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where. '
Rainbow scattering in general must also be as-

sociated with a collision between two saddle points
in the complex angular momentum plane, and it
should therefore be expected that the CFU meth-
od also leads to improved results" in more gen-
eral cases.
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We report the preliminary results of an experiment designed to search for the C-non-
conserving decay of ground-state orthopositronium (1 S&) into four photons. In terms of
the branching ratio Ez, y=Rr y( S& 4y)/R& ( S, By), where Rz, &(S& 4y) is the C-non-

y 1

conserving four-photon decay rate and R3 (38& By) is the C-conserving three-photon de-'y

cay rate of free orthopositronium in our sample, we find Ez &(8 &&10 {68%confidence).

We report the preliminary results of a search
for the C-nonconserving decay of orthopositro-
nium (o-Ps) 1sS, into four y rays. This annihila-
tion mode is forbidden by C invariance only. ' Our
experimental results will be discussed in terms
of an upper limit on the branching ratio I"~'&

=Rr'~/R,
y

of the C-nonconserving 4y decay to
the C-conserving 3y decay of o-Ps.

The branching ratio may be related to a C-non-
conserving interaction Hamiltonian

e,. = () /m, ')e4s. ps Z„,Z„Z„„Z„„
developed by Mani and Rich. This is the sim-
plest C-nonconserving Hamiltonian that could al-
low the decay 3S, -4y. Here A. is the coupling con-
stant on which we set new limits. The other sym-
bols have t:heir usual meaning.

Evaluating the decay rate from the above inter-
action we find

R 4~=1/~ 4&=88K' sec 'r T

where R~'& is the C-nonconserving decay rate
into four X's. The branching ratio is

Z 4&=R '&/R =1.2&. 10-5) '
T T SX

where we have used R, = 7.25&& 10'.'
Previous experiments on C nonconservation in

Ps have searched for the C-nonconserving 3y de-
cay of the 1'S, states (parapositronium). The
most recent of these4 compared the threefold
coincidence count rate from Ps decay into differ-
ent angular configurations. The count rates are
primarily due to the decay S, -3y, with the pro-
cess 'S, -3y causing a smaB perturbation in the

980



VOLUME 33, NUMBER 16 PHYSICAL REVIEW LETTERS 14 OGToBER 1974

counting rate. The result obtained for the branch-
ing ratio b, the ratio of the decay rates of 'Sp
-3y to So-2y, is b=(-11.3+6.2)&10 . The
authors note that b must be greater than zero and
infer that b (2.8 && 10 '

(68%%uo confidence).
The present investigation uses an entirely dif-

ferent approach. As a result of our selection of
detector configuration we have no C-allowed 4y
decays that can strike our four counters I Instead
of looking for a small change in a large back-
ground count rate, we have imposed a set of
strict conditions on our signal to reduce the noise
background from all processes which could con-
spire to produce a 4y coincidence. We are there-
fore able to measure the count rate from 'S, -4y
directly.

The experimental method is as follows: We
form o-Ps by using positrons from a Na" source
embedded in a spherical sample of MgQ powder.
The powder consists of particles of average ra-
dius 100 A with a bulk density of about 0.1 g/cms.
The behavior of Ps in these powders has been
shown, via hyperfine and lifetime measurements, "
to be that of essentially free o-Ps. Positrons in-
cident on the powder form Ps with a probability
of about 30'%%ug. The o-Ps atoms live long enough
to diffuse out of the grains and into the intersti-
tial spaces where, under the proper conditions
of sample preparation, they live their full free-
annihilation lifetime.

The decay of o-Ps is examined by using a set
of ten scintillation counters which are divided
into two systems. The anticoincidence timing
(ACT) system consists of six plastic scintillators
and serves primarily to detect the 1.27-MeV y
ray that is emitted simultaneously with the emis-
sion of a positron in Na" decay. The detection
of this y ray signals the possible formation of
Ps and initiates a search by the detector system
(DS) for four y's in delayed coincidence with the
1.27-MeV y. The DS comprises four identical
counters of 4-in. &&4-in. Nal(Tl) crystals mounted
on RCA 4522 photomultiplier tubes located at the
corners of a tetrahedron (Fig. 1). The tetrahe-
dral geometry is used because it is a decay con-
figuration which is forbidden for the C-allowed
'S, -4y decays, ' but favored for the 8, -4y mode.
For sufficiently small solid angles for each coun-
ter, as in the present experiment, three counters
cannot intercept a single plane through the powder
source. In addition, no two counters are collin-
ear. These latter two features are important in
noise suppression from 3y and 2y annihilation
processes, respectively.

oetectors {4)

)
)/ r

/ r/ rr
~ 0

FIG. 1. Schematic representation of geometry for the
scintillation counters in the charge-conjugation experi-
ment.

The delayed-coincidence search is carried out
in a period (hereafter called the search interval)
of 20 to 120 nsec after ACT is triggered. During
the search interval, the ACT system performs a
second function and operates in anticoincidence
with the DS to suppress noise from other process-
es that could produce four simultaneous counts
in the DS. The signals from the ten counters are
processed by a system of pulse shaping and logic
circuitry to see if a set of energy and timing re-
quirements are met. Signals satisfying all re-
quirements are considered candidates for events.
The observed event rate and the event rate ex-
pected from noise considerations are compared
and together used to establish an upper limit to
F~ & and to &.

We now discuss the set of conditions that a sig-
nal must meet in order to qualify as a possible
event. They are as follows: (1) Four y's must
strike the four DS counters within the fourfold
fast-coincidence resolving time of 16 nsec. (2) The
energy of each of the y's must lie within the range
90-360 keV (the bE window). This energy range
is determined by decay kinematics. (3) The sum
of the energies of the four y's must equal the Ps
rest-mass energy to within approximately the en-
ergy resolution of the DS. (4) The fourfold de-
layed coincidence in the DS must occur within 20
to 120 nsec after the ACT system has been trig-
gered. The delay after triggering is introduced
to suppress noise from processes involving the
prompt annihilation of positrons. (5) No anticoin-
cidence pulse must be generated by the ACT sys-
tem during the entire search interval. This re-
quirement is made to suppress noise from mul-
tiple decays within the fast-coincidence resolving
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FIG. 2. Block diagram of electronics used for signal
analysis and data storage.

time. (6) The fourfold coincidence in the DS must
occur at a time when none of the DS counters has
been struck by a y ray for a period of 2.5 p.sec.
This requirement eliminates distortion of data
due to pulse pileup.

A signaI that meets these requirements is a
condidate for an event. A block diagram of the
electronics used to process the detector signals
is shown in Fig. 2. A more detailed description
of the instrument mill be published elsewhere.

With the use of the six criteria above to specify
an event, the count rate from 3S,-4y into our de-
tector configuration is

~DS"=RSF3, r&ac ~ si a1
(4)

Here Rs is the Na" decay rate into positrons
(l. lx10' decays/sec). EI~ is the fraction of posi-$1
trons that form o-Ps; we find E3 =0.16+0.02.3S1
F~ is the fraction of 1270-keV y's that trigger
ACT (Ez=0.5). ED~ is the fraction of 4y decays
that would strike the four DS counters if the de-
cay matrix element were independent of decay
kinematics. If 4Q is the solid angle subtended by
each DS detector at the source (AQ/4~=— 0.024)
then E~~ = 4.4(AQ/47r)u. ' Evaluated in this man-
ner, FD~ should give a conservative estimate of
the decay rate into the tetrahedral configuration,
since the assumption of a constant matrix ele-
ment weights all configurations equally, including
those prohibited by conservation of spin and or-
bital angular momentum. Fz is the fraction of
4y decays in which all the y's are detected and
deposit their energy in the four DS scintillators.
This fraction is determined experimentally for
our crystals by using a set of calibrated y-ray
sources. We find F»=0.39, in good agreement
with a calculated value of 0.42 obtained from

standard NaI efficiency tables. F» is the frac-
tion of 0-Ps atoms that decay during the search
interval. We have measured the lifetime of 0-Ps
to be 136.8+2.0 nsec in our sample, so that F»
=0.45. We note that the observation of the free-
annihilation lifetime implies an upper limit of
about 1:10'annihilations via direct annihilation
or singlet decay. "Quenching" processes which
would increase the o-Ps decay rate could provide
a channel for 4y decay from an admixture of the
singlet-state wave function. This decay mode is
not a problem, however, since the "quenching"
rate is very small and, in addition, the 4y decay
rate is about 10 ' of the 2y rate in any quenching
process. ' F~ is various other factors, viz. , dead-
time corrections in the ACT system and the DS,
energy and time resolution, etc. , which reduce
the count rate by a factor of 0.18. Again, this
factor is determined empirically and agrees with
its calculated value.

The count rate from the C-nonconserving decay
in our apparatus is

R»'&= 1.6&&10 'Er'& count/sec

or 0.14 count/day at Er~&=10 '.
We note that this is a factor of 801ower than the
event rate predicted in Ref. 2. This loss in event
rate was due in large part to limitations in the ap-
paratus we were able to construct with the re-
sources available. In future work, we should be
able to attain a factor -of-20 increase in the pres-
ent event rate.

The most serious source of noise in the experi-
ment occurs when two y's from o-Ps strike tmo
DS counters, and a 1270-keV y from an uncorre-
Iated Na decay and one of the 511-keV y's from
the same Na, decay's positron undergoing prompt
2y annihilation strike the remaining two DS coun-
ters. The background rate from this process,
referred to as R3 y p pp

is estimated to be

R» z„z,= 1.9x 10 6 count/sec

or 0.16 count/day.

This noise source constitutes more than 90% of
the background. Numerous other sources of
noise which make up the remaining 10% of the
noise rate were discussed in Ref. 2. A full dis-
cussion of all noise processes will be presented
in a subsequent publication.

The actual data collection for this experiment
covered a period of 24 days, although calibra-
tions and various systematic tests consumed
about four months. During the data collection
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period four candidates for events were found, a
number consistent with the expected noise rate.
From this data we find (68% confidence)

F~'~(8x10 6 y (0.8.

The above 68% confidence interval is determined
with the assumption that the event distribution is
governed by Poisson statistics. Because of the
low event rate, the distribution has not been es-
tablished experimentally, although we have es-
tablished that Gaussian statistics apply to various
coincidence rates that occur lower in the logic
chain.

We also note that these limits are obtained by
assuming that the matrix element is independent
of the decay kinematics. With reference to Mani
and Rich's Hamiltonian, for which the tetrahe-
dral configuration is a favored final state, the
limits established are about a factor of 5 lower
for F~'& and 2.7 times lower for &.

Since the event rate is in agreement with well-
established noise estimates, no systematic tests
designed to change the basic event rate (see Ref.
2 for a discussion of such tests) were considered
necessary. Such tests would have been instituted
were there a statistically significant discrepancy
between the predicted and observed event rates.
In any case, several tests with the instrument for
delayed-coincidence processes which could pro-
duce count rates ranging from 10 counts/sec to
about 30 counts/day (with altered signal criteria
to bring the count rates up to practical levels)
were performed. In particular, the threefold
count rate from two 0-Ps y's (from the process
'8, —3y) in delayed coincidence with the ACT trig-
ger was measured and agreed with prediction.
This result substantiates the validity of our esti-
mate of the count rate from Rpy p p

which in-
cludes this process. A lower count rate (30
counts/day) from the process in which two prompt
P' annihilations take place within the fast-coinci-
dence resolving time resulting in four hits on the
DS was measured and also agreed with prediction.

In future work, we anticipate modifications

which could permit us to set limits of better than
1:10'on F„4&. Qn the theoretical side, it has re-
cently been suggested' that X cannot be expected
to be as large as unity as a consequence of the
high-energy behavior of Mani and Rich's interac-
tion. A value of ~ as large as is required to pro-
duce an observable F~4& could lead to serious dis-
crepancies between theory and experiment in

high-energy e -e' interactions. A change in the
high-energy behavior of H,. would be necessary
to preserve consistency between any observed
C nonconservation and extrant high-energy ob-
servations. We hope to see further investigation
of this point.
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