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Positive-Pion Cross Sections on Complex Nuclei*
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Absorption and diffraction cross sections were measured for positive pions at a kinetic energy of 442 Mev.
The target elements used were C, Al, Cu, and Cd. The absorption and diffraction cross sections were deter-
mined by Gtting the experimental data (taken at six angles) to the shape given by the optical-model theory.
The nuclear radius and the falloff parameter were taken to be approximately those determined from nuclear
charge distribution measurements. The experimental data are compared with the results of the optical-
model theory. Experimental values for the imaginary part of the potential t/'I are in agreement with the
theoretical value. However, the experimental values for the real potential Vg increase with increasing
atomic number, becoming far larger than the theoretical value.

I. INTRODUCTION

' EASUREMENTS of total and absorption cross
- ~ sections of pions in nuclei can be used to obtain

information both on nuclear structure and on the pion-
nucleon interactions. The theoretical interpretation of
measurements of this sort is usually done using some
form of an optical-model theory, as originally proposed

*This work was performed under auspices of the U. S. Atomic
Energy Commission.

$ Present address: Experimental Station, Polychemicals
Department, E. I. du Pont de Nemours R Company, Wilmington,
Delaware.

f Present address: Los Alamos Scientific Laboratory, University
of California, Los Alamos, ¹wMexico.

$ Lawrence Radiation Laboratory, University of California,
Livermore, California.

by Fernbach, Serber, and Taylor' and since extended
by many authors. ' '

Nuclear properties which can be deduced by experi-
ments of this kind are the size and density distribution
of nuclei. Analogous information on the charge distri-
bution in nuclei has been obtained to a high degree of
accuracy from the electron scattering experiments of

' S. Fernbach, R. Serber, and T. B.Taylor, Phys. Rev. 75, 1352
(1949).' K. M. Watson, Phys. Rev. 89, 575 (1953);W. W. Wada, ibid.
92, 152 (1953); N. C. Francis and K. M. Watson, ibid. 92, 291
(1953); G. Takeda and K. M. Watson, ibid 97, 1336 (195.5);
L. S. Kisslinger, ibid. 98, 768 (1955);R, M. Frank, J.L. Gammel,
and K. M. Watson, ibid. 101,891 (1956);K. M. Watson, ibid 105, .
1388 (1957).

s K. M. Watson and C. Zemach, Nuovo cimento 10, 452 (1958},
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Hofstadter and co-workers at Stanford University. 4 If
we adopt the point of view that the distribution of
nuclear matter in nuclei is approximately the same as
the charge distribution, then the nuclear radius and the
falloff parameter are assumed to be known. With these
two parameters determined by other means, the pion-
nucleus cross sections furnish a more direct evaluation
of the optical-model potentials.

On the basis of general quantum-mechanical prin-
ciples, the magnitude of the optical potentials can be
related to the real and imaginary parts of the forward
scattering amplitudes of the elementary pion-nucleon
interaction. The imaginary part is given by the optical
theorem Imf(0) =err/4TF)i, where ar is the pion-nucleon
total cross section. The real part, Ref(0), can be ob-
tained from the measured values of 0-z as a function of
energy by use of dispersion theory.

The measurements of pion-nucleus cross sections
permit evaluation of the real and imaginary parts of the
optical potentials. These potentials can also be calcu-
lated from the more elementary pion-nucleon cross
sections if certain assumptions are made. ' Consistency
of the two sets of optical potentials then tests the
validity of the assumptions made.

In the present experiment the total and absorption
cross sections for positive pions incident on C, Al, Cu,
and Cd targets were measured at an energy of 442~8
Mev. These target nuclei were chosen to obtain data
over a wide range of nuclear radii. An upper limit on the
Z of the target nucleus was set by the requirement that
multiple Coulomb corrections to the data be small
enough to be adequately treated. The energy of the
incident pions in the experiment was chosen as 442 Mev,
since it was known from previous data' that in this
energy region the magnitude of the real part of the
forward scattering amplitude is considerably larger than
the imaginary part and is, therefore, the major con-
tributor to that amplitude. Data in the energy region of
442 Mev are thus more sensitive to predictions of
dispersion theory and of its relation to the optical
model.

4R. Hofstadter, Revs. Modern Phys. 28, 214 (1956); R.
Hofstadter, Ann. Rev. Nuclear Sci. 7, 251 (1957).' R. L. Cool, O. Piccioni, and D. Clark, Phys. Rev. 103, 1082
(1956); I. W. Cronin, Phys. Rev. 118, 824 (1960).
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FIG. 2. Block diagram of the electronics used for monitoring beam
and for counting particles scattered at an angle greater than 8.

B. Pion Beam

The (442 ag)-Mev positive-pion beam was produced
by the regenerated 740-Mev proton beam, from the
Berkeley synchrocyclotron, impinging on an external
carbon target. The pion beam was partially momentum-
analyzed by a wedge-focusing magnet whose pole tips
were designed to give equal horizontal and vertical foci
at the position of the second bending magnet. A 4-in. -

II. EXPERIMENTAL ARRANGEMENT

A. Experimental Procedure

The experimental arrangement is shown in Fig. 1.
The tota1 cross sections for pions were measured by an
attenuation experiment in good and poor geometry. By
cycling short runs of C, Al, blank, Cu, and Cd targets
at each distance, we minimized the effect of possible
slow electronic drifts. Actually no detectable drifts
occurred during the run.

The position of counter 4 (the transmission counter)
was varied from 12 in. to 114in. from the pion scattering
target. The variable delay (see Fig. 2) was changed with
the position of counter 4 to compensate for the pion
time of fl.ight. The positions of counter 4 were chosen to
obtain conveniently spaced data points on both the
diffraction and absorption portions of the measured
cross-section curve, o (0).

In poor geometry, target thicknesses were chosen to
give approximately 10/o attenuation. In good geometry,
targets were made as thick as possible, consistent with
small multiple-scattering corrections. Target thick-
nesses and angles subtended by counter 4 are listed in
Table I. The transmission counter, counter 4, was used
in anticoincidence with respect to the monitor counters,
counters 1, 2, 3. (See Sec. II, D.)
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n corrections to the measurements.
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ns as a function of transmission counter angle, and corTmrx I. Measured attenuation cross sections as a unction o r

Element

C
C
C
C
C
C

Al
Al
Al
Al
Al
Al

CU
CU
Cu
Cu
Cu
Cu

Cd
Cd
Cd
Cd
Cd
Cd

Thickness
(g/cm&)

4.981
6.821
6.821

11.802
11.802
11.802

2.532
3.369
6.753

11.776
11.776
11.776

2.807
4.278
5.655

16.931
16.931
16.931

2.078
2.803
4.189

13.903
13.903
13.903

8
(radians)

0.0519
0.0608
0.0846
0.1894
0.2745
0.4236

0.0522
0.0612
0.0848
0.1920
0.2798
0.4361

0.0612
0.0706
0.0855
0.1949
0.2862
0.4511

0.0612
0.0706
0.0855
0.1955
0.2871
0.4536

Measured
0 (II)
cross

section
(mb)

351.8
325.2
309.5
245.6
210.6
166.0
756.7
687.6
624.4
445.3
354.2
295.9

1536
1439
1264

778.5
666.9
562.1

2717
2432
2023
1121
970
816

Statistical
counting

error
(mb)

9.1
6.2
5.3
3.7
3.6
3.2

& 34.1
& 20.6
& 11.9

8.0
6.4
6.4

& 58
% 39
& 29
& 13.2
% 12.0
& 11.2
&131
& 92
& 61
& 24
& 22
& 20

Multiple
Coulomb

correction
(mb)

18
6
2
0
0
0

65
23
3
0
0
0

144
92
27

0
0
0

418
231

86
0
0
0

Estimated
multiple
Coulomb

correction error
(mb)

&13

&2
0
0
0

a47
&18
&2

0
0
0

a75
~38
&13

0
0
0

~192
~101
&37

0
0
0

Measured
a„(II) cor-
rected for
Coulomb

(mb}

334
319
308
246
211
166

692
665
621
445
354
296

1392
1347
1237
779
667
562

2299
2201
1937
1121
970
816

0. (0) meas-
ured corrected
for Coulomb,
accid. muon'

(mb)

355~16
339~7
327~6
261~4
224~4
176~3
735&55
706+27
660&12
473&8
376a6
314~6

1478&95
1431~54
1314~32
827~13
708a12
597~11

2442~233
2337&137
2057a71
119ia24
1030&22
867a20

t ic car onh' k b n "energy degrader, "inserted in the opening
to the channel through the shielding wa, grea y
reduced proton contamination pof the ion beam reach-

d t The momentum of the transmitte
protons diGered from that of the pions enough that t e
protons could be rejected by the second bending magnet.

precluded the detection of the few remaining protons.
Currents in the three-element, 4-in. -bore quadrupole

d' t d to obtain equal horizontal an
the uadru-vertical foci at approximately 20 ft from the qua ru-

h t t d tance at which the transmission
counter was pas laced.

0 x+ min assingThe optimum pion fiux of 50 Ir /min p

through counterst 1 2 and 3 was obtained using a
4-in. -thick carbon production target.

The pion beam energy and energy spread were ob-
tained from analysis of range curve 'g.
proton beam a mi e yd 'tt d b removal of the carbon bloc
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counter. The experimental points are the corrected cross sections from Table I. The two lines are 0. (0) and 2~&(1—cos9) from Eq. (3)
for the best fit.

at 390 Mev was used to ascertain the muon contamina-
tion. The measured muon contamination was corrected
for multiple Coulomb scattering losses' in traversing
the thick copper absorber, and for pion decay in Right
after the second bending magnet. Muon contamination
was found to be (4.0a1.5)%%uo at 390 Mev. Calculation
shows that the muon contamination at 390 Mev is the
same as that at 442 Mev, within the error given above.
The electron contamination was estimated to be
negligible by calculation.

C. Beam Pro61e

The fraction of the beam particles that miss counter 4
due to multiple Coulomb scattering for a given target
thickness and a given counter-4 distance is rapidly
reduced as the beam pro6le is narrowed. To make
multiple Coulomb scattering corrections, an accurately
known beam profile is essential. Beam profile width was
minimized by quadrupole focusing and by requiring
the beam to traverse counter 3 (1.5-in. diam). Figure 4
shows the beam profile at 115 in. from the target
(0=0.052 rad for counter 4) as measured by translating

R. M. Sternheimer, Rev. Sci. Instr. 25, 1070 (1954),
I,, Eyges, Phys. Rev. 74 1534 (1948).

a 1-in.-diam counter across the beam. In addition to
this, beam intensity measurements in concentric rings
about the beam axis were made by varying the position
of different diameter circular counters along the beam
axis. Coulomb corrections were based mostly on the
latter measurements as they were more accurate than
those taken with the 1-in.-diam counter.

D. Counters and Electronics

Figure 2 is a block diagram of the electronic circuits
used. The monitor counters were a 4-in. &(4-in. )&2-in.-
thick water-filled Cerenkov counter (counter 1) and
two 4-in. -thick plastic scintillators of diameters 2 in.
and 1—,

' in. (counters 2 and 3). Counts due to pions
scattered at angles less than 0 were electronically re-
jected by pulses coming from a 12-in.-diam, 1-in.-thick
plastic scintillator (counter 4). The response over the
surface of counter 4, as tested with a radioactive P
source, was found to be uniform within ~25 v on the
photomultiplier high-voltage supply. Operation of
counter 4 at 50 v above minimum plateau assured
uniformity of response over the face of the counter. The
eKciency of counter 4 was greater than 99%.RCA 6810
phototubes were used for all counters. All counters were
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clamped to an I-beam which was accurately aligned
with the pion beam by beam profile measurements with
a 1-in.-diam counter (see Fig. 4).

Use of the 4-in. carbon block previously mentioned
reduced the proton-to-pion ratio from 20/1 to 3/1. Due
to the low duty cycle of the cyclotron, the reduction of
beam contamination by protons was desirable to pre-
clude jamming of counter 4.

38
55 —a

50—

143
45 —~ 33 I I5 0

52 18
8 ~

98
8

370

88 24
~ 8

34

350

CARBON

158

III. RESULTS

Table I presents the measured and corrected cross
sections as a function of angle.

Cross sections and statistical counting errors were
calculated on the basis of the relations
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where E is the number of nuclei per cm', t is the target
thickness in cm, T; and To are the triple coincidences
123 with target in and out, respectively, and Qs and Q;
are quadrupole coincidences 1234.
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Fro. 7. Contour graph of S fsee Eq. (5)j as a function of Un
and VI for carbon. The solid curve represents the S=6 contour.
The correct Vg and VI pair should lie within the shaded portion.
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The experimental points in Fig. 5 graphically present
the corrected cross sections of Table I.

The measured cross section o (8) may be expresseds

by the relation

o (8)=o,+fq(8)od, 2srf(1 —cos8)—, (3)

where o- is the absorption cross section, o-q is the diffrac-
tion cross section, q is the parameter which expresses
the charged secondaries, and 8 is the angle subtended
by counter 4. The effect of the finite resolution is taken
into account by

do (8')-
R (8—8') sin8'd8',

dQ

240—

200—

~ 160—
E

b
~120—

80—

~ 40—

0 I I

0 0.05 O.IO 0.15 0.20 0,25 0.30 0.35 0.40 0.45

8 (Rnoiu, Ns)

FIG, 6. The upper curve is fdo (e')/dQ j for carbon with Ua =32.5
Mev and VI =40 Mev, as calculated by Loki. The lower curve is
f&(8)od, calculated from Eq. (4) for carbon with V@=32.5 Mev
and Vq=40 Mev.

where )do(8)/dQgq is the diffraction-scattering differ-
ential cross section and nuclear Coulomb scattering
cross section, and R(8—8') is the resolution function
for the finite beam size.

To determine from the experimental measurements
the values of Vz and VI, we minimized the quantity

X[fs(8,)o.q+o.,—2~rf (1—cos8;)—o (8;)]', (5)

' J. W. Cronin, R. Cool, and A. Abashian, Phys. Rev. 107, 1121
(1957).
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with respect to tf, Vz, and Vr. The quantity Ao. (0,) is
the error in the measured cross section tabulated in
Table I.

Computations of o „od, and Ldtr (0')/dQ]q were
accomplished by an IBM 704 program named "Loki,"
which numerically integrated the radial component of

Fio. 8. Contour graph of 5 I see Eq. (5)g as a function of Utt
and Ul for aluminum. The solid curve represents the S=6 con-
tour. The correct Vg and VI pair should lie within the shaded
portion.

the wave equation. The technique was similar to that
used by Woods and Saxon. ' The program treated pions
relativistically, ignoring second order terms of potentials
in the Klein-Gordon equation. The optical-model
nuclear potentials were represented by

Va+sVr
V(r) =-

1+expl (r—re&)/aj

with ro= 1.14X10 " cm and a=0.45X10 " cm.
Positive values of V~ and Vq mean repulsive potentials.
The nuclear Coulomb potential was that due to a
uniform spherical charge distribution of radius re&.

The upper half of Fig. 6 shows Ldo (f)')/d0)d for carbon
with Vg=32.5 Mev and Vq=40 Mev; the lower half
shows fq(0)aq obtained from Eq. (4).

Least-squares fitting to the experimental data was
done by an IBM 650 program. For given pairs of Vz
and Vg, S was minimized with respect to g to obtain the
best value of S for each Vg and Vq pair. Contour graphs
of S are shown as a function of V~ and VI in Figs. 7—10.
A minimum on these graphs denotes the best values of
V~ and Vg for each target element. No fit for the cad-
mium data was obtained in the range of the Vy and Vg
values used. The curves shown in Fig. 5 are o (0) for
best fits [see Eq. (3)$. The quantity 2x.tf(1 —cosg) is
also plotted to show the effect of charged secondaries.

The expected value of S equals the number of degrees
of freedom, which is three in our case since we have
measurements at six angles with three parameters to fit.

I I

8.7 6.7 6.8 8.88
l2
R coppER

S.I

9.2
75 —

70—

65—

0
QP

60—
O

55—

l7

I2

IIII 1!'I I, 'i I ll I iil, !III I ', .„11111111I! I !II, I ti, ! !I! I I ' I r I! I I II
'

\ !
&

I 'I I I 'I it Iit!i,tli I', ll 'tll I Ii I 'lilt ill! Qtg', 11 'It!1 lilt 'Ie2 ll I !"I', 1 11 I I I! !Il! I'! I i I 11 I i l~l, q r I I' l l t 11 I t 7.2
I ! I ll I lt I I ii I\ I I i' i' ll I I I! I ~I 111\ itli 1111 I ll I 11 I

li I !i ! 'I 11 I I
I I'1! I \ \ t '! I I!11 I Ill! \ I! \ !

I \ !111I II I I ii \ I I' \' \' I !Ii i iiii llii liii'!'! itl'iili'liil'i ii I II'I'ill!'I ii'I li I iiii'lili'»I't'ilii'I
l I III I 'I \ I It'I l I I, 1 Ill I I I!I I ! I \ I 1 I ii I I \

I 1 'I
l I I III I 'll I I II I !11 I I,

I!111 I 11 I I 111'1111111 ! I'I I II I I I!!!It\ li 'I ! I! '1 I Il I

II l6
8 8

'
I I!I I 11 1 I!Ii I il I I I I'I! ! I II I I I!I I !

t I ll it 'I I I
t 111t t I

t I I 11 I \ I! I I I !I II I! I
'I II I I I

I I i! ii! I
,

'I I I 'I II 1 I I I I I 11 i ! \ I' I I ! I I II I i,i I 1 I I\ I I
t t 'I

ill I I
I t 'I

11 1 I !
I t I I I' 'I I ! I 1 I I' I

I I I, I I !
I \

I
1 i I I I l, l, I i I I I I' I I li l, l, I I I I I it I I It ! !i I I I' I I 1 i I I I' ! !1 i I I I' I ! !i , I I I I |"it i' I,! I

I!'I'llii'i"'I'I' i i'i li I ii'I'I'il!'I i!'I ii I'llil'I ll'I'il I'i ll'i li!'ii I'i!!I I'll't'I, 'I! i. I!i!

8, I tI~ \I ll ill I Ii 1 ii I'It'!~It/It Illili I ii 1111 !ill ii I ill! I ii ! 11 I ''IiglIIAitlt'I 7.8 I3
S I\ 1111'I It I ii ., III I I i!/It i IIII I 11 ill II I 'I li I ill! I li \ I 'I ill! I ',

I ttftt I illi I
! Ii ~,I I I ! 11'll I it 'I ' Ill! 1 'Ii'I ',

I IIII I I 11!I! I 11 i!'I! ' ! i'III!tati!! I 'I t I! 8 8
i I I 1111 i ! I I III i!!I 'I Ill

!'!i 1 1111 I '
I \ It! I I \ I I I

I I I
1 \ I 11 !111 I I ii I I tli I!! \ It ill II I \ I! I I 11

i 'I ii, I'I ll ', 'I l'I l'I li, 'II \ Ii!15 ii I\!'I
!

I I I ii ii! !
I I I 11 I t I! t 11'I'! l

l Il I !11 I t t! I I 11 ! !11 I I lit 1 111 \ 11 I I ll I 11!! I it! 11 I I I
I ! i, I 1

i!I ll'! Ill I I li !ilil I' Iiii I ii' I li I li'I I ll lili'i ii!1 I ll I li I I ill I I, 'I I I'i 1til I I! I i! I i! i'!Ili'I l!IIttiIIIttitI itllltltiittt tt IIII IIIIII'tIIttlJH. , )*11111 'I, 'Il IIIII! I It I~i! I lilt t ii+Iit'I tilt \

III+I�

!III!\ I!i!%@till \11!Itrti!Qi I \11! ies tetII I I!II'1 I il'I I, I ill! I I, I 111 'I IIII !'ll I 'I IIII.PI i! I iilltl! I !ill 'll'~ l~I' till 'I I - I I! 7.9 I?
fI 8, li

I!Ill�'

Ill! I ' I! \
' 1111 WI 'I 'll ! I I\. I'I ii 'I ill!, I!!i!I11 I IQ, I ill!'I II ! i 0 .

I \ i ii, I! II ili ii I I li'I it I i
I I

I' ll lilt i!III I I i!
i i i iii i I« I ii'I I

I I iiil i ii I ii' „i li' I I I', I il'i il I!'l l'I! I I I I 'I 'I 11 I I! I I
'I it li 'I 'I I I I t t I 11 t I I 'I ii I I I'111&! I'l I! I I I

I 11 I I

i i lili iiii iili I litt !ill i i. I 'i i iiii I'iil i llil iili li! i i ii I!i i, ll,il! i liii I li 1 ilil I ii i ill!I!111 \!it I li ' III! \ tt IIII I'I II I 11 I Ii \ Ill! !lit I 11!'I!It I I
I I II I It! I Ii I IIII ill I 11!! I ti, !111, I! I!Ill! ll I i!1!I! I II! I III II I I I I 'il I!1111!I II I I I!

1,
"s '' so ) 4 . 'vL'6', 'I,'ll IQ, gt ! Ill'I! II I'!. lait II I\ ' t \ I'll \ ii! II 11 I Itgt, ~l \'

I I I I
I di t+ I I! ! !

I 'I I II I' \
!

1 I ill, l! !r I \
I

I' I 1s QI I il I I I i i IQ \, !!Il I I 11 1 I it! !
I + ' + ' ! Ittl Il il 1 II i! Irl Ii il tttlgal I! iil! 11!'! Ill 11 11 t~ j'y 8.5111' itli i!1!Iii IIIIIIII I til l!1 I I 'il! 1111! III IIII IIIII!II'I IIIII '~I! II II I, '

I IIIIIII it II 1111 I ! I! I! I,li I I I I 8
'\; I 'll I ', 'Il I ii ! i I Ii'll I 'll I

'I' ! I 'I
I I I! I i ! I i i!, 'I ! & I '

I I I ! Ii t I !i I !
I I I I "'I I'

I 1
'I 'll'I Ill '! tl I I! I !II!I! I i I I I ! 11!11!I I !I I! 'I It!! ! 'I I! I I ''I I ! 'I

!I il I i ll I ii, I liii I!I! i il'I i il I I!i!I!'ii'!! I!I! i !i!I li i it I li i I il 1 I! I lii I ii I!.

138Ii . I 'I I II I'ti'rII 1 It!In It Ii \ I ! i ii I'\ iili \ ii I I I li !lit'I ti I II! I I I . Il'll\ I I li I 11 I I I'I l I I
I

'I
11 ! 11'1 I' \

I I i! lit il i I II I lilt! 11 i I it !
t I t i!i ! I I 1 I

,
'I I! Ital ', 1111111I Ii I \I ! .111 I! ' \I i Iitlll li llli I lit i I ii I ti! Ii I 11 I I, i!I!i11 I !i', l

I i! I I I
t I

'l
l I I 11 I 11 I I ! I '

I I ! ' I I I
I I III 'I !I i i I!1 11 I I II I lit I I II t I !I I I I i I '

t I I !I'11! 'I I
I I 11111! t' I t I !I! I !I! 'I! ! I'I !

I I 11 111!I t !it it!1 'I I II i I t I! I I I I I I 11 \

I
\111 I QI Ih 11! 11 !tip '+1 I, !', 11~ IQ \I I lilt 'I li I ill! 'll\ Igloo 'll'I I \I! Ii 11 \, II !' I2 7.9 If

S 0 0I! !I I II I I I I '
I I i! 'I !I' I' I I! I I 1111 il Ill I ill lilt I ii liliii it

1 11 1 I it 'I I
I \ t I I I I !

I I !I! 't'I'I i'iil I'till'I t:i'i I'1, IIIIII'I ll'I ti'i'itil! il i !i I'i il'I'it't" lii tl !
I i i I i!1

11,1 !',i liil !it i'i »'Ii'I I.II'I liii'I ii'i li'I ilii'I ii'I llii'i il'i i I ' ll I I 'i i:,I I 'I.
I 'I !111'I ! I, I, 't 1111' \ll'I Ill!i! !lit!111&I 111'I "\'I! 'I ! 11 'I I iiii I 'll'

\ lI I 'lii I I !'\ 111 I \ 11 \ 1111 I ill 1 Il Ill!I ' !l l !'! 1 \ ! \ It\I till I'11 1 tl I!'lI ' \ lilt I ti 111!I I! \ I, ! Iili
\! I I Iiit 'lilt 'I 'll I ill! 'Ill! SSt I titi lilt 'I liliiiiit ll I, I I I 'I I, I'ii 'I

I 'I 'I I ~ I 'I 'I I '
\

'I ! ~ I I iIt'II I
'l
l I I 'I

l i I I I ill I I t~tltI t t t I I \1 \ \ I I I tl t 'I 'I Ii I 'l
I I I !i~& t I I I!1' ~ 0

il! i,ii iiliii iili iili ilil i ll I IIII'I !it llii till IIII'I !iil llli' ll i il i lti
I I 'I I 'I 'I

I I I 1 I I I 1 I I I '! I I 1 I ! 'I I I 1 I I I 'I I I I ! I I I
' \'1,!I 111 i i I I ill iii i, 1 iil I ili I i ii I itii i il I ii t I i I!!il I I i i il i i i!I'

I I ll i I I i i I li ! I I i i I ! It i il I i i I li I I i I il I i I I iI I I, tl 11!
I

'I t !1111ti illitt II I i!it!I t
I »ttI t li! '111 ti'I, 'll

I
\ I I I ~ it I I I/I'+tllll i!it I li'I lilt I li I \I I itll I \I I ii 'll II I tl~3 8,20 I I I! Ill I I, 11 I !1111I 11 I 11 I t I I I 11 ii!1 I I II I ! I! I feI!' I'iii! !I! I t I'll 1111 I lit! !tli'I ii I 'll t I li i it \ !i i!II I

'I ii I P
I I il ' i I

I \ \ I I) II I I 11 \ 'Ill I I tl. I \I \ I II I I I! I
!

I ! \
' I \ill' 111 ' I ill t I il'I I I lllili

I'I'i'I i!'i il! i I! I il'i ilt! I ll'I il I ii'!''I I'l l! 'I ii
I 'i

!
I I !i I

'I 'I

l t 'I i I,'! I I I I I I I I !11 i !Ill I I! I I !II 'I I I 111I I

3 I
' 'till! Iti '! Ill ill! Il! t I~I rttI! 1111 I I~' ~

0 IR i I'111 I !ill i it l, ii'i il i!ii 1 I ! ii I il'i I'a
Iiiiiliilii. «iiiiili !iill iliiiiil'g\! Ill! IIII ! I! 'I !1!1II I I \ \ II!!'I \ Ii 'l, l

95
8 8

I,!ill I ii I.I)I I!11!I,

20

FrG. 9. Contour graph of
S Lsee Eq. (5)j as a func-
tion of Ug and VI for
copper. The solid curve
represents the S=6 con-
tour. The correct Ug and
UI pair should lie within the
shaded portion.
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ALE II.The real and imaginary potentials and the absorption
and diffraction cross sections. Sis defined by Eq. (S),

gaby

Eq. (3).
90—

13 13 13

I I

eu, oMiuM

Ele-
ment S
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Al 2.8
CU 13
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942ai65

1674

8,8 9.4
80 —~

11 l2
8 ~

70—

8.2 9.5 I I I I 12 15
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To estimate the errors in Vy, Ug, g„rg, we used the
contour graphs of S. The correct V~ and VI should lie
within the S (=2S expected) =6 contour (see Figs. I—9).
The best-6t values and their estimated errors are listed
in Table II.

IV. CORRECTIONS
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8

20
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The good-geometry data were corrected for multiple
Coulomb scattering in the targets, while the poor-
geometry data corrections were shown to be negligible.
In making the corrections, we modified the method
outlined by Sternheimer. From the measured cross
section we subtracted the quantity (1/1Vt)(1 —F). F is
given by

PO

~(p')f(p'ro') p'~p'
Po

n(p') p'dp', (6)

V. DISCUSSION

With our limited amount of experimental data on the
pion-nucleus cross sections, we did not think it feasible
to attempt to determine all the parameters Vg, V~, g, ro,
and a. Instead, we assumed that the distribution of
nuclear matter in nuclei is approximately the same as

in which N(p ) is the density of particles per unit area
on the transmission counter (counter 4) with the target
removed; p' is the particle radius divided by the counter
radius; ro' is a function of the pion's energy, the thick-
ness of the target in radiation lengths, and the distance
of the transmission counter from the target'; f(p', re')
is the probability that the scattered pion strikes counter
4 for a given p' and ro'. F was obtained by numerical
integration using the IBM 650 computer. The correction
values and their estimated errors are listed in Table I.
The errors on the corrections are due mainly to indeter-
minacy in the measured beam shape, e(p'). We calcu-
lated the corrections using the maximum and minimum
possible values of e(p') to estimate the magnitude of the
corrections.

The accidental correction was u=(2~1)% for all
runs. The muon correction was P= (4.0a1.5)%%u~. The
corrected cross section is given in terms of the measured
cross section by

tr (corrected) tr (measured) (1+tr)/ (1 P) q

ol
0 (corrected) ~ 06&(measured) ~
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FIG. 10. Contour graph of S Lsee Eq. (5)g as a function of Vz
and Vq for cadmium. No 6t was obtained in the range of Vg and
Vl values used.

the charge distribution, so the nuclear radius parameter
ro and the falloff parameter u are determined.

Another limitation on the interpretation of the results
of this experiment stems from the fact that in the
"good" geometry measurement we had no experimental
criterion to determine whether the scattering was indeed
elastic. From differential scattering measurements
performed at lower energies" and on theoretical
grounds" there is sufficient evidence to indicate that the
di6raction scattering is the dominant effect at small
angles and that the inelastic contribution —the "quasi-
elastic" and the "direct inelastic" scattering —becomes
appreciable for angles 0 greater than the first minimum.
Since our good geometry measurements extended well
into the 6rst diGraction peak, we feel that it is justidable
to neglect the effect of the inelastic contributions.

The theoretical values for the optical-model potentials
as calculated by Watson and Zemach' are Vg =30 Mev
and VI ——45 Mev. The method used to calculate the
cross sections from potentials was sensitive to the sign
of the potentials because of the interaction between the
nuclear and Coulomb terms. However, in our calcula-
tion only positive potentials were used and no attempt
was made to Gt the data with negative potentials. The
experimental values for VI are in fairly good agreement
with the theoretical values, as can be seen from Fig. 11.
However, experimentally Vz increases with increasing
atomic number to values far above 30 Mev (see Fig. 11).

Actually one might expect some deviation for small
A (atomic number), but the agreement should be better
for large 2 where the assumptions of the optical model
are more meaningful. Since our results give better

'0 R. M. Edelstein, %. F. Baker, and J, Rainwater, Phys. Rev.
1ZZ, 252 (1961).

'1 T. K. I'owler and K. M. Watson, Nuclear Phys. 13, 549
(1959).
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by electron scattering experiments are F0=1.08)(10 "
cm and a=0.53)&10 "cm. Due to an oversight on our
part, the values that we used in our calculations to
determine the experimental V& and Vz were r0=1.14
X10 "cm and a=0.45&&10 "cm. Using a smaller value
for the radius in the calculations, however, would only
be in a direction to give a larger experimental Vg value.
The falloff parameter a has less effect on the potentials
than ro. Therefore, we believe the disagreement between
the experimental and theoretical V~ would be as great
or greater with the ro and c from electron scattering
experiments.

In summary, if we accept the nuclear parameters as
approximately those determined by charge distribution
measurements, then the results suggest that the effective
real pion-nucleus potential is greater than that pre-
dicted by theory. ' If we assume the optical-model
potentials are correct, the results indicate that there is a
different pion-nucleus interaction volume than that of
the charge distribution.
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