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We present measured angular distributions for n+-elastic scattering at 30 and 50 MeV from selected targets with

A = 12 to 208. These angular distributions were analyzed using a phenomenological optical potential of first-order

form. The mass dependence of the potential strength parameters displays the isospin dependence expected from the

free mN interaction.

NUCLEAR REACTIONS Elastic scattering of 30 and 50 MeV ~ from 2C, 0,
4 Ca, +Zr, Pb. Ai~ular distributions: 25'«z, ~& 160 . Optical model ana1-

ysis of cross-section data.

I. INTRODUCTION

Low energy pion elastic scattering has proven
to be a rich area of study for information about
the pion-nucleus interaction. Unlike the energy
region near the &N (3, 3) resonance, at low ener-
gies (&80 MeV) the pion penetrates the nucleus
beyond the surface and thus the interaction is sen-
sitive to the interior nuclear density. First-order
optical potentials derived from the free rN scat-
tering amplitudes in a multiple-scattering formal-
ism have been shown to be totally inadequate to
describe low-energy pion-nucleus elastic scatter-
ing data. ' ' Second order corrections which allow
for annihilation of the incident pions and correla-
tions between the nucleons have been shown to be
necessary for even a qualitative description of the
data. ' " Although there is currently disagree-
ment as to how these second-order effects should
be included, there is no disagreement about their
importance.

Several measurements of low-energy pion-nuc-
leus (A& 4) elastic scattering have already been
published" "and have been summarized in re-
views. ""The measurements presented here and
in a recent communication" represent a substan-
tial increase in the mass range studied and will
make a systematic mass and energy dependent
analysis possible. We present angular distribu-
tions for the elastic scattering of ~' from "C,
x'0 40Ca 90Zr, and ' 'Pb at energies of 30 and

50 MeV. We have previously published 7t' elastic
scattering data from 2C and 0 at 50 MeV
'These earlier data are summarized here for com-
pleteness. 'The particular targets were chosen be-
cause they are all "core" nuclei in their respec-
tive mass regions.

We have analyzed the present data using a
phenomenological optical potential of first order
form whose strength parameters have been. ad-
justed to fit the data. The parameters thus ob-
tained are examined for any systematic trends
with mass and/or energy

II. EXPERIMENTAL PROCEDURE

The experimental procedure for our measure-
ments has been discussed in detail in a previous
publication. " We review here the salient features
of our measurements.

We used the pion beam from the Low Energy
Pion ChanneP9 (LEP) at the Clinton P. Anderson
Meson Physics Facility at the Los Alamos Scien-
tific Laboratory (LAMPF). The beam momentum
resolution was chosen to be &p/p = 2.0% at 30 MeV
and 1.0% at 50 MeV. The beam spot size [full
width at half maximum (FtVHM)] on target was
1.4 cm (vertical) by 2 cm (horizontal) at 30 MeV
and 0.8 cmx 2 cm at 50 MeV.

The beam profile was measured by an in-beam
current-sensitive wire chamber" with wire spac-
ings of 1 mm. During data runs at 30 MeV, the
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beam intensity was monitored by a "decay-muon"
telescope" consisting of two detectors in coinci-
dence, set at an angle with respect to the beam of
approximately half of the maximum laboratory
angle for the muon from the r- p,v decay. At
50 MeV, the beam intensity was monitored by us-
ing two plastic scintillators which detected coinci-
dent protons from (v', 2p} reactions in the target.
Both the decay-muon telescope and the (v', 2P}
monitor were calibrated against an in-beam tele-
scope consisting of two plastic scintillator count-
ers which were each 1.27 cm thick for the 30 MeV
beam and 2.54 cm thick for the 50 MeV beam. By
recording the pulse height in one counter versus
that in the other counter, it was possible to sepa-
rate the electrons and muons in the beam from the
pions. A representative spectrum showing this
separation for the 50 MeV beam is displayed in
Fig. 1. For these calibrations, the momentum
spread of the channel was decreased to provide an
average counting rate of s5 x 10' countslsec in
the in-beam detectors. Slibs in the front half of
the channel which define the phase space trans-
mitted through the channel were unchanged be-
tween the full intensity and low intensity runs.

Consistency checks of the calibration were made
during the different data runs by a comparison of
cross sections obtained in detectors having the
same scattering angles and by a comparison of
the muon telescope counting rate with that of a
detector monitoring the primary proton current.
These checks indicated a consistency of better than
3% for the relative normalizations.

'The differential cross sections were measured
in the vertical plane using a ten-counter array of
plastic scintillator telescopes" consisting of a
solid-angle defining, thin ~ counter and a thick
stopping E counter. Each detector subtended a
solid angle of -4 msr. In order to reduce the
background due to muons from the decaying pion
beam for detectors at angles of 45' or less, we
required the identification of the 4 MeV muon
pulse" resulting from the decay of the stopped
m'. The efficiency of these dete'ctors was deter-
mined by placing them in the incident pion beam
and measuring the number of pions detected with
and without the 4 MeV muon detection require-
ment. Also, these detectors were compared with
simple detectors at large scattering angles where
the muon background is insignificant. These mea-
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FIG. 1. Three-dimensional spectxum of in-beam telescope used for absolute calibration of relative monitors at 50
MeV.
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surements showed the counters agreed to within
statistics. A block diagram for this pion identifi-
cation requirement is shown in Fig. 2. With one
change in the orientation of the 10 detector tele-
scopes, 18 angles were measured. Two tele-
scopes were kept fixed in angle to check the rela-
tive normalization.

The analog signals from the ten telescopes were
sent to CAMAC analog-to-digital converters
and stored on magnetic tape event by event
using a PDP -11/45 computer and the data acquisi-
tion program ZEUS." 'The trigger system for the
computer and the monitor events was disabled af-
ter a trigger and enabled by the computer after
the processing of an event. Thus, it was necessa-
ry to correct only for the electronics dead time
before the trigger system in calculating cross
sections. This dead time was determined to be
less than 1%.

All of the targets except "0were self-support-
ing foils. Natural carbon and CH, targets were
used for the "C measurements, natural calcium
was used for "Ca, and foils enriched to 97.6% in
"Zr and 98.7% in "'Pb were used for the heavier
nuclei. The "0 target was natural water in the
form of a gel with 1.5% agar mixture. Background
measurements were made using empty target
frames.

III. DATA REDUCTION

'The results for each detector telescope were
reconstructed from the data tapes as a two-di-
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FIG. 3. Two-dimensional spectrum from a bE-& de-
tector telescope showing the mask used to obtain the
pion spectrum. The spectrum is that of 0 measured
at 90' for 50 MeV 7t .

mensional spectrum of ~ versus E. A represen-
tative spectrum is shown in Fig. 3 for m' scatter-
ing from "0 at 90'. The projection within the
mask is shown in Fig. 4. The resolution of the
detectors was nominally 1.2 MeV (FWHM). Back-
grounds in the region of the ground state peak
were usually negligible.

The differential cross section at each angle was
calculated taking into account the finite angular
acceptance of the telescopes, the efficiency of the
detector system, the target angle, the amount of
pion decay from the target to the detector, pion
reactions in the detector, and the scattering of the
pion out of the detector before it stopped. The re-
sults of the measurements are presented in Tables
I and II. The laboratory energy (E„„e)is the pion
energy at the center of the target.
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TABLE I. Differential cross sections for x '-nucleus elastic scattering —30 MeV. Scattering angles and cross sec-
Cons are in the center of mass with units of degrees and mb/sr, respectively.

I

12C

E~=30.3 MeV
do
dQ~

"o 40~
30.0 MeV 30.5 MeV
do' do

ecch dQ ~0445. ecch dQ

90Zr

30.7 MeV
do'

dQ~

'~Pb
30.7 MeV

do'

dQ~

25.4 23.3 2.7
30.4 9.55 0.95
40.6 3.25 0.35
45.6 3.01 0.23
55.7 2.73 0.14
60.8 2.65 0.13
70.8 3.50 0.14
80.9 4.02 0.15
85.9 4.52 0.16

30.3 16.2 1.6
40.4 8.39 0.59
45.4 6.22 0.37
55.5 5.40 0.16
60.5 4.60 0,13
70.6 5.69 0.14
80.6 6.14 0J.5
85.6 6.91 0.17
90.6 6.98 0.17

25.1 235
30.1 92.8
40.2 44.4
45.2 33.2
55.2 26.8
60.2 23.1
70.2 21.8
80.3 19.8
85.3 20.3

18
6.9
2.8
2.1
0.8
0.7
0.6
0.6
0.6

25.1 954
30.1 412
40.1 173
45.1 110
55.1 67.3
60.1 53.9
70.1 37.2
80.1 26.9
85.1 22.6

71
28
11

7
1.9
1.5
1.2
0.9
0.8

25.0 4801
30.0 1851
40.0 664
45.0 383
55.0 180
60.0 118
70.1 62.6
80.1 33.8
85.1 26.0

408
143
46
25

5
4
1.9
1.4
1.5

90.9
100.9
105.8
110.8
120.8
130.7
140.6
150.4
160.3

4.60
6.07
6.50
6.68
7.42
8.48
9.32
8.87
9.93

0.17
0.19
0.21
0.21
0.23
0.26
0.28
0.44
0.55

100.6
105.6
110.6
120.5
130.5
140.4
150.3
160.2

8.46
8.47
9.05
9.82

10.2
10.4
9.93

10.5

0.21
0.21
0.23
0.25
0.25
0.26
0.47
0,56

90.3 17.5
100.3 19.0
105.3 16.5
110.2 15.9
120.2 14.5
130.2 13.7
140.2 13.0
150.1 13.1
160.1 8.8

0.5
0.6
0.5
0.5
0.5
0.5
0.5
0.8
0.9

100.1 16.8
105J. 15.2
110.1 13.3
120.1 13.5
130,1 14.1
140.1 16.7
150.1 19.4
160.0 14.8

0.5
0.4
0.7
0.7
0.7
0.9
1.4
2,0

90.1 22.1 1.2
100.1 18.7 1.0
105.1 17.3 1.2
1103. 18.5 1.1
120.0 18.9 1.3
130.Q 20.6 1.3
140.0 23.3 1.6
150.0 26.0 2.2

IV. ANALYSIS

A phenomenological optical model analysis was
performed for all of the angular distributions
presented here. The form of the wN t matrix used
to calculate the optical potential was'

(k'+ ~g'}*
&&(k),%,%') / & (&)(0 ~ 0')

( . g)( g,g),

where 0', is a parameter indicating the wN inter-
action range (&,= &, = ~ is the zero-range local
limit of the Kissiinger potential), k and E are the

TABLE II. Differential cross sections for x'-nucleus elastic scattering —50 MeV. Scattering angles and cross sec-
Cons are in the center of mass with units of degrees and mb/sr, respectively.

16p

49.7 MeV
do' do'

Ca
50.0 MeV
do

ecd5, dQ

~Ar
49.9 MeV

do'
8

dQ am.

N8Pb

49.9 MeV
do
dQ~

30.5
35.6
40.6
45.7
55.8
60.8
70.9
81.0
86.0

8.98 0.43
8.69 0.43
7.13 0.33
5.80 0.30
3.43 0.17
2.80 0.14
2.63 0.12
3.86 0.07
4.66 0.11

25.3 15.80 Q.88
30.4 13.43 0.60
40.5 10.20 0.44
45.5 7.76 0.33
55.6 4.36 0.08
60.6 3.97 0.07
70.7 4.19 0.07
80.7 5.88 0.09
85.7 6.51 0.09

25.1
30.1
40.2
45.2
55.2
60.3
70.3
80.3
85.3

77,25 3.63
46.72 2.03
31.06 1.37
22.68 1.00
12.65 0.44
10.63 0.31
10.31 0.30
9.97 0.32
9.48 0.33

25,1
30J.
40.1
45.w
55.1
60.1
70.1
80.1
85.1

342
202
83.5
57.2
24.1
19.0
11.7
7.40
5.36

22
11
4.3
2.7
0.8
0.6
0.5
0.38
0.38

25.0
30.0
40.0
45.0
55.1
60.1
70.1
80.a
85.1

1231
651
200
86
a8.6
6.61
2.74
3.27
6.09

87
35
10
4.5
1.0
0.53
0.44
0.43
0.55

91.0
101.0
105.9
110.9
120.8
130.7
140.6
150.5
160.3

5.11 0.05 90.7 7.17 0.16
6.37 Q.la 100.7 8.02 0.17
6.45 0.13 105.7 7.84 Q.17
6.64 0.13 110.7 7.67 0.12
6.59 0.13 120.6 6.65 0.08
6.07 0.12 130.6 5.62 0.09
5.47 0.25 140.5 4.71 0.09
4.94 0.11 150.5 3.83 0.07
4.39 0.08 160.3 3.29 0.07

90.3
100.3
105.3
110.3
120.3
130.2
1404
150.2
160.1

8.27 0.18
6.26 0.17
4.42 0.20
3.72 0.20
2.59 0.21
3.10 0.25
3.79 0.29
4.91 0.26
6.12 0.31

90.1
100.1
105.1
110,1
120.1
130.1
140.1
160.1

4.29
6.32
7.37
8.88

12.8
14.0
14.2
11.8

0.35
0.42
0.38
0.46
0.5
0.6
0.6
0.8

90.1
100.1
105.1
110.1
120.1
130.0
140.0
150.0
160.0

9.61
13.8
12.9
13.7
11.7
12.3
12.4
15.9
18.0

0.59
0.7
0.7
0.7
0.7
0.8
0.6
1.6
1.5
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on-shell pion momentum and energy, q and q' are
the off-shell initial and final pion momenta, and

bp and bg are the complex s - and p -wave strengt:hs
which are treated as free parameters. Acceptable
fits were found with values of &; from 300 MeV/c
to 700 MeV/c, but the fit is rather insensitive to
the exact value in this range. In the calculations
presented here, a, = a, = 500 MeV/c. The search
code' varies the strength parameters b, and bg to
minimize y' between the calculated and the exper-
imental angular distributions. For these fits, the
nuclear density was taken to be a Woods-Saxon
form

p(r) a- (l+ e (r c)la)-1-

where c is the half-density radius and a is the dif-
fusivity. For the calculations presented here, the
parameters used were: (a) "C, c = 2.5 fm, a

= 0.37 fm; (b) "0, c = 2.7 fm, a = 0.41 fm; (c) "Ca,
c = 3.68 fm, a= 0.58 fm; (d) "Zr, c = 4.86 fm, a
= 0.57 fm; and (e) 'o'Pb, c = 6.40 fm, a= 0.54 fm.
For "C and "0, the Gaussian charge distribution
of the proton was subtracted from the Woods-
Saxon charge distribution determined from elec-
tron scattering. This subtraction was done via the
method of Gibbs et al. ,

' to obtain the values of c
and a given above. The distributions for 4'Ca,
"Zr, and '"Pb were taken from Ref. 3. 'The par-
abolic parameter was not used since the calcula-
tions showed very little sensitivity to small
changes in the density.

In Figs. 5 and 6 we present the calculations of
the phenomenological optical potentials with the
experimental angular distributions. In general,

=I I I I I I 1 I I I I I I I I I I=
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0
b IO~I—

IO' =

2G

000 I & I I i I s I i I i I i I

0 40 80 (20 I60

(deg)

0
I

I i I ) I ~ I i I a I I I i I

40 80 l 20 l60
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FIG. 5. Angular distributions for elastic scattering
at 30 MeV. The curves are from a phenomenological
optical model calculation.

FIG. 6. Angular distributions for elastic scattering
at 50 MeV. The curves are from a phenomenological
optical model calculation.
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Nucleus Energy Reb p Imb p Reb ~ Imb f & /n ~
(MeV) (fm3) (fm ) (fm ) (fme)

i2(

160

40~

90zr

208Pb

30 -4.13 -0.04 6.26 1.22 2.8
50 -3.26 0.46 6.60 0.69 1.3
30 -4.14 -0.13 6.51 1.55 2.8
50 -3.42 -0.04 6.78 1.26 1.1
30 -4.01 0.08 6.00 0.58 3.1
50 -3.51 0.16 7.05 0.62 4.4
30 -3.24 0.54 5.85 0.88 1.6
50 -3.05 0.49 6.96 1.82 10.5
30 -1.16 0.03 4.96 1.96 1.2
50 -1.91 0.04 5.54 1.11 3.0

I I I { I I I I {I I I I I I I I I I I I I I I I I I I I I I I I I 1111 I I I I I I
I I I I

)
I I I I

I I I I I I I I I I
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I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I l I I I I I I I I I I I I I I I I I I I I j I I I I I I I I I I I I I I I I

l.0 2.0 3.0 40 50 6.0 7.0
q, R

lOO
I I I

0

FIG. 7. Angular distributions as a function of q~~R,
where q ~ is the momentum transfer in the center of
mass. The curves are the results of phase-shift Qts.
The arrows indicate the mi~&~a in the distributions.

TABLE III. Phenomenological optical model
parameters for 30 and 50 MeV ~ '-elastic scattering.
Uncertainties were determined from fits having com-
parable values of g2 but different starting parameters.
They are less than 5Q for Rebp and Reb~, less than 20%
for Imb&, and approximately 50@ for Imbp. These un-
certainties are much larger than those obtained from
simple statistical criteria.

I I I I I I I I I0-
Rebo(fm ) -&—

-3-
jj{ g

-50 MeV
o-40 MeV
o-50 MeV

I =
Imbo{f111 ) o —Q

8—
7 —~

Reb, (fm) e=~
4—

2

1mb {fm) ~

I I

20 40

00

60 80 IOO l20 140 I60 180200220

A

I I I I I

FIG. 8. Strength parameters of the phenomenological
optical model discussed in the text.

the agreement with the data is quite satisfactory.
The complex strengths b, and b, are presented in
Table IG. It should be noted that although some of
the values of Imb, are negative and thus pion pro-
ducing, all of the potentials are unitary.

One striking feature between Fig. 5 at 30 MeV
and Fig. 6 at 50 MeV is the increased structure of
the angular distributions at 50 MeV. The mini-
mum near 60' is the result of the interference be-
tween the repulsive s-wave strength and the at-
tractive p-wave strength. 'This minimum is not
clearly seen for "Zr and "'Pb because of the
appearance of the first diffraction minimum. 'The
diffraction character can be displayed by plotting
the angular distribution as a function of momen-
tum transfer (qR) as is done in Fig. 7. The curves
are phase-shift fits calculated as described in
Ref. 25. For the '"Pb distribution, the large-
angle minimum is essentially constant with qR as
expected for a diffraction minimum, whereas the
"s-p wave" interference minimum is constant in
angle and not in momentum transfer as is seen
for O.

The values of the fitted complex strengths bo
and b, are displayed in Fig. 8 as a function of A.
For comparison, the values obtained at 40 MeV
(Ref. 13) are also included in the figure. The
dashed lines are values of the parameters b, and

b, calculated at 40 MeV using free mN scattering
data in an impulse approximation. " The pheno-
menological parameters agree qualitatively with
the free ~N strengths except for Reb, which the
data want to be much more repulsive. Also, as
was previously pointed out, " the isospin depend-
ence (N -Z)/A of the phenomenological para-
meters is essentially that predicted by the free
mN strengths in the impulse approximation.
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