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ABS'l'RACT 

1. Total (g+ 1p) and (p,p) cross sections in the momentum range 

1.4 to 4.0 Bev/c are presented. These measurements, with an accuracy of 

approximately ~~ were made at the Berkeley Bevat.ron by using counter 

techniques. Pions vere distinguished from protons by means of a gas-filled 

CereDkov counter. The ( • + 1p) total cross section vas 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 mb over the momentum range covered. 

2. Transmission measurements of "+-nucleus and p-nucleus cross 

sections in both good 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 preVious work at high energies, an essentially exact solution of 

the wave equation for a potential vell w1 th a diffuse edge was used. 'l'he 

values of the 1mag1n&rJ part of the optical potential that best fit the 

experimental data are in good agreement vi tb the predicted values. No st.rong 

conclusion regarding the real part of the potential was possible. Absorption 

and total elastic cross sections tor Be 1 C, Al, and Cu are presented. The 

total elastic cross sect1ona from this experiment "disagree vi th Wilmer's 

, 1 tor "·-nucleus scattering • 
• 
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I. INTRODUCTION 

The pion-nucleon total cross section is well mown for pion 

DIQlllenta below approximately 2.0 Jev/c, but little accurate data are available 

".' at higher momenta, especially for "+ -P scattering. We present here the 

results of a measurement ot the total 11 + -P cross section in the momentum 

range 1.4 to 4.0 Bev/c.1 Total p-p cross sections were measured e1Jm.ll.t$.neoualy 

in the same momentum range. These measurements, with accuracy of approx1-

matel1 ';!f., were made at the Berkeley Bevatron, by using counter techniques, 

and are part of an experimental program wbose ob3ect1 ve is a detailed 

knowledge of the pion-nucleon interaction above 500 Mev. 

It vas also possible in this experiment to measure cross sections 

for several heavy nuclei vi th the same equipment used to measure the total 

n+ -P and P·P cross sections. Thts vas done at 3.0 Bev/c f'or Je, c, Al, and 

Cu vi tb various geometries. The results are used to determine best-fit 

values of the imaginary part of the rwclear potential, which are then 

COJQared w1 th the predictions of the optical model. 

In contrast to most previous attempts to make tita of this 'tJPe 

to high-energy scattering aata, those presented here were made by usina an 

essen'tially exact solution of the wave equation for a complex potential 

well with a diffuse edge. This was possible throuah the uae of a high-speed 

electronic computer (the IBM 704). 

A. Ge11eral DescriJ?tion ot Method 

In these measurements 1 a beam cona1st1n.g primarily of a mixture 

of pos1 ti ve pions and protons of well-defined momentum was collimated by 

means of a counter telescope. Pions were separated from protons electronically 

by use of a gas-filled Cerenkov counter. This allowed simultaneou.e 
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measurements of pion and proton cross sections. Af'ter pasaing through the 

mon1 tor telescope, the beam was allowed to strike an absorber. The :fraction 

o:f beam transmitted was determined by means o:f' a counter placed atter the 

absorber. The apparent cross section 1 s a function o:f' 8 1 the he.l.t' -angle 

subtended by the edge of this transmission counter. In the idealized 

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

(l) 

where N/N0 is the traction of beam transmitted for a particular value of 

e, and nx is the number of nuclei per cm
2 as seen by the incoming beam. 

The expected variation ot a( 8) W1 th the soUd angle subtended by the 

transmission counter is depicted in Fig. 1. At very small angles the curve 

rises sharply because of Coulomb scattering (J<)rtion AI of ~· Ot.II"Ve), A8 

9 is increased, a point. is reached where JllG&t of the Coulaab acattertna 1s 

contained, but the maJority of particles undersoing nuclear interactions 

are scattered out of the cone subtended by the detector (Point B). It is 

inetructive to note here that the slope of such a plot of a(9) ve solid 

angle in the region BCD is (d.a/40)811 the differential elastic cross 

section. 2 At high energies the elastic scattering is strongly peaked 

forward, with an angular distribution characteristic ot diffraction 

scattering. Most ot the elastic scattering is therefore confined to angles 

~ (kR) "'1 , where k is the wave number ot the incident particle 1 and R 

is the radius ot the nucleus. 'lb.ue, for 9 >> (kR) .. 1, the curve tor a(9) 

1& almost flat and approximately equal to the inelastic cross section 

~· (region DE in Fig. 1). 

Measuremeutsot a(e) in this experiment were made over this entire 

range of angles tor beryllium, carbon, aluminum, and copper absorbers, With 
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3.0-Bev/c pions and protons. For hydrogen, measurements were made only in 

the region BC in Fig. l because of the large angles involved. This part 

of the wrve can be extrapolated to e = 0 to g1 ve the total nuclear cross 

section. 

The techn1que used for the bydrosen and heavy-nuclei measurements 

were be.Bically the same. Each measurement consisted of a cycle of runs 

with target tull (or target in) 1 preceded and followed by tarpt-empt;y runs. 

A complete cycle pneral.ly lasted about 4 hours. Succeasi ve runs were 

com,pa:red tor reproducibiUty to check equipment operation. Frequent checks 

were alao made Vi tb a teat pulaer. 

B. Beam Geaaetq 

The over-all ex.perilleutal arrangement 11 eh'OWn in Pig. 2. It is 

unusual in that the apparatus vas set up on the inside of the Bevatron 

riDS in order to obtain a positive pion beam of as hip-momentum as possible. 

'Dle pro4uctiou of hisb...energy particles at the Bevatron target is strongly 

peaked. forward so that .it is necessary to take oft a hi&f!l-eaergy beam at a 

small anale frail the circulating proton beam. The poai ti ve secondary 

particles are then bent inward toward the center Qt the Bevatron by the 

magnetic field. In this experiment, the take-off anales ranged from about 

+10 deg at 1.4 Bev/c to. -15 deg at 4.0 lev/c (positive aqles measured 

outward away from the center of the Bevatron) • 

The orbits of the particles in the Bevatron were determined 

through an DM-650 ccaputer program, topther with measured magnetic field 

profiles. At each DlGll'.l1eJ'1tum1 rays that connect the target and point P in 

Fig. 2 were found, essentiall.y by a process of trial and error. 'l'he 

currents required in the J.2x6o .. tn. bending magnet to deflect tbeee "raysu 

through the proper angles were then determined by Wire-orbit measurements. 
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Concrete shiel41ng1 only some of which is shown in Fig. 21 vas 

used to min1mize background in the counters. Where platform loading 

limitations prohibited the use of concrete shielding, paraffin blocks vere 

used. Extensive magnetic shielding (not shown in Fig. 2) reduced the stray 

magnetic field along the beam line to a negligible value. This stray tiel4 

without masnetic shielding varied from a fev gauss to a few hundred gauss, 

depending on the proximity to the Bevatron magnet yoke. 

Immediately followin& "the l.2x60-1n. maanet was an 8 ... in.-bore 

~ublet qua.drupole whose maiD function was to increase the solid anale 

accepted by the counter telescope. Following the q~le was an 8-tt 

iron collimator With a 2-in. bore. This stopped most of the beam particles 

that missed the first monitor counter (~) and also proVided magnetic 

ahieldins for that part of the beam line closest to the Bevatron magnet. 

A second bending magnet vita an l8x36-in. pole tip was used w bend the 

beam away from the Bevatron structure. This considerably sim;pllfied tbe 

magnetic Shielding problem al.oq the la.t'ter part of the beam line. 

The uncertainty in the beam mom.ent'Wil is estimated to be about 

+'i$. The momentum spread in the beam vas +2.~ about the central momentum. - -
Most of this spread resulted 1'rcml the change in the Bevatron's magnetic 

field durin& the time the proton beam vas spilled onto the target (l;o maec). 

C. ~e Counter System 

The monitor telescope consisted of scintillation counters ~, Ma1 

and M
3 

and a sas Cerenkov counter C. All scintillators consisted of 

machined discs of pol;ystyreue with 3f, ter;phenyl. Counters ~ and Ma were 

each 1.5 ... 1n. in diameter; M
3 

waa l-in. in diameter. The total length of the 

,,. monitor telescope vas l6 .. f't. Constru.ction and operation of the gas Cerenltov 

counter have been described elsewhere. 3 In this experiment it was filled 

With sulfur hexafluoride to a pressure of 10 atm (absolute). This gave a 

; 
I 
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threshold velocity ot 0.992 c and allowed a complete ae,paration of pions 

and protons over the energy range of this experiment. A qua~le coinci-

dence in ~~ M2, c, and M
3 

was required for a pion, and a triple coincidence 

between M1, M2, and~~ with C in anticoincidence, was required for a proton 

count. 

Absorbers vere placed in the beam behind ~. The traction of the 

beam tranamt tted was measured at three solid angles stmultaneoualy by 

scintillation counters s1, s2, and s
3

• An additional coincidence in s0 

was required to keep accident&la to a very low rate. Counter s0 and the 

transmission counters s1, s2, and s
3 

consisted of discs of plastic 

scintillator l/2-in. thick, Viewed ed&evise thrO\lib lucite light pipes by 

RCA type 68lOA phototubes. The pho'\otubea were carefully shielded apinst 

stray masnettc fields. These counters ranaed in diameter from 4. 5 to 12 

inches. Each was tested for un1form1 ty of response over 1 ta entire area 

W1 th a beta source. By aut table treatment of the internal reflecting 

surfaces of the cowaters, it was possible to reduce the variations in pulse 

heistlt to less than z.l" between different parts of the counter. 'l'o ensure 

an efficiency near 1~, all counters were operated at voltages such that 

coincident pulses were about twice as large as required to drive the 

coincidence circuits to saturation. 

D. Electronics 

Conventional electronic techniques were employed. The coincidence 

4 circuits were of the type described by Wenzel; with the clippiQ8 lines 

used, the resolving time was about 6xlo·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 a second coincidence cirCUit 

where a coincidence with s0 and s1 (tor e.xam,ple) was required. Hewlett-
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Packard T)'pe 520A presC&l.ers followed by conventional 1000 scalers were 

employed. These preacalers are capable of counting up to J1) 1 pu.lees/ sec. 

Our instantaneous countina rates ranged tram 105 J sec to 102/ sec 1 depending 

on the 'beam energy. 

Several extra coiucidenee un1 ts and scalers were used to mon1 tor 

various types of acc1dentala. Generally these were quite low, In particular, 

the accidental rate in tile Cerenkov counter never exceeded. 2/; of the 

counting rate tor pions. 

E. 'lbe !l~ 'l'azset and other Absorbers Used. 

'l'he liquid hy(lzopn target used consisted of a 48·1n. -loug Mylar 

vessel 4-in. 1n diameter. Liquid bydroeen vas su,pplied by graVity feed 

from a large reservoir directly above the tu-get vessel. Both reservoir and 

target vessel vere surrounc1ed by a heat shield at liquid n1 t.rogen te~~Werature 

and enclosed in a. vacuum. The construction of the target is de&eribed in 

detail in Ref. 5 • 

The density of liquid hydrogen at 1 ts normal boiling point is 

0.0710 gjc:m3, from data in Ref. 6. From this should be subtracted the 

density of hydrogen gas 1n the empty target. The temperature of the gas 

vas assumed to be that of tbe liquid, '2!J.3° 1(. The density of hydrogen 

gas at this temperature 1s 0 .• 0013 gfcm3. 6 

'l'he other absorbers used were D~achined blocks ot ber)"llium, 

graphite, aluminum, and copper, whose purity exgeeded ')'!/,. 'l'he thicknesses 

of the absorbers (listed in table II) were chosen so that multiple Coulomb 

scattering corrections would be small for the smallest angles at which 

measurements were planned. 
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III. TBEATMEtf1' OF DATA: CORRECTIOIS 

A. Calculation of Cross Sections and Ste.t1at1eal Errors 

'l'J:le apparent cross section o( 6) for a g1 ven geaa.etry was 

calculated tram 

a "" -(1/nx) log [<sJM>v/<s/M)E] , (2) 

where (8/M)F and (S/M)E represent the ratios of surviVing pions (or 

protons) to mon1 tor coWltS vt th target full or tar set empty, respec:ti vel.y. 

The numbers of mon1 tor counts and ot SU1'V1 Ving pions both were corrected 

tor acc1dentals vhere necessary. As mentioned preViously 1 these corrections 

were qUite small. 

The standard deviation in a is given by 

"" • ( l/11X) [ l/Bp - lfr7 + l/1\; - l/'\:] 
112 

• (3) 

The statistical errors in the cross sections were generally approximately 

l.j. Statistical analysis ot the reproducib111 ty or repeated runs showed 

a small fluctuation outside of that expected from cOUDting statistics. 

The probable error in a Single measurement vas found to be ! 1. ~ in 

addition to the statistical error. 

B. Corrections for Multiple Coulomb Scatter1y 

When the angle subtended by the transmission counter is made small, 

the observed cross sections rise sharply because of the loss of particles 

by multiple Coulomb scattering 1n the absorber. Where necessary 1 corrections 

were applied to the data by using the method described by R. M, Sterahe1mer.7 

He assumes that the Coulomb scatterina has a Gaussian distribution in anale 

w1 th an rms space angle 

6rms • (Ea/~pc) I (4) 
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were Is = 21. Mev, p an4 t:k': are the momentum and velocity, respect1 vely, 

and L/Lrad 1a the thickness of the absorber in r&diation lengt!ls. In 

attt!I!Qting to correct the u;perimental points moat affected bJ Coulomb 

acatteriug, we found that if this value of 'rms was used the corrections 

were too large - the corrected values of a( 9) fell well below the trend 

established b)' the points at large 8 where no corrections were necessaey. 

We found. that the value of erma from lq. (4) had to be reduced bJ 3~ to 

obtain good over-aU aareement. 8 

ITen with this modification the results were not always completely 

satistactor)r 1 so that these corrections were assigned an error of .t 251» or 

more, depending on how well the beam distribution at the tran8misa1on 

counters was known. These corrections were im;portant onl)' in tbe low-

enerQ b¥4r0gen data when the solid angle subtended b)' the transmission 

counter vas small. It vas found tbat !2. corrections vere neces&arJ to the 

heaV)'-element data at any anal.es at which measurements were made. Further-

more 1 the effect ot the large error assigned to the Coulomb scattering 

corrections to the hydrogen data was to m1n.1m1ze the statistical veisnt o1' 

the amal.l-a.ngl.e points 1 so that the latter had little effect on the 

extrapolated total cross sections (see next section) • 

C. Extrapl)lation of the J:!ldrolen Data 
to Obi&in tiie TOtal Cross ection 

For hydrogen, OD.ly the total erose sections for nuclear scattering 

were to be measured. To obta1D an accurate value it is desirable that the 

solld angle su.btended by the transm1.B&ion counter be as small as possible, 

so that nearly all the particles undergoing nuclear scattering are removed 

from the beam. An effective lover limit is set bJ multiple Coulomb 

scatteriq at small angles 1 however; so in practice a small correction must 

be applied to the measured cross sections because ot the nonzero solid angle 



subtended by the counter. This was done by taking measurements at several 

solid angles and extrapolating the measured cross sections to zero solid 

ao.gle. A linear dependence on solid angle vas assumed. From the discussion 

1n Sec. II-A, the slope of the extrapolation is (da/dn)el plus a contribution 

due to the detection of charged secondaries. Neither term is expected to 

vary significantly over the range of angles involved (0 to 2 deg). 

Data were taken at s1x solid angles rangiug from o.6xl0·3 to 

4. 2xl0 ... 3 sr as measured from the center of the hydrogen. After corrections 

for multiple Coulomb scattering were made, no signiticant deviation from · 

the expected linear dependence on solid angle vas observed. 'l'he extrapolation 

yielded total cross sections about 2!/i b.igb.er than the experimental points 

at intermediate solid anales. 

D. Contamination in the Beam 

l. CQntamination in the Pion Beam 

The gas Cerenkov counter proVided a very uset\ll. means for 

detem1ntna muon and electron contamination in the beam. If the gas 

pressure in the counter iS raised gradually fra a low value 1 first the 

electron~S,b·ep.n:.to.: count, tben the muons, e.nd later the pions. In this .... -

case 1 because ot the small difference in veloc1 ties 1 it vas possible to 

separate the muons and pions only at tb.e lower eneraies. Figure 3 show 

the ratio of Mt~C~ coincidences to Ml~3 coincidences plotted against 

the index of refraction of the gas in the counter, for a beam momentum of 

1.8-Bev/c. The threshold tor 1.8-Bev/c muons and pions is also indicated. 

It is apparent that the muon contamination ts small, probably lese than 

Jj of the number of pions. 'lhe tail on the curve at low indices of 

1" refraction is presum&bly 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 magnet and thus ba.ving QproxiJAately the 

same momentum as the pions. Muons formed e.f'ter the last bendill8 magnet 

have a large spread in momentum and so do not cause a sharp rise in the 

index-of-refraction curve. For this reason, the total muon contamination 

1n the beam at each energy was determined by calculation. To do this, the 

beam line was broken up into sesments. Tbe probability that a pion Will 

decay between points ~ and X2 iS giVen by 

I {5) 

where " .., ~ 1 c "'o is the mean life in centimeters. It was then necessary 

to determine the probabill ty that the IBU(i)D would come otf in such a 

direction that it would pass th.rGugh the counter system. The contributions 

of all sesments were then summed to get the traction (/)f muons in the beam. 

BeeaU:se ot the CCJID»lieation caused by the Bevatron's magnetic 

field and the quadrupole, it was possible to calculate the contn.but1on 

from the region before the last bending magnet only approximately. B.ovever, 

it was round that the total yield 1'rom this region was less than o.~. This 

low·y~eld figure ts supported by the Cerenkov counter curve. 

The calculation for the region folloving the last 'bending magnet 

was much simpler. Because there 1& no momentum selection, it iS only 

necessary to calculate the solid angle subtended by the "ltrni ting aperture" 

of the system {eitber "'3 or the transmission counter). This solid ansle 

is then transformed 1nto the c.m. system of the decaying pion. Since the 

decay 1s isotropic 1n this system, the probability of the muons' passing 

throush the counters 1s Just l/4. times this solid 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 'i!fo, which 

justifies such a simplification. 

b.- Calculation of the electron contamination • 

Another contaminant in the pion beam at low energies was electrons. 

Fram 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 Qerenkov counter pressure curve was 

taken. No measurements were made at other momenta because of 11m.itations 

on running time. 

The major source of these electrons is the decay of ~0 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 a pair iS roughly 

proportional to the available path length L in the target material. 

It was 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 ~0 

production were used to estimate the spectrum of high-energy gamma rays. 

This was in turn used to calculate the electron yield from pair production 

relative to that of positive pions. The average path length L was calculated 

by using theoretical curves for the distribution of the proton flux 

striking the target. 10 T.ne contribution of Dalitz pairs, estimated to be 

several percent of the total electron yield, was neglected. 

The calculated values of the electron contamination ranged from 

0 to ~ of the pion flux. For the conditions under which the Cerenkov 

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

to be 2. 1tf., in good agreement w1 th the value of ~ estimated from Fig. 3. 
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An uncertainty of ~ ~s assigned to the calculated values. 

2. Contamination in the Prot~ Beam 

Any beam particle that did not count in the Cerellkov counter was 

c<l.assed as a "proton." Tbis would include K+ mesons and heaVier particles. 

Data of Burrowes et al. at l. 75 Bev/c indica'te a y1.eld of approximately 

six K+ mesons . per ).010 protons incident on their target, vi th a momentum 

acceptance of t,.2ft, and an estimated eoUd angle of 0. 5xl0 • 3 sr. 11 

Comparing this value Yith the proton 7ielda observed at l. 73 Bev/c in this 

experiment, one obtai us a ratio > l03 protons per x+. This ratio can be 

expected to be still larger at higher energies. 

If the gas Cerenltov counter and the associated anticoincidence 

cir<:ui ts were not 100'1; efficient in remoVing pions tram the proton channels, 

the reBUl.t would be an etfeeti ve pion contamination in the "proton beam." 

lo ~erimental means of checking this vaa available, thou.e;b. the flatness 

of the index ... of -retraction curve (i'tg. 3) at bia;h indices iudtcates that 

this counter is nearly l~ eff1cieut when operated in coincidence. The 

efficiency in anticotncidence was therefore asSUIIled to be 1oo;. ~~ and 

the errors in the proton total cross sect1oos increased correapondinslY. 

E. A ~ of the Source a of Error Cousidered 

in A&stena Errore to the Cross Sectiop.s 

'l'he following sources of error were taken into account in 

assigning errors to the total cross sections. All eJTOra were combined 

in quadrature. 

(a) Statistical errors in the measurements were considered. 

These were generally quite small (. 1$). The quoted errors also include 

the fluctuation 0\ltstde of statistics which was observed in tbe data. 

(b) At each energy and solid angle all the runs were averaged 

and the errors combined. 1he erose sections were then corrected for 

multiple Coulom.'b scattering, and the uncertainty in this correction was 



combined. with the other errors. 

(c) The uncertainty in the extrapolation to zero solid. angle was 

taken to be equal to the uncerteJ.nty in slope multiplied by the average 

solid an&le. 

(cl) 'lhe final error in the pion cross section also includes the 

WlCertainty in the electron eont&mination in the beam. Errors 1ntro4uced 

by the Ul'JCertainty in the muon con~oation in the pion beam an4 K+ 

contem1nat1on in 'the proton beam were eons1tlered negliglble. 

(c) Errors in the pro'bon total Cl"oss sections also include the 

uncertainty in the efficiency of the gas Cerenk.ov counter and associated 

electronics, as described in the preVious section. 

Errors in the heavy-nuclei crpss sections include onl;v statistical 

errors, and errors due to the fluctuations outside of stat1st1cs1 as 

described above. Systematic errors that raise or lower aU the data pointe 

together are not io.elud.ed in the q.uoted errors. These are thought to be 

< ~. -
A. Total Cross Sections for Positive Pious and Protons on !ydroaen in the 

Mclmentum R!ye 1.4 to 4.o Bev/c 

The measured st+ -p and P•P ~tal cross sections are lilted in 

Table I, and plotted in Fig. 4 as a tu.nction of beam momentum. ~ curves 

bave been drawn to shov the gross features of the momentum dependence. 

Results tram other e.xperillenters are also shown for compartaon.12 In general, 

the agreement is good in res1ons where an overlap occurs. 
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Table I. Total •+,p and p,p cross sections. 

Momentum (1~::)p) o(p,p) 
(Bev/e) (mb) 

·•' 

1.42 39.5 ± 0.50 46 2 + o.; 
• - 0.4; . 

1.6o 36.5 + 0.97 47 5 + 1.02 - • ... 0.61 

1.73 30.3 + 0.42 46 2 + 0.82 - • - 0.46 

1.89 29.0 + 0.75 46 8 + 1.51 - • - 0.68 

2.05 28.3 .:t o.63 45 3 + 1.12 
• - 0.47 

2.47 29.2 :!:. 0.57 45 1 + 0.83 
• .. 0.4; 

2.97 29.5 .:t 0.53 44 5 + 0.46 
• - 0.42 

3.58 28.6 :!:. 0.46 43.2 :t 0.43 

4.oo· 2"(.8 :t 0.53 41.6 .:!:. 0.62 



-16-

B. Cross Sections for Positive Pious and Protons on 

Be, C, Al, and Cu at 3.0 Bev/c 

The aeasured cross sections for 3.0-Bev/c pions and protons are 

g1 ven in Table II as a function of fjJl, the soUd angle subtended by the 

tre.nam1ss1on counter as seen from the center of the absorber. The estimated 

errore are also indicated. The minimum values of /jf). were such that 

corrections for multiple Coulomb scattering were still negligible, and the 

~ values were such that most of the diffraction scattering was 

included in the cone subtended by the counter. 

Some of the beryllium measurements were made wi tb two different 

absorber thicknesses as a check on the method. The results are listed 

separately in Table II 1 but the two sets of measurements were cambined when 

the data were fitted. 

The pion cross sections he.ve been corrected for muon and electron 

contamination as described in Sec. III-D. The method used to obtain t.otal 

and absorption cross sections from the heavy-nuclei data is discussed in 

Sec. VI-B. 
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Table n. Heavy-element cross sections at 3.0 Bev/c 

Jt+ p 
Run ~ a L::Jj a L:IJ 

(msterad) (mb) (mb) (mb) (mb) 

Berzlllum t16.2 gjcm2~ 
1" 1.64 226.9 4.40 283.3 1.82 
1 3.09 215.7 3.90 265.3 1.64 
1 3.91 209.0 3.30 258.3 1.61 
2 5.26 197.5 5.96 252.4 1.62 
2 10.47 18o.3 6.45 224.4 1.47 
2 14.11 167.5 5.59 212.4 1.38 
3 11.54 178.0 1.97 221.2 1.52 
3 24.5 154.7 2.01 186.3 1.50 
3 35.6 141.6 1.61 171.9 1.48 

2 BerylUum ~ 8. 24 a/_ em l 
1 5.26 199.9 4.88 252.9 4.70 
1 10.47 181.2 4.54 223.5 5.58 
l 14.11 171.9 4.53 211.8 4.48 

. 2 
Carbon (11.1 gjcm ) 

1 1.64 267.9 3.85 341.2 2.66 
l 3.09 247.4 4.10 312.4 3.50 
1 3.91 235.7 3.6o 302.0 3.18 
2 5.26 231·1 2.78 297.7 2.24 
2 10.47 210.0 2.00 257.5 1.82 
2 14.11 195.1 2.78 242.8 1.63 
3 11.54 216.7 7.25 265.0 6.30 
3 24.5 193.9 12.5 224.9 5.80 
3 35.6 176.2 6.73 210.9 4.50 

Aluminum ,12.0 sJ..cm2l 
1 1.49 542. 12.2 658. 7.6 
1 2.80 488. 14.7 582. 8.4 
1 3.92 447. 12.2 542. 6.9 
2 5.61 439. 14.0 504. 6.8 
2 11.39 386. 17.4 431. 8.8 
2 19.5 355. 14.6 ijoo. 6.3 

2 
C!?EPer ~6.80 %em ~ 

1 1.49 1009. 3 .3 1209. 10.0 
1 2.80 832. 36.6 986. 9.9 
1 3.52 772. 34.7 947. 8.6 
2 2.29 900. 1?'(.0 1091. 8.8 
2 4.41 724. 34.2 909. 13.8 
2 5.66 716. 26.1 881. 7.8 
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v. OPl'ICAL MODEL AIIALYSIS OP' TBE IWCLEAR CROSS Sll.CTIORS 

A. Introduction 

By ''optical model~ we mean that model. 1n which the nucleus is 

represented by a potential well. This potential may have both a real and 

an imaginary part as well as &pin•orbit terms, though the latter are not 

considered here. With this description, tb.e many-bot\3 problem of a 

particle scattering on a nucleus is replaced by a soluble tvo .. body inter

action, Ml.lch theoretical work along these Unes has been directed toward 

calculating these potentials, starting W1 th a knowledge of the more 

fundamental interaction with 1nd1V1dual nucleons. An early result vas a 

relation between the nuclear potential integrated over the volume of the 

nucleus, and the amplltude for eee.ttering by free nucleons. With reasonable 

aseum,ptions concerning the extent and shape of the nuclear potential, we 

were able to compare the optical-model predictions W1 th our experimental 

results. The method used aDd the results will be discussed in this 

section. In Part B the relation between the inteazoated. optical potential 

and the amplitude for scatteri.Dg by free nucleons 1s g1 ven, and the 

integrated potentials are calculated for 3.0-Bev/c pions and protons. Part C 

describes how opt1eal potentiala JteldinS cross sections tbat best fit the 

experimental data were obtained. Because it is impossible to calculate the 

best-fit potentials directly from the experimental cross section& Witb.ou.t 

using questionable approximations, 1t vas necessary to first "guess" a potential 

and ~en calculate cross eeet1ons that were 1n turn compared wi tb the 

elq)erimental. values. The cress sections were calculated b;y an esaentiall;y 

exact solution of the relati v1Stic Sehr6dinger equation. In Part D ve 

present the best•fi t potentials and compare them. Y1 th the predicted values 

obtained in Part B. 



B. Calculation of the IuteEated Optical Foteutia.ls 

from the Interaction with Free Nucleons 

l. General 

For a g1 ven particle incident on a nucleus 1 1 t can be shown that 

the optical potential integrated over the nuclear volume iS proportional 

to the forward azqplitude tor scattering by free nucleons (as averaged over 

13 14 all the nucleons in the nucleus) • 1 The relation is 

l J. ( l) ~ 3 2R~2 E.r * [ Z ) ( Z ) ] I. W (rJ d r = - -.r- ~ A tp(o + l - A t 11(0) , (6) 

where W(l)(t) iS the first-o,rder optical potential at a point 11n the 

nucleus, ~ the t.otal energy of the incident pion (or proton) in the 

laboratory system, B,_r* the total energy in the pion-nucleon (or proton

nucleon) c.m. system, and M the nucleon mass; f'p(O) and fn(O) are the 

c.m. forvard scatter1na amplitudes for scattering by free protons aud free 

neutrons 1 respect! vel.y ~ 

Equation (6) must be cQJTected to take into account the effects 

of the Pauli exclusion principle 1 which can raise or lower the e:f'fecti ve 

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 absolute value). At hip energie.s this effect is small 

and is overshadowed by auother that tends to increase the optical potentials. 

The latter effeet 1s the mu'tue.l repulsion of nucleons at small distances, 

which keeps them apart and makes them more effective as scatter1ns targets. 

At 3.0 Bev/c tbe over-a.ll effect 1s an increase in the potentials of 

approximately l~. 

For small nuclei 1 Eq. (6) must be further corrected for terms of 

order 1/A. which appear in a more careful derivation. Theae terms do not 

appear in the lorn approx1mat1on1 and we shall hopefully neglect them. We 
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shall also neglect a correction to the pion-nucleus potentials due to the 

possibility of direct absorption by tvo or more nucleons in the nucleus in 

reactions of the type "+ + p + n -+ p + p. These reactions are important 

at low 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 ~ected to be amall.15 

2, Calculation of Potentials for Pion-Jucleus 6catter12§ 

For positive pions, we have f ~ f(•+,p), and f • t(•+,n) • t(•-,p) 
P n 

by charge a~etry. Cronin has used the total cross sections of this and 

other experiments to calculate from dispersion relations the real parts of 

the forward scattering amplitudes for pion scatter1na.16 Extrapolating 

his results slightly to 3.0 Bev/c, and transforming to the c,m, system, 

ve have 

1&. (r<a+,p)J • - 0.095; If..._ (f'(•",p)J 
Using aT(«+,p) • aT(u-,p) D 2.9 fer.mi2, we have 

.. - 0.26 fermi. 

This yields for Z/A : l/2 the first-order potential 

The real part of the potential is therefore small and repulsive. 

The first-order potentials must be corrected for nuclear 

(7) 

correlation brougbt about by the effects of the exclusion principle. 

According to Watson and Zemacn, 17 the optical potential correct to second 

order is 

w< 2> • ( u<ll - 1 I v< 1>1) (l + i Aa + ~), (8) 
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is the first-order potential. 

v< 1> R Ax.,_ "c c 

For ~ • l we have 

{9) 

The correlation length Rc is e. measure of the correlation of nucleon 

positions in the nucleus. Its value can be calculated for particular models 

ot the nucleus. For a degenerat-e Fermi gas model, Rc • - 0.4 ferm1. 17 

{Negative values of Rc correspond to an over-all repulsive interaction.) 

Using the Brueckner model, we get R • - 0.63 ferm1. 18 We ehall use the c 

latter value. From Eq. (7), assuming a square-well potential of radius 

1.2 Al/3, we find u(l) = +5.5, j v(l) j c 39.5. !his yields~ • -0.02 and 

A;r = +0 .125 1 and. the integrated optical potential tor pions 1 correct to 

second order, is 

(10) 

3. Calculation of the Proton-Bucleus Optical Potentials 

For p-p and p-n scattering, little 1s known about the real part 

of the forward scatt.ering amplitudes at hi&h energies. The most accurate 

data seem to be those of Preston, Wilson, and Street, l9 who find, at 

No aata are available yet on ~[t(p,n) J . We therefore assume, tor 

both P·P and p-n scattering, j1(A_t I « I.P4 I , so that tor proton scattering 

the real part of the optical potential is small compared with the imaginary 

part. Since the i't ts to the experimental data are quite 1n.sens1 ti ve to the 

real potential when it is small, the above assumption is sufficient for our 

purposes. 

Using aT(p,p) =44.5mb at 3.0 Bev/c (tram Table I), and 
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crT{n,p) = 41.5 mb,20 we obtain, from Eq. (6), 

f ~ y{l)(~d3r • - 4oo Mev • ferm13, 

for Z • A/2. 

(11) 

If ve assume that iqs. (8) and (9) for the second-order potential 

are correct for protons as well aa pions, then negl.eetina A.ft we have 

C, ;me Method Used in Fitting the !Qerimental Data 

1. !the SbaEe of the Potential Well 

In f'1 tting the ex.pertaental data a process of trial and error 

was used, A potential well vas chosen, and cross sections calculated. 

These cross sections were compared w1 th the exper1melltal 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 simplU'y calculations. 'l'hiS sbe.pe 1 however, is quite UDrealistic and 

usually leads to unsatisfactory agreement W1 th experiment, 21 Data trom 

electron-scatterin& exper1mente are consistent With a nuclear densit;y 

distribution having a Fermi shape, 22 Since the shape of the optical 

potential is expected to resemble that of the nuclear density distribution, 

a Femi well was used in fitting the data of this experiment. It vas 

further assumed that both the real and imaginary parts of the potential 

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

uo + 1 vo 
W(r) = U(r) + 1 V(r) • 

1 
+ e(r-ro)/a , (12) 

where r0 is the radius at which the potential drops to (U0 + 1 v0)/2 

and a 1& a parameter determining the rate of fall-off. For a « r
0

, 
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the well is almost "eqae.re." 

In the initial attempts to fit the data, 1t became ap~ent that 

good fits could be obtained over a wide range of values ot the parameters 

u
0

, v
0

, r
0

, and a, if' all were alloved to vary. Increasing r 0 could be 

compensated for by decreasing u
0 

and v
0

,; decreasing a could be compensated 

by decreasing u
0 

with respect to v
0

• It was therefore decided to fix r0 

and a at the values obtained in the electron .. scattering expertm.enta. The 

values used are listed in Table III, whiCh also lists the values of u0 and 

V
0 

that yield the integrated potentials of Eqs. (10) and (ll). The 

electron .. scatterins data for beryllium were fitted with a modified 

22 exponential density distribution; however, 1 t was found that this could 

be well approximated by a Fermi distribution with a suitable c.b.oice of' r 0 

and a, Figure 5 shows U(r:)/U0 for the potential distributions u.sed in 

f'i tting the data. The modified exponential shape used in f'i tting the 

beryllium electron-acattering data is also shown. lote that for beryllium 

U{r) must be multiplied by {0.62)-l to normalize U{r)/U0 to u.n1ty at the 

origin. 

2. The C01!1Put~ Proi!!:!! Used in C-lculatiy the Optiaal.-Model Cross Sections 

The program uaed to calculate the erose sections is a modit'ication 

of' that described by BJorklund, Blandford, and Fernbach. 23 The original 

version of this program solves the SchrlSdinger equation tor a complex 

nuclear potential plus a Coulomb potential corresponding to a nucleus w1 th 

a uniform charge distribution of radius r 0 : 

(13) 

for r > r0 • 
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Table III. Well parameters and preclicted potentials. 

ro ~1/2 Pions Protons 
lucleus a (r u0(Mev) v

0
(Mev) U0(Mev) V

0
(Mev) 

Be 0.429 0.84 ,3.03 16.5 -137.6 •o ·200 

c 2.25 0.45 2.41 7.0 -58.1 *0 .. 85 

Al ).01 o.6o J.22 6.6 .. ,4.9 #() -80 

Cu 4.26 0.53 3.84 6.6 -54.9 =o .. eo 



-25· 

The resulting wave equation must be integrated numerically fe>r 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. 'lbe differential cross sections for scattering at any angle. and 

the total inelasti-c cross sections, can then be calculated. 

The original version was modified to treat relativistic particles 

as follows: 

(a) The original program solved the radial Schr6dinaer equation, 

[- 7 ~ (r2 ~ + I !~+l) ] R = 2m [ T - ll(r) ] R, 

It was assumed that the scattertns of both pions and protons could be 

24 described by the Klein-Gordon equation, 

l~ !... _! ( 2 ...!) A (A+ll l ft 
• 2 dr r dr + 2 ~ • 

:r r 
[ (E - 11(r))2 - m2 ) R, 

Actually 1 the Dirac equation is the proper wave equation for protons; 

(14) 

(15) 

however 1 if spin effects are neglected, the Ili:rac equation :reduces to the 

Klein-Gordon equation. 25 Neglecting terms in (W/E)2 compared to unity 1 we 

can rev~ite Eq. (15) as 

I • [ p
2 

• 2EII(r)) R, (16) 

where p2 
c: if -m2 • Equation (16) has the same form aa Eq. (14) With 2 'llf1 

replaced by p2 and m replaced by E. 

(b) The original version had to be modified to treat problems 

in which angular momentum states w1 th I • 100 were important. The 

relativistic version allows /, ~ 200. Rwmins time for the 3.0-Bev/c 
max 

problems wae lO to 20 minutes. 

As a check on the new version, another program vas vritten 

independently to calcula'l#e the scattering by a real "square well" using 



aD&lyt1cal aolu.tions. A compartSQn of the tvo programs tor 3.0-Bev/c 

pions shoved agreement to approx o.~, when the fall ... ott' parameter a was 

made amall in the Femi-vell case to approxim&te a square well. 

3. ~od Us_,. in CO!JR!!iy 'the Calculated Cross Sections 

"1 th the !!Peri.menta.l. Data 

If we neglect the finite angular l"esolut1cm of the cowxter 

telescope, it is expected that tbe measured cross section u(e) Will have 

the tolloving d.epend.enee on the ansle 8 subtended. by the edse of the 

transmission counter; 26 

e• .. n 

l d4 (9') 
a(n) = el 

'IJI a• . 
9'-8 

(17) 

'l'Jae first term 1s the CJ"OSs section for elastic sce.ttertns at angles greater 

than e; the second represents the loss of particles due to all inelastic 

processes (absorption). 'l'he 1ihird term results froG1 inelastic events that 

p:ve rise to cbarse4 seconda1'7 particles that count in the t:canamise1on 

counter and so lower ttle apparent erose section. We assume that tor angles 

at which measurements were made (0 <. 6 < 6 de&) the differential cross section 

tor producin& charged secondaries, T), is approximately consta.ut, so tb&t this 

term ia proportional 'to the solid angle subtended by the transmission counter 1 

2u(l .. cos 8). The proportionality constant q caa be cletermined for each pair 

of tJ0 and V0 by a least-squares tit to the data, with the reetr1ct1on that 

" be positive. 

U the finite a.nsu1ar resolution or the counter system is taken 

into account 1 Eq. ( 17) must be :replaeed by 

st da (9') 
a(9) ·j ·an. 7t (e,e•) &l' ... a,. - 2JI q (1 - aoa 8)' . (l6) 

Where 7C.. (8,9') is the probability that a particle scattered at an anale 
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e• Will mss the tra.nsmiesion counter. -{(. (9 18') was calculated for each -
value of 8 and 8' 1 by aaiq the measured distributions ot beam particles 

at the transmission counters. 

In fitting the experimental clata to the tunctional. form st ven in 

Bq. (18) 1 aU caloalations were carried out in the c.m. system ot the 

incident particle an4 the target nucleus. This merely involved. transforming 

the aoale e to its corresponding angle e• in the c.m. systan. 

For eaCh pair of u0 and v0 , a value of x2 was d.etemined, where 

x2 • ~ [ "
1
meae "" o-\~alc] 

2 

, (1.9) 
L Aameas 
i•l 

For a ngood fit," x2 ts approximately eQ.U8J. to the number of 

experimental points minus the rwm.ber of fitted parameters. 

D. The Results of the Anal.pis: C~ison of 'the Best-Fit Potentials 

W1 th the l'rediC'ted Ones 

Ftsures 6 and 7 show plots of X:; vs v0 for u0 • 0 as theory 

predicts. V(r .. o) = 0.62 v
0 

has 'been plotted for beryllium for easier 

comparison with the other nuclei studied. Considering the uncertaiot;v in 

the predicted valu.es, 'the best-fit values of v0 are generally in good 

agreement With the predicted oues. The predicted potent1als seem to be 

slightly low iu the case of pion-n.u.clws scatterins. 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 18 as ;yet 

uneQl.ained. 

If u0 1a kept fixed, the min.1Dlum values of x2 are e31;pected to 

be about 7 for Be and C 1 and about 4 for Al and Cu1 corresponding to t.lle 

two f1 tted parameters V 0 and 11. The values obtained vere general.cy' 

somewhat J.arser. The explanation for this is disc\lSsed below. 
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2 The variation of X with u0 vas also studied. Figure 8 shows a 

2 plot of X vs u0 tor positive pions scattered by Be, C, Al, and. Cu nuclei. 

For each value of u0 the imaginary potential v0 was adJusted to give a 

2 
minimum 1n X • It can be seen that the fits are improved somewhat if u

0 

is made approximately equal to v
0 

in absolute value. The predicted values 

of u
0 

fi'om Table III are indicated by arrows. As meutioned preViously, the 

tits are not sensitive to u0 when u
0 

is small. Results for the case of 

incident protons are quite simil.e.l". When u0 vas allowed to vary, the 

minimum values of x2 tended to be smaller than mi&ht be expeeted statistically. 

This is probably due to a slight overestimation ot the a;periDlental errors. 

It 1s apparent from Fig. 8 that except for beryllium the larse 

. values of u0 are only slightly favored. statistically over the predicted 

ones. The magnitude of this discrepancy is fUrther illustrated in Fig. 9 

which compares the experimental cross sections for pions on berylliWil VitA 

the calculated ones for u
0 

= 0 (the predicted value), and also tor the best

fit value of u0 • Even in this case, where the high values of u0 are most 

favored statistically, the 41SCre}>&ncy could be removed completely if the 

experimental cross sections at intermediate angles were raised approximately 

~~ or if' the ams.ll+angle points were lowered about the same amount (this 

latter alternative would also involve rea(lJu&tin& the best-fit values of' 

It 1& therefore quite possible that this discrepancy arises fr01D 

a small systematic error in the cross .. section measurements, or to acme 

deficiency in the methOd :.used. in fitting the data. Possible explanations 

are discussed in detail below. 

VI. DISCUSSION OF RESULTS 

A. The Total Cross Sections tor Seattering by Hydrogen 

A striking aspect of the n+-P total cross section plotted in Fig. 4 
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is ita near constancy above 2 lev/c. !h1s is interesting in view of a 

theorem due to Pomeranchuk stating that if the total cross sections tor a 

pe.rticle and 1 ts antiparticle on bydrogen approach constant valu.es at high 

energies, these limits mast 'be eq,ual.. zr 'l'he available data for n· •P 

scattering show a similar flattening at higb. energies at approximatell ttle 

eam.e value.l2b This is the best ell;p81'1mental. eVidence to elate for the 

validity of Pomeraneb:uk • e theorem. 

The p-p cross sections in the raomen:twn range of this ex;per1ment 

show no sign of approaching a constant value. At 4.0 Bev/c the j ... ;p cross 

section 1& stiU 30 mb higher than tb.e p .. p cross section. Recent measure .. 

menta at the Clmf accelerator 1ndieate that tlae d.U'ference decreases to 

lOmb at 10.7 Bev/c.l2b 

B. Di~ssion ot the Fitted Values of the O,t1eal P9tentte.la 

The discrepancy between the best-tit experimental values of 'the 

real potential au4 the calculated ones is considerably outside the 

uncertainty in the calculated potentials. There are sevenl possible 

explanations for this result. 

(a) When the tall-otf parameter a . was mad.e smaller, good :tits 

were obtained W1 th considerably laver real potentials. To obtain agreement 

With the predicted val\leB of u0 , it was necesaary to reduce a almoet to 

zero. It is quite difficult, however, to reconcile this With ourrent theories 

regardina the structure of the nucleus. The variation of the best-fit values 

of the real potential (integrated) With r 0 vas also studiecl, and it was 

touo.d. that the fitted values were insensitive to small chanps in r0 • 

(b) The neglect o:t spin-orbit coupling migbt explain the discrepancy 

in the proton scattering results. Furthermore, Since all the nuclei studied 

except carbon bad nuclear spins 1
28 the most general optical potential :tor 

both pions and protons includes a term proportiOnal to t -. 1, where L is 



the angular JnQDlentum of the incident particle an4 1 the nuclear spin. Both 

tb:l• cmd the epin•orbit term, however, would be of relative order l/A1 while 

the obeel"Ved diacrepanoy does not seem to depend ou A. 

(c) In CQiiG)Uiaon of the experimental erose sections vi th the 

calculated ones as given by Eq. (18), it was assumed that 1}1 the differential 

cross section for the production of obarged aeeon.d.arie& 1 waa eonetant over 

tbe n.oae of angles studied. This &&8Wl:~Jt1on, though necessary 1 1s open 

to question. Drell has in f'aet sugaeated that at high energies the 

production of aecouaary pal"tioles from 1nel.&st1c collisions is strongly 

peaked fol'Vaf'd at lab angles g.afr.0 , where m is tbe pion mass and Eo 
the total energy of the incident particle in the laboratoQ' system. 29 At 

3.0 lev/c this obara.cterist1c ansle 1s • 3 deg. It can be seen from Fig. 9 

that this effect need. not be large to explain 'the observed discre,pancy. 

In view ot the above discussion, and 'because the f1 ta were t'ou.n4 

to be rather insensitive to u0 , ve conclude tbat th.ere is uo real disagree

ment between the results of 1m1a experiment and the values ot the real 

po-tential predicted t'rCIII1 the optical model and dispersion relations. A 

definitive test could 'be made if the differential elastic erose aection& 

vere measured direct.ly. For both pions and protons 1 the ex;per1mental.l¥ 

determined. values of tbe 1 maginary optical potential are genfQ"al.l.y in qW. te 

good agreement W1 th the predicted ones. There is possibly a di~t 

in the ease of a<:$ttering on copper, 

Two quanti ties of considerable interest are the total nuclear 

eroas section aT and the absorption cross section "a. For heavy nuclei, 

it _is difficult to measure the total cross section at h1ah enerstes be<o:auae 

Rutherford scattering is large over the maJor part ot the dU'fra.<:tiou patrt.ern. 

However 1 once optical-well parameters that f1 t the elq>erimerrt.a.l 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 sill(ply "turn off'' the Coul.omb interaction 

and calculate the total cross section for the potential well vi tb no 

Coulomb potential. For light nuclei this is the same as obtained by extra-

polating the measured cross sections to 0 dog, as iS u.auall.y dona. 

The absorption cross section can also be defined in terms of the 

best-fit parameters. The total elastic cross section ael is then ~-aa. 

The values ot a& and a el thus obtained are listed in Table IV. '!'he best-t1 t 

values of v
0 

when u
0 

is restricted to be small are also summarized there. 

The errors in the values of v0 given in Table rv are such tbat 

2 at the upper and. lover lim.its X is three tilles the minimum value. The 

upper and lover l1m1ts on a
8 

and a81 are the values corresponding to the 

upper and latter Um1 ts on V 0 • 

For c~ison with our results, Table IV also lists the values 

of a
8 

and ael found by Wikner tor the scattering of 4.3 -Bevfc negative pions. 30 

liis results tor a
8 

are in good agreement With ours, but his values of crel 

are more than twice as large. Wilmer's analysis Vi tll a square-well potential 

showed that his data iDdice.ted the real potential to be SQID.evhat larger than 

the 1.mag1ne.ry one. Our data,. on tbe otller hand1 are consistent Vith a real 

potential u0 • 0, U' a square well 1& assumed. 

If this apparent chanSe in the total elastic cross sections were 

verii'ieci by subseqqant experiments,. it would constitute a violation of 

charge symmetry at high energies, The only alternative possible is that the 

real potential increases dramatically between 3.0 and 4.3 Bev/c. Since present 

data show that the total pion-nucleon cross sections are essentially constant 

in this energy range, this presumes a breakdown of the pion-nucleon dispersion 

relations. A check on Wilmer's measurements with im,provecl techniques nov 

available Will be necessary before an,y 4ef1nite conclusion is possible. 



Table IV. Pion-nucleus ab80l'J]t1on and elastic cross sections 

This ExperilleJlt (3.0 Bev/c n•) Wilmer {4 .3 Bev/c a·) 
v

0 
(Mev) "a ael a a a el 

"+Be 154. ± 9.0 192 ± 8 41.5 ± 3.5 177 ± 9 125 + 18 -
" + c 59.6 :t 4.0 213 lt 8 66.6 ± 7 219 ± 8 167 t. 22 

n + Al 58.5 + 4.1 428 + l5 l6o + 14 470 + 10 356 ± 41 - -12 ·12 -
" + Cu 

69 0 + 13.5. 190 + 41 445 + 60 725 :t 25 895 + 93 • - 8.0 - 26 - 23 -
p +Be 109 + 6 - 236 + 4 - 64.8 t. 2.4 

p + c 84.3 :!:. 4.3 26o + 6 107! 6 -
p + Al 81.5 :t 6.5 503 + 16 - 236 :!:. 17 

p + Cu 120 + 24 914:!:. 44 62o + 65 - -
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FIGURE CAPl'IOliS 

Variation of cross section with subtended angle (schematic). 

Experimental arrangement. Magnetic shielding has been omitted 

for clarity. 

Cerenkov counter index-of-refraction curve at 1.8 Bev/c. 

Total Jt + .. p and p-p cross sections. Data of other experimenters 

(Ret. 12) are shown tor comparison. 

Form factors for potential vella used in fitting data; 

P(r) • [ 1 + e(r-rol/a.) -l • 

x2 vs v
0 

when u0 • 0 for 3.0-!ev/c pious incident on several 

nuclei. V(r ., 0) = 0.62 v0 has beeu plotted for Be for easier 

comparison with the other mtelei. The predicted values fran 

Table III are 

I v (r 1:10 0 I. 137 .6xo.62 = 85 Mev for Be, an41 vol a 58.1, 54.9, 

and 54.9 Mev for c, Al1 and Cu, respectively. 

2 
X vs v

0 
wbeu u

0 
= 0 for 3.0-Bev/c protons incident on several 

nuclei. For easier COJIIParison with the other nuclei, 

V (r = 0) = 0. 62 V 
0 

bas been plotted for Be. The predicted values 

from Table III are 1 V ( r '"' 0) I • 200xO. 62 = 124 Mev for Be 1 and 

I V 0 I • 85 1 80 1 and 80 Mev for C 1 Al, and Cu, respectively. 

2 The minimum values of X /t\ tor each u
0

• l\ ts the number of degrees 

ot freedom in the f1 t ( 6 for Be and C, 3 for Al and Cu) • For 

easier c~tson Vi th the other nuclei U(r ., 0) .,. 0.62 u0 18 

plotted tor Be. 

Examples of tits to the experimental data. u
0 

• 0 is the predicted 

value of U0 ; 8* is the angle in the pion-nucleus center-of-mass 

system. 
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