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In a series of experiments, differential cross sections for elastic scattering of 7t and 7=~ from *He
were measured at the Clinton P. Anderson Meson Physics Facility (LAMPF). Data were taken at
incident energies between Tr= 90 and 240 MeV using different experimental setups which covered
the angular range from far forward (= 10°) to far backward angles (= 170°). A phase-shift analysis
of the data was carried out. The experimental phase shifts are compared with values predicted by

a first-order optical model program.

I. INTRODUCTION

Pion scattering from *He is well suited for a test of
pion-nucleus interaction models because the wave func-
tion of *He, with spin and isospin being equal to zero,
is simple. Therefore, most theoretical analyses [1-7] of
pion scattering on nuclei, undertaken with the aim to im-
prove microscopic optical models, have first been tested
on ‘He. A review of the different approaches has been
given by Thomas and Landau [8].

Due to its small size, fewer partial waves contribute to
the scattering from “He than from heavier nuclei, which
facilitates the theoretical analysis in terms of the free
pion-nucleon force. Because of evidence that pions pene-
trate into regions of higher density in scattering from “He
than from heavier nuclei, higher-order terms are expected
to be relatively important. Thus, a set of precise 7-*He
elastic-scattering data should allow a detailed study of
this simple pion-nucleus system, including second-order
effects. A new effort in understanding *He (m, ) elas-
tic scattering is also warranted since the charge density
of the ground state of *He is now well determined from
precise electron-scattering data [9] over a large range of
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momentum transfer from ¢ = 0.14 to 7.7 fm~1.

In the energy interval between T = 25 and 75 MeV,
differential cross sections have been measured by Nord-
berg and Kinsey [10], Crowe et al. [11], and Fournier et
al. [12]. The most extensive data set of 7~ scattering was
obtained by Binon et al. [13] at incident energies between
T» = 110 and 260 MeV. Data between 68 and 204 MeV
were also taken for both pion polarities by Shcherbakov
et al. [14]. At slightly higher energies, data were ob-
tained by Kallne et al. [15] between 260 and 310 MeV
and by Boswell et al. [16] between 300 and 475 MeV.
There has been, for some time, a need for good quality
wt data at all energies and for better statistics 7~ data
at large angles in the energy region of the P33 resonance.

We have made use of the high-quality pion beams pro-
vided at the Clinton P. Anderson Meson Physics Facil-
ity (LAMPF) in order to obtain the data that are nec-
éssary for an unambiguous determination of the pion-
nucleus phase shifts. Such a set of phase shifts should
give new insights into the shortcomings of models which
have been developed thus far to describe the interaction
of pions with nuclei. The ultimate goal is to understand
the modifications of the free pion-nucleon force in the
nuclear medium.
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II. THE EXPERIMENT

A. General remarks on setups and target

The data were taken with the high-resolution Ener-
getic Pion Channel and Spectrometer (EPICS) [17] at
LAMPF. The incident energies were chosen between Tx
= 90 and 240 MeV to cover the region of the P33 pion-
nucleon resonance.

Two different experimental setups were employed in a
series of measurements to cover the angular range from
Olap = 10° to about 165° at most energies. For the inter-
mediate range, 30° to 120°, and the far forward angles,
10° to 30°, the standard EPICS setup was used. At far
forward angles the muon halo of the incident beam con-
tributed a large background to the spectra which required
a nonstandard method of normalization (see below). For
the measurements between = 115° and 165° the EPICS
large-angle setup was employed with the target placed
inside the field of a dipole magnet [18].

As usual in experiments with the EPICS system, the
absolute differential cross sections for *He(w,n) were de-
termined by normalizing the 7 + “He yields to® + p
yields measured under essentially the same conditions.
The normalization factor is the ratio of the # + p cross
section, calculated from existing phase shifts [20], to the
7 + p ylelds measured in this experiment. The uncer-
tainties in the phase shifts cause an overall uncertainty
in the absolute cross sections of < 4%, depending on the
incident energy and the angle at which the # 4+ p mea-
surements were done. Some details of the setups and
the normalization runs are discussed in the next three
subsections.

A gas target was used both for the *He measurements
and for the normalization runs using ‘H, or CHy as the
target material. The target container was a cylindri-
cal flask of 12.7-cm diameter with walls of 25-um-thick
stainless-steel foils. The symmetry axis of the flask was
perpendicular to the reaction plane. When filled with
4He, the target was cooled to a temperature of about 20
K at a pressure of 1.4 bars. When filled with hydrogen
gas, the temperature was about 40 or 80 K at several dif-
ferent pressures. The measurements on CH4 were done
at room temperature (at =~ 1.6 bars) which has the ad-
vantage of avoiding possible condensation of water on the
target window.

B. Measurements at intermediate angles

Spectra were taken [19] at T = 90, 110, 130, 150, and
180 MeV for 7+ scattering between 30° and 120° mostly
in 5° steps. For n—, data were taken at 150 and 180
MeV for comparison with the data of Binon et al. [13].
Additional data were obtained for both 7+ and 7~ at
240 MeV.

The normalization runs with hydrogen were done at all
energies at a laboratory angle of 30°, except at 90 MeV
where O, = 40° was used. Because of the large diame-
ter of the gas target, the amount of target volume that is
within the acceptance of the spectrometer changes with
angle. To attain the angular dependence of the normal-
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ization factor, yields for scattering from hydrogen were
measured at all angles at 7 = 110 and 180 MeV.

The magnetic fields of the spectrometer were adjusted
for each run to place the elastically scattered pions from
4He and those scattered from 'H at the same position in
the focal plane of the spectrometer. This minimizes the
effects of the difference in the momenta of pions scattered
by “He and H, on the effective solid angle.

The angular acceptance of EPICS, which is about 5°,
was subdivided into smaller bins to obtain the angu-
lar resolution necessary to determine the details of the
angular distributions. When the binning was done on
the scattering angle calculated from the particle’s trajec-
tories, differences between the effective solid angles for
scattering from the two nuclei still exist. The differences
are largest at the edges of the angular acceptance, due to
the large difference in dT’; /d©a1, for pions scattered from
the two nuclei. However, when the angular acceptance of
the spectrometer was subdivided by binning the position
spectra from the front wire chambers instead of applying
the bins to the calculated scattering angles, the effective
solid angle of each bin was the same, for both the 'H and
4He measurements. This procedure resulted in a minor
loss of angular resolution. Five bins were obtained, with
a spacing of about 1° and a width of about 1.5° each.

C. Measurements at backward angles

For the large-angle measurements the target was
placed at the center of the circular dipole magnet EU-
RYDICE [18]. This magnet bends the particles scattered
at large angles to floor angles that can be reached by the
spectrometer. Here, “floor angle” refers to the nominal
scattering angle used in measurements without EURY-
DICE. In this setup the spectrometer is displaced hori-
zontally with respect to an axis passing through the cen-
ter of EURYDICE by a fixed offset, and the target po-
sition is displaced with respect to the pion channel axis
by a variable offset D. To obtain the desired scattering
angle for particles of a certain momentum, the magnetic
field of the EURYDICE magnet, the offset D, and the
floor angle of the spectrometer have to be adjusted.

These variables were calculated for scattering events at
the center of the magnetic field. Originally, an effective-
field-boundary (EFB) approximation was used to deter-
mine the bending angle for the incoming and outgoing
trajectories. The effective radius R of the magnetic field
had been determined by a floating wire measurement of
an offset D using the relation D = R?/(2p), where p is
the radius of curvature of the wire inside the field (see
Figs. 2 and 3 in Ref. [18]).

We observed systematic differences between the calcu-
lated scattering angles, using the radius R from the float-
ing wire measurement, and the scattering angles deduced
from the measured pion energy. There was also a nor-
malization problem near ©),, = 120° between the data
taken at intermediate and at large angles. Both of these
problems were traced to the fact that the floating wire
measurements had produced values of R that were sys-
tematically too large. This error occurs because the rela-
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tion linking R and D is only a very crude approximation
that systematically gives too large values of R, especially
for magnets with large fringing fields. Therefore a field
map of the EURYDICE magnet was obtained [21]. A
Monte Carlo program was written by one of us (B.B.) to
calculate the scattering angle using ray-trace algorithms.
The scattering angles obtained with this program were
found to be in good agreement with angles determined
from the energy measurement.

The Monte Carlo calculations also showed that the ac-
ceptance of EPICS in the large-angle setup for *He(r, )
is slightly different from the acceptance for the 'H(, 7)
measurements that were used for normalization. This
finding resolved the discrepancy between the absolute
cross sections near O, = 120° from the measurements at
intermediate and large angles. During a subsequent run,
this overlap region was measured again. The results con-
firmed the predictions of the Monte Carlo calculations.

Because the location of the scattering event within the
gas target cannot be reconstructed from the trajectory
of the outgoing pion, the path lengths of both the out-
going and incoming pion within the magnetic field of the
EURYDICE magnet are uncertain. This introduces an
uncertainty in the calculated scattering angle and thus
reduces the angular resolution of the system. Therefore,
the angular acceptance was not subdivided for the mea-
surements with the large-angle setup. This was not of a
disadvantage because the measured angular distributions
do not suggest any sharp structures at large angles.

For 7+, spectra were taken during these large-angle
measurements between O, ~116° and 166° in 5° steps
at six energies between 90 and 240 MeV. For 77, data
were obtained at 150 and 180 MeV at the same angles
and at 240 MeV at only two angles. Normalization runs
with hydrogen were done at ~ 156° at all energies and
the angle dependence of the normalization was obtained
from the Monte Carlo calculations.

D. Measurements at far forward angles

The measurements for 7 scattering from *He at far for-
ward angles were done both for 7+ and =~ at 110, 130,
150, 180, and 240 MeV, starting at O, = 30°, in 3° or
2° steps. For angles larger than or equal to 21°, the en-
ergy resolution of EPICS was sufficient to resolve pions
elastically scattered by 4He from those scattered by the
target walls (Fig. 1). For smaller angles, empty-target
runs were taken for background subtraction. Uncertain-
ties in reproducing the scattering angle used in the *He
measurement for the empty-target runs introduced a sys-
tematic uncertainty of up to 20% below O, = 21°.

At far forward angles the efficiency of the EPICS sys-
tem is reduced because of a large number of double hits
in the front wire chambers of the spectrometer. (For
these double hits it is impossible to reconstruct the tra-
jectory of the measured particles.) The standard method
to measure the efficiency of the EPICS spectrometer in-
cludes an angle consistency check between the trajectory
angles measured by the front and the rear wire chambers
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FIG. 1. Missing-mass spectra from cooled gas target at
the incident energy T» = 110 MeV at Oj,, = 21° (a) and
9° (b). The pions elastically scattered from *He are clearly
separated from the pions scattered from the stainless steel of
the target walls at 21°. At 9° an empty-target spectrum is
shown and the result of subtracting the empty-target from
the full-target spectrum.

of the spectrometer. It was found that this procedure in-
troduced a large uncertainty in the efficiency, especially
when the spectrometer is operated within the muon halo
of the beam. This uncertainty was avoided by using in-
formation primarily from the rear chambers where the
counting rates are small.

Angular distributions for 7% scattering beyond about
18° were measured with standard slit settings in the
EPICS channel. For measurements at angles less than
18° the slits were narrowed considerably to reduce the
pion flux by about a factor of 10. In addition, slits located
directly before the front wire chambers of the spectrom-
eter were used to reduce the count rate from the muon
halo of the beam. With these slit settings it was possible
to take angular distributions forward to about 9° before
the efficiency dropped below 50%. Because of the lower
incident beam flux for 7~ scattering, the angular dis-
tribution could be measured forward to about 11° with
standard slit settings before the efficiency dropped be-
low 50%. Attempts to take data with efficiencies below
50% gave unacceptably large uncertainties. For this set
of forward-angle measurements, normalization runs were
done at 30° at all energies, and between 13° and 30° at
Tr = 180 MeV.
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FIG. 2. Angular distributions for *He(r*,nt) elastic
scattering between 7 = 90 and 240 MeV. The solid lines
are results of phase-shift fits of the data.

E. Experimental results

An overview of the measured angular distributions is
given in Fig. 2 for *He(wt, 7%) scattering and in Fig. 3 for
4He(n~,m~) scattering. The data taken with the differ-
ent setups were independently analyzed and normalized.
The overlap of the three data sets near 120° and at 30°
is excellent. The solid lines in the plots are results of
phase-shift analyses that are described in Sec. IIIB.
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FIG. 3. Angular distributions for *He(r~,7~) elastic

scattering between 110 and 240 MeV. The solid lines are re-
sults of phase-shift fits of the data.
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FIG. 4. Angular distribution for *He(r™,7~) at Tr =
180 MeV from this experiment and from Binon et al. [13].

In Fig. 4 our data are compared to the data of Binon et
al. [13] for *He(mw~,w~) scattering at T = 180 MeV. The
two data sets are in good agreement with each other in
the small angle region. However, for angles between 60°
and 170° the data of Ref. [13] are systematically lower
than our measurement. This might be due to a small (a
few MeV) difference between the incident pion energies of
the two experiments. An extrapolation of our large-angle
measurements to 180° suggests a value of &~ 0.9 mb/sr,
which is less than half the value of Binon et al. [13] who
had detected the recoiling *He nucleus at 0° to determine
the cross section at 180°. It is likely that this recoil mea-
surement suffered from a normalization problem. Our
phase-shift analysis (see Sec. IIIB below) also supports
an extrapolation to a value of about 0.9 mb/sr.

Because of the good statistics in the present data, the
position and the depth of the minimum in the angular
distribution near 75° are quite well determined. At small
angles Binon’s data extend further into the far forward
region than ours. In the angle region covered by our data,
there now exist both 7+ and n~ cross sections. This
allows more stringent tests of theoretical predictions than
were previously possible with data for one pion polarity
alone.

III. ANALYSIS OF THE DATA

A. Optical model analysis

It is beyond the scope of this work to test the most
advanced theoretical approaches used to calculate a mi-
croscopic optical potential. Instead, we have attempted
to gain some insight into the qualitative behavior of the
pion-nucleus interaction by a comparison of best-fit pion-
nucleus phase shifts extracted from our data, to predic-
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tions of a relatively simple model employed in the com-
puter program PIPIT [22]. This program uses the fac-
torization approximation to calculate the first-order op-
tical potential U(k,k’) from the properties of the nuclear
ground state and the t matrix of the m-/N system:

A1 ,
U(k!kl) =T [Pp((l) : i’"P(k ,k;ko)

A
+Pn(q)'tnn(k11k;k0)] . (1)

Here k (k') is the incident (outgoing) m-nucleus momen-
tum in the center of mass and ko is the total on-shell
(| k" |=] k |=| ko |) momentum in the w-nucleus cen-
ter of mass. A is the number of target nucleons, q the
momentum transfer, p,(q) [pn(q)] the Fourier transform
of the ground-state proton [neutron] point density, and
trp (txn) the m-proton (m-neutron) effective interaction
which is constructed from the T = -;— and T = % isospin
components of the free m-nucleon t-matrix.

The free m-nucleon ¢ matrices were derived from the
phase shifts of Arndt [20]. The optical potential U needs
to be calculated for off-shell kinematics which means that
txp and tr, are needed off-shell (| k' |#]| k |=| ko |). Be-
cause the off-shell 7-N ¢ matrix cannot be obtained from
m-N scattering data, it must be estimated from a theo-
retical model. Numerous models have been applied for
this off-shell extrapolation [3-8]. In most cases, separable
potentials have been used [23]. It has been found that
the range of the elementary 7-N interaction used to con-
struct these potentials has a large effect on the results of
the calculated cross sections [3, 5, 8].

In PIPIT the off-shell ¢ matrix is calculated using

gi(k)gi (k")
g9f(ko) ’

where [ is the orbital angular momentum in the 7-N
system and g; is an off-shell Gaussian damping factor,

a = klexp(—azkz), 3)

which is employed for both the I = 0 and ! = 1 partial
waves. The parameters a;, which are related to the =-N
interaction range, were treated as free parameters to fit
the data. We chose aj=9 = aj=1 = 5x107¢ (MeV/c)72,
which is consistent with reasonable values of the interac-
tion range [3].

There have been several studies on the choice of the
energy at which the 7-N ¢t matrices in Eq. (1) should be
evaluated [4, 6, 7]. Because of binding energy effects and
Fermi motion the relation of this energy to the incident
pion energy is not simple. Theoretical estimates [4, 7]
suggest that good results can be achieved if the pion-
nucleon energy is evaluated at an energy which is lower
than the incident energy by AE of up to about 20 MeV.
This energy shift depends on the incident pion energy. In
our analysis we used AF as a fit parameter. The best fits
to the data were obtained with AE = (T, + 10 MeV)/10
for pion energies below 170 MeV and a constant value of
18 MeV for the higher energies. This prescription is not
unreasonable in comparison with theory [4, 7] and fits
data on a variety of nuclei [24].

The nucleon point densities needed for the optical po-

ti(k, k') = ti(ko) (2)
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tential in Eq. (1) were deduced from elastic electron-
scattering data [9]. The proton and neutron point densi-
ties were assumed to have the same shape. To calculate
this nucleon point density for *He the individual proton
and neutron charge densities were unfolded numerically
from the experimentally measured charge distribution [9]
using the programs ALLWORLD [25] and UNFOLD [26].
The nucleon charge distributions [27] were assumed to
have a Gaussian shape with a mean square radius of (r-;)
= 0.64 fm? for the proton and (r2) = —0.12 fm? for the
neutron.

The nucleon point density in momentum space, de-
duced from the measured charge density, differs from that
of a simple Gaussian shape (of the same rms radius) be-
yond ¢ = 2.2 fm~!, and it becomes negative for ¢ >
3.1 fm~}. The effect of these density differences on the
differential cross sections [28)] are significant only at our
highest energies at large angles (momentum transfers be-
yond ¢ =~ 2.2 fm™1).

The PIPIT predictions for *He(w*,nt) elastic scatter-
ing at T+ = 90, 110, 130, 150, 180, and 240 MeV, using
the above-mentioned point densities, are shown in Fig. 5.
The general trend of the data is reproduced quite well by
the calculated cross sections. However, there are some
significant discrepancies:

(1) At 110 MeV the calculated *He(nt,nt) angular
distribution near O, ,. = 10° shows a distinct minimum
due to destructive Coulomb-nuclear interference which
is not seen in the experimental cross sections. Similarly,
for “He(n~, n~), constructive interference leads to larger
calculated cross sections (not shown) than observed in
this angular range. These discrepancies may be linked to
the neglect of true pion absorption. Pion absorption af-
fects mainly the imaginary part of the nuclear amplitude
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FIG. 5. Angular distributions for *He(n*,7%) from this

experiment and predictions of optical model calculations us-
ing the program PIPIT [22].
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which does not interfere with the Coulomb amplitude.
True pion absorption has been found to contribute sig-
nificantly to *He(w, 7) scattering at lower energies [4, 7,
8].
] (2) At all energies the slope of the calculated angular
distribution between ©. ,, = 30° and the first minimum
at O. . &~ 75° is too steep in comparison with the data.
At lower energies the predicted cross sections in the mini-
mum are too low, whereas at higher energies the position
of the minimum is predicted at too small an angle. This is
an indication (which is verified by our phase-shift anal-
ysis) that the optical model calculation predicts larger
contributions from higher partial waves than the data
require.

(3) The predicted cross sections at large angles are gen-
erally smaller than the experimental ones. It has been
shown that the inclusion of a p? term in the optical po-
tential to account for nucleon-nucleon correlations tends
to increase the cross sections at large angles [3, 6, 7].

In order to investigate whether the observed discrep-
ancies are indeed due to the proposed effects, studies are
currently under way using more advanced optical models
[29, 30].

B. Phase-shift analysis

Partial-wave analyses have been carried out previously
on *He(w,n) data [13, 31, 32]. Some of these data are
only for 7~ others cover only limited ranges of angles.
The present measurements provide detailed data over a
large range of angles at many energies for 7t and not
quite as extensive data for w~ (which supplement the
data of Binon [13]). This data set should allow a study
of systematic trends in the phase shifts, 6,Re and 6™,

The program PAW [19] was used to search on 6/*° and
m = exp(—26,1m) to fit the measured differential cross
sections. This code uses subroutines from the MINUIT
[33] package in fitting the phase shifts by minimizing x2.
The Coulomb phases were calculated for the field of a
point charge. A simultaneous fit to both *He(nxt,7t)
and ‘He(w~,7~) data was performed assuming charge
symmetry of the strong interaction.

The differences between 7+ and 7~ scattering in the
region of Coulomb—nuclear interference are made more
apparent in Fig. 6, which shows the angular distributions
only at the forward angles. An accurate measurement of
the cross sections in this region is crucial for the determi-
nation of the real and imaginary parts of the amplitude
and the extrapolation of the amplitudes to © = 0°.

In this angular region the cross sections for 7~ scat-
tering are larger than those for 7t scattering at energies
below the resonance. The differences decrease rapidly
from T, = 110 to T, = 180 MeV. For T, = 240 MeV,
the differences remain small; however, the partial-wave
analysis gives a slightly smaller cross section for 7~ scat-
tering than for 7+ scattering.

The number of partial waves that contribute to the
cross sections may be estimated from [ =2 3kr. Here k is
the center-of-mass momentum and 7 is the rms radius of
the nuclear density which is &~ 1.7 fm for “He. For the
highest energy, T = 240 MeV, k& = 1.7 fm~! which
results in ! = 8, whereas at the lowest energy, 7 = 90

B. BRINKMOLLER et al.
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FIG. 6. Detail of the angular distributions for both

*He(x*,7") (open circles) and *He(r~, ™) (full circles) in
the forward-angle region. The full lines are the result of the
phase-shift analysis for =¥ scattering and the dashed lines the
result for 7~ scattering.

MeV, k& = 0.9 fm~! which gives | ~ 4. It was found
that partial waves up to ! = 6 were needed at 240 MeV
and partial waves up to ! = 3 were sufficient at 90 MeV.
Furthermore, the real part of the phase shift §*¢ for I >
3 proved to be small at all energies and could be fixed at
6 = 0 without affecting the quality of the fits.

Some of the x2. values obtained in fitting the data,
assuming only statistical errors, were found to be quite
large (see values in parentheses in Table I). Smaller values
of x2,, were obtained by adding (in quadrature) to the
statistical errors an uncertainty of 5% from the determi-
nation of the effective solid angle of the different angular
bins into which the spectrometer acceptance had been
subdivided.

A possible error of 20% due to a problem with repro-
ducing the angle setting for the background subtraction
measurements for angles smaller than 20° was not in-
cluded in the fit. Also not included was the overall un-
certainty of < 4% in absolute cross section due to the
uncertainty in the knowledge of the # + p elementary
phase shifts [20].

The results of the phase-shift analysis are given in Ta-
ble I. The fits give values for the reduced x2; near 1
at most energies. The error quoted for each parameter
corresponds to a change of x2, to x2. + 1 keeping all
other parameters at a fixed value.

In Figs. 7, 8, and 9, 6,Re and o for { = 0, 1, and
2, respectively, from the phase-shift fits are plotted as a
function of the pion energy. Also shown are the results
of the analysis of Binon et al. [13] and those obtained
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Results of phase-shift analyses of the *He(r, ) elastic cross-section data. xZ;, denotes the minimum x? per

degree of freedom for the best fit. It was obtained after adding a 5% normalization error in quadrature to the statistical error
of each data point (see text). The values in parentheses give the x2;, without the additional normalization error. The errors
quoted correspond to an increase of x2;, by 1.

T 65 (deg) 61° (deg) &3¢ (deg)
(MeV)  xZin 70 m 72 73 N4 75 76
90 0.99 —-9.841.8 22.54+1.6 4.140.9
(].88) 0.9764+0.051 0.5784+0.057 0.92740.032 0.98240.020
110 1.36 —4.342.4 26.3+4.8 8.6+1.1
(3.97) 0.88740.061 0.2434+0.058 0.81740.031 0.98340.021 0.98940.022
130 0.69 —T7.74+2.9 39.84+6.6 10.24+1.3
(2.19) 0.62940.062 0.16040.076 0.68240.028 0.95240.021 0.98640.022
150 1.81 —27.34+3.9 50.44+6.5 6.7+1.4
(7.78) 0.4964+0.052 0.15040.044 0.51440.027 0.879+0.019 0.99140.020 0.9924-0.018
180 1.03 —33.94+4.7 88.0+14.4 2.9+1.6
(3.85) 0.30240.042 0.11640.027 0.40640.021 0.773+0.017 0.970+0.016 0.98840.015 0.99240.012
240 1.65 —47.34+3.0 157.4422.6 —5.4+1.2
(6.10) 0.235+40.032 0.03740.020 0.36440.012 0.70940.012 0.90040.012 0.99240.010 0.98040.009

by Crowe et al. [11]. The low-energy values of Ref. [11]
connect smoothly with ours and the results of Ref. [13].
One exception is 1o where the values of Ref. [11] indicate
too much absorption. An extrapolation of our analysis
to lower energies indicates values near 9 = 1 (no ab-
sorption) as expected. We note that it has been shown

40V""I""I""I""I""l""

*He (m, m 7
1=0 ]

(deg)

Re

0

[0 Y S S S O S S S

100 150

T (MeV)

FIG. 7. Real phase shift 6 and absorption coefficient
M=o for *He(r, w) as a function of pion energy. The full circles
present the result of our phase-shift analysis, the open circles
the results of Crowe et al. [11], and the open squares the
results of Binon et al. [13]. The error bars correspond to
a change in the reduced x? of the fit to the measured cross
section from x2.. to x2,;, + 1 keeping all other parameters of
the fit at their optimum values. The line is the optical model
prediction from this work.

200 250 300

by Nichitiu and Sapozhnikov [34] that such a solution is,
however, also consistent with the data of Ref. [11].
Generally our phase shifts compare well with Binon’s
[13], except for the | = 1 partial wave. There are sig-
nificant differences in 7, at 110 MeV and in 8¢ near
200 MeV. The latter occurs in a region where 7, is very
small so that 6R¢ affects the cross sections only very little
(because of strong absorption). The observed differences
are mainly due to the tighter constraints on the phases
because of the better statistics of our large-angle data.
The results of the phase-shift analysis for the individ-
ual [ values can be compared in Figs. 7-9 with the results
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FIG. 8.

Same as I'ig. 9 but for [ = 1.
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T, (MeV) analysis of this work. The solid line is the prediction of the
m optical model calculation.
FIG. 9. Same as Fig. 9 but for I = 2.

of the energy-shifted optical model calculations. The ef-
fect of the m-nucleon P33 resonance is clearly visible in
the energy dependences of all measured and calculated -
nucleus phases. When the energy shift is used, the strong
energy dependence in 6 and the minimum in 7 occur
at approximately the energies where they are observed in
the experimental phase shifts. The experimental phase
shifts show a more gradual change of 6R¢ and n; for the
!l =0, 1, and 2 partial waves than the optical model pre-
dicts. It is worth noting that the experimental 7; for | =
0, 1, and 2 represent more absorption at 7, = 240 than
at 7% = 180 MeV and much more absorption than the
optical model calculation.

C. Forward-scattering amplitudes
and dispersion relation prediction

The forward amplitude can be obtained by extrapolat-
ing the phase-shift fit to 0°. We calculated total nuclear
cross sections from the imaginary part of the forward-
scattering amplitude Imfo, using the optical theorem,

G = S Tmfo. (4)
The resulting values of oo, (Fig. 10) are mostly in agree-
ment with the measured total nuclear cross sections of
Wilkins et al. [35], averaged over 7t and 7~ scattering.
At Tr = 150 MeV our value is below that of Ref. [35] at
T, =146 MeV, but it agrees with that of Ref. [13] at 150
MeV. At T, = 110 MeV the total nuclear cross section
of Ref. [13] is lower than the values obtained both by
Ref. [35] and from our phase-shift fit.

The optical model does quite well in predicting the to-

tal nuclear cross sections (Fig. 10). But the predicted
width of the “Ps3-resonance peak” is smaller than exper-
imentally observed. Inclusion of Fermi motion in con-
structing the optical potential should lead to a smoother
energy dependence of the partial waves and might resolve
this discrepancy between the calculated and predicted to-
tal nuclear cross sections.

The real part of the forward amplitude Refy extracted
from the data is shown in Fig. 11. As the differential
cross-section data indicated in the Coulomb-nuclear in-

T B B B B R B
‘He (m, m)
&
)
CD_O'S r
"
o Crowe et al.
ar o Binon et al.
[ e this work
-15 +
_2>....1.,..1....|...1.‘..1A..._
0 50 100 150 200 250 300
T (MeV)
FIG. 11. Real part of the forward-scattering amplitude

obtained from the phase-shift analysis. Solid dots: this work;
open circles: results of Crowe et al. [11]; open squares: results
of Binon et al. [13]. The full lines give the error band of
the prediction of Grein and Locher [38] using the dispersion
relation.
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terference region, Re fy changes sign at about 180 MeV.
As observed [13] and confirmed by our measurement at
240 MeV, there is a discrepancy between the real part
of the forward amplitude at energies larger than T, =
200 MeV and calculations using the forward dispersion
relation [35] which links Refy to Imfy.

This discrepancy could be due to uncertainties in the
knowledge of the total nuclear cross section. There are
discrepancies of several standard deviations in the values
of the total nuclear cross sections extracted by different
groups [13, 35] at energies below T, = 180 MeV. Fur-
thermore, the total nuclear cross sections obtained from
7~ + *He scattering are generally larger than those ob-
tained from 7t + “He scattering for energies below the
resonance. This may be explained by the approximate
treatment of Coulomb effects in the extraction of the
nuclear cross sections. Wilkins et al. [35] showed that
the inclusion of Coulomb barrier effects and trajectory
distortions as suggested by Faldt and Pilkuhn [36] can
explain the larger cross section for 7#~. Thus use of total
nuclear cross sections extracted from 7~ scattering with-
out Coulomb correction leads to a systematic error in the
application of the dispersion relation.

It has been suggested [31] that the lack of agreement
with the forward dispersion relation above resonance en-
ergies is due to this uncertainty in the knowledge of the
total cross section and the need to extrapolate the ampli-
tudes into the unphysical region below threshold (to be
able to use the dispersion relation). Indeed, Nichitiu et
al. [31] succeeded in removing the discrepancy by using
a new extrapolation procedure for the imaginary part of
the amplitude to energies below threshold [14]. However,
the slope of Imfy at threshold obtained in that analy-
sis was found to be incompatible with data from mesic
atoms [37].

In another analysis, Grein and Locher[38] concluded
that uncertainties in the total cross section below reso-
nance cannot explain the discrepancies at higher energies,
because Refy at energies above the P33 resonance is not
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sensitive enough to changes in Imf, at energies below
the resonance. Instead they suggested that there might
be a problem with the experimental total nuclear cross
sections at higher energies.

It is presently not possible to draw definite conclu-
sions from the discrepancy between Refy from the for-
ward dispersion relation and Re fy from the measurement
of the elastic *He(w, r) differential cross sections. The
situation might change when a new energy dependent
phase-shift analysis is made, using a better treatment
of Coulomb effects. Such an analysis could rely mainly
on the Coulomb-nuclear interference in the elastic cross
section to separate the real and imaginary parts of the
forward amplitude. More high-quality elastic-scattering
data at energies above the resonance will be needed for
such an analysis.

IV. SUMMARY

We have measured differential cross sections for
4He(w, 7) elastic scattering for both 7+ and 7~ at several
energies spanning the region of the P33 resonance. The
angular range included the region of Coulomb-nuclear in-
terference as well as far backward angles. Fits to the data
yielded phase shifts which vary less strongly with energy
than predicted by a first-order optical model. Calcula-
tions of the real part of the forward amplitude based on
the forward dispersion relation are in disagreement with
the measurements at energies above the Ps3 resonance.
The quality of the data should allow a thorough study
of higher-order terms in the optical potential in future
analyses.
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