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I· INTRODUCTION AND PURPOSE 

Previous Diffraction Experiments 

Elastic scattering of high energy rru.cleons by nuclei is analogous 

to optical Fraunhofer diffraction considering the nucleus as the scat

tering obstacle and using the DeBroglie wavelength ( (\ :::: h/p) of the 

high energy nucleons as the incident wavelengtho 
1 

Amaldi, et alo have observed the angular distribution of 14 Mev 

neutrons scattered from Pb nuclei~ using neutrons produced by the 

D + Li reactiono The neutrons had a DeBroglie wavelength of 7o5 x 10-l3 

em and were nearly monoenergetic, making them useful for seeking dif-

fraction effects in heavy nucleic The angular distribution observed 

had a strong forward peak, with ·a minimum at about 25° and a small sec

ondary maximum near 40° o Assuming that the Pb nucleus behaved as an 

opaque sphere, they deduced from the position of the minimum that the 

radius ofthe Pbnucleus was about 1 X lo-12 Cmo 

Using the 90 Mev neutron beam of the 184-inch synchrocyclotron~ 

Bratenahl, Fernbach, Hildebrand, Leith., and Moyer2 have investigated 

the diffraction of neutrons by Be~ 011 Al, Cull Ag, and Pbo The minima 

in their patterns were obscured .by the energy spread of the neutron 

beam~ which is produced by stripping of 190 Mev deuterons in a one

-half inch thick Be target placed in the circulating dueteron beamo 3 

1 Eo Amaldi 9 Do Bocciarelli, Bo No Cacciapuoti 9 and Go Co Trabacchi, 
Nuovo Cimiento ~' 15-21, 203 (1946) . 

2 ' .. ,, 
Ao Bratenahl, ·So ''Fernbach)) Ro Ho Hildebrand 11 Co E. Leith, and B. Jo 
Moyer, Pbyso Rev~ 77, 597-605 (1950) 

3 R. Serber, Physo Revo 72, 1008 (1947) 



The differential scattering cross sections were observed to be not 

zero in the region of expected secondary maxima for the heavier ele-

mentso Their results at the center of the forward pe~ks were well..;. 
/ 

described by the opaque nucleus picture9 but at larger angles the 

predictions of the transparent nucleus theory of Fernbach~ Serber~ 

and Tay:m4 gave a better fit to the experimental pointso 5 .. · 

Transparency of a spherical nucleus should alter the shape of the 

diffra·ction pattern by increasing the intensity in the region of the 

minima:;· decreasing the· intensities of the secondary maxima~ and caus-

ing the entire pattern to broaden slightly corresponding to a slight 

decrease in radiuso 

·The present-experiment makes use of higher energy and better 

energy resolution in an attempt to choose between the various nuclear 

·models~ and to determine nuclear radii as a check of previous workso 

The differential cross sections may be integrated and compared with 

the total cross sections of Bratenahl 9 et alo 9 of Cook~ McMillan~ 

Peterson~ and Sewe116 at 90 Mev1 of DeJuren and Knable7 at 95 Mev; 

and of DeJuren and Moyer8 at energies from 95 Mev to 270 Mevo These 

4 So Fernbach9 Ro Serber9 and To Bo Taylor 9 Physo Revo 129 1352 (1949) 

5 It has recently been pointed ou~ by Pasternack a~d Snyder, Physo Revo 
80 9 921 (1951) SJ that· the calculational method may i·ntroduce some 
error into the theoretical curveso By using an integration method 
instead of evaluating a series of Legendre polynomials, they were 
able to match the transparent nucleus model to the experimental 
points at very small angles as well as at wider angleso 

6 Lo J o Cook,\) Eo Mo McMillan9 J~ Mo Peterson9 and Do Co Sewell,p .·· 
Physo Revo 129 7 (1949) 

7 James DeJuren and Norman Knable9 Physo Revo 77.11 606 (1950) 

8 Jo DeJuren and Bo Jo Moyer9 _Physo Revo ~9 919 (1951) 
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are all neutron experiments, but the results may be related to the 

proton results. Because of the. Rutherford scattering, the curve to 

be integrated must be corrected at small angles in order to compare 

with neutron results (see Section V, B). 

B. Wavelength of Particles in Present Experiment 

Bra~enahl, et al. consider the energy distribution of their neutron 

beam and the energy dependence of their detection efficiency to arrive 
. . 

at an eff~ctive energy of 8.3 Mev for-their particles,\) giving a DeBroglie 

wavelength of .3.05 x lo-13 ~m. The wavelength of the .340 Mev protons 

used in the present experiment is 1.4.3 x lo-l.3 em. This shorter wave-

length causes the diffraction patterns to be more concentrated in the 

forward direction, making intensities higher and thus more easily ob-

servable above background. This narrowing also makes necessary the use 

of instruments of high angular resolution in order to detect the details 

of the diffraction pattern. 

Co Relative Merits of Neutrons and Protons 

Protons have several advantages over neutrons in nuclear diffrac-

tion experiments. It is very easy to select monoenergetic protons b,y 

means of magnetic fields and slits. The use of monoenergetic particles 

greatly simplifies the interpretation of the results, since it .prevents 

"washing out" of the minima due to energy spread. 

The efficiency of charged-particle detectors is much higher than 

the efficiency of high-energy neutron detectors. The detection thresh-

old for proton counters may be easily fixed by insertion of energy

attenuating material of the proper thickness, thus insuring that 
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essentially all of the particles counted are elastically scattered 

and that there is very little contamination from inelastically scat

tered particleso 

There are some disadvantages to protons 9 however. The "pure" 

nuclear scattering is distorted b.1 Rutherford scattering of the proton 

b,y the nuclear charge. The nucJear and Rutherford scattering are co

herent, so there may be interference between them, but the energy or 

this experiment is high enough that Rutherford scattering is important 

only at very small angles, and is negligible in the region of the minima 

and secondary maxima. 

Protons are multiply scattered in air and in the scattering tar

get. This must be considered in determining the angular resolution. 

The energy loss due to ionization must be considered in determining 

the energy threshold. 

D. Electric Quadrupole Moment 

If the shape of the nucleus is ellipsoidal rather than spherical, 

and the nuclei are randomly oriented in the scattering target, the dif

fraction pattern may be expected to be altered in much the same way as 

the alteration due to nuclear transparency. Since the nuclear electric 

quadrupole moment is considered to be a measure of the departure from 

spherical symmetry, the results of this experiment may be used to set 

upper limits upon the electric quadrupole moments of the nuclei meas

ured. In order to separate the transparency effects from the quadru

pole moment effects the diffraction pattern of a nucleus known to have 

a high spin is compared with those of its neighbors having spins of zero 

or one-half. Nuclei of spin zero or one-half are expected to have 



spherical symmetry since.their spins are not able to establish a pre-

ferred axiso The transparency effect .is expected to be a smooth func-

tion of atomic mass number. 

II THEORY 

CoUlomb Correction 

The exact solution of the wave equation involving both Coulomb and 

nuclear force fields is in a series of confluent hypergeometric func-

tiona. Since the bombarding energy in this experiment is much higher 

· than the· Coulomb barrier energies of the nuclei involved, the effects 

of the Coulomb field will be neglected as a first approximation. There-

fore the theory will be. given for the neutron case, with corrections 

which should come out of the exact solution indicated. 

B. Neutron Solution in Partial Waves
9 

The wave function for the scattered neutron wave, which is ob

tained by subtracting the .expression for the unperturbed incident plane 

wave from the solution for the case in which the scattering nucleus 

is present, may be represented asymptotically at large distance r 

from the scattering center, and at an angle G from the direction of 

the incident beam by 

\ Tr · eikr 
'f' scatt ~ ---

2ikr 
~ (2t +- l)(e2iJi - 1) pj, (oos e), 
t=O 

(1) 

9 The method of solution in partial waves was originated by J. W. Strutt 
(Lord Rayleigh), and presented in·Proc. L6nd~ Math. Soc. (1) IV, 25.3 
(187.3), as a method of:, soJ,.ution for optical problems. Its application 
to nuclear physics is presented in most standard texts on wave me
chanics. (See for example, Leonard I. Schiff, Quantum Mechanics, McGraw 
Hill Book Company, Inc. (1949), pp~ 10.3-12L) 
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wpere -S£ is determined by matching the solution ·of the wa:ve equation 

•in 'the field-free region to that within the boundaries of th~' scattering 

potential. If there is no absorption in'the· scattering nucleus, S~ 

is a real number measuring the phase shift between the lth partial 

wave in the diverging components of the wave function with scatterer 

present and the corresponding Lth component of the unperturbed plane 

waveo I~ -~he case in which absorption is also present, O..e; is a complex 

number, 

where ,&£- · is the exponent determining the absorption of the 

partial wave. 

:The tth partial wave may be identified with particles in the 

beam which have an angular momentum equal to ~ ii ·with respect :to the 

center of mass of the system, which is practically the center of mass 

~f the scattering nucleus. Since the wavelength of the incident par

ticles is appreciably smaller than the nuclear radius, it makes sense 

to speak of the particle· colliding within the area represented by the 

cross section of the nucleus. If the impact parameter .is· b,:· ;5 

the angular momentum, which is equal to the product of t,he linear mo

mentum and the impact parameter, is allowed the values 

pb - 1 E., from which l = p~ -= ~ - kb 

For the Pb nucleus, values of 1 up to nearly .t = 40 should be 

allowed, for 340 Mev particles, since the largest value of impact 

parameter at which .nuclear forces can be felt is equal to R, th~ 

nuclearradius. Particles passing at larger distances should be 

(2) 

(3) 
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unaffected, so that no components of .the scattered beam should aris.e 

from L >· kRo 

The corresponding solution for the proton case would contain, 

besides S:h , an additional phase shi:rt10 

f:£.., = 'lt - n ln2kr~ 

where n. depends upon the charges, masses, and relative velocities of 

the interacting proton and nucleus, and >te is the argument of a r 
function which depends upon n and t o Thus the method of partial 

waves is not strictly applicable to the proton case, but gives an asymp-

totic solution independent of r only for force fields of finite rangeo 

The higher values of l which would be introduced by the Coulomb field 

give contributions to the cross section only at extreme~ small angleso 

Co Nuclear Transparency 

In the opaque nUc-leus theory it is considered that all particles 

which strike the nucleus are "absorbed, 11 io eo, removed from the high 

energy beam by inelastic processes.. In this case ~ ,t. will be infinite 

for 0 !:S .L S. k:R, and zero for ~ greater than kR.. Thus for the per

fectly absorbing sphere the scattered wave,. Equat.ion. (1),; becomes 

\lf· scatt rJ 

eikr 
·2ikr 

· .l<kR 

L (2 L + 1) PL. (cos e) 
L=o 

It is' interesting t9 note that these components of the scattered wave 

are just the corresponding outgoing components of the unperturbed plane 

wave shifted in phase by 180°o This,is.equivalent. to removing these 

.10 Schiff, · QB• cit., pa-ge 119 

(4) 

(5) 



outgoing components from the total wave field, which is just what woUld 

be eXpected from a perfectly absorbing sphere and is an e.xample of · 

Babinet1 s principle from phiVsical opticso 

The differential scattering cross section per unit solid angl~ 

which is just the square of the amplitude of the scattered wave multi

plied by r 2 , is seen to be 

dO"' 
(e) an. = 

1 

4k2 
]

2 

(cos e) 

This distribution is equivalent to the optical Fraunhofer diffraction 

pattern of plane light waves of wavelength A = 2n/k by an opaque·. 

disk ·of radius R' = R + 1/ko 

d\1' (e) 
d..Q 

It is usually given for 

[

J1 (2kR1 sin 1 e)] 2 

kR1 sin l e 
2. 

where J is a first-order Bessel functiono 
1 

smail.anglesas 

(6) 

( 7) 

If there. is not complete absorption of those particles which strike 

the nucleus, the problem is one of diffraction of th~ incident wave by a 

sphere of material characterized by an index of refraction and an abs_orp

tion coefficiento The index of refraction is. due to the fact that the 

magnitude of the propagation vector may change within the nucleus due to 

the nuclear potential wello The absorption coefficient arises from inter-

action of 'the incident particle with individual nucleons in the nucleus, 

which is postulated to be the method of removing particles from the beam 

by giving rise to inelastic scatteringo The absorption coefficient used 

by Fernbach, Serber, and Taylor is just the numerical density of nucleons 

in the nucleus multiplied by the nucleon-nucleon scattering cross sections; 
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obtained from n-p and p-p scattering experiments and modified to allow 

for the suppression of small momentum transfers in the nucleus due to 

the Pauli exclusion principleo They obtain for a spherical scatterer 
. . 

with a nonrenectirtg surface:. 

R-+21 <kR 
eikr 

L 
R., = 0 

Y scatt ·"' 
2ikr 

(2L + 1) ~(-K+2ikl)s.e-_,~ Pt(cose) 

where k1 is the change in propagation constant upon entering the nucleus, 

K is the absorption coefficient given by 

3 r:2 . 12 ~ = 
4

nR:3 ~3 crnp(free) +(A_ z) 4 (3 crnp(free) ~ 

(S) 

( 9) 

and st is essentially the path length, within the nucleus, of the particle 

having angular momentum equal t~ !h, 

k 

The criterion for nonreflection is that the potential must not change 

appreciably within one wavelength. The factor of 2/3 co:ines from the 

suppression of. small momentum transfers to nucleons within the nucleus 

due to the exclUsion principle reducing the number of states available 

to the struck nucleono The 1/4 comes from the action of the exclusion 

principle in excluding certain interaction states for p-p collisionso · 

(10) 
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III EXPERJMENTAL PROCEDURE 

Ao General M.ethod 

In Figo 1 is shown a diagram of the experimental layouto. The col-

limated external proton beam of the 184-inch synchrocyclotron beam is 

monitored by an argon-filled ionization chamber whose collected charge is 

integrated electronicallyo The scatterer, which is a thin sheet of mate-
. . ' 

riai with a cross=sectional area considerably greater than the beam area, 

is placed in the beam~ and the scattered protons are detected by a triple-

coincidence scintillation· counter proton telesco!>e .which is shielded from 

particles which may scatter from the mouth of the collimator or from the 

ionization chambero The number of incident protons is detennined by the 

charge collected by the ionization chamber~ and the number of protons 

scattered at an angle a into the solid angle offered by the telescope is 

determined by the number of counts from the teJ,escopeo These two nilln-

bers may be used to determine the differential scattering cross section, 

as is shown in Section Vo 

Bo Source of the Protons 

.When a thin scatterer is placed in the full energy circu,J.ating 

proton beam of the 184-inch synchrocyclotron some of the protons are 

multiply scattered at .such an angle that they enter the magnetic de= 

fleeting channe111 and are removed from the main vacuum chamber into an 

' evacuated tube which carries them through an opening in the main con-

crete shielding into a separate shielded enclosure usually referred to 

as the 11 cave, 11 as shown in Figo lo The duration of the scattered beam 

11 
Co Eo Leith~ Physo Revo ~~ 89 (1950) 
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pulse is· 20-30 microseconds with a repetition rate of 50-60 per secondo 

The energy of the protons which are accepted is determined by the path in 

the magnetic deflecting channel and by the path through the beam focusing 

magnet which directs them down 'the straight portion of the evacuated tube 

into the caveo The energy of this beam is known from the curvature in 

the magnetic field, and has also been measured as· described below to have 
.... · .... . . 2 

a range in Cu of 93o7 gm/cm which corresponds to an energy of approxi-

mately 340 Mevo The energy may vary by a few Mev from one day to another 

due to slight differences in the setting up of the deflecting system, 

but the variation is certainly not more than ! 1 percento 

Co Collimation 

The beam is collimated to the proper size consistent with the angu-

lar resolution desired by means of a 4~-inch long brass plug which is 

inserted into the evacuated tube where it passes through the 15-foot 

concrete shieldingo For most of the runs, the collimator used had an 

inside diameter of 1/2 inch and was tapered toward the outer end to a 

diameter of 3/4 inch in order to decrease the probability of multiple 

scattering from the collimator back into the beamo This gives a beam 

at the scatterer of approximately 5/~-inch diametero In order to cut 

down the background of neutrons and gamma-rays due to the stopping of 

protons in the collimator, a collimating slit is placed in the beam just 

prior to the beam focusing magneto Those protons which do not pass 

through the slit lose enough energy in the collimator wall so that they 

are over-deflected in the beam focusing magnet and do not find their 

way down the evacuated tube to the caveo For the high angular resolution 

runs, the circular collimator .in the shielding was replaced· by a · 
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rectangular collimator in order that the scattered beam might appear to 

come from a line source instead of a cicrular source, thus increasing 

the angular resolution without at the same time introducing too much of 

a decrease in counting rateo 

During the course of this experiment it was discovered that when the 

premagnet collimator is wide open the cross section of the beam as it 

enters the cave is concentrated mainly in a line about 1/32 inch thick, 

and tilted at an angle of about 13° to the horizontal, as shown in Fig .. 2o 

The rectangular collimator used is 3/16 in.; x 3/4 in.. When it is used to 

replace a 1/2-inch diameter circular collimator, the counting rate is 

not appreciably changed. The rectangular collimator is tilted to line 

up with the beam cross sectiono 

Do Setting of the Scatterer 

In order that all of the protons elastically scattered into the ·tele

scope at any given angle will have traversed the same path length and 

thus have lost the same amount of energy by ionization in the target, the 

scatterer is not placed perpendicular to the beam, but is inclined to 

the perpendicular at half the angle by which the telescope is inclined to 

the beamo 

E. Counting Rate, Background. Accidentals 

The triple coincidence corinting rate is kept to about one count per 

beam pulse by controlling the beam intensityo At this counting rate, 

the number of accidental triple coincidences is negligible, as deter~ 

mined by obserVing the counting rate as a function of beam intensity. 

The counting rates in the individual photomultipliers are much higher 

than thiso They are, in fact, sometimes so high that the mechanical 
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registers of the scalers can not follow themo Since the coincidence unit 

has a high resolving time better than the scalers by nearly a factor of 

a hundred, this high individual counting rate is not objectionable, as 

. is borne out by the determination of accidentals by varying the beam in-

tensityo 

After each datum run, a run is made under the same conditions except 

that the scattering ta.rget is removed to determine backgroundo The back-

. ground is considered in determining the magnitude qf the effect as well as 

in .Q.etennining the statisticai accuracy of the pointso The background is 

comparable to the true coun~ing rate near and after the fi~st minima of 

the diffraction pattern, necessitating the making of long datum runs and 

19ng background runs in ord~r.to obtain points of statistical significance 

. in this regiono 

In order to e:S:iminate any slowly varying instrumental errors such as 

voltage drift frop~. apparently changing the shape of the diffraction pat-
··· ' -'I . • ' . . -. ' .; . 

tern,. the d~~.um points are not taken for the angles in numerical order, 

but are,,~,~ken at angles much farther apart than the spacing desired in 

the .}'jnal points, with the intermediate points taken latera If the points 

.. Jvt_.aken later were not consistent with the initial points, suspicion would 

'8,. be directed toward such instrumental errorso 

Fo Detection Threshold and Absorption by the Energy Attenuators 

In order to dete:rinine the detection efficiency of the proton tele

scope and to set the detection threshold, the telescope was placed in 

the direct beam with ho scatterer present, and the counting rate measured 

as a function of the thickness of Gu energy attenuator presertto For this · 

run, the beam intensity was so low that the argon ionization chamber could 

not be used as a monitoro Therefore, the double coincidence counts of 



the first two scintillators~ which are before the energy attenuator~ 

were used as a monitoro Because of the thickness of the scintillator$ 

and their holders~ the curve could not be continued to zero thicknesso 

The curve is shown in Figo 3>~ and it is seen that the curve may be extra-

polated to a ratio of unity from a thickness corresponding to the Cu 

equivalent of the scintillators and their dur~luminum holderso The curve 

is seen to cut off at 'an equivalent thickness of 93o7 gm/cm2 of Cu (mean 

range)» which corresponds to 340 Mev on the curves of Arons Hoffman~ and 

W"ll" 12 · 1 1amso The extrapolated range is 95a5 gm/cm2a Bakker and Segrel3 

have measured the extrapolated range of the electrostatically deflected 

proton beam to be 93o 7 gm/ cm2 o Ro Lo Mather14 has independently deter

mined the 'energy of the electrostatically aeflected beam by means of the 

Cerenkov radiation in dense glasso He finds· the energy to vary from 339 

Mev to 341 Mev~ depending upon the setting up of' the deflecting system., 

Taking this as a correct value~ and comparing the rarige' with that of 

Bakker and Segre>~ it is found that the energy of the scatt/ered deflected 

beam may be as high as 344 Mevo It is expected that the scattered de~ 

fleeted beam may have a slightly higher energy than the electrostatically 

deflected: beam$ since its orbit must expand to a slightly greater radius 

than that at which the electrostatic deflector operateso Bakker and Segr~ 

indicate that the curves of Aron~ et alo give an energy which is slightly 

too low due to the fact that they used too high an ionization potential 

in their calculations·o Since the ionization potential enters into the 

12. 
Wo Ao Aron~ Bo Go Hoffman>~ and Fo Co Williams~ Range-Energy Curves$ 
AECU=663· 

l3 Co Jo Bakker and Eo Segre~ Physo Revo 31~ 439 (1951) 

14 
Ro Lo Mather~ PhoDo dissertations University of California (1951) 
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energy loss equation in a logarithmic term~ the error is expected to be \ 

small9 and the discrepancy between the range=energy curves and the measure-

ments of Mather may be consider.ed to be: due to this erroro 

The detection efficiency9 which is determined by reading the ratio 

corresponding to the. thickness of energy attenuator used in the experiment~ 

varies from 40 percent to 53 percent in the various runs 9 but is constant 

·within a giv~n runo In determining the energy·threshold}) 'the energy loss 

of the protons due to ionization in the target must be added to the ioniza= · 

tion loss in the energy attenuatoro The decrease in energy due to center 

of ma.ss motion must also be considered 9 but is negligible except for the 

lightest target elements usedo The decrease in the number of protons due 

to inelastic ~cattering in the target of particles which are also elasti= 

cally scattered is negligibleo 

Go Lining Up the Scattering Table 

The detection angle is determined by setting the pointer of the tele= 

scope arm at a particular marker on the calibrated angular scale of the 

scattering tableo ~ The 0° line is aligned with the proton beam in the fol= 

lowing manner~ 

After the cyclotron has been tuned up and a satisfactory beam has 

been obtained in the ca.ve, x=ray films are expos.ed in the beam at the 
J 

front and rear of the caveo The developed films show darkened spots where 

the beam has passed thrcugh themo The centers of these spots are used to 

stretch a string ·through the cave in the position occupied by the beam 

centero Fiducial marks at the front and rear of the scattering table are 

then aligned with respect to this string~ a. fter which the string is re= 

moved and a film is exposed at the scatterer positio~ as a check on the 



alignment. With reasonable care, it is possible to -~lign the table to 
. . ' 

within a small fraction of a degree •. 

···.' 

IV MEASURING EQUIH~.ENT 

A. Ionization Chamber and ·Beam Integrator 
. ' 

The proton beam is monitored with an argon-filled ionization chamber 

operated at a pressure of 92 em Hg and with a sensitiv~ thickness of 2.002 

inches. The m~tiplicat.ion. factor qf. the chamber has been measured by 

+ comparison with a Faraday cage and found to be 1095 - 15 for 340 Mev pro-. . . 

tonso The chamber is operatedat a voltage high enough so that there is 

no detectable ion recombination before collection. 

The charge collected by the ionization chamber is stored in a stand

ard capacitor whose voltage is continuously ~ecorded upon moving paper 

tape ·by means of a Speedoma:x recorder fed ·from a feedback d. c. amplifier • 

. The amplifier maintains its input grid at ground potential so that 'the 

leakage in the signal cable leading to' the capacitor is negligible and 

the capacitan6e of the cable does no( have to he considered iri detennining 

the total charge collected in tenns 'of the recorded voltage. The re

cording circuit automatically recycles after attaining a predetennined 

voltage, so that the leakage is reduced since the capacitor i~ never 

charged t·o a very high voltage. The recording circuit automatically cali-

· brates itself periodically against a standard cella 

B. Scatterers 

The C, Al, Cu, Ni, and Pb scattering targets were machined from 

stock materials. The Ta and W targets were cut from stock foil. The 

S, Si, and Mg targets are p~llets which were co~pressed fr~m powdered 
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stocks.. The Si targets contain a small ~ount of hydrocarbon bfndero 

The Bi targets were cast.. Arter fomixlg~ t.he targets were weighed ori 

chemical balances ana their dimensions measured with micrometer calipers .. 

The weights and dimensions thus determiDed a:re used in the calculations. 

The densities were aleo calculated and compared with known densities to 

. -x-ule <?~ .. the possibilities of "blow-boles11 or voids., 

C., Eriergr Attenuator.s 

The.: energy attenuators are two inch sqU&re slAbs of Cu machined 

from stock materials., They were weighed and measured. in the same manner 

· as were the scattering targets.. Their densities were found to agree with 

the known density .. 

Do Proton Telescope 

The scattered prot,ons are detected by a triple-coincidence scintil= 

lation counter telescope consisting of three trams~stilbene crystals .each 
'• . '. ·. . . ·.· ': 

viewed by a 1P21 electron photomultiplier tubeo Tbe signals from the. 

photomultipliers are amplifi~,9 clipped, limi,ted,_ and. fed to the coincid= 

· ence circuito It. is necessary to lj,mit the amplitude of the pulses $ince 

the background includes a great ~umber or inelasticallJ scattered protons 

which are going slowly in th~ first two crystals, thus giving pulses very 

much larger than those due to the elastically scattered particles .... These 

large pulses are apt to five feed-through unless all the pulses are limit-

ed to some standard height.. The coincidence circuit is found to work 

most: efficiently when all the pulses are of the order of two volts in 

amplitudeo 

Where they are not.tcio high.9 the single and double coincidence 

co~ting rat~s are measured as ~ monitor or the operation or the equipment~ 
i'' 
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Angular resolutiol'.l. of the telescope is determined by the opening 

in a one-inch t~ick Cu collimator placed1 between the first and second 

phosphors. This thickriess is sufficient so that any particle missing 

the opening will not be counted in the l~st crystal. 

In order to decrease the individual counting rates the entire tele

scope is enclosed in a ~/4-inch thick Cu box to keep out the general 

background of slow particles which exists in the cave. In front of the 

first crystal is placed a three inch long Cu block having in it a hole of 

the same size as and aligned with the hole in the collimating blocko It 

has been determined that the presence of this block appreciably decreases 

the single counting rates of the first and second phosphors, by keeping 

out randomly directed particles. 

The first and Second phosphors are made only slightly larger than 

the opening in the collimating block since the background counting rate 

" is dependent upon the whole volume of the scintillators~ while only the 

portion offered to the collimator is effective in giving true counts. 

The last crystal is made approximately an inch and a half square in order 

to count a large portion of the protons which are multiply scattered in 

the energy attenuating Cu blocks. 

The stray magnetic field in the cave due to the cyclotron magnet is' 

about 20 gausso Since photomultipliers do not operate well in this field, . 

the entire telescope is enclosed in a magnetic shield of one-eighth inch 

thick mild steel with a 1/4-inch thick lid. The magnetic shield has a 

hole in the front wall to allow the scattered protons to enter. The pro-

ton telescope is shown in Fig. 4• 

/ 
\ . 



Fig. 4 



,• 

.-27-

Eo Scattering Table 

The proton scattering table is shown in Fig. 5o There are adjusting 

screws to adjust the vertical and horizontal position of the table during 

the lining-up process. The targets are mounted upon a remotely controlled 

hexagonal wheel allowing several targets to be run at the same scattering 

angle without necessitating a shut-down of the cyclotron in order to enter 

the cave., Pilot lights at the control station indicate whi.ch target is in 

the scattering position at any time. 

The proton telescope is mounteq on casters and is clamped to a rigid 

dural channel which keeps it pointed at the scatterer. This 56-inch long 

arm is pivoted by ball bearings upon the shaft which supports the scatterer 

wheel. At the outer end of the arm is a vernier scale which moves with it. 

and is read with respect to 1° markers upon the table top. 

In order that the target will always be set at half the angle at which 

the telescope is set, the scatterer support is connected to the telescope 

arm by means of an equal-arm pantograph, which insures the bisecting of 

the angleo 

In order to take advantage of the line character of the scattered 

deflected beam: after it was noticed, a tilting scattering frame was con

structed. The geometry of scattering is the same as for the original scat

tering table, but the plane in which measurements are made may be tilted 

to make it perpendicular to the "line source11 which the beam produces -as 

it strikes the scatterero This frame is shown in Figo .6 .. 

F. Angular Resolution 

The angul.ar resolution of the experiment is determined by the size 

of the beam at the scatterer and the distance to and size of the telescope 



• bD 
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Fig. 6 
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collimator opening~ as well as the angular divergence of the incident beam 

and the multiple Coulomb scattering in the scattering targeto The thic·k= 

ness of the targets is so chosen that the mean square angle of multiple 

scattering in them is not greater than the desired angular resolutiono 
. . 

The total air path of the protons from the exit of the evacuated 

tube to the telescope is two meterso The root mean square displacement 
r .. '. 

of 340 Mev protons in this path length is loB mmo This displacement at 

the telescope would correspond to -an angulq.r spread of approximately 

Go Cpincidence CircUit 

The coincidence circuit used in this experiment is a Rossi type 

quadruple coincidence circuit using a crystal diode as a diode clamp in 

the plate circuit» and a crystal diode signal expander circuit in the 

outputo It was designed and constructed at this laboratory by R~ Madey 

and Bo Ragent for use in meson experiments~ and is very similar to one 

constructed by Garwino l5. In order to use this as a tr:'iple coincidence 

circuit 9 the. signal from one of the photomultipliers is split and fed 

into two different channels of the coincidence circuito The resolving 

time of the coincidence circuit is approXimately 2 x 10=8 secondso The 

signals from the photomultipliers.\) after shaping 3 are amplified by 

Hewlett=Packard type 460=A distrib~ted amplifiers before being fed to 

the coincidence circuito The coincidence output is fed through a linear 

amplifier to a scalero 

In order to insure that all of the protons scattered into the tele= 

scope are counted9 a check is made of counting rate as a function of the 

15 Ro Lo Garwin.ll Revo Scio Instro 21.11 569 (1950) 
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photomultiplier tube supply voltageo As the voitage is increased it is 

expected that more of the weak pulses will be.made large enough to cause 

count so At excessively high tube voltages~ the thermal noise level is 

expected to be so high as to give accidental coincidences.. In Figo 7 is 

shown a typical plot ·of triple coincidence counts per unit integrated 

beam as a function of tube voltag~·; . It is seen that there is a very broad 

plateau in which all of the protons are being counted~ but accidental 

coincidences are negligible .. 

V CALCULATIONS 

Ao Differential Scattering Cross Section, 

If the cross section does not vary appreciably over the angular 

region accepted by the telescope, at a given nominal angle, the number of 

true counts expected in the proton telescope when n protons are incid-

ent is given by 

where~ 

K (e) = Nn T T a s 
dcr 
dSL 

(e) td:L 

N is the number of scattering nuclei per sq~re centimeter, and 

is given by N = 11px/A with (JX b'eing the surface density 

(11) 

of the scatterer in gm/cm2, ~ Avogadro1 s number (6o023 x 1023), 

and A the atomic mass number of the scattering material. 

n is the number of incident protons, which is mea&ured by the 

ionization. chamber, and is equal to CV/ef, with C being the 

capacitance of the collecting capacitor~ V the voltage to which 

the capacitor is charged.~~ e the electronic charge (lo602 x 10-l9 
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coulombs), and f the multiplication factor of the ionization 

chamber. 

~s the transmission factor of the energy attenuator and telescope, 

which, is .varied from Oo4S to 0.56 for the various runs. 

Ts is the transmission factor of the scattering target. 

!J.s:L is the .solid angle subtended by the proton telescope, =sja2, 

with S being the area of the opening in the collimating block 

and a the distance from the scatterer to the collimating block. 

deY' (·e)· 
dn 

is the differential elastic scattering cross section. 

It must be noted that N varies as (cos 1/2 e)-1 since the target is turned 

through 1/2 e. 

Collecting all of the terms, and expressing the differential cross 

section in terms of measurable quantities and tmiversal constants: 

= 
K (e) 

TIPX _GY. T T S _ -~1'-r.:---:::: -r ef a s az-. cos 1/2 e 
(12) 

For the purpose of calculation, the constants are collected, and calculated 

for use in each run, the formula used being.: 

do- (e) 
d.()_ 

= 
K (e) 

v 
(cos 1/2 6) X (constant) (13) 

The true counting rate is determined from the actual data by subtracting 

the background counts per integrator volt from the actual counts per inte-

grater yolt recorded during a datum run. The statistical deviation due to 

the counting statistics is the square. root of the sum of the squares of 

the individual deviations of actual and background counts per volt. 



Bo Total Cross Section. for Elastic Scattering 

The total elastic scattering cross section is forind by integrating the 

differential cross section over all angleso While the measurements do not 

give a true picture of nuclear scattering at extremely small angles due 

to Coulomb effects~ the total solid angle included in these angles is very 

small and does not contribute mucho As an approximation for the integra

tion~ the differential cross section curve is made to approach the zero 

degree axis in the same manner as was found in the 83 Mev neutron results 

of Bratenahl9 et alo 2 The contributions at angles larger than those meas

ured will be small but finiteo 

Q Angular Resolution 

The angular resolution is determined by the geometry of the detection 

system and by the thickness of the scattering targeto The size of the 

beam at the target.~~ which determines the' effective size of the source which 

the telescope sees~ and the size of the opening· in the telescope collimat

ing block are so chosen that the maximum deviation from the nominal scat~ 

tering angle at which a proton may be scattered and still be detected is 

equal to the nominal angular resolutiono The angular deviation at which 

the intensity falls to half maximum. is somewhat smaller than thiso The 

angular spread due to multiple Coulomb scattering in the target is Gaussian» 

with the thickness of the target so chosen that th.e half-width at half 

maximum is equal to the nominal angular resolutiono 

The angular divergence of the incident beam is negligible in the . 

determination of angular resolution due l:io the long path from the cyclotron 

to the caveo The main function of the collimators is to limit the size of 

the beam~ with improvement of angular spread of the incident beam of sec• 

ondary importanceo 

•· 
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VI RESULTS AND CURVES 

A. Angular Distributions 

The data for the angular distributions for the elements measured are 

tabulated in Tables I through IV, and plotted in Figs. 8 through 21. The 

differential elastic scattering cross section in barns per steradian is 

shown as a function of the angle of scattering in the laboratory system, 

which is equivalent to the center of mass system except for large angles, 

where the difference is a few degrees for light elements. The center of 

mass angle is larger than the laboratory angle by 3o5° at 50° for Co .The 

difference is only lo 6° for Al at 50°. It is correspondingly smaller for 

the heavier elements. The barn is the usual unit for cross section meas

urements, and is equal to 10.,.;24 cm2 o The errors shown are the usual 

standard deviations based upon counting statistics.; 

Because of the large variation of the cross sections with angle, 

the cross section scale is made logarithmic in the curves. It is interest

ing to note that the ratio of the cross section of C at 5° to that at 50° 

~s about 60,000. It should be noted that the data are not ail plotted 

with the same scaleso 

All of tne data having a given angular resolution for each angle for 

each target element are combined, but the results for different resolu~ 

tions are given separately. 

In Fig. 22 the positions of the maxima and minima of the measured 

diffraction patterns are plotted as a function of atomic mass number. 

The data is tabulated in Table ·V. It should be noted that these points 

may be fitted by an A-1/3 line, which should be expected. 

The curves shown are the predictions oft he transparent nucleus 



theor7~ using the constants appropriate to the neutron resultso On the 

Al curve~ the datum points of Bratenahl~ et alo have been piotted~ ~th 

the arigle multiplieci by Oo469 9 which is· the ratio of the wavelengths in 

the two experimentso 

. . . 

Bo T.otal Elastic Scattering Cross S~ctions 

The total cross sections for tinuclearvv elastic scattering are fotind 

by continui.ng the curves toward zero degrees in the same shape as was 

found in the neutron case by Bratenahl~ · et. al 9 The resulting curves are 

' 
then integrated to detennine the total elastic scattering cross sectionso 

The results are tabulated in Table VIo 

•. 

.. 
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TABLE I 

Summary of differential elastic scattering cross section measurements 
having ~ ro angular resolution. The errors shown apply only to the 
relative magnitudes and do not include a possible 5 percent error in 
assigning absolute magnitude. The data are compounded from all of the 
runs madeo Those values marked by an asterisk were meiasured in only 
one run, and are thus subject to more possible error ;than are those 
measured in several runs .. 

-Angle in ' 

Degrees Cu Ag Pb 

5 9o5l __ :!: 0~28* 17.24 ± 0 .. 51* 33of3 + lo4* -··~-

6 6.915 ± Ool3 . 9o65 ~ Oo39* ·. 15o46 + Oo60 -
71 
2 2. 78 ! O .. O?i~ 3.02 :!: 0.28* 

8 lo375 : 0.028 lo312 : 0.067 lo415 :!.: 0.098 

10 Oo302 : 0.011 0 .. 328 + - 0.015 lo231 :!; Oo049 

11 Ooll3 + 
- 0.011* 

12 Ooll36 + ..,. 0 .. 0049 Oo3)2 + - 0.015 0.328 ~ 0 .. 026 

121 
2 Ool46 :!:. 0.011-1!- 0.381 ;!: Oo086* 

13 Ool397 + - 0.0074* 

14 0.1258 + - 0.0039 
l 

0.1751 ~ 0.0082 0 .. 159 + ...;. 0.017 
.. 

15 0.1485 ! 0.0060 

16 0.0834 + - 0.0038 + 0.0739 .;.. 0.0051 0.157 :!.: 0.016 

17.1. 2 0.0746 :!.: 0.0081* .. 0.196 .± 0.043* 

18 0.0396 :!: 0.0026 0~0521 :!: 0.0045 0.0720 ± 0.0082 

± 0.0011 
i. + .. , + . 

20 0.0204 ; 0.0331 - 0.0021 0.0546 - 0.0048 i 

:!.: 0.0016* ' 0.0324 :!:. 0.0031* o. 0408 :!:. o. 0055* 22 0.0194 ' i 

25 0 .. 0110 ±o .. oo29* I ' 
0.00312 :!: 0.00066 

i 
0.0057 :!:. 0.0013* 0 o 0061 ± Oo 0024 30' l_ 

~·-~ 

, 



TABLE II 
Summary of differential elastic scattering cross section measurements 
having :!: 1/2° angular resol~tiono The errors .shown apply only to the 
rel~tive · magnitudes and do not include a possible 5 percent· error ~n · 
assigning absolute magnitudeo The data are compounded from all of the 
:runs madeo . Those values marked by an asterisk were measured in only one 
run, and are thus subject to more. possible error than are thoS3measured 
in several runs o · · · 

5 

6 

7 

~ 
8 

10 

11 

12 

121 
2 

13 

14 

15 

16 

17 
1 172 

18 

19 

20 

21 

22 

23 

24 '• 
27 

30 

31 

35 

40 

50 

c Mg* Al Si* 

1.866 :!: 0.016 2o61 :!: 0.09* 

"Oo905 ± 0.019 2.137 ± 0.059* 

Oo609 ± Oo013* lo552 :!: 0.054* 

0.657 !. o. 015',(~ 

0.531 :!: 0.030* 1~194 :!.: Oo060* 

0.3095 ! 0.0056 o. 543 ! 0.028* 

Oo233 :!.: o. 013!~ . 0.289 ! 0.01~~ 

0.179 :!.: 0.00?* Oo2062 ± 0.0031 0.1749 . :!.: 0.0029 + 0.2007 ~ 0.0080 

Ool80 ~ o.oo&~ 

0.1253 ± o.oob* 0.104 ± o~ooe~ 

0.0956 ± o.oo~~ 0.0954 ! 0.0028. .0553 ! 0.0018 .0749 ! 0~0028 

0.0635 ± 0.0025 .0338 ± 0~003* 

0.0522 :t 0.003~< 0.0495 ± 0.0022 0.02623 :t 0.0009 . +' : o.o424 ... o.oo2o 

0.0343 ,;!: 0.0019 oOl62 ·:!.: Q.OOO?l} 
. .+ ... 
o 0318 = Oc, 0018 

0~0320 :!;, Oo002S* 

0.0260 . ! 0.002~ 0.0315 ± 0.0015 0.0184 .· ± 0.0006 0.312 ± 0.0015 

0.0194 ! O.OOOo/" 0.0292 ± 0.0014 .0201 ! 0.0006 0.0319 :!: 0.0017 

0.0102 :!.: 0.0005 0.0244 ± 0.0011 .01517 ± 0.0005 0.0248 ± 9~0011 

0.00311 :t 0.0003!~ 

0.00143 ± 0.00022 

0.00090 ! 0.0002* 

0.000275± 0.0001* 

0.000302± 0.00008 

0.000044± o.oooo 

0.01906± 0.00098 .OlJ18 ± 0.0004 0.02254! 0.0010 

o~oi68 ± OoOOll .o1140 :t o.ooo4 o.ol82 :!: o.oo1l· 

o0123 :!: 0.001* 

Oo01198± 0.0006 .00781 :!: o.CXX)36i' .01201± 0.00062 

0 0044 ± 0 0 0004~l

o00171 :!.: 0.0003~ 

..• 00157 ':t 0.00031~ 
. . + 

.00071 - 0.0002* 

· o000245± 0.0000 

.oooo8o± o.oooo 

· .. ~ 



-39-

TABLE III 

Summary of differential elastic scattering cross section measurements 
having t l/2o angula~ resolution. The errors shown apply only to the 
relative magnitudes and do not include a possible 5 percent error in 
assigning absolute magnitude. · The data are compounded from all runs 
made. Those values marked by an asterisk were measured in only one run, 
and thus are subject to more possible error than are those measured in 
several r1.ms o 

Angle"i~ 
Degrees s Cu Pb 

6 lo?36 + - Oo042* 5o24S :!: 0.0!32 12.71 + - Oo25 

7 -· 3.029 ± Oo074 4o01 ;!: 0.20 

a lo431 ± 0.036 1.097 ± 0.076 
I 

9 Oo543 :!: 0.205* 0.601 :!:. 0.015 lo220 :!: 0.055 

10 0.390 :!: o.ooo 0.290 + 0.010 1 .. 254 ± 0.059 -
11 o. 07!32 ± 0;. 0054* o. 7!36 .j; 0.035 

12 0.0862 ± 0.0022 0.0743 ±·o.0047 0.3028 ± 0.023 

121 
2 Oo203 :!: 0.054 

13 0.0411 :!: 0.0020 0 .·OS 51 ± 0. 0041* 0.125 :!: 0.017* 

14 0.0255 . + - 0 •. 0011 0.10!33 ± 0.0052 0.003 t 0.017 

15 0.01017<!: 0.00073 0.0!395 ± 0.0025 0.1011 ;!: 0.010 

15~ 0.0115 !. 0.0010* 

16 0 .. 0097 ± 0.0012* 0.0673 ! 0.0031~} + 0.0939 - 0.0094* 

17 . o.o141S ± o.ooo7o 0.0502 ± 0.00301~ 0.0737 :!: 0.0096* 

1S 0.01224 ± 0.000!32 

19 0.0116 ±. 0 0 0008'1!- 0.0181 :!: 0.0015* 0.0390 :!: o.oo6 



-40= 

. TABLE IV· 

Summary of differential elastic scattering cross section measurements 
having high angular resolutions. The errors shown apply only to the 
relative magnitudes and do not include a possible 5 percent error in 
assigning absolute magnitude. These data a:re for a single run.; Angu- . 
lar resolution is indicated for each value as follows: a~· '1/SO; b, 1/5°; 
c, 1/4°; d, 3/S0 ; e, 1/2°. 

Angle ~n 
Degrees Ta ,W Pb Bi 

2o5 505 + 506 + 30a 970 ! 37b 772 + 19c - 27a - -
3 162.0 + S.6a 159 + 13a lS5 ± l2b 196.0 .+ S.5c 

4 55~9 + 3o9a 51.0 + 3oSa 63.5 + 3oSb 64o3 ± 2.Sc -
5 2l.S + l.Sa 2lo2 ± lo9a 24o4 :t: 2.2b 23.97 ± O.S2c -
6 6 .. 33 ± Oo93a 7o76 + l.la · 7o9l + 0.92b 7.65 + 0~52c = 

7· 2.71 + 0~ 5:3c 2.10 + 0.46c -
7 0 5 1.166 :!: 0.096d 1.127 :!: 0.079d 0.69 + 0.30c 0.75 + 0.29c -
g lo04 + 0,;30c Oo99 ± 0.26c .. 

So5 0.66 ± O.lld . o. 74 ± O.lOd 0.9S ± Oo45c 0.97 + . 0.410 
~ 

So? Oo742 :i; o.os6a O~?OS ± 0.075d "· 

9 . o. 728 ± O.OSOd 0.811 ± Oo074d 1.15 ± 0.3Sc lo64 + 0.240 

9o5 0.7S6 ± 0.092d o •. 641'!: 0.099d 0.94. ± 0 .. 36c 0~96 + Oo32c 

10 o.i3o6 :!: 0.090d o .. S66 ± 0.082d 1.19 ± Oo35c 1o40 + Oo25c 

11 Oo571 ± o.074d Oc. 541 ± 0.065d 0.32 + 0.20c 

12.5 0.290 ;!: Oo049d 0.2S9 :!: 0.060d + 0.203 - 0.054e I Oo19S :!: 0.05Se 

ji 

; .. 
. ' 

.. 
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TABLE V 

'. .. 
ANGLES OF MAXIMA AND MIND1A 

Element 1st Min. 2nd Maxo ·2nd Mino 3rd Max~ 

c 21 (?) 

Mg 17-1/2 19 
: 

.. 
Al 17~1/2 19-1/2 

Si 17-1/2 19 

s I 15.;..1/2 17 
I 

Cu 11-1/2 14 ,. 

Ag 9 12 

w ·g 10 

Ta a 10 
" 

Pb 7~1/4 10 13-1/2 15-1/2 

Bi 7-1/4 9-i/2 
,. 

.. 

. . 
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TABLE IV 

TOTAL GROSS SECTIONS FOR "NUCLEAR" ELASTIC SCATTERING 

No errors are indicated, since the value is very sensitive to 

the method of continuing the differential cross:sections toward zero 

degrees.. In some cases, the use of the datum points at very small 

angles instead of neglecting the Coulomb scattering by continuing the 

curves to match the correspondingneutron data would change the cross 

section by a factor of 2 or 3· It should be emphasized that the curves 
I 

were continued and the integration done systematically without regard 

to the expected answer. Tabulated for comparison are the total cross 

sections and the ratio of inelastic to total for 270 Mev neutrons as 

given by DeJuren16 arid by DeJuren and Moyerog 

Cross Section Total Cross Ratio of Inelastic 
Element (This Experiment) Section (Neutrons) to Total (neutrons) 

c Oo09S Oo2gg ±. 0 .. 003 o-~ 505 :t o.o2 

Al 0 .. 201 Oo555 : Oo008 

Cu 0 .. 515 1.145 + 0.0015 Oo51 ± 0.02 -
Ag Oo884 --

, 

Pb 0 .. 934 2.8/-~o + 0.03 Oo50 ~ OoOl (av) 

16 . -
James.DeJuren, Physo Rev. go, 27 (1950) 



Ao Inhomogeneous Beam · 
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VII SOURCE}f ·.OF ERROR 
; 
~-
··1 
J. 

It might appear that the method of removing the protons from the 

cyclotron by scattering them into the magnetic defiecto~ 1-1ould give a 

spread in the energy spectrumo Actually, the magnetic deflecting channel 
'l 
·, 

itself forms an efficient momentum selector<> · 

The beam is contaminated by 1ow energy protons due to inelastic scat-
"' .. 

tering pr0cesses in the walls of the collimators and the ionization cham-

. bero Most of these low energy protons are removed by. the. beam focusing 
I 

magnet since the major portion of the collimation takes place in the pre-

magnet collimatoro . The lower energy particles will not be counted as 

·coincidences, but they ,flill contribute to the total charge collected by 
\ 

the ionization chambero The number of such particles present is small 

in comparison to the number of 340 Mev protons presento 

Bo Uncertainty in the Number of Particles 

Besides the low energy particles which contribute to the uncertainty 

in the number of incident particles~ there are other sources of uncer-

taintyo For an intense beam there is apt to be recombination of ions in 

the ionization chamber before the ions can migrate to the plates to be 

collectedo The integrated charge collected by the ionization chamber has 

been measured against a Faraday cage as a function of chamber collecting 

voltageo The chamber is operated in a voltage region in which the number 

of ions recombining is negligibleo 

During a long integrating period, there is a possibility that some 

of the collected charge may leak off the collecting capacitoro This 
I 

leakage is minimized by use of the feedback doco amplifier which keeps 
)l,:. 
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the signal lead of the integrator cable near ground potential at all 

times, and by the automatic recycling which keeps the capacitor from 

being charged to an excessively high voltageo 

Uncertainties in the number of elastically scattered particles arise 

from scattering out of the scattered beam due to multiple scattering and 

also from detecti6n of inelastically scattered particles. Some of the 

elastically scattered particles are absorbed in the scattering target and 

in the energy attenuator. The absorption in the energy attenuator is ac.:.. 

counted for ·in the measurement of the energy attenuator effect in the 

direct beams Absorption in the thin scattering targets is negligiblee 

Gladis~ Hadley, and Moyer17 have observed "quasi-elastically" scat-

tered protons from several target materials~ having energy and angular 

distributions appropriate to free nucleon~nucleon collisions. If these 

collisions were with stationary nucleons, their energy would go as cos2 6 

and they would not be detected in the proton telescope of this experiment, 

because of the setting of the energy threshold with energy attenuatorso 

The data of Cladis, et alo indicate a spread in energy attributable to 

the Fermi energy of the nucleons in the nucleus, which is sufficient that 

some of the particles which are quasi-elastically scattered m:ay have enough 

energy to get through the proton telescopeo The detection threshold used 

in this experiment is 330 Mev, so it is believed that not an appreciable 

number of the quasi-elastic protons get through. Some of the early runs 

were made with 315 Mev threshold. The results of those runs are not stat-

istically different from those made at the higher threshold • 

. 17 Jo B. Cladis, J. W. Hadley, and Bo J. Moyer, Phys. Rev. 81, 649 (A), 
(1951) 



Co Energy Threshold 
r-- - .. 

It is not possible to determine exactly the detection threshold of 

the apparatus because of straggling in the energy attenuator» For con-

venience,~~ the same energy attenuator is used in all runs having the same 

angular resolutiono For the better angular resolution curves which are· 

included in this report, the energy loss in the scatterers, which were 

chosen so as to have multiple scattering "angles appropriate tot he angular 

- resolution desired, varied by a few Mevo This means that the detection 

threshold was not exactly the same for all elementso The variation is so 

small as to be unimportanto The same energy attenuator was used for all 

angleso Since the correction for center of mass motion is smail, the 
·; 

variation of energy of elastically scattered protons with angle is rela-

tively unimportanto As an extreme example'.~~ the energy decrease du.e to 
. . 

center of mass correction is only about 5 Mev for C at 30°o Nearly all of 

the datum points included in this paper are at smaller angles than this, 
.. 

where the effect is not even this largeo 

·Do_ Double Scattering in Target 

An uncertainty not yet cons.idered is the possibility of a proton 

experiencing two wide-angle scattering events in the target, thus ap-

·pearing at the wrong anglea The probability for a double scattering into 

an angle 9 is proportional to the_ product of the probability of scatter-

ing into an angle a and that for scattering into ~' where e = a + ~o 

This should be negligible for thin targets and for the angles considered~ 

_Eo Rutherford Scattering into Large Angles 

The differential cross section for Rutherford scattering of protons 

.. ,_ 

Jj, 

.. 



13 
by a point source of Coulomb field is given classically by 

1 

4 1 . 
sin 2 e 

(14) 

where Z is the charge of the scattering center in electronic charges, e 

is the electronic charge, M is the reduced mass of the system, and v is 

the velocity of approach of the protono E., Jo Williams19 has considered 

the relativistic case and has corrected for the finite size of the nucleus, 

considering the charge to be uniformly distributed throughout the nucleuso 

The corrected formula which he gives is: 

do-' (e) 
dn.. 

1 

sin4 1 e . 
. ' 2 

1 

(15) 

where P is v/c, y is Vl - ~2 , c is the velocity of light, b is the 

nuclear radius~ and :X. is the reduced DeBroglie wavelength of the incident 

proton., This formula gives· cross sections of 6" 7 x lo-25 cm2 and 

7o9 X lo-26 cm2 at 6° and 3° respectively froni Pbo These. cross sections 

are down by a factor of about thirty from the values measured in this 

experiffiento For C at 10° the factor is greater than .one hundredo 

Mro K~ Mo Gatha is at present tind-ertaking the solution of the wave 

equation including both the Coulomb and nuclear effects and considering 

transparency. His preliminary results indicate that the Coulomb effect 

. ' 60 . 20 
should be important· only up to about 2° for C and · for Pbo 

13 Schiff; Q£_o·. cit~, page 117 

l9 Eo J o Williams, Pro c., Royo .Soco 169A,' 531 (1939) 

2° Ko Mo Gatha, Private communication 
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It is interesting to set an approximate upper limit upon the angle 

at which a proton may scatter by Rutherford scatteringo The maximum 

sidewise momentum which the proton may acquire in the collision is pro-

portional to the square root of the Coulomb barrier energy of the struck 

nucleus. The square root of the ratio of the barrier energy to the. total 

kinetic energy (incident energy) will then give an approximate ~pper limit 

to the angleo For 340 Mev protons incident upon Pb, this angle is about 

. i2°, while for C it is about 5°" 

The angular distribution of multiply Coulomb scattered particles is 

Gaussian. ~he probability for multiple Coulomb scattering into an angle 

greater than twice the half-width at half maximum of the Gaussian is less 

than the probability for single Rutherford scattering into the same angle, 

which has been shown to be negligibleo19 

VIII CONCLUSION.S AND CCMPARISON VITTH THEDRY 

Ao Angular Distributions 

The angular distributions are seen to give diffraction patterns as 

expected, except for Co It is even possible to detect a minimum for C, 

but the datum points are not close enough together to make the minimum 

certain. Since the transparent nucleus theory considers a model in which 

the nucleus is a sphere with an index of refraction, the model probably 

does not hold for such a "light nucleus with its small number of nucleons. 

The results of this experiment indicate that C appears quite 11 open11 to 

the 340 Mev protonso 

The relative heights of the secondary maxima of succeeding orders 

agree favorably with diffraction theory for those elements in which two 

'r' 
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secondary maxima have been observedo The minima appear at slightly 

larger angles than in the theoretical curves 9 indicating that the nuclei 

are probably even more transparent than :assumed in the tr~nsparent nucleus 

theoryo 

The S3 Mev neutron results may be matched by a nuclear radius given 

by 'R = 1.39 x 10-l3 A
1

/
3 

cmo If the nuclear radii are calculated .by 

Equation (?), using the positions of the first-minima found in this experi-

mentll·it is found that the radii of opaque nucleu Nhich would give minima 

at those positions would be_given' by a coefficient which varies fro:rn o .. S4 

for C to 1.13 for Pb_~· This is again an indication of nuclear transparencyG 

Bo Total Cross Sections for Elastic Scattering 

-'-<' The total cross sections for nuclear scattering, omitting the Coulomb 

·~· 

~-· 

part, were determined by counting squares on a curve of cross section per 

unit angle (_ dO"' = dO"' (e) 2n sin e ) 
\de dn. 

plotted as a function of angleo 

Although the total solid angle offered at large angles is much greater than 

that at small angles$ the cross sections fall off rapidly enough that the 

contribution for angles greater than 30° is negligible in all caseso The 

results of the integration are consistent with the neutron results. It 

should be emphasized again that the continuation of the curves and the 

integration were done systematically, without regard to the expected answer. 

Co Nuclear Quadrupole Moment 

The high spin nuclei show no statistically important differences from 

their zero-spin neighbors, excapt that the Al minimum appears slightly 

sharpero The resolution is such that nuclear eccentricities of less than 

10 percent should not be discernibleo 
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