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point energy of 11.2+0.6 MeV for the F?? 3
rays. Unfortunately, the counting rate of 8’s
gated by y rays was so low that it was not pos-
sible to determine from the data whether the
B spectrum in coincidence withy rays has a
different end point than the ungated spectrum.
All that can be said at the present is that the
observations are consistent with the two spec-
tra having the same end point; the same end
point for both spectra implies that no 8-ray
transitions directly to the ground state of Ne??
occur.

Measurements of the half-life of F22 were
made by observing the number of 8 rays emit-
ted from F?2 (with and without a y -ray coinci-
dence requirement) as a function of time. The
observed half-life is 4.0+ 0.4 seconds.

A proposed decay scheme of F22 is shown
in Fig. 2. The levels of Ne?? with their spin
and parity assignments are those reported
by other workers.2"® The branching ratios
of 0.67 and 0.33 to the 3.35- and 1.28-MeV
states of Ne?? are those obtained from the
relative intensities of the 1.28- and 2.07-MeV
v rays. Other work indicates that they decay
of the 3.35-MeV state goes essentially entire-
ly through the 1.28 state; the lack of a 3.35-
MeV vy ray in our observed y -ray spectrum
is in agreement with this decay. No S branch
to the ground state is shown on the decay dia-
gram; as indicated previously, the g-spectrum
observations are consistent with this decay
but are not precise enough to definitely confirm
it. The logft values for the decays of the 3.35-
and 1.28-MeV states were calculated to be 5.9
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FIG. 2. Proposed decay scheme of F2,

and 6.4, respectively; these values are close

to the upper end of the range for allowed transi-
tions. If both these decays are by allowed tran-
sitions, the ground state of F22 must have a
spin-parity assignment of 3%; it could not then
decay to the ot ground state of Ne?? by an al-
lowed transition. From the observed S-ray
end-point energy and the proposed decay scheme,
the F?2_Ne?? mass difference is 12.5+ 0.6 MeV.

1., F. Chase, Jr., H. A. Grench, R. E. McDonald,
and F. J. Vaughn, Phys. Rev. Letters 13, 665 (1964).

’D. Pelte, B. Povh, and W. Scholz, Nucl. Phys. 52,
333 (1964).

3M. A. Eswaran and C. Broude, Can. J. Phys. 42,
1311 (1964).

SEARCH FOR C-INVARIANCE VIOLATION IN 7(958 MeV) AND 7(549 MeV) DECAYS*
Alan Rittenberg

Lawrence Radiation Laboratory, University of California, Berkeley, California

and

George R. Kalbfleisch

Brookhaven National Laboratory, Upton, New York
(Received 6 August 1965)

There is now much interest in the possibility

of C (charge conjugation) noninvariance in strong

or electromagnetic interactions, which is due
to the existence of C-nonconserving but parity-
conserving interactions.'>> The C-invariance

violation is a few percent at most for the strong

interactions and can be maximal for the elec-
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tromagnetic interactions. Such C-nonconserv-
ing effects may be found by looking for (1) C-
nonconserving decay modes of neutral mesons®™®
or (2) asymmetries between 7+ and 7™~ in the
three-particle decay modes of these same me-
sons.®%7 We have looked for such decay modes
and asymmetries arising from 7(958) and n(549)%
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produced in the reaction K~ +p - A +7(958) with
subsequent decay n(958) - n(549) +7*+7~. No
definite evidence for such C-invariance violat-
ing effects is observed, although their pres-
ence cannot be ruled out. The smallness of
the decay of 7(549) and 7(958) to 7 +e* +e~

is of particular interest. The branching frac-
tions are <0.007 and <0.013, respectively; 0.01
and 0.02, respectively, might be expected.

The 7(958) mesons are produced in the reac-
tion K~ +p — A +1(958). About 700000 pictures
of 2.1-, 2.45-, 2.55-, 2.63-, and 2.70-BeV/c
K~ mesons incident upon the 72-in. hydrogen
bubble chamber have been used. Essentially
all of the V-plus-4- or -6-pronged events have
been measured, as well as about two-thirds
of the V-plus-2-pronged events. All events
in which the mass, M, of the system recoil-
ing against the A is in a wide band about 958
MeV [0.80 <M 5 2<1.04 (BeV)?] had previously
been selected and fitted to the final states
An*1™y and Anrtr™ in addition to the usual
hypotheses, as reported previously.® A sub-
set of these events was selected for final pro-
cessing in the search for the possible C-non-
conserving decay modes, 1n(549 or 958) ~7°
+et+e~ or (n++71—)T -p+et+e™, or n(958)
~7n(549) +e* +e~. For this search, only events
with low momentum transfer to the A, Ap’ A2
<0.5 (BeV)?, were used. The subset was cho-
sen by calculating the missing mass opposite
all visible particles, using the electron mass
in place of the pion mass for all possible et
combinations among the charged tracks at the
production vertex. Those events having a miss-
ing mass near 0, 7°, or n(549) [-0.05 < MM?
<0.4 (BeV)?] were retained. The original mea-
surements were selected from the measure-
ment-library tapes and reprocessed through
geometry and kinematics (PACKAGE) with all
the appropriate hypotheses, including electrons.
Fits or missing-mass calculations were tried
to the following reactions:

K~ +p - A +77+7~ (+neutrals)
- A +et+e~ (+neutrals)
- A +27% + 27~ (+ neutrals)

*+17 +et+e~ (+neutrals)

- A+7
+ —

-~ A+31" +37m

~A+2tt+217+e Tre T,

where intermediate 1(549) and/or Z° produc-

tion and decay were included as required. Of
approximately 75000 original V-plus-2- or
-4-pronged measurements, approximately

16 000 had 0.80 <M 5*<1.04 (BeV)? the final
selected subsample used here has about 2500
events.’® Many electron hypotheses were fitted
satisfactorily. Essentially all those hypotheses
having a momentum less than about 200 MeV/c
for either electron were ruled out on the basis
of the visible ionization. No distinction between
pions and electrons was possible at higher mo-
menta. We obtained many ambiguous fits be-
tween An %7, AntnTy, An%te™, and AeTeTy
in particular, which presumably are really

A37m or A2my. 1

The candidates for the various decay modes
are given in Table I. The second column gives
the number of events that fit best to the decay
listed in the first column, the third column
gives the number of unambiguous cases, and
the fourth column gives other candidates.'?
The fifth and sixth columns give, respectively,
the observed number of definite candidates,
and the lowest (three-standard-deviation) up-
per limit consistent with columns 2 through 4.
The seventh column gives the number of such
events expected on the basis of the crude theo-
retical estimates®* that have been made.!®
Finally, the last column gives the upper limit
to the branching fractions. Clearly the data
are consistent with C invariance, although the
observed upper limits are not inconsistent with
the theoretical expectations. However, the
0+1 n(549) and 0+ 3 n(958) =% +e* +e™, taken
at face value, are less than the expected 3 and
15, respectively.'*

No statistically meaningful asymmetries be-
tween 77 and 7~ in the decay of 1(958) - (549)
+@t+7~ or m~ +7~ +y) are observed. The
relevant numbers are presented in Table II.}%¢
Clearly a sample an order of magnitude larger
would be needed before one could expect to see
any real effect, if present.

In summary, a search for C-nonconserving
decay modes and asymmetries in 7(549) and
1(958) decays has been made. No C-invariance
violating effects are observed, although the
sensitivity of the measurement is such that
even a maximal violation in electromagnetism
cannot be ruled out. However, as noted above,
the m%*e™ decays may be suppressed relative
to current crude estimates. Such a suppres-
sion might be due to the operation of some ap-
proximate quantum number,!” or the fact that
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Table I. C-violating decay modes for 11(549) and 17(958).2

Observed events Observed
Events Upper branching
Mode Best fit Unambiguous Other® Definite limit Expected events© fractiond
n(549) — 1 +eT +e~ 0 0 3 0 3 0.03% (89 Nom 1) =3 <0.007
~rt+ar " +et +e~ 0 0 0 3 0.002% (89 nertr™)=0  <0.007
1(958)— 10 +e* +e™ 345€ 0 = 0 9 0.1X (152 7*1™y)=15  <0.013
—4+3¢ 0 )
N 0.7 0.7 "'
“n+et+e 0 7 0.01% (152 nta~y) =2 <0.011
9 U
nc 0.3 0.3
i teT e~ 2 2 of 6 0.01x (152 rtry)=2f  <0.006
1(958) —p%+ 7° 7+6€ 0 25 N <172 nNT w*)_ <0.04
0.0 e 0.0l = —)=58
—wl+q 299 0 56 0.36+0.05 <0.08

2As determined from events with 0.89<M A2$ 0.95 (BeV)? and Apz AS05 (BeV)?; also see reference 8.
See reference 13. ’
CSee reference 14.
dUpper limit (column 6)/[n(549 or 958) —all modes]; see reference 9 for all other branching fractions.
€Number of events above background.
The number of events expected is given for internal conversion or C-nonconserving, T =0, e~ decay each
separately. Note that the two events observed are consistent with being due to py internal conversion.
8The denominator is the branching fraction for n(958) —ny+ 77+ 7™ (see reference 9), and the 0.01 represents
C-invariance violation in strong interactions. These upper limits have been discussed previously (see reference 3).

Table II. Asymmetries.

N,~N_2 Possible
Mode Events Ni+N_ magnitude
7(549)— 31 0.8% (89 71¢) ceP <0.05¢
n(958)—n+7t+ 71~ 2yt —0.04+0.08 «0.01d
8917C+7r++7r— ...b
n(958) =1t +7~ +y 152 (all) +0,07+0.08¢
86 (near p)f +0.05+0.11€ <0.108
AN is the number with cosfiy >0; the error is (N4 dStrong decay.
+N_)"12 for small asymmetry. €See Reference 16.
bNot attempted because of ambiguity in identification fSubsample with 0.4 <M%(xtr—)<0.7 (BeV)2.
of the n— 3 triplet among the five pions @rt+n0+277). 8See reference 17.
CSee reference 4.
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4J. Bernstein, G. Feinberg, and T. D. Lee, Phys.
Rev. 139, B1650 (1965); G. Feinberg, “Some Conse-
quences of the Proposed C and T' Violations in the
Electromagnetic Interactions” (to be published).

5F. A. Behrends, Phys. Letters 16, 178 (1965);

Y. Fujii and G. Marx, Phys. Letters 17, 75 (1965);
S. Barshay, Phys. Letters 17, 78 (1965); J. Prentki
and M. Veltman, “C Violation in Strong Interactions”
(to be published).

6A negative result on the decay 1(549 MeV)— M +e
+e~ has been reported by L. R. Price and F. S. Craw-
ford, Jr., Phys. Rev. Letters 15, 123 (1965).

"T. D. Lee, Phys. Rev. 139, B1415 (1965); M. Nauen-
berg, “The n— 7" +7%+ 7~ Decay with C-Violation” (to
be published); J. Prentki and M. Veltman, Phys. Let-
ters 17, 77 (1965).

8We denote the 7 at 549 MeV and the 127 resonance
at 958 MeV as 1(549) and 1(958), respectively, be-
cause both appear to be TJPG =00~ mesons [see G. R.
Kalbfleisch, O. I. Dahl, and A. Rittenberg, Phys. Rev.
Letters 13, 349a (1964); G. R. Kalbfleisch et al., Phys.
Rev. Letters 12, 527 (1964); M. Goldberg et al., Phys.
Rev. Letters 12, 546 (1964); M. Goldberg et al., Phys.
Rev. Letters 13, 249 (1964); P. M. Dauber et al.,

Phys. Rev. Letters 13, 449 (1964)]. Also, we denote
the decays n(549) — 7+ + 1%+ 7~ and 7"+ 7~ +7 as n¢,
and 7(549) — all neutrals as ny. We use [n (549) — 7+
+17+yl/Me~0.2, (549)— 7t +7° +1=]/Mc=~0.8, and
nc/M(549)— all modes]~ 0.3. [See A. H. Rosenfeld
et al., Rev. Mod. Phys. 36, 977 (1964).]

%Kalbfleisch, Dahl, and Rittenberg, see reference 8.

O1h addition, approximately 500 V-plus-0-, -2-, and
-4-pronged events plus a Dalitz pair were measured
as V-plus-2-, -4-, and -6-pronged events, respective-
ly, and processed similarly. If a Dalitz pair had been
noted in the original scanning, the event had been re-
corded as though the Dalitz pair were absent, and then
a “flag” had been set to indicate it. The C-nonconserv-
ing decay modes involving an e* pair would not give
“Dalitz-like” pairs in general; as expected, none of
these events yielded any candidates.

Those events that fit best as Anye'e, Ar’e*e™, or
AeTe™y were all examined on the scanning table for
interactions, delta rays, and bremsstrahlung on the
charged tracks in order to find any definite electron
candidates. None were found.

27he 3 1(549)—° +eT +e ™ candidates are events fit-
ting best as 1 but fitting m%*e™ with a probability
greater than 0.1 of the n¢ fit. The (0+1)/0.33 1(958)
—m"+et+e~ candidates are those in which either of
the electrons had a momentum less than 200 MeV/c in
the laboratory. The number 0.33 is the estimated frac-
tion of such decays from a “fake” calculation (using
the % Te ™ matrix element given in reference 4). We

+

thank Professor W. J. Willis for the use of his program.

The 1(958) —p°+7° candidates may be incorrectly iden-
tified p% events; also, the 1(958)—~w’+n° candidates
may be (C-conserving) w’ or ncvrono events, since
these three hypotheses are experimentally indistin-
guishable.

BThe numbers of events expected are based on a pos-

sible maximal violation of C invariance in electromag-
netism. The C-nonconserving decay modes proceed
with order @2 and can be compared with other a? decay
rates (549 or 958)— 2y, for example]. The 1(549)
— 2y rate is known to be approximately the same as
nc (see reference 8). The 1(958)— 2y mode has not
yet been observed but is expected to be about 0.1 of the
py mode, or about 0.02 of the total rate. See L. M.
Brown and H. Faier, Phys. Rev. Letters 13, 73 (1964);
S. K. Kundu and D. C. Peaslee, Nuovo Cimento 36, 277
(1965); and R. H. Dalitz and D. G. Sutherland, “X%-n
Mixing and Some Radiative Meson-Decay Processes”
(to be published). The decay 1(549) —1’+e*+e= is sup-
pressed by SU(3) + CPT invariance [see N. Cabbibo,
Phys. Rev. Letters 14, 965 (1965), theorem 9]. The
decay 1(958)— 1% +e ' +e~ is not suppressed by SU(3).
Thus 1(549) ~ 1" +e* +e~ can proceed via mixing from
the 1(958) at 0.01 of the total rate (see reference 4),
as well as by a comparable amount due to SU(3)-break-
ing interactions. The 7(958)—%+e™+e~ proceeds un-
suppressed at about the 2y rate (see references 3 and
4) plus some contribution from SU(3)-breaking interac-
tions introduced by mixing from 1(549). The 1(958)
—»n(549)+e++e_ is suppressed by phase space (refer-
ences 3 and 4). The (r"77)p _ ge*e ™ modes are, apart
from any SU(3) suppressions, at a rate about that of
internal conversion, which is of order a(r*r™y rate).
We note that all C-nonconserving modes (of order a?)
can proceed at order a* without C-nonconservation.

l4The previously reported result of 0+ 1 7(549) — °
+eT+e~ candidates with an upper limit of 4 (see refer-
ence 6) is also less than the expectation of 0.03X[219
1(549) — 77+ 10 +7—]~ 7 events.

15The asymmetry can also be described by an asym-
metry parameter . The decay of a TJPG =0~ par-
ticle into 77~y gives an intensity distribution,

I=N*sin%0 (1+a cosf +8 cos?d),

for p-wave, C-conserving and d-wave, C-nonconserv-
ing amplitudes (see reference 4). The N*, «, and B
contain the momentum dependencies, including any res-
onent Breit-Wigner terms. The asymmetry parameter
o is obtained from the moments of cosne,

a =8(cosb)/(3-T{cos?6)).

All 152 events give @ =0.55+0.42, and the 86 events
near the p give @ =0.04+0.24.

8The value of 0.10 for the 7~y asymmetry param-
eter can be obtained for a p- to d-wave amplitude ratio
equal to one at the peak of the p resonance. Since the
p amplitude dominates 1(958)—n1+7~+v, a consider-
ably smaller d-wave amplitude might be expected.

7An example is the A parity of J. B. Bronzan and
F. E. Low, Phys. Rev. Letters 12, 522 (1964). The
decay % e can proceed through the internal emis-
sion and absorption of a virtual photon, so that mlete—
has A=-1. Kundu and Peaslee (reference 14) believe
that the n(958) has A=+1, so that 7(958)—~n"+é" +e~
and that part of n(549) — P+et+e— arising from the
singlet-octet mixing would be suppressed. The 7(549)

—m+et+e™ [and n(958) from the “mixing”] can still
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have a component arising from SU(3)-invariance violat-
ing interactions.

8The possibility that the C-nonconserving interac-
tions conserve isospin has been considered by Prentki

and Veltman (reference 5), and by T. D. Lee, “Class~
ification of All C-Noninvariant Electromagnetic Inter-
actions and the Possible Existence of a Charged, but
C=1, Particle” (to be published).
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As part of a program to study the high ener-
gy pion-nucleon interaction, we have measured
the differential cross section (DCS) and polar-
ization (P) in 7~ +p elastic scattering at an
incident pion-laboratory momentum of 2.08
GeV/c. This momentum is particularly inter-
esting as it is near the center of a 2-mb peak
observed in the 7~p total cross section mea-
sured as a function of energy.””? This peak
could correspond to a resonance in the isospin-
3 system with a mass of 2190 MeV/c?.*® In
addition, measurements by Damouth, Jones,
and Perl of the DCS at 2.01 GeV/c exhibit, as
well as the forward diffraction peak, consider-
able scattering at larger angles, including a
prominent peak at cosf(c.m.)=0.2 or —¢#=1.2
(GeV/c)?, where t is the square of the four-
momentum transfer.* These authors proposed
that this second maximum is related to the peak
in the total cross section at 2.08 GeV/c.

Other ideas have been put forward to explain
the scattering at larger angles—for instance,
the presence of a strongly interacting nucleon
core,® or the formation of a compound nucleon
which decays in a statistical way to many chan-
nels, including the elastic channel.®® The sec-
ond maximum has been interpreted by Simmons’
as a second diffraction peak resulting from a
most elementary optical model which considers
only uniform absorption. Perl and Corey® ob-
tained a much better fit to the data of refer-
ence 4, again using a purely absorptive model,
but allowing the absorption to vary with the
angular momentum /. Even this fit does not
reproduce the details of the angular distribu-
tion. This indicates that a purely absorptive
model is not sufficient. It is not at all certain
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that the second maximum is related to the peak
observed in the 7~p total cross section, since
similar (although not so prominent) second
maxima are observed in 7*p and K™p scatter-
ing.%®

It has been pointed out that all these discus-
sions have completely neglected spin effects,®
and in fact our polarization measurements show
that the usual assumption of a single scalar
amplitude to describe elastic scattering in this
energy region is not valid.

The experiment was carried out at the Argonne
zero gradient synchrotron with a polarized pro-
ton target. Negative pions produced at zero
deg from a 10-cm-long Cu target were direct-
ed to the apparatus shown in Fig. 1 by a stan-
dard beam transport system. At the polarized
target the pion intensity was typically 1 to 2
X 10% pions per pulse over an area 1.6 cm ver-
tically X2.5 cm horizontally and with Ap/p
=11.7%. Electrons were electronically removed
by a gas Cerenkov counter,'* and the beam was
monitored and defined by the counters 1, 2,
and 3.

The polarized target is similar to others
already described!?:!® and uses rectangular
crystals of (0.99 La+0.01 Nd),Mgy(NO,),, 24 H,0O
stacked to give a scatterer 1.9 cm vertically
x2.9 cm horizontally X3.8 cm long. The crys-
tals are at the center of a magnetic field of
18.67 kG.

Figure 1 also shows schematically the arrange-
ment of counters and electronic logic for the
detection of elastic scattering from the free
protons of the target crystals. Scatterings in
the vertical plane were measured with an ac-
ceptance in azimuthal angle of about £10 deg.



