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wave calculations. Perhaps the present results,
showing experimentally the onset of isospin non-
conservation, will be a useful guide for improv-
ing the treatment of Coulomb and Q-value effects
in future reaction calculations.

*Work supported in part by the U. S. Atomic Energy
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Using a new Be identifier of high detection efficiency, we observed the (e, Be) reac-
tion on targets of 'H, "C, and "0 at 65 MeV. Differential cross sections (-1—60 pb/sr)
were measured from &~ ~ =20 —80, The only states strongly populated were those pre-
dicted to have large &-structure amplitudes, implying that direct processes dominate at
E& =65 MeV.

Although it has been apparent for some time
that the (n, 'Beg, ) reaction is potentially one of
the least controversial n-pickup reactions, the
original experiments by Brown et al. ' employing
n-n coincidence techniques showed that at 35.5-
41.9 MeV bombarding energies, nondirect pro-
cesses appeared predominant. We wish both to
show that direct processes appear to dominate at
higher bombarding energies, and to present a
new technique which greatly enhances the exper-
imental feasibility of such studies. The large @-
structure amplitude of 'Be should make (n, 'Be&, )
a most useful spectroscopic reaction with which
to investigate theoretical a-structure amplitudes
in nuclei, such as those for the P shell given by
Kur ath a,nd Rotter.

To study the (n, 'Be) reaction, one must detect
the particle-unstable 'Be nucleus. Usually this
is done either by coincidence techniques' or by
the detection of both breakup n particles in a sin-
gle counter telescope. Since the cross section
is small (-1—60 pb/sr) at 65 MeV, we have de-

veloped a new 'Be detection technique with an ap-
preciable probability of detecting the two break-
up n particles by using a position-sensitive coun-
ter telescope with an angular acceptance larger
than that of the 'Be breakup cone.

Our approach is illustrated in Fig. 1(a). The
'Be identifier' employs a circular collimator, di-
vided into two open segments by a solid post, fol-
lowed by a counter telescope consisting of a ~
detector backed by a position-sensitive E detec-
tor (PSD).' As will be seen, the presence of the
post can be used to select 'Be events.

Consider two n particles from the decay of a
'Beg, passing through the divided collimator
on either side of the post, as shown in Fig. 1(a).
These traverse the ~ detector and stop in the
E detector. In a PSD both an energy signal (E)
and a signal proportional to the distance of the
detected particle from the grounded end times
the energy of the particle (XE) are generated.
Since the center-of-mass breakup energy of the
two n particles is small (92 keV) compared to
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FIG. 1. (a) Schematic diagram of the 8Be identifier.
4'b) Two-particle identifier spectra of the reaction
products arising from 65-Mev He on 8 gated by po-
sition signals X or X& as described in the text. The po-
sition gate for the lower curve was set for ~i~b =15.0",
the upper, ~lab =16.5'.

our typical 'Be energies of 45 MeV, the two n 's
have equal energy to a good' approximation. One
n particle therefore gives a signal X,E/2; the
other, XP/2. As both n's arrive within a frac-
tion of a nanosecond of each other, the signals
are automatically summed and the resultant po-
sition signal (X) obtained by dividing out the en-
ergy gives their average position. Since this po-
sition signal corresponds to a region of the PSD
that is masked by the post, gating the energy by
such position signals (X) selects 'Be events and
eliminates particle-stable nuclei. Because the
position signal also establishes the original di-
rection of the 'Be, reasonable energy resolution
can be obtained even though the divided collima-
tor subtends a large angle (6.0').

In I'ig. 1(b) particle identification (PI) spectra
are shown. The upper curve arises from events
giving position signals (X,) from part of the ex-
posed area of the PSD and the lower, from events
giving rise to position signals (X) corresponding
to the region behind the post. A peak due to 'Be
events appears in the latter. Its position is slight-
ly below the 'Li peak, as predicted' from range-
energy data for two similar-energy coincident o.

particles. All of the background' observed in the
lower curve results from chance coincident par-
ticles; minimal background in the 'Be energy
spectra is obtained by gating on this 'Be PI peak.

Use of the post to divide the circular collimator
removes the central portion of the breakup cone

(which has a typical solid angle of 6.4 msr) and
also reduces the solid angle subtended by the col-
limator (in our particular case from 8.5 to 4.9
msr). However, because the 'Be breakup distri-
bution is strongly peaked at the edge of the cone,
the introduction of the post only reduces the effi-
ciency' from 40%%uo to 21%%uo for detecting both break-
up n particles from a 45-MeV 'Be nucleus emit-
ted within + 0.5' of the center of the post.

In these initial experiments we studied the (n,
'Be) reaction on several P-shell targets. A 65-
MeV 0.'beam from the Lawrence Berkeley Lab-
oratory 88-in. cyclotron was used to irradiate
targets of "B (enriched to 98/0), "C, and SiO,
(as an oxygen target)' of thicknesses 210, 60,
and 255 y, g/cm', respectively. A 125-Ium EZ de-
tector (1 cm in diameter) and a 300-Ium E (PSD)'
fed three high-rate amplifier systems and a pile-
up rejector which rejected events arising from
different beam bursts. The amplifiers fed both
a divider circuit, to obtain the position signal,
and a particle identifier. Energy spectra gated
by position and PI were collected on a Nuclear
Data 4096-channel analyzer.

Figure 2 presents representative spectra of the
reactions "B(o., 'Li)'Be and "B(n, 'Be)'Li as well
as the (n, 'Be) reaction on "0 (each acquired in
about 2 h). One can clearly see from comparing
Fig. 2(a) with 2(b) that there is total discrimina-
tion in the (n, 'Be) data against 'Li events Our.
experimental 'Be energy resolution of - 450 keV
was principally determined by the width of the
position gate (=—1.0'). The background observed
above the 'Li and "C ground state peaks is in-
dicative of the contribution of a-n pileup events
to the 'Be spectra. Since the detection efficiency
for 'Be„*was estimated to be ~5' of that for the
'Be, , no contribution was observed" from the
(n, Be»*) reaction.

In the reaction "O(n, 'Be)"C only the 0' ground
and 2' first excited states of "C are observed to
be strongly populated, as shown in Fig. 2(c).
Transitions to the (4') 14.08-MeV" and 3 9.64-
MeV states are weakly seen though the (4') level
at back angles was observed strongly. There
was no evidence of any significant excitation of
the 2 unnatural parity state at 11.83 MeV nor
the 0' level at 7.65 MeV. These observations
are in qualitative agreement with expectation
based on the predictions" of n-structure ampli-
tudes for "O and differ from the earlier work on
the reaction "O(o. , 'Be)"C at 8„=41.9 MeV. In

that experiment' there was some evidence for ex-
citation of the 0' state at 7.65 MeV and the aver-
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transitions to the ground and 4.63-MeV levels of
'Li, which is probably due to mixed-L transfers.

To extract spectroscopic factors which can be
quantitatively compared to theoretical predictions,
one must account for kinematic effects which
might affect the relative excitation of states. As
a crude preliminary approximation one can ne-
glect these effects and look at the ratio of yields
at the first maximum. [A fairly extensive at-
tempt was made to fit these data via the zero-
range distorted-wave Born approximation (DWBA)
assuming an n-cluster transfer. Unfortunately,
only poor fits were obtained, although at 65 MeV
the angular momenta in the entrance and exit
channels are well matched. This failure may be
due to the fact that the 'Be optical potential is un-
known; in addition neglect of finite-range effects
may contribute. ] At the first maximum, the ex-
perimental ratios of the differential cross sec-
tions of the first excited to ground states of both
"C and 'Be are closely equal to 2, while the cor-
responding ratios of spectroscopic factors" are
5.5 and 1.3, respectively.

While it may require detailed excitation func-
tion studies to conclusively determine the direct
nature of the (n, 'Be) reaction at 65 MeV, the
strong population of only those states which are
predicted to have significant Q. -structure ampli-
tudes implies a dominant direct reaction mech-
anism. Hopefully, a description of this n-trans-
fer process by an exact DWBA approach will en-
able quantitative tests to be made of spectroscop-
ic predictions. Furthermore, using this rela-
tively simple Be identifier, extensive compari-
sons with other o. -pickup reactions like (d, 'Li)

and ('He, 'Be) will be made possible.
We would like to thank Dr. F. D. Becchetti for

useful discussions on direct reaction theory.

*Work performed under the auspices of the U.S. Atom-
ic Energy Commission,

R. E. Brown, J. S. Blair, D. Bodansky, N. Cue, and
C. D. Kavaloski, Phys. Rev. 188, B1894 (1965).

'D. Kurath, Phys. Rev. C 7, 1890 (1978).
3I. Rotter, Fortschr. Phys. 16, 196 (1968).
G. J. Wozniak, B. L. Barney, K. H. Wilcox, and

J. Cerny, Phys. Rev. Lett. 28, 1278 (1972).
~6. J. Wozniak, N. A. Jelley, and J. Cerny, unpub-

lished.
Guide to the Selection and Use of Position Sensitive

Detectors, edited by W. W. Daehnick (Nuclear Diodes,
Prairieview, Ill. , 1969).

~A substantial portion of these chance coincidence
events are caused by high-energy particles which tra-
verse the counter telescope and could be eliminated by
adding a reject detector.

A Si target was irradiated at ei~b
——20.0' to under-

stand the small background in the SiO& data arising
from Mg states populated by (n, Be) on Si.

Our PSD was obtained from Edax International Inc.
t~Events from the (n, aRe2 &+) reaction on light targets,

if two-body, would have - 500 keV higher energy than
those from (O.', Be&, ) transitions to the same final
states, as a result of a kinematic effect.

All excitation energies and spin and parity assign-
ments quoted are from F. Ajzenberg-Selove and T. Lau-
ritsen, Nucl, Phys. A114, 1 (1968), and A78, 1 (1966),
except for the &" assignments for levels of ~Li, which
are from R. J. Spiger and T. A. Tombrello, Phys. Bev.
16', 964 (1967).

A. N. Boyarkina, Izv. Akad. Nauk SSSR, Ser. Fiz. 28,
387 (1964) [Bull. Acad. Sci. USSR, Phys. Ser. 28, 255
(1964)].

Theory of the Pion-Nucleus Optical Potential with Crossing*

J. Barry Camrnarata and M. K. Banerjee
Department of Physics and Astronomy, University of Maryland, College Parh, Maryland 20742

(Received 16 July 1973)

A theory of the rr-nucleus optical potential is developed from the exact propagator of a
pion in the presence of a nucleus. The crossed T(-nucleus diagrams, absent in previous
work, are shown to have significant effect on the cross sections and the elastic-scatter-
ing wave functions of low-energy pions.

There have recently appeared in the literature
a number of papers discussing ways to improve
the 7l -nucleus optical potential. ' Although we
find that most of these efforts have been primar-

ily concerned with the description of the basic
pN interaction, there is an additional feature of
z-nucleus scattering which is physically signifi-
cant and should be included in the construction of
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