
Ap/p =+1% of the central momentum is
dispersed along 20 cm of target height. Incident
momenta are determined by ray-tracing scattered
particles back to the target, through a quadrupole
triplet focusing element, from a set of delay-line
readout multiwire drift chambers (F1-4) positioned
at the front focus of the spectrometer dipoles as
shown in Fig. 2. These chambers have a
counting-rate limit of ~1 MHz. Forward of
~ 18, however, the spectrometer intercepts a signi-
ficant fraction of the unscattered beam, flooding
the front chambers and degrading the resolution
and live time. Yet, forward-angle DCX experi-
ments require the highest available 7+ flux because
of the very low cross sections.

In order to overcome these problems, a circular-
dipole C magnet was used to magnetically separate
the DCX 7~ from the outgoing 7 beam. Posi-
tioned immediately after the target, the magnet in-
duced an opening angle of 20° between the oppo-
sitely charged pions. Sweeping away the 7+ beam
reduced the front-chamber count rate sufficiently
to allow measurement near 0°. This modification
(inset Fig. 2) enabled negative pions of the selected
scattering angle to enter and exit the field normal-

beam

FIG. 2. Schematic elevation view of the EPICS spec-
trometer showing the detector positions. Inset:
schematic plan view of the circular-magnet beam-
sweeping modificiation to the EPICS spectrometer front
end.
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TABLE 1. Targets, parameters, and differential cross sections for (#+,m7) at 5°,, for 180

and 292 MeV.

Chemical Isotopic do/dQ(ub/sr)
Target (mg/cm?) composition purity (%) 180 MeV 292 MeV
Be 296 Be 100 0.15+0.03
2c 227 C 99 0.40+0.05
B¢ 356 C 90 0.10+0.03
150 880 H,0 100 0.34+0.04 0.12+0.02
180 1040 H,0 95 0.88+0.10 2.40+0.19
Mg 235 MgO 100 0.11+0.03 0.014+0.005
Mg 409 Mg 100 1.00+0.14
32 250 S 95 0.084+0.025
2098 534 Bi 100 0.46+0.15

ly, preserving the EPICS ray-tracing capabilities.
A vacuum scattering chamber was constructed to
fit between the magnet poles and was flexibly cou-
pled to the channel as well as rigidly to the spec-
trometer, thus allowing the whole assembly to
pivot with the spectrometer. The target position
was maintained over the spectrometer pivot, at the
upstream effective edge of the dipole field. Down-
stream of the target, the spectrometer center line
was offset 10.16 cm to realign it with the extracted
beam.

Some properties of the targets used in these ex-
periments are listed in Table I. The '%!%0 targets
were frozen water, enriched in the appropriate oxy-
gen isotope. A typical DCX scattering spectrum
(from '®Q) is shown in Fig. 3.

The extracted data are differential cross sections
do/dQ as functions of angle and/or energy.
Seven-point angular distributions were measured
over the range 5° to 33° in the laboratory. The ex-
citation functions and 4-dependence curves were
measured at a laboratory angle of 5°. The data
were normalized by comparing 7+ p scattering
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FIG. 3 Missing mass spectrum of *O(7*,77)!®Ne at
292 MeV, 5°.

yields to those predicted by 7+p phase-shift
analysis.!® The overall normalization is believed to
be accurate to +15%.

III. RESULTS
A. Excitation functions

T=0,1 isospin (isotope) pairs were chosen initial-
ly to study the isospin character of the reaction.
The general features revealed are different from
anything anticipated on the basis of previous mea-
surements.!’

The ''80 results are shown in Fig. 4. The '*0
(DIAS) measurements span the incident energy
range 80 < T,, <130 MeV; the cross section shows
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FIG. 4. Ground-state excitation functions at 5%, for

(m+,7~) on 16180,
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a local maximum near 120 MeV which falls off by
a factor of 2 as the energy approaches the reso-
nance, but then increases by a factor of more than
2 as the energy increases beyond the resonance to
~300 MeV. The '°0 (g.s.) non-DIAS transition
has a maximum near 160 MeV which drops shar-
ply with decreasing energy, also falling steeply
across the resonance (by a factor of ~4), leveling
off above 200 MeV. The total range in '!80 cross
sections is from ~2.4 pub/sr to ~120 nb/sr. The
24,26Mg data are shown in Fig. 5; while there are
fewer points, the pair of curves appear strikingly
similar to the '®130 curves.

Near 160 MeV, the ratio o('30)/0(1%0) is slight-
ly larger than 3/1, but at 292 MeV it is ~20/1.
The 2*Mg curve appears to peak at a lower energy
than that of '°0; the ratio c(**Mg)/o(**Mg) is
about 1/1 at 140 MeV and ~70/1 at 292 MeV.
The overall shape of the two DIAS excitation
functions differ in magnitude by nearly a constant
factor, in the ratio o('30)/0(*Mg)~3.2/1. The
non-DIAS shapes are more dissimilar in detail but
have the same general features across the reso-
nance.

DCX transitions were also observed to the 2;
(1.89 MeV) first excited state of '®Ne. Since the
experimental runs were keyed to the observation of
the ground-state transition, this excited state was
only seen with poor statistics. The excitation func-
tion of this state is shown in Fig. 6. Its shape ap-
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FIG. 5. Ground-state excitation functions at 5°,, for
(7*,7~) on 2*Mg.
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FIG. 6. Excitation function at 5°,, for
BO(7+,77)®Ne (2, 1.89 MeV).

pears to be more similar to the %0 DIAS curve
than to the %0 non-DIAS curve.

B. Angular distributions

At 164 MeV, the '®0 angular distribution shows
a 5° cross section of ~1 ub/sr (Fig. 7) which falls
to a minimum near 20° of about 40 nb/sr, climbing
back to ~250 nb/sr at 33°, in good agreement with
the previous measurement.'? Figure 7 also shows
the 130 292-MeV distribution, in which the posi-
tion of the minimum (while less distinct) appears
to have shifted outwards to near 25°.

The Mg 292-MeV distribution is compared
with the corresponding 30 distribution in Fig. 8.
The minimum appears to be in the range 26°—28°.
Again, the ratio of magnitudes o(*0)/0(**Mg) is
nearly constant at forward angles.

A 164-MeV angular distribution was also meas-
ured for the 2{ excited state of '®Ne. As seen in
Fig. 9, the shape appears to be consistent with a
simple A/=2 transition.

C. A dependence

In the course of a series of mass measure-
ments,'® additional 180-MeV, 5° DCX cross sec-
tions were determined for °Be, !>13C, and 3%S.
These cross sections, with those from the other tar-
gets at the same angle and energy, are listed in
Table I and shown in Fig. 10. The data appear to
fall into three groups, all decreasing in cross sec-
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A DCX measurement was also made with a
209Bi target at 292 MeV. Evidence was found for
the 2Bi(r*,77)* At DIAS transition.!® For the
purpose of comparison, a curve of the 292-MeV
A dependence for all three DIAS transitions at 5° is
shown in Fig. 11.

IV. DISCUSSION
A. Optical concepts

Many early considerations of DCX treated the
reaction as two sequential single charge exchanges

J

(SCX). A potential of the form

U=Uy+U,(T-7) (1)

was commonly assumed, where t and 7 are the
pion and nuclear isospin operators, respectively. A
recent Eikonal-model treatment by Johnson®® based
on this yields an angular and 4 dependence of the
form

2

Opcx < (N —Z)N —Z —1)4 1073 JO(qR)—-%[Jo(qr)—qRJl(qR)] (2)

the angular distribution is determined by the Bessel
functions J, and J;, with the cross section (for

constant N —Z) scaling as 4 ~1%3. Such a formal-
ism is only designed to consider T >1 nuclei. The

T I I I

-4 ] | 1 ]
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A
FIG. 11. Cross section at 292 MeV, 5°, for DIAS

transitions from %0, Mg, and *®Bi. The solid line is
due to Johnson, Ref. 20.

10

I
validity of Eq. (2) is limited to the region of p-
wave dominance.

The m-nuclear diffractive model generally treats
pion scattering near 180 MeV in terms of diffrac-
tion from a strong-absorption radius corresponding
to the —Il;)- density point. As mentioned above, elec-
tron scattering'? and pion elastic scattering'* indi-
cate an '30 strong-absorption radius of ~3.8 fm
for which Eq. (2) predicts a minimum near 34°.
The observed minimum near 21° would imply an
80 nuclear size of ~5.7 fm which is unphysically
large.

Ignoring the assumption of p-wave dominance,
for the moment, we observed that Eq. (2) correctly
predicts the angular minimum at 292 MeV, for
both '80 and *Mg. Since the nucleus becomes
more transparent to pions at this energy, the
strong-absorption radius moves inward to the ~ —133
density point.?! A 25° minimum in the 292 MeV
180 distribution yields a radius R in Eq. (2) of
~3.1 fm in close agreement with the electron
scattering value of ~3.0 fm. Also, the 26°—28°
minimum in the 292 —MeV Mg distribution
yields the value R~3.4 fm, again in agreement
with the electron scattering value of ~3.5 fm.2?
This is surprising in that Eq. (2) is held to be valid
only in the region of the (3,3)7-nucleon resonance,
whereas at 292 MeV higher partial waves are
known to be significant. This seems to indicate
that an interference, in addition to that between Jo
and J, is present near 164 MeV and not at 292
MeV.

The factor (N —Z)YN —Z —1) of Eq. (2), divid-
ed by two, is simply the number of possible
valence-nucleon pairs. At the peak of the reso-
nance, extrapolating the Mg point from sur-
rounding data, we note that an 4 ~!%3 curve can
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be drawn through the two 5°, 180-MeV DIAS
points, as seen in Fig. 10. Although Eq. (2) is not
valid for T <1 nuclei, the data from these families
are seen to roughly parallel the T=1 curve. This
model, of course, gives no indication of a reason
for such behavior.

An additional surprise is that Eq. (2) also seems
to hold for the 4 dependence at 292 MeV. Figure
11 shows that an (N —Z)(N —Z —1)4 =% curve
nearly fits the three 5° DIAS points. Note, howev-
er, that the region 26 <4 <209 is entirely unsup-
ported by data. The sparseness of the data does
not allow that Eq. (2) can be held to adequately
represent the physics involved—especially when it
seems to hold accurate in a region it was not
meant for. There could be, for instance, additional
N —Z effects not accounted for by this semiclassi-
cal, first-order approach. If DCX is indeed sensi-
tive to nuclear correlations it is not unreasonable
that these higher-order effects could significantly
alter the form of Eq. (2).

An approach to these higher-order effects which
is currently being explored is the isobaric multiplet
approach of Johnson and Siciliano.® In this
model an optical potential of the form

U=—V-[Er+AEP ]V +kHE(r) +AE()]
+5(p1 = DV + 5 (py — DVAE(P) (3)

is assumed, where £ and £ are s- and p-wave con-
tributions to the first-order optical potential, and
the A§ are the higher-order contributions. The p,
and p, terms correspond to kinematical corrections
from the transformation from the 7-nucleon
center-of-mass to the 7-nucleus center of mass.

The & are written, assuming isospin invariance,
as

24

E=Eg+&(t7)
and
AE=AEG+AE (T T)+AEN(T T, 4)

where t and 7 are the pion and nucleon isospin
operators, respectively. The A£ introduce first-
order terms quadratic in the nuclear density to the
potential. While such terms have historically been
found to have little effect on elastic scattering, we
find they have a profound effect on charge-
exchange calculations. Figure 12 demonstrates the
capability of this approach to fit the anomalous
DIAS angular distribution.

This formalism is being applied to 7= elastic,
(r*,7% SCX, and (z+,7~) DCX scattering is an

effort to relate them in a common phenomenology.
The nuclear density dependence of the second-
order terms is isoscalar (p?), isovector (pAp), and
isotensor (Ap?), where p=p, +pp and Ap=p, —p,.
Our method has been to calculate the strength of
the first-order terms within the standard optical
approach, and then to introduce the second-order
strength to fit the DCX data, such strength being
constrained within a predetermined theoretical
range.”> An indication of the effects of this treat-
ment is shown in Fig. 12 in comparison with a
typical first-order calculation.

This clearly demonstrates the usefulness, though
not the validity, of such approaches. The validity
can only be determined by testing this formalism
with additional analog-DCX data, and by adapting
it to handle inelastic and nonanalog charge ex-
change. The details of applying this formalism to
the current data are being explored and will be
presented in a forthcoming article.?$

B. Interference effects

At 292 MeV, where o(T=1)/0(T=0) is 20 or
70/1, very little p? strength is needed to fit the
T=1 angular distributions. The possible need for
a higher-order description of the DIAS seems to
disappear when nonanalog (g.s.) transitions from
the T=0 member of the T=0,1 pair become weak
in comparison with those from the T=1 member.
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This, together with the fact that nonanalog tran-
sitions can be large at certain energies (and unac-
counted for in an isospin invariance picture) sug-
gests an alternate picture of the DCX reaction
mechanism.

We have previously reported®’ that the
anomalous minimum from 80 and the features of
the '80 excitation function may arise from the in-
terference effects of two principal reaction ampli-
tudes. This is apparent in the treatment of '30 as
%0 ® 2n.

Some core configurations in '®0O are identical to
configurations of '®0.2 Since the DCX cross sec-
tions from %0 can be relatively strong, it is possi-
ble that similar contributions may be found from
the core in the '30 ground-state transition. De-
tailed calculations indicate that the relative
strength of these components in 130 as compared
to 10 may vary from 0.7 to 1.5. An estimate of
unity for this ratio is sufficient for a qualitative
discussion.

Modeling the 80 DIAS core transitions on the
observed '°0 data and combining this with a well
known purely analog treatment® has yielded a
good fit to the '®0 DIAS excitation function,
where none previously existed (Fig. 13). This
model might also account for the anomalous angu-
lar distribution. Where the core amplitude is
strongest, near 160 MeV, it may interfere strongly
with the pure analog amplitude and shift the re-
sulting minimum.

V. CONCLUSIONS

The systematic behavior of the excitation func-
tions and angular distributions of the T=0,1 iso-
tope pairs revealed in this work confirm the ex-
pected strong dependence of DCX on isospin, but
also suggest that the process is dominated more by
the reaction mechanism than by nuclear structure
effects. Such a dominance is also suggested by the
limited data on the A dependence. The nondiffrac-
tive position of the minimum in the '*0 angular
distribution at 164 MeV and the more diffractive
angular distributions of 30 and **Mg at 292 MeV
suggest a complex reaction mechanism with a
strong energy dependence, possibly consisting of
several amplitudes. One approach to this problem,
which is currently being pursued with some suc-
cess, involves the use of a second-order optical po-
tential with isovector and isotensor terms, to which
SCX and DCX are much more sensitive than elas-
tic scattering. Another possibility, suggested by

o0F—r——T—"T1T"7T 7T T T T T T T
e ®0(r*7)°Ne  (DIAS)
o "*0lr*m)*Ne (gs)

elnb: 5°
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- C .
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FIG. 13. The two-amplitude model. The dash-dot
line is the square of the DIAS amplitude, and the
dashed line is the square of the non-DIAS amplitude.
The solid line is the squared sum of the amplitudes, ad-
ded with a smoothly-varying energy-dependent phase.

the large nonanalog cross sections, is a model in-
volving both analog and nonanalog amplitudes for
the T=1 nuclei. Because of the current
phenomenological nature of these two approaches,
they may not be necessarily independent.

These ideas are based on a fairly limited data
set, with three angular distributions for T=1 nu-
clei, only one of which is anomalous, some small-
angle excitation functions, and information on the
A dependence for a few nuclei. To pursue this
work further more data are needed, including an-
gular distributions for =0 nuclei, more angular
distributions for T=1 nuclei, and more informa-
tion on the A and (4 —Z) dependence at the ener-
gies where the nonanalog transitions are strong and
where they are weak. We anticipate that some of
these data will be forthcoming in the near future,
and we believe that they will cast new light on this
intriguing and surprising process and ultimately
lead to a further understanding of nuclear struc-
ture.
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