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NUCLEAR CROSS SECTIONS FOR 4.2-Bev NEGATIVE PIONS 

Fredrick Wikner 

Radiation Laboratory 
University of California 
Berkeley, California 

January 10, 1957 

ABSTRACT 

Simul.taneous transmission measurements in good and poor geometry 

have been performed at the Berkeley Bevatron to measure the total and 

absorption cross sections of several nucleL The negative pions were 

produced by bombarding a Be target with 6.2-Bev protons. The pions 

were analyzed by the Bevatron's magnetic field before leaving the quadrant 

vacuum tank thin window. The pions then passed through two strong­

focusing quadrupoles and were further analyzed before entering the 

counter telescope. The pion beam incident on the attenuator was defiQ.ed 

by two l-inch-diameter counters 12 feet apart. Poor-and-good-

geometry counters (5-inch diameter and 4-inch diamet'er respectively) 

were located 8 feet and 20 feet from the end of the defining telescope, 

resulting in a total telescope length of 32 feet. 

The total cross sections uh and <Td - <T h were measured by 

attenuation differences in good geometry of CH
2 

- C and n
2
o - H

2
0, 

with the results: 

<Th = 28.7 ± 2.6mb, 

<Td "' <Th = 23,0 ± 2.6 mb. 

The cross sections .of the following four elements were measured 

in good and poor geometry, and the following values of the total and 

absorption cross sect.ion are deduced (in units of millibarns): 
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Be c Al Cu 
·--I. 

u total 302 386 763 1620 

u 
absorption 177. n9 407 725 

The errors vary from 3% to 5% for these measurements. 

An interpretation of these cross se.ctions is given in terms of the 

optical model with two different density distributions, namely a uniform 

and.a tapered density distribution. The absorption cross section data 

werefittedwellwith R=(0.7± l.ZA 1/ 3)x10-
13

cmand R = 
1/3 -13 · . ·· · eq 

1.21 A x 10 em respectively; The latter value obtained with 

. tapered model density distribution is in quite good agreement with the 

. electromagnetic determinations of the nuClear charge distribution. 
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I. INTRODUCTION 

Information concerning the size and gross features of the interior 

of complex nucleihas been obtained in recent years when the re.sults of 

high-energy scattering experiments have been analyzed in terms of the 
* . . 1 transparent model of the nucleus. (See Section VI for a brief dis-

. * * cussion of the optical or transparent model used in this paper). 

A considerable number of experiments using neutrons produc·ed 

by the large cyclotrons at Berkeley, Harwell, Chicago, and elsewhere, 

\ with energies up to 400 Mev, P-ave indicated nuclear transparency and a 

nuclear radius that depends on the atomic number A according to 
1/3 -13 R = roA X 10 em. R is the nuclear radius, and ro, a constant, 

is called the radius parameter. These experiments have been 

summarized by Nedzel
2 

and satisfact.:orily interpreted by the optical 
3* model. Proton- and pion-scattering experiments are less numerous, 

but yield essentially the same values for the radius parameter ro: 
4 

These values of the radius parameter r
0 

are considerably 

larger than those obtained recently from electromagnetic measure­

ments of the nuclear charge distribution, 5 .and have resulted in 

numerous propqsals that attempt to understand this difference. 
6 

Addi­

tional information fqr discussion has now come from the experiments 

performed in the Bev region following the completion of the cosmotron. 

The results of scattering 1.4 -Bev neutrons 
7 

and. 860 -Mev protons 4 

from ~uclei give values of the nuclear radius parameter ro that are 

significantly smaller than obtained by the nucleons and pions in the 

300 -Mev region, and begin to approach the values obtained from the 
' 5 

electromagnetic measurements. 

* Although there are many different kinds of optical model, the 

term noptical" or 11 transparent" model of a nucleus as used in this 
1 

paper refers to that model developed by Fernbach, Serber, and Taylor. 
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Thus we: felt it worth .. while to measure the pion-nucleus cross 

section at some high energr to.see if negative pions would describe 

nuclei with radii similar to or different from the values found by the 

very recent high-e'nergy nucle~n experiments~ As fn the Cosmotron 

experiments, absorption cross' s~ctions were obtained directly', making 

the optical-model ~nalysis quite simple since only a portion of the 

model was necessary for the calculations. In this analysis it is 

necessary to know the value of the pion-nucleon cross section at the 

energy used in th~ experiment. Therefore; in addition to the nuclear 

cross sections the negative plan-proton and pion-deuterium total cross 

sections were·mea:'sured. (These latter measurements, being of 

fundamental importance in ~hemselves, are part of a program to 

measure the negative pion-nucleon cross sections as a function of energy 

from 2.0 Bev to the maximum pion energy available with the Bevatron. 

As yet only very preliminary results are available except at the energy 

used in this experiment.) With the absorption cross sections, .. and with 

an assumption for the total pion-nucleon cross section in a nucleus, one 

cart determine fhe nuclear radius R and the mass absorption coefficient 

K for nuclear matter. If, in addition, the total 'cross sections can be 

determined,· one can obtain a value for the mean potential experienced 

by a negative pion in a nucleus. 

We had planned to measure the absorption and total cross sections 

fo·r Be, C, Al, and Cu, and the absorption cross sections only for ,Sn 

and Pb. We were unable to complete work on Sn and Pb because of 

· difficulties in ma'chine performance and s.ubsequent li~itation~ in running 

time .. However, lse, 'Lagarrigu~. and Pyle have measured the absorption 

cross sectio~s for Aland Pb at 5.0 Be.v/c and at 3.2 Bev, using a mul. 

'tiplate expansion cloud chamber. 8 Assuming 'that the energy variation 

of these cross sections is negligible in. this energy region, we have 

averaged 'their two· Pb values for use in our analysis. The agreement 

between the two methods of measuring ·absorption cross· sections is 

quite good, as is seen by a comparison of the valU:es obtained for AL We 

found that u for .Al is 407 ± 10 mb at 4.2 Bev, whereas Ise et al. 
a . . 

. obtained 400 ·± .40 mb at 5.0 Be.,;/ c and · 430 ± 40 mb at 3.2 Bev. 
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II. EXPERIMENTAL METHOD AND EQUIPMENT 

A. Experimental Method 

To determine the total and absorption cross sections, transmission 

measuremen.ts were performed in goo<:I.and in poor geometry. 

In transmission experiments the cross section one measures is 

determined by wh~t the detection system after the absorber does not 
11 see. 11 Let us explain this more fully. A beam of particlesis defined 

in some manner- -in our work by a counter telescope- -and is allowed 

to strike an absorber. Any one beam particl~ while it is in the absorber 

may do one of the following: it may pass through unaffected, it may 

Coulomb-scatter, it may be elastically scattered by a nucleus in the 

absorber, or it may undergo a nuclear absorption with subsequent 
\ 

production of one or more secondary particles. (This last event occurs, 

of course, only in those experiments in which the beam particles h~ve 

sufficient energy for particle production.) 

Let us now consider the angular deflection experienced by'each 

class of scattered particles, and also the variation in radius of the 

transmission detector as it records one oro:all types of particles 

scattered in the absorber. This detector,' in our experiment, was a 

circular counter of radius R, centered on the incident-beam line some 

distance behind the absorber. (The actual radius of .the counter and it's 

location behind the absorber are considered quantitative'ly below.) Let 
. . 
8, .the. angle of deflection of the scattered particles, be measured from 

. ' . ' . ' 

the center of the absorber and from theline defined by the incident beam. 

Let us begin with the rad,ius of the transmission counter large enough 

so all types of particles scattered in theabsorber are recorded by the 

transmission detector. For large ~alues of 8, the particles present 

in an annulus near the outer edge of the counter have resulted fro;m 

particle production in the absorber, since this type of event involves 

large momentum transfers. This condition remains as 8 is decreased 

until one reaches a value of 8 corresponding to the first minimum for 

diffraction scattering for the element in the absorber, Therefore the 

outer ring of the counter, from the radius value R (corresponding to . . . , . m .. 

the first minimum for diffraction scattering) to the outer radius of the 

rJ 
) 
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counter, records only particles arising from particle production in the 

absorber. Now let us remove· this ring and consider the central portion 
I 

of the detector ~nd t:he· type of particles it records as R is decreased 

towards zero. At the mome~t it records predominantly pass -through 

particle.s, *and Coulomb and elastically scattered particles, although 

a small number of particles having their origin in inelastic events are 

present arid are recorded. As" R (or 8) is decreased, the number of 

elastically scattered particles detected also decreases, because the 

solid angle subtended by the transmission counter is decreasing until· 

one finally arrives at a value for R (or 8) where only pass -through 

partiCles and particles that have Coulomb-scattered are present and 
'<:: . 

ther·efore detecb;;d in large numbers. 

To summarize, then, one hopes to have three separate angular 
'' 

regions, the first of which includes angles from 8 = 0 to 8 = 8 and 
- c 

contains predominantly pass -through and Coulomb-'scattered particles. 

( 8 c is th~ angle at which. most of the Coulomb -scattered particles are 

included.) The second regiO>n includes an~les from 8 = 0 to 8 = 8d' 

namely that of region one plus most of the nuclear diffraction scattering. 

(8d indicates the angle at which aU diffraction scattering is included, 

that is, the angle at which the first minimum in the diffraction pattern 

occurs.) The third region would then include all events discussed, above. 

With this gene:ral qualitative picture iri mind let us consider the 

measurement of the total nuclear cross section. This cross section 
(J t' 

is composed of two parts, the absorption cross section a a' and the 

elastic or diffraction cross section u d~ In order to measure the cross 

'section (]' t ( = (]'a+(]' d), in a transmission type experiment, a detector 

of some finite diameter mus_t be located behind the absorber at a position 

such that it detects a minimum of those beam partiCles which have 

suffered a nuclear coUision and it detects at the same time a maximum 

By "pass -through particle'' we mean a particle that suffered no 

collision is passing through the absorber. This type of particle of 

c6urse interacts.with the atomic el,ectrons in .the absotber, suffering 
dE 

the usual loss in energy. 
dx 
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of the Coulomb -scattered particles .. The requirement of minimizing 
.. 

the loss of beam particles due to multiple Coulomb scattering is obtained 

by using absorbers of limited thickness and by adequat~ corrections to r; 
the data. (The use of thin absorbers maximizes the probability of only 

one elastic scatter in the absorber. It also requires a high flux of 

. particles for adequate measurements, since the rear counter records 

only small difference betwe~n the transmission with the absorber in 

the beam and the transmission with the absorber out.) Obviously it is 

'* impossible to achieve a situation in which no charged secondary 

produced in the a,bsorber will escape detection by the transmission 

detector, but that experimental arrang_ement which optimizes the 

'\.. . [ conditions that allow the detector to ''see'' e·s .. sentially pass -through 

),.. ;!~and Coulomb-scattered particles only is called a condition of good 

.;i (1
" . geometry and therefore gives it;tformation concerning the total nuclear 

\J •. " 1; ; I . • . 

. s~ )-- ~ ~ross section u t" 

The abso·rption cross section, u a' is obtained by loc.ating the 

transmission counter with respect to the absorber so that it will detect 

all beam patticles that pass through, which Coulomb-scatter and which 

ela.sticallyscatter in the absbrber. This is the second region, as 

discus sed -above, wh~re the detector subtends the angles from e = 0 

to 8 = ed. This experimental arrangement defines the condition of 

poor geometry and thus gives informatibn concerning the absorption 

cross section. Actually, the condition described above is one of_good 

geometry for the measurement of cr ; however, tradition has it that . . a 

u t is measured in what is called 11 good 11 geometry and u a in what is 

called 11 poor11 geometry. 

Now it is obvious that there. are not three separate and distinct 

angular regions occupied by particles resulting from one particular 

11 secondary" in this case means particles produced in an absorption- ~. 

type collision and particles elastically scattered by nuclei. "Secondary" 

in. absorption cross -section measurem·ents ·refers to particles arising 

from inelastic events. The use and meaning of the term "secondary" 

depend, then, on the type of cross section under consideration. 
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type of event in the absorber. The regions overlap, and one then has 
, 'I , ' : ~ . •··• . • • 

the p_roble:n pf correcting for the secondaries recorded bythe trans­

mission detect.or. 

In this experiment we have a~tempted to make :this ~orrection 

experimentally: For the moment let us consider the .measurement of 

the absorption cros.s section,. u for any nucleus. The pricipal 
.a 

problem in the determination of u is the elimination from detection 
a 

by the transmission counter of charged .secondaries, produced in an 

inelastic collision in the absorber. At lower energies than used in 

this particular experiment this was accomplished by placing absorbers 

before the transmission detector to remove inelastically scattered 

particles. 9 However, at the high energy used in this experimeht, 4.2 Bev, 

the secondaries produced cannot be absorbed out easily because most 

of them have quite high energies. Therefore the following method was 

used to determine this effect. 

The beam particles were defined by a counter telescope. and some 

distance from the end of this telescope the poor-geometry transmission 

counter was located. The absorber was placed at various positions 

between the end of the defining telescope and the face of the trans-

mission detector. Each absorber position defines a half-angle 8 

subtended by the transmission counter, and thus an app'arent cross 

section 

1 
= --ln r(8) 

Nx 

where Nx is the number of atoms per cm2 in the absorber and 

1/(r(8)) = I(8)/(I
0

) is the observed transmission within the included 

angle 8. This is the cross section for all interactions removing 

beam particles from the solid angle 0 defined by 8 , minus the 

(l) 

cross section for the 'production of secondaries entering the trans­

mission counter. The effect of these particles is to cause the apparent 

cross sections u( 8), measured at various subtended solid angles 0, 

to decrease with increasing 0 even beyond those angles for. which 
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elastic processes should have an: effecL Now it i's generally believed 

that the effect of these secondaries can be eliminated by extrapolating 

the values of the cross section measured at various solid angles to zero 

solid angle. It is assumed that the angular distribution of the secondaries 

is essentially uniform within the small angular region of concern, and 

thus that the cross section varies linearly with subtended solid angle. 

Although the discussion above has been concerned with the problem of 

charged secondaries in the determination of the absorption cross section 

(]' , the same process can be and was used in the determination of the a . 
total cross 'section (]' t• / 

This method of measurement is more easily understood by reference 

to the figure below. 

(J't 
Nuclear 

cross 

Good-geometry measurements 

Poor-geometry 
measurements 

\ 

·This figure is schematic and is meant only to illustrate the technique 

used in this experiment. The presence of the secondaries is shown by 

the negative slope of the lines in both geometries. The rapid rise m 

the· curve at A reflects the loss fro~ detection of the diffraction 

scattering by the trans,mission counter. \This loss occurs as the solid 

angle~ subtended by this c'Ounter at the absorber is decreased, in the 

angular re,gion where this type of scattering is important. It should be 

emphasized that extrapolation of measurements taken in poor geometry, 

as defined above, to zero included solid angle does not yield the total 

nuclear cross section, but rather the total absorption cross section. 

The experimental arrangement is shown schematically in Fig. 1. 

Figures .2 to 4 are included to show the equipment employed in this 

experiment. The generallayout and appearance may be considered 

typical of many counting experiments performed at the Bevatron. 
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.064" THIN 

WINDOW 

WEST TANGENT TANK 
I 

52' FROM HERE TO. TARGET 
ALONG PARTICLE TRAJECTORY r 

nF 
I--

ABSORBER POSITIONS 
,.__.L.., 

~I II -1-
I·o 

4 

4; 

I 1,1 
ll-b 6·to"Pb 

EXPANDEDVIE,OFC<lU.'lERTELESCOPES 

Experimental arrangement. 

MU-12955 



Fig. 2. Bevatron. west tangent tank and platform 

West tangent tank 

Southwest quadrant begins here 

.064 -in. thin window located back in 
I the quadrant structure 

Remnant of the K-lifetime 
experiment 

Iron slabs located on side 
of analyzing magnet to insure 
a snug fit in the concrete shielding 

i:L 3 -Bev/ c negative pions, produced by 
protons striking a Be target · 
passed between two notched 
I -beams of the support structure 
of the southwest quadrant, and then 

entered the two 4-in. :-diartl'eter 
strong -focusing quadrupole 
systems; 

then passed through "a 5 -foot 
analyzing magnet buried in the 
concrete shielding surrounding 
the Bevatron 

.•. j l j •. • ... 
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F~g. -3. Bevafron:west tangent tank experimental area 

ear~y ran expe ritnental arrangement 

Defining counters No. z, and No. 3 - rear counters No. 4 and No. 5 locateq. 
respectively -19 ·and· 21ft from counter No. 3 

, t-Electronics used in the experiment 

4.-.- This 5 -foot magnet was located in a neutral beam for another 
experiment and is identical to the one used in the negative -pion 
experiment 

yopper absorber 

-\J1 
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-Fig~ 4. Bevatron west tangent tank - experimental area 
_data -taking experimental arrangement 

Grid ~sed in taki~g beam distribution 

Counter No. 5 of 4-in. diameter -_good geometry· 
I . 

Counters, out of main beam line, on test for later use by Cork et al on 
. 1 antinucleon experiment 

Electronics for 4.3'-Bev/ c negative pion experiment 

.[. Counter No. 4 of 5-;n. d;ameter -poor geometry 

·I 

Counters No. 3 and No. 2 of l-in. diameter----,.. .... , 

t 
Al absorber 

• f 

I o 
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The particles used in this experiment were produced by allowing .the 

internal proton beam of the Bevatron to strike a l-in. -square 4-in. -

long beryllium target located approximately 14° back inside the south­

west quadrant of the Bevatron. The negative pions produced in the 

forward direction were analyzed by the Bevatron's magnetic field; the 

pions of 4. 3 Bev / c ·passed through the thin window in the .vacuum -tank 

wall, and, avoiding the supporting structure of the Bevatron, entered 

the auxiliary experimental magnetic fields (Figs. 1 and 2). The pions 

were focused by two sets of strong-focusing quadrupoles and magnetically 

analyzed again before impinging on the counter telescope, which began 

within the concrete shielding and extended to the outer wall of the 

Bevatron building. 

The instantaneous counting rate was greatly reduced by allowing 

the beam to spill on the Be * target aver 130 milliseconds. We 

achieved this spread by turning off the ·rf acceleration voltage slowly 

near the end of the acceleration cycle, aided, when necessary, by the 

simultaneous injection of noise into the rf system, properly timed, 

to achieve a uniform beam spill. We were then able to use the maxi-

, mum beam intensity o£ the Bevatron's circulating proton beam, on 

10 ** occasions 2 to 3 x 10 protons per pulse. With the arrangement 

shown in Fig. l, a triples counting rate of 150 to 200 pions per 10
10 

protons resulted. 

A telescope of three l-in. -diameter plastic scintillation counters, 

in triple coincidence, defined the beam of 4.2-Bev negative pions. The 

absorber was placed behind Counter 3 and the transmitted beam was 

measured by two counters separately in quadrupl·e coincidence with 

the defining telescope. One of these counters {No. 4, of 5-in. -diameter) 

was located 8 ft. from Counter 3 and the other (No. 5, of 4-in. -diameter) 

was located 19 ft. from Counter 3. The location and size of Counter 4 
. . 

were _chosen so that the nuclear diffraction scattering of the elements 

under consideration in this experiment could be easily contained 
. . . 

within the range of ha:lf arigles '8 available to an absorber placed at 

·* This time dispersion led to an energy spread in the proton beam 
of 5. 7 to 6.2 Bev, ·though it had no effect on the energy of the pion beam. 

~. . ' . 

March -April - 1956. During Jan. 1957 proton beam intensities 
of 10 11 particles/pulse were obtained quite frequently. 
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positions between Counters 3 and 4o 'That th1s· is' indeed the~c'as·e'can 

be seen in Table IA below, where the values of the fii-st diffraction 

minimum are given for Be, C, Al, and Cuo The vaiues were computed 

0.61 i- em isthe.vaiueo£ () atthefirst from t-he relation 8 = 
m 

diffraction minimum; 'A. is the wave length of the incident negative pion, 

and for this experiment has the value 2o883 x 10-
14 

em; R is the 

radius of the nucleus. R was assumed to have the following A
1
/ 3 

dependence, R = 1.3 X A 113 
X 10- 13 cmo I The table also gives the 

half -angle () subtended by Counter 4 for absorbers located at 0, 1, 

2, 3, 4, and 5 feet; respectively from Counter 3o From this table it is 

evident that the geometry selected is adequate for the determination 

of the absorption cross sections in the manner described above. (The 

method used for correcting for residual diffraction scattering can be 

found in Sec·o Vl-Bo) 

A 

Values . A 1/3 

of () 
m 

(radians) 

Be 0.0651 2·.o8 

c 000591 2.29 

Al Oo0451 3o00 

Cu 0.0339 3o99 

The location and 

Table I 

Absorber position 
(distance from Counter 3) 

(feet) 

0 
l 
2 
3 
4 
5 

size of Counter 5, were 

B 

Values of the half -angle 
(in radians) 
subtended by 

Counter 4 Counter 5 

0.0261 0.00877 
0.0298 Oo00926 
0.034 7 Oo00980 
0.0415 Oo0104' 
Oo0521 OoOlll 
000694 Oo0119 

chosen so that the 

conditions of good geometry could be realized for both the pion -nucleon 

total cross sections and the pion-nucleus total cross sections with the 

various absorbers located at positions identical with those used in the 

absorption -cross -section measurements 0 The half -angles subtended by 

Counter 5 for these positions are also given in Table lB. The lengths 

of absorbers used in this experiment (see Table III) were such that the 

multiple Coulomb scattering correction was never greater than lOo/oo 
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(See Sec. V. for a discu.s.sion of this correction.) Here also it is/ 

evident that the geometry selected is adequate for the determination of 

the total .nucleon and total nuclear cross sections a.s discussed above. 

With the absorber located at various positions betwe,en c;ounters 

·3 and 4 simultaneous attenuation measur~ments could be made pertain­

ing to the absorption and total cross sections for the eleme.nts considered. 

By moving the absorber, rather than the rear counters (numbers 4 and 

5), maximum use wa.s made of the total beam time, since it was not 

necessary to change any delay lengths for the rear counters as is re­

quired in those experiments in which the absorber is fixed and the 

transmission counter position varied to change 0. 

Therefore with the transmission measurements, coupled with 

suitable corrections and extrapolations, one can obtain u t from the 

poor-geometry measurements and u t from those taken in good geometry. 

The main problem in the determination of u , as mentioned before, is . a 
the elimination of the recording of charg~d secondaries in the rear 

counter (number 4). 

A more serious problem is encountered in the determination of 

u t' because of the unknown interference between Rutherford scattering 

and the diffraction scattering. At these high energies, 4.2 Bev, this 

interference makes the determination of the total cross section ex­

clusive of Coulomb scattering difficult except for elements of low Z. 
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B. Equipment 

All counters used in this experiment were made by using a 

plastic scintillator consisting of a solid solution of terphenyl and 

tetraphenyl-butadiene frequency shifter in a polys'tyrene medium. The 

three defining counters were l-in, ·-diameter disks, 0. 5 in. thick, 

viewed on edge by one RCA 1P21 photomultipler. The two rear counters 
, 

were 1 in, thick; No.4 had a 5-in, -diameter crystal and No. 5 a 4-in.-

diameter crystal; each scintillator was viewed by 4 RCA 1P21 photo:.... 

multipliers symmetrically placed. Their outputs were passively aqded 

at the counter before amplification. 

The signals from all counters were amplified by two Hewlett­

Packard 460 -A distributed amplifiers, or one 460 -A and one 460 -B, 

depending on the sign of the output used from the counter. The un­

clipped amplifier pulses then entered the various coincidence circuits 

that were used to form triple coincidences for the defining telescope 

and quadruple coincidences for the poor- and good-geometry arrange­

ments. In addition, pulses from Counters 1 and 3 were used again to 

form a coincidence, which served as a check on the other electronics. 

Accidentals in the defining telescope were measured simultaneously 

by another circuit during ·each run. An electronic block diagram is 

shown in Fig. 5. 

Th . 'd . . f d . d b G . lO e co1nc1 ence c1rcu1ts were o a type es1gne y arw1n, 

but modified .in various different ways by Wiegand, ll "Madey, 
12 

and 

Evans. 
13 

The resolving time (the half width at half maximum) of 

counte l's plus coincidence circuits was measured and f_ound to be 

approximately 10 -S sec. This resolution proved quite adequate for the 

running conditions encountered. The negative output of the Wiegand 

and Evans circuits was amplified by a 460 -B, the resultant pulse then 

being sufficient to drive a Hevvlett-Packard 10 -megacycle scaler 

(which was modified to allow gating). The final scaling was done by 

a UCRL-1024 scaler. (The output of the Madey circuit was handled as 

described in Ref. 12.) 
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Doubles - 1 and 3 

Front Triples 

1- Wiegand Coin. C ir. 

2-Evans " 11 

3-Madey II " 

4-UCRL Linear Amp. 

5-UCRL Scalar 

6-10 me Pre Scalar 

5-- 7-460-A Amp 

8-460-B Amp 

_9- Fast Pulse Inverter 

Front Triples or Accidentals 

in the F='ront Triples - --- --

Fig. 5. Block diagram of electronics 
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An auxiliary monitor
14 

using a signal from the east fnduction 

electrode was employed as another rough check on the general 

operation of the electronic system. 

The strong -focusing quadrupoles ha,d an effective aperture slightly 

less than 4 in. in diameter and couldproduce gradients near 8000 

gauss/in. The analyzing magnet had a 4-by-12-in. gap with an effective 
'' 

gap length of 60 in. A field of 20,000 gauss can be obtained with this 

magnet, and one could therefore deflect 4.3-Bev/c particles through 

""'12° quite easily, using less than the maximum field strength 

available. 



IlL AUXILIARY CALCULATIONS AND MEASUREMENTS 

In order to locate the experimental equipment, described above, 

theoretical negative -pion orbits of the desired momentum were drawn 

by use of quarter-scale drawings of the Bevatron's magnetic field and 

a mechanical analyzer (affectionately known as "The Bug"). 
15 

The 

magnetic .field measurements were taken by the UCRL Magnetic 

Measurements Group .. This series of measurements gave values of 

the field at various positions as a function of time during the acceleration 

cycle, and those points of interest to us were reduced from the original 

data for use in this experiment. 
16 

Negative pions produced near 0° 

from the 14 ° Be target, of 4. 3 Bev/ c, came out of the machine at a 

convenient place and were selected for use in this experiment. With 

this momentum the currents in the strong-focusing magnets were 

calculated by use of an analog computer, and the current in the 

analyzing magnet was selected using known datafor the magnet to 

deflect negative pions -12°. No experimental time was taken to tume 

the strong -focusing magnets, and the final current setting in the 

analyzing magnet was chosen in accordance with previous calculations 

after some brief experimental investigations 'to show that the beam was 

a_s anticipated in the experimental area. Estimates were made of the 

'error's''irivolved in the- m.a.c-:nrnes and methods used in the calculat.Cons; -·­

plus the momentum spread accepted by the telescope, and the momentum 

in this experiment was taken to be 4.3 ± 0.2 Bev/ c. 

The beam of_particles used was I;>redominantly negative pions; 

contamination was due mainly to muons and a ne.:gligible number of 

electrons. The muon contamination was found by calculation to be 4 o/o. 

The calculation was quite simple and was done c_onsidering the mean 

distance against decay for the pions, the solid angle subtended by the 

counting system along the path of the pion, and the limitations imposed 

by the magnetic field on the total decay volume available to the resulting 

tJ. meson compatible with subsequ_ent detection. Similar considerations 

yield an electron contamination ;esulting from rr
0 

decay less than lo/o. 

In a short preliminary run in which the rr-- proton cross section was 
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under consideration, using a counting arrangement similar to that in 

Fig. 1-B, the cross -sectional value measured with 6 in. and 10 in. of 
. . . . ( 

Pb between the two re-ar counters was found to be the same as that 

determined with no Pb present. The error in these measurements was 

3 to 5%. 

For the purpose of computing the multiple-scattering correction, 

it is necessary to know the distribution of the _beam over the l-in. 

diameter of the defining telescope. This was done by counting with a 

small counter (3/4-in. diameter),, at different positions on a grid 

system at the end of the Al rail, in quadruple coincidence with Counters 

l, 2, and 3. No appreciable divergence of the beam was. found. The 

measurement in the horizontal plane is shown in Fig. 6. 

In transmission-type experiments it is essential that the large­

diameter rear counter be of high efficiency and uniform in response . . 

over its surface. If it is not, all transmissions measured will be too 

small and the resulting cross sections too large, Counters 4 and 5, 

when viewed with four photomultipliers symmetrically placed, yielded 

an effic~ency and uniformity of response of essentially lOOo/o. This, was 

determined by exploring the face of each counter with a l-in. -diameter 

high-energy cosmic -ray telescope. The statistical accuracy of the 

measurements was 2.5o/o to 4o/o. 

Accidental coincidences were measured by delaying in time any 
. ~ -8 ' 

one COUnter by inserting 2 to 5 X 10 SeC of cable into the COUnter in 

que.stion. With the beam spilled over 130 milliseconds, and with the 

counting rates described, it was not surprising to find the accidental 

rate usually ~egligfule. If we noted a rise to something like l o/o it 

could usually be traced to a fluctuation in the machine operation, which 

allowed bunching and large irregularities in the uniformity of the beam. 
~ ......... 

spill. As the experiment progressed we learned how to regulate the · 

behavior of the final stages of the acceleration so that essentially no 
( . 

accidentals were present. 

This method of measuring accidental rates yields partial rates, 

so that one is left with the problem of how to combine them. In 

addition, the rate is overestimated, since a large fraction of the 
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Fig. 6. Distribution of the beam defined by the first three 
counters as seen by the probe counter at the end of the 
counter telescope (see Fig. 4.) The size of the probe 
counter is indicated by the horizontal limits. 

·(Measurement made in horizontal plane.) 
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counting rate is due to true bean:1 partisles. TI:us a displacement or 

delay of one counter can still allow a beam particle to give rise to an 

. accidental count that under normal circumstances would'be a true co­

incidence. Since the rate as measured was small, this overe·slimation 

is not a serious problem and was ignored. 

With the analyzing magnet turned off no coincidences were ob­

served .. No coincidenc~s were observed when, with the magnet on, the 

target failed to operate~ 

The counting system was plateaued before the run by the use of 

high-energy cosmic rays. Occasion was taken during the experiment 

to. check these high -·voltage plateaus, and exact agreement was found ., 
with the cosmic -ray results. 

.. 

I 
\ 

( 
\ 



IV. EXPERIMENTAL PROCEDURE . 

The strong -focusing quadrupoles, analyzing magnet; and counter 

:telescope were lo~ated in the median plane of the Bevatron along the 

line calculated from the rnagnetic field plots~ The photomultiplier 

high voltages were. set at the values obtained from the cosmic -ray 

measurements; each counter within the counter telescope had an 

appropriate amount of cable between itself and the coincidence circuit 

consistent with its location in the. flight time ·of the pions. During 

the experiment the electronics was frequently pulsed through by using 

a millimicrosecond pulser to check the triggering level of the counting 

system; appropriate adjustments were made when necessary; The 

efficiency of the counting system is· the ratio of the number of particles 

detected by the defining telescope (L e., front triples, Fig. 5) to the 

number of particles detected by the total telescope (i.e., front triples 

plus either transmission counter Qu.ads in Fig. 5 in the absence of an 

absorber. This efficiency was lOOo/o for the poor-geometry arran-ge­

ment and 98o/o to lOOo/o for the good-geometry arrangement, throughout 

the run. Scattering by the defining counters and by the air probably 

accounts for the 2o/o variation, since the counter itself was found to be 

lOOo/o efficient. Accidental rates and magnet current settings were 

frequently checked during the experiment. 

The absorber position was varied from a location immediately 

following Counter 3 to the face of Counter 4. Air runs--i.e., absorber 

out--were usually taken at the beginning, middle, and end of a series 

of measurements for each element. In the computation of the trans­

missions for each element all air runs were averaged for those cases 

in which the electronics had no known drifts or difficulties. On those 

few occasions, when the electronics was not operating as well as we 

liked, but still in acceptable manner, an air run was taken immediately 

before or after. an absorber run (or both), and the transmission was 

computed from these data .. Some experimental points were repeated 
I 

on separate days during the experiment and were found to be the $arne 

within statistical error. The hydrogen and deuterium cross sections 

were obtained with .two different lengths and types of absorber, and in 
) . 

a few cases the nuclear cross sections were measured with two 

different absorber thicknesses. 

.. 
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V. GENERAL CORRECTION TO THE DATA 

In this section those errors which might be considered of a general 

nature are discuss.ed, whereas errors particular to one cross section 

measurement are discussed in the section on Experimental Results (Sec. VI). 

The precision of the measurement of negative -pion total nuclear 

cross sections depends, principally, on the treatment of t[Le corrections 

necessitated by Coulomb scattering in the absorber and by interference 

effects between Coulomb and diffraction scatterings. (The effect of the 

Coulomb interaction on the poor-geometry measurements is discussed 

inSec. VI-B). 

The method used to calculate the fraction of the incident. particles 

that miss the transmission counter behind the absorber, due to single, 

plural, and multiple Coulomb scattering in the absorber is-due to a paper 

by R. M. Sternheimer. 17 

He considers a general experimental arrangement having an 

arbitrary number of counters defining the beam incident on 'the absorber 

of length x 0 , in radiation lengths, and a transmission counter of radius 

R located a distance £ from the absorber, Circular symmetry about 

X - X is assumed. The only relevant propetties of the incident beam are 

t}:le radius of the circle ,that would be covered by the beam at c
3 

in the 

absence of scattering and the radial distribution of the particles inside the 

circle. When this distrubiton is assumed to be uniform the results of 

Sternheimer's paper can be used directly. This was done in this experi­

ment--i.e. a uniform distribution was assumed- -for these corrections. 

x ___ _ 

If the beam had been extremely narrow, the particles that have 

experienced multiple Coulomb collisions ~hen they erne rge from the 

absorber would have a Gaussian distribution in the deflected angle, and 

this Gaussian can easily be integrated over the solid angle subtended 

by the transmission counter. For a beam of finite extent, however, 
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particles off the axis of the beam wiU have Gaussians centered about 

different points in the cross section ·of the beam, and this then 

necessitates arl. additional integration over th~ beam distribution. The 

results of Sternheimer's calculations are in the form of curves of F 

as a function twoparameters r
0 

and Po (1-:- 1F is the fraction of the 

beam lost due to multiple Coulomb scatterin,g; that is, the observed 

transmission is F. 1jr
0 

instead of I/I0 , the ratio desired). Here 

r 0 is a function of the rms scattering angle and the geometrical 

arrangement (not?-_ radius, but rather a quantity characterizing the 

geometry and amount ofmultiple C()ulomb scattering incthe absorber), 

and Po is the radius of a uniform circular beam in units of the radius 

of the transmission counter .. For each experimental point, we computed 

. d' t' 1 th . b R . lS d h F( .) f d r 0 us1ng ra 1a 1on. eng s g1ven y _oss1, an t en Po was oun 

for each Po from Sternheimer1 s curv~s. 

The results of Sternheimer's paper also enable one to conclude 

that lossecS due to single and plural Coulomb scattering are very small 

and negligible. 

Accidental coincidence corrections are hard to .make, since the 

accidental rate is difficult to measure and fluctuates wlth beam 

bunching and beam intensity. However as the measurements indicated 

a small accidental rate, only a few valueS of CT ( 8) out of all the 

measurements were corrected. This correction amounted to· a simple 

subtraction with a lOo/o increase in the statistical error. 

The possibility of double diffraction- scattering was minimized by 

using absorber thickness of l/4 to 1/2 a mean free path. (The 

thickness of the Cu absorber was chosen considerably smaller than 

1/4, of a mean free path in an effort to keep the multiple Coulomb 

scattering corrections in good geometry less than lOo/o). The mean· 
I 

free path X referred to is the mean free path for total nuclear events. 

That the probapility for double diffraction scattering is small can be 

seen from the following argument. 

The probability for an elastic collision is 

where x is the absorber thicknef?S in mean free paths; ~d is the 

.... 
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. mean free path for diffraction scattering, and l..t 1s the mean free 

path for total nuclear collisions. The probability of two diffraction 

scatters. is 

x·2 
(~). 

-x/.,. 
e '\ 

and the ratio of P 1 to P 2 is ·2 Xd/ x Now consider a total cross 

section at f'or some nu<;leus in which a /2 = a =ad . For this 
~t a 

case we have \d = "- = -y- Therefore if we are using an.absorber 
At )..t a ' 

with x = T or z- then P 1/P2 
= 16 and 8 respectively. However, 

in no case was the absorber thickness x = +, as can be seen in 

·Table II. Here are recorded the values of )..t and },d as calculated 

by using the absorber lengths and cross -section values given in Table IV. 

It is quite evident that the probability for double scattering is less than 

10o/o of that for a single scattering. Double scattering has its effect 

on the angular distribution of elastic scattering, and here, it merely 

smears out and widens the diffraction pattern slightly, since the 

doubly scattered particles have a distribution which is essentially the 

convolution of the diffraction pattern by itself. The effect on a (e) 

is small and was therefore neglected. 

Table II 

Mean free paths for C, Al, and Cu computed from data of Table IV. 
The final two columns give the lengths of the absorber used in the experi­
ment in units of the total and diffraction mean free paths. 

---... --. 
Densit3 Length used \t ),_d xt xd 
(g/ em ) in experiment 2 

(g/cm 2) . 
(g/ em ) (mean free paths) 

c '1.60 19.54 52.8 120. 0.37 0.163 

Al 2. 70 26.26 58.9 126 0.456 0.209 

Cu 8.95 '19.5 90.5 146.5 0.215 0.134 
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The beam has a nonnegligible d~amete r, in the sense that it is not 

extremely narrow. Beca~se of th~s the observed angular distribution 

is a superposition of diffraction patterns centered on different points 

in the beam cross section. The effect is to increase u (B) for inter­

mediate angles and to leave 0' (e) · unchanged in .the limits of _both good 

.and poor geometry. · Sternheimer has shown that the computation of this 

correction is similar to that of finding the multiple scattering correction, 

and that one can_ use the same curves for F if the diffraction pattern is 

replaced by a Gaussian 

which closely approximates the optical-model pattern up to the first 

· . l? H R- . h l d' K h . t t m1n1m-um. · ere 1s t e nuc ear ra 1us, t e propagation cons an , 

and J the fir.st-order Bessel function. The error tl 0' in u(e) is 

given roughly by 

tlU = - d' d r(ro, e) - F (ro, Po)]' 

where u d is the total diffraction cross 'section, , and r
0 

is given by 

2/ KR8. As this correction is important only at points interm¢diate 

between the good- and poor -geometry c onditiohs, and, since we be!lieved 

that the geometries achieved in this experiment were quite good, no 

correction was made to those few values of u ( 6) taken at points in 

transition from the conditions of good or poor geometry to intermediate 

geometry. 

The presence of Counter 4 :had a negligible effect on the transmitted 

beam, and no corrections to the total cross sections were necessary 

because of its position between the absorber and the gopd -geometry counter. 

All values of u(e) taken in this experiment were corrected for the 

calculated 4 o/o contamination of f.L mesons present in the negative -pion 

beam incident on the absorber. 
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VI. EXPERIMENTAL RESULTS 

A. The Nucleon Total Cross Sections 

In the determination of the pion-proton, pion-"neutron" total cross 

sections we were unable to measure u(B) as a function of the solid angle 

subtended by the transmission counter, because .of insufficient running 

time. In order to correct for those charged secondaries which passed 

through the rear. counter (No. 5), we used data obtained with a high­

pressure-hydrogen diffusion cloud chamber concerning the angular 

distributions of elastically scattered and charged secondary particles. 

·This total correction is quite small, as was expected with the geometry 

d . h' . * use 1n t 1s expenment. 

By measuring the difference 1n attenuation between polyethylene, 

(CH
2

)n, and carbon. and between (CD2)n and (CH2)n, or D 20 and H 20, 

one can obtain the pion -proton and pion - 11 neutron 11 eros s sections, 

respectively. However, it has been shown both by experiment 19 and by 
20 

theory that one does not really measure the "free -neutron11 cross 
I 

section by a deuterium-hydrogen difference. The nucleons in deuterium 

can shield each other a portion of the time, and this 11 shadowing 11 effect 

reduces the deuterium cross section so that it is not equal to the sum· of 

the two elementary cross. sections. Thus, the value of the Tl'- -neutron 

cross section obtained in this way is less than the 7T +-proton c·ross 

section; these two values are neces·sarily the same if the principle of 

charge sylT).metry is to hold. The correction OCT = CT d - CT - CT 
20 n p 

has been computed by Glauber as 3.3 to 5.3 mb, and measured by Cool, 

Piccioni, and Clark 19· as 6 ± 2 mb. This is an average valu"e obtained 

* An examination of all the cloud chamber inelastic events, obtained 

with 5.0 -Bev/ c pions, failed to yield one prong with the requirements of 

angle and direction such, that it would have been detected by a transmission 

counter in the geometrical arrangement used in this experiment. The 
~ ' 
numbers of events were 60 two-prong, 38 four-prong, and 3 six-prong, 

making a total of 101 events containing 240 particles. 
22 
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from measurements with pions between 0. 79-a:nd 1. 5 Bev. The variation 

in the computed value of the ocr arises from the following uncertainties. 

(a) The deuteron wave function is not known very accurately at small 

distances, and the use of different wave functions produce's the variation 

in oCT. (b) The shielding calculation was developed from a general 

form of interaction, but in order to evaluate the effect it was necessary 

to assume a black-sphere model for the particles. It is by no means 

clear that such a description is adequate at these high energies; however, 

it appears that the calculation provides a reasonable explanation for the 

observed affect. (Cool et al. feel that their results are in substantial 

agreement with the calculations: 9). 

The results of the nucleon measurements are given in Table III, 

where the essential parameters and the absorber thicknesses are given. 

The 11 corrected 11 pion-neutron value is obtained by adding 5mb to the 

value obtained in the deuterium -hydrogen subtraction. For comparison., 

the value of the pion -proton cross section as determined with a 35-

atmosphere hydrogen d:Ufusi'on: cloud chamber and 5.0 -Bev/ c negative 

pions is included. 
21 

This value. has been co.rrected for muon contamination 

but, as yet, no correction (if any) has been made for a low scanning 

efficiency for the detection of events havinrg' no charged secondaries. 
' 22 . 

This might amount to 2 or 3 mb at the very most, and would leave 

unexplained the remaining small dffference in the values of the c ros·s 

* sections as determined by the two method of measurement. (See 

Section III on rear-counter uniformity and efficiency.) Table III alSo 

includes the average value of the cross sections where the error includes 

'an estimate, 0.5 mb, to include any sy'stematic errors present in the 

expe rimenL , 

*A more detailed explanation of the errors involved in diffusion 

.cloud chamber measurements can be obtained from ·George Maenchen 

UCRL Berkeley, California .. 
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Table III 

Total nucleon cross sections for 4.2-Bev negative pions 

Four '"inch- square blocks 

Ch 2 , 45.53 g/cm~ .} 

' C, 39.03 g/cm 
<rh = (29.8 ± 2.1) mb 

0 Half-angle subtended by the transmission counter, e = 0.5 · 

Two-inch square blocks 
z 

CD2 , 58.00 g/ em 
2 ·. CH

2
, 50.70 g/ em 

· C, 4~.30 g/cm
2 

I?20 - H 20 Subtraction 

n 2o, 67.0 g/ cm
2 

} 

H 20, 60.9 g/ cm 2 

0 e112 = o.5 . 

. :--;:: j .r . 

<T d = (50.8 ± 1.8) mb 

<rh = (27.6 ± 2.7) mb 

<T d ~ h = (2 3. 3 ± 2. 5) m b 

<r d "" h = ("2 2 • 7 ± 2 . 5) m b 

Average of Results (Error includes an estimate of any syste:matic errors. 

All values in millibarns.) 

(T d = 50.8 ± 2.8 

O"h=28.7±2.6 

Diffusion Cloud Chamber 
Result at 5.0 Bev/ c 

20.7 ± 2 

<T 11 nn '(obtained by adding 5mb to d-h value) 

= 28.0 ± 2.6 rnb ' 
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B. Absorption. Cross Sections for Nuclei 

Absorption cross sections were determine_d inthis experiment for 

Be, C, Al, and Cu. The most serious problem encountered in the 

measurement of u , as we have mentioned before, is the elimination of 
a . . , . . . 

charged secondaries from detection by the transmission counter. We· 

recall that the effect of these secondaries is to increase the apparent 

transmission and thus decrease the apparent cross section as the angle 

e subtended by the rear counter is increased. The method employed to 
; . 

correct for this effect, as described above, wa; to,plot the _values of 

u ( 8) obtained at the various values of Q against 0, in the region of Q 

where diffraction scattering is included, and to then extrapolate the 

resulting straight line to zero solid angle. (See Sec. II-A for a more 

complete discussion.) Figure 7 gives two examples of this type of 

extrapolation. The points plotted were corrected for the beam con­

tamination by 1..1 mesons, and, when necessary, ·fo·r any residual dif­

fraction scattering present, (This latter correction is described briefly 

below). 

It is apparent from the discussion in Sec. II-A that, there are ab­

sorber positions in the poor-geometry range where the solid angle Q 

included by the detector is not sufficient. to contain ali the diffraction 

· scattering. This elastic scattering, wh~ch is not detected by the trans­

mission counter, is referred to as residual diffraction scattering and was 

corrected for in this experiment by using the optical-model expression 

for duel/dQ; which is
23 

du (B) e 1 = 

dO 

(]'' 
d 

[ 

. 2 
J'l(K0 R sin B 

sin e 

where K 0 is the wave number of the incident pion; R is the nuclear 

radius and was determined from a preliminary analysis of the data. 

The result for Be was determined from a transmission measure­

ment at one value of Q only. It was assumed that if values of the trans­

mission had been obtained at other values of Q, the resulting line drawn 

. •. 
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Fig. 7. Poor-geometry cross sections for Cu and C, corrected 
for· fl.-meson contamination and residual diffraction 
scattering, plotted against the solid angle subtended by 
the transmission counter. 
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through the points of a plot of 0"( 6) vs 0 would h_:_ave had a. slope very 

much the same as that obtained for C. The value_ of the Be cross 

sectio!l was then obtained by drawing a line with the C slope through the 

median value of Be, using the resulting intercept for the value of 0" 
a 

for Be. The error quoted is twice the statistical error of the single 

measurement. 

The Coulomb field of the nucleus can slightly affect the measure­

ment of the absorption cross section because the negative pion trajectory 

will be bent toward the nuclei in the absorber. Thus the desired cross 

section, 0" 'a' is related to the measured cross section by a factor· a.: 

where 

a.O" 1 = 0" . (measured), a a 

. - . . 24 
a. ~ 1 t 2e Vc/ Pf3 c , ( 3) 

Vc is the Coulomb potential at the riuclear surface, and p and f3 c are 

the momentum and velocity respectively of the incident pion. This is only 

a 2o/o correction for the heaviest element planned for use in this experi-:- · 

ment (Pb), andwas neglected for the cross sections actually ~easured 

in this experiment. 

The values of the absorption cross sections obtained in the above 

manner are given in Table IVo The error given includes the error in the 

intercept given by the least-squares method only. No attempt was made 
I 

to estimate the errors involved in the neglect of the finite size of the 

beam, of the Coulomb factor a., and of the essential point of the validity 

of the extrapolation method employed. 

. 

. ,, 
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Table IV 

Tot<d and absorption cross sections for 4.2 -Bev 1T mesons 
scattered from various nuclei. The prime indicates the ¥alues obtained 
by Ise, · Lagarrigue, and Pyle, 8 using a multi plate expansion cloud 
chamber. 

Element A 1/3 g/cm 
2 & (mb) CJ t(mb) cr /cr a a 

Pb' 5.92 1710' ± 130 (5.0 Bev/c) 
1850' ± 130 (3.2 Bev.) 

Cu 3.99 19.50 725 ± 25 1620 ± 90 2.24 ± 0.15 

Al 3.00 26.26 407 ± 10 763 ± 40 1. 8 7 5± 0 . 1 0 7 

c 2.29 19.54 219 ± 8 386 ± 20 1.76 ± 0.11 

Be 2.08 31.50 177 ± 9 302 ± 15 1.71 ± 0.11 

C. Total Cross Sections for Nuclei 

The total cross sections obtained in this experiment are given in 

Table IV. The values given there were obtained with an extrapolation 

method as described in the section on the experimental method. Using 

this extrapolation method results in overestimating the value of the total 

cross section. This can be seen byintegrating Eq. (2) over solid angle. 

One will note that the resulting function is 

the region 0.7 () to 0.1 () , where () 

approximately linear in () in 

is the angle of the first dif-
m m m. 

fraction minimum. Since the function is rounded off near 0°, a linear 

extrapolation tends to overestimate the total eros s section, crt' (Of course, 

·orie did not have to use a linear,extrapolation; however, it was used 

here for convenience). 

The datum points used in making the extrapolations were corrected 

for multiple Coulomb losses, when necessary, and for the beam con­

tamination by fJ. mesons. No correction was made for the interference 

effect between Rutherford and elastic nuclear scattering, since its 

magnitude and sign are unknown. The data used for the extrapolations -

and the extrapolations themselves were not included in this report be­

cause they are essentially the same as those included in the previous 
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section on the absorption cross ~~ctions; the only differences are in the 

magnitude ofthe absCissa and ordinate. 

The error given for the tota~ cr'ass sections in Table IV includes 
. . 

the error in the intercept given by the least-squares method. No estimate 

was made of an'y. error which might be introduced owing to the ,extrapolation 

method employed for the determination of the values for the total cross 

section for elements considered in this experiment, or for the' effects 

discussed above. 

. ,. 
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VII. OPTICAL -MODEL ANALYSIS OF THE NUCLEAR CROSS SECTIONS 

A. General Discussion of the Optical Model 

, The availability of transmission measurements has led to the 

development and use of a quite abstract and general nuclear model which 

describes gross features of the nucleus, e. g., its radius and opacity, 

without concern for the details of the nuclear collisions. The nucleus is 

thought of as a grey refracting sphere having a static potential without 

internal structure. Its only refinement is that the potential may have. 

both a real and an imaginary part, to allow for absorption a:s well as 

for elastic scattering. Thus we can generally compute the amplitude 

of the scattered wave and the damping due to absorption neglecting all 

interface reflections and considering only volume effects. 

We have been able to measure the total and absorption cross sections 

of Be, C, Al, and Cu. In terms of the optical model, u is a function 
a 

of the nuclear radius R and the mass absorption coefficient K, while 

u t and the shape of the diffraction curve are functions of R, K, and k
1

, 

the increment in the wave number of the incident pion wave received 

upon entering the nuclea.r potential welL In addition, the two cross 

sections and the shape of the diffraction pattern depend on the assumed 

nuclear density distribution and on the wave number k of the incident 

mesons, 

I~ is quite clear that not all parameters can be deduced from the 

two measured cross sections, Now, our main interest is in the deter­

mination of a value of the nucle<l,r radius parameter r 
0 

in the expression 

R = r 0 · A l/ 3 . This can be done quite easily by using the absorption 

cross sections determined in this experiment, and, of course, the Pb 

value determined by Ise et al. 
8 

in conjunction with that subportion of the 

optical-model formalism which describes this type of cross section. In 

this fo.rmalism the absorption cross section is simply related to the 

. elementary pion-nucleon cross section 'ii in a nucleus and the average 

density of nucleons, p(r), at the radius r, ·Using this rnethod, the only 

unknown parameter we must choose is the average pion-nucleon cross 

section in a nucleus, u , At the high energy used in this experiment 
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we believe that the value of u will be close in value to. tJle free pion-
·, :~ l 

nucleon total cross section. (The total pion-nucleon cross sec;tion, or 

some fraction of it·( ~ee below) is used for (i, since both elastic and 

inelastic collisions of a pion with a single nucleon in a nucleus looks to 

the whole nucleus like an inelastic event). If one could consider the 

nucleons in a nucleus as being entirely independent, (j would be equal to 

the 11 free" pion -nucleon total cross section. However, Serber has pointed 

out that the effects of nuclear binding inhibit collisions involving small 

momentum transfers, with the result that we have u < uf· . 
25 

For 
ree 

4.2 -Bev pions the inelastic collisions involve very high momentum trans-
~ \ 

fers, and also comprise 75o/o of the total cross section. Therefore only 

elastic collisions near 0°, i.e. those involving small.momentum transfers, 

are inhibited. This, then, is the only source by which (j might be 

made less than uf . No quantitative calculations have been done for 
ree 

u in this energy region, therefore the dependence of the analysis on 

u ., and the resulting variation i-n the radius R, are considered below. 

That the absorption cross secti~n can be related to Ci 

is dependent on the satisfaction of the following conditions: 

and p(r) 

(a) the 

nucleons in the nucleus must scatter or absorb the pion wave independently 

of one another: (b) the mass humber of the nucleus must not be too 

small. Let us briefly consider ~hese restrictions. 

For the independence approximation to hold it is necessary that 

both the pion reduced wave length, --lC , and the range of the pion-nucleon 

interaction be smaller than the average internucleon spacing. At 
. 13 

4.3 Bev/c .))( = 0.046 x 10- em, and since the average nucleon-nucleon 

. separation is 1.8 x lO - 13 em, the smallness condition on X is well 

satisfied. The inte rnucleon spacing is dependent on the density distri­

bution one assumes for the analysis. If we consider a tapered model 

(this term will be defined more explicitly below) for p( r), one finds that 

in the central region of this distribution the range of nuclear forces is 

about equal to the internucleon spacing. However, this average inter­

nucleon distance increases, near the edgeof the nucleus and is the 

important region for the calculation;· A uniform -density model yields 

results that can be interpreted as implying an internucleon spacing 



larger than the interaction distance. Although the assu~ption that the 

range of the pion...:nucleon interaction is smaUer than the internucleon 

spacing is not quantitatfvely supported, we will assume it to be valid in 

this discussion, for both the tapered and uniform densities employed, 

and thus assume_ that any nonadditive effects due to the failure of the 

independence condition will ,be small,* This has been the general 

assumption in past calculations- -namely that the nucleons in the nucleus 

scatter or absorb the pion wave independently of one another- -since 

one is not quite sure how to retain the simple calculational prcicedure of 

the optical model used in this discussion if this were not the easel 

The requirement that the mass number be large is related to the 

statistical nature of the exponential law of attenuation (extinction). 
26 

This law is usually derived from a classical gas -kinetic argument or 

from the theory of multiple scattering of sound waves. In both these 

cases the scatters are assumed to be large in number and to occupy a 

large volume. Therefore, an optical-model analysis should draw its 

conclusions from th-e results obtained with nuclei of large A. It will be 

noted below- -and also in other optical-model analyses of nuclear cross 

sections --that, in most cases, nuclei of small A give results which 

support the conclusions obtained with large -A nuclei. This is perhaps 

because in an experiment an absorber is bombarded with many particles, 

with the result that the desired statistical effect is obtained. However, 

results are still drawn'predominantly from the values obtained with 

"nuclei of large A. 

With this general discus sian of the optical model in mind we can 

now obtain an expression for the absorption cross section cr from the 
a 

High-energy nucleons, when scattered from nuclei, exhibit the 

general result that they interact with single nucleons in the bombarded 

nucleus with no interference between elastic and absorption events. A 

specific search for this interference term in the scattering of nucleons 

from deuterium has shown that for this element no such interference term 

exists. 
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following simple semiclassical considerations. The pion wave is attenuated· 

exponentiall y
26 

as it passes through the nuclear matter with a mass ab­

sorption coefficient K(r} = p(r} Ci • The size and shape of the nucleus 

are included in the density distribution p( r}. The total attenuation is 

obtained from an integral over s, the coordinate along the pion tra-

jectory (see Fig. 8). The cross section is then the probability 

of interaction integrated over the impact parameter b. It i9 evident 

from Fig. 8 that r
2 

= s
2 + b 2 

Using this relation one can write the 

expression for a as follows: . a 

the coordinates s, b, and r are defined in Fig. 8. 

Fig. 8 . The path of a pion through the nucleus is designated by the 

coordinate s; b is the impact parameter; r is a radius vector. 

The one problem remaining before any calculations can be done 

is the selection of the nucleon den.sity distribution p( r). This experiment 

did not yield any information on the form of the density distribution; in 

fact any reasonable form is compatible with the data. Since the Stanford 

electron-scattering experiments 5 do yield the 1shape for the charge distri­

bution in medium and heavy nuclei, we will assume a shape for the 

nucleon distribution similar to those suggested by the electron _experiments 

except for a scale factor to be determined from our data. Also, it is of 

interest to include the results obtained by using a uniform-density distri­

bution so that easy comparison can be made with the many early nucleon­

scattering experiments, which were analyzed with the optical model 

having a uniform p( r}. 
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The information concerning ,p(r) that we summarize here was ob­

tained by the Stanford group, using in their analysis what is called the 
. * 

smoothed, uniform Fermi distribution for 'the charge density of a 

nucleus. This form of the charge density is given by 

p ( r) = p / ( e xp [ r - c / Z 1] + 1) 

and describes all nuclei by a charge density which is uniform in the 

central region and which drops off smoothly at the edge .. In this ex­

pression for p( r), c is the radius parameter, which is prop~rtional to 

A 1/ 3 , while z
1 

= t/4.40, where t is the thickness of the surface of the 

charge distribution. The thickness t, or the fall-off distance--i.e., 

the distance in which the charge density falls .from 90'/o to 10% of its 

central value--i;s essentiallY. a constant for all nuclei and has the value 

-13 
t=6,r

90
_

10
=2.4xl0 em. 

For orientation, the results of the Stanford analysis of nuclei in terms 
* . of the .Fermi smoothed, uniform charge distribution --the p( r) defined 

above--a,re tabulated below. All lengths are given in Fermi units, i.e., 
. -13 
10. em. The accuracy of the surface thickness parameter t is ± U:P/o, 

and that of the re~.dial parameter cis ±2%. R is the value of the uniform 

· .. charge distribu .. tion having the same rms radius as the Fermi distribution. 

(This quantity is defined in Eq. (7) below). 

* 

d
. . k' --"l/3 

c = ra 1us parameter :::: A . (Measured from r = 0 to the 
midpoint of t. ) 

t = 6,·r 
90

_
10 

=fall-off distance or thickness parameter. 

The specification of the type of charge distribution employed is 

important for reference to any paper coricerning these measurements, 

sin\e various different distributions give equally good fits to the data but 

different value~s for the param~ter-s- -c- and t. 
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Table v 

Nucleus c t R C;7+rl lt/3)~ro 
20Ca 3~64 2o5 4.54 1.06 1.32 

23 
v51 3.9 8 2.2 4063 1.07 1.25 

. c 59 
27 . 0 4.09 2.5 4.94 1.05 1.27 

49In 
115 

5o24 2.3 5o80 1.08 1.19 

51 
Sbl22 5o32 2.5 5.97 1.07 1.20 

A 197 
79 u . 6.38 2.32 6.87 1.096 1.180 

B.204 
83 

1 6A7 2o7 7 013 1.09 1.20 

From such data as given in the above table, the Stanford group 

also concludes, from a comparison of the results obtained for ro 

for nuclei of low ·A with •those ofJ:iigh A, that the findings are not 

compatible with an assumed constancy of . r
0 

for all A. Rather, the 

trend appears to be that heavy nuclei are described with an r
0 

that is 

smaller than the r 0 characterizing nuclei· of small A. However, they 

caution that further data on other nuclei are required before this con­

clusion may be accepted for all nuclei. It is indeed possible, in view 

·of shell structure, that local variations of r
0 

may show exceptions to .·. 

the rule. 

The Stanford group also feels that for the lighter nuclei--i.e., 

where the flat central regions shrinks to nothing, and where a gaussian 

form for the charge distribution gives a better fit to the data- -the 
.. 

significance of t can be expected to decline, for (as might be expected} 

in elements lighter than carbon, the whole nucleus is not even as large 

as the skin, t ( = 2.4 fermis}o 

" 
-, 

,. 
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B. Tapered-Density Model 

The tapered-density mode1l described here is due to R. W. Williams. 
27 

The specific form for the nuclear density distribution was chosen in 

accordance with the high energy scattering results, but with one im-

portant modification. He assumed that any nucleus could be described 

by a radius· R which is proportional to A 1/ 3 and in addition by a 

~r90 _ 10 which is also proportional to A 
1

/ 3, not~ constant as the 

Stanford experiments have shown. However, if in the analysis, one con­

siders the results obtained from the heavy-element data only, the model 

by Williams gives values for ~r90 :.,lO in the same range of values as 

found in the Stanford experiments. (See Fig. 9.) Even with this 

wea~<,ness (or fault, if you like), when the whole range of A is viewed 

the model is a better approximation to reality than a uniform density 

distribution. This particular model was used because of the essential 

"ease" with which one can calculate R by use of the p( r) defined in 

Eq. (5). 

The form chosen has ·a constant central region attached to a 

smoothly dropping polynomial: 

p(r) = Po· for r~ Q; 

p( r) = ( Zr
3 

9r
2 

12 
r 

~· Po or· - -=-z- + 
Q Q 

for Q ~ r ~· 2 Q: ( 5) 

p(r) = 0 for r ~ 2.,Q. 

This form is illustrated in Fig. 9 for the elements Al, Cu, and Pb 'on 

the basis of experimentally determined quantities discussed below. The 

use of a polynomial proved easier to handle than a function involving 

exponentials, i.e., a Fermi-Type density function mentioned above. The 

density function has the form 

p(r) =Po f(r/Q) or p0 f(x), 

/. 

where x = r/Q and where f(x) is unity for 0~ x'- 1, and zero for 

x > 2. The radius parameter Q for any nucleus is assumed to have the 
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I 2 s 6 7 

r ( I0-13 cm) 

. .6r10•10for Pb • (8.08- &.'!&)XI0-11 em 

• 2.7Xlo-1lm. 

8 

Cu• (8.4•3.6) X lo-••cm 
• r.axro-••c:m 

AI • (4.06·2.68)XIO"I'cm 

• l.saxto·'11 c:m · 

9 10 

'fig. 9. Tape:red-density distributions for Al, Cu, and Pb, 
plotted as a function of r. 
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. . 1/3 
form Q = aA· , where a is a constant to be determined from th~ data . 

The central density Po--L e. the number of nucleons occupying the 

volume in the central, uniform region-- can be described as 

Po=. •} , where v is the vol~me -normalization constant characte'ristic 
a'"· v. -

of the particular f(x) under consideration. In particular, we have 

(X) 

v=: [ _f(x) 4lT x 
2 

dx = 24 lT 
5 

If we consider a uniform density distribution, then we have 

f(x) = 1 and v = 4/3 · lT 

so that Po= A/(4/3) 1rR
3 

form 

For a specific f(x), Eq. ( 4) reduces to the 

(6) 

where the opacity 0 is a function of the mean free path at the center of 

the nucleus, .t
0 

~ K
0

- 1 , _divided by Q. 

In Fig. 10 we see a plot of a, determined by numerical calc;ulation 

of Eq. (4) using p(r) in Eq. (5), as a function of A 1/ 3 for various values 

of (]' . The values of the nuclear radius parameter a are included for 
-13 

each element and from the numbers given the number 0. 75 x 10 em has 

been selected as representative for a when (i = (28 ± 2)mb. Figure 11 

shows a semi -log plot of the opacity 0 as a function of (K
0

Q) - 1 when 

(j has a value of 28 mb. From Fig. 9 the following information can be 

obtained (all units in fermis, 10- 13 em): 

Nucleus c .6,r90-10 
c/ A 1/3 = rl 

Al 3.38 1.38 1.126 

Cu 4.50 '1.8 1.127 

Ph 6.66 2. 7. 1.125 
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ii' =30mb 

BeC AI Cu Pb 
I I I I I 

0.8_ 

~ - ! I a~0.745:t .015 
X I0-111 cm 

0.6- I 

0.7&7 0.7111 QTIIO 0.7112 0.747 
!.02 !.0111 t.OI t.OI !.02 

-------~-------------------~--------' 
cF=28mb 

.0.8-
a•0.752t.OI5 II --i I 

Xlo-111 cm 
0.6_ 

0.7110 0.780 0. 7117 0.759 Q7111 

~.018 ~.015 1.008 - *.Oil '*.018 

& ------------------------------------
'ifc 24mb 

-~r .z..i- ~ ---iiE---

0.6_ 
0.712 O.?TT 0.775 Q749 

:t.OII t,DI4 •• 010 :t.on 

I . ,{a 
0 2- 3 4 5 

0.7118 

:1:,011 

6 

G•0.762i .016 

Xlo-111 em 

7 8 9 
i 

I 
! 

.. ·_.'; 

10. Tapered-densilty: model. Nuclear-radiu~ parameter a 
· as a function of A 1 3 for various values of (J' • Value of a 
given at right obtained without using the Be arid C values.* 
The variation in the results*with different choices of 0: 
is small, as can be seen. The Be and C points were not 
used since these nuclei have very low A. However in­
cluding them does not change the value of a significantly./ 
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Cf=28mb 

~--a= 0. 750XI0- 13cm 
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. 
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' 
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Fig. 11. Tapered density model; a = 28mb. Opacity~ = 
(]" 

a 

1Ta 2A2/3 
plotted as a function of = 

4.81Ta2 1TQ 

I (fA 1/3 _ 
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Here c =distance from r = 0 to midpoint of t~.r 90 _ 10 , i.e. measured 

along X-X of Fig. 9. Then, following Ford and Hill, 28 we have expressed 

the nuclear radius determined from the tapered-density model in terms 

of the uniform density distribution, which yields the same <"f 2
) \-1 av 

value. Using 

we find 

R = rO Al/3 [5 ("'; 2'-. ll/2 
= 3 \rl /aj . ( 7·) 

R for Al = 3.613 fermis, 

R for Cu =4.81 fermis, 

R for Pb = 7.13 ferrnis, 

r
0 

for Al = 1.205 fermis; 

r
0 

for Cu = 1.205 fermis; 

r 0 for Pb = 1.205 fermif!. 

The root-mean-square value was computed by using Eq. (5) for 

p( r) in the definition roo 2 2 -6 p(r)41Tr · r dr 

from this it follows that (rl) av = 1. 55 Q
2 

. The ref ore from this 

analysis we can conclude that the relation for R is 

1/3 . R=r0 A = (1.21±.04) A 1/3 . 10
-13· . 

em. ( 8) 

The error includes. ~he uncertainty in the determination of the pion-proton. 

cross sectio-q, and therefore in f1 , and the error in the measurement 

of the absorption cross sections. This value of the nuclear radius 1s 

in quite good agreement with the electromagnetic experiments that 

determine the charge radius. (Table VI contains a summary of the 

Cosmotron and electromagnetic determinations of nuclear size.) As we 

mentioned above (Table V)' the Stanfordgroup feels there is some 

indication that not all nuclei--i.e, , high -A and low -A nuclei- -can be 

described by the same ro, Within the range of A under common 

consideration in these two experiments, the analysis of the measurements 

we have taken, using the tapered model defined above, does not yield a 

'= 
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Table VI 

Partial summary of the radii· determined for the distributions of 
nucleons and of charge in nuclei 

Un ... Radius determined with a uniform density distribution . 
T - Radius determined with a tapered density distribution; 

the value given is the radius of the uniform density distribution, which 
yields the same <r2)av value. 

Nucleon Distribution 

Energy and type 
of probe 

4.2-Bev negative pions 

1.4 -Bev neutrons 

860 -Mev neutrons 

Charge Distribution* 

~ .. 

fJ.-mesonic x-rays 

High-energy electron 
· scattering 

Semiempirical mass 
formula 

R~dius 
(x 10-13cm) 

Un. 

Un. 

T 

Un. 

T 

Un. 

T 

T 

T 

6 . 1/3 0. 3 + 1.2 A 

0.8 ± 1.18A 1/ 3 

( 1.21 ± 0.4) A.1/3 

1.28 A 1/ 3 

1.19 A 1/ 3 

1.25A 1/ 3 

1.17Al/3 

1.20 A 1/ 3 

Value of (]' 

used in analysis 
(mb) 

(]' = 30 
(]' = 28 

(]' = 28 ± 2 

(]' = 43 

(]' = 43 

(]' = 45 

Here T refers to tapered density distributions different from 

that described in this paper. The particular type employed can be 

determined by reading those references which apply to the specific 

analysis envolved, See References on pg. 66-67. 



Table VII -

The optical-model parameters R, the. radius; _0, tf1e opacity; K, 
the mass absorption coefficient; . and k 

1
, _the inc reinent in the wave 

number, obtained by using a •uni'fOTm density distribution for p_(r). For 
comparison the average value of the optical model parameters R, 0, 
K and k 1 are as determined by other experiments are included. 

. 4.2 -Bev Negative Pions 

o- = so -rrib 

Element R 

6 -13 
Pb (7.8 ± .14) x 10 em 

Cu 5 . .21±.12 

Al 4.19 ± .l 

c 3.39 ± .15 

Be . 3.22 ± .2 

Average Value .· 1/ 3 0.63 ± 1.2 A 

0 

0.92 

0.85 

0.73 

0.61 

0.55 

From Fig. 14. +12 -1 
k

1 
= (1.67 ± .33) x 10 . em 

K 
--

6 . -13 0 .. 2 1 x 10 em 
-1 

0.255 

0.261 

0.261 

0.261 

0.261 

V = 33 ± 7 Mev 

KR ---
2.05 

l. 33 

1.1 

0.885 

0.84 

1.4-Bev neutrons 
7 

860-M.ev protons
4 

1/3 
1.28 A 

1.25 A 1/ 3 

l.23A 1/ 3 

·1.42 A l/ 3 

0.49 

0.56 

0.51 

1.5 ± .OS 

non vanishing 

26 ± 9 

~ 50 
.. 2):< 

41 0-Mev reutrons 

140 -Mev to 400 Mev 
4 

Negative Pions . 

.+- * Taylor
3 

in an analysis of all neutron data from 50 to 400 Mev 
. 1/3 . -13 1/3 fmds that R = (0.75 ± 1.26 A ) x 10 em, or that r

0 
= 1.45 A 

for A -60 and r
0 

= 1.39 A 1/ 3 for A ;._ 2~0. Taylor includes the 

410-Mev neutron data in his analysis. 

• 

• 
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similar conclusion .. However, as we· see below,· a uniform density 

·distribution, when employed for p(r), does give results on the var.iation 

of r 0 with A similar to those from the electron-scattering experi­

ments . 

C. Uniform-Density Model 

This form of the density distribution has the virtue of simplicity, 

since now we have 

Then we obtain 

a a 

( 9) 

{ 
1 1 (1-(1 + 2kR)e·- 2kR )\., 

·- 2k2R2 J 
-I 4 3 K = Aa - 1rR . 

( 1 0) 

3 

Figures 12 and 13 show the value of the parameter r 0 , determined with 

a uniform density distribution for two values of u, and these values can 

be compared with other determinations in Table IV. (The graphs and 

table are self -explanatory.) 

If we plot the experimental points of at/ a a vs KR and the 

corresponding theoretical curves for various values of R1/K, using 

the uniform -density model, we can obtain a rough value of the optical 

model parameter k
1

. This·parameter is related to the average pion­

nucleon forward scattering amplitude, as seen from 

k1 = 21Tp Re f(O), 29 
k 

( 11) 

where p is the nucleon density and k is the wave number of the incident 
. -13 

pion. From Fig. 14 we see that k
1 

= 0.167 x 10 em, and thus that 

Ref (0) = (4.18 ± .84) x 10- 13 em. This implies a minimum value for 

the forward elastic pion-.nucleon'cross section of .175 ~~1 rob/steradian. 

This high value implies that the elastic pion-nucleon scattering is strongly 
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Fig. 12. Uniform-density model; CJ = 30 mb. 
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Fig. 13. Uniform -density model; (]' = 28 mb. 
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cr= 30mb 

0.5 

Fig. 14 

c 

(Jt 

(J 
a 

a= 30 mb. 

~ = 0.64±.05 

From Table .Til: 

kv =0.66 . 
~-- kyK=0.63 

kyK=0.60 

2.0 

versus KR for uniform-density model; 
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peaked in the forward direction. As has been cu-stomary in the low­

energy regions, we can relate the constant' k 1 _to the average nuclear 

·potential, assuming that an average nuClear potential has meaning at 

these ene rgie~. U sirig 

v 
k1 = 

.rif3c 
( 12}' 

we find 

V· = 33 ± 7 Mev. 

Because a uniform density distribution in nuclei is not considered 

realistic, only a few comments· will be made about the optical model 

parameters obtained with such a distribution with the data of this experi­

ment. 

6 13 -1 
The mass absorption coefficient K ( = 0.2 1 x 10 em ) obtained 

in the above analysis is similar in value to those used by Taylor to fit , 

the neutron data in the 300 -Mev region. This similarity can be .traced 

to the similarity in the value of u used irf both analysis; the value of 

K is completely dete.rmined .by the assumed value of iJ and the deduced 

value of the nuclear radius. The high value of K found in the Cosmotron 

nucleon experiments reflects the increased nucleon -nucleon cross section 

above 500 Mev. 

The values of R
1

, du e1! 

dn '· 
' 

and V determined by this experiment 

1are .essentially the same as those found by the nucleon probes at 

Brookhaven, as might be expected. (See Table VI) . 

The same is true for the values obtained for r 0 . (Tables VI and 

VII contain valu_es of r 0 from a representative selection of other 

experiments.) I 

The. dependence of the values determined for the radius R on <T 

can be seen from Figs. 7 and 8. A change in u produces the greatest 

change in the radius values of the light elements. This results in quite 

a large change in the intercept c, rather than in ro, in the expression 
1/3 R = c +'ro A . 
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One can therefore conclude that for the- uniform density distribution 

the radii determined for the. medium and. heavy nuclei. are not a. sensitive 

function of <T. (This, of course, was expected, since for thes,e elements 

the opacity is high.) One hesitates to discuss the significance of the 

intercept c as determined in the above analysis since a 6.7'/d change 

in u results in a 21 o/o ·change in c . Some authors have felt that c 

is related to the range of nuclear forces, 
30 

and if this is true then we 

have determined this range to be (Oo63 ± o2) X 10-
13 em~ 

'\ 

·~. 
( 

.. 

• .L• 



i 

• 

• 

-62-

VIII DISCUSSION 

Measurements of the noncohe rent part Of the ·tot'ai· c r·oss section-­

what we have called the absorption cross section- -6fhigh-energy pions 

on nuclei has been shown to be an .easily interpreted nuclear 'method for 

obtaining the spatial extension of nuclear matter. As ~e have seen above, 

it is straightforward and involves the use of few unknown parameters . 

The least-known quan:tity entering the determination of the nuclear size· 

is the effective elementary cross section (i , which might well be less 

than CJ ,. , the value we have used. For a tapered-density model the 
1T-p 

outer edge of the nucleus is always somewhat transparent, so that even 

the c'ros s sections for heavy nuclei depend on u. The ref ore it is 

essential to investigate the sensitivity of the radius parameter a, or 

r 0 . to changes in the value of u. As can be seen from Fig. 10, these 

parameters are very insensitive to a change in CJ. Since it is unlikely 

that CJ can be reduced by more than 25 o/o, the value of r 0 given in 

Eq. (8) is probably not more than 3o/o too low on this account. We there­

fore conclude that radius parameter, ro, as determined by this experi­

ment is in quite good agreement with the value dete rrnined by the 

electromagnetiC: measurements of nuclear charge. We therefore con-
,-, :- . ~ 

elude that the nuclear radius parameter, r 0 , as determined by th'is 

experiment is in quite good agreement with the value of ro obtained 

by the electromagnetic experiments, which are concerned with the 

spati3'!-l extent of the nuclear charge distribution. 

This conclusion is in contrast to the results obtained by the 
3 

investigations by Taylor of all available neutron data from 50 to 
-13 400 Mev, in which he finds r 0 = 1.37 x 10 · for Pb, and larger values 

-13 ' 
for lighter nuclei, up to 1.5 x 10 for Al. Feshbach, Porter, and 

f 30 -13 I d • Weisskop , in the Mev range, find r
0 

= 1.45 x 10 ern, an negatlve 

pions at these lower energies, -200 Mev, describe nuclei with an r 0 
of 1.42 x 10- 13 ern. 4 All these investigations describe nuclei with 

radii 15o/o to 25o/o larger than the very-high-energy pion, proton, neutron, 

and electromagnetic de te rrninations of the spatial and charge extends in 

nuclei. 
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Although the above discrepa'ncy is not completely understood, it 

has beenproposed that the c;ontrast between the low-energy and high-

. energy nucleon res:ults suggests a real difference in the effective range 

of the nucleon-nucleon interaction in the two energy regions. The same 
' . ' ' . 

might now be said for t}Le range of the pion-nucleon interaction. However, 

a complete understanding of the results of these measurements is not 

yet available. 

• v 
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