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The reaction x + He ~ g+ t has been observed by detecting g 2 y decays. The observed
forward-angle cross sections vary from —100 ttb/sr at 680 MeV/c to —2 pb/sr at 590 MeV/c.
Distorted-wave impulse-approximation calculations reproduce the shape but underestimate the magni-
tude of the observed cross sections. These cross sections are approximately 100 times larger than those
for the reaction p+d g+ He measured at similar g center-of-mass energies.

PACS numbers: 25.80.Hp

The pion-nucleus interaction has been extensively
studied at the meson factories. To obtain a global pic-
ture of the meson-nucleus interaction, it is clearly desir-
able to also study the interaction between other heavier
mesons and nuclei. In particular, interest in the physics
of g mesons has grown significantly in recent years. For
example, the observation' of an unexpectedly large cross
section for the p+d g+ He reaction near threshold
energy suggests the possibility of building a tagged-g
facility for measuring rare decay modes of the g. This
observation also generates considerable interest in inves-

tigating the mechanisms responsible for g production in

nuclei and in understanding the nature of the g-nucleus
interaction.

q mesons can be produced with pion and photon
beams as well as with proton beams. In particular, the
x +p~ g+n reaction has been extensively studied. A
recent coupled-channel analysis of this reaction in the
framework of an isobar model suggests an attractive gW
interaction with a scattering length of 0.28+0.19i fm.
This analysis led to the prediction of the existence of q
bound states in nuclei. However, an experiment to
search for such narrow g-nuclear bound states failed to
show positive evidence, suggesting that the widths of
these g-nuclear states are significantly broader than pre-
dicted.

In this Letter, we report the measurement of the
z + He ~ g+ t reaction at several beam momenta
near threshold energy. Like the p +d g + He reac-
tion, the x + He g+ t reaction involves coherent
production of the g meson in a mass-3 system. The be-
havior of production near threshold energy will be com-
pared for these two reactions. These data are also ex-
pected to provide information on the mechanism of
pion-induced g production in nuclei, and on the nature of
the g-nucleus interaction at low energies. In particular,

the n + He g+ t cross sections can be compared
with predictions using the zN gN amplitudes of
Ref. 5.

The m + He g+t reaction can be observed by
detecting the g 2y decay. This reaction was observed
for the first time in a recent experiment by detecting the
recoil tritons corresponding to backward center-of-mass
(c.m. ) angle ri production. The present experiment cov-
ers the forward-c. m. -angle region at several beam ener-
gies and complements the previous measurement. These
measurements also represent the first attempt to measure
the (tr, ri) reaction on nuclear targets with sufficiently
good energy resolution to identify transitions to discrete
nuclear states. Previous experiments, performed at
much higher beam energies, had relatively poor energy
resolution and could study only the inclusive (tr, ri) reac-
tion on nuclei. '

The experiment was performed at the High Energy
Pion Channel (P ) at the Clinton P. Anderson Meson
Facility (LAMPF). Pion beams of 680, 650, 620, 600,
and 590 MeV/c were incident on a cryogenic He tar-
get. " The pion flux, measured by placing a sampling
grid scintillator' (SGS) in the beam downstream of the
target, varied from 4.0x10 tr /s at 680 MeV/c to
4.5x10 tr /s at 590 MeV/c. The SGS is able to mea-
sure relatively high beam flux. It is composed of small
pellets of scintillator implanted uniformly in a slab of lu-
cite so that only 0.85% of the beam is sampled. The
SOS used in this experiment is similar to the one
designed by Holley, Schnurmacher, and Zingher. '

The g mesons were detected using the LAMPF x
spectrometer ' in a two-post configuration. The two
arms of the spectrometer measured the energies and con-
version points of the two high-energy photons from the
g~ 2y decay. The distance from the target to the front
of the first photon converter was set at 50 cm. The open-
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ing angle (re) between the two arms of the spectrometer
was set at a variety of angles (150' ~ y~ 116.6 ) in or-
der to detect g mesons produced at a range of beam mo-
menta. Since the g mesons produced in this experiment
have relatively low kinetic energies, the pair of photons
from the q 2y decay give a unique signature due to
their high energies and large opening angle. Figure 1

shows the resulting invariant mass of the two photons,
M=2sin(y/2)(ErE2) '/, for incident momenta of 680
and 590 MeV/c. E~ and E2 are the energies of the two
photons. The g mesons are clearly identified by the peak
centered around 550 MeV in this invariant-mass spec-
trum. The continuum background in the mass plot is at-
tributed mainly to two random photons, each emitted
from a separate x meson. Details on the detection of g
mesons with the LAMPF x spectrometer have been
published elsewhere. '

After selecting the g events by their invariant mass,
the g kinetic energies are calculated using the expression

T= M„
2 )/2 ™q' (1)

sin(y/2) (1 —4') '/'

where X= (E ~ E2)/(E ~+—Eq) and M„ is the mass of rl.

50

The expected energy resolution is obtained from a Monte
Carlo simulation ' which includes the effects of the
beam momentum spread, the finite target thickness, the
position resolution of the converters, and the intrinsic en-
ergy resolution of the lead-glass shower detectors. The
expected energy resolution varies from cr=6 MeV at 590
MeV/c to o =10 MeV at 680 MeV/c, with the dominant
contribution coming from the effects of finite target
thickness (5 cm) which cause an uncertainty in the de-
termination of the opening angle.

Figure 2 shows the He(rr, ri) spectra measured at
650 and 620 MeV/c. Both the exclusive reaction,
z + He g+ t, and the continuum reaction, z
+ He~ g+t*, contribute to the observed spectra. At
620-MeV/c incident momentum the exclusive transition
is clearly observed as a peak at zero excitation energy
(E ). At 650 MeV/c, the exclusive ground-state transi-
tion is less well separated from the continuum transition.
Nevertheless, the spectrum shows a large excess of
counts near zero excitation energy. In order to verify
that these counts indeed correspond to the ground-state
transition, we have also measured the cross sections for
the He(x+, ri) reaction with identical settings of the
spectrometer. These spectra are also shown in Fig. 2.
Since the He(n+, ri) reaction can only lead to three-
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FIG. 1. Invariant-mass spectra of the two photons detected
in the rr + He reaction at 680 and 590 MeV/c. A higher
photon-energy threshold was applied in the measUrement at
590 MeV/c.

—40 —20 0 20 40 —40 —20 0 20 40 60
Ex (MeV)

F1G. 2. Excitation-energy spectra for (rr —,ri) reactions on
3He measured at 650 and 620 MeV/c. E„=O corresponds to
the n + He g+E transition.
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proton continuum states, a comparison between the
He(tr+, q) and the He(tr, tl) spectra indicates the

presence of strength from the x + He~ g+t transi-
tion. It is also interesting to note that at 590 MeV/c the
beam energy is only 4 MeV above the z + He q+ t
threshold and is below the threshold for exciting continu-
um states. Therefore the ri peak observed at 590 MeV/c
(Fig. 1) can only come from the tr + He~ rt+t reac-
tion.

The diff'erential cross sections for the x + He
g+t reaction are shown in Fig. 3 for five beam ener-

gies. The error bars include uncertainties in the beam
Aux, the acceptance of the spectrometer, the separation
of the ground state from the continuum states, and the
statistics. Figure 3 shows that the cross sections at for-
ward angles vary from —100 pb/sr at 680 MeV/c to —2
pb/sr at 590 MeV/c, a drop of approximately a factor of
50 over the —100-MeV/c momentum range studied.
Figure 3 also shows that the differential cross sections
become nearly isotropic as the beam momentum ap-
proaches the absolute threshold. This is consistent with
contributions from S wave only just above threshold en-
ergies.

Theoretical studies of the z + He g+ t reaction
have been performed in the framework of the distorted-
wave impulse approximation (DWIA). The trN rIN
and gN gN amplitudes used in the DWIA calcula-
tions were obtained from Ref. 5, where an off-shell mod-
el was used to describe the z p~ gn reaction near
threshold energy. In this model, the x p gn reaction
proceeds through the formation of N* isobars. The re-
sulting off-shell amplitudes are required to describe the

+ He g+ t reaction at energies below the free
threshold. The nuclear form factors for He and t were
taken from electron-scattering experiments. "'

The results of the DWIA calculations are shown in
Fig. 3. Two different sets of the zN~ gN, gN gN
amplitudes, based on two different zN phase shifts, ' '
were used in these calculations. While the shape of the
angular distributions is quite well reproduced by the
DWIA calculations, the absolute magnitude is under-
predicted by a factor of 1.5-1.6. This situation is similar
to what has been observed previously in the
+ He @+t reaction at back angles, where the DWIA
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FIG. 3. Angular distributions of the cross section for the
+ He tl+ t transitions. Solid (dashed) curves represent

DWIA predictions using (tr, q) amplitudes deduced from the
trN phase shifts of Ref. 17 (Ref. 18). The calculations have
been renormalized by the factors shown next to the curves in

order to match the absolute magnitude of the cross sections.
The numbers in parentheses are for the dashed curves.
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FIG. 4. Cross sections for the x + He g+t reaction at
e 0' plotted as a function of tl c.m. momenta (P„*). The
cross sections were obtained by extrapolating the data to 0' us-

ing the DWIA fits shown in Fig. 3. The forward-angle data
from Ref. l for the d+p g+ He reaction are also shown for
comparison.
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underpredicts the cross sections by a factor of 2-4. It is
worth noting that the two sets of amplitudes, which give

equally good descriptions of the x p gn data, predict
magnitudes for the z + He g+ t cross sections
which difI'er by a factor of 2. The amplitudes deduced
from the xN phase shifts of Ref. 17 give better agree-
ment with the data than those of Ref. 18. The present
result suggests that the mechanisms for (tr, ri) reactions
on nuclei below the free threshold are more complicated
than those considered in the first-order DWIA theory.
In particular, collective effects, similar to those ob-
served' in n production below the free threshold, may
lead to significantly enhanced cross sections at these en-
ergies. The importance of three-body mechanisms for
explaining the p+d g+ He reaction, as discussed in

Ref. 3, should also be examined.
It is of interest to compare the threshold behavior of

the z + He g+ t reaction with that of p+d
g+ He. Figure 4 shows the forward-angle cross sec-

tions for these two reactions as a function of g c.m. mo-
menta. While the cross sections for the (tt, ri) reaction
increase monotonically with beam energy, the (p, ri)
cross sections start to level oA' at P„*=30 MeVjc. At
comparable P„* momentum, the (tr, ri) cross section is
—100 times greater than that for (p, ri).

In summary, we have observed the x + He g+ t
reaction at several beam momenta near threshold. The

+ He g+ t cross section is —100 times greater
than the p+d g+ He cross section at comparable g
c.m. momentum. DWIA calculations significantly un-
derpredict the observed cross sections. This discrepancy
suggests that the DWIA is an inadequate description of
the (tr, ri) reaction below the free production threshold
but may also indicate the inadequacy of the g production
amplitudes used in these DWIA calculations. Further

theoretical studies beyond the simple DWIA calculations
discussed here are needed in order to better understand
the mechanisms of the (tr, ti) reaction on nuclei.
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