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Inclusive y-Ray Spectra from Q(3095) and P'(3684) Decays*
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Inclusive y-ray spectra from $(3095) and g'(3684) decays have been observed with seg-
mented arrays of NaI(T1) in an e e colliding-beam experiment. Three rn. ajor peaks are
seen in the g' spectrum corresponding to g' —~y with mx ——8551, 8511, end 8418 eMV/ c
and with branching fractions of (7.0+ 2.0), (7.1+ 1.9), and (7.2+ 2.3) /p respectively. En-
hancements in the g' spectrum at higher energies are consistent with decays y gy. The

g spectrum shows no statistically significant structure.

Following the discovery of the $(3095) and
('(3684) several related states, populated by y-
ray transitions, were predicted. ' ' The first evi-
dence for such states (designated by y) was ob-
tained at DORIS' and SPEAR, ' while an experi-
ment' using NaI(Tl) detectors at SPEAR placed
upper limits of about 6%%uo on the branching frac-
tion of g'- yy, subject to certain assumptions
about X decay modes. Two subsequent experi-
ments being prepared to run at SPEAR were ac-
cordingly merged and expanded to search for
these monoenergetic y rays.

Figure 1 is a schematic view of the apparatus.
y-ray energies and points of impact are meas-
ured above and below the colliding beams by
NaI(Tl) arrays consisting of nineteen hexagonal
modules each 50 cm long and 15 cm between op-
posite vertices. The seven modules in the side
array are used only for triggering purposes.
Charged-particle directions are measured to an

accuracy of + 3' in approximately orthogonal di-
rections by 219 square proportional tube counters
arranged in four layers near the interaction re-
gion and by two sets of three horizontal planes of
multiwire proportional chambers close to the
NaI(Tl) arrays The tu.be counters and each of
these multiwire proportional chambers cover
90%%uo and 16%%ug of the total solid angle, respective-
ly. An event trigger requires deposition of great-
er than 110 MeV in any one of the three Nal(Tl)
crystal arrays and the presence of at least two
charged particles in the tube counters as defined
by the observation of multiple hits in two or more
of 32 distinct sectors. The total integrated lumi-
nosity is approximately 600 nb ' at the g' and 100
nb ' at the P.

The energy resolution provided by the NaI(T1)
arrays is limited by nonlinearities and quantizing
effects in the electronic digitizers, by energy
losses in the 20-mil stainless-steel container
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FIG. 1. Schematic of the apparatus used for the inclu-
sive y-ray experiment. The tube counters provide azi-
muthal coordinates for charged-particle trajectories,
while the proportional wire chambers (PWC) yield co-
ordinates along the beam direction. The hexagonal
NaI(Tl) modules are 20 radiation lengths thick.

walls, and by transverse energy leakage from the
arrays. A Monte Carlo shower simulation code
is used to correct for the wall-loss effect, and
also to show that transverse energy leakage is
unimportant if at least 10% of the total shower en-
ergy is deposited in the inner seven modules of
the nineteen-module arrays. This latter require-
ment restricts the effective solid angle subtend-
ed by one such crystal array to about 8% of 4v.
The individual crystal calibrations are deter-
mined by observing e'e -e'e events, and ver-
tical cosmic-ray muons are used to monitor
short-term variations in the calibrations. The
overall energy resolution (v/E) varies from 2.5%

at 1500 MeV to 5%%uo at 200 MeV.
Events with candidate showers are selected by

requiring that two or more charged tracks from
the interaction region reconstruct in the tube
counter and that greater than 140 MeV of energy
be deposited somew'here in the crystal arrays
other than in the candidate shower. The latter
requirement eliminates the direct effect of the
electronic trigger threshold on the y-ray energy
spectrum. A shower qualifies as a candidate y
ray if the energy deposited in a cluster of con-
tiguous crystals in an array is such that at least
1(F/g of the cluster energy is in the central seven
crystals, more than Vogue is in a single crystal
(with the remaining energy in adjacent crystals),

I
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FIG. 2. The inclusive y-ray distribution as a function
of 1nE& for (a) the g (3095) and (h) the P'(8684); (c) the
difference between the data and the continuum in (b).
See text for description of the dotted-line fits.

and there are no overlapping charged-particle
trajectories. Background due to m' decay is sup-
pressed by rejecting candidate y rays if another
neutral cluster is present in the same array.
Remaining cosmic-ray events are suppressed
using arrival time and topological criteria, and
a final background spectrum is estimated by
studying out-of-time events. This background
has a peak near 280 MeV, the expected muon en-
ergy loss, with a width (v/E) of 1)%%uc and contains
15+ 5 events in a 3% energy interval at the peak
for the g' data.

The inclusive y-ray spectra, after cosmic-ray
background subtraction, are shown as histograms
in Figs. 2(a) and 2(b) for the decays of the ( and
(', respectively. Whereas the ( spectrum has no
significant narrow structure, the (' spectrum
shows considerable structure, with at least four
peaks. Both spectra display a shoulder at the
high-energy end of the spectrum as a result of
unresolved multiple y-ray clusters hitting an ar-
ray.

For ( decay the background y-ray spectrum is
estimated with a Monte Carlo (MC) program
based on an all-pion invariant-phase-space mod-
el.' The pion multiplicity and neutral fraction
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have previously been adjusted to agree with
charged-particle momenta and multiplicities
measured in the SPEAR magnetic detector. After
smoothing by a cubic spline fit and normalization
to the g data above 150 MeV, the prediction of
this MC program for the present experiment is
shown in Fig. 2(a) as the dotted line. While this
MC spectrum matches the shape of the g data
above about 150 MeV, it disagrees at lower en-
ergies. The g' MC spectrum is generated simi-
larly, except that the decays' g'-(mm, g1), and

Xy are included, and the radiative decay y rays
associated with the X states are excluded from
the final MC spectrum. To correct the (' MC
spectrum for the discrepancy exhibited by the

( MC spectrum at low y-ray energies, the (' MC
results are scaled by the ratio of the ( data to the

( MC results. This adjusted g MC spectrum is
plotted in Fig. 2(b) as the dotted line.

In order to estimate branching fractions corre-
sponding to the peaks in the (' y-ray spectrum,
the data are fitted by a model which includes the
three well-established states (those with approxi-
mate masses of 3550, 3500, and 3410 MeV/c"").
The widths of the three lowest-energy peaks are
therefore set at values determined by the resolu-
tion of the Nal(T1) arrays at the appropriate ener-
gies. For the corresponding cascade y rays (X- (y), the widths used are obtained by combining
the resolution of the Nal(T1) arrays with Doppler
broadening. Thus, the (' spectrum is fitted by
the function

a+(lnE )+pa, (2wc;) '~'

x exp [—,
' (lnE —lnE, )'/o, '] .

Here F(lnE ) is the MC background spectrum,
and the width v, of each Gaussian distribution is
fixed as described above. The continuum normal-
ization parameter a, and the amplitude a, and en-
ergy E, of each peak are adjusted to minimize X'
over the fitted region (50 to 1000 MeV). This fit
yields energies for the monoenergetic y rays and
their cascade partners which are consistent,
within errors, with each other and with previous
measurements. ' " The sum of the Gaussian
peaks is plotted as the dotted line in Fig. 2(c).

The branching fractions for the corresponding
transitions are calculated by taking ratios of the
number of y rays in each peak to the number in
the continuum, using efficiencies determined
from the MC program appropriate to each energy
and to the continuum. Most systematic errors
cancel in this method. It is assumed that the had-

TABLE I. y-ray energies and rates from the fit
shown in Fig. 2(c) and resultant masses and branching
fractions relative to all g' decays. 'The three lowest-
energy y rays are assumed to come from g'- yy and
the three highet-energy y rays from x gy in order to
specify widths (o.;) and calculate mx.

(z z/z)

Fit parameters
g.

(MeV)
a~ mx

(events) (Mev/c )

Branching
fraction

Fo)

0.06
0.05
0.05

120.9(1.8) ~ 360(50)~ 8561+ 7
169.2(1.4) 367(47) 3511+ 7
260.6(2.9) 290(44) 3413+ 9

0.07 809.5(8.0) 180{45) 8420 + 14
0.06 890.7(4.7) 297(88) 3511+ 18
0.045 449.9(6.8) 187{31) 8577+ 14

7.0+ 2.0b

7.1+1.9
5.5+ 1.8
7y2 + 2y8

8.8+ 1.7
5.0+ 1.5
2.2+ 1.0

Quantities in parentheses are rms statistical errors
from the fitting process.

Errors in both m x and the branching fractions in-
clude systematic errors.

Branching fraction for the y(3418) if a 1+cos 0 de-
cay angular distribution is assumed as in H,ef. 10.

ronic decays of the g' and X are similar to those
of the g apart from the larger phase space and

multiplicity. The MC program produces an aver-
age E' multiplicity of 2.8 for ( hadronic decays.
The uncertainty in the overall y-ray multiplici-
ty"'" from hadronic decays contributes a 20%%

systematic normalization error which applies
equally to all the branching-fraction determina-
tions. This error is combined with statistical
and background-subtraction errors in the results
presented in Table I. An isotropic y, -ray decay
distribution is assumed. For the )((3413), the
branching fraction under the more likely assump-
tion pf a 1+cps 6 angular distributipn' is alsp
shown, where t9 is the angle of the y ray with re-
spect to the e'e beam. The resulting g'-
-)((3413)y branching ratio agrees well with a
previously reported value of (7.5& 2.6)%%" for the
corresponding 1+cps'0 assumption. A report
based on a preliminary analysis of our data' list-
ed branching fractions for the isotropic case only.

In conclusion, we find three major radiative
decays of the ('(3684) with comparable branching
fractions, constituting approximately 20%% of the
g' decay rate. A broad enhancement at E -410

y
MeV is consistent with the Doppler-broadened
1'adlatlve decaysq )( gyes fo1' 'tile two 111gllest-
mass X states. A sixth transition, having the
largest width of all, may be present at the expect-
ed energy (303 MeV) for the radiative decay of the
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y(3413), but the fit is of marginal statistical sig-
nificance. At the 90%%uo confidence level we find
that there are no monoenergetic y rays in the
((3095) spectrum between 50 and 1000 MeV with
branching fractions larger than 2.0%%uo. Upper
limits in other channels are 1.7% for X (3095)
—g(2850)y, "1.(F/z for ('(3684)- y(2850)y, and

2.5% for ('- X(3455)y, all at the 90%%uo confidence
level. There is some evidence for this last X

state in the exclusive channel ('- y(3455)y, y- (y, with a branching-ratio product of (0.8
+ 0.4)%%uo.
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Recent improvement in electron-beam resolution has made possible the direct study

of isotope effects in differential cross sections in H& and D2. The observation of the re-
duced-mass dependence (p

' ) of vibrational (v =0- 1) cross sections and isotopic inde-

pendence of rotational cross sections at 4 eV has been understood using the frame-trans-
formation, theory. Generalization and limitation of the theory are discussed. Specific
predictions are made for cross sections in HD, HT, DT, and T~.

Scientific investigations involving isotopes in
molecules have been a subject of current interest
in many different fields. Typical examples are
interstellar molecules, thermal neutron scatter-
ing, laser isotope separation, and the nuclear fu-
sion problem. Of particular importance is the
substitution of deuterium or tritium for hydrogen,

because the effects are more pronounced as a re-
sult of the greater change of the reduced mass.
For the nuclear fusion problem one needs explicit
cross sections for D„DT, and T, while most
electron impact cross sections' have been meas-
ured only in H, .

Conventionally isotopic substitution in molecules
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