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Pion-nucleus total cross sections in the (3,3}resonance region*
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The results of total cross section measurements are presented for ~' on targets of
natural Li, C, Al, Fe, Sn, and Pb in the region of 65—320 MeV laboratory kinetic energy.
The data are fitted with a simple phenomenological model, which allows one to extract the
A dependence of the peak energy and width which characterize the pion-nucleus interactiorr.

NUCLEAR REACTIONS &' on natural Li, C, Al, Fe, Sn, Pb, & =60-320 MeV;
measured total o in transmission experiment.

There have been several recent experiments to
measure pion-nucleus total cross sections on light
nuclei in the energy region corresponding to the
(3, 3) resonance in the elementary vN interaction. '~
In the present note, we present results for total
cross sections o„, of v' on a range of nuclei from
Li to Pb. One of the principal motivations of the
experiment was to study the dependence of the
position and width of the peak in 0„,on target
mass number A. The shift and broadening of the
peak has been discussed theoretically in terms of
multiple scattering effects, ' the Pauli principle, '
and "collisions damping" processes. ' The latter
two effects lead to modifications of the pion-nu-
cleon amplitude in the nucleus. Calculations with
simple first order optical potentials8 [proportional
to the nuclear density p(r) times the Fermi-aver-
aged free space vN amplitude] do not correctly
predict the position or the width of the peak in cr„,.
Since the present experiment provides the first
measurements involving heavy targets, the results
may be useful in untangling the various competing
mechanisms which shift and broaden the mN isobar
in the nucleus.

We have performed measurements of the total
cross sections for 7t' at 14 lab kinetic energies
between 65 and 320 MeV, and for m at 8 energies
between 80 and 320 MeV, on natural targets of Li,
C, Al, Fe, Sn, and Pb. We used the same low

energy separated beam from the AGS and the
same detector system as in two previous experi-
ments. '" Incident pions were selected by a dif-
ferential Cerenkov counter and proportional wire
chamber system. The nuclear targets were 15 cm
&& 15 cm && 5 g/cm' thick, and were positioned just
downstream of the liquid-hydrogen-deuterium tar-
get system used in the previous experiments. The
simultaneous measurements on hydrogen and deu-
terium will be "eported elsewhere. At each inci-

dent energy, the transmission of the beam was
measured, for no target and for each of the six
nuclear targets, with nine circular scintillation
counters of different size. Compensation for par-
ticle absorption was made electronically. " The
counters were always positioned corresponding
to a fixed region of four-momentum transfer ~t

~

from 0.002 to 0.004 (GeV/c)'. The total cross
sections were obtained in the usual way by using
a linear extrapolation to t; =0 of the partial cross
sections o'", measured with each counter.

Before extrapolating, it was important to make
corrections to the observed 0'" to remove the ef-
fects of (1) beam decay losses a,"' which were dif-
ferent for target and no-target measurements, and

(2) Coulomb a~c" and Coulomb-nuclear interference
chic'„' corrections. The values o~"' were computed
by a Monte Carlo method, which included the fol-
lowing effects: decay of pions both upstream and
downstream of the targets, energy loss and mul-
tiple Coulomb scattering in the nuclear targets of
both pions and muons frompion decay, and finite
beam size and divergence. The effective beam
size was determined for each incident energy from
no-target data in both the transmission counters
and a set of downstream proportional wire cham-
bers. At a few incident energies, additional data
were taken with a 0.5 g/cm2 Sn target, a 1.2 g/cm'
Pb target, and with the transmission counters
moved to cover the region 0.003 ( ~t ~~0.008
(GeV/c)'. These data provided checks that the
calculations of 0„"' gave the same extrapolated
total cross sections for different target conditions.
The relatively large distance between the Cerenkov
counter and the targets (-1.6 m, because of space
limitations) caused o,"' to be dominated by the ef-
fect of multiple Coulomb scattering of decay muons
in the targets. The corrections were typically less
than 5 to 10% for Li, C, and Al, but were as large
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as 25% for Fe, 38% for Sn, and 55lo for Pb.
The corrections 0'c and 0'CN wele computed

using an optical model prescription to generate
the m-nucleus strong interaction amplitude. "
Although the average total cross section o„=(o,
+ o,+)/2 is rather insensitive to the model used
for the optical potential, ' the cross section dif-
ference 40 = 0, —o,+ cannot be reliably extracted
from the data unless the model used to compute
Oc" and ac„' also fits the resulting extrapolated
total cross sections. Using a local l.aplacian po-
tential, ' and Fermi-averaged free space s- and
P-wave m-nucleon amplitudes, ' we found that the
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FIG. 1. Pion-nucleus total. cross sections O„and 0~+
in the (3,3) resonance region. The solid points are from
the present experiment. The error bars include esti-
mates of systematic uncertainties (see text). The open
diamonds are from Ref. 2, the open squares are from
Ref. 3. The curves are the results of fits to the data,
with Eq. (2).

predicted peak positions in the nuclear total cross
sections were too low in energy for the light nu-
clei, and the predicted widths were somewhat
small. In analyzing our data, therefore, we have
modified the energy and width of the effective (3, 3)
contribution to the optical potential to give pre-
dicted total cross sections in better agreement
with the data. We have increased both the effec-
tive m-nucleon resonance energy and width, in
qualitative agreement with theoretical considera-
tions based on the effects of the Pauli principle'
and collision damping. ' The details of our choice
of effective amplitudes and nuclear densities will
be given elsewhere. "

The corrected nuclear total cross sections,
&., and & +, are plotted as the solid points in
Fig. 1, along with data from two previous experi-
ments. ' ' We are presenting average cross sec-
tions o,„because their systematic uncertainty,
due to Coulomb-nuclear interference, is smaller
than in the individual cross sections 0„+and o,—.

Error bars are shown whenever they are larger
than the plotted point; they include both statistical
uncertainty and estimates of systematic uncer-
tainties in the extrapolation procedure and in the
computed correct1ons 0,"', o',", and o",„'. Two
tlualitative features are evident from Fig. I: (a)
The peak position shifts downward with increasing

(b) the peak becomes very broad for heavy nu-
clei.

To quantify these observations, we now develop
a simple phenomenological model for pion-nucleus
total cross sections. We start with the fact that
the elementary resonance in the i=1 pion-nucleon
partial wave is reflected as a peak in the cross
section for al/ pion-nucleus partial waves L which
contribute to the interaction'3; that is L —I ~=M
+1, where 8 is the equivalent spherical radius of
the nucleus. Neglecting any smooth background
contributions, we approximate o„,as a sum of
contributions from each partial wave'3*'4

(2I.+ l)r,'r'
tot ~ [(E EL)2+ (1 rL)2] ~

where E=(p.' I+)' t'+(M +k')' -M+m, M being
the total nuclear mass, m the nucleon mass, and
k the w-nucleus c.m. momentum (X= I/&).

In Etl. (I), ELt is the peak energy" of the I.th
partial wave, and I', and l are width parameters.
We parametrize ELs in the form" EL =E,+ E,I (I
+ I). We expect an I- dependence of EL to arise,
for instance, from the effect of the different cen-
trifugal barriers seen by each partial wave. To
restrict the number of parameters, we neglect
the I- dependence of the widths l" and 1, . We take
I'~ = ck for all I and I'~ = T', + I'„where c and 1,
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which displays the familiar Breit-Wigner form,
modulated by an energy-dependent shape correc-
tion. For E=Ep and I', = I„we recover the geo-
metric limit o„„=2m(R+ k)'.

In fitting Eq. (2) to the data, we have taken the
geometric size parameter R to be fixed and equal
to the equivalent spherical radius of each nucleus
(1.291 times the rms radius). We have used the
values" R = 2.21, 3.23, 3.15, 3.12, 3.19, 3.55, 3.76,
4;03, 4.97, 5.99, and 6.98 fm for 4He, 'Li, 'Li,
9Be "C ' 0 "Al "S "Fe ' Sn and p'Pb re-
spectively. The other four parameters E„E„c,
and I', are allowed to vary for each nucleus, in
order to obtain a best least squares fit to the data.
We have fitted the other low energy data" in Fig.
1 in addition to our own. The high quality of the re-
sultant fits using Eq. (2) are indicated by the curves
in Fig. 1. The parameters E„E„I"„and I',
which emerge from the fits are shown in Fig. 2;
I', refers to I', (k) evaluated at the momentum cor-
responding to E,. The ~ dependence of these quan-
tities are roughly represented by the lines shown
in Fig. 2 (in MeV):
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E =15&-»3
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r, =- 67+5m'~', (4)
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FIG. 2. The parameters Eo, E&, ~&, and I'& of Eq. (2),
as determined by least squares fits to the average total
cross section data. The solid circles are from fits to
the present data; the open circles are from fits to the
other data shown in Fig. 1. The solid lines represent
the smooth A dependence of Eq. (4).

are constants.
For kR» 1, we can replace the sum over L in

Eq. (1) by an integral. Using the above approxi-
mations for I', , I', and E~, we find

r, =-9+55'' '.
Except for the older He, ' 0, and "Sdata, which

consists of only 5-6 points, and for Sn and Pb,
which have large systematic uncertainties and do
not display a clear peak, we are able to determine
four parameters from our data with small error
bars.

If the splitting of the peak positions in different
partial waves (proportional to E,) is due largely to the
effectof the centrifugal barrier, we would expect
E, -R~ or E,-A ' '. This expectation is roughly
consistent with Fig. 2 [see Eq. (4)]. The fact that
I' considerably exceeds the width of the free space
resonance (I'""=80 MeV at peak) is due to the
effects of pion absorption, quasielastic scattering,
etc. If one represents all of these complicated
mechanisms in a simple collision damping pic-
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ture, ' one obtains 1;-A'~', which is approximate-
ly satisfied by the solid points in Fig. 2, at least
up to &=56. There is some indication of a width
saturation effect for heavy nuclei. In view of the
large systematic uncertainties for Sn and Pb, how-
ever, it is difficult to draw a firm conclusion.

In summary, we have measured the m' total
cross sections on nuclear targets in the range
from I.i to Pb. These data enable us to x eliably

extract four parameters which characterize the
A. dependence of the pion-nucleus interaction, two of
which specify the peak positions in the various con-
tributing partial waves and another two corre-
sponding to energy-dependent and energy-indepen-
dent widths. This compact parametrization may
be useful as a touchstone for establishing contact
with more fundamental theories of the pion-nucleus
interaction.
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