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The decay J/f into 3p final states has been studied. No evidence is found for the ex-
istence of the X(2.83) or any heavy narrow state (e.g. , the g, ) decaying into two pho-
tons. Upper limits are given on the branching ratio J/g —q, , q, —2y for q, masses in
the 2.7—3.0-0eV region. In addition, the branching ratios J/$-yq, yq' are measured.
It is found that the p' branching ratio is higher than previously reported.

Using a nonmagnetic neutral-particle detector,
the "Crystal Ball," we are studying the e e an-
nihilation process with the SPEAR storage ring
at various energies. We report here our results
for the decay of the J/g into Sy final states with
the J/g produced directly via e+e - J/g, and in-
directly via e'e - g'- m+m J/g.

The three-photon final states of the J/rj can be
reached through either J/g-yX, where X is any
state which decays into two y's (e.g. , mo, rt, rt'),
or J/g- Sy (direct). When the J/g is produced
directly, the quantum electrodynamics (QED)
reaction e+e - Sy also contributes. There is no
such contribution when the J/g originates from

g' decays.
The g„which is the 'Sp state of charmonium

predicted by charmonium models, ' is a further
possibility for the X. Evidence for a state at a
mass of 2.83 GeV has been reported by another
experiment' in a study of the reaction e'e - J/g
—Sy. However, the strength of the signal at the
reported mass is inconsistent with the prediction
of these models and has posed serious difficulty
to their advocates.

The Crystal Ball is shown schematically in
Fig. 1. The main components are the following:

(1) The ball, consisting of two hemispherical
sh'elle of Nal(T1) 16 radiation lengths thick, cen-

712 1980 The American Physical Society



VOLUME 44, NUMBER 11 PHYSICAL REVIEW LETTERS 17 MARCH 1/80

Typical
Module Central

kchambers

teraction
Region

FIG. 1. Schematic of Crystal Ball detector.

tered around the interaction region and covering
94% of 4m sr. Each hemisphere is divided into
336 modules. Each module has the shape of a
truncated pyramid with a triangular cross sec-
tion, is optically separated from its neighbors,
and is viewed by a phototube.

(2) Central cylindrical wire chambers, each
consisting of a proportional chamber sandwiched
between two magnetostrictive-readout spark
chambers. The assembly surrounds a thin wall
(1.5 mm) Al beam pipe. The three chambers
cover 94%, 80%, and 71% of 4m sr

(3) End caps, consisting of planar magnetostric-
tive-readout spark chambers followed by indi-
vidually sealed hexagonal Nal(T1) modules 20
radiation lengths thick. These end caps increase
the solid-angle coverage to 98%of 4v sr.

A photon deposits all its energy in a cluster
of several modules leaving no hits in the wire
chambers. The direction of such a "neutral
track" is obtained by joining the center of the
interaction region to the shower center deter-
mined by shower pattern methods. We have
achieved, in the Crystal Ball, an angular reso-
lution for photons of o =2 and an energy resolu-
tion for photons and electrons of (o/E) =2.8%/
E' '. Bloom, ' Godfrey, ' Chan, ' O'Reilly, ' and
Kirkbride' contain detailed descriptions of the
detector, the electronics and trigger, and cali-
bration procedures.

Our results are based on an integrated luminos-
ity of 1700 nb ' at the g' (™8 && 10' g'), and 327
nb ' at the J/g (- 9X10' J/g). The experimental
trigger used in the present study is a total en-
ergy trigger which requires & 900 MeV deposited
in the ball. Since the full mass of the J/g is de-
posited by the three photons in the ball, this trig-
ger alone is fully efficient.

For the selection of 3y events from direct J/g

production, we require three neutral tracks with
a total energy of & 2.7 GeV in the ball and» 25
MeV in the endcaps. To enhance charged-particle
tagging efficiency, we require t cos 8

&
I

& 0.8 for
each photon where L9

&
is the photon polar angle

with respect to the beam. We also require a mo-
mentum imbalance of » 500 MeV and for each
photon an energy Ey & 20 MeV. A total of 865
events fulfill these criteria.

In order to avoid problems with overlapping
showers we require cosg&&» 0.85 where 8

&z is
the angle between any two photons. This cut also
eliminates most events from J/g-yv, and hence
the present analysis cannot give any results for
this reaction.

The main source of background is the decay
J/g —yv'w' where the two decay photons from a
m overlap to produce a single merged shower
with an unusually large lateral spread. Events
with one or more such showers are rejected using
a lateral shower-distribution algorithm developed
with the help of Monte Carlo calculations.

Each surviving event is subjected to a four-
constraint kinematic fit. The final sample of
405 events is estimated to contain approximately
fourteen background events. Of these, approxi-
mately three are due to radiative Bhabha scatter-
ing where neither electron is detected by the
spark chambers. The remaining approximately
eleven events come from yw 7t final states which
pass our selection criteria; their distribution in
the Dalitz plot is nearly uniform.

For the selection of events where the J/g orig-
inates from g' decay, we require two charged
particles, and three photons with an invariant
mass 2.82 &I

& &z & 3.25 GeV, and each photon
with an energy E&& 20 MeV. In order to increase
the acceptance, we relax the angular limits to
lcose&(&0.85 and cos8&&&0.90. The rest of the
procedure remains the same except that the re-
maining events undergo a three-constraint fit
with Mezz constrained at the J/g mass. 29 events
remain.

From each final sample we obtain a Dalitz plot
of the highest and lowest invariant mass squared,
(Mzz)&~' and (Mzz)»zh'. Figures 2 and 3 show
such plots for directly and indirectly produced
J/g. Histograms of (M&&)~ and (M&&)i&q are
also shown in Figs. 4(a) and 4(b) for J/g produced
directly. g andy' peaks stand out clearly in Fig.
4(a). On the basis of the results of Ref. 2 and
our mass resolution (-30 MeV), a peak contain-
ing 46+ 19 events above background is expected
in the two bins containing the X(2.83) in Fig. 4(b).
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contains a discussion of the difficulty posed by an

g, mass of 2.83 GeV.
Since the only significant contributions found

were from t1, ti', and QED, a fit to the Dalitz
plot has been carried out using these only. This
fit yields the following branching ratios'. R(J/g
-yt1) =(1.17+0.17)&&10 ', R(J/g-yi1') =(6.87
+ 1.71) &&10 '. The first is in good agreement
with previous measurements. ""The second is
higher than earlier results. " Our value of 5.88
+ 1.46 for the ratio of the two decay rates p =R(J/
g -

y t1')/R (J/g - yt1 ) can be compared to earlier
experimental results' p =1.8+ 0.8, p =2.8+ 2.2
(derived from Ref. 2), and the theoretical value"
p = 3.9.

For the 3y decay of J/g obtained from g', all
events in the Dalitz plot (Fig. 3) are in the i1 and
g' mass bands. In particular, there are no con-
tributions from X(2.83). As stated before, this
reaction is free from QED. The Dalitz plot was
therefore fitted with only t1, q', X(2.83), and di-
rect 3y. Our present knowledge of the hadronic
showers in the ball does not allow us to calcu-
late reliably the efficiency of event selection. We
therefore normalized the branching ratios by
comparing the total number of g +g' from this
method with that from J/g produced directly.
This procedure is justified because the selection
inefficiencies due to the charged particles should
be independent of the 3y final state.

Since the sum of the q, q' is used in the nor-
malization, we can give only the value for the
ratio p defined above. We find p =10.01+ 4.1.

The fit to the Dalitz plot gives no events from
X(2.83).. Using the normalization above, we ob-
tain an upper limit on the branching-ratio product

R( J/q - y X(2.83)) &&R(X(2.83)-2y)

& 1.0&&10 ~ (90% confidence level).

Also, no contribution from direct 3y decay is
required by the fit and we obtain the upper limit
R(J/p - direct 3y) & 5.5 &&10 ' (90/o confidence
level). For the convenience of the reader, the
results appearing in various parts of the text are
compiled in Table L

A complex detector such as the Crystal Ball
could not have been designed, built, and operated
without considerable technical and administrative
help from many individuals. Our sincere thanks
go to all of them even though space limits us to
naming the following only: A Baumgarten and
J. Broeder [Stanford Linear Accelerator Center

TABLE 1. Branching ratios &/$-3P.

Channel Branching ratio

~14-vn
vn'

(~i0-vn') i(~it-vn)
J/g —3y (directj '

~/g-qX(2. 83), X-2)

(1.17+ 0.17)x 10 ~

(6.87+ 1.71) x 10
(5.88+ 1.46)

5.5x 10
&2 2x10 5

'Here J/$ is obtained from the decay P'-J/P &"~ .
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The electroinduced fission of ~ 4 6W has been investigated in the energy range from
35 to 55 MeV. The fission barriers, estimated by a statistical-model analysis of the
measured cross sections, are compared with theoretical predictions and are only con-
sistent with the assumption of a constant pairing strength.

The aim of this study was the investigation of
the deformation dependence of the pairing strength
6 by comparing experimentally determined fis-
sion barrier s with calculated potential-energy
surfaces (PES). The pairing strength is mostly
supposed to be constant, but there have been both
theoretical and experimental suggestions that it
might be a function of the nuclear surface area. ' '

Mosel' has performed Strutinsky-type calcula-
tions of potential-energy surfaces within the two-
center shell model in the mass region 180 «A
«212, assuming both a constant and a surface-
dependent pairing strength.

Figure 1 shows the calculated fission barriers
as a function of the neutron number of the fission-
ing nucleus. There are two features to be no-
ticed. First there is a strong increase of the fis-
sion barriers in the lead region, which is mainly
caused by the ground-state shell corrections.
Recently this increase was excellently confirmed
by electrofission experiments. '' Qn the other
hand the calculated barriers for lighter elements,
e.g. , the tungsten isotopes (Z = 74), strongly de-
pend on the assumed defor'mation dependence of
the pairing strength (G = const or G -S). The rea-
son for this is the larger saddle-point construc-
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FIG. 1. Calculated fission barriers (Ref. 3) (full lines, G =const; dashed lines, G- S) and limits deduced from
our experiments on ~ + %'.
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