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NUCLEAR CROSS éECTIONS FOR 4.2-Bev NEGATIVE PIONS
| 'Fredrick Wikner
- Radiation Laboratory
- University of California

Berkeley, California

January 10, 1957

ABSTRACT

Slmultaneous transmission measurements in good and poor geometry
have been performed at the Berkeley Bevatron to measure the total and -
absorption cross sections of several nuclei. 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-

focusihg quadrupocles and were further analyzed before entering the
counter telescope. The pion beam incident on the attenuator was defined
by two l-inch-diameter counters 12 feet apart. Poor-and-good-
geometry counters (5-inch diameter and 4-inch diameter 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 sectlor;s Ty ~and ‘O'd -0, Wwere measured by

attenuation differences in good geometry of CH, - C and D,O - H,0,

‘_ with the results:

Oy = 28.7 £ 2.6 mb,

04 =0y =230+ 2.6 mb.
The cross sections of the following four elements were ’r‘neasur,ed '
in good and poor geometry, and the following values of the total and _

absorption cross section are deduced (in units of millibarns):
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Be C Al Cu

A T T G e—
7 total 30z 386 763 1620
% absorption . Sl 219 407 725

The errors vary from 3% to 5% f'or these measurements.

_An interpretation of these cross sections is given in terms of the
optical model with two different density distributions, namely a uniform
and a tapered density diAstvribution. The absorption cross section data
" were fitted well with R = (0.7 4 1.2 AY/3) x 10713

\ cm and 'f_Re. =
1.21 Al/3 X 10_13

cm respectively: The latter value obtained with
" tapered model density distribution is in ciuite good agreement with the

,"ele'ctrorr!)'a.'ghetic' determinations of the nuélear charge'distrib'ution.

[ 2]
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I. INTRODUCTION

Information concerning the size and gross features of the interior
of complex nuclei has been obtaine'd‘in recent years when the results of
high - energy scattering experiments have been analyzed in terms of the
transparent model of the nucleus. 1 (See Sectlon VI for a brief dis-
cussion of the opt1ca1 or transparent model used in this paper).

A considerable number of experiments using neutrons produced
by the large cy‘clotrons at Berkeley, Harwell, Chicago, and elsewhere,
with energies up to 400’Mev, have indicated nuclear transparency and a
nuclear radius that depends on the atomic number A accordlng to
R = 1/3 cm.. R 1is the nuclear radius, and ro, a constant,
is called the radius parameter. These experimente have been
summarized by Nedzel2 and satisfackorily interpreted by the optical
model. 3 Proton.- and pion-scattering experiments are less numerous,
but yield_ essentiaHy the same values for the radius parameter rol 4

These values of the radius parameter r, are considerably
larger than those obtained recently from electromagnetic measure -

ments of the nuclear charge distribution, 5Aand have resulted in

numerous propq'sal'e that attempt to understand this difference. 6 Addi Q_

_tional information for 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 neutrons7 and 860-Mev protons4
from nuclei give vatu’.es of the nuclear radius parameter r, 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

electromagnetic measurements,

* .
Although there are many different kinds of optical model, the
term "optical" or "transparent' model of a nucleus as used in this

paper refers to that model developed by Fernbach, Serber, and Taylor. 1
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Thus we: felt it worth While to measure the pion-nucleus cross
section at some high energy to see if negative pions would describe
nuclei with radii simﬂar to or different from the values found by the
very recent high-energy nucleon exper1ments As in the Cosmotron
expériments, absorptxon cross sectmns were obtained d1rect1y, making
thé optical-model analysis quite simple since only a port_mn 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 the experiment"' Therefore, in add1t10n to the nuclear

cross sections the negative plon -proton and plon deuterlum total cross

sections were measured. (These latter measurements, bemg of
 fundamental importance in th'emsehies, are part of a program’to

measure the negat1ve p1on -nucleon cross sections as a function of energy

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

" As yet on]ly very prehmmary‘ 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 _nuclveus, one
can determine the "nucle'ar radius”R _and the mass absorption coefficient
K ‘for nuclear matter. If, in addition, the total cross sections can be
determmed ‘one can obtain a value for the mean potent1a1 experlenced
by a negatlve pion in'a nucleus

We had planned to measure the absorptlon and total cross sections

for Be, C, Al, and Cu, and the absorptmn cross sectlons only for .Sn

" and Pb. We were unable to complete work on Sn and Pb because of
' difficulties in machine’ pe rformancé and subsequent hmltatlons in running

‘time. However, Ise, Lagarr1gue_ and Py]!.e have measured the absorption

cross sections for Al and Pb at 5. 0 Bev/c and at 3.2 Bev, usmg a mul-
‘tiplate expansion cloud chamber, 8 Assummg that the energy 'variation

of these cross sections is neghg1ble in this energy reglon, we have
‘averaged their two  Pb values for use in our analysw The agreement
between the two methods of measurmg absorptlon cross' sections is

quite’ good as 1s seen by a comparison of the values obtalned for Al. We

found that o, for Al is 407 £ 10 mb at 4.2 Bev, whereas Ise et al.

"obtamed 400 -+ 40 mb at 5 0 Bev/c and 430 £ 40 mb at 3.2 Bev.
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II. EXPERIMENTAL METHOD AND EQUIPMENT
A. Experimental Method

_ To_determinev the total atxd absorptidrt cross sections, tr_ansmission
rrieesurement_s were performed in good and in poor geometry.

In transmission experiments the cross section ';mé measures is
‘determined_ by what the detection system after the.'absorber does not
"see,' Let us exIIJIain this more‘fullyv A beam of particles is defined
in some manner--in our work by a counter telescope --and is allowed
to str1ke an absorber. Any one beam part1cle ‘while it is in the absorber
may do one of the following: it may pass through unaffected, it may
Coulorﬁb-scatter it may be elastically scattered by a nucleus in the
absorber, or it may undergo a nuclear absorptlon ‘with subsequent
production of one or more secondary part1c1es (This last event occurs,
of course, only in thos_e experlments_ in which the beam particles have
sufficient energy.fof particle production,‘) '

' Let us now c'onsider the angulai- deflection experienced ’byieach
class of scattered particles, and also the variation in radius of the
transmission dete‘ctor ae it records onne"ef—.;ell 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 absorbet. (The actual radius of the counter and its
b‘location behind the absorber are cortsitie red quantitatively below.) Let
. 0, the angle of deflection of the scattered part1c1es, be measured from
the center of the absorber and from the line defined by the incident beam
lLet us begln w1th the radlus of the transmlssmn counter large enough
“so all types of partlcles scattered in the absorber are recorded by the
transmlssllon detector. .For large values of 6 the partlcles present
in an annulus near the outer edge of the counter have resulted from
paftiele production in the absorber, since this type of event_ involves
large momentum transfers. This condition remains as 6 is decreased
- until one reaches a value of 6 ‘eorresll.oon_din'g to the first minimum for
diffraction scattering for the e'lerhent in the absorber. Therefore the
outer ring of the counte.r; from th:e.radius value Rm (edrresp.oriding to

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

»

-
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counter, records only particles arising from particle production in the

absorber. ‘Now lét us: femove: this ring and consider the central portion

- of the detector and the type of particles it reeords as R is decreased

" towards zero. At the moment it records predominantly pass-through

particles, * and Coulomb and elastically scattered particles, although
a small number of particles having their origin in inelestic events are
present and are recorded. As- R (or 0) is decreased, the number of

elastically scattered particles detected also decreases, because the

solid angle subtended by the transmission counter is decreasing until-

one f1na11y' arrives at a value for R (or 6) whe re only pass -through

part1c1es and part1cles that have Coulomb-scattered are present and

- therefore detected in 1arge numbers.

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

regions, the first of which includes angles from 6 =0 to 0 = 6_ and

contains predominantly IdasS-thro_ugh and Coulomb-scattered particles.

(OC is the angle at which most of the Coulomb-scattered particles are
included,\) The second region includes angles from 6 =0to 6 :‘Gd
namely that of region one plus most of the nuclear diffraction scattering.

(Od indicates the angle at which all diffraction scé.ttering is included,

that'is, the angle at which the first rn1n1mum in the d1ffract10n pattern

occurs.) The third region would then 1nc1ude all events d1scussed above.

With this general qualitative p1ct11re in mmd let us considetr the
measurement of the tdtalv nuc]lear cross section. This cross section 0
is cemp_osed of two parts, the absorption cross section o and the

el_asticvor diffraction cross section o'd.' In order to measure the cross

"section o, (= O'a"-_l- O'd), in a transmission typé experiment, a detector
. of some finite diameter must be located behind the absorber at a position

~ such that it detects a minimum of those beam particles which have

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

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

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

“course interacts.with the atomic electrons in the absorber, suffermg

the usual -d;E 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 scaf,te»ring is obtained
by using absorbers of limited thickness and by adequate corrections to
the data. (The use of thin absorbers maximizes the probability of only
one elastic scatter in the absorber. It é.lso.requires a high flux of
.particles for adequate measurements, since the rear counter records
only small difference between 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 absorber will escape detection by the transmission
detector,rb but that experimental arrangement which optimizes the
conditions that allow the detector to 'see'' essentially pass-through
and Coulomb-scattered particles only is called a condition of good
.geometry and therefore gives information concerning the total nuclear
lcross section- Ope | -
The absorption cross section, o is obtained by locating the

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

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

elastically scatter in the absorber. This isﬁ the second region, as

-discussed -above, where the detector subtends the angles from 6 =0
to 0 = G,d.

poor geometry and thus gives information concerning the absorption

This experimental arrangement defines the condition of

cross seiction. Actually, the condition described above is one of good
geometry for the measurement of T however, tradition has it that
o, is measured in what is called "good'" geometry and ¢ _ in what is
called '"'poor'' geometry.

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

angular regions occupied by particles resulting from one par.tiéxil'af -

""Secondary" in this case means particles produced in an absorption-

’typ.e,,collisvion and particles elastically scattered by nuclei. "Secondary"

in absorption cross-section measurements 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
the problem of correctmg for the secondar1es recorded by the trans-
mission detector ' o _

In th1s experlment we have attempted to make : th1s correctlon

exper1mentally For the moment let us conmder the measurement of

~ the absorpt1on cross sectlon,v 0. for any nucleus. The pricipal

problem in the determmatmn of o, is the elimination from detection
by the transmission counter of charged secondaries, produced in an
1nelast1c coll151on in the absorber. At lower energies than used in
this particular experiment_ this was accomplished b.y placing absorbers
before the _transmis.sio'n detector to remove inelastically scattered

partlcleso 9 However, at the high energy used in this experiment, 4.2 Bev,

the secondaries produced cannot be absorbed out easily because most

of them have quite high energies. The refore the following method was
used to determine this effect.

The beam particles were defined by a counter te‘leecope, and some
distance from the end of this telescope t'he‘poor-ge‘ometry transmission
counter was located. The absorber was placed at various 'positioné
between the end of the defining telescope and the face of the trans-
mission detector. Each absorbe»r position defines a half-angle 0
subtended by the transmission counter, and thus an apparent cross

section

o(0) = 1nr.(9),f ) o (1)

Nx

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

“1/(x(8)) = 1(9)/(][0) is the observed transmission within the included

angle 0. This is the cross section for all interactions removing

beam particles from the solid angle .Q defined by 6 , minus the
cross section for the production of secondaries entering the trans-
mission counter. The effect of these particles is to dause the apparent
cro_ss sections o ( 6), measured at various subtended solid angles £,

to decrease with increasing . 2 even beyond those angles for. which
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elastic processes should have an effect. Now it is generally believed

that the effect of these secondaries can be eliminated by extrapolating

the values of the cross éection 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 éngle.
Althoughthe discussion above has been concerned with the problem of
charge_d,' secondaries in the determination of the absorption cross section
0, the same process can be and was used in the deter‘mination. of the
total cross 'section ’ot. : P

This method of measurement is more easily understood by reference

to the figure below.

Good-geometry measurements’

Nuclear
cross section

( ' Poor-geometry :
———— — .\ /— measurements .

Included solid angle £ .

\

- This figure is schematic and is meant only to illustrate the technique
usé.d in this experiment. The presence of the secondaries is shown by
the negative slope of the lines in.both geometriés. The rapid rise in
the curve at A reflects the loss from detection of the diffraction
scéttering by the transmission counter. %tI‘his loss occurs as the solid
angle subtended by this counter at the absorber is decreased, in the
angular region where this_type of scattering is important. It should be
emphasized that extrapolation qf measurements taken in poor geometry, .
as defined above, to zero included solid angle does not yield the total
nuclear cross section, but ré.ther the totai absbrption cross section.

The experimental arrangement is Shox\avn schematically in Fig. 1.
Figures 2 to 4 are included to show the .equip.ment empio'Yed in this
experiment. The g.eﬁer_*_allayqut and appearance may be considered

typical of many counting experiments pérformed at the Bevatron.

2

g

£l
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Fig. 1. Experimer_ital arrangerent,
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West tangent tank
Southwest quadrant begins here

.064-in. thin window located back in
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

- Fig. 2. Bevat'rop_,_w_ebsll.:k tangent tank and platform

4.3-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. -diardeter
- strong -focusing quadrupole .
systems; o

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

the Bevatron

-¢1-
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Fig. 3. Bevatron west tangent tank exper1menta1 area
early ran expe rimental arrangement

3 - rear counters No. 4 and No. 5 located

1——— Def1n1ng counters No. 2: and No.
‘ respect1ve1y 19°and" 21 ft from counter No. 3

f—Electronics used in the experiment

— This 5-foot magnet was located in a neutral beam for another
experiment and is 1dent1ca1 to the one used in the negative -pion

_9'[_

expe rlment

gogger absorber
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~Fig: 4. Bevatron west tangent tank - exper1menta1 area -

data-taking" exper1rnenta1 arrangement

r——GI‘ld used in takmg beam d1str1but10n

Counter ‘No‘.: 5 of 4-1n diameter - good geometry :

Counte rs, out- of main beam line, on test for later use by Cork et al on
- antinucleon experiment

Electronics for 4.3V—Bev/c negative pion experiment
| Counter No. 4 of 5-in. diameter - poor geometry

(i‘ouhters Ne. 3 and No. 2 of 1-in. diameter ———

AI absorber = -

=9

_L‘[..
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. The particles used in this experiment were produced by allowing the
internal proton beam of the Bevatron to strike a 1-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 b‘y'the Bevatron's magnetic field; the
' pions of 4.3 Bev/c’:“passed through the thin window in the.vacuum-tank
‘wall, and, a;/oiding the suppor'ting structure of the Bevatron, entered
‘the auxiliary experimental magnetic fields (Figs. 1 and 2). The pions
were focused by two sets of stfong—focusing quadrupoles and magnetically
analyzed again before impinging on the counier 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 over 130 milliseconds. * We _:v
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 ac’hieve a uniform vbeam spill. . We were then able to use the maxi-
K rhum beam intensity of the Bevatron's circulating proton beam, on
occasions 2 to 3 x 1010 protons per pulse.'** With the arrangement
~shown in F‘ig. 1, a triples counting rate of 150 to 200 pions per 1010
protons resulted

A telescope of three l-in. -diameter plastic scintillation counters
in triple coincidence, defined the beam of 4.2 -Bev negatlve pions. The
absorber was placed behind Counter 3 and the transmitted beam was
measured by two counters separately in quadruple coincidence with
the‘defining telescope. One of these counters (No. 4, of 5 -in. -dlameter)

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

o we‘re,cho_sen so that the nuclear dlffraotion scattering of the elements

under consideration in this experime’nt could be easily contained

within the range of half angles ‘0 available to- an absorber placed at

This time d1spers1on led to an energy spread in the proton beam

.A of 5.7 to 6.2 Bev,- though it had no effect on the energy of the pion beam.

e
K March - April - ‘1956 During Jan. 1957 proton beam intensities

of 107 particles/pulse were obtained quite frequently.
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positions between Counters 3 and 4. That this'is indeed the-¢ase can
be seen in Table IA below, where the values of the first diffraction
minimum are given for Be, C, Al, and Cu. The values were computed

from the relation 8 = 0.61 A . 8 is the value of 0 at the first
: m r m :

- diffraction minimum; X\ is the wave length of the incident negative pion,

and for this experiment has the value 2.883 x 10 -14 cm; R is the

radius of the nucleus. R was assumed to have the followmg A /3
dependence, R=1.3x Al/3 x 10 -13 cm. The table also gives the
halI-angle 0 subtended by Counter 4 for absorbers located at 0,1,
2,3,4, and 5 feet, respectively from Counter 3. . 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. VI-B.)

Table I -

A _ 1"3’
Values 'Al/3 Absorber position - Values of the half-angle
of Gm _ distance from Counter 3) (in radians)
s ' ' (feet) subtended by
(radians) - ,
Counter 4 "Counter 5
Be 0.0651  2.08 0 0.0261 0.00877
: 1 0.0298 0.00926
c 0.0591  z.29 2 0.0347 0.00980
Al 0.0451 3.00 ! 3 0.0415 0.0104 "
. * 1 .
Cu 0.0339 3.99 . 5 g 0.0521 0.0111

.0.0694 0.0119

e

The location and size of Counter 5, were chosen so that the
conditior‘lsvof 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 The half- angles subtended by
Counter 5 for these positions are also given in Table IB. The lengths
of absorbers used in this experlment (see Table III) were such that the

multiple Coulomb scattering correction was never greater than 10%.
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(See Sec. V. for a discussion of this correction.) Here also it is”":
evident that the geometry selected is adequate for the determination of
the total nucleon and t,qtal nuclear cross sections as discussed above.

‘With the absorber located at various positions between Counters
3 and 4 simultaneous '_at't_emiation.measure.ments could be made pertain;
ing to the absorption and total cross sections for the elements considered.
By moving the absorber, rather than the rear counters (numbers 4 and
5}, maximum use was made of the total beam time, since it was not
'nec‘essary to change any delay lengths for the rear counters as is re-
q{;ir'ed in those experiments in which the absorber is fixed and the
transmission counter position varied to change Q.

) 'Thergfore‘ with the transmission measurements, coupled with

suitable corrections and extrapolations, one can obtain ¢, from the

t

- poor-geometry measurements and ¢, from those taken in good geometry.

The main problem in the determin‘aticgn of o, as mentioned before, is
- the elimination of the recording of charged secondaries in the rear
counter (number 4)'. »

A more serious problem is encounte.red in the determination of
o'.ﬁ" ‘because of the u:nknow’nl 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-

cl‘us_ivé of Coulomb scattering difficult except for elements of low Z.

P
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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 polystyrene medium. The
three defining counters were 1-in.-diameter disks, 0.5 in. thick,
viewed on édge by one RCA ‘1 P21 photomultipler. The two rear.counters
were 1 in., thick; No. 4 had a 5-in. -diameter'crystal and No. 5 a 4-ihr_ -
diameter crystal; each scintillator was viewed by 4 RCA 1P21 photo-.
multipliers symmetrically placed. Their outputs were passively added
" at the counter before amplificati.ori. 4 4

The signals from all counters were anripli.fied 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 Vérious coincidence circuits
that were used to form triple coincidences for the defining telescope
"and quadruple coincidences for the poor- and good-géometry arrange -
ments. In addition, .pulsés from Counters 1 and 3 were used agairi to
form a coincidence, which served as a check oﬁ the other _el‘ectronics,
Accidentals in the defining telescope were measured simultaneously
by another circuit during each run. An electronic block diagram is
shown in Fig. 5. | '

The coincidence circuits were of a type designed by Garwin,-10

but modified in various different ways by Wiegand, 1 ‘Madey, 12 and
Evans, 13 The resolving time (the half width at half maximum) of
counters plus coincidence circuits was measured and found to be
approximately 10'8,se'c, This resolution proved quite adequate for the
running conditions encountered. The negatilve output of the Wiegand
and Evans circuits was amplified by a 460-B, the resultant pulse then
being sufficient to drive a Hewlett;Packard 10 -megacycle scaler

- (which was modified to allew 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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An auxiliary monitor 4 using a signal from the east induction
electrode was employed as another rough check on the general
operat1on of the electronic system '

The- strong focusmg quadrupoles had an effectlve aperture slightly
less than 4 in. in diameter and could produce grad1ents near 8000
gauss/m. The analyzmg magnet had a 4-by-12-1n., gap with an effective
gap length of 60 in. A field of 20,000 gauss can be obtained with this
, 'm.a'gnet and one could. therefore deflect 4.3- Be‘}/c particles through
~12° quite easily, us1ng less than the maximum f1e1d strength

ava11ab1e
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III. AUXILIARY CALCULATIONS AND MEASUREMENTS

In order to locate the expéfimeqtal e.qu’ipfnentﬂ, -de'scribed. above,
theoretical negafivé _pion orbits of the _de,siredv momentum we re drawn
by usé of quarter-scale drawings of the Bevatron's magnetic field and
a mechanical aﬁalyzer (affectionate’iy known as ""The Bug"). 15 The
rh'am-gnetic"fiel'd meésﬁfeinents were taken by the UCRL Magnetic
Measurements Group. . This_ series of measurements gave values of
the field at various pbsitiofxs as é. function of time during the ac;c.ele ration
cycle, and those points of interest to us were reduéed from the original
data for usé 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 vmomentum» the currents in the strong -focusing magnets were
calculated by use of an analog compute r,. and the current in the
analyzing magnel.:vwas selected using known data for the magnet to
_deﬂecf negétive'pi‘ons ~12°. No expérimental time was taken to tume
the strong-focusing magnets, and the final cu‘rfen‘t setting in the
analyzing magnet .was‘ chosen in accordance with previous calculations
after some brief experimental investigations to show that the beam was
as anticipated in the experimental area. Estimates were made of the
- $T¥ors involved in the machines and methods used in the calculations,
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 predominantly negative pions;
contamination was due mainly to muons and a negligible number of
electrons. The muon contamination was found by calculation to be 4 %.
The calculation was quite simple and was done c‘oﬁsidering 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 vavailablei to the resulting
B meson compatible with subsequent detection. Similar considerations
yield an electron contamination fesulting from 'n'o decay less than 1%.

In a short preliminary run in which the = - 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 1n of
Pb between the two rear counters was found to be the same as that
determined with no Pb present. The error in these measurements was |
3to 5%. - |

For the purpose of computing the multiple-scattering correétion,
it is' necessary to know the distribution of the beam over the 1l-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 coinéidence with Counters
1,2, and 3. No 'appreciable divergence of the beam was found. The '
meaAsurrement in the horizontal plane -is shown in Fig. 6.

In transmission-type experiments it is essential that the large-
diame ter rear counter be of high efficiency and uniform in response
over its surface. If it isv not, all transmissions measured will be too.
small and the resulting cross sections too large. Counters 4 and 5,
when viewed with four ph_c;tornultipliers symmetrically placed, yielded
an efficiency and uniformity of response of essentially 100%. 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 2.5% to 4%.

‘ Accidental coincidences were measured by delaying in time any
one counter by 1ns<;rt1ng 2tob5x 10 -8 sec of cable into the counter in’
que_st1on. With the beam spilled over 130 milliseconds, and with the
counting rates described, it was not surprising to find the accidental
rate usually :negl.igfble,lf we noted a rise to something like 1% it |
could usuvallyh 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 acceleratlon so that essentially no
accidentals were present. L

\ This method of measuring accidental rates yields partial rates,
so that one is ieft with the pro.blebm‘ of how to combine them. In

addition, the rate is overestimated,‘ since a large fraction of the
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counter telescope (see Fig. 4.) The size of the probe
counter is indicated by the horizontal limits.
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éountin.g_v rate is due to true beam_'pér.ti_c,vles. Thus 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-
’inc‘idence., Since the rate as measured was small, this ovérestimation )
‘is not a serious p'robiem and,wés ignored. '

. With the analyZing magnet turned off no coincidences wete ob-
served.. No coincidences were observed when, with the magnet on, the
target failed to opérétel
| The counting ‘sy‘stem was plateaued before the run by the use of
high-energy cbsmic rays. Océasion was taken during the experiment
to. check these higﬁ-'voltage plateaus, and exact agreement was found

N 3

with the cosmic-ray results.

e~
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IV. EXPERIMENTAL PROCEDURE"

. The strong-focusing quadrupocles, analyzing magnet; and counter
telescope were io_cated in the median plane of the Bevatron along the
line calculated from the magnetic field plots: The photomultiplier
high _volt_éges were. set at the values obtained from the cosmic -ray
meésurements; 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 millimicresecond pulser to check the triggering level of the éounting
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 (i.e., front triples, Fig. 5) to the
number of particles detected by the total telescope {(i.e., front triples
plus either transmission counter Quads in Fig. 5 in the absence of an
-absorber. This efficiency was 100% for the poor-geometry arrange -
ment and 98% to 100% for the good-geometry arrangement, throughout
' the run. Scattering by the defining counters and by the air probably
accounts for the 2% variation, since the counter itself was found to be
IOQ% efficient. Accidental rates and magnet current settings were
frequently checked during the experiment. v ’

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! rﬁiddle, 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 ,tl;lese data. . Some experimental points were repeated
on separate days during the experiment and were found to be the same

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
natﬁfe are discussed, whereas errors particular to oﬁe cross section
measurement are discussed in the section on Experimenfal Results (Sec. VI).

. The precision“ of the measurement of negetive.-pion t‘ot‘al nuclear
cross sections depends, principally, on the treatment of the 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
" in Sec. 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 'scaftering in the absorber is due to a paper

by R. M. Sternheimer. 17

He considers a general experimental 'ai'ranger‘nent having an
arbitrary number of counters defining the beam incident on the absorber

of length 'X.O, ‘in radiation lengths, and a transmission edunter of radius

R located a distance f from the absorber. Circular symmetry about

" X - X is assumed. The only relevant propexties of the incident beam are
the radius of the circle that would be covered by the beam at C3_ih 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.

;!ll. CZ‘%”—/—IRX/

Ko
I

0 o 3
If the beam had been ‘e'xtre'me.ly narrow, the particles that have
experienced multiple Coulomb collisions:\"x/hen they emerge 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 will have Gaus siansﬁfcentered about
different pomts in the cross section -of the beam and this then
necess1tates an additional 1ntegrat1on over the beam distribution. The
results of Sternhelrner s calculations are in the form of curves of F
 as a function two parameters ro and Po (1.-F is the fract1on of the
beam lost due to multlple Coulomb scatterlng, that is, the observed
transm1s31on is F- /I 1nstead of I/I the ratio desired). Here
ry is a functmn of the rms scattermg angle and the geometrical
arrangement (not a radlus, but' rather a quantity characterizing the
geometry and amou_nt_ of _mult_lple Coulomb scat,termg: in:the absorber),
and pg is the fadius of a uniform circular beam in units of the radius
of the transmission counter.. For each experimental point, we - computed
STy using radiation lengths given by Rossi, 18 and th'en.,F(pO) was found
for each p, from Sternheimer's curves. ,
- The results of Sternheimer's paper also enable one to conclude
that losses due to single and plural Coulomb scattering are very small
 and negligible. | | |
Accidental'coincidence corre_ctions .are hard to make, since the
accidental rate is difficult to measure and fluctuates with beam
bunching and beam 'intensity. However as the measurements indicated
a small accidental rate, only a few values of ¢ (6) out of all the
measurements were corrected. This correction amounted to:a 'simple
- subtraction with a 10% increase in the statistical error. ’
| ‘The possibility of double diffraction scattering was minimized by
using absorber thickness of 1/4 to 1/2 a mea’n-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
‘ scatterin/g‘corr.'ectioris in good geometry less than 10.%). Tbe mean -
free path N referred to is the mean free path for total nuclear events.
That the probability for double diffraction scattering is small can be
seen_.frvo‘m tbe‘folloi}viﬂ.g- argument. ' |

The probability for an elastic collision is
_ X - X

Where x is the absorber thickness in mean free .path's-,' Xd is the
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- mean free path for d1ffract1on scattermg, “and \ is the mean free
_path for total nuclear colhsmns The probab111ty of two d1ffract10n

scatters,1s

x5 2 o
P, - L ('S\X_). e-x/)\t T y
2! d '
and the ratio of P1 to P, is2 )\d/ . Now con51der a total cross
section o, for some nugleus in which o /2 = O'a"' = O'd . For this
Xt ' C
case we have \, = \_ = - Therefore if we are using an.absorber
h M * M7 then P./P, = 16 and 8 ively. H
with x = Z °F > . then 1:/ 5 = and & respectively. owever,

v At
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 léengths and cross-section values given in Table IV.
It is quite evicient that the probability for double scattering is less than
10% 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 Ppattern by 1tse1f The effect on o (6)
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.

Densit Length used X I "'x . N
(g/cmg) in exper1ment t Zd ' ot d
(g/cm ) (g/cm”) (mean free paths)
C . L60 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 diameter, in the sense that it is not
extremely narrow. Because of this the observed angular d1str1but1on
is a superposition of d1ffract10n patterns centered on different points
in the beam cross section. The effect is to increase o(6) for inter-
mediate angles and to leave o (6) unchanged in the limits of:bot'h good
and poor geometry, 'Sternheimer h'as shown that the computation of this
correctlon is similar to that of finding the mu1t1p1e scattering correctlon,
and that one can use the same curves for F if the diffraction pattern is

replaced by a Gaus sian

1/4 KRr? exp[ 1/4 (KRO)_] [J (KRG)/QJ2

which closely-approxunates the optical-model pattern up to the first
minimum. ,7' Here R is the nuclear radius, K the propagation constant,

and J the first-order Bessel function. The error Ao in o(0) is
given roughly by o | '
AT = - T4 -[:F(ro, 6) - F('fo,’p'o)],
where o3 is the total diffractien cross section, . and Ty ie given by
- 2/KRO. As this correction is important only at points intermediate
- between the good- and poor-geometry conditions, and, since we believéd
that the geometries achieved in this experiment were quite good, no
correction was made to those few values of 0'(.9) taken at points in |
transition frorn the conditions of good or poor georne try to intermediate
geometry _ v .

The p'resence of C"ouriter 4 had a negligible effec‘t on fhe' transmitted

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

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

All values of 0'(9.) taken in this experiment were corrected for the
calculated 4% contarnination of p 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 o(0) 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

. . . *
used in this experiment.

By measuring the difference in attenuation between polyethylene,
(CHZ)n, and carbon, and between (CD,)n and (CH,)n, or D,0 and H,0,
one can obtain the pionb-profon_ and pion-''neutron' cross sections,

respectively. However, it has been shown both by expe rirnent19 and by

- theoryzo that one does not really measure the 'free-neutron' cross

_section by a dedute rium -hydrogen difference. The nucleons in deuterium

can shield each other a portion of the time, and this ''shadowing'' 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 7~ -neutron
cross section obtained in ﬁhis way is less than the Tr+-proton cross
section; these two values are necessarily the same if the principle of
cha_rge syrrjmetry ié to hold. The correction 60 = 04 -0, -0_

P
has been computed by‘GlaubeerO as 3.3 to 5.3 mb, and measured by Cool,

19 as 6 £ 2 mb, This is an average value obtained

sk
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.
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from measurements with pions between 0.79-and 1.5 Bev. The variation

in the computed value of' the &0 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 pro’duc‘ers’ the variation

in §0.. (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 a'xdeﬂquate at these high energies; however,
it appears that the calculation provides a reasonable explaﬁation for the
observed affect. (Cool et al. feel that their results are in substantial
agreement with the calculations.lg). - ‘

The results of the nucleon measurements are gilven in Table III,
where the eséential parameters and the absorber thicknesses are given,
The "corrected" pion-neutron value'vis obtained by adding 5 mb to the
value obtained in the deutérium-hydrogen subtractioﬁ. For comparison,
the value of the pion-proton cross section as determined with a 35-
atmosphere hydrogen diffusion: cloud chamber and 5.0-Bebv/c negative
pions is included. 21 This value has been corrected for muon contamination
but, as yet, no correction (if any) has been made for a low scanning
efficiency for the detection of events havin(gi no charged secondaries.

This might amount to 2 or 3 mb at them most,v22 aﬁd would leave
unexplained the remaining small difference in the values of the cross
sections as determined by the two method‘ of measurement.>Ic (See

Section III on rear-counter uniformity and efficiency. ) Table III also
includes the average value of the cross sections where the error inclﬁdes
an 'estirhate, 0.5 mb, to include any sy'stematic'errors.present in the

experiment. .

A more detailed explanation of the errors invelved in diffusion
cloud chamber measurements can be obtained from ‘George Maenéh'eh
_UCRL Berkeley, California..
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Table III

Total nucleon cross sections for 4.2-Bev negative pions

Fou'r"-inch;équare blocks
Ch,, 45.53 g/cm® }

vy o, =(29.8 2 2.1) mb

© . C, 39.03 g/cm’

Half-angle sﬁbtendevd by the transmission counter, 8 = 0.5°.
Two-inch square blocks . ’
CD,, 58.00 g/cm” | oy =(508+% 7{.8)’ mb
‘CH,, 50,70 g/cm® oy = (27.6 £ 2.7) mb
‘C,  43.30 g/cm” 04 3 =(23.3£2.5) mb
‘ Y - o )
- 91/2 = 0.5 |

DZO - HZO Subtraction

D,0, 67.0 g/cmz 04q:n =(22.7%2.5) mb
HZO’ 60.9 g/cm :

_ (o]
91/2 = 0,5'

Average of Results (Error includes an estimate of any systematic errors.

All values in millibarns.)

- 50.8 = 2.8 Diffusion Cloud Chamber

T4
. _ Result at 5.0 Bev/c
'oh =28.7+2.6 20.7 £ 2

T4 4= 23.0£2.6

- Oy (obtained by adding 5 mb to d-h Qalué_)
- =28.0+ 2.6 mb
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B.. Absor,p.tion, Cross S-ections for Nuclei

Absorptlon cross sections were determmed in th1s experlment for
- Be, C, Al, and Cu. The most serious problem encountered in the
measurement of 0., as we have mentioned before., is the elimination of -
charged secondaries from detection by the transmission counter. We-
rece.ﬂ that the effect of these secondaries is to increase the apparent
transmission and thus decrease the apparent cross section as the angle -
0 subtended by the rear counter is increased. Ther;rnethod_ employed to
correct fo_r this effec't,i as described above, »we; 'toplot the values of
o (6) obtained at the various values of Q 'against’Q, 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 eorrected for the beam con-
tamination by p mesons, and, when necessary, for any residual dif-
fraction scattering present. (This latter corlrectio‘n is described briefly
below). » | v

It is apparent from the discussion in Sec. II-A that, there are :ab-
sorber pOS1t10ns in the poor-geometry range where the solid angle Q
included by the detector is not sufficient to contaln a11 the dlffractlon
'scattering. This elastic scattering, which is not detected by the trans-
mission counter, is referred to as residual diffraction scattermg and was -
corrected for in this experlment by us1ng the optical - model expression

for, do f/dg which 1523

do(6) _, . T4
df Loo.w

where K0 is the wave number of the incident pion; R 1is 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 2, the resulting line drawn
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Fig. 7. Poor-geometry cross sections for Cu and C, corrected
for p-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 ¢(6) vs  would have had a slope very
much the same as that obtéined for C. The \'/va'lue‘_;_gf the Be cross
se'ctiop was then obtained by drawing a line with the' C slope through the
median value of Be, using the resulting intercépt for the value of 2
for Be. The error quoted is twice the statistical error of the single
mevasurement. - ' o |

The Coulomb.f.ield of the nucleus can slightly affect the measure - .
ment of the absorption cross section because the negétive pidn trajectory
will be bent toward the nuclei in the absovrber.v Thus the desired cross

section, 'o"a,' is related to the measured cross section by a factor a:

a0’ =0, (measured),

where :
a=1+2eVe/ppc,’? (3)

Ve is the Coulomb potential at the nuclear surface, an& p and B¢ are

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

a 2% co/rrection for the heaviest elerrien_t planned for use in this exiae’riy

. ment (Pb); and was neglected for the cross sections actually measured

‘in this experiment.

Thé values of the absorption cross sections obtained in the above
manner are given in Tabkteé IV. The error given includes the error in the
intercept given by the least-squares me thod only. No attempt was .made
to eétirna_te tHe errors involved in the neglect of the finit’e size. of the |
beam, of the Coulomb factor a, and of the essential point of the validity

of the extrapolation method employed.

N
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Tablé IV

Total and absorptmn cross sections for 4.2 Bev T mesons
scattered from various nuclei. The prime indicates the values obtained
by Ise, Lagarrigue, and Pyle, 8 using a multiplate expansion cloud
chamber : Lo

" Element A1/3_ g/cm2> '6'5(mb) . o (mb) Gt/'oa
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  1.875%0.107
c 229  19.54 2198 386 £ 20  1.76 % 0,11
Be 2.08  31.50 177 £ 9 30215 1.71%0.11

- C.. Total Cross Sections for Nuclei

’ {
The total cross sections obtalned in this experiment are given in

Table IV. The values given there were obtalned with an extrapolat1on
method as described in the section on the exper1menta1 method. Us1ng
thls extrapolatlon method results in overestimating the value of the total
cross section. This can be seen by integrating Eq. (2) over solid angle.
One will note that the resulting function is appro_kimately linear in 6 in
thev region 0°7-6m to 0.1 Gm’ where Gm‘ is the angle of the first aif -
fraction minimum. Since the function is rounded off near OO, a linear
ext‘rap‘olation tends to overestimate the total cross section g, (Of course,
one did not have to use a linear extrapolation; however, it was used
here for convenlence) | | .

. The datum points used in making the extrapolatmns were corrected
for multiple Coulomb losses, when necessary, and for the beam con-
tamination by p mesons. No correction .wes made for the interference
effect between Rutherford and elastic nuclear scattering, since its
magnitude and sign are unknown. The data used for the extrapolations >
a_nd the extrapolations' themseives 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 absorptlon cross sections; the only diffefences are in the
magrul:ude of ‘the abscissa and ordinate. o o

: The error g1ven for the total cross sectmns in Table IV 1nc1udes
the error.in 1 the 1ntercept given by the least -squares. method. No estlmate
was made of any_error which might be introduced owing to the .extrapolation
mveth'od evnv)ployed for the determination of the values for the total cross
section for elements considered in thls expe rlment or for the effects y

d1scussed above.

uf

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

A ' General D1scuss1on of the Optical Model v

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 nu_clear 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 imagina_x;y part, to allow for absorption as well as -
for elastic scattering. 'I:hus we can generally compute the amplitude
of the scattered wave and the damping due to absorption neglecting all
interface reflections and .conside ring 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, O'a is a function
of the nuclear radius R and the mass absorption coefficient K, while »
o, and the shape of the diffraction curve are functions of R, K, and kl’
the increment in the wave number of the incident pion wave received
upon entering the nuclear 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,

'

" It is quite clear that not all parameters can be deduced from the
two measured cross S'ec,vtions,, Now, our main interest is in the detér-
mination of a value of the nuclear radlus parameter r in thé expression
R = o 1/3. This can be done quite easily by u51ng0the absorption
cross sections determinéd in this experiment, and, of course, the Pb
value determined by Ise et al. 8 in conjunction with that subportion of the
optical -model formahsm which describes this type of cross section. In |
this formalism the absorptlon cross section is simply related to the

_elementary plon-nncleon cross section ¢ in a nucleus and the average
density of nuc‘:'le‘ons,_ p(r), at the radius r. Using this method, the only
unknown para{meter. we must choose is the average pion-nucleon cross

section in a nucleus, ¢ . At the high energy used in this experiment



we believe that. the value of 0 “will be close in value to the free pion-
nucleon total cross sectlon (The total pion-nucleon cross section, or
some fraction of it’ (see below) is used for o, 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, @ would be equal to
.the '"'free' pion-nucleon total cross section. However, Serber has pointed
out that the effects of nuclear binding inhibit collisions 1nvolv1r21§ small

momentum transfers, with the result that we have @ <Ufree - For

4.2 -Bev pions the inelastic c01-11/s1on’s involve very high momentum trans-
fers, and also comprise 75% of the total cross section. Therefore only
elastic collisions near 00,_» i.e. those involving small momentum transfers,
are inhibited. This, then, is the only source by which ¢ might Be

made less than ¢ No quantitative calculations have been done for

0 in this energy i-le?ge;on, therefore the dependence of the analysis on
0., and th.e resulting variation in the radius Rv, are considered below.

That the absorption cross section ean be related to o and p(r)
is dependent on the satisfaction of the following conditions: (a) the
" nucleons in the nucleus must scatter or absorb the pion wave independently
‘of one ‘another; '(b) the mass number of the nucleus must not be too _
small. Let us briefly consider'\these restrictions. '

For the independence approximation to hold it is necessary that
both the pion reduced wave length, X, and the range of the pion-nucleon
interaction be smaller than the average internucleon spacing. At
4.3 Bev/c X = »0.046 x 10_13 cm, and since the average nucleon-nucleon
_separation is 1.8 x 10-13 cm, the smallness condition on X is well
satisfied. The internucleon_spacihg is dependent on the density distri-
bution one assumes for the analysis. If we consider a'tvapered 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 spaeing. However, fhis average inter-
nucleon distance increases near the edge of 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
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larger than the interaction distance.. Although the asl&";{i;f;pt‘i.on that the
"rénge of the pion-nucleon i_nteréction is srriallei‘ than 'th'e' iﬁtéfnﬁcleon
spacing is not quantitati'vely supported, we‘wivll assul;n'e‘ it to be va_lid in
this discussion, for both the tapéred and uniform dejnsitie:s_employed, v
and thus as sume"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 independenﬂy of one another--since

one is not quite sure how to retain the simple calculational prcgcedure of
the optical model used in this discussion if this were not the casel

The requirement that the mass number be large is related to fhe
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 theée
cases the scatters are aséumed to be large in number and to occupy a
large volume. T.herefor'e, an optical -model analysis should draw its
conclusions fronr‘ll the 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 mést cases, vnuclei of small A give.results which
’.suppvort the conclusions obtained with large -A nuclei. This is perhaps
because in an experirﬁent an absorber is bombarded with rhany particles,
with the result that the desired statistical effect is obtained. However,
»result's' are still drawn predominantly from the values obtaingd ‘with
.nuclei of large A.
With this general .di-scussion 6f the o>ptica1.mode1 in mind we can

now obtain an expression for the absorption cross section 0. from the

High-edergy 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. inte‘rferenée 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’
exponentially26 as it passes through the nucleér matter with a mass ab-
sorption coefficient K(r) = p(r) G . 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 éoordinate along the pion tra-
jectory (see Fig. 8). Thé"cross section is then the probability

of interaction integ;éted over the impact parame!:er b. It is1 evident

from Fig. 8 that »rZ - 82 + bz. Using this relation one can write the

expression for o as follows:

G O ® . 5 1/2 o
o =2m (1 '- exp [- [ K ((s +b7) )d%} bdb.  (4)
: 0 : -0 .

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

"Figa 8. The path of a piori'thz.'ough the nucleu.s,is,designatéd 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( f). This experiment
did not yield any information on the form of the density distribution; in
fact any réasonable form is compatible with the data. Since the Stanford
electron-scattering experiments5 do yield the shape for the charge distri-
bution in medium and hea;vy nuclei, we will assume a shape for the
nucleon distribution similar to those suggested by the electron expe riments
except for a scale factor to be determined from our data. Alsd, 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.c’oncerning 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) = pl/( exp [r-c/Zl] + 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 proportional to .

Al/3 while Z, = = t/4. 40, where t is the thickness of the surface of the

"~ charge distributlon The thickness t, or the fall -off distance--i.e.

the distance in which the charge density falls from 90% to 10% of its

. central value--is esse’ntially}. a constant for all nuclei and has the value

-13 :
t_Ar90 10-24x10 cm.

- For orientation, the results of the Stanford analysis of nuclei in terms

b3 .
of the Fermi smoothed, uniform charge distribution --the p(r) defined

above - -are-tabulated below. All lengths are given in Fermi units, i.e.,
-13 '

107"~ cm. The accuracy of the surface thickness parameter t is =+ 10,
-and that of the radial parameter cis +2%. R is the value of the uniform
- .charge distributioh having the same -rms radius as the Fermi distribution.

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

c.= radius parameter = EA‘1/3., {Measured from r = 0 to the
A midpoint of t.)
t = A = fall- off distance or thickness pararneter

90 10

The specification of the type of charge distribution employed is

" important for reference to any paper coihcerning these measurements,

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

different values for the parameters c and t.
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Table V
Nucleué - c t ‘ R | < =r‘ A R =T -
| , AV A

— ~.40 ' - B .

,oCa T 4.54 1.06 132 '

VoL 398 22 463 .07~ 1.25 ‘,,
5 ,Co”? 409 2.5 4.94 105 . 127
gl s2a 2.3 5.80 .08 1.19
o Sb 2 532 2.5 597 . - 1.07 1.20
pghAut?t 6.38 2.32 6.87° 1.096 - 1.180
BiZ0% 6.47 27 113 1.09 1.20

83

From such data as giveﬁ ~in the above table, the Stanford grbup
also concludes, from a comparisvon_of the results obtained for Ty
- for nuclei of low -A with+¢hose ofhigh A, that the findings are not
compatible with an assumed constancy of . Ty for all A. Rather, the
trend appears to be that heavy nuclei are described with an r'O. ‘that is
smaller than the Tq characterizing nuclei of small'A. However, they
caution that further data on other nuclei are required before this con-
clusion may bév accepted for all nuclei. It is indeed poséible, in view
-of shell structure, thé.t local variations of ro may show exceptions to * ’
the rule. ' v

The Stanford group also fe‘el_s that for the lighter nuclei--i.e.,
where the flat central regions shrinks to.nothing, and where a gaussian
form for the charge diétribution gives a better fit to the data--the
significance of t can be expected to declinza, for (as might be expected)
in ele_me;ntsylvighter than carbon, the whole nucleus is not even as large

as the skin, t(=2.4 fermis).
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‘B. Tapered-Density Model

1

The tapered-density model 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 rad1us R which is proportional to Al/3 and in addition by a

Ar90 10 which is also proportional to A1/3, not a 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 Wiltiams gives values for Ar90;10 in the same range of values as
found in the Stanford experiments. (See Fig. 9.) Even with this
eakness (or fault, if you like), when the whole range of A is viewed
the model is a better approximation to reahty 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
(5). - |
The form chosen has a constant central region attached to a

smoothly dropping polynomlal

p(r) = po, . ' for r< Q;
Zr3 9r T |
p(r) = >+ 12 — - 4), forQ £ r< 2Q: (5)
: (E’_ Q Q > '
vp(r) =0 ~for r 2 2.

This. fortn is illustrated in Fig. 9 for the elements Al, Cu, and Pb on _
the basis of experlmentally deterrruned quantltles discussed below. The"
use of a polynomlal proved easier to handle than a function 1nv01v1ng |

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

density function has the form

p(r) = pgy f(r/Q) or po £(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

N
t
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d=0.75x10""%cm Brgg.glor Pb = (8.08- 8.38)X1073 em
= 2.7X10"'tm

Cu=(5.4-3.6)X10~®cm
* LEX10-'3em

Al = (4.06-2.68)XI0"%cm
= 1.38X(07%em

9. Tapered-density distributions for Al,
plotted as a function of r.

Cu, and Pb,

MU-12959
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vfo-rm Q = aA«1/3,. where a ié a constant to be determined from the data.
The central density po-'-i,_e, the number of nucleons occupying the
volume in the central, uniform region-- can be described as

o

i where v is the volume-normalization constant characteristic
_ a7 v '

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

.
vsf‘ f(x) 4mx 2 dx = 24T
* ‘ -

If we consider a uniform density distfibution; then . we have

f(x) =1 and ‘v =4/3 - w

‘so that p) = A/(4/3)wR>

form v
0, = Q% 0 (—-0-) .o (6)
e - |

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

the nucleus, 10 S KO—I , divided by Q.

In Fig. 10 we see a plot of a, determined by nﬁmerical calculation

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

of Eq. (4) 'using p(r) in Eq. (5), as a function of A;1/3 for various values
of T . The values of the nuclear radius parameter a are included for
each element and from the numbers given the number 0.75 x 10_13cm has
been selected as representative for a when ¢ = (28 + 2)mb. Figure 11
shows a semi-log pibt of the opacity O as a function of (KOQ).1 when

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

obtained (ail units in fermis, 10_13 cm):
. . . ) 1/‘3 _
Nuclgus c ATgo_10 .1 c/A =1
Al 3.38 1.38 . 1.126
" Cu 4.50 ‘1.8 ' 1.127

Pb 6.66 2.7. . 1.125
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T o | T
F=30mb 7 _
BeC . Al Cu Pb- . .
. [ | [ I :
08... -
— -+ F - §— a=0.745%+ 0I5
— : X10~"®cm
0.6 0.737 0.751 /0.750 0.732 0.7_47 —
1.02 $0I3 1Ol t.01 to2
E .
(1]
= O O
S | ,
x &F=28mb
ﬂ° - .
= 10.8_ -
o 3 - L 0=0.752%.0I5
b T 3 - .
g - . X10"B¢m
S jo6_ ) , i
& C 0.750 0760 O.757  0.739 arsi
a £.019 2013 4008 ~ £013 1018
o | -
A O | o o o e o e e e e e e e e e e e e e — — ——— — — — . o ————
«
T=24mb
08— 'S SN S —— T % T T
— : . %1073 cm :
9'6_ 0762 OITT 0.773 Q749 0788 7
2018 £014 2000 20N 2,016
)
7,
Ad |
0 | 2 3 4 5 6 7 8 9]
L I 1 I ! I 1 ] ;
I.
- {
Fig. 10. Tapered-density model. Nuclear-radius parameter a \ B

~as a function of Al/_ for various values of ¢ . Value of a !
given at right obtained without using the Be and C values. * !
The variation in thé results, with different choices of © ;
is small, as can be seen. The Be and C points were not . h
used since these nuclei have very low A. However in- ' ‘
cluding them does not change the value of a significantly.

MU-12960
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T=28mb
) i
3.0
L2
2.8
e
2.6
2.5
2.4
2.3
2.2
2.1
2.0 .
, : ' l
. o K,R ,
Y 0.2 03 04 05 06 070809
b ) S T T NS M M
i
Fig. 11. Tapered density model; o = 28 mb. Opacity — =
e vplotted as Ia function of B U 4.87a” TrQ /

A

MU-12961
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Here c = distance from r = 0 to midpoint of Ar90-10’ i.e. _meas'ured
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 detw.fs1.ty distribution, which y1e1d§ Ehe sa?ne 61 >av

- L | 1/2
: - 1/3 5
R = T, A / = l:-_;, <r12>a\J o N (N

value. Using

we find .
. R for Al» =3.613 fei'mis, T, for Al = 1,205 fermis;
| R for Cu =4.81 fermis, I, for Cu = 1.205 fermis;
‘ ' R for Pb = 7.13 fermis, r, for Pb = 1.205 fermis.

The root-mean-square value was computed by using Eq. (5) for
p(r) in the definition . ’
- @ 2 2
l p(r)dmr " - r dr

(rz>av S T® ;

j p{r) 4w rzdr
0

from this it follows that <r2>av. = 1.55 'QZ . Therefore from this

analysis we can conclude that the relation for R is

R =r,

. AY3 . 2104 - AY3 103 em . (g

" The error includes the uhcertaiﬁty in the determination of the pion-proton
cross section, and thereforé_ in © , and the error in the measurement

of the absorption cross sections. This value of the ‘nuclear radius is

in quite good a'greernént with the electromagnetic experiments that

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

Cosmotron énd _electromagnetic determinations of'nuclear size.) As we
mentioned above (Table V) the Stanford group feels there is some
iﬁ;i_ication that not all nuciei—-i. e., high-A and low-A nuclei--can be
described by the same ro.u Within the“ran_g.e of A 'imdezf common 4
consideration in these two experiments, the analysis of the measurements

we have taken, using the tapered model de'fined'aboVe, does not yield a
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__Table VI

Part1a1 ‘summary of the radii-determined for the dlstrlbutlons 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 un1form density d1str1but10n, which

yields the same <r > value .

Nucleon Distribution

Energy and type Radlus
of probe (x 10-13cm)

4.2-Bev negative pions Un. 0.63 +1.2 A /3

Un. 0.8 +1.18aY3

T (1.21 +0.4) A3

1.4-Bev neutrons Un. 1.28 AY3
T  1.19aY3
860 -Mev neutrons , Un. 1.25 Al/3

B

Charge Distribution

p-mesonic"x-rays- ' T 1.17 Al/3
. 1/3
ngh -energy electron T - 1.20A
scattering ' :
Semiernpiri 1/3
emiempirical mass T 1.22 A
formula : R e

Value of &

al al qi

Qi al
N

ql

1]

used in analysis

(mb)
= 30
= 28
28 £ 2
=43
=43

45

L

Here T refers to tapered density dis_tributions 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.
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et
——

- The optical-model parameters R, the. radius; O, the opacity; K,
the mass absorption coefficient; and k,, the increment in the wave
- number, obtained by using a wuniferm density distribution for p(r). For
‘comparison the average value of the optical model parameters R, O,

K and k are as determined by other experiments are included.

-
A P

4.2 -Bev Negative Pions

o = 30-mb
Element R o0 K - KR
Pb (786 +.14)x 10 2 em 092 0.261x1073em™t  2.05
Cu 5.21% .12 0.85 0.255 1.33
Al 4.19 + .1 , 0.73 0.261 : 1.1
e 339 .15 ©0.61  0.261 - 0.885
Be  3.22%.2 - 0.55 0.261 0.84
Average Value 1/3
0.63+ 1.2 A 0.261
From Fig. 14 1.
—(167:1: 33)x10 cm V =33+ 7 Mev
R‘(10'13crh) k(10 3em Y k1(1013cm‘1) TMev)
1.4-Bev lr"ieuti'ons'7 ' 1.28 A 1/3 ) 0.49 ‘ 1.5+ .05  26%9
' 860—M.ev ,protons'4 . . 1.25 A1/3' " 0.56 nonvanishing ~ 50
410-Mev feutrons’ 1.23 AY/3 0.51 | | '
140 -Mev to 400 Mev~ 1.42 Al/3 ‘

Negative Pions

Tétylor3 in an analyms of all neutron data from 50 to 400 Mev
finds that R = (0.75 + 1.26 AY3) x 1073 cm, or that r. = 1.45 A}/ 3

‘ 0
for A~60 and 1y =139 43 for a ~200. Taylor includes the
410—Mev neutron data in his analysm ' ' E
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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 variation
of ry 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

/

p=pg=a/ Lar?. . . (9)

Then we obtain

(10)

- Figures 12 and 13 show the value of the parameter rgs determined with
a uniform density distribution for two values of o, and these values can
be compared with other determinations in Table IV, (The graphs and
table are Self-explanatory.)

If we plot the experime’ntal points of at/aa vs KR and the
corresponding theoretical curves for various values. of 'RI/K, using
the uniform-density model, we can obtain a rough value of the optical

rnod,el' parameter k ‘This parameter is related to the average pion-

1:
nucleon forward scattering amplitude, as seen from

k, = 2™ Re £(0), *° Ay
k .

where p is the nucleon de;lsity and k is the wave number of the incident
pion. From F1g 14 we see that kl =0.167 x 10'1,3_ cm, and thus that
"Re f (0) = (4.18 = .84) x 10713 cm. This implies a minimum value for
the forward elastic pion-ﬁu'c:leon’cross section of 175 tg; mb/ste radian.

This high value implies that the elastic pion-nucleon scattering is strongly
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(2] ~
I I

[ B
-

D

Ya

Nuclear Radius (X 107 cm)

- R=0.63+1.2A

(€]

= 30 mb.

Ql

Fijg. 12. vUnifrorm-densi-ty model;'

MU-12962
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T=28mb

T P— F

H

Nuclear Rodius (X10-'3cm)

R=0.8+I8AY3..

Als

- .. o : Fig. 13. Uniform -density model; ¢ = 28 mb.

;

MU-12963
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L o5 T=30mb _
Cu
kyy =0.66
K, =0.60
2.0 -
P
S
:'? = 0.64%.05
H1.5. . } - k- ] ~
: From Table I K =0.26!1 XI0 "cm
k= (1.67£0.33)X10%m~!
AT
. KR= '75‘.sz '
0. 05 Lo 318 20
Fig. 14 versus KR for uniform-density model;
- . _ : : Nl
a
o = 30 mb.

MU-12998
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- peaked in the forward direction. As has been 'cﬁ‘sﬂltom'a'r'y'in the low -

energy regions, we can relate the c'ons‘l':ant':'k'1 to the average fiuclear

'potential, assuming that an average nuclear potential has meaning at

these energies. Using

kl:j_, , * T (1)
7 4Afc : . : :

we find
¥ =33+ 7 Mev.

Because a uniform density distribution in nuclei is not considered
i‘ealistic, only a few comments will be made about the optical model

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

. ment. -

The mass absorption coefficient K ( = 0.261 x 1013 cm_.l) 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 similafity in thé value of o used id both analysis; the value of.

K is completely dete,rminéd..by the assumed value of G and the déduced

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 o_f k does

dQ

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

1’ , and ¥ determined by this experiment
Brookhaven, as might be expected. (See Table VI).

» The same is true for the yalue's obtained for rg. (Tables‘VI and
VII contain values of Ty from a representative selection of other
experiments.) ! »

‘The. dependence of the values determined for the radius R on @
can be seen from Figs. 7 and 8. A change in o produces the greatest
change in the radius values of the light elements. This results in quite
a large change in the interceptl c, rather than'in Ry in the expression

R=c+‘r0A1/3.
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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 7. ,(Th‘is, of course, was expected, since for these elements
the opaci’t‘y is high.) One hesitates to discuss the si'gni}ﬁc_ance_: of ‘the
intercept ¢ as determined in the above analysis since a 6.7 change
in o results'ina 21% change in ¢ . Some authors have felt that ¢
is related to the range of nuclear forces, 30 and if this is true then we

have determined this range to be (0.63 % .2) x 10712 cm)
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- VIII DISCUSSION

Measurements of the noncohe re'vnt"p\ar’t' of the totalcross ‘'section--
what we have called the absorption cross se:c'ti"on-46f"h-igh-enérgy pions
on nuclei has been shown to be an..éasily. interpreted nuclear method for
obtai'ning'the' spatial extension of nuclear mattér. As we have seen above,
' it is straightforward and involves the use of few unknown parameters.
The least-known quantity entering the determination of the nuclear size"
is the effective elementary cross section o , which might well be less
than Gwsp-’ the value we have used. For a tapered-density model the
outer edge of the nucleus is always somewhat transparent, so that even
the cross sections for heavy nuclei depend on o. Therefore it is
essential to invest_igaﬁe the sensitivity of the radius paramelter a, or.
T, ,.to changes in the value of 0. As can be seen from Fig. 10, these
parameters are very insensitive to a change in o. Since it is unlikely
that @ can be reduced by more than 25%, the value of rb given in
Eq. (8) is probably not more than 3% too low on this account. We there-
fore c’onclude that radius ‘parameter, Tys as determined by this expér_i-
ment is in quite good agreement with the value determined by the
electromagnetiri:""measuremeﬁtg_ .pf nuclear charge. - We therefore con-
clude that the nuclear radius j;;f'a’rrieter, ry, 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
spatial éxtent of the nuclear charge distribution.

- This conclusion is in contrast to the results obtained By.the
investigations by Taylor3 of all available neutron data from 50 to
'v400 Mev, in which he finds ry = 1.37 x 10"13

for lighter nuclei, up to 1.5 x»10'°]'3 for Al. Feshbach, Porter, and

Weisskopf, 30 in the Mev range, find ry = 1.45 x 10_13 cm: and negative

for Pb, and larger values

pions at these lower energies, ~200 Mev, describe nuclei with an r

of 1.42 x 10“13 cm. 4 All these investigations describe nuclei with

radii 15% to 25% larger than the very-high-energy pion, proton, neutfon,
and electrdmagnetic d_etefrninations of the spatial and charge extends in

- nuclei,
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Although the above discrepancy is not completely understood, it ‘
has bee.n'prop‘os:ed‘ that the contrast between the low-energy and high--
“energy nucleon results su.gges"té a real :difference m the éf_fecti}ve range
.of the nucleon-nucleon interaction in the two energy reg'ic')n‘s.“ The same
- might now Bé said 'er the range‘_ 6£'the 'pion'-nﬁcleon _intérattion_. , Howeve T,
_ a complete uﬁderstanding 6f the” re‘sults ‘of these rneasvur:e“mévnt.s is not .

'y_vet available,

L

(o

L 2
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