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The zero-degree diA'erential cross section for pion double-charge exchange on "O(m+, m )"Ne was

measured at three incident pion energies and found to be 2.00+0.34, 2.19+0.44, and 1.67+0.38 pb/sr at

139, 126, and 95 MeV, respectively. A similar measurement for ' 0 at an energy of 145 MeV resulted in a

value of 0.87+0.21 pb/sr. The ratio of the ground-state transitions near 140 MeV is

cr(' 0)/cr(' 0) = 2.3+0.7. The mass excess determined for ' Ne is 24.4+0.5 MeV. The experimental setup

and data analysis are discussed in detail. Results are compared with various calculations and discussed from

the standpoint of their implications for learning about reaction dynamics and nuclear structure. The reaction

appears to be quite sensitive to ground-state correlations of the target.

NUCLEAR REACTIONS O(~, 7( ), E= 95—139 EIeV; measured 0(E, 0= 0').
60(7t', x ),E=145 MeV; measured o.(g=0'), deduced 4M(' Ne).

I. INTRODUCTION

Discussions' of pion double-charge exchange
date back to the early 1960's, and calculations'
began to appear in the mid 1960's. Much of that
work was prompted by the discovery of isobaric
analog states with the (p, n) reaction' and the pos-
sibility of exciting the hypothetical double isobaric
analog with pions in much the same manner. In
the period between 1964 and 1968, three experi-
mental searches for pion double-charge exchange
(DCE) to two-body final states were performed. '
In all of these experiments, the incident beam
resolution was &4 Mep full width at half maximum
(FWHM) and the intensity was ~5 x 10'/s. Al-
though generally unsuccessful, they were able to
successively decrease the upper limits on the
cross sections to levels of about 1 pb/sr —a re-
sult considerably lower than predicted by the early
calculations. During this same period, states
with T = T,+ 2 were observed and shown to be nar-
row, ' but there were no further attempts at DCE
because of the extreme difficulty of the experi-
ments. Thus, although pion DCE had been studied
both experimentally and theoretically since the
early 1960's, neither analog (hT = 0) nor ground-
state transitions (hT ~ 0) had been observed before
1976.

With the significantly higher intensities becoming
available at meson factories, successful experi-
ments investigating pion single- (Ref. 6) and dou-
ble- (Refs. 7-9) charge-exchange transitions to

discrete final states have now been performed. In
this paper, we present the complete results of the
first pion DCE experiment in which both ana, log'
and nonanalog' transitions were observed. In or-
der to maximize the probability of a successful
result, the experiment was performed at zero
degrees. The experiment and data analysis are
first discussed in detail followed by a comparison
of the results to the most recent predictions. ""
Finally, the conclusions and implications for fu-
ture experiments are discussed.

II. EXPERIMENT

The experiment was carried out on the low-
energy pion (LEP) channel at the Los Alamos
Meson Physics Facility. 'The I.EP channel is an
isochronous, four-bend vertical system" shown
in the upper half of Fig. 1. The charge-exchange
targets were placed at the channel midpoint, and
the two halves of the channel were tuned for op-
posite polarities. In this configuration the channel
served as both pion channel (v') and zero-degree
spectrometer (m ). A detection system at the
downstream end of the spectrometer, shown
schematically in the lower half of Fig. 1, was used
to identify the transmitted particles and to deter-
mine their momentum by measuring their location
along the focal plane. For this experimental setup,
the real data rate for the (w', v ) reaction was typi-
cally ~3 jh/(pb/sr)/(g/cm') for an average proton
current of 100 p, A.
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FIG. 1. Schematic layout of the LAMPF loxv-energy
pion channel and DCE spectrometer.

There are a number of practical advantages in
running the experiment at an angle of O'. For ex-
ample, the primary m' ( or v ) beam can be sent
directly through the spectrometer to measure the
resolution, efficiency, and incident pion flux with
exactly the same configuration as used during the
experiment. The target thickness can be increased
(with poorer resolution) without necessarily lower-
ing the quality of the resulting data. Although in-
creasing the target thickness may not improve the
signal-to-noise ratio, it does increase the real
event rate which we expected to be a maximum at
0' for the cross sections of interest.

A. LEP channel

Pions were produced from a 3-cm-thick carbon
target with a beam of 800-MeV protons. During
this experiment, the proton beam averaged 100
p.A with a 6' duty fa,ctor.

The arrangement of the bending magnets 81 and
82 and quadrupoles Q1 and Q2 is such that they
present a horizontally and vertically focused beam
which is vertically dispersed in momentum along
the plane of symmetry (midplane of channel and
location of DCE target as shown in Fig. 1). The
momentum bite (5p/p) is selected by means of a
set of collimators allowing an adjustable vertical
gap at the midplane. A 3-cm opening of the slits,
corresponding to a momentum bite of 1.0%%uQ, was

B. Background

With the channel tuned to the (+, -) mode, there
are two major sources of background expected:
electrons, and negative pions produced from (n, v )
reactions along the channel and in the target.
These pions have a wide range of energies and
trajectories and are thus nearly uniformly dis-
tributed in energy. Because of the absence of any
sharp energy structure to this background, a peak
from the DCE reaction should stand out. Also,
since the neutrons have different energies and
travel different paths, the time-of-flight (TOF) of
the resulting pions should be uniformly distributed
within the 5-ns period of the accelerator rf struc-
ture in contrast to a peak in the time spectrum of

TABLE I. Spectrometer acceptance solid angle as a
function of pion momentum.

(s -s,)/s, (/0) Solid angle (msr)

7.2
7.3
7.3
7.2
7.0
6.6
5.9

used for all of the present experiments. With
this setting a,nd the proton flux available, the pion
flux at the target was typically &2 && 10'/s depend-
ing on the incident pion energy.

The "0 target was a. 7-cm-diam by 3.44-g/cm'
gelatin target mounted in a Lucite frame. The
gelatin, with a 1.5' by weight admixture of agar-
agar, was made from water enriched to 91/Q 0.
The "0 target was similar but slightly thinner,
3.28 g/cm', and made of natural water (99.76%%up

"0). These targets were placed in the proton
absorber wheel located immediately downstream
of the momentum slit and could be changed re-
motely.

The downstream half of the channel, which ap-
proximately acted as an energy-loss spectrometer,
was tuned for negative pions. The acceptance solid
angle for the spectrometer was about 7.2 msr and

was determined by Monte Carlo simulation. The
dynamic range of the spectrometer was determined
by the same technique; e.g. , particles of momenta
different from the spectrometer's central momen-
tum were t;raced through the second half of the
channel to establish the solid-angle dependence on
particle momentum. The results presented in
Table I indicate that the system does not vary
significantly over the central 8 MeV of energy ac-
ceptance.
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the DCE pions.
Electrons are the dominant source of back-

ground. They arise primarily from e'- y- e
conversions in the target; with the 3.44-g/cm'
"0 target, a m' energy of 143 MeV, and the spec-
trometer set for 130-MeV negative pions, the cal-
culated electron rate was about 10'/h. Our mea-
surements yielded a value of several times 10'/h,
in reasonable agreement with the calculations.
Electrons are also produced as a result of pion
single-charge exchange and the resulting n' decay;
the electron background from this source was cal-
culated. to be lower by about a factor of 5 than the
e' - y -e conversion.

C. Detector system

The detector system shown in the lower half of
Fig. 1 was designed to be efficient for detecting
pions and extremely efficient for vetoing electrons
because of the large ratio of e:v—- 10'.1. Two
helical wire chambers, placed at the front of the
detector stack, were used to determine the inter-
section of a particle's trajectory with the focal
plane and were capable of providing an energy
resolution of 0.5 MeV (FWHM) at 140 MeV. Three
independent 3.8-cm-thick Lucite Cerenkov counters
with photomultiplier tubes on each end were used
to reduce the possibility of false triggers from
processes such as e- y- e showers. The two 1.3-
cm-thick plastic scintillation counters, $1 and $2,
interspersed with C1-C3, were smaller than the
Cerenkov counters (10 cm by 40 cm, and 12.5 cm
by 42.5 cm, respectively) to avoid geometrical
problems from slight misalignment.

'V

The gains and thresholds on the Cerenkov coun-
ters were set such that each end was about 99Pp

efficient for detecting normally incident electrons.
This procedure resulted in about 987g electron ef-

V'

ficiency when signals from both ends of any Ceren-
kov counter were required to be in coincidence.
Most of the good pion events did not fire both ends
of any of the Cerenkov counters. Thus valid pion
events were recorded by an event trigger defined
by S1 ~ S2 ~ S3 with no Cerenkov counter firing on
both ends. The resulting rejection of good pions
(less than 25/o) was measuredusingav beam with
the cha.nnel in the (-, -) mode so that efficiency
corrections could be made following analysis.
Analog information corresponding to the light out-
put from each end of the three Cerenkov counters
was also recorded for each event. Random and
background events were monitored with other
combinations of Cerenkov and scintillator coinci-
dences.

Scintillation counter S1 was also part of a TOF
system to measure particle arrival time relative
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FIG. 2. Particle spectrum in the S3 scintillator detec-
tor. A clear separation is observed between pions and
electrons .

to the accelerator rf microstructure. Counters
S3-S5 provided some discrimination between elec-
trons and pions on the basis of differential energy
loss. To achieve good separation between pions
and electrons in the back scintillators, the pions
entering S3 were degraded to about 40 MeV with
a copper absorber. Because pions coming from
the spectrometer are vertica1. ly dispersed, the
absorber was in the shape of a wedge to roughly
equalize the energy of the pions incident on S3.
Operated in this way, the detector stack efficiency
was uniform to +5% over the central +5 MeV ac-
ceptance of the spectrometer. Figure 2 shows a
typical spectrum for S3.

D. Beam monitoring

The number of pions incident on the DCE targets
was calibrated to the flux of protons incident on
the pion production target. The proton current
was measured with a toroid upstream of the pro-
duction target. To relate the number of pions in-
cident on the DCE target to the proton measure-
ments, the activation technique described below
was used.

Because the DCE target region was inaccessible
during the runs, the pion flux was measured at the
end of the channel and corrected to the midpoint
using the channel acceptance and pion decay fac-
tor. The channel was tuned to the (+,+ ) mode
and set for a pion energy equal to that used during
the experiment. The ratio of the proton toroid
count to the pion flux had been investigated in
several experiments and found to be constant to
better than 3' over periods of 12 hours.

A plastic scintillator disk, placed at the end of the
channel, was activated for a fixed time using the
"C(~',v'n) "C reaction. The induced activity (half-
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life 20.8 min) from the P decay of "C was then
measured. With the known cross section for this
reaction, "the pion flux per proton toriod count
could then be determined and used to normalize
the DCE measurement. Activation measurements
were done for each incident m' energy and the re-
sults agreed well with expected rates.

III ~ DATA ANALYSIS AND RESULTS

The data were read and recorded on magnetic
tape using a DEC PDP-11/45 computer. For
each event, the following signals were recorded:
light output from each scintillator, light output
from each end of the three Cerenkov counters,
timing information from each end of the anode
and cathode of the three helical wire chambers,
the time between the S1 signal and the accelerator
rf pulse, and a bit pattern showing which Ceren-
kov signals exceeded a preset threshold. Each
event carried with it a data word identifying which
hardware trigger initiated the recording of the
event.

A. Spectrometer energy calibration

The first two helical wire chambers at the exit
of the spectrometer were used to determine the
particle's trajectory and hence its momentum.
The chambers were calibrated using a collimated
"Fe source and a jig to position the source ac-
curately on each chamber. The origin of the co-
ordinate system for each chamber was deter-
mined by putting a 130-MeV pion beam completely
through the channel @nd spectrometer.

The orientation and location of the focal plane
were checked experimentally as follows. With
the "O target in place, calibration data were
taken in the (-, -) mode for a fixed spectrometer
setting and five different incident pion momenta
in the range p =p, + 3~/0. 'Trajectories for approxi-
mately 100 particles were plotted for each mo-
mentum. Neither a rotation nor a translation of
the focal plane away from the expected values
significantly improved the resolution. The mo-
mentum dispersion predicted by a TRANSPORT "
calculation was verified in this way.

The intrinsic resolution of the spectrometer
(0.4 MeV FWHM) was limited mostly by multiple
scattering in the channel windows and wire cham-
bers. After the "O target was inserted and the
upstream half of the channel tuned to a higher en-
ergy to compensate for the energy loss in the
target (-8 MeV), the resolution was measured
to be -4 MeV FWHM. 'This degradation of the
resolution was due to multiple scattering and en-
ergy straggling in the thick target.

B. Time of flight

The TOF was used to discriminate against back-
ground by aiding in the identification of electrons
and asynchronous pions. It was measured by the
time difference between Sl ~ S2 ~ S3 (leading edge
timing given by Sl) and the accelerator rf pulse.
Since the proton beam microstructure consisted
of 0.25-ns pulses separated by 5.0 ns, the time
difference could only be measured modulo 5 ns,
thus producing a TOF spectrum folded into a
single 5-ns range. Corrections were then applied
for variations in S1 timing due to different pulse
heights and for the propagation time through S1
due to different particle locations along Sl. Since
the wire chambers at the exit of the spectrometer
determined particle position and angle, it was al-
so possible to correct for the calculated path
length through the spectrometer. When all of
these corrections were made, the TOF resolu-
tion was about 700 ps FWHM.

C. Counter stack efficiency

A sizable fraction of pions was lost due to re-
actions before counter S3. These reaction losses
were calculated using total pion-nuclear cross
sections and were found to be as large as 50%%u~.

Pion losses due to multiple scattering out of the
stack and decay in flight were also calculated and
found to be on the order of 5-10%%uo. The correc-
tions to the DCE cross sections resulting from the

V'

loss of pions, including the fraction due to Ceren-
kov rejection, were, however, measured directly
with the beam.

In order to make this efficiency test under con-
ditions very similar to the data runs, the channel
was set in a (-, -) mode with the "0 target in
place so that the emerging beam had an energy
and geometry similar to the pions in the DCE ex-
periment. A large number of events were then re-
corded based only on an $1 trigger requirement.
Pions were selected by applying cuts on TOF and
pion energy in the S1 counter. Muons in the beam
were identified in the pulse-height spectrum in
S5. It was then only necessary to determine the
loss of pions between $1 and S3. Pions which de-
cayed or were lost through reactions were auto-
matically accounted for by the S3 cut. In order to
determine the pion loss due to Cerenkov rejection,
it was necessary to look at the bit pattern of

'V

Cerenkov counterS for those pions which survived
the S3 eut. Depending on the energy, typically
&77-93/0 of the pions did not trigger any Ceren-
kov counter and 96-100% did not trigger any two
of the three. The pion loss before S1, i.e. , in C1,
could be estimated from the measured loss in C2.
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TABLE II. Pion loss due to reactions, multiple scattering, and Cerenkov rejection.

Percentage of pions lost due to Measured pion losses
Incident pion reactions and multiple scattering including Cerenkov rejection
energy (MeV) Calculated Measured (4)

130
116
86

61
55
40

55
51
39

64
58
43

The results of these calculations and measure-
ments a.re shown in Table II.

D. Cross-section extraction

As mentioned before, all of the events used to
extract cross sections were triggered by a triple
coincidence, $1 ~ $2 ~ $3, with no veto by any one
of three Cerenkov'counters. The requirement of
signals in both front helical wire chambers, and
a loose cut on the pulse height of scintillator $3
to eliminate some electrons, gives a two-dimen-
sional energy-vs-TOF spectrum such as shown in
Fig. 3(a). The only other cut required was one on
TOF. The limits for this cut were known a pxkwi
from the efficiency test; as shown in Fig. 3(b), a
TOF cut of 1.0 ns clearly separates pions and
electrons and reduces by four-fifths the asynchro-
nous background. The pion energy spectrum
shown in Fig. 3(c) was obtained from the spec-
trum of Fig. 3(a) after making the TOF cut.

In order to investigate DCE to the continuum,
the spectrometer setting was changed while leav-
ing the pion channel setting fixed at 139 MeV. Two
spectrometer settings, 124 and 116 MeV, were
taken in addition to the original 130-MeV setting.
After making cuts similar to those applied to the
130-MeV data and correcting for monitor counts,
stack efficiency, and the spectrometer transmis-
sion efficiency, the spectrum in Fig. 4 was ob-
tained.

The background from all sources other than
target-associated DCE was measured by replacing
the "O target by a similar "O target. Since the
Q value for DCE on "0 is at least 20 MeV more
negative than that for "O, all sources of events
from everything but "O are present. After making
the rather small subtraction indicated by the dotted
line in Fig. 4, there was a net number of 242
events in the DCE peak which gave a cross sec-
tion of 2.0+0.34 pb/sr. The effect of the various
corrections described above on the cross section
are listed in Table III. The value of the cross
section quoted here differs from that of Ref. 7 in
order to account for pion absorption in the DCE
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FIG. 3. Data at an incident mean pion energy of 139
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the TOP coordinate, showing a small residual electron
band and very little (less than 5'%) asynchronous back-
ground; (c) projection [after making TOF cut shown in
(b)) on the energy coordinate, showing a peak at 130.7
MeV at the expected location of the ~8Ne ground state.
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ground state is clearly separated from the continuum.
The dashed line shows a small background, as measured
with an 0 target.

come from breakup reactions yielding multipar-
ticle final states. After subtracting the background
indicated on the figure, 134 events remained, giv-
ing a cross section of 0.87+ 0.21 pb/sr.

Additionally, cross sections were determined
for the reaction "O(II', IT )"Ne at mean incident
energies of 95 and 126 MeV. The spectrum taken
at 95 MeV is shown in Fig. 6 and the complete re-
sults for both ' 0 and "0 are summarized in Table
IV. For the lower-energy measurements, the lo-
cation of the low-energy cutoff of the peak is not
as obvious because of poorer statistics and larger
backgrounds. Using the expected location of the
centroid and the shape of the high-energy side of
the peak, the low-energy cutoff was determined
in a, consistent way for all energies. In addition,
a systematic uncertainty in the number of events
was assigned due to the uncertainty in the loca-
tion of the low-energy cutoff. These uncertainties
were +10 and +20 events for the 126- and 95-MeV
runs, respectively. For the cross section on "0,
the assumed background shape was varied to
establish a similar systematic uncertainty in the
net number of events.

E. Ne mass excess

target.
The Q value for the "O(II', II ) reaction was esti-

mated from mass systematics to be about -28
MeV. Just above the low-energy cutoff of the
spectrometer at the lowest energy shown in Fig.
4, a sudden rise in the cross section for the "0
target can be seen. With the spectrometer set at
112 MeV and the channel reset to 149 MeV, the
spectrum of Fig. 5 was obtained for the reaction
"O(II',v )"Ne. The peak in the spectrum is super-
imposed upon a low, presumably constant back-
ground, similar to that in Fig. 5, and another en-
ergy-dependent background that is assumed to

ln the spectrum of Fig. 6 for the "O(II', II )"Ne
reaction, a distinct peak is observed near the en-
ergy predicted on the basis of mass systematics. "
After subtraction of background as shown, the
centroid of the observed peak yields a mass ex-
cess for "Ne of 24.4+0.5 Me+. The width of the
peak (FWHM) is 5 MeV, mostly due to multiple
scattering and energy straggling in the thick H,O
target and the intrinsic width of the unbound ground
state of "Ne. The energy calibration was obtained
by sending w beams, of several energies that
spanned the acceptance range, through the spec-
trometer when it was tuned for a central value of

TABLE III. Cross section corrections and errors (for 0 target at a mean incident 7t' en-
ergy of 139 MeV).

Counter stack efficiency
Statistical error in pion sample (4%)
Loss in Cerenkov counter 1 (2%)
Muon contamination (3%)
Uncertainty in S3 cut (2%)

Spectrometer solid angle
Relative spectrometer transmission

Activation run vs data run
Uncertainty in pion monitor
Uncertainty in number of target nuclei
Statistical error in N; in DCE peak
Pion flux loss in target
Total error

0.36 + 0.03

7.2 +0.4 msr
0.95 +0.02

0.11

8%

6%
2%

10%
3%
8%
2%

16%
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by the arrow.
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FIG. 5. Spectrum of the Q(~', ~ ) Ne reaction at 0'
for a mean energy of 145 MeV. The arrow at the peak
indicates the centroid after background subtraction. The
arrows on the abscissa are theoretical predictions.

IV. THEORETICAL BACKGROUND

Only quite recently have precision measure-
ments of pion-induced reactions on complex nu-

112 MeV. The error in the mass excess is pri-
marily due to uncertainties from the energy cali-
bration and from the assumed shape of the energy-
dependent background.

'The calculations based upon mass systematics
predict" mass excesses of 24.11 and 24.67 Me&.
Preliminary ('He, 'He) reaction data favor the
lower of these values. " Within errors, the value
measured here, 4M=24. 4+0.5 MeV, is in agree-
ment with either predicted mass excess for the
ground state of "Ne. It is interesting that Ericson
suggested this experiment as an example of the
utility of pion DCE reactions in one of the early
written discussions on the subject. '

clei been performed. Given this dearth of ex-
perimental results, the various theoretical ap-
proaches have had little data available with which
to check their predictions. Consequently, these
calculations, particularly for DCE, should be
interpreted as more qualitative than quantitative.
In the following sections, the theoretical back-
ground for the DCE experiment is reviewed, and
the latest versions of some calculations are pre-
sented.

A. Zero-degree considerations

The a priori expectation that measurement at
zero degrees is optimal was based upon several
theoretical considerations. 'These arguments
strongly imply that (1) the (0'- 0') ground-state
channel dominates the transitions to low-lying
levels in both the "0 and "0 reactions, and (2)
the zero-degree differential cross section is
representative of the double-analog-state-reac-
tion cross section for "0.

Figure 7 shows some results of a realistic cal-
culation for 'Li single-charge exchange (SCE)"
which are in reasonable agreement with the avail-
able data. The initial state has &, and the cross
section sums the first two states in 'Be, the
analog ('-, ), and first excited state (-,

'
), corre-

TABLE IV. Summary of cross sections.

Target
Mean incident m plus Number of events

energy (MeV) in DCE peak
Number of

background events
Cross section

(pb /sr)

18O

"O
i8O
16O

139
126

95
145

264 +16
143 +16
372 +28
134 +25

22 k5
14 +4

130 +17

2.00 +0.34
2.19 + 0.44
1.67 +0.38
0.87+0.21
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Li(w', w )Be at T~ =100 MeV
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0 40 80 I20
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I60

FIG. 7. Fixed-scatterer calculation of Ref. 18 for SCE
on a nonzero-spin target in the no spin-flip approxima-
tion. The dominance of the monopole transition at 0' is
evident.

sponding to the experimental data. ' When spin-
flip is ignored, the &

-
& cannot occur via a

monopole transition whereas the &
—

& ground-
state transition can go by both monopole and quad-
rupole transitions. The integrated cross sections
are 0.61 mb for the monopole and 0.32 mb for the
quadrupole. While these are comparable, the 0'
cross sections are totally different with the mono-
pole completely dominating. Similarly, for zero-
spin targets, the transition multipolarity is deter-
mined by the spin of the final level (J&). As a re-
sult, the "O(v', w')"F(0') SCE reaction to the
analog should be forward peaked while transition
strength with Jf0 should be negligible at 0 until
level densities increase sufficiently. Since the
"F(0')(w', w )"Ne(0') reaction should proceed with
the same amplitude, the "0 DCE reaction at 0'
would dominantly excite only the ground-state
double analog in the coherent scattering approxi-
mation"'" in which the nucleus always remains
within the ground-state isospin multiplet. Specifi-
cally, the 2; level at 2.0 MeV, which is not com-
pletely resolvable in our experiment, should con-
tribute very little at zero degrees since it must
go by a quadrupole transition.

These arguments are based on a complete multi-
ple-scattering calculation of pion SCE" which in-
cluded inelastic excitations of the core in both
initial and final channels to all orders. A simpler
and more physical argument, which leads to the
same conclusions, may be obtained from realistic
calculations of pion elastic and inelastic scatter-
ing, "which predict the selective excitation of
higher spin states with increasing momentum
transfer. This has been verified experimentally
with other probes such as electrons and protons

and is based on the fact that larger angular-mo-
mentum transfers (L) result from larger linear-
momentum transfers for surface-peaked reac-
tions (L - qR„, where q is the linear momentum
transfer and R„ the nuclear radius). In plane-
wave approximation, transitions of multipolarity
L will peak according to the spherical Bessel
function of order L(=Jz ). Similarly, at 8= 0',
the monopole peaks and is the only multipole
which is nonzero at q = 0. For the 0' reaction
"O(v', m )"Ne(g.s.) with an incident kinetic energy
greater than 80 MeV, the momentum transfer
q-8 MeV/c so that qR„-0.1. For "0, the cor-
responding numbers are q-40 MeV/c and qRN-0.6. Thus, 0' is in the semiclassically forbidden
region of L transfers for all L&0 for both "0
and "0. Such suppositions must ultimately be con-
firmed experimentally, and a recent spectrum ob-
tained at SIN' for "Q at 8= 18' and T = 148 MeV
appears to show little excitation of the 2' state.

When there are several partial waves contribut-
ing, the angular distribution will usually be a
maximum at O'. Similarly, one also expects that
the cross section at this angle would be the one

I I I I I

SOMK PRKDCTKD FORWARD 8 TOTAL CROSS SKCTIONS
' 0(m', m3' Ne

r

da'(0')~'
3 lL JpX

lh

O

CP
LU
CfJ

K
0 10

do (0')t~ &&

12X

LLtT 2x

O.l

0 50 100 150
T~ (LAB)

250

FIG. 8. Comparison of Glauber model (Ref. 11, labeled
G) and optical-model (Ref. 12, labeled LL) predictions
of DCE cross sections as a function of energy. Zero-
degree differential cross sections are denoted by solid
lines, total cross sections by dashed lines.
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to most nearly parallel the integrated reaction
cross section to the ground-state analog, even
though there is no necessary relationship between
the two. Figure 8 shows the correspondence be-
tween these two cross sections predicted by
Glauber" and optical-model calculations" for
elastic DCE. Although the two types of calcula-
tions give results that differ widely in both mag-
nitude and structure, the overall trend between
the two cross sections in each model is similar,
with do(0')/dA mirroring the integrated cross
section. Thus, it may be reasonable to infer the
trend of the reaction cross section from the 0'
cross section, especially since it is more easily
measured and less subject to error.

B. Predictions

O(~, ~ ) Ne(0))

IO

0
O

b 4o a

O.l

80
I

IOO
I

l20
l

i@0

T~ (Mev)
FIG. 9. Estimates of the zero-degree differential

cross section for pion charge exchange to the double
analog which were available prior to the experiment ~

The data shown are from this experiment.

Before this experiment, only upper limits were
established4 for the elastic DCE reaction on a few
nuclei such as 'I i, "V, and "Zr. Furthermore,
there was also a total absence of any elastic, SCE,
or DCE data on either "0 or "0 over the range
of interest. Thus, because the experimental input
for calculations was minimal, theoretical studies
of DCE were concerned not with fine details but
more with determining the sensitivity of the re-

action to various parameters. Figure 9 illustrates
the situation prior to the experiment by showing
the various predictions which were available for
dg(0')/dQ vs pion energy.

The calculations are bounded on the lower side
by the coupled channel optical-model calculations
of Miller and Spencer" and on the upper side by
the plane-wave Born calculations of Parsons,
Trefil, and Drell. ' These differ by as much as
two orders of magnitude, and the source of the
discrepancy was argued" to result from the plane-
wave calculation not properly taking into account
the absorption from the nuclear many-body sys-
tem. 'Thus, the elastic DCE cross section to the
double analog would essentially follow the basic
p(v, v')n cross section, which is a broad bump
over the (3, 3) resonance were it not for nuclear
absorptive effects. The optical-model calcula-
tions indeed show a broad dip due to increasing
competition from such processes with increasing
energy. Furthermore, within the optical-model
work, it was shown" that although the DCE calcu-
lations were quite sensitive to the off-shell extra-
polation assumed for the optical potential (Kiss-
linger or local Laplacian), there was essentially
no modification to the first-order potential that
could change this overall trend with energy.

However, the most remarkable aspect of Fig. 9
is perhaps the factor of 30 difference between the
calculations of Refs. 10-12 which were the most
detailed calculations carried out. All of them
were based on some form of multiple-scattering
theory which was calculated to all orders. Each
assumed F80 to be an i60 core plus two neutrons
in the 1d, &, orbital and that the "Ne final state
was identical except for the change of neutrons
to protons outside the core. Each used harmonic
oscillator densities based on electron-scattering
measurements corrected for the finite size of the
proton as well as pion-nucleon (vN) phase shifts.
While one could argue that the reaction is sensi-
tive to higher-order processes, such as ground-
state correlations, the large variations between
the different results indicate considerable sensi-
tivity to the basic approximation made in the in-
dividual models so that caution is required before
drawing definite conclusions.

The Glauber calculations of Liu and Franco"
should most nearly correspond to the first-order
coupled optical equations computed with the local
Laplacian potential. However, as shown in Fig.
8, there seems to be little similarity between the
two, either in structure or magnitude. The major
source of the difference results from the wN s-p
wave cancellation in the isospin-dependent part
of the potential. It is necessary to first reconcile
such model differences before conclusions are
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made about the form of the first-order optical po-
tential appropriate to elastic, inelastic, or
charge-exchange processes. However, since
these models describe elastic scattering in the
mN resonance region comparably well, it is pos-
sible that charge-exchange reactions may provide
the clearest tests of the various model assump-
tions.

The fixed-scatter calculation of Qibbs, Gibson,
Hess, and Stephenson" is an adaptation of Wat-
son's multiple-scattering theory in which the pion
amplitude is obtained exactly and then averaged
over the specific nuclear density by means of a
Monte Carlo technique. Consequently, it is
limited in practice to nuclei with A(20.

We have included the results of the experiment
in Fig. 9 to illustrate that although the predictions
bracket the data, all of them fail to reproduce the
results.

C. Recent theoretical calculations

The publication of the initial results of the pres-
ent experiment' has stimulated a reexamination of
the calculations. Other pion reaction data in this

I I I

0(w, m) for T& 115MeV
L I L loci S Woods

mass region have also become available, so that
several calculations have been revised to include
those results.

A preliminary angular distribution for elastic
scattering of positive pions on "O has recently
become available from SIN' at T, = 115 MeV.
Because all of the remaining data available for
"0was outside our energy range, we chose not to
optimize the first-order potential strength param-
eters but instead adjust the nuclear density and
correlation parameters. For energies above
-100 Mev, the first-order optical potential de-
scribes elastic-scattering data rather well using
strengths determined from free wN amplitudes.
Thus, after determining the nuclear density pa-
rameters at 115 MeV, we took the energy depen-
dence determined from the free mN amplitudes.

Figure 10 shows optical-model predictions for
the elastic scattering obtained with the Kisslinger
and Laplacian potentials for a range of Woods-
Saxon density distributions. Although it is possi-
ble to reproduce the overall shape with (r ')'i'
= 2.60 fm and a= 0.41 fm, we have used (r ')' '
= 2.72 fm with half-value radius R = 1.10A' ' fm
and diffuseness a= 0.45 fm as the best represen-
tation of the data, accepting the larger rms radius
as representative, among other things, of the
finite range of the pion-nucleon interaction. 'The

complete density applicable for the DCE calcula-
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tions for "0was then obtained by assuming the
fol1owing relationships between rms radii in "0
and '0

The neutron radius in "0was not determined but
allowed to vary about a, half-value radius 8„
= 1.10(1+5)A'~' for 5 = 0 and +0.05 in the calcula-
tions to show its sensitivity.

Figure 11 provides a comparison of the data of
Table IV with the latest predictions. The dashed
curves in this figure result from using the Saxon-
Woods density with the local Laplacian potential
when the half-value radius A for the neutrons was
varied by 5/0. The upper curve has 5=0 and gives
results which are very similar to those obtained
with oscillator densities. Increasing the neutron
radius by 5/0 puts a bump in the surface region of
the neutron density, which is probably a better
representation since the two excess neutrons are
in the s-d shell. This reduces the cross section
in the region below 150 MeV as shown by the low-
est dashed curve in Fig. 11. Since similar results
are obtained with the Kisslinger potential, one can
conclude that the first-order optical equations are
not g, complete representation for this nucleus,
i.e. , that higher-order processes" contribute
significantly to the reaction.

These can be of various types, such as diagonal
inelastic scattering, by which we mean noncharge-
exchange inelastic scattering, of the m', m', or

out of and back into the channel corresponding
to its appropriate member of the ground-state
isospin multiplet, or possibly nondiagonal in-
elastic-charge exchange, i.e., all of the basic
processes which are either ignored or only taken
into account in an average way in the coherent
scattering approximation. ""Because at least
two mN encounters are involved in DCE, it is im-
portant to note that such processes include ground-
state correlations of the pairing type. We do not
go into detail here, but within certain approxima-
tions" there is basically only one free parameter
to vary to fit the elastic data —the off-shell cutoff
X on the mn amplitude. ' '" We have varied X about
a value of 1.5 fm ' as suggested by Gibbs et al."
and find a best fit with A. = 0.7 fm ', this value is
used in the optical-model calculations of Fig. 11.
The radius also had to be increased somewhat,
consistent with the expected direction of polariza-
tion corrections, to obtain a fit comparable in
quality to that obtained without correlations.

As Fig. 11 shows, inclusion of correlation ef-
fects again has the effect of increasing the DCE
cross section relative to the first-order predic-
tions and bringing them more in line with the data.
The overall trend of the various optical predictions

is in the form of a broad bump in this energy re-
gion with the pion-nucleon s-p interference dip at
the lower energies being too pronounced and prob-
ably the main source of the discrepancy. If one
uses a more realistic first-order potential such
as that of Londergan, McVoy, and Moniz, "the
effect will be to remove this dip at the lower en-
ergies with virtually no changes at the higher en-
ergies. ""Thus, a reasonably good ease for
sensitivity to two-nucleon correlations can be
made.

The best correspondence with the data in Fig. 11
is exhibited by the fixed-scatterer approximation. "
The particular calculation we have shown is based
on a Monte Carlo average of the pion amplitude
over the nuclear density in which a larger radius
for the neutron distribution and an improved wave
function (non-Gaussian) for the unpaired neutrons
was used.

V. DISCUSSION

In the foregoing sections, we have presented
the experimental 0' excitation function for DCE
on '"0 leading to the double analog and argued
that this may also show the basic trend of the in-
tegrated cross section. The data show a flat dis-
tribution which is reproduced reasonably well by
the latest ea1culations except at the lower ener-
gies where (1) the Glauber model should not be
applicable, even for elastic scattering" according
to most standard criteria and (2) the first-order
optical equations are overly influenced by a some-
what artificial s-p pion-nucleon interference ef-
fect. Since the first-order optical equations dis-
agree significantly with the measured cross sec-
tions, this implies sensitivity to second-order
corrections such as two-nucleon correlations in
the ground state.

The theoretical discussion above concentrated
on the mechanism in the "0(v', z )"Ne reaction,
since that should be understood before such re-
actions can be used to provide a reliable spectros-
copic tool. As a result, the models used to de-
scribe the nuclei were simple, i.e, two nucleons
outside a closed "0 core so that the usual first-
order optical equations did not allow a 4T = 2,
''0(w', v )"Ne reaction. However, since the ratio
of cross sections, '"0/"0= 2.3+0.7, is surpris-
ingly small, this assumption requires separate
consideration.

A possible explanation of the ratio ean be found
in the nuclear structure of the states involved.
Shell-model calculations provide reasonable wave
functions and indicate the presence of substantial par-
ticle-hole admixtures in "0as well as the other nu-
clei being considered. An estimate" using the im-
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pulse approximation, the ylane-wave Born approxi-
mation, closure, and the assumption that distortion
effects are comparable in both reactions resulted
in the value of 3 for the "0/"0 ratio in reasonable
agreement with the experiment. Within this frame-
work, several comments regarding these reac-
tions were made: (1) cross-shell transitions (e.g. ,p'- d') are weaker than in-shell (e.g. , d'-d')
transitions but are significant; (2) configuration
mixing and the positive coherence of various terms
as in the pairing model result in an increased
cross section for "0as well as for "0DCE (a
form of collectivity); and (3) the orthogonality of
nuclear states results in destructive interference
so that the amplitude for excited 0' states is great-
ly diminished.

In conclusion, the present work has provided the
first definitive measurement of the long-discussed
pion double-charge-exchange reaction, shown the
existence of nonanalog transitions, determined a
new nuclear mass, "Ne, and indicated the possi-

ble utility of pion DCE as a tool for study of nu-

clear structure. The magnitude of the "0DCE,
n, T= 2 reaction indicates that (v, w') studies are
also feasible. Nonanalog transitions can produce
nuclei far from the line of stability, but it would

appear that the present poor resolution obtained
for low cross-section pion-induced reactions
makes DCE a less-than-optimal tool fnr establish-
ing nuclear masses if an alternative probe is
available.
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