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should be completely excluded on the model. Therefore,
transitions to bound states can be relied upon to account
for the bulk of the P activity of APs.

It thus appears that all of the experimental data
reported here Qt well into a rotational picture with a
nuclear deformation similar to that which 6ts the
spectrum of low-lying states. More detailed knowledge
of the relative &=~+ purity of the 1'=~ states is
necessary to determine if a single value of the deforma-
tion parameter can simultaneously explain all of the
measured values.

It is tempting to try to apply this same picture to
other cases—in particular to P".However, for mass 29
a clear-cut rotational description of the low-lying states

does not seem to be possible. Therefore, even if such a
picture could be developed for the T= ~3 states, it
would be dificult to test. Other cases may be more
favorable but such have yet to be investigated.
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The differential cross section for the pion double-charge-exchange reaction V"(n,n ), at an incident
energy of 31 MeV and a production angle of 29', has been measured to be 0.52 e, »+'" tsb/sr. The apparatus
was sensitive to a pion-energy difference of 7 to 19 MeV, which covers the predicted isobaric analog state
of rsTz=2. A similar measurement for Lir(n+v- ) gave a diBerential cross section of 0165 ee&o+

. 's tsb/sr.
Particle trajectories were photographed in thin-foil spark chambers. The charge and momenta of outgoing
particles were determined with a magnet, and their range was determined in a thick-plate spark chamber.

I. INTRODUCTION

A PION double-charge-exchange reaction is a pion
nuclear reaction of the type sr++(Z, N) —+sr+

+(Z+2, 1V&2). A number of calculations and experi-
ments relating to these reactions have been performed
since 1963. It has been expected that these reactions
might be useful in producing new nuclides with large
excesses of neutrons or protons, in exciting isobaric
analog states with AT3 ——&2, and in testing for correla-
tions of nucleons within the nucleus. ' ' These expecta-
tions are not yet experimentally well fulfilled.

Several theoretical estimates have been made of the
double-charge-exchange cross section for low-energy
incident pions. Kohmura predicted a total double-
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charge-exchange cross section of 15 pb for 10-MeV
positive pions on 0".' Kerman and Logan give tables
which, when interpolated for 30-MeV pions on V",
predict a total cross section of about 1 pb. ' Parsons,
Trefil, and Drell give a forward differential cross section
for 30-MeV pions on 0"of about 0.06 ttb/sr to the Ne"
analog state and about an equal cross section to other
Ne" excited states. '

The theory of Koltun and Reitan' predicts a large
cross section at low energy. This theory uses a phe-
nomenological single-charge-exchange Hamiltonian in
second-order Born approximation. In the zero-energy
limit, it gives an isotropic-differential cross section

~/ ()=" (q'/q) l(fl +~+li&l ttb/sr (1)

for the reaction m-+ —+ x . The 1"+ is the nuclear isospin
raising operator and the squared matrix element is
equal to (X—Z)(E—Z—1)/2. Because of the raising
operators, the 6nal state should be an isobaric analog
of the initial state with AT3=2. The q and q' are the
initial and final pion momenta. They differ because of

'T. Kohmura, Progr. Theoret. Phys. (Kyoto) 33, 480 (1965).
7 A. K. Kerman and R. K. Logan, Argonne National Laboratory

Report No. ANL-3848, 1964 (unpublished), p. 236.' R. G. Parsons, J. S. Tre6l, and S. D. Drell, Phys. Rev. 138,
B847 (1965).

9 D. S. Koltun and A. Reitan, Phys. Rev. 139, 1372 (1965).
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FIG. 1. Apparatus for the detec-
tion of pion double charge ex-
change. Positive pions produced
in the cyclotron enter from the
right. Negative pions pass through
the analyzing magnet and stop in
the range spark chamber. Com-
plete trajectories in the spark
chambers are photographed.
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the Coulomb energy difference of initial and final nuclei
and the mass diAerence between neutrons and protons.

The following criteria were used in choosing a target:

(1) The target should have as large a neutron excess
as possible.

(2) The nuclear charge of the target should be small
enough that the incident pion would penetrate the
Coulomb barrier and the produced pion would have
enough energy to be readily detected.

(3) Since about 15-g quantities are needed for a target,
the substance should occur almost isotopically pure
in nature.

Natural vanadium was chosen since it is 99.75%
V23, which has five more neutrons than protons. The
Coulomb energy difference for V '-Mn" was estimated
to be 15.92 MeV using an empirical expression of Long
et al."for ET3= 1 transitions. Their value was doubled
since AT3 ——2 in this experiment. For a 31-MeV incident
positive pion this gives a 17.7-MeV outgoing negative
pion and a differential cross section of 57.5 pb/sr pre-
dicted from the theory of Koltun and Reitan.

In addition to V", we chose the target Li' since it had
been observed at CERN to have a forward double-
charge-exchange cross section of about 100 pb/sr at
195 MeV." Similar cross sections for Be and Na were
one and two orders of magnitude lower. It seemed
worthwhile to supplement their measurement with a
measurement near 30 MeV. Another group whose work
was more concurrent with our own used these same
targets at 200 MeV for similar reasons. "

' D. D. Long, P. Richard, C. F. Moore, and J. D. Fox, Phys
Rev. 149, 906 (1966)."L. Gilly, M. Jean, R. Meunier, M. Spighel, J. P. Stroot, P.
Duteil, and A. Rode, Phys. Letters 11, 244 (1964).

'~ J. Solomon, Proceedings of the Williamsburg Conference on
Intermediate Energy Physics, 1966 (unpublished), p. 269.

Three runs were taken on this experiment. The
first allowed us to pinpoint and eliminate some sources
of background. In the second, good running conditions
were obtained, but no events were seen. One event for
each target would have corresponded to a cross section
of about 2 pb/sr on V" and about 0.55 pb/sr on Li'.
We reported these initial results at the New York
meeting of the American Physical Society." For the
third run, we moved the magnet for the outgoing pion
closer to the target in order to increase solid angle, and
we added a spark chamber halfway through the magnet
in order to eliminate uncertainty about spurious events.

II. APPARATUS

Positive pions are produced by the proton beam
striking a carbon target within the Rochester 130-in.
synchrocyclotron. The pion beam is extracted and
focused by the fringe field of the cyclotron and further
defined by slits and a lead channel. It is then bent
about 60' by a double-focusing magnet. The cyclotron
is operated with a stretched beam in order that only
one pion track will be present in each photograph. The
beam intensity averaged about 1.5)& 10' pions/sec with
a duty cycle of over 60%. After passage through the
m+ magnet, the first two scinti1lation detectors, and the
thin-foil spark chambers, the pion beam had a mean
energy of 32 MeV with full width at half-maximum
(FWHM) of 3.5 MeV. Traverses of the beam showed
roughly Gaussian shapes with FWHM of 1.4 in. hori-
zontally and 1.9 in. vertically.

Our final experimental layout is illustrated in Fig. 1.
To determine that a pion double-charge-exchange re-
action has taken place, one must ascertain that the
particle leaving the target is negative and a pion. Many

'3 C. J. Cook, R. L. Burman, and M. E. Nordberg, Jr., Bull.
Am. Phys. Soc. 12, 104 (1967).
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spurious positive pions, protons, and electrons had to
be eliminated. The trajectory of the particle in a
magnet determined its charge and momentum, and its
stopping point in a 20-gap spark chamber determined
its range. Scintillation detectors registered the arrival
of a positive pion and the passage of an outgoing
particle. Fast logic circuits triggered the thin-foil spark
chambers and the range chamber, in which complete
incoming and outgoing trajectories were recorded. The
radius of curvature of a particle passing through the
magnet can be constructed from the entrance, middle,
and exit locations. With the magnetic field measured
and known, the momentum of the particle is thus deter-
mined. This momentum combined with the range-
chamber measurement uniquely determines the identity
of the particle.

The electronic logic required an $&$2$g$4$58g87
coincidence as defined in Fig. 1 in order to trigger the
spark chambers. It would have been desirable to have
had fewer detectors in the detecting system since the
energy loss in these detectors puts a low-energy limit
on the pions that can be detected. However, removal
of any of these detectors from the logic increases the
picture-taking rate by an order of magnitude. Detector
No. 3 was made as thin as easily feasible (0.030 in. ) to
reduce mu/tiple scattering which could distort the
measurement of momentum and the point of origin in
the target. All detectors had measured efFiciencies
over 95%.

The direction spark chambers were constructed with
0.001-in. Al foil and ~'~ -in. Lucite frames. Each chamber
had four gaps, with three ground and two driven foils.
The redundancy of gaps was to assure that at least
two gaps would spark along a particle trajectory.
Most of the time, three or four gaps sparked correctly.
The front and back of these chambers had a pressure
seal of 0.001-in. foil so each chamber presented 0.007 in.
of Al absorber to the particles that passed through
normal to the foils. All the spark chambers were filled
with 90% Ne and 10% He at just above atmospheric
pressure.

The range chamber had 20 gaps and was constructed
similarly to the direction chambers except that 0.016-in.
A.l sheets were used. It was designed to measure the
energy of 20-MeV pions to within about 0.5-MeV un-
certainty. It was useful in beam surveys as well as in
the actual experiment.

The detection system was sensitive to pions with
production angles of about 29'. The horizontal angular
aperture was about 20', and the vertical aperture was
about 9'. The horizontal focusing properties of the w

wedge magnet are such that particles diverging from
the target come out roughly perpendicular to the range
chamber plates. The line connecting the center of the
target of the No. 3 counter is normal to the entrance
of this magnet. By having near normal incidence and
exit of the pions, vertical focusing from the magnet
fringe field is negligible. Also, the pions cross the slot

in the magnet in a near normal manner, which mini-
mizes vertical focusing or defocusing there.

The m magnet was calibrated with current-carrying
wires. Close agreement between simulated trajectories
made with current-carrying wires under tension, and
trajectories constructed from the measured effective
magnetic field was obtained. In these measurements the
radii were reproducible within a range of about +2.5%
of their mean value.

HI EXPERIMENTAL PROCEDURE

The detectors were initially adjusted in the direct
pion beam. Timing and attenuation curves were taken
and conservative operating points chosen. Pulse-height
spectra were recorded for the pion beam and for the
Bi"' internal conversion electrons. The + magnet and
detectors were then put in their running position. With
all magnetic 6elds on, the pulse-height spectra for the
Bi" were again taken and compared with the previous
spectra. The detector gains were not affected by the
magnetic fields. Many times during the run, detector
gains were checked with sources and found to be stable
within about 1 dB.

In order to test the apparatus with a m beam, the
cyclotron and the m-+ magnet fields were reversed, thus
reversing the sense of rotation of the internal proton
beam, so that negative pions produced from the internal
target would be conducted through the same beam
channel. This m beam was degraded and scattered
through the detection system by the vanadium target
to which 8-in. of Al had been attached, which simulates
by ionization loss the expected energy loss in the double-
charge-exchange reaction. Timing and threshold dis-
crimination curves were taken with these scattered
pions. The timing was exactly as before. The critical
counters, Nos. 3, 4, and 5, which had double magnetic
shields, maintained their original gain within 1 dB.
The No. 1, 2, 6, and 7 counters all intercepted enough
of the direct beam that their timing and threshold
settings could be easily checked at any time. Three
hundred pictures of negative pions were taken with the

magnet at a mean magnetic 6eld of 6.08 kG. These
pictures were later used to test the calibration and dis-
persion of this detection system.

The beam was returned to positive pions and the
experiment was run with a V»' target 0.635 g/cm' thick
and 2 in. square, and with the ~ magnet set at 7.06 kG.
It was soon evident that there was a significant number
of electrons produced through single-pion charge ex-
change followed by conversion of a decay p ray into an
electron-positron pair. In earlier runs, this background
was not identified with certainty. With the spark
chamber in the middle. of the z magnet, negative
particles could be clearly identi6ed. Also, protons pro-
duced by pion capture and positive muons produced by
decay of the incident beam could not be mistaken for
negative pions. There were many negative particles
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TmLE I. Statistics of third run.

Target

V61
V61
LiI
Ll~

m -magnet
(B) (irG)

5.83
7.06
5.83
7.06

1 2 counts

5.23X 109
5.40X 10&

2.43X10'
2.31X10'

Pions on
target

4.63X109
4.78X 109
2.15X 10ll

2.04X 109

Pictures
taken

7936
6368
4276
2935

with short radius that missed. the range chamber. To
be sure that these were not pions, an equally long run
was taken with the x magnet set at 5.83 ko. In this
reduced Geld, these particles would not be bent as
much and should strike the range chamber. This did
not, decrease our threshold for low-energy pions, which
was determined by ionization losses and corresponded.
to a pion energy of 8 MeV. Rather, the main result of
running at lower magnetic fields was to further sepa-
rate the pion radius-range curve from the electron
background.

Two similar runs were made with a Liv target 0.675
g/cm' thick. The runs are summarized in Table I.

IV. DATA REDUCTION

A. Film Scanning

The film was projected and scanned three times for
negative particles passing through the x magnet. The
large majority of spark triggers are due to random
coincidences and not to a single particle passing through
the system. The resulting spark pattern is chaotic and
disconnected so these pictures can be scanned and dis-
carded quickly. About one-Gfth of the photographs
were of a proton from pion capture in the spark-chamber
frame. These were reassuring because they indicated
throughout the experiment that the counters were set
correctly and the spark chambers were sparking
efficiently. Many photographs were of electrons that
travel completely through the range chamber. In some
of these cases, a positron track was also seen in spark
chamber No. 3. For negative particles, the projected
radius of curvature and. production angle were measured
and the stop gap in the range chambers was noted. It
was also checked, that the mirror views of the tra-
jectories were compatible, that the particle had its
origin in the target at the intersection of the beam with
the target, and that the incident particle followed a
straight path down the beam channel and was not
produced oB the wall. Also, any obvious production of
an electron pair anywhere in the apparatus was noted.
The projected radius of curvature was measured to
&8' in. with a template; the projected image was about
two-thirds the size of the actual apparatus.

Those negative particles that had their origin in the
target and were not obviously from an electron pair
were plotted on a radius versus range-chamber stop-
gap curve where they were compared with the expected
radius versus range curve for a pion.
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FzG. 2. Radius-range plot for events and scattered pions. The
four apparent double-charge-exchange events are plotted together
with the calibration points obtained with a negative pion beam.

Four negative particles which appeared to deGnitely
stop in the range chamber fall within an inch of the
projected radius from the expected pion curve and. are
considered to be negative pions from double charge
exchange. The projected radii of these four events are
scaled for a common magnetic Geld of 6.08 ko and are
displayed on a range-radius plot (Fig. 2) together with
the scattered negative pions which were used to cali-
brate the detecting system. The events fall within a
band comparable to that occupied by the known
negative pions.

The number of negative particles of various cate-
gories observed in the 5.83-ko V" run is typical of all
the runs and is displayed in Table II. These do not form
a complete set of mutually exclusive types.

Tmrx II. Some scan results for V" target with
the s magnet at (B)=5.83 kG.

Type

Pictures taken
Negative particles in m magnet
Negative particles that hit target but are not

clearly half of a pair
Negative particles that clearly missed target
Electron pairs produced before target
Electron pairs produced in target
Double-charge-exchange events

Number

7936
197

70
51
47
17

1

r4 W. Heitier, The QNanfarN Theory of Radhatfoa (Oxford Uni-
versity Press, London, 1954), 3rd ed.

B. Possible Electron Contamination

Estimates show that the chance of an electron simu-
1ating a pion is small. An 8-MeV pion in the + magnet,
which is about the minimum detectable energy for this
experiment, has a momentum of 48.5 MeV/c. An elec-
tron simulating this pion would have this sar e mornen-
tum but would. have a kinetic energy of roughly 48
MeV. The mean range for such an electron in Al is
21 g/cms. 's Were this electron to lose 90% of its energy
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by bremsstrahlung, its mean residual range is still 3.11
g/cm'. Thus, an electron that had adequate momentum
to simulate a pion should have so much energy that it
could lose a large portion of its energy to bremsstrahlung
and still travel completely through the range chamber
and not be mistaken for a pion.

It is possible for an electron to scatter approximately
90' from a nucleus, leave the range chamber without
leaving a track, and be interpreted as a pion that has
come to the end of its range. Using the Coulomb cross
section, a conservative estimate of their number in this
experiment is 0.04 electrons.

For an electron-electron collision without bremsstrah-
lung, one electron must come out of the collision with
more than half of the incident energy and continue close
to the initial direction of motion; and, thus, it should
have enough residual range to look bke an electron
rather than a pion.

From these arguments, we conclude that there is at
least a 95% probability that our events are real. If some
or all of our events are not real, then the cross sections
calculated later are good only as upper limits.

C. Sensitivity of the Detection System

The following procedure was used in calculating the
mean acceptance solid angle for the detection system.

(1) The acceptance solid angle for pions with various
radii of curvature and origins on the target was calcu-
lated from the geometry of the system. The vertical
aperture is determined by the magnet gap and the
horizontal aperture by the No. 3 detector and the
range chamber.

(2) The average solid angle for pions of various radii
for the whole target was obtained by integrating these
expressions over the target using the beam spatial dis-
tribution as the weighting factor.

0
O

lh

4Ju4-z

(3) Assuming an incident pion of 32 MeV, the rela-
tionship between energy and momentum for a pion,
and the relationships between radius of curvature and
momentum for our experiment, the so)id-angle versus
radius-of-curvature curve was translated into solid-
angle versus energy loss in the target curves. For large
AE, the pion has insufhcient energy to penetrate all
the counters; and, for small dE, the pion will travel
through more than 18 gaps of the range chamber and
will not be considered a candidate for charge exchange.

(4) Since the beam is polyenergetic, the solid-angLe
versus energy loss in target curves should be somewhat
smoothed and spread out from those with a mono-
energetic beam. To construct such a curve, the beam
was considered composed of components of 30, 32, and
34 MeV with relative strengths of 1:2:1.

(5) The solid angle versus energy loss in target
curves were transformed into solid angle versus energy
loss in reaction curves (Fig. 3). The energy loss in the
target is due to both ionization and reaction losses. To
calculate how much is due to ionization, it was assumed'
that the incident energy is 32 MeV, that the pion.
su6ers ionization loss for half the target, reacts, and.
then continues to lose energy by ionization through the
rest of the target. A, 32-MeV pion is degraded to 31
MeV after it has traveled through half the V target
and is degraded to 30 MeV halfway through the I.i
target. These energies at the center of each target are
taken as the nominal energies for the experiment.

(6) The events are displayed in Fig. 3. The energy
loss was obtained using the same assumptions as in
step (5). Considering the energy spread in the beam
(FWHM of 3.5 MeV), the actual energy loss could differ

by several MeV from the displayed values.

V. CROSS SECTIONS AND CONCLUSIONS

With only two events for each target, the dominant
limitation on the accuracy of our cross-section mea-
surements is statistical. This low number mandates
the use of the Poisson distribution, which is skewed
toward larger numbers. Unfortunately, the two events
coupled with our energy resolution do not give a
complete enough m energy spectrum to tell with
certainty whether the reaction for vanadium was
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FIG. 3. Serlsitivity versus energy loss in reaction. The high cutoG
is caused by the outgoing negative pion having insuKcient energy
to pass through the scintillation detectors and spark chambers.
The low cutoQ' is caused by the outgoing negative pion of high
momentum missing tQe grange spark chamber.

V"+a+~ Cr50'+p+m —.

The two events do appear to be displaced toward the
high-energy-loss region of the sensitivity curve and do
not center on the predicted analog state. The average
of their energy loss is 16 MeV rather than the predicted
13.3 MeV.

Weighting the two events with the inverse of the solid
angle at their respective values of energy loss, we find

(da/dQ)2, .v"=0,52 O.q9~ » pb/sr.
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This measurement of cross section to the energy-loss
interval 7 to 19 MeV (which covers the predicted iso-
baric analog state) is less by a factor of 100 than the
cross section predicted by Koltun and Reitan. ' It was
this theory which our experiment was most specifically
designed to test.

Our result is comparable with Kohmura's calcula-
tion' of a total cross section of 15 pb for 0"at 10 MeV,
if we assume his angular distribution is isotropic. How-
ever, the difference in the target and energy possibly
makes such agreement fortuitous and not really
significant.

Comparison of our results with the theory of Kerman
and I,ogan~ is complicated by the fact that we do not
really know what their theory implies for the differential
cross section we have measured. We have an inter-
polated value of about 1 pb for their total cross section.
We know that their angular distribution is not iso-
tropic" but do not know its detailed shape. Were we to
consider their differential cross section equal to 1/4sr
ttb/sr, we would conclude that their calculations were
low by a factor of about 5. If their angular distribution
is peaked forward, their calculations could well be in
accord with our measurements. It should be noted that
their calculations were done with the intent to set lower
limits on double-charge-exchange cross sections. Our
measurement is more believable for setting an upper
limit than a lower limit on this cross section. That is,
if our two events were actually spurious, then our lower
limit would be wrong, but our upper limit would still
be of value.

The calculation of Parsons et al. ' for 0' is about a
factor of 10 lower than our measured cross section for
U". Since there are 10 neutron pairs in V" available
for double charge exchange and only one such pair for
0", there may be some grounds to consider these com-
parable results.

Comparison of our results with other experiments is
complicated by the fact that other experiments have
been performed at much higher energies.

The first observation of double charge exchange was

by the Russian group of Batusov, Bunyatov, Sidorov,
and Yarba. "This was a byproduct of a study of pion
"A. K. Kerman (private communication).
'6 Yu. A. Satusov, S. A. Bunyatov, V. M. Sidorov, and V. A.

Yarba, Zh. Eksperirn. i Teor. Fiz. 46, 817 (1964) [EngIish transl. :
Soviet Phys. —JETP 19, 557 (1964)].

production in nuclear emulsion when bombarded with
250—300-MeV negative pions. Some of the produced
positive pions had double charge exchanged to negative
pions. This group then irradiated emulsions with
80-MeV positive pions and obtained 30 double-charge-
exchange events for positive pions with energies ranging
from 30 to 80 MeV. No events were seen for pions with
energy less than 30 MeV. The total cross section was
400 pb.

Other work by this group has been done on Be, C,
Al, and Pb, using nuclear emulsions for particle de-
tectors. '~ " Their curves show a marked increase of
cross section with energy. It is quite difficult to ex-
trapolate their cross section versus energy curves to
30 MeV, but our rather low cross section is compatible
with their curves.

The double-charge-exchange reaction for Li is
expected to be to many body final states, being
either Li'+sr+ —+ He'+ p+ p+ p+sr or Lir+sr+ —+ He'
+n+p+p+p+sr . The two events for lithium are
near the high-energy-loss edge of the sensitivity curve,
their average energy loss being 14.8 MeV. For the
diGerential cross section we find

(do/dQ) so
L' = 0 165-o.ooo+'ss' ttb/sr.

This is at least an upper limit on the differential cross
section for pion energy loss from 7 to 17 MeV. It is
possible that pions with larger energy loss are being
produced but are not detectable by our apparatus. This
is suggested by the incidence of the two events at the
high-energy-loss edge of our sensitivity curve. Our
differential cross section at 30 MeV is a factor of 600
smaller than that measured by the CERN group at
195 MeV."
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