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. DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ABSTRACT

1, Total (n*,p) and (p,p) crose sections in the momentum range
1.4 to 4,0 Bev/c are presented, These measurements, with an accuracy of
approximately 26, were made at the Berkeley Bevatron by using counter
techniques, Pions vere distinguished from protons by means of a gns-filled
Cerenkov counter, The (a',p) total cross section was found to be almost
constant above 2.0 Bev/c at a value near 29 mb. The (p,p) cross section
decreases gradually from 47.5 mb to 41.7 md over the momentum range covered,

2, Transmission measurements of & -nucleus and p-nucleus cross
sections in bothvgood and poor geometry were made at 3.0 Bev/c, The
results are compared with the predictions of the optical model. In contrast
to most previoﬁe vork at high energies, an essentially exact solution of
the wave equation for a potential well with a diffuse edge was used, The
valuee of the imaginary part of the optidal potential that best fit the
experimental data are in good agreement with the predicted values., No strong
conclusion regarding the real part of the potential was possible., Absorption
and total elastic cross sectiong for Be, C, Al, and Cu are presented, The
total elastic cross sections from this experiment disagree with Wikner's

for s -macleus scattering,
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I, IRTRODUCTION

The pion-nucleon total cross section i8 well knowm for pion
momenta belov approximately 2.0 Bev/c, but little accurate deta are available
at higher momenta, especially for x"-p scattering, We present here the
results of a measurement of the totel a'-p cross section in the mamentum
range 1.4 to 4.0 Bev/c.l Total p-p cross sections were measured eimultanecusly
in the same momentum range. TheSe measurements, with accuracy of approxi-
mately 26, vere made at the Berkeley Bevatron, by using counter techaiques,
and are part of an experimental program wvhose objective is a detailed
knovledge of the pion-nucleon interaction above 500 Mev,

It vas alsc poseidle in this experiment to measure cross sections
for several heavy nuclei with the same equipment used to measure the total
x*-p and p-p cross sections, This was done at 3,0 Bev/c for Be, C, Al, and
Cu with various geometries, The results are used to determine best-fit
values of the imaginary part of the nuclear potential, which are then
compared with the predictions of the optical model,

In contrast to most previous attempts to meke fits of this type
to high-energy scattering data, those presented here were made by using an
esgentially exact solution of the wave equation for & complex potential
vell with a diffuse edge. This was possidle through the use of a high-speed

electronic computer (the IBM TOL).

IX. EXPERIMENTAL METHOD AND EQUIPMENT

A. General Description of Method

In these measurements, a beam consisting primarily of a mixture
of positive pions and protons of well.defined momentum was collimated by
means of & counter telescope., Pions were separated from protons electronically

by use of a gas-filled Cerenkov counter. This allowed simultaneous
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measurements of pion and proton cross sections. After passing through the
monitor telescope, the beam was allowed to strike an ebsorber, The fraction
of beam transmitted was determined by means of a counter placed after the
absorber, The apparent cross section is a function of 6, the half-angle
subtended by the edge of this transmission counter, In the idealized

experiment we are discussing, the apparent cross section c(6) is given by

a(6) = - I Log N/Ny, (1)

vhere N/No is the fraction of beam transmitted for a particular value of
6, and nx is the number of nuclei per cm2 as seen by the incoming beam.
The expected variation of o(6) with the solid angle subtended by the
transmission counter is depicted in Fig. 1, At very small angles the curve
rises sharply because of Coulomb scattering (portion AB of the ourve), As
@ is increased, & point is reached vhere most of the Coulomb scattering is
contained, but the majority of particles undergoing nuclear interactions
are scattered out of the cone subtended by the detector (Point B), It is
instructive to note here that the slope of such a plot of o(6) ve solid
angle in the region BCD is (d“/dn)el’ the differential elastic cross
section.2 At high energies the elastic scattering is stroangly peaked
forward, with an angular distribution characteristic of diffraction
scattering., Most of the elastic scattering is therefore confined to angles
< (kR)'l, vhere k 18 the wave nuﬁber of the incident particle, and R
is the radius of the nucleus, Thus, for 6 >> (kR)'l, the curve for o(@)
is almost flat and approximately equal to the inelastic cross section
(region DE in Fig. 1); |

Measurementsof o(6) in this experiment were made over this entire

range of angles for beryllium, carbon, aluminum, and copper absorbers, with
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3,0-Bev/c pilons and protens, Forvhydrogen, measurements were made only in
the region BC in Fig. 1 beceause of the large angles involved, This part
of the curve can be extrapolated to @ = 0 to give the total nuclear cross
section.

The technique used for the hydrogen and heavy-nuclei measurements
vere basically the same, Each measurement consisted of a cycle of runs
with target full (or target in), preceded and followed by target-empty runs.
A complete cycle generally lasted about 4 hours., Successive runs were
compared for reproducidbility to check equipment operation. Freguent checks
vere aleo made with a test pulser, |

B. Bean Geometry

The over-all experimental arrangement is shown in Fig., 2. It is
unusual in that the gpparatue was set up on the inside of the Bewatron
ring in order to obtain a positive pion beam of as high.momentum as possible,
The production of bigh-energy particles at the Bevatron target is strongly
peaked forward so that it is necessary to take off a hi@-eﬁery beam at &
small angle from the circulating proton beam. The positive secondary
particles are then bent inward toward the center of the Bevatron by the
magnetic field, In this experiment, the take-off angles ranged from about
+10 deg at 1.4 Bev/c to -15 deg at 4.0 Bev/c (positive angles measured
outﬁard avay from the center of the Bevatrom), |

The orbits of the particles in the Bevatron were determined
through an IBM-650 computer program, together with measured magnetic field
profiles, At each momentum, rays that connect the target and point P in
Pig. 2 were found, essentially by a process of trial and error. The
currents required in the 12x60-in. bending magnet to deflect these "rays"
through the proper angles were then determined by vire-orbit measurements,
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Conerete shielding, only some of which is shown in Fig. 2, vas
used to minimize background in the counters, Where platform loading
limitations prohibited the use of concrete shielding, paraffin blocks were
used, Extensive magnetic shielding (not shown in Fig. 2) reduced the stray
magnetic field aloné the beam line to a negligible value, This stray field
without magnetic shielding varied from e few gauss to a few hundred gauss,
depending on the proximity to the Bevatron magnet yoke,

Immediately following the.lszO-in. magnet was an 8-in,-bore
doublet gquadrupole whose main function vas to increase the s0lid angle
accepted by the counter telescope. Following the guadrupole was an §-ft
iron collimator with a 2-in, bore. This stopped most of the beam particles
that miseed the firet monitor counter (Ml) and also provided magnetic
shielding for that part of the beam line closest to the Bevatron magnet.

A second bending magnet with an 18x36-in. pole tip was used to bend the
beam eway from the Bevatron structure, This considerably simplified the
hagnetie shielding problem slong the latter part of the beam line,

The uncertainty in the heam momentum is estimated to be about
+2%, The momentum spresd in the beam was +2.5% about the central momentum,
Most of this epread resulted from the change in the Bevatron's magnetic
field during the time the proton beam was spilled onto the t&rget (150 msec),

C. The Counter System

The nmonitor telescope consisted of scintillatien counters xl, Ha,
and M3 end a gas Cerenkov counter C, All scintillators consisted of
machined 4iscs of polystyrene with 3% terphenyl, Counters M, and M, vere
sech 1.5-in. in diameter; M, vas l-in. in diemeter. The totel length of the
monitor telescope was 16-ft. Construction and operation of the gas Cerenkov
counter have been described elsevhere.3 In this experiment it was filled

with sulfur hexafluoride to a pressure of 10 atm (absolute). This gave a
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threshold'velocity of 0,992 ¢ and alloved a complete separation of pions
and protons over the energy range of this experiment, A Quadruple coinci-
dence in ¥,, M,, C, aod M, was required for a pion, and a triple coincidence
between Ml, ma, and M3, with C 4in anticoincidence, was required for a proton
count.,

Absorbers were placed in the beam behind MB. The fraction of the

beam trensmitted wvas measured at three solid angles simultaneously by

scintillation counters 81, 82, and 8 An additional coincidence in so

3
vas required to keep accidentals to a very low raté. Counter 80 and the
transmission counters 81, 82, and SB_conaisted of discs of plastic
scintillator 1/2-in, thick, viewed edgewise through lucite light pipes by
RCA type 6810A phototubes, The phototubes were carefully shielded agaiﬁat
stray megnetic fields, These counters ranged in diameter from 4.5 to 12

- inches, Each was tested for uniformity of response over its entire area
with a beta source., By suiteble treatment of the internal reflecting
surfaces of the counters, it wvas possidle to reduce the variations in pulse
height to less than +15% between different parts of the counter. To ensure
an efficiency near 100%, all counters were operated at voltages such that
coincident pulees were ebout twice as large as required to drive the
coincidence circuits to saturation,

D. Electronics

Conventional electronic techniques were employed, The coincidence
circuits were of the type described by Wenzel;h with the clipping lines
used, the resclving time was about 6x10'9 sec, The output of the monitor
coincidence circuits was used to drive a discriminator-amplifier that
provided a shaped pulse used as an input to s second coincidence circuit

vhere s coincidence with So and 81 (for example) was required, Hewlett-
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Packard Type 520A prescalers followed by conventional 1000 scalers were
enployed, These prescalers are capable of counting up to J‘.O7 pulses/eec,
Our instentaneous counting rates ranged from 105/ sec to 1.02/ sec, depending
on the beam energy.

Beveral extra coincidence unite and scalers were used to monitor
various types of sccidentals., Generally these were quite low, In particular,
the accidental rate in the Ceremkov counter never exceeded 2% of the
counting rate for pions,

E. The Hydrogen Target and Other Absorbers Used.

The liquid hydrogen target used consisted of a 48.in,-long Mylar
vessel 4-in. in diameter, ILiguid hydrogen was supplied by gravity feed
from a large reservoir directly above the target vessel, Both reservoir and
target vessel were surrounded by a heat shield at 1liquid nitrogen temperature
and enclosed in a vacuur. The construction of the target is described in
detail in Ref, 5,

The density of liquid hydrogen et its normal boiling point is
0.0710 g/cm3, from date in Ref, 6, From this should be mbtmc’b.ed the
density of hydrogen gas8 in the empty target, The temperature of the gas
was assumed to be that of the liquid, 20.3° K. The density of hydrogen
gas at tais temperature 1s 0,0013 g/cms.’

The other absorbers used were machined blocks of beryllium,
graphite, aluminum, and copper, whose purity exceeded 99%. The thicknesses
of the absorbers (listed in Table II) were chosen so that multiple Coulomd
scattering corrections would be small for the smallest angles st which

measurements were planned,



I1I, TREATMENT OF DATA: CORRECTIONS

A, Calculation of Cross Sections and Statistical Errors

The gpparent cross section ¢(6) for a given geometry was
calculated from
o = -(/ex) dog [i8pyflemrg] (2)

where (S/M)F and (S/M)E represent the ratios of surviving pions (or
protons) to monitor counts with target full or target empty, respectively,
The numbers of monitor counts and of surviving pions both were corrected
for accidentals where necessary, As mentioned previously, these corrections
were quite small,

The standard deviation in ¢ is given by

1/2
oo - (/) [ Vop - Mg 1o - 1| (3)
The statistical errors in the cross sections were generally approximately

1%, Statistical anslysis of the reproducibility of repeated runs showed
a small fluctuation outeide of that expected from counting statietics,
The probable error in & single measurement was found to be 4+ 1.4 in
addition to the statistical error,

B, Corrections for Multiple Coulomd Scattering

When the angle subtended by the transmission counter is msde small,
the observed cross gections rise sharply because of the loss of particles
by mualtiple Coﬁlomb scattering in the absorber, Where necessary, corrections
vere applied to the data by using the method described by R. M, Bternheimgr.7
He aseumes that the Coulomb scattering has & (aussian distridution in angle

with an rms space angle

0me = (Bg/Bpc) Wiea (4)
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vhere ES « 21 Mev, p and B¢ are the momentum and velocity, respectively,
and L/Lrad 18 the thickness of the absorber in radiation lengthe. In
attexpting to correct the experimental points most affected ﬁy Coulomd
scattering, we found that if this value of erms vas used the corrections
were too large - the corrected values of o(@) fell vell below the trend
established by the pointe at large 0 where no corrections were necessary.
We found that the value of 6,ps from Eq. (&) had to be reduced by 30% to
obtain good over-all agreement.a

Even with this nodification the results vere not always completely
satisfactory, so that these corrections were assigned an error of 4+ 25% or
more, depending on how well the beam distribution at the transmission
counters was known, These corrections were important only in the loﬁ-
energy hydrogen date when the s0lid angle subtended by the transmission
counter was emall, It was found that no corrections were necessary to the
heavy-element data at any angles at vhich measurements were made. Further-
meore, the effect of the large error assigned to the Coulomd scattering
corrections to the hydrogen data was to minimize the statistical weight of
the small-angle points, 8o that the latter had little effect on the

extrapolated total cross sections (see next section).

c. Extgggplgtion of the Hydrogen Data
%o Obtain the Total Cross Section

Fgr hydrogen, only the total croes sections for nuclear scattering
vere to be measﬁred. To obtain an accurate value it is desirable that the
solid angle subtended by the transmission counter be as small as possible,
80 that nearly all the particles undergoing muclear scattering are removed
from the beam., An effective lower limit is set by mmltiple Coulomd
scattering at emall angles; however; so in prac¢tice a emall correction must

be applied to the measured cross sections because of the nonzero solid angle
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subtended by the counter., This was done by taking measurements at several
solid angles and extrapolating the measured cross sections to zero eolid
angle. A linear dependence on solid angle was assumed. From the discussaion
in Sec, II-A, the slope of the extrapolation is (d,a/dn)el plus a contribution
due to the detection of charged secondaries, Neither term is expected to
vary significantly over the range of angleé involved (0 to 2 deg).

Data were taken at six solid angles ranging from 0.6x107> to
h.2x10"3 sr as measured from the center of the hydrogen. After corrections
for multiple Coulomb scettering were made, no significant deviation from
the expected linear dependence on 80114 angle was obeerved. The extrapolation
yielded total cross sections about 2% higher than the experimental points
at intermediate 20lid sngles,

D. Contamination in the Beanm

1. Contamination in the Pion Beam

The gas Cerenkov counter provided a very useful means for
determining muon end electron contamination in the beam, If the gas
pressure in the counter is raised gradually from a low value, first the
electronsgyéginuto#count, then the muons, and later the pions. In this
case, because of the small difference in velocities, it was possible to
separate the nuons and pions only at the 1awer energies, Figure 3 show
the ratio of MIMQCM3 coincidences to M1M2M3 coincidences plotted against
the index of refraction of the gas in the counter, for a beam momentum of
1.8-Bev/c. The threshold for 1,8-Bev/c muons and pions is also indicated,
It is apparent that the muon contamination is small, probably less than
1% of the number of pions. The tail on the curve at low 1ndicés of

refraction i5 presumably due to electrons,
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a, Calculation of the muon contamination.

A curve such as in Fig, 3 indicates only the fraction of muons
formed before the last bending magunet and thus having approximately the
seme momentum &5 the pions, Muons formed after the last bending megnet
have a large spread in momentum and so do not cauee & sherp rise in the
index-of-refraction curve, For this reason, the total muon contamination
in the beam at each energy was determined by calculation, To do this , the
beam line was broken up 1ﬁto segments, The prodability thet a pion will

decay between points x1 and xa is given by
B(X)) - M(X,) « K, [em(-X;/N)-exp(-X/N)] (5)

vhere A =P y ¢ % i8 the mean life in centimeters, It was then necessary
to determine the probability that the muon would come off in such a
direction that it would pass through the counter system, The contributions
of all segments vere then summed to get the fraction of muons in the beanm,

Because of the complication caused dy the Bevetron's magnetic
field and the quadrupole, it was possible to calculate the contridbution
from the region vefore the last bending magnet only apﬁraximately. Howvever,
it was found that the total yield from this region was less than 0.2%, Thie
low-yield figure ie supported by the Cerenkov counter curve,

The calculation for the region following the last bending magnet
was much simpler. Because there is no momentum selection, it is only
pecessary to calculate the 80lid angle subtended by the "limiting aperture”
of the system (either M3 or the transmission counter), This solid angle
is then transformed into the c.m. system of the decaying pion. Since the
decay is isotropic in this system, the probability of the muons' passing
through the counters is just 1/U4x times this s0lid angle, The only important
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simplification in these calculations was to neglect the finite diameter of
the beam. The maximum correction in the pion cross sections was 26, which
Justifies such a simplification,

b. Calculation of the electron contemination,

Another conteminant in the pion beam at low energies was electrons,.
From Fig. 3 we can estimate their number at about 3% of the number of pions
at 1.8 Bev/c, the energy at which the Cerenkov counter pressure curve was
taken. No measurements were made at other momenta because of limitations
on running time,

The major source of these electrons is the decay of !O mesons
produced in the Bevatron target. These mesons decay almost immediately
into two gamma rays, either of which can in turn produce an electron pair
in the target material. The probability of producing & pair is roughly
proportional to the available path length L in the target material,

It wes possible to calculate the electron contamination in the
beam at each momentum by using theoretical estimates of the yield of pions
produced in the Bevatron target.9 Briefly, the theoretical curves for xo
production were used to estimate the spectrum of high-energy gemma rays.
This was in turn used to calculate the electron yield from pair production
relative to that of positive pione., The average path length L wes calculated
by using theoretical curves for the distribution of the proton flux |
striking the target.l® The contribution of Dalitz pairs, estimsted to be
severél percent of the total electron yield, was neglected,

The calculated values of the electron contamination ranged from
0 to 3% of the pion flux, For the conditions under which the Cerenkov

counter curve (Fig. 3) was taken, the electron contamination was calculated

to be 2.7%, in good agreement with the value of 3% estimated from Fig. 3.
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An uncertainty of +50% vas assigned to the calculated values,

2. Contamination in the ?roteza_ Beam

Any Veam particle that did not count in the Cerenkov counter was
classed as & "proton.” This would include K* mesons and heavier particles.
Data of Burrowes st al, at 1,75 Bev/c indicate a yield of spproximately

10 protons incident on their target, vith a momentunm

six K* mesons va 10
acceptance of +2h, and an estimated solid angle of O.leo'3 er. 1

Compering this value vith the proton ylelds observed at 1,73 Bev/c in this
experiment, one obtains a ratio >1!:>3 protons per K*. Thie ratio can be
expected to be still lasrger at higher energies,

If the gas Cerenkov counter and the associated anticoincidence
circuits were not 100% efficient in removing pions from the proton channels,
the result would be an effective pion coﬁtaminatien in the "proton beam."
No experimentsl means of checking this was availeble, though the flatness
of the index-of-refraction curve (Fig. 3) at high indices indicates that
this counter is nearly 100% efficient when operated in coincidend. The
efficiency in anticoincidence was therefore essumed to be 100% fg, and
the errors in the proton total cross sections incresced correspondingly.

E. A Summery of the Sources of Error Considered
in Assigning Exrors to the Crose Sections

The following sources of error vere taken into ac»cpunt in
assigning errors to the total cross sections, All errors were combined
in quadrature,

(a) BStatistical errors in the measurements vere considered,
These were generally quite small (s 1%). The quoted errcrs also include
the fluctuation outside of statistice which was observed in the data,

(b) At each energy and solid angle all the runs were averaged
end the errors combined., The cross sectione were then corrected for

multiple Coulomd scattering, and the uncertainty in thie correction was
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combined with the other errors,

{c) The uncertainty in the extrapolation to zero solid angle was
taken to be equal to the uncertainty in slope multiplied by the average
solid angle,

(d) The final error in the pion cross section also includes the
uncertainty in the electron contamination in the beam., Errore introduced
by the uncertainty in the muon contamination in the pion beam and k*
contamination in the proton beam were considered negligible,

(¢) Errors in the proton total cross sections aleov include the
uncertainty in the efficiency of the gas Cerenkov counter and associated

electronics, as described in the previous section,

Errors in the hemvy-nuclei cross sections include only statistical
errors, and errors due to the fluctuations outside of statistics, as
described sbove, Bystematic errors that raise or lower all the date points
together are not included in the quoted errors. These are thought to be
< 2.

IV. EXPERIMERTAL RESULTS

A. Total Cross Sections for Positive Pions and Protons on Hydrogen in the
Momentum Range 1.4 to 4,0 Bev/c

The measured n"'-p and p-p total crose sections are listed in
Table I, and plotted in Pig, 4 as a function of beam momentum, Smooth curves
have been drawvn to show the gross features of the momentum dependence.
Results from other experimenters are also shown for camparison.lg In general,

the agreement is good in regions where an overlap occurs,



Table I, Total n' ,p and p,p cross sections,
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Mementu czu" p) o(p,p)
v/e) b} (ub)
1.42 39.5 + 0.50 46.2 * 3335 |
1.60 36.5 + 0.97 b5 ¥ 2002
1.73 30.3 # 0.42 4.2 * 0:32
1.89 29.0 4 0.75 w8 * 120
2.05 28.3 2 0.63 .37 oty
2.7 29.2 + 0.57 k5.1 7 g:ﬁg
2.97 29.5 1 0.53 ws * 008
3.58 28.6 4 0.46 43.2 4 0.43
400 27.8 4 0.53 41,6 4 0.62
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B. Cross Bections for Positive Pioneé and Protons on
Be, C, Al, and Cu at 3,0 Bev/c

The measured cross sections for 3.0-Bev/c pions and protons are
given in Table II as a function of A, the s0lid angle subtended by the
tranamission counter as seen from the center of the absorber. The estimated
errors are also indicated. ‘I‘hé minimum values of AR were such that
corrections for multiple Coulomd scattering were still negligible, and the
maximum values were such thet most of the diffraction scattering was
included in the cone subtended by the counter. ’

SBome of the beryllium measurements were made with two different
absorber thickhessea a8 a check on the method, The results are listed
separately in Table 1I, but the two sete of measurements were combined when
the data were fitted,

The pion cross secticns have been corrected for muon and electron
contamination as described in Sec, III-D, The method used to obtein total
and sbsorption crbsa sectione from the heavy-muclei data is discussed in

SBC. VI‘B.
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Table II, Heavy-element cross sections at 3.0 Bev/c
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Beryllium (16.5 g/cn’)

226,9 4,4
215.7 3.90
29,0  3.30
197.5 5.96
180,3  6.45
167.5 5.59
178.0  1.97
154,7 2,01
1.6 1.61
Beryllium (8.2k g/em)
19909 !‘588
181.2 4,54
171.9  4.53
Carbon (17.1 g[gm?)
267.9 3.85
auT .4 4,10
235.7 3.60
237.7 2.78
210,0  2.00
195.1 2,78
216.7 1.5
193.9 12.5
176.2 6.73
Alumimam (12,0 g/cm?l
sha, 12,2
488, 14,7
Lk, 12.2
439, 14,0
386, 17.4
355. 4.6

Copper (6,60 g/on’)
1665, 35.3

832,
772-
900,
T2k,
716-

36.6
34.7
27.0
34,2
26,1

p oy
o Lo
(sb) (mb)
283.3 1.82
265.3 1.64
258.3 1.61
252.4 1.62
224, 4 1.47
212.4 1,38
221,2 1,52
186.3 1,50
171, 1,48
252.9 4,70
223.5 5.58
211.8 4, 48
34,2 2,66
3124 3.50
302.0 3.18
297.7 2,24
257.5 1.82
242.8 1.63
265.0 6.30
22k .9 5.80
210.9 L,50
658. 7.6
582, 8.4
s5k2, 6.9
50k, 6.8
431, 8.8
. 6.3
120G, 10,0
586, 9.9
b7, 8.6
1091, 8.8
909, 13,8
881, 7.8
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V. OPTICAL MODEL ARALYSIS OF THE NUCLEAR CRO8S SECTIONS

A, Introduction

By "optical model” we mean that model in which the nucleus is
represented by a potential well, This potential may have both a real and
an imaginary part ae .well as spin-orbit terms, though the latter are not
considered here, With this description, the many-body problem of &
particle scattering on a nucleus is replaced by a soluble two-body inter-
action, Much theoretical work along theee lines has been directed toward
calculating these potentials, starting with a knowledge of the more
fundamental interaction with individual nucleons., An early result vas s
relation between the nmuclear potential integrated over the volume of the
nucleus, and the aniylitud.e for scattering by free nucleons, With reasonable
assumptions concerning the extent and shape of the nuclear potentiel, we
were able to campare the optical.model predictions with cur experimental
results, The method used and the results will be discussed in this
section, In Part B the relation between the integrated optical potential
and the amplitude for scattering by free nucleons 18 given, and the
integrated potentials are calculated for 3.0-Bev/c pions and protons, Part C
describes how optical potentisls yielding cross sections that best fit the
experimental date were obtained. Because it is impossidble to calculate the
best-fit potentials directly from the experimental cross sections without
using questionable approximations, it wes necessary to first "guess" a potentisl
and then calculate cross sections that were in turn compared with the
experimental values, The cross sections were calculated by an essentially
exact solution of the relativistic Schr8dinger equation. In Part D we
present the best-fit potentials and compasre them with the predicted values

obtained in Part B,
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B. Calculation of the Integrated Opticel Potentials
from the Interaction with Free Rucleons

1. General

For a given particle incident on a nucleus, it can be shown that
the optical potential integrated over the nuclear volume is proportional
to the forwerd amplitude for scaﬁtéring by free nucleons (as \avera.ged over

13,14

all the nucleons in the nucleus), The relation is

. o g
%/w(l)(;.’) a3ru-?-’§ﬁ- %— %rp(o)+ (1-%—)rn(o) , (6)

vhere w(l)(:-') 15 the first-order cptical potential at a point T in the
nucleus, E) the total energy of the incident pion (or proton) in the
laboretory system, B,* the total energy in the pion-nucleon (or proten-
mucleon) ¢.m, system, and M the nucleon mass; fp(o) and fn(o) are the
c.m, forvard séattering smplitudes for scattering by free protons asnd free
neutrons, respectively,

Equstion (6) must be corrected to take into account the effects
of the Paull exclusion principle, which cen reise or lower the effective
potentials depending on the energy of the incident particle, At low energies
it acts to inhibit collisions with emall momentum transfers, thus decreasing
the potentials (in sbeolute value’)v. At high energies thie effect is small
and is overshadowed by enother that tends to increase the optical potentials,
The latter effect is the mutuel repulsion of nucleons at small distances,
vhich keeps them spart and mekes them more effective as scattering targets,
At 3.0 Bev/c the over-all effect i& an incremse in the potentials of
approximately 156, S

For small nuclei, Eq. (6) must be further corrected for terms of
order 1/A which appear in a more careful derivation, These termsv do not

appear in the Boyn approximation, and wve shall hopefully neglect them, We
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shall also neglect & correction to the pion-nucleus potentisls due to the
possibility of direct absorption by two or more nucleons in the nucleus in
reactions of the type x4 P+n-=p+p. These reactions are important
at lov energies, but are not expected to play a significant role at 3.0 Bev/c,
Corrections to the proton-nucleus potentials due to the identity of the
incident and target particles are also expected to be amall.15

2. Calculation of Potentials for Pion-Nucleus Bcattering

For positive pions, we have fb s £(«,p), and £ = £(x*,n) = £(x",p)
by charge symmetiry. 'Cronin has used the total cross sections of this and
other experiments to cslculate from dispersion relatione the real parts of
the forward scattering amplitudes for pion scattering.16 Extrapolating
his results slightly to 3.0 Bev/c, and transforming to the c.m. system,

ve have

/Rﬁ» [f(u*,P)] = - 0,095; WL [f(x',p)] = « 0,26 fermi.

Using oT(u+,P) = OT(ﬁ‘,p) = 2.9 fermia, we bave

J&n& [f(u*,pq = 4A7k[f(a',p?] = E% 9p = 1.29 fermi.

This yields for Z/A I 1/2 the first-order potentisl

% .j‘ W (r) &3r = (39.5 - 286 1) Mev-rerms’. (M

The real part of the potential i1s therefore small and repulsive,

The first-order potentials must be corrected for nuclear
correlation brought about by the effects of the exclusion principle,
According to Watson aend Zemach,17 the optical potential correct to second

order is

ﬁau(ﬁ”-dﬁnq (1+12a5+4), (8)
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where U(l) - i lv(l)l is the first-order potential. For £ ® 1 we bave

(1) (1)
‘ U 'R v/ R
= ST A S Y (9)

The correlation length Rc is a measure of the correlation of nucleon
positions in the nucleus., Its value can be calculated for particular models
of the nucleus. For a degenerate Fermi gas model, R, ® - 0.k fermt 1T
(Regative values of R, correspond to an over-all repulsive interaction.)

18 We shall use the

Using the Brueckner model, we get R » - 0.63 fermi.
latter value. From EQ. (7), assuming a square-well potential of radius
1.2 A3, ve £1na 0l . 4505, |v(1) I = 39.5. This ylelds & = -0.02 and
AI = 40,125, and the integrated optical potenfial for pions, correct to

second order, is

1 j w2 (D)a3r « (38.8 - 3231) Mev-rorms3, (10)

3. Calculation of the Proton-Nucleus Optical Potentisls

Por p-p and p-n scattering, little is known about the real part
of the forward scattering amplitudes at high energies. The most accurate
data seem to be those of Preston, Wilson, and Street,lg vho find, at

3.8 Bev/ec,

2 [te)] ] soa - g [eem)]].
No data are available yet on‘]zh[f(p,n)] . We therefore assume, for
both p-p end p-n scattering,fﬁh.f] <<|Jlmf ' , 80 that for proton scattering
the real part of the optical potential is small compared with the imaginsry
part, BSince the fits to the experimental data are guite insensitive to the
real potential when it i8 small, the above assumption is sufficient for our

purposes,
Using cT(p,p) = 44,5 mb at 3.0 Bev/c (from Table I), and
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op(n,p) = 41.5 mb,%° ve obtain, from Eq. (6),
: J[ Vi (D)a3r = - 400 Mev - ferms3, (11)
for Z = A/2,

If ve assume that Bys, (8) and (9) for the second-order potential

are correct for protons as well as pions, then neglecting AR we have

% jv(a)(?)a3x e - 470 Mev-fermis.

C. The Method Used in Fitting the Experimental Data

1. The Shape of the Potential Well

In fitting the experimental data & process of trial and error
was used, A potential well was chosen, and cross sections calculated,
These cross sections were compared with the experimental ones, and the
process repeated until good fits were obtained.

In this method it is necessary to assume a shape for the nuclear
potential well, In the past, a square-well potential was usually chosen
to simplify calculations., This shape, however, is qQquite unrealistic and
usually leads to unsatisfactory agreement with experimcnt.m Data from
electron-scattering experiments are consiatént with a muclear density
distridbution having a Fermi ahape.az Bince the shape of the optical
potential is expecf.ed to resemble that of the nuclear density distridbution,
& Fermi well was used in fitting the data of this experiment., It was
further assumed that both the real and imaginary perte of the poteantial

have the same shape. The potential W(r) therefore has the form

U, +1V

0 0
W(r) =U(r) + 1 V(r) = AR (12)

vhere r, is the radius at vhich the potential drops to (Uo + 4 vo)/a

and a is a parameter determining the rate of fall-off, For a « Tgo
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the well is almost "squere.”

In the initial attempts to fit the data, it became apparent that
good fite could be obtained over a wide range of velues of the parameters
Uo ’ Vo, T and a, if all vere allowed to very., Increasing o could be
compensated for by decreasing U. and Vo ; decreansing a could be compensated

0
by decreasing U. with respect to V., It was therefore decided to fix r

0 0 o
and & at the values obtained in the electron-scattering experiments, The
-values used are listed in Table III, which also lists the values of Uo and
V, that yield the integrated potentials of Egs. (10) and (11), The
electron-scattering date for beryllium were fitted with a modified
'exponential density distribution 522 however, it wvas found that this could
be well approximeted by a Fermi distridbution with a suitable choice of T,
and a, Figure 5 shows U(r)/Uo for the potentiasl distributions used in
fitting the data. The modified exponential shape used in fitting the
beryllium electron-scettering date 1s also shown, Note thet for beryllium
U(r) must be multiplied by (0.62)'1 to normalize U(z‘)/t.?0 to unity at the
origin,

2, The Computer Program Used in Calculating the Optical-Model Cross Sections

The program used to calculate the cross sections is a modification
of that described by Bjorklund, Blandford, snd Fernbach.>> The originel
version of this program solves the Bchridinger equation for a complex
nuclear potential plus a Coulomb potentiml corresponding to & nucleus with

& uniform charge distribution of radius rQ:

Zea r 2
UCOulgﬁ-!:; 3 - ;g- t‘orr<ro, (13)
2
Ze
UCOuI”'r'" forr>ro.
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Table III, Well parameters and predicted potentials,

Kucleus o a <r2>1/2 'ﬁ;(ue%m;o(neﬂ %(M?SE%;(MWT
Be o.429  0.84 3.03 16.5 -137.6 %0 -200
c 2.25 0.45 2.k 7.0 «58.1 %0 - 85
A 3.01 0,60 3.22 6.6 -sk,9 %0 - 80
Cu h,26 0.53 3.84 6.6 -54.9 %0 - 80
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The resulting wave equation must be integrated numerically for each angular
momentum state, The complex phase shifts are then determined by matching
the resulting wave functions to Coulomb wave functions at the edge of the
nucleus, The differential cross sections for scattering at any angle. and
the total inelastic cross sections, can then be calculated,

The original version wes modified to treat relativistic particles
as follows:

(8) The original progrem solved the radial Schridinger equation,
[-;—é— %;(raa;da-‘r‘*l ]nwem [T-H(r)]n. (14)
It was assumed that the scattering of both pions and protons could be

described by the Klein-Gordon equation,ah

[-f-é;,-%(rzﬁ)#'—%g—ll}aw {(Ew(r))g-me]a. (15)
Actually, the Dirac equation is the proper wave equation for protons;
however, if spin effects are neglected, the Dirac equation reduces to the
Klein-Gordon equation.as Neglecting terme in (W/E)2 compared to unity, we
can revrite Eg. (15) as

[-35%6(1»2 ;‘%)Jf'l ] R = [92—2}}#(1')] R, (16)
where p2 = Ea-mz. Equation (16) has the same form as Eq. (14) with 2 =T
replaced by p2 and m replaced by E.

(b) The original version had to be modified to treat problems
in which angular momentum states with 2 = 100 were important, The
relativistic version allows £ < 200. Runnipg time for the 3.0-Bev/c
;bro’olema wvas 10 to 20 minutes,

As 8 check on the new version, another program was written

independently to calculate the scattering by a real "square well" using
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snalytical solutions. A comperison of the two programs for 3.0-Bev/c
pions shoved agreement to approx 0.2, vhen the fall-off parameter a was
mode emall in the Fermi.well case 1o approximate o sguere well,

3. Method Used in Comparing the Calculated Cross Sections
yith the Experimental Data

If ve neglect the finite angular resolution of the counter
telescope, it is expected that the measured crose section ¢(8) will have
the following dependence on the angle 6 subtended by the edge of the

transanission counter :26

6" =x

, 8a,,(6")
o(8) = —gf— 4" + g - 2% q (l-cos 8) (17)
0" =0 |

The first term is the cross section for elastic scettering at angles greater
than €; the second represents the loss of particles due to all inelastic
processes (absorption). The third term results from inelastic evente mt.
gitve rise to charged secondary particles that count in the tmnmiaeibn
counter and so lower the appe.rent cross section, We assume that for angles
at which messurements were made (0 < @ < 6 deg) the differential cross section
for producing charged secondaries, 1y, ie spproximately constant, so that this
term is pmportiow to the s0lid angle subtended by the transmission counter,
2x(1 - cos 6), The proponiomﬁty constant 1 cen be determined for each pair
of U, and V, by a least-squares fit to the data, with the restriction that
n be positive,
If the finite angulsr resolution of the counter system is teken

into account, BEq, (17) must be replaced by

%

do_,(8'
a(8) =4[ -—%ér—iﬂ(e,e') ant +ca-2aq(1-coae),' (18)

where X (0,68') is the probability that s particle scattered at an angle
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9* will miss the transmission counter, 7T (9,0') wvas ca.lcuiated for each
value of @ and 8', by using the measured distributions of beam particles
at the transmission counters,
In fitting the experimental data to the functional form given in
Eq. (18), all caleulations were carried out in thé c.m, system of the
incident particle and the target nmucleus, This merely involved transforming

the angle 6 to its corresponding angle 6% in the c.m. system,

For each pair of Uo and Vo , & value of Xa wvae determined, vhere
LA OO »
2
” ,Z meagﬂ cale . (19)
meas
i=l

2 is approximately equal to the mumber of

For a "good fit," X
experimental points minus the number of fitted parameters,

D. The Results of the Anslysis: Comparison of the Best-Fit Potentials
with the Predicted Ones

Figures 6 and 7 show plots of %% vs Vo for Uo £ 0 as theory
predicts, V(r = 0) = 0.62 V, has been plotted for beryllium for easier
comparison with the other nuclei studied., Considering the uncertainty in
the predicted values, the best-fit values of V, are generally in good
agreement with the predicted ones, The predicted potemtials seem to be
slightly low in the case of pion-nucleus scattering. There also seems to
be a substantial disagreement between the predicted potentials and the best-
fit values for both pions and protons incident on copper. This i8 as yet
unexplained.

2

1f Uo is kept fixed, the minimum values of X

be ebout 7 for Be and C, and about 4 for Al and Cu, corresponding to the

are expected to

two fitted parameters Vo and 1n. The values obtained were generally
somevhat larger. The explanation for this is discussed below,
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The varistion of X° with U, was also studied. Figure 8 shows &
plot of X° va U for positive plons scattered by Be, C, AL, and Cu muclet,
For each value of Uo the imaginary potential Vo wvas adjusted to give a
2

minimum in X~ . It can be seen that the fits are improved somewhat if Uo

is made approximately equal to Vo in absoclute velue, The predicted values
of Uo from Table III are indicated by arrows., As mentioned previously, the
fits are not sensitive to U, when Uo 16 small, Results for the case of
incident protons are quite similar, When U, was alloved to vary, the
minimm velues of X2 tended to be smaller than might be expected statistically,
This is probadbly due to a slight overestimation of the experimental errcrs,

It is spparent from Fig. 8 that except for beryllium the large
- values of Bo are only slightly favored statistically over the predicted
ones, The magnitude of this discrepasncy is further illustrated in Fig. 9
which comperes the experimental cross sections for pions on beryllium with
the calculated ones for Uo z 0 (the predicted velue), and elso for the best-
fit value of UO. Bven in this case, where the high values of Uo are most
favored statistically, the discrepancy could be removed completely if the
experimental cross sectione at intermediate angles were raised approximately
2%, or if the small<angle points were lovered about the same amount (this
latter alternative would also involve readjusting the bvest-fit values of
V, end ).

It is therefore quite possible that this diserepancy arises from
a emall systematic error in the cross-section measurements, or to scme
deficiency in the méthod .used in fitiing the data, Possible explanations
are discussed in detail below.

VI. DISCUBSION OF RESULIS

A, The Total Cross Sections for Scattering by Hydrogen

A striking aspect of the n'-p total cross section plotted in Fig. &
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is 1t8 near constancy above 2 Bev/c. This is interesting in view of a
theoren due to Pomeranchuk stating that if the total cross sections for a
particle and its antiparticle on hydrogen approach constant velues at high
energles, these limits mist be equal,>! The availsble dsta for x~-p
scattering show a emilé.r flattening at high energies at approximately the
Bame v&lue.m This is the best experimental evidence to date for the
validity of Pomeranchuk's theorem,

The p-p cross sections in the momentum range of this experiment
shov no eign of approaching a constant value, At 4,0 Bev/c the p-p cross
section 18 etill 30 mb higher than the p-p cross section. Recent measure.
ments at the CERN accelerator indicate that the difference decreases to
10 md at 10.7 Berv/c.m

B. Discussion of the Fitted Values of the Optical Potentials

The discrepancy between the best-fit experimental values of the
real potential and the caloulated ones 18 considerably outside the
uncertainty in the calculated potentials, There are several possibile
explanations for this result,

| (a) vhen the fall-off parameter e  was made smaller, good fits
were obtained with considerably lower real potentials, To cobtein agreement
with the predicted values of Uo , 1t was necessary to reduce a almost to
zero, It is quite difficult, however, to reconcile this with current theories
regarding the structure of the nucleus, The variation of the best-fit values
of the real potential (integrated) with v

0
fqu-m that the fitted values were insensitive to small changes in Ty

wvas also studied, and it vas

{v) The neglect of spin-orbit coupling might explain the discrepancy

in the proton scattering results, Furthermore, since all the nuclei studied

28

except carbon had muclear spins, = the most genersl optical potential for

both pions and protons includes e term proportional to T . _f, vhere —IT is
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the angular momentum of the incident particle and T the nuclear spin, Both
thip and the spin-orbit term, however, would be of relative order 1/A, while
the observed discrepancy does not seem to depend on A,

(¢) In comparison of the experimental cross sections with the
calculated ones as given by Eq. (18), it vas assumed that 1, the differential
croes section for t}}e production of charged secondaries, was constant over
the range of angles studied., This assumption, though necessary, is open
tp question, Drell has in fact suggested that at high energies ﬁxe
mductién of secondary particles from inelastic collisions ie stromgly
peeked forward at lad angles sm/Eo, vhere m 1is the pion mass and B,
the total energy of the incident particle in the laboratory syateﬁ.?'g At
3.0 Bev/e this characteristic angle is = 3 deg, It can be seen from Fig. 9
that this effect need not be large to explain the cbserved discrepancy.

In view of the above discussion, and because the fits vere found

to be rather insensitive to U,, we conclude that there is no resl disagree-

¢]
ment between the results of this experiment and the velues of the real
potential predicted from the optical model and dispersion relations, A
definitive test could be made if the differential elastic cross sections
vere maaauied directly. Por both pions and protons, the experimentally
determined values of the imaginary optical potential are generally in guite
good agreement with the predicted ones, There is possibly & disagreement
in the case of scattering on copper, v

Two quantities of considerable interest are the total nuclear
cross section O and the absorption cross section L For heavy nuclei,
it is 4ifficult to measure the todal cross section at high energies becsuse
Rutherford scattering is large over the major part of the diffraction pattern,

However, once optical-well parsmeters that fit the experimentel data are
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determined, it is possible to define the total nuclear cross section in
terms of these, To do this, we simply "turn off" the Coulomb interaction
and calculate the totsl cross section for the poteutisl well with no
Coulomb potential, For light nuclei this is the same as obteined by extra-
polating the measured cress sections to O deg, a8 is usually dons,

The absorption cross section can also be defined in terms of the
best-fit parsmeters., The total elastic cross section Oy i8 then Tp=Ty e
The values of ¢, end o, thus obtained are listed in Tadle IV. The best-fit
values of Vo vhen Uo is restricted to be small are also summarized there,

The errors in the values of V, given in Teble IV are such that
at the upper and lover limits Xa is three times the minimum value, The
upper and lower limits on °a and o el 8¥€ the values corresponding to the
upper and lower limits on Vo.

For comparison with our results, Table IV also lists the values
of o, and o, found by Wikner for the scattering of 4.3 -Bev/c negative pions.>”
Hie results for ¢ g 87e in good agreement with ocurs, but his va.lue_s Qf LY |
are more than twice as large, Wikner's analysis with a'sqmre-we:ll. poténtial |
shoved that his data indicated the real potential to be somewhat larger than
the imaginary one, Our data, on the other hand, are consistent with a real
potential Uow 0, if & square well is assumed,

If this apparent change in the total elastic cross sections were
verified by subsequant experiments, it would constitute a violation of
charge symmetry at high energies, The only alternstive possible is that the
real po‘ﬁential increases dramatically between 3.0 and 4.3 Bev/c, B8ince present
data show that the total pion-nucleon cross sections are essentially constant
in this energy range, thie presumes & breakdown of the pion-mucleon dispersion

relations, A check on Wikner's measurements with improved techniques now

available will be necessary before any definite conclusion is possible,
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Pion-nucleus sbsorption and elastic cross sections |

This Experiment (3.0 Bev/c x*)

Wikner (4,3 Bev/c x”)

| 'Vo (Mev) 9, Oe1 o, g1
x + Be 154, £ 9.0 192 4+ 8 41,5 4 3.5 17749 125 + 18
% +C 59.6 + 4.0 213 4 8 66.6 + T 219 + 8 167 + 22
%+ AL 58,5 4 WL majg mOjﬁ' 470 4 10 356 4 b1
secu 6.0*R3 ot wstR  msaas 85493
P + Be 109 + 6 236 + b 64,8 + 2,4
p+C 84,3 4+ 4,3 260 ¢+ 6 107 + 6
p + Al 81.5 + 6.5 503 4 16 236 + 17
p +Cu 120 + 24 914 4+ Uk

620 + 65
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FIGURE CAPTIONS
Variation of cross section with subtended angle (echematic).
Experimental arrangement. Magnetic shielding has been omitted
for clarity.
Cerenkov counter index-of-refraction curve at 1.8 Bev/c,
Total u"'-p and p-p cross sections, Data of other experimenters
(Ref., 12) are shown for comparison,

Form factors for potential walls used in fitting deta;

p(r) = [l + e(r-ro)/a] * .

2

X® va V_when U. » 0 for 3.0-Bev/c pions incident on several

0 0
nuclei. V(r « 0) = 0.62 V, has been plotted for Be for easier
comparison with the other nuclel. The predicted values from
Table III are
|V (r = 0| = 137.6x0.62 = 85 Mev for Be, and | vo| = 58.1, 54.9,
and 54,9 Mev for C, Al, and Cu, respectively.

2

%< v8 V_ when U, = 0 for 3.0-Bev/c protons incident on several

0

auclei, For easier comparison with the other nuclei,
Vv(r = 0) = 0.62 VO haes been plotted for Be, The predicted values
from Teble III are |V(r = 0)| = 200x0.62 = 124 Mev for Be, and

‘Vol = 85, 80, and 80 Mev for C, Al, and Cu, respectively,

The minimum values of Xa/,,\ for each UO. K 18 the number of degrees
of freedom in the fit (6 for Be and C, 3 for Al and Cu). For
easier comparison with the other nuclei U(r = 0) = 0.62 U, i8
plotted for Be,

Examples of fits to the experimental data. Uo » 0 18 the predicted

value of U,; g* {s the angle in the pion-nucleus center-of-mass

system,
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