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ABSTRACT

This paper describes an experiment designed to search for a B N L — 4 1 5 2 2
new form of nuclear matter—a bound n-nucleus system. The (-t+,p)
reaction was used to study the possible formation of an n-mesic DE88 015855
nucleus. No narrows-nuclear bound stares were observed using Li,

C, 0 and Al targets. The results of this experiment have now
been published elsewhere by Chrien et al.

INTRODUCTION

No meson has been observed to bind with an atomic nucleus to
form a nuclear bound state. Both iC and K~ mesons are observed to
be captured in atomic orbits via the Coulomb attraction but have
not been observed to bind to the nucleus through the nuclear force.

In a recent theoretical analysis of ri-nuclear systems using a
potential model approach, Haider and Liu » have shown that for
nuclei with A>10 the t| meson should be bound to the nucleus. They
predict the binding should be a few >feV with a decay width of about
10 MeV. They predict the bound TI states should be observed using
the (T:+,P) reaction with a n+ momentum around 800 MeV/c. Li, Chen
and Kuo verified the result of Haider and Liu using a standard
many-body Green's function method.

NATURE OF THE n-NUCLEUS BINDING

Rhalerao and Liu have shown that the low energy r)-nucleon
interaction is attractive. This is a result of the threshold for
the 7tN-+nN reaction lying below the lowest s-wave resonance channel
of the T?N system—the N^(1535). Later, Haider and Liu's2>3

theoretical studies showed that the TJ should be bound in nuclei
with A>10 with decay widths on the order of 10-13 MeV for A<30.
Their study was based on an optical model approach using a
momentum-space relativistic three-dimensional integral equation.
They studied six spin zero nuclei. Although the results of their
calculation depended upon the particular itN phase shift set used
(Arndt or CERN), the disagreement between the sets is no greater
than 2 MeV. The average of the two results are shown in Table I.

The r) can be produced inside the nucleus using the reaction

ir+ + n •>• r\ + p

which allows the T) to be produced with a low momentum in the
nucleus under selected kinematical conditions. In fact, the n
laboratory momentum is identically zero with about a 900 MeV/c
incident pion momentum and a zero degree recoil proton. The proper
choice of Incident pion momentum depends on the elementary n
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Table I Binding energy and decay widths of selected Ti-mesic nuclei

Core Nucleus n-binding energy (MeV) FWHM decay width (MeV)

207
89
39
25
15

Pb

Zr

Ca

1*8

17.3
13.7
7.9
5.5
2.7
0.6

20.0
17.4
13.0
12.5
9.9
6.5

production cross section as well as the probability that an T) of a
given momentum will bind in a particular nuclear state.

The calculated total cross section for n production using the
(•rc+»p) reaction on a nucleus peaks at about a 740 MeV/c pion
momentum, reflecting the effects of the N*(1535) production. The
differential cross section for s-state n-mesic nucleus production
is predicted to peak near a 15 degree laboratory angle for light
nuclei at this incident pion momentum. The 0 target case gives
the largest predicted differential cross section and is therefore
an ideal case for the initial T)-mesic nucleus search.

Figure 1 shows the Liu and Haider prediction for the (it+,p)
singles proton spectrum for the 0 case and a 740 HeV/c incident
TI+. Only the T)-nucleus ground state is shown. The solid line
under the T) peak, is due to the O(-rr+,p)X process exclusive of
processes involving n's in the final state. The dot dashed line

100 200

T^CMeV)
300

Fig. 1. The proton energy spectrum for the O(JI +,P) case.



represents quasi-free ri production. As can be seen in the figure,
if the theory is correct, the n-bound state will be easily seen.
The signal to background is expected to slowly worsen as the
incident pion momentum is increased above 740 MeV/c.

THE EXPERIMENT

The experiment was designed to look for n-mesic nuclei using
the Brookhaven National Laboratory AGS hypernuclesr spectrometer
system. The system uses two spectrometers. The first is used to
determine the incident particle momentum and a second rotatable
spectrometer is used to determine the scattered particle momentum.
Drift chambers and time-of-flight scintillators are used in both
arms for trajectory definition and particle identification
respectively. The incident pion beam was provided by the LESB-I
beam line whose end magnets served as the beam spectrometer. An
incident momentum of R00 MeV/c was chosen in order to allow proton
elastic scattering to be used as a calibration reaction and to
maximize the missing mass acceptance of the proton spectrometer.
The choice of 800 MeV/c rather than the optimum 740 MeV/c was not
expected to appreciably change either the n production cross
section or the signal to noise ratio.

A system resolution of 1 MeV/c2 rras was obtained as is shown
in Figure 2. The figure shows a CH(p,p) spectra taken at a 20
degree laboratory angle. The three sharp peaks are a result of
proton scattering from the C ground state, the 4.4 MeV 2 + state,
and the 9.6 MeV 3~ state. The broad bump is due to proton
scattering from hydrogen in the scintillator target with a C(p,p)
kinematical correction applied. The cross section scale for thp
experiment was confirmed using the p(Tt+,p)7t+ reaction at a 525
MeV/c TT+ momentum.
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Fig. 2. The CH(p,p) calibration spectrum.



Four targets were chosen—Li, 1 2C, 1 60 and 2 7A1. For the Li

case no bound states were expected. The spectrum was expected to
show only r)-quasielastic events riding on a Li(n+,p)X background.
The 1 2C case could produce a n-bound state: however, the binding is
expected to be small. Both the 0 and ' Al targets were expected
to yield clear bound state n production. The °0 target was
considered the optimum case in the Liu and Haider

and thus received the most beam time.

theoretical work

THE RESULTS

Figure 3 shows the results of the experiment as published in
Ref. 1. The data represent a convolution of three different proton
spectrometer momentum settings—657, 700 and 740 HeV/c. The data
were taken at a 800 MeV/c u + momentum and with the proton
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Fig. 3. The (ir+,p) spectra for the 4 different targets. E repre-
sents the kinetic energy of the outgoing proton.



•j:io o

200 0 2200 240 0 260 0
PROTON KINETIC LNERCY (MEV)

280 0

Fig. 4. The O(TI:+,P) data with Haider and Liu's predicted
ri-mesic nuclear bound state drawn in.

spectrometer at 15 degrees in the laboratory. The solid line
represents a Maxwellian fit to the data below the r) threshold
(indicated by the arrows) and then extrapolated into the n
quasielastic region. The data clearly show the onset of r\
production for the Li, C and 0 targets and_ give some
indication for quasielastic r\ production for the Al target.
Bound states of the n would be expected to appear to the right of
the arrow in Fig. 3. The data, therefore, do not give support for
rj bound states for any of the targets.

The data of Fig. 3 show a general similarity to the (p,p) data
of Garreta et al. The (p,p) reaction is expected to proceed
through the p annihilation into mostly pions which then interact
with the residual nucleus and eject protons in a manner similar to
the (ii+,p) reaction of this experiment. Their data were character-
ized by smooth Maxwellian curves similar to those drawn in Fig. 3.

Figure 4 shows a detailed blow-up of the O(it+,p) spectrum
around the r) threshold. The long dashed curve shows the Maxwellian
fit of Figure 3 and the (solid) curve the assumed (it+,p) background
plus n~c(uasielastic background. The short dashed curve shows the
Haider and Liu predicted r) bound state peak for the ground state
ri-mesic nucleus 0. The aysumed binding is 2.7 HeV with a 10
MeV Lorentzian width. As can be seen, a bound state peak would
clearly have been seen if the width and production cross section
were as predicted by Haider and Liu. In fact, a peak with the
predicted 10 MeV width would have been seen at the 3 a level if the
production cross section were as low as 1/3 of the predicted size.



The measured (ti^p) background cross section of Fig. 4 is
about a factor of 7 higher than the predicted background of Fig. 1.
The choice of a 8^0 MeV/'c plon momentum was expected to increase
the background by only about 10%. Divadeenara and Ward have calcu-
lated the (u+,p) spectra for all the targets of this experiment
within the framework of an Internuclear Cascade Code and find their
predicted cross sections agree rather well with our data and are
much larger than the calculated (n;+,p) backgrounds of Ref. 3. The
sensitivity of this experiment was seriously compromised by the
(rc+,p) background. Nevertheless, this experiment has yielded a
significant negative result.

THE CONCLUSION

This search for bound r|-nuclear states has yielded a negative
result. Either the width of n-nuclear states are much larger than
predicted and/or the production cross sections are much smaller
than predicted.
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