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NUCLEAR'SCATTERING .OF. 300-MEV:NEUTRONS
William Paul Bagll

I INTRODUCTION

Experiments on the scattering of neutrons yield valuable results
in the study of nuclear structure, Various nuclear models éan be built
around these results and generalized to provide the description of
other nuclear properties. Below a few Mev the scattering is well de-
scribed by a series of resonancesol At higher energies the neutron
wave length becomes smaller than the nuclear diameter, and a.region is
approached, where the opaque physical optical model becomes valid., The
scattering here is analagous to the scattering of light from an opaque
sphere, and the total cross section is simply 2TfR202’3 Around 90 Mev
the neutron wave length becomes still.smaller» and the scattering ﬁean
free path for the neutron inside nuclear matter becomes comparabie to
the nuclear radius, This partial transparency gives rise to the trans-
parent optical model 6f Fernbach, Serber, and Taylor‘.,.l+ Experimental
reSults on the total cross sections at 84 Mev were obtained byvcook»
McMillan, Peterson, and Sewell.? The Elastic and Inelastic components
of the cross section at 84 Mev were obtained by Bratenahl, Fernbach,
Hildebrand, Leith; and Moyer6 and also by DeJuren and Knable! at 95 Mev,
The above results were successfully described by the transparent op-
tical model,

Total nuclear cross sections for 270 Mev neutrons were obtained by
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8 and by Fox, Leith, Wouters, and MacKenzie9 at 280 Mev,

DedJuren and Moyer
Deduren and Moyer alsc measured the total cross sections as a function
of energy from 95 Mev up to 270 Mev for various nuclei., At these higher
energies, the results deviated from those predicted by the transparent
optical model, Above 100 Mev the cross sections dropped more rapidly
with énergy than predicted by the theory. It was suspected.that the
'wave length of the neutron was becoming so small at these higher energies,
that the neutron was beginning to see the nucleus as an.éssembe of"
nucleons rather than a homogeneous refractive mediuni° No.entirelyvsétis=
factdn& theoretical fit to the data was obtained. Jastrow's Hard Core
Modél,lO which assumes a strong rapidly rising repulsive potential at
small separation of the nuéleonéz gave the most satisfacfory fit, bﬁt
even if was nbt entirely satisfactonyu By measuring the elastic and
inelastic cross sections individually, one could déterminé vwhich of these
componénts was respénsible for the nuclear total cross section beha?iqr
at these energies, | H

In an attempt to shed some light on the above problem, Richardson,
Leith, Moyer aﬁd the author collaborated to measure the nuclear elastic
scattering cross sections for 340 Mev protons impinging on various sub-
stanees,lz’l3 Protons were chosen because of their uniformity in éhefgy
and thgir much higher detection efficiency than neutrons, Although )
‘these data were useful, the interpretation of the data at small angles, 4
where the differential crdss sections are the largest, was the least
clear cut, due to the uncertainty in taking into account the contribution

played by the coulomb forces compared to the nuclear forceéo In addition,
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if interpretivé'compariSQES‘weré t6 be made between' these protoﬁ results:
and DeJuréHJSuheutronnresultﬁg assumﬁtiens would-have to be made re- - -~
garding thern<n; nep,; and p=p forces,

A better comparison: could be made in the above if neutron, rather
than proton,:elastic and inelastic cross sections were known, By com- -
paring the neutron elastic and the proton elastic eross sections, one -
could'.also obtain information on how coulomb forces operate in nuclear
regions, |

Several difficulties are present in the determination of ﬁhe'above‘ =
neutron cross sections, Some of the more prominent .of the difficulties: .
ares (a) The large spread in energy of the neutron beam cauées'ambiéﬁié?f
ties in the interpretation of ‘the counts received, -The cross sectiong® ™~
are a- function .of energy. ‘This results in a variable detection effi-=
ciency of neutrons with different energies,; due to the variable loss of
particles from nuclear ccllisions within the detector system. As a re-
sult, there is difficulty in assigning a cross section from the inte-
grated data obtained over the entire energy spectrum, (b) The intensity
of the cyclotron high energy neutron beam is low, (c) The detection
efficiency of high energy neutron detectors is ldwo |

The elastic and inelastic cross sections for the scattering of
300 Mev neutrons from representative nuclei have now been determined by
the author, The first of the above difficulties, (a), was eliminated
as followss A method was devised whereby RATIOS of the counts in the
scattered beam to the direct beam were obtained at all the measured

angles rather than just the scattered counts alone., By definition,
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elastic scattering coﬁtains only those scattered néutrons whose energy
has not been changed, hence the spectrum of the elastically scattered
neutrons is the same as the spectrum of the incident direct beam. By
determining the above ratios, the effects of the variable detection effi-
ciency due to the spread in the energy spectrum cancel out, Although
these instrumental effects céncel,'the cross sections obtained are not
those of monoenergetic neutrons but represent cross sections averaged
over the entire neutron energy spectrum, The results obtained were made
more clear éut by reducing the extent of the neutron energy spread,

This was accomplished by finding a more suitable neutron generator tar-
get tﬁan the beryllium target commonly employed for neutron beams, The
second and third of the above difficulties, (b) and (c), were overcome
by resorting to the use of a non-conventional "ring" scatterer rather

than the usual "point" scatterer.
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II ANALYSIS OF PROBLEM AND EXPERIMENT

k. THEORY

:‘The cross sections for nuclear collisions with high energy neutrons
are uéually énélyzed theoreﬁiéally by'the method of partial waveéa .A |
plané wave is expahded into a éeries of spherical harmonicsl® to re%
present tﬁe ﬁave function of the incident neuﬁron beam, The interaction
of the incident wave with the scétﬁerer nucleus results in phase shifﬁs
of soﬁé of the components., The wave function for the scattered neutron '
wave is obtained by‘éubtracting the expfession for ihe unperturbed in-
cident plane wave from the solution for the case in whiéh the scatﬁerer
nucleﬁs is present., This may be represented aéymptotically at large dis-
tandes, r, from the scattering center and at an angle, ©, from the in-

cident beam by,
\ij;,catf. ~ ;

where the phase shift9 8f, is determined by matching the solution of the

B % a041) (29 1) P (cos ©) (1)
ter 2=0 ' |

wave equation in the field free region to that within the bouhdaries of
the scattering potentialo If nb'absorption isvprésent in the scattering
nucleus, 6} is a réal number and determines the phase shift between the
fth pértial wave of ihe diverging components of the wave function when
the scatterer is present and the corresponding ,zth component of the une
perturbed plane wave, When absofption is present, 5& is a complex.num=

ber,

§ = R;iﬁx | (2)
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where éf is the exponent determining the absorption'of_the ,?th partial
wave,

Thelfth.partial wave can be associated with particles in the beam
which ﬁave an angular momentum of_ﬂfihdth res§e¢t t6 the center of mass
of the system, which for large nuclei is pfactically the center of the
scattefing nucleus. Since the wavelength of thé ihcideh£ particles at
300 Mev is appreciably smallér than the nuclear'radiusg it is sensible
to speak of the particle colliding within the area repreéented by the
cross section of the nucleus, If the impaci parameter is 59 the angular
momentum is |

pb = fﬁﬁg hence ,F :vpb/ﬁ = b/ = kb | (3)
The largest impact parameter at which nuclear fbrées can be felt is equal
to R; the nuclear radius, Particles passing at iafger distancés should
be unaffected,; so that no components of the scattered beam sﬁould arise
from f > kR, For 300 Mev neutrons impiﬁg_ing on le§d3 values of I =1
up to { = 39 should be considered, ‘

In the theory of the opaque nucleus, all particles which strike
the nﬁcleus are considered to be "absorbed", i,e. removed from the beam
by inelastic processes., For this case é?- is infirite for O £f £ xR,
and zero for /Q>kR; X p is also zero for 1">kRe For the absorbing

sphere the scattered wave, Eq. (1), thus reduces to
~ _ eikr L= kR

scatt 2ikr 2 5

(22: + 1_)VP'£ (cés 8) (4)

These components of the scattered wave are equivalent to the corre-

sponding outgoing components of the unperturbed plane wave shif. =4 in



phase by 180°, This results in removing these outgoing components from’
the total wave field; which is the expected result for an absorbing sphere
model of the nucleus, Pﬁﬁting these defficiencies of "holes" in the wave
field gives the same intensity distribution of the diffraction pattern
at large distances as would bevobtained'by adding corresponding in-phase
excesses in amplitﬁde to the field., The amplitudes in the two cases,
however, differ‘in phase by 180 degrees., The above principle has its
counterpart in physical optics, Babinet's principle,

The differential scattering cross section per unit solid angle is
just the square of the ampiitude of the scattered wave multiplied by rza

‘It becomes,.

| L=k | |
%(6) =.Zkl§_ Lzor (24 + 1) Pg (cos ©) 2 (5)

This distribution may be reduced with satisfactory approximation to the
* optical Fraunhofer diffraction pattern of plane light waves of wave-
length h:%i'incident upon an opaque disc of radius R' = R ¢ 1/k, which

is usually given for‘smail angles és,é.

| 6. 12
49 6y =12 (r1)b  |JL (2K R sin 3) N
o () = K2 (R)* [21( R ain § } | (6)

where J; is a first-order Beséel function,

If there is not complete absorption of those particles which strike
the nucleus, the problem is oﬁerf diffraction of the incident wave by
a sphere of-material charécterized by an index of refraction and an ab-

sorption coefficient, The index of refraction is due to the fact that
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the magnitude of the propagation vector ma? change within the nucleus
because of the nuclear potential weilo The absorption coefficient arises
from the interaction of the incident particle with individual nucleons

in the nucleus, which is postulated to be the method of removing pérticles
from the beam by inelastic processes., .The_absorption-coefficient used

by Fernbach, Serber, and Taylorh is just the numerical density of nucleons
in the nucleus multiplied by the nucleon-nucleon scattering cross sections
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 ihe
Pauli exclusion priﬁciple. They obtain for a spherical scatterer with

a non=reflecting sv~face

{+ 1/2<kR
Ti{ ~ elkr 2 1
scatt 2ikr =0 ( ( +1)

[e(X + 21k )§ - 1] P) (cos @) (7)
where kl is the change in propagation constant, k, upon entering the

nucleus; K is the absorption coefficient given by

K = (Tﬁ?ﬁ) [z Ope # (A - z)o-nn.] (8)

‘and sf is essentially the path length within the nucleus of the particle

having angular momentum equal to fﬁﬁ,

[x2r2 - (ﬂk+- 1/2)‘2}1/2 | (9)

SI&
- The criterion for nonreflection is that the potential must not change

appreciably within one wavelength, The cross sections th, and Opnt in

Eq. (8) are the effective n-p and n-n scattering cross sections for
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collisions with nucleons in nuclei, The numerical values to be employed
are obtained.from known valueS'of'@hp in free particle ¢ollisions, modi-
field!by effects of the Pauli principle. According to Goldbergef915

this modification is, &, = 2/3 np (free);s &, =1/h ¢ p.
» “np nn np

B. GENERAL FEATURES OF EXPERIMENT

1. Elastic Séattering

Neutrons emerging from ﬂhé cyclotron are.collimated both inside
the ghielding and on passing through the hole in the shieldings Figsov
(1) ana (2). On coming out of the 15 foot thick éoncrete shielding théy
péss ﬁhrougﬁ a £hin sheet of polyef,hylehe° Some of the neutrons kpoék |
protons out of the polyethylene and some of these resulting.protons.pass
through a doublévcoincidence crystal telescope beam monitor which counts
them, Figo (B)o Most of the beam continues oﬁ undeviated, Tﬁe_colliﬁator
is 6 inches in diameter inside the shielding, and since the neutrohs are |
comiﬁg ffom praétically a "point® source:in.the cyciotrong the beaﬁ
slowly diverges as it gets farther from the cyclotron. A 7 féét long
steel billet, is centered in the beam and casts a neutron shadow behind
it. Annular ring scatterers are slipped:over a holder just beyond the
billet., A triple coincidence stilbene crystal wide angle telescope,
Figs. (4), (5), and (6); "sees® those scattered neutrons which happen to
come at the correctAanglé to pass through it.  The angle to the beam at
which the telescope detector "sees" the scatterer, cen be changed by -
moving the telescope nearer or farther from the scatterer along the axis

of the beam. ‘That part of the scattered neutron beam which leaves the
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scatterer in the direction of the telescope passes through a 2 inch
thick disc of copper to slow down or stop charged partidles such as pro-
tons, so that they will not be able to pass through the telescope and
make counts, After the beam is "filtered"® by4the above 2 inch copper
proton stopper, it passes through a cylinder of polyethylene to con-
vert some of these filtered neutrons into wanted protons. These‘prétons ,
then pass through the telescope and make triplé coincidence counts,
Wolfram absorbers can be inserted between tﬁe 2nd and 3rd cnystals'to
stop converted protons whose energies are insufficient to pass through
the absorber and make a triple coincidence count. By varying the wolfram
thickness the level of the energy cutoff can be varied,

After the scattered beam is measured, the steel billet is removed
and the detector telescope is left in the direct beam, A measurement
in the direct beam is made. From the ratio of the scattered to the direct

beam counts, absolute values can be calculated for the elastic differen-

tial scattering cross sections.

2, Inelastic Scattering

The ideal wide geometry would consist of a point detector located
iﬁ the center of spherical shélls of attenuator material, If this arrange-
ment existed, as shells of attenuator material were Put around the de-
tector, the decrease in beam strength received by the detector would be
due onLy to pure absorption of the neutrons in the attenuator. Those
neutrons which originally would have passed into the detector but were

scattered out of its path by the attenuator; would be compensated for by
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others which would have missed the detector but were scattered into it,

‘Furthermore, if the energy threshold of the detector could be set to re=

ject those neutrons whlch had lost energy on belng scattered they would
be 1nc1uded %n the measured attenuatlon. It is thls ”poor” geometry B
attenuatlon whach 1s referred to in this experiment as a measure of the
"inelastlc cross sectlon“ The elastlc scatterlng cross sectlon 1ncludes _'
only those partlcles whlch have been scattered w1thout losing energyo L
With the proper energy threshold in the detectorg elastlcally saattered
neutrons are recovered and count in the detector, while the 1nelastlcally
scattered do not.

fhe wide geometry used in this experiment was not quite ideal,
Figs. (7) and (8). It recovered only those particles which had been
scatteredvbetween zero and 32é9 It‘turnsﬁouts that at 300 Mev, the
elasticaliy'scattereq neutrons are overwhelmingly scattered in the neigh=
borhood of the forward direction, so.that_the angular limitation is not v:
serious._lﬂ | | |

The method used here is to put the inelastic scattering telescope
setup in the dlrect lO=1/2 inch diameter beam° Counts are obtained with
and w1thout the attenuator in placeo The measure of the attentatlon of
the beam furnlshes 1nformat10n from which the 1ne1ast1c scatterlng cross

section can be calculated
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III MEASUREMENT OF ELASTIC SCATTERING

A. NEUTRON ENERGY SPECTRUM

- In séattering éxperiments it is desirable to have a beamvof'particleé
of as uniform an energy as possible. A clean separation can then be hade.
between elastically and inelastically scattered particles on the basis of
energ&° Measurements previously made on the energy spectrum of the neu-
trons pfoduced by the circulating proton beam inside the cyclotron tank
impinging on an internal 2 inch benyllium target showed it to Be very
broad, about 100 Mev half width, with the peak energy around 270 Mev,l®
It was thought to be desirable to try to én@ down this large spréad i£
energy of the neutrons. | |

It was believed that deuterium, used és a target subsﬁahce, might
produce a more monoenergetic neutron beam than a corresponding berylliuh
target° This belief stemmed from the fact that although the loose neu;
tron in deuterium has a greater binding energy,.2.20 Mev, than the loose
neutron in beryllium, 1,6 Mev, the average kinetic energy and momentum.‘
of the deuterium neutron is considerably less than that in beryilium,
since the deuterium neutron spends most of its time outsidé the nuclear
potential well, wﬁere it has a high potential but low kinetic energy.

Its average kinetic energy is of the order of the binding energy, 2 Mev.
The average kinetic energy of the beryllium neutron, which spends most
of its time inside the potential well is believed to be around 20 Mev.
Because the incoming proton can meet neutrons in any of various momentum

states, the energy of the emergent neutrons may be different for different
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colllslons deoendlng upon the momentum state of the neulrom in the target
nucleus at the time of impaet This Vd-Aab11¢tJ in mﬁmertum transfer
will also cause a spr@adlng oat in +he derCulJn in which the neutrons
come out, The neutrons emerging from beryllium nuclel with their larger
internal momenta might thﬁs have =z larger spread in energy and directidn
than thbse'coming out of deuterium, Since the beam used in this experi-

-

ment comes out through the collimator in a relatively small sclid angle

Py

in the forward direction, it is essentially the alfie"ertlal eross section
in the forward direction do-/&JL(OO), and not the total neutron production
which determines the éfficiency in ?roducing our neutron beam, Cne ﬁighﬁ
thus have a compound containing ueuter:um, which mig produce a smaller
total number.of neutrons, but succeed in getiing a larger number cf ﬁhem
throughithe éollimator than would, say, beryllium,

Beécﬁse of its faif abumdance of deﬁterium énd convenience iﬁ
handling"etc., 1ithium deutéride was chosed as a target substance.ﬂ It
was successfully cast into a 1/2 inch thick bl@ckol7 The neutron enérgy
spectrum from it was determined by the author in cellaboration witﬁ L. |
Neher; D. Dixon, R, E, Richardscn, and M, Whitehead using a time of fiighﬁ

method of enprgy discrimination developed here Py L, Neher., Becsuse

ethﬂd, only the area under the

of the poor energy resolution of this
curves and not the details have any significance, Fig. (9). Making a

comparison between the 1/2 inch thick Ii D and the 3/16 inch thick beryl-
Jium, which because of density differences, expose the same number of nu-
cleons to the cirgulating'proton beam, it appears that the Ii D target is
gettipg a few more neutrons intc the colli mated beam than the correspond-

ing Be,
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A more aocurate measurement and comparison of the neoﬁron onefgy
spectra than had hitherto been obtained was undertaken by the: author e
in collaboration with W, Hess, J, Cladis and J. Wilcox, using a 35
channel magnetlc spectrometer developed by J. Cladis, J. Hadley and
W, Hesse16 The energies of the various magnetic channels were callbratedL
by the current carrying stretched wire method,18 The results obtained |
here were for a 2 inch beryllium target and 1/2 inch thick.Li D, Fig;
(10). 'Although the number of neutrons produced by the thlnner L1 D tara
get was smaller than that produced by the thick Be target, the spectrum
was considerably narrower, with a half width of about 42 Mev compared to
the half width of 70 Mev for the thick Be target., This fact alone méde
the 1/2 Li D for this particular experiment, far superior toithe cus£o=
mary 2 inch Be., An additional encouragement toward this ehd wés the |
fact that the accidental coincidence rate prevented the utilizaﬁioo of
the maximum beam, so thateven the 1/2 inch Li D furnished more neotroos
than could be utilized, The 1/2 inch Li D was used throughout this
experiment, J. DePangher, of this laboratory, is making a study of the
efficiency and energy spectrum from thicker Li D targets using high

pressure cloud chamber techniques,

B, APPARATUS AND ELECTRONICS

1. Geometry

Conventional methods, such as narrow telescope counters "looking® =
at small scattering targets were tried., They were quickly discarded

when it was found; that in spite of intensive efforts tc reduce the
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background counting rate; the scattered neutron counts were so few as

to be insufficiently. above thg background. It was decided to-use a.

non-conventional "line" source of scatterer in place of the usual "point" -

source, . The type of geometry decided on is shown in Figs. (1) and (2).
The tapered solid iron billet in the figure is lined up with its

axis along the axis of the beam. It is 7 feet long and is 6 inches in.

diameter at the end away from the cyclctron. It is situated.outside the"

15 foot thick concrete shielding of the cyclotron and is located 60 feet.
from the neutron source target inside the cyclotron tank. It is a.

frustrum of a right circular cone, which, if extended, would have its

.apex at the neutron source target. The purpose of the billet -is to cast
“é»neutrqn‘shadow,iso~thatuthe neutron detectors can be:located inside -

Vthe,shadow.,,The scattering targets are annular rings, which are slipped .

over a héldef and- are locaﬁeafjust beyondxﬁgé'eﬁd of fhe shaft., ,The
annular rings vary from one to six inches long and all have an inside
diameter of 6 inches and an outside diameter of 8 inches. The beam is
approximately 8-1/2 inches in diameter at the target location, and.hehce

completely bathes the target in a uniform beam of neutrons, Fig. (11).

2. Beam Monitor

The beam mbnitor is a bridge type déuble céiﬁcidence'stilbene
crYétal ﬁelescopé which "106#3” aﬁ proteons knocked out of a thin'sheet.
of pbiyethylene located in the beémg Figs. (1) and (3), The‘oufput is
amplified by a 5 me band width linesr amplifier and fed into a scalar,.
The unit was designed and built by Dwight Dixon and Leland Neher of ih'is

laboratory,
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3, Neutron Detector

The neutron detector is a triple coincidence wide angle.stilbene a
crystal telescope, Figs. (4), (5) and (6). It consists of three 1P21
photomultiplier tubes each looking at light pulses from its respective
trans-stilbene crystal. The front crystal is 7/8 inch square by 1/8
inch thick, The middle crystal is 2 inches square by 1/4 inch thick,
The third or rear crystal is 5 inches in diameter and 1/2 inch thick.
It was grown at this laboratory by C. Andre, J. Carothers, and J, Steller,
The neutrons entering the detector telescope system must first pass
through a two inch thick plate of copper in order to slow down or stop
the charged particle impurity such as protons, etc. in the beam. The
neutrons then pass through a 1-1/2 inch diameter by 1-1/2 inch long -
cylinder of polyethylene. Part of them are converted to protons in the
forward direction.by the n-p reaction. These converted protons then
pass through the three stilbene scintillators. Various thicknesses of
wolfram proton energy reducers are placed between the second and third

crystals to stop converted protons below a selected energy, Figs. (4)

and (7). Wolfram was chosen for these absorbers because of its high mass '

density, 19.3 g/cm’ and accordingly its high electron density. -This
property gives it a high linear efficiency in slowing down charged par- .
ticles. As a result, it occupies a minimum of space between thg 2nd and
Brd crystals and allows them to be closely spaced. This gives the tele-
scope a maximum angulaf acceptance with a.given size rear crystal. For .
the above wide angle telescope with a 5 inch rear crystal and a 4 inch

spacing between the 2nd and 3rd crystals,.a maximum theoretical angle of
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acéeptancevof tan=1 2,5/L = 32° was obtainable, .
?Thévtelescope»aSSembly is:supported by an I beam rail, which runs ..
parallel to the ‘axis.of, but below the neutron beam, Figs (1), The ... .
‘angular setting of'the telescope-is changed by moving- it along the beam
axis. ~When.the telescope is set near the scatterer, it accepts only -
neutrons which have been scattered through a wide angle, whereas if it ...
is placed .far- from the scatterer, it accepts only neutrons which have
been scattered through-a small angle. The practical angular range with .
the limited length of rail used in the experiment ran from 2 degrees to . |-

20 degrees,

| Lf Electrnnlcs

- The coin01dence clrcult used in this experlment is a modlfled
Rosél type of trlple 001n01dence clrcult using a crystal diode as a di-
ode clamp 1n the plate clrcult and a crystal diode signal expander cir;‘
cuit in the output° It was de81gned and constructed here by R, Madey,
B. Ragent, and P. Nikoneqko and is simllar to one dev1sed by Garw:Lno19
Light pulses from each of the stilbene scintillators were viewed by 1P21
photomultipliers. The electrical pulses from the three 1P21 photomulti-
pliers were -¢lipped to 2 x 158 second duraticn by means of shqrted @o=
axial lines. These pulses were then amplified by 100 mc wide band am- -
plifiers‘and,fed into the above coincidence unit, Fig. (12). The coin-
cidence circuit has a resolving ﬂime of 2 x 1058 seconds with these
pulses. The outputs from the coincidence units are amplified by standard.

5 me band width linear amplifiers and fed into scalers.-
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Two of the above coincidence units were used in this experiment.
Into one of them was inserted a delay line corresponding to 6.3 x 10-8
second delay in one of its three inputs. The signal in this branch of -
the input arrives one r.f. cycle of the cyclotron later.than the other
two signals, If the three signals were from the same proton and had
started about the same time, the delay of one of them would prevent a
coincideﬁce from being registered. A certain number of coincidences
are accidental coincidences due to overlapping in time of separate events.
These "accidentals" are essentially.as likely to register when one of
the inputsto the coincidence unit is delayed by one r.f. cycle of the
cyclotron, The unit with the delay thereby measures the accidental rate.
A subtraction of these accidentals from the total counts of the undeiajed
unit then gives a measure of the true counts. The method was checked by
observing the change in accidental rate with beam strength., The varia-
tion of accidental counts/monitor with change in.beam strength was es~

sentially quadratic as had been expected.

C. PROCEDURE

A cathetometer is positioned beyond the location of the apparatus
and is centered in the 8-1/2 inch diameter beam by photographing the
beam with chest x-ray films. Rings with cross wires are mounted on the
billet support in place of the billet, The suﬁport is then lined up
with the beam by sighting through the cathetometer and lining the cross
wires of the support rings with the cross hairs of the cathetometer.
The rail along whiéh the neutron detector telescope is moved is similarly

.lined up with the cathetometer by means of cross wires., The telescope
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is then set on the rail at the 2° position, The neutron monitor tele-
scope is mounted.in position, After the electronics have been checked
for plateaus, Fig. (23), etc., a run is made with thé detector telescope
in the .direct beam, and a value for the triples minus accidentals/monitor
counts is obtained. This is repeated for the various telescope energy
cutoffs which are to be used in the scattered beam. The steel billet is
then carefully placed in a .calibrated position on its support, The
scatterer target holder is mounted on the far end of the billet and a
scatterer ring target is placed in position. A run is made with the
neutron telescope now in the scattered beam, and another triples minus
accidentals/monitor counts is cbtained. The scatterer target is removed
and a thlrd trlples mlnus accldentals/monltor counts 1s obtalned Tnese
last three sets of values are repeated for eettlnge of the telescope
p051tion along the rall correspondlng to varlous ecattermg angles and
for the several scatterlng targets° It 1s not necessary to repeat the
direct beam measurements for the varlous rall settlng59 elnce it is known
that the beam changes in 1nten51ty as the inverse square of the distance
from the L1 D neutron generator target 1nalde the cyclotrono ThlS latterv
p01nt was checked experlmentally° Hav1ng obtalned the dlrect beam value
at the one p031t10n» the dlrect beam values at all the other p081t10ns
can be calculated know1ng thelr reSpectlve dlstances from the L1 D target
When the above measurements had been made, the blllet and 1ts support |
were removed and the neutron detector telescope system w1th its para-
phenalla were mounted on a short rall whlch in turn was mounted on a

rotary table, The triples minus accidentals/monitor values were cbtained
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at various settings straddling the range of scattered neutron angles

determined. A curve for the angular efficiency of the telescope system
was thus obta.ined° This was repeated for the various telescope energy
cutoffs uéed in the scattered beam. The relative change in efficiency
with angle was found not to be significantly different for the different
energy cutoffs, hence a master curve for all of them was adopted. The
angular efficiency did not change appreciably from one set of runs to
another, so it was not found neéessary to cbntinually repeat its deter-

mination, once it had been determined.

D. VALIDITY
1. Background

First crude attempts at using the annular ring setup were met with
high background counting rates., The background rates were comparable to
the scattered beam counting rates. The background rate was reduced by
a factor of a hundred by, (a) building a 7 foot long tapered lead
collimator inside the igloo near the cyclotron, Fig. (1); (b) placing
three one inch thick brass annular rings of increasing inside diameter,
coaiially in series with one another in front of the copper proton stopper
in front of the neutron detector telescope, Figs. (4) and (6); and (c)
carefully aligning ﬁhe system with the beam. The background counting
rate subsequently became one to ten percent of the scattered beam, de=-
pending on the scatterer and the scattering angle. It was measured for

/

every experimental point obtained in the scattered beam and was accounted

for,
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The effect of that part of the iron billet support, which sits in
the neutron beam when the billet is.in place, is to. contribute slightly -
to the backgrouﬁd counting rate. When the direct beam measureﬁent was .
made with the billet removed, but its support still in place, the magni-
tude of the effect compared to that of the direct beam was believed to
be small. Measurements made to check the effect showed it to be un-

detectable,

. 2. Angular Resolution

The limits of angular reéolution with the annular ring setup turned
out to be a constant fraction of the scattering angle, In this case it
was approximately 6/3, For an angle of, say 9°, it was ¥ 30 while at a
setting of 3°, it was % 1°, This turned out to be one of the good
features of this system. At small angles where the differential cross
sections -are large, the spread in angular acceptance is small and vice.
versa. This tended to equalize the counting rates over thé entire angular

range used,

130 Monitor Uﬁiformigl

In thé elastic experimen£; in order to kéep the accidéntél‘éoin%-'
cidence rate low; the strengﬁh of the beam is reduced by a facﬁéf of
50 in goiné from the scattered beam to the direct beam, It:iévimperan"i
tive that £he monitoris response be linear over this‘fahgeo. This was
checked over a range;excéeding that used in ihe experiment as followﬁz N
The néﬁifoﬁTtelescopé"ﬁas séﬁlat'a'given’aﬁgle in the scattered beam

usiné the 3 inch lead scatterer., The beam streﬁgth'was varied in steps
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through a range straddling all the values used in the experiment. -
Throughout the entire range, the ratio of triples-acid/monitor remained
constant, indicating a constant efficiency for the monitor'o#er’this-
range, If it did unknowingly vary, it did so in exactly the same way *

as the telescope efficiency, and its effect was harmless,

L. Converter Effect

To be sure that we were counting protons converted from neutrons,
we observed the counting rates with the polyethylene converter inuplaée
ana with it removed. The counting rate increased by a factor greatef
than three when the converter was inserted in place. This was considered
a favorable ratio, since some of the neutrons are converted tg protons
on passing through the first crystal, and a number of others are converted
elastically inside the 2 inch copper proton stopper, Figs. (4) to (6)
If these latter are converted near the exit side of the copper, they will
lose little energy before emerging from it and hence will behave in a
similar manner to those actually converted inside the polyethylene con-
" verter, The copper proton‘stopper is 5-1/2 inches in diameter, hence a
question might arise about the possibility that an appreciable number
of converted protons coming from this disc might come from wide angles,
thereby deteriorating the'angular‘resolﬁtion expected from the telescope
system. To check this point;, a complete angular distributiqn was made
for neutrons scattered from the lead target without the converter in .
place, to see if it would be appreciably different from that obtained

with the converted in place, Fig., (16). It is evident from the figure,
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that there is'no appreciable difference in'the'distributiOnsfobtained
both withraﬁa“withéutﬂthenconverter?iﬁ'plaéeo This indicates that the
converted protoris in the copper disc, are.overwhelmingly those converted ]
in the forward diréction with the neutrons, Their effect, then, is
essentially the same as those-converted in the polyethylene, heénce they

have no. appreciable deleterious effect on the angular resolution.

_5. Variatlon of dG/dfl With Energy Cutoff Level

There might have been a p0331b111ty that the cross sections obtained_
u51ng different thlcknesses of wolfram ahserber betweeﬂ +be n d and 3rd
cnystals in the telescope that is, different regeetion energy levels
could have given different results in the cross sections, This would’
be particularly true if there were a substantial number of neutrons
which lost only a small amount of energy on being scattered either in-
elastically or quasinelasticallyelsﬁzo To check this, cross sections
were obtained using a range of wolfram absorbers corresponding to rejec-
tion energy cutoffs from 187 Mev to 258 Mev, Fig. (13). It is evident
from the figure that the cross sections obtained-over a wide range of
decelerators remained essentially constant, showing that if the particles
lose energy in being scattered, they either lose a very large amount of

energy or very little.

6., Check on Validity of the Method

In ordef to feel eonfident that no major hidden factors had been
overlooked, it was decided to repsat the measurement of the angulaf dis-

tribution of elastically scattered neutrons at lower energy, i.e., 90 Mev
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90 Mev_neutrons from copper was chosen, The one inch thick copper ring: ..
was used for the scatterer. The 90 Mev néutrons were obtained from

'190 Mev deuterons impinging on a 1/2 inch thick beryllium target just as
has béen done in the above reference. The results are shown in Fig.. (14).
It is evident from the fiéure that the fit of our data with those pre-
viously determined was extremely good. This placed.a étfdﬁg'meASﬁreﬂéf
confidence on the method and apparatus., Our confidence Waé even fﬁrther
extended when data taken months apart'from each other checkedAﬁifh ééehvjx

other satisfactorily.
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E REDUCTION OF DATA

“1, “Caleculation of Cross Sections -

g : a\r;.

. ...The number of  counts detected by the neutron detector, D, which are
=‘scattéred_from the differential volume element 2 &7y dx dy in the scatterer,

S, at. an angle © can be written,

Tac= 14 20y ax gy &= (o, ) 512__39_?;1 N (@xy) &6y y) - (10)
_— B ) v sy

__where,
~ I is the incident neutron flux density on the target
B 12%2 is ‘the numerical density of .the scattering nuclei

ﬂ is the mass density in g/cm3 of the scattering material
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A is the atomic weight of the scattering material
No is Avogadro's number

%ff (®) is the differential elastic scattering cross section for the

scatterer nucleus at an angle 8 to the incident beam

a cos ©

2(x.7) is the solid angle of neutrons received by the detector from
T X,y ‘

a point (x,y) in the source
a is the effective aperture of the telescope for 6 = O

r is the distance from the scattering element to the telescope

r((e) is the efficiency of the detector for detecting neutrons coming

from an angle 6 with respect to the axis of the detector

G(e) = e—égizl e a(8)/A 4 is the attenuation factor of the beam along

the path of the neutrons inside the scat-
terer. It involves two parts: (a) Total

cross section removal of the beam before

it gets to the point of scattering, result-

ing in a lower effective beam at that point,

-and, (b) Inelastic cross section attenuation

of the scattered beam for the balance of
ﬁhe neutron path, A;,vin'the scatterer,
The ineléstic cross section is used here,
because, as a fair approximatioﬁ; the
séattered neutron sees a wide angle geom~

etry for the balance of its path such as

is described on page (13).

=4
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_{.is the depth of the scatterer

;\t FN -is the mean free path for the neutrons in!the scatterer
0"‘
t

o%kis'thé‘féfal'éréss:éection for the removal §£ heﬁtrchslfromv'm
the beam by a target nucleus
Ri = A __ is the mean free path for inelastic coilisions for' the
(ONO -4 .

neutrons in the scatterer’

<3 is the inelastic}cross‘sectign

Integrating the above differential counting rate over the entire scat-

-

terer we write the following integral,

K
C= lL@.%%li%ﬁB& J:&o J; dy{ y cos Oy d°‘ (64 ) JlSEEZl G (6 %
o P

(1)
Since the funétions in'thé integfand afe wellaﬁehaved and single valued,
it will be assumed that a mean vaiue angle can be found, such that the inte=
grand at this angle multiplied by the range will give the samé'integrated
value as the above integral. Having assumed this, we will treat seversal

parts of the integrand as constant and bring them outside the integral signs

do = =y = e
K £ (6) n(8) cos® G(8
c= ‘df?ns {:;_ _ c?s_ v( ) o i ,yz. S ay
™ . AL y1
= (8)1(8) cos & G(B)
- [GL-—-— Tr(yz 2)%\ 2% @ :os 2
r

The quantity inside the square bracket is just N, the total number of scat-

terer nuclei,
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The number of counts received by the detector in the direct beam,
when the detector is tilted to the direct beam by the same angle as the
scattering angle and located at.the same scattering position is,

Co = I, a cos ) n (8) (13)
‘Taking the fatio of (12) and (13) we obtain, |
¢ IxTreN i (6) ¢ (B)

G T w8 1

Assuming the detector and monitor had the same efficiency ih both the

(14)

scattered and the direct beam measurements, we can express the number of

counts as,;

«

%:EI;;_:_:EIO (15)

Where E is the efficiency of the detector.
Substituting the I's from (15) in (14) and cancelling out the E's, we get

for the differential elastic scattering cross section,

c
‘%f% ®) = %;f———f:——- | (16)
. ﬁ; N G(e)

C and G, are the true counts after the background and éccidental counts-
have been subtracted. M and M, are the corresponding monitor counts. In- .
stead of turning the telescope at the scattering angle © and using it at
every scattering position in the direct beam to obtain the various C,'s,
we can substitute the simpler experimental expedient described on page 23,

If we do this, equation (16) finally becomes,

2
do-(6) _ — cr . ,
d = 6) R2(91) a a7
oo 248 ey M @ o
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Ty.- & _To- 4

where C =
M _ Mo

T; = total triple coincidence counts with scatterer in beam

g
i

accidental triple coincidence counts with scatterer in beam

i

= corresponding monitor counts

total triple coincidence counts with scatterer removed

3
N
L]

accidental triple coincidence counts with scatterer removed

e
N
s

correspondlng monitor counts

.5

L +3
1]

total triple coincidence’ counts with telescope at some rail po-
’ sition in the direct beam, (usually the 20 position), and p01nted
parallel to the beam at an angle 0°0 to the beam |
Ay = correspondirg accidental triple ‘coinc¢idence counts
My, = ceffespoﬁaing monitor counts
r? = distance squared from the effective scattering center'of‘thé'scatterer

to'theﬁceﬂter“ofwthe“frdhtvcrystal in the telescope
;_(zharﬁxaa‘é -
C ' '7éil (see page 29)

'E relative angular efficlency of telescope system at angle 8° t@ that

]
—
&J
N
Il

=
—
olol

at 0° (obtalned from angular efflciency curve)
R(él5:: dlstance from LiD target 1nelde cyelotron to the“positibn of the
telescope during the direct beam measurement |
'R(8) = distance from LiD target inside cyclétron to the rail ‘position of
| the scattering sngle © - R |

The mean values used in Equation (17) are calculated by approximate methodso
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A ———

A welghtlng factor can be assigned to a point (x,y) for its efficiency
in getting neutron counts into the telescope,

£(xy) = _rl__iﬁzz_).lf - [0 - %) + 2/3 2 gy} ] /2

r&y -

s

(ny) (18)
6 = tan~l %
N () is obtained from the experimentally determined angular efficiency

curve for the neutron telescope system.,
- - +
E( Xo - x) + 2/3 4 (exy)j /88 = G(Bxy), where the average ratio of
inelastic mean free path to total mean free path for the elements used is
agssumed for all of them, This is Ai 1 3/2 Ato The 'ﬂi's were determined
in the inelastic part of this experiment.

The theoretical mean values can be expresses as,

g £ (x,y) 6(x,y) dx dy

jyg sz(y) £ (xuy) dx dy
J1 ’

(19)
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y () |
/g 2 22 €(x,y) r2(x,y) dx dy

5 Ll(:;ﬁj € (x,y) dx dy

In actual calculations, the integrals are approximated by summations,

(20)

8= % €(x3y3) 6(xiy1) (21)
$ € (x3y4)
i
s . .
2o 1 € (xays) 2 (®iy3) ' . (22)
5 £ (xgy1)

The cross section‘of the scatterer annular ring is divided up into rectangles,
In the case of the 3 inch thick scatterer, there were taken 8 rectangles

1/2 inch x 3/4 inch each. In the case of the one inch' thick scatterers

there were four 1/2 inch x 1/2 inch squares. In all cases, the effect of
each rectangle was assumed to be due to its geometrical center and the sum-
mation of the effects was summed over these geometrical centers, The rela-
ti#ely small magnitudes of the corrections indicated that finer subdivisions
were not necéssé.ry° The mean values 6 and r2 are obtained by the method

of successive approximations. The geometrical center is taken for the zeroth
appfokimationo -Assuming all the scattering is taking place from the center,
a calculation is made, Equation (17) and a gEEL(GO) is obtainedoA Subgti-
tuting this i__‘(?.:l_ into equation (18), we obtain € 's(x,y). Substituting

El's in equations (21) and (22), first approximations for the varioﬁs

ai's and ;ffs are determined. These in turn can be substituted back in
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equation (17) and a new &< (gi) determined, In principle, this process
can be repeated indefini$;;§, each time getting a better approximation to
the differential cross section. The rapidity of convergence'was nét esfébu
lished in this experiment, when it was found that the first order correction
in most cases was less than the statistical errors. The values guoted ‘in
this experiment have only been corrected to the first order,

2. FErrors

To determine the statistical errors of the cross sections, the indi-

vidual errors of the various components going into the cross section for-

mula were compounded according to the usual formula,

2 2 R
, = (O F 2 L [3F 2,/0F 2} ooe
§RGpgey ) = (VIR GV S B (R (5t e @)

For this experiment,

F= 30‘ = g ?? _ (17)
o Sgg R2(67) N (o) : o .
% q(O, R2(6) ‘ ©

The statistical errors of the n 's can be neglected for simplification.
Thg individual n pointsvwere determined to a statistical accuracy of arpund_
two percent, and the graph of the many points should be even more statis-
tically significant,

The oﬁly other factors which are of a statistical counting nature are

the C's, In the case of

¢z
M
¢, gl ,
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for simplification, we neglect the background errors, since in every instance
thgy were determined to an absolute accuracy considerably better than were
the scattered counts. 'The accidental ‘rate errors, A; and A, and £, will

be neglected for: the seame reasons Making the above approximationsg eqQua-
tion (17)-is differentiated with respect to Ty, My, Tyo and,AM0 and put in . =

a convenient form for computation. The resuliing formula becomes

1-A1 )%l To 8o L L1 0,256 |
R e Mlm*(ﬁgzj%

R (0

(24)
The scalers were always set to a scale of 64, hence the ;bove.formula has
been adjusted to.take.care of the fact that the T's, Als;, and M's puﬁ into
this formula are really 1/64th of the total actual counts. The S Fig are
the statistical errors indicated on the angular distribution of elastic
scattering-graphs., -

_ Errors of a non-statistical nature can also arise from the approximations

made in obtaining the correction values. These are not expected to bé

excessiveo.
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F RESULTS

The elastic scattering results are shown in Figs. (16) to (21) and
Table I, The theoretical Fraunhofer diffraction patterns, indicated by
the solid lines in the figures, were calculated from equation (6). The
radii used in the theoretical calculations were taken to be those of an
opaque sphere, whose maximum cross sectional area was equal to the in-
elastic cross section determined in this experiméﬁt.

The results from lead would seem to fit the diffraction pattern quite
well if the theoretical pattern were smeared by the experimental angular
resolution, The fit to a diffraction pattern gets progressively worse as
one goes to lighter elements. For carbon the deviation is large.

The differential elastic cross sections were multiplied by their solid
angles and integrated graphically over the measured range of angles. The
results are shown in Table II, When the integrated elastic results are
added to the inelastic cross séctions, determined in the second parf of
this experiment, the sums found are all in agreement with the correéponding

8

total cross sections of DeJuren and Moyer,® within statistical errors.
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IV MEASUREMENT OF INELASTIC SCATTERING

A APPARATUS AND ELECTRONICS

The experimental arrangement for the inelastic measurements is seen
in Figures (7) and (8). A wide'angle'geometry was used (see Section II-B-2
'for general method). The electronics, the beam monitor, and the neutron
detector telescope were the same as those used in the elastic part of the
experiment with the exception that the detector had been modified as de-
scribed below., |

“In the elastic experiment, the angular resolution was an important
factor, For this reason, the smallest of the three crystals was put in the
front position, with the next larger and the largesﬁ erystals following
along'thé beam in that order. The Moptics® of this system could be con-
sidered as having the scattered 5eam particles cross over the axis in the
middle of the first crystal., This allowed the use of a small diameter poly-
ethylené converter, 1-1/2 inches .diameter, which would still convert effi-
ciently out to an angle of 18° and yet could not seriously increase the spread
in the angular resolution., This system, however, limited the angular ac-
ceptance of the telescope to 27°, In the inelastic experiment, a wide angle
geometry (so-called "poor geometry") was used., With this system all the
angles were collected at once to give in integrated inelastic cross section.
There was no need for good angular resolution there, hence a large diameter
polyethylene converter could be used. The order of the first two crystals
could then be reversed, with the smallest crystal placed in the middle po-

sition between the first and third crystals, With this type of "optics®,
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the particles cross over in the center of the middle crystal, and the an-
gular acceptance of the telescope system is increased to 32 degrees. The
telescope, along with the 1 inch thick.po;yethylene converter, is placed
behind a series of six large one inch thick neutron beam attenuator discs.
As a check on the reliability of the experimental arrangement, it was
decided to repeat the determination of the inelastic cross section on copper
at 90 Mév, which had previously beeﬁ done by Braienahl, et aleég and by
DeJuren and Knable.’/ An uncorrected value of o3 = 0,910 barns was found .
for the inelastic cross section. Assgming the total cross section of Cook,
McMillans Peterson, and Sewell,)5 we get for the ratio é;% = 0041, which
is in agreement within statistipal errp£ to the values found by Bratenahl_
et al, and of DgJuren and Enable of 5;% = 00393 If the usual fine correc-
tion for the angular efficiency of the telescope had been determined at

this energy, the agreement should have been even closer,
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B PROCEDURE

The neutron detector*telescope is lined up with and in the center of
the neutron beam by using x-ray film photographs of the beam just as the
cathetometer had been in the elastic experiment. Two one inch thick copper
attenuators are placed in front of the telescope to slow down or stop the
charged particle contamination of the beam. A run is made, and the counts/
monitor determined. Four more one inch thick attenuator discs are placed
in front of the telescope and the run repeated. A new counts/menitor is
determined. This was carried out for carbon, aluminum, copper, and lead
attenuators, The telescope arrangement with the two one inch thick copper
attenuators was then mounted upon a rotary table and an angular efficiency
curve was determined, From these results, combined with a correction factor

explained below, the inelastic cross sections were calculated.



C REDUCTION OF DATA

1. Calculation of Cross Sections

Since the beam is attenuated exponentially in passing through the at-
tenuator, we can write,

- YIS «=n0'i_£
N = No e A = N, e )

(25)
where-'
No is the number of neutrons entering an attenustor
N is.the number of neutrons left after they have passed through a thick-
ness of attenuatorg—ﬂ
{ is the thickness of the attenuator
Ri is the mean free path for inelastic scattering of the neutrons °
in the attenuator
n is the number of nuclel per cm’ in the attenuator material -
o3 is the inelastic cross section per nucleus

Taking the logarithm of both sides of (25),

(o}

ZIZ

or,

TERrlg (26)

Assuming an overall constant detection efficiency, E, for the detector and
monitor system, both with the attenuator is place and with it removed,

To - & - E N, (27)
Mo

T, - g - '
i . .

A -8 (28)
My
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‘where

Ty is the total number of triple coincidences counted with the attenu--
ator out

Ay is the number of corresponding accidental coincidences

M, is the number of corfesponding monitor counts

T4 is the total number of triple coincidence counts with the attenu~-
‘ator in

Ai'isfthe’number of co:responding accidental coincidences

M; is the number of cérreéponding monitor counts

Substituting (27) and (28) in (26) and cancelling the E's,

To - &g
Ain Mo (29)

-The efficiency of the neutron detector decreases with increasing angle,
hence the number of neutrons elastically scattered in the attenuator and
subsequentlyldetected are fewer than would be detected if the detection
efficiency were the same at all angles as it is at zero degrees, This
effectvgives too large an apparent attenuation, The resulting inelastic
cross section is too large. To get the corrected inelastic cross section,
the effect of this excess attenuation has to be subtracted from equation

(29), It is given by

5: 2712 [i;_ r?(gi] Qé?%?l sin 6 d 9» (30)

This correction t=rm is obtained graphically from the elastic scattering

data and the ineléstic angﬁlar efficiency curve. These corrections only
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amounted to about one percent for lead and two percent for carbon. Combin-

ing equations (29)_and (30), the corrected inelastic cross section becomes,

To -
= 1 do—
7= _ff'ln Tl -2 ! [; q(é:] (8) sin® de (?1)

Mi
vhere . . . . | |
o q(e) is the rela;ive efficiency of the inelastic telescope system at

an angle 8° to that at the angle 0° (obtained from the inelastic
telescope angular efficiency;curve)

do

dJQ_(G) is the differenital elastic scattering cross section obtained .

from the elastic scattering experiment
d 6 is the differential angle in radians
The above develomment has neglected the effect of multiple scattering
of neutrons in- fhe attenuator. Approximate calculations showed this effect
to be less than three percent in all cases. Since this is less than the " -
statistical error, no attempt was made to correct for it.

2. Statistical Errors

Again referrring to equation (23), applying it to equation (31), and~ °
neglecting the error in the correction second term and the error in the =

accidentals, we obtain,

L 1 .1 D
= 3 32
§ o 1 {’ * Ty Ti M1 _ (32)

H

These errors are statistical standard deviations.



D RESULIS

The inelastic results are shown in Table II. When added to the inte-
grated elastic cross sections obtailned in the firsﬁ part of this experiment,
the resulting total cross sections obtained are found to be in agreement
with the total croés sections obtained at these energies by DeJuren and

Moyer.
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The .author, din.cellaboration with 'J. DeJuren, made an*éarlyxattempt
to. determine the inelastic .cross section:for 300 Mév neutrons on. copper ...
using a non-conventional wide geometry 'setup, Fig. (15). ' Instead’ of. the
conventional neutron.detector with wide angular acceptanceand the broad:
attenuator placed against it, the broad attenuator was placed inside the -u
cyclotron tank near the neutron generating target at a great distance from
the detector., This interchanged the role of the detector and the neutron
source in their ability to allow widely scattered neutrons to be gathered
and detected. Because of space limitations, the arrangement only allowed
the collection of elastically scattered neutrons up to about ten degrees,
This limited the method to attenuators with high atomic number to insure
the collection of a substantial fraction of the elastically scattered neu-
trons., This inconvenient and limited method was abandoned, when it was
found practicable to construct crystél coincidence detectors with wide
angular acceptance, Nevertheless, it is interesting to note, that the
values obtained in separate measurements using this method for gfopper turned
out to be 0,73, 0,75, and 0,72 barns respectively. These values compare
favorably with the value of 0,75 barns found later by the wide angle tel-

escope system,
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"V --CONCLUSIONS AND INTERPRETAT IONS

“When DeJuren 'and. Moyer obtained their unexpected drop in cross sections
with energy above 100 Mev, further progress depended on determining whether
it ‘was the elastic part of the cross section or the inelastic part that was
responsible for thé‘dropo The results of this experiment, when compared
with lower energy results, show that the drop in total cross section is
primarily due to the elastic component of the total cross section.

. In Table III the results of this experiment at 300 Mev are compared
with those obtained by Deduren and Kn,able’7 et 95 Mev, It is seen in the
table that the inelastic eross section has changed very little between the -
two energies, The elastic cross section, on the other hand, has changed
by more than a factor of two in all caseso.

A simple physical picutre of what may be happening at these higher
energies is that the wave packet, representing thevincoming neutron, is- .
becoming so—highlylconcentrated in a small region, that is beginning to
feel the effects of the individual nucleons., This effect is more pronounced
‘a8 oné goes to higher enérgies and as one goes to elements of lower nucleon
density, With respect to neutrons of these energies, the lighter nuclel
act simply like swarms of essentially independent nucleons; and thus fail
to demonstrate effects such as diffraction which depend upon the nucleus
behaving as’'a unite

) So Fernbach®® made calculations to fit the transparent model to the
total: cross section results of DeJuren and Moyer at 270 Mev, as he had done

for the 90 Mev- data, For the best fit to the data, he obtained a value
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of ki = O, This was a very str;king result, in that it implied an index
of refraction equal to unity, or an effective nuclear potential equal to
zero, for the neutron passing through the nucleus. |

Jastrow;l calculated the index of refraction in terms of the forward
scattering amplitudes for the n-n and n-p interactions, using both his oun .
hard core model of the nucleonlO along with the model proposed by Christian
and Hart<? for the n-p interaction and Christian and Noyes23 for the n-n
(actually p-p) interaction and the experimental p-p data of Chamberlain,
Segré and Wiegand.?4s25 The hard core model, too predicted a rapid decrease
in the index of refraction amnd kj going to zero. It was even small at 160
Mev, The fit to DeJuren's data was good in all but the intermediate energy
region,

Fernbach took k; = O and calculated an absorption coefficient, K, which
would best fit the experimental data. He obtainea K= 2,3 x 1012 em-1,
From this he calculated the variation of the inelastic cross section with
atomic number to be expected on the basis of the above values of kj and K,
Fig. (22). The experimental values obtained from this experiment are plotted
in the same figure for comparison. As seen in the figure, his predictions
agree very well with the experimental data obtained in this experiment..

Table IV shows a comparison between the 300 Mev neutron differential
elastic scattering cross sections of this experiment with the corresponding
' 340 Mev proton cross sections of Richardson, Ball, Leith, and Mbyer012913
The 340 Mev proton carbon cross sections at small angles appear to be in
error. The curve in the above reference rises unexpectedly at small angles,

and the data do not check the neutron values. Aluminum, copper, and lead
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show increasing coulomb effect in that order as expected. It has become
appreciable for copper and lead at 6°, more so than was expected when the
proton experiment was performed. A careful theoretical analysis will be

necessary before more guantitative conclusions can be drawn about the effect

of the coulomb forces,
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TABIE I .

DIFFERENTIAL FLASTIC SCATTERING CROSS SECTIONS
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TABIE I

DIFFERENTIAL ELASTIC SCATTERING CROSS SECTIONS

4.2/,
5,18 .
611
7.11
- 8,12
9,10
10,08
213,02
11,95
13085
15,70
17.55

3 in, Pb Scatt,

Polyethylene

Converter in

d o /2y . .

ZE S
75,5 -gi 3,69
4ho13 1,95
24,62 L 1,12
11,69 ;{ 0,60

et o
1,37 + 0,078
1.22 £ 0,070
0,799 T 0,051
0077‘7}' 0. 045
T g
0,305 41‘ 0,025
(001191', = 00021

TABIE II

" Polyethyletie
Converter
Removed
d o 13
de ()

78.48 -
51,6

6.40

0,280

INTEGRATED ELASTIC, INELASTIC AND TOTAL CROSS SECTIONS

Integrated
differential
elastic eross

section (barns)
“e

0,079
0,187
0,410
1.339

FeE

Inelastic
cross section
°§-(barns)

-

0,203
0,390
0,755
1,72

0,033
G023
0.033
0,08

-

Oo 282
0,577
1.17.
3,06

<o

total ¥

i this expt,
DeJuren and Y ¢
Moyeﬁ? Deduren and
(barns) Moyer
0,288 0.70
0,555 0,70
1.15 0,66
2,84 0,61



TABLE III

VARIATION OF COMPONENT NEUTRON CROSS SECTIONS WITH ENERGY

© gk ' ok st

el el o inel inel o—
Element 300 Mev 95 Mev e1300 300 Mev 95 Mev inel300 Mev
‘ . ’ < el95 “inel95 Mev
c 0.: 079 0,274 0,288 0,203 0,7 22 0,914
Il 0,187 0.577 0,324 || 0,390 0,418 0,933
Cu 0,410 1.223 0,335 0,755 0,792 0,965.
Pb - 1339 2,71 0,494 1,72 1.75 0,983
* This Experiment ' |
¥%# DeJuren and Knable TABIF IV

COMPARISON OF 300 MEV NEUTRON AND 340 MEV PROTON DIFFERENTIAL

- ELASTIC SCATTERING CROSS SECTIONS AT SMALL ANGLES

mew RGN GREDT SEQR gE)
c 0,725 1,866 0,600 0,905
] 2,40 2.61 180 2137
Cu 6.00 9.51 3.88 5,248
. |

13.0 5 330 8 40 70 129 ,71

* This Experiment

#*% Richardson, Ball, Leith, and Mbyer12’13
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FIGURE CAPTIONS

Fig., 1 Diagram of Experlmental Arrangement

Fig, 2.1 Photograph of Experlmental Arrangement

Fig. 3 Double Coincidence Crystal Telescope Beam Monitor

Fig. 4 Diagram of Neutron Detector Telescope

Fig. 5 Side View Fhotograph of Neutron Detector Telescope

Fig, 6 Quarter View Fhotograph of Neutron Detector Telescope

Fig, 7 Diagram of Inelastic Setup |

Fig. 8 FPhotograph of Inelastic Setup

Fig., 9 'Graph of Neutron Energy Spectra by Time of Flight Method

Fig, 10 Graph of Neutron Energy Spectra by Magnet Spectrometer Method
Figolll X=Ray Photograph of Beam Pattern with Elastic Scatterlng Experi- '

mental Setup in the Beam
Fig. 12 Photograph of Coincidence Unit

Fig. 13 9= vs, Rejection Energy Level in the Neutron Detector Teleecope

dn

Fig, 14 %fi'vso & for 90 Mev Neutrons on Copper

Fig. 15 Diagram of Attenuator in Proximity of Source Wide Angle Inelastic
Arrangement

Fig., 16 %5%(9) vs., @ for Lead (3 in., Thick) with Polyethylene n,p Converter
in and with it Removed

Fig, 17 g%(e) vs. © for Carbon (3 in. thich scatterer)
Fig, 18 %%%(6) vs, © for Aluminum (3 in. thick scatterer)
Fig. 19 %Z}I(e) vs. 6 for Copper (1 in. thick scatterer)
Fig, 20 %%i(e) vs, 6 for Lead (1 in. thick scatterer)

Fig. 21 %%%ﬁe) vs. © for Copper (3 in., thick scatterer)
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Fig. 22 Graph of fit of data to Transparent Model Theory

Fig., 23 Coincidence Unit Voltage Flateau
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Fig.s 2
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