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- Elastic Scattering‘of 84 Mev Neutrons
‘A. Bratenahl, S. Fernbach, R. H. Hildebrand

C. E. Leith, end B. J. Moyer .

el niviaked el Ty " L f« et D0 e ’\ . ? day

. Radiation Laboratory, Departméﬁ£ dfvfﬁ&sics
University of California, Berkeley, California
August 25, 1949
Abstract

',Mea;ﬁrementé have been made of the angular distribupioﬁ of 84 Mevineutrons
scattered into angles between 2 1/2° and 25° Ey Al, Cu and Pb nuclei. Small
spheres of these eiements_were placed in‘thé neutron beam of the 184-in. cyclo-
tron and the scattered neuﬁrpns with energies greater than 20 Mev were detected
with pieces of carbon activated by the ¢12(n,2n)cil reaction. Total.scattering

~ cross sectlons were obtained by integration of the differential scattering cross .

sections and also by attenuation measurements with good and poor geometry.
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”ydEiestic Scattering of 84 Meﬁ-ﬁeutrdnehﬁ u
A Bratenahl S. Fernbach R H, Hlldebrand
C E. Lelth and B, J. Moyer

‘Radiation Laboratory, Department of Physics
i u-dniversity of California, Berkeley, California

© August 25, 1949

I. Introduction

Amaldl et al. ( ) ~have -ebserved. a portion of the elastlc scatterlng pattern

(1) E. Amaldl, D Bocc1are111, B. N. Cacc1apuot1, and G C. Trabacchl, Nuovo .
Cim, 3, 15-21 and 3, 203. (1946) ‘ ‘ . L S0

produced»by.14~Mev neutrons ineident on Pb nuclei. Using a relatively nigh
intensity beam of 90 Mev neutrons from the 184 -in. cyclotron the authors have

explored the elastlc scatterlng patterns of Al, Cu and Pb ‘The'meaSUrements

'L were extended to small enough angles to include a large part of the distribu-

tion.- By measuring the ratio of the scattered neutron flux to the»flux ineci-
dent pn.theiseattering‘nueiei it was possible to determine the absolute.differ;
ential scattering cross sections. Total scattering cross seéctions were obtained
by inﬁeéfationeoffﬁhe’differentiel‘créss'sections.u The tOtai'ebattefiné5cfoss“
sections were aiso measured directly by good and poor geometry attenuatiqnti__.
experiments. It is of interest to coumpare these'scattefing‘cfeesiéectiene,fe“'“

the total' collision cross sections determined by Cook et gl,(Z)”and”by the

(2) L. J. Cook, E. M. McMillan, J. M. Peterson, and D. C. Sewell, Phys. Rev.

75, 7 (1949)

authors, using. the same team and the same detectors. This comparison pfovides
a test of nueléar models such as the "opaque" model, and the "transparent" model

of Fernbach, Serber, and Taylorg(B)

(3) 5, Fernbach, R. Serber, and T. B. Taylor, Phys. Rev. 75, 1352 (1949)
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II. General Features of the Experiment
The neutron source was a 1/2 in. thick beryllium target bombarded by 190 Mev
deuterons in the 184-in. cyclotron The energy dlstrlbutlon of neutrons from ) h

.'1- .
this source Has a" peak at 90 Mev and a’ spread at half maximun of 30 Nev(4’5)

(4) J. Hadley, E. Kelly, C. Leith, E. Segre, C. Wiegand and H. York; Phys Rev
75, 353 (1949)

(5) R, Serber, Fhys. Rev. 72, 1007 (1947)

The scettering experiment was performed in a narrow beam of neutrOne'defined
by a circular hole in the 3 meter thick concrete shielding wall. (See”Fiéure 1);
 The maximum’beam.iﬁtensity was abeut 10® neutrons per sqpare ceﬁtimeter per second.
Some early>experiments indicated that the flux density'was:eseentially constant
radially.outrto-A em from the axis of the beam and then decreased te less than 0.1
_ percentwat'5€cm.

", For~the-measurements of differentialvscattering cross sections:the disposif
tion of scatterer and detector is shown.in Figure 14. Spherical scatterers were -
used tb.simplify the determination of the effective scattering center and meaﬁ
angle of. scattering. The distance "r" was increased as © was decreased :so thatz:
the detector would not be in the beam. It was experimentally estebliehed,that
ﬁhe activation'of»the_detecﬁor_at a given angle varied inversely as r2 indicating
freedom from unrecognized sources of detector activation.

The,relative.ihteneityvof incident to scattered neutrons was meesﬁredfbyw"
plecing the detector in the position of the scatrerer. | | -

Two fypes of detebtioh were employed in the course of the.study. Most of
tﬁe work was done with carbon detectors employing the (n,2n) reaction,,ﬁut a
coincidence recoil-proton counter was also used. Both receive discusSiop,in
subsequent sections. | _
' 11

The excitation function of the reaction C12(n,2n)C'* at high energies has
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been investigated theoretically by Heckrotte and Wolffsé)and experimentally by

(6) W. Heckrotte and Peter Wolff - Phys. Rev. 73, 265 (1948)

R. L. Mather and H. F. York.(7) Using these results, and the known neutron

(7) R; L. Mather and H. F. York, Private Communication

energy distribution, the mean detection energy is determined to be 84 # 4 Nev.

Thé acéivity of the carbon detectors was compared to the activiﬁy‘of a
carbon monitor placed in the beam between the target .and the scatterer.. The
mpnitof for the recoil proton defectors was a BF3 sléw peutroﬁ counter placed.in
a-hole in the concrete shielding wall (fosition B, Figure 1). Iygpgggfpnségigﬁﬁ
this location was pfoportional to the high energy neutron flux incident upon the
shielding in the region of collimation.

The measurements of total cross seftions and absorption cross sections were

obtained simultanecusly with the arrangemenf.shown in Figure 2. The attenuation

measured .by this detector gives a cross section for removal of detectable neutron

flux from a forward cone extending to the maximum angle, ©p, subtended by the

absorber about the detector. This angle is chosen to be the same as the maximum
ang}e‘at‘which differential scattering cross sections were measured, énd it -
inéludes:éssehtially all of the elasﬁically scattered neutrons. The érgss sec-
tion obtained in this manner is thus approximately equal to the absbrbtibn"cross
section. A further discussion of this measurement will be found in Section III-E.

A good geometry detector shielded from all but the central pbrtioﬁ of ihe abs6rb—

. er was used to measure the total cross section simultaneously.

III. Analysis and Description of the Experiment
" A. Angular Distribution
1. Analysis. —_Néglecting.absorptioﬁ of thebneufrohs passing tﬁrOugh the
scatterer; the activation of a detecfor of area S placed at anglé é-and distance

r from the scatterer of volume V is given by
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; - D(r e) (10 NOPV) <<r(e) —>n, k_l) |

MV:

o (8)

number of scattering nuclei,

cross section for scattering into unit solid angle at angle 6,

—§§ = solid angle subtended by the detector, and

r .
M =-efficiency of the detector..

- If the detector is placed in the neutron beam the activetion is given by

3

S Do = IS 7 - | @
Thus from (1) and (2) .
| B _D(r,0) Aar2 o
= (6) Do TopV (3)

Taking'absorptién“and'multiple séatteringlinto account a formuia'is oﬂtainéd
which is the same as (3) multiplied by a constant depending on the radius of the
scatteringﬁsphere_and‘the total and absorption cross sections.

The method empléyed.in‘finding fhevcomplete expression may be outlined as
follows." | o | |

A representatlon of the intensity and angular dlstrlbutlon of the neutrons
scattered by a slab of thlckness x may be given in the form

I-.(G) I Z ([—l— (x prg)Pexp. (—xpt)] [—l— O‘( )]} p
a=1 \ln nog Yn
where o | | |
I1(6) = flux per unlt solld angle in direction 6,
pts Mg = attenuation constant for colllslon,land for.eléstic
| SCatterihg, réspéctively, | .

Og = cross section for elastic scattering.
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The first factor of a typical "nth" term gives the'probability of just-n -,
elastic scattering collisions, and no other collisions, in pgssiﬁg through the
slab. ~Deviations are assumed sufficiently . small that the distance traverseé in
the material isvalways X.

In the second factor, giviﬁg the probability that an n-times-scattered

neutron goes in direction 6,.the customary assumption has been made that the.,

angular spread after n scatterings is Vn times the spread from singlé scattering.
ThlS 1mp11es that. the forward scattered 1nten31ty shall be correspondlngly res. .-
duced by the factor .1l/n. . ;‘, o e -

When this type of analysis is applied to the scattering by ghggsghgrg§ryggd
(such as, copper, 2. 5 em diem.), it is fouﬁd that the coefficient multiplying
_o*h<‘/——9_=2> is only 5 percent of the coefflclent of °_<\]_i>' Hence the effect of
multiple scattering upon the form of the angular d;strlbut;on,fromnﬁuqh a sphere
is notﬂsufficiently"serious to demandfattention in treating data of the present
accuracy; and it is necessary only to correct for the effects of absorptlon gnd .
multiple scattering in an 1ntegral manner rather than to ‘evaluate a correction
which depends upon angle. |

.. Having recognized this; it:is found to be:convenient tovevéluatéfthercorrec—

tion by the following type of analysis. In traversing a slab of thickness x .a

neutron will have a probability [l~exp.(—x+xs)] of being elastically scattered;;

and a probability exp.(-xpg) of emerging without an inelastic collision; where
Ma is the attenuation constant for an inelasticHor'absorbing.coliision.’ Since

'Qt = (g + Pg, the product of these probabilities_is»eXp.(éx}ta)-ekp.(-X}Lt).

,3@2 Applying this to a spherical scatterer of radius a, the expression for the.

activation.of the detector at angle 6 and distance r becomes - . ﬂ';

D(r,8) = Do =— o (0) %7 / [eXP.'(-xp#;)‘-ekb?(—xvpif;)] " dél;" . |

1. '_ S .

where-the -integratiodn i§ carried out’ over the cross sectional area  of thé =« 7 @i~
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scatterer. The variable x is the length of the chord which is used to approxi-

mate the neutron path.

?“vathe”lntegrar and series expansion results 1n the«equatien

1
D(r,8) = D (-l%ﬂv> s (@)K,

where

K=l=—3a(\*t+}"~a)+'5'32(l-*t2+ Mt Ma + |~'~a2)
a3 (he3 + BePa + Pihg? ¢ pad) « ..

Solving for- o (@) we have.instead of.(3):

} o (e) = R(:.0) Arf 1 / (4)
2. ,Aéparatus and Experimeﬁtal Procedure. - The scatterers used were.2.54 cm

diameter spheres of lead and copper and a 3.8l cm diameter sphere of aluminum.
These were suspended in the beam by fine wires. The size of the scatterers was
limited to keep the self-attenuation factor K from becoming less than 0.75.

/ The detectors were stacks of twelve eylindrical sectors of carbon 0;32 cm
thick id adcopper container (See Figure 3A). Two such stacks were placed sym-
metriceily about the axie,of the beam at distances, depending upon angle, of 18
to 125 cm. The wall of the cofper container which faces the scatterer was made
1 cm thick to prevent-activationvof the carbon‘pieces by scattered protone;
When this thickness was doubled the'activitj was reduced by the fraction which
one would expect if all the actifity were due to:neutrons After e 15 minute
bombardment at the maximum cyclotron beam 1ntens1ty the carbon sectors were
removed from the copper holders and arranged to surround a set of four thin-
glass-walled countingetubes‘(See~Figure 3B).

The monitors were carbon discs of 4 .29 cm diameter and 0.32 émrthickness.

These were counted with a mica window: bell=-jar .type counter. All counts were.

7@}4
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made concurrently; that is, the detector and monitor activities were counted
over the same time intefval eliminating the necessity of corrections for decay.

In all the.experiménts described'heré'the‘bésic measurement is the ratio of
the activity of the detector to that of the monitor. Calling this ratio.A,
when the scattering sphere is in.plaée and the detector at (r,8) (See Figure 1A);
and B,'theAbackgrqund ratio when the écatterer is removed but the detector'is
put'in:ﬁhe same poéition;‘and C, the ratiblwhen the detector is puf in the bri-
-mar& beam in place of the scatierer, we have: |

'D(r‘,g) = (A‘—} Ble - - | "
‘Dg = 2Ce _ | M. e ' ‘fu

where e .is a relative counting tube efficiency factor to allow the results of‘

different runs to be correlated, and D(r,8) and Dg are the quantities to be used

in Equation (4). The value of e is determined before each run by counting érbi—

trary fixed samples with the detector and monitor counters. 'The factor 2 in the ,
second equatién abéﬁe is necessary because only one of the copper holders was
placed in the beam. |

A typical determinaﬁion of A involved about 2500 net counts from the detec-
tor in a perioed of 15 minutes.  This is about four times the counter background
for tﬂé éeé.of féur tgbes ﬁéed ap§;§boﬁt four timés the net count in détermiﬁiﬂé'ﬁg
B. Since thevmonitor %;;:é;éég;é:ip the pfimary beam it gave a'muchvhigher'cdunt.
The ratio D(r,8)/Dp was of the order of 0.001.

'B. Attenuation Experiments

1. Analysis. - From the results of the angular distribution_measuréments

one can determine by graphical integration the c¢ross section o g' for scattering

of detectable neutron flux into a forward cone extending to the widest angle

o 21 Om - | o B | |
ot = / ad /,d (8) sin 046 (5)
7070 |

measured Op:

This cross section can also be measured in an attenuation experiment utilizing
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the "poor'geometry"iarrangement of Figure-4‘ip which the attenuating material

forms the frustum of helght x of ' a cone whose. generatlng angle is €p. B '. -

For thls arrangementﬂthe detectable neutron 1nten31ty at: the detector when o

the attenuator thickness is x will be-

Om ‘ .
I(x) = I3(x) + 2w J[ sin@ 1(6,x)d® ; N . (6).
0

‘where Il(x> is the fluxrdensity of unscattered neutrons at a distance x from the
base andvI(Q,x) is the intensity et x of previously scattered neutrons movingvih
~direction © within unit solid angle. This assumes that any increase due to de-
- tection of inelastically scattered neutrons istsmall; ., as will be justified
in Sectlon V. |
Con51der now the effect of increasing the thickness of the attenuatlng
materlal by an amount dx. The intensity of detectable neutrons at the vertex of’
the cone w1ll then be altered by an amount ' : . ' | .

dI(x) - Il(x)N odx - 2N o*tdx / tan® I(e, x)d@

Qm
+ 21TIl(x)Ndx/ tan6 0 (0)de
- T Jo

- [Om Qmn ' :
+ 2‘lTNdx/O_ten9d9/O c7'(‘6)2Tl’sina. I(a,x)da . (7)
whereiN is the namber of nuclei per w3 in the attenuator, and & ¢ is the total
cross sectien.of each nucleus.

The physical meanings of the successive terms on tﬁe right-hand side of this
equatien afe'as follows: - = . Lo - - | %

i 1. Decreese due: to attenuation in dx of hitherto unscattered neutrons
whose flux density is Ij(x). \
2. Decrease due to attenuation in dx of neutrons previously elastically

scattered into the d-irection of the detector.'

- 3. Increase due to elastic scattering in dx, into the direction of the
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detector, of hitherto undeviated neutrons.

. Incréase due to elastic scattering in dx of fetitrons previoﬁsly

elastically scattered. The angle ﬂ»,defines the scatfering angle

necessary to deflect these incident neutrons into the-directiqn of the
detéqtor. The angle ap is to be 1arge enough to include esseqtially

all the elastically gcattered flﬁx incident upon dx.

Since o (©) and I1(8) are both strorigly p,e.ake_d.at 6 = 0 the integrals in (7)
are not greatly affected by pep}gcing%taggg"b&ﬂsip 6. (In the worst gaseatﬁe
difference is only 2.5 percent.) Also‘for thé same reason it may be shp@gwphat
the angle ﬁismay:bé feplaqed bj’Q wifh'an érfdr'sufficiently gméli't6 ?eléiloﬁ-
able"in this é#periment. ‘These two approximations‘are, in fact, partially com-
pensating in their effects.

" In View of Equaﬁions (6) and (5), these approximations permit (7) to be
reduced to

dI(x) = - I(x)N(oy - Og')dx ;

- 80 thatyan attenuation experiment with this érrgngement will measure thé differ-

ence of cross sections

S )

The abéorption cross section for the nuclei of the attenuating;@atérééluis
related to (8) by

Og= 0 -~ Og! - 03+ 0, (9)

- where 0] accounts for elastic scattering into angles greater than 6y, and )

is the cross section for inelastic scattering of neutrons into angles less than
em with sufficieht energy to be detected.

' Sﬁbtraction of the quantity (o°t - og!') from the measuréd valﬁé of O
yields an evaluation of og!
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which may be compared for consistency with that obtained by Equation (5).  If as

is shown in. Sectlon V the quantltles K<z 1 and .09 are small, then crs'_ls approx1—

1astld scatterang cross séctlonlcr Crﬁ“«fcr :

2. Apparatus and Experlmental'Pnocedure.,-'The arrangment for the attenua-

tion expgrimént"jUStidiscussed is shown in Figure 2.

The angle Qm was 27° for dural andlcopper,-and 21° for lead. The maximum
attenuator thicknesses were as follows: durai and .copper, six 5.08 cm discsy
lead, six 2.54 cm-discs.. In every case a 4 cm lead shield was put just ahead .of .
the péOr'geometry-detector to avoid activation of the carbon by recoil protons
from the attenuating maferial;ﬂfThe.uniformity.of:the incident beam was:checkéd i
in a~preiiminary éxperiment by*putting carbon detectors. at various points .on the :.
base of the absorbing cone. This waé aiso checked by verifying thét a single disc
at the base of the cone gave the same attenuation as a éisc of the same thickness
near the vertex. Absorption and total cross sections for aluminum were obtéined
from the dural measurements meking allowance for the other metals in.the alloy.

~IV. ‘Results

The results are summasrized in Tables I and II and Figure 5.

“Table I

Total cross sectlons and the cross sections Gg' (See Section IIFB1) in
units of lO =24 cm2 The thlrd row of the Table gives écatterigg;cfgsé éec—
tions obtalned from the total and absorptlon cross sections u51ng Equatlon u
(10). The last row gives the scatterlng cross sectlon obtained by inte- ]

lgration of the differential cross section as in Equation (5).

Element. . CoAl Cu " pb.

{Total cross sections

Cook et al% . 1.12 + 0.02 2.22 + 0.04 4.53 + 0.09 .

The authors: ~ 1.4+ 0.03 2.15 + 0,04 - 4i47 + 0,11
o . L

By attenuation 0.65 + 0.04 1.32 + 0.03 2.64 + 0,08
© By integration 0.71 + 0,04 1.37 + 0.07 2.79 + 0.14

Maximum angle Bp 270 27° 210
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Table II
Differential cross section in units of 1024 cp? per steradian. The
errors shown apply to the relative magnitudes and do not inciude a3
percent error. in assigning absolute magnitudes.
ngle in Al ~ Cu Pb
egrees — ‘ v v ; ,
21/2 . 5.0 + 0.4 13.8 + 0.9 59. & 4.
3 14.8 + 1.2 54. * 6,
4 4.64 + 0,18 1.2 + 07 53. *5,
6 4.3 + 0.3 10.6 * 0.3 25.6 + 1.0
|72/ . 3.30x0.15 734k 0.22 1.3 x1.1. |
10 2.2, + 0.15 " 4.66 * 0,07 4.3 +0:6
12 1/2 1545013 2,61 % 0.05 21,303 |
15. 1.08 + 0.04 1.30 + 0.02 1.46°+ 0.1
17 1/2 0.66 + 0,07 0.53 + 0.03 1,58 + 0.11
20 0.38 + 0.02 0.40 + 0.03 1.04 # 0.10
22 1/2 0.59'+ 0.13
25 0.17 + 0.02 0.31+ .05

V. Sources of Error
A. Angular Resolution
- .. Because of the finite size of the scatterer and detector a measureﬁent made
dat a given nominal angle actually corresponds to detection over a fairly wide
range of angles és is shown in Figure 8. A detailed analysis has shown that the

epgprséqﬁ thenanglegnangCr;ss sections duevtb pgis effect are hegligible coﬁ-
sideigég the accuracy of the experiment. This effect alone would'pdﬁ ﬁfé%ent
the aétection of a minimum ;f the type theoretically predictéd for di;ff;;;i;n by
an qpéque nucleus.

- _B. Detectiqn of Iﬁelastically Scattered Neutrons

‘The“20 Mév threshold of the C_lz(n,2n)C11 reaction hade it qyite possible
tha{ a part of the scattered flux detected in this experiméhﬁ.was dﬁe_to inelas~ -
i

tically’scattered neutrons with energies greater than the 20 Mev detection ‘;

threshold. For this reason the angular distributions were also measured usihg

. a recoil proton detector with'avBF3 slow neutron counter as a monitor (§9§ Sec-

tidﬁ‘II). The"detector'qpﬁéiStéa of a'3.8cm aiémétér; 5 cm7lohg5paféffin*’?"
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cylinder behlnd whlch was placed a set of three cyllndrlcal proportlonal counters
each 5 em in: dlameter and 5 cm long whlch were used in 001nc1dence, A copper'
absorber’was pldcedrﬁetween the secdnd aﬁd’third counter @EIts%thlckness was EE
such that only recoil protons from neutrons with energies greater than 60 Mev L
could be detected; thué,‘asla‘neutfenMaetector this errangment pfevided a 60
Mev deteetion.-thresho'ld° - ' . o | o N
Attenuation measurements, made with this detector and monitor combination -
indicated that underuthe conditions of operation; it was less reliable than the
carbon deteefers particularly fof(the measurement of the verj small ratio D(r, Q)/bo.
However,»w thln the aceuracy of ‘the measurements the dlfferentlal eross sectlons«
measuredAbyithegtwo methods sre in agreement as can be seen in Flgure 5. '
The;cohéfibuﬁionvof_inelastie scattering 1s not large enough to be eppaienf
in comparing the results of the two methods.

An estimate of the inelastic contribution can, however, be obtained from

‘measurements of Hadley and York(S) on the differential cross sections of several

(8) Jd. Hadley, H.'E. York, To be published

elements for production of high energy secondary protons by 90 Mev neutrons. At
these energies the incident neutron wave length-iS'sefficiently small to allow
the effects of neutron-nucleon collisions to be observed, where the collision
event involves'primarily'only the incident neutron and a neutron or proton of a
target nucleus. By this precess nucleons may be knocked out of nuclei with
energies and angular distributions corresponding to those of n-p or n-n collisions.
Hadley and York have measured differential cross sections for such emission
of protons of over 20 Mev energy from C, Cu, and Pb. We shall assume_ﬁhat the
neutrons emerging from .n-p collisions within the nucleus are described by the
" same differential cross section as these protons. |
There will also be a contribution of high-energy neutrons due to n-n colli-

sions. We assume.that these events are similar.to p-p collisions with respect to
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cross éection and angular distribution. Observationé in progress:at this labora<
tory indicate that even at these energies the p-p collisions yield'SPhéricai‘
symmeﬁry in the center-of-mass sysfem, and that the collision_crosé'3¢ction‘at
ﬁﬁese eneréies is roughly one-half the n-p collision cross-section.'

Using these assumptions, and taking account Of.the relative numbefs of.
neuﬁrons to protéﬁs in the'nucleus in question, cross sections o) of the target
nuclei for-delivering detectable neutrons by these."knock-onﬂ processes inﬁo the
angulér rénge deteéted have been calculated and are shown in the Table I1II.

DeJiren and Knable(9) have'measuréa total cross sections and th?ﬂcfbsgw”ﬂnm

(9) J. DeJuren and N. Knable, to be published

sections for scattering of detectable flux into angles less than 8y using the

same absorbers as those used by the authors. In place of carbon detectors they
used bismuth_fissionv¢hambersvfor which the neutron counting threshold is about
50 Mev, .and the mean detection enérgy for these neutrons is about 95 Mev. Be-
cause of the higher threshold of this detector it‘is to be expected that the

‘cross sections ¢rs“'as measured by DeJuren and Knable include smaller contribu-
tions fromvinelasfic scattering thaﬁvthe corresponding cross sections measﬁred‘

oA
=

by the g‘qfqhvor.sv. The _.Il'atios _C‘S'_/c-t and (&s' - ng/c't f-rom the carbon detec-
torvm;;sﬁ;éﬁents and the ratio o'/ oy from bismuth fission detecthQﬁéqéUre—
' ments ére shown in Table III. Conéidering this comparison, and the similarity of
the angular distributions observed using prOpprtiqﬁal counters with,the_éO Mev
threshpld With those obsefved with carbon detectors, it appears'likely that
these chss-sections for inelastic procésses yiéldiné détectable neutrons are not
underestimated.

In arder to estimaté the true scattering cfoss section o-g one must add the
- effect of the cross section o°; for elastic scattering into'ﬁide,anéies'ﬁhiﬁhi.;
will be discussed in the next gecfigp.‘ o o

- Thus: o"'s = --o—sl. _0_2 + 0'1 )
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Hence»the_valueé Cgt - ,:2‘of Table III represent lower, limits for Og-

(Qever

Table IIT

Ll t

h . ]
BTRERE L Sy

for producing detectable neutrons by inelastic .collisions, and compari-
sons of ratios of cross sections measured at two energies. (Cross sec-

tions in units of 1024 cm?.)

bl e i g ’ A i By E .;'.
;redTdulated eross sect iohigtdTy 4!

Al Cu - Pb.
Observed scattering cross sections oO7g'. . 0.71 1.37 2.79
Calculated values of &) 0.07 0.13 0.17
(og! = Go) : 0.64 1.2 2.62
o'/ 0% 0.62 0.64 0.62
(63" - oo)/oy 0.56 ©  0.58 0.59
<7%“/<Tt,’measured with Bi fission counters - T _
' - 0,58 0.61 0.60

(~95 Mev) ’

C. Elastic Scattering into Wide Angles

The neutron flux per unit solid angle becomes so small at angles greater

than 6y that measurements of the intensity become very inaccurate. However,

‘because of the sine factor which enters into the calculation of the scattering

cross sections (See Equation (5)) the total flux in wide angles may not be neg-

: ligible., An indication of the order of magnitude of this effect can be obtained

from wide angle differential cross section measurements made with the recoil

© proton detector.

At 30° the differential cross sections measured were .033 + .020, 004 + .

.004, and o22.i ;13’for Al, Cu and Pb respectively. At 45° the value obtained -

for aluminum was 004 + .001 while no flux was detected at this angle from Cu

and Pb-and no flux was detected in measurements at 60° and 90° from Pb. On the -

basis of these observations it has been estimated that the wide angle scattering

effect is of the order of 5 percent for Al and less than this for Cu and Pb and

is thus somewhat smaller. than-the inelastic scattering effect.

As can be seen

from Equation (9) the two effects tend to cancel each other in the evlauation of

the difference between o' and the true elastic scattering cross section Cg-
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"It should be noticed that these '‘effects are commOn:to'boph'methods of mea-
Suring'crs; hece the attenuation methiod serves principally as aicheck on cther
systematlc errors in the dlfferentlal cross sectlon measurements.

) | VI. Analy31s of Results .” -

A.  Description -cf the Angular Distribution

. In the present experiment the DeBroglie wave length of the neutrons is - .

- smaiier~than nuclear 'dimensions, and it is sensible to speak of a neutron col-
liding within the area of cross section presented by theEnucleus. This implies .~
that neutrons with rather 1afge values of angular momentum will be involved in
nuclear collisions. | ‘

" The quantized values Of.angular.momentum will extend up to pR'=JJE,of l.= kR ;
where k=1/X = p/, and L is an angular momentum guantum number. 'R is fhe
largest value of 'impact parameter for which observable effects of collisiond
occur, and it uay.be defined ‘as the nuclear radius. |

. For .84 Mev neutrons A = O°AS~X'10’13 cm, and for abheavy'nucleus R is .
nearl-y;~10"12 cm. Thus values of A will in some cases extend nearly as high'as..|-
200. |

" Since at the degree of excitation which such neutrons could impart to. nuciei
the nuclear levels w1ll be numerous and overlapplng, 1t is to be expected that
such colllslons would lead to’ 1nelastlc events or absorptlon Inelastlcally
scattered neutrons or secondary neutrons from such events are almost entirely of
energies below the detectlon threshold as 1ndlcateo 1n Sectlon V Thus it is
p0531b1e to concelve of the nucleus, for the purpose of this experlment as an
opaque, spherlcal obstacle absorblng and dlffractlng the neutron wave,

If a descrlptlon of the scatterlng process is represented in partlal waves(lo)

(10) Reyleigh, J. W. Strutt, Proc. Lond. Math Soc. (1) IV, 253 (1873)

and the expression for the scattered wave. obtained by subtracting the expression
) L R b=ttt

for the unperturbed plane.wave from that for the wave field with'scattering'
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nucleus present, the assynﬁhﬁi f esult at a large distance r from the scattering

centef, and at angle Qvfrom the direction of the incident beam, is: .
S 0,

AR \Y 1kr

scatt 2 kr

=0

When no absorption }n the scattering nucleus occurs, éﬂ is a real number
which measures the phase difference between. the fth partial wave in.the diverging
components of the acfual wave field and the corresponding wave in the unperturbed
field. But when the scatterirg nucleus also absorbé neutrons the effect ié des~
cribed by a,complex value fér, ég,

gl + ini;,
where»ru; then functions.as an absorption exponent affecting the magnitude of the
diVerging Lh wave..

If now the scattering pucleus is considered to be a'pérfectly absorbing
sphere of radius R, the Valué'of ny for 0'¢ £ € kR will be infinite. Also if |
neu?rons passinngith .2)_kR are to be unaffected the value of éﬁ will be zero
for A> KR. | | o

For this approximate model, then, the scattered wave (11) reduces to:(ll? 12)

(11) ¢, Placzek and H. Bethe, Phys. Rev. 57, 1075A (1940)

(12) A. Akhleser and I. _Pomeranchuk, J. Phys., U.S.S.R. IX, 471 (1945)

‘Ifscatt = - 21kr % ("2‘:@* 1) Pl 1.6089):'

‘The result (12) can be dlrectly obtalned by notlng that the effect of the f
nucleus is to remove from the dlverglng components of the unperturbed wave those
partlal waves w1th values of.ﬂ-up to L= kR. This removal is mathematlcaliy
descrxbgd by superlmp051ng upon the unperturbed wave a éet of par£i51~wéves with.
amplitudes.equai to corréspﬁﬁding émplitudes of the unéerturbed wave f;eld, vith
valués of,l.up to.i = kR, énd.ﬁith'éach phgse shifted;by one-half cycle. Thi#

superimposgd‘set represents: the scattered neutrons and its expression is just

(12)

GLeD @ e ey

&
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(12). This is simply an application of Babinet's principle from physical opfics.

From (12) the differential scattering cross section is seen to be

v 1| )
o(8) e jf%’ (22 1) Ez (cos 6) (13)
For forward scattering, © = 0, (13) yeilds
o(0°) = 2 ¥ (r + Lyh » (14)
4 k : o

It is to be expected that the opaque nucleus model should give a dlstrlbutlon
of elastlcally scattered neutrons similar to the Fraunhofer diffraction pattern
for a plane wave diffracted by an opaque circular disc. It can be shown ‘that

expression (13) can be written in the approximate form(ll’lz)

J1(2kR' sin g

o (0) = 7 KR4 (15)
KR' sin £ |
-2
where Jj indicates a first order Bessel Function, and R' = R + ia This is the

expression for intensity in the Fraunhofer pattern produced by a disc of radius
R! diffracting plane waves with X = 1/k.

B. Effect pf Neutron Enefgy Spread Upon Angulaeristribufion

‘The energy dependence of the differential cross section occurs tﬁrough fhé‘
quantity k p/h In order to compare the thecretical distribution (13)
with one observea it is necessary to calculate from (13) or (15) a predicted
value of G(8) by averaging over the energy sbectrum of incident neutrons G(E)

modified by the energy dependence of the detection efficiency €(E). Thus

Emax .
. o (8,E)G(E) € (E)dE
Emin

<G"(@)>pred. = o Emax
G(E) e-_(E)dE

Epin

It is not necessary to account for any change in energy of the neutrons upon
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being scattered, for the lightest nucleus empioyed is Al, and the scattering is
confined to small angles. The averaging is accomplished by graphical integration
using information on the neutron energy spectrum previously mentioned, and some

(©,7) on the ¢12(n, 2n)c12

approximate experimental déta, supplemented by theory,
cross section and its variation with energy.

The functions (13) and (15) sre indistinguishable within the limits of
accuracy needed in this comparison, so (15) has been employed. The principal
effeét of the averaging process just described is. to incfease the contribution
in the vicinity of the first root of the BeéselvFunction ébove that obtained
from a pure spectrum of 84 Mev neutrons.

C. Comparison of Observations with Theory

By integration of the differential scattering cross section as given by

(13) the elastic scattering cross section is obtained:

!

Lk2

-

. 'lTl L=xr | R
g = 2T A —_— %;%; (24 + 1) 1y, (cos 8)| sin ede

———
¥

=T R+ 1—1{)2 = TR'2 . | - (16)

An experimental value for ©g will, by use of (16), allow’determinatioﬁ}of
R?, which, in turn, may be used in (15) to construct angular distribution;cur#es
appropriate tb the opaque model for comparison with the shapes of the experimen-
tal distributions.

This comparison is shown in Figure 5. The dashed curves are the fesult'of'
determining R' from the values of Cg' displayed in Table III;. and the dotted
curves result from using (<TS' - cr2)“for determining R'. In each case the dis-
tribution given by (15) has been modified as in the breceding Section B to ac~-
count for the energy spread 6f the neutrons.

In view of Sections V, B and C, and Equation (16)., we should actually
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determinefﬁiﬂfyom: Og = Og' = Op+ oy = TR )2. The value of ¢ is very
small in the cases of Cu and Pb, but may be comparable with o2 in the case of
Al as shown in the experimental results of Section V-C. These facts are consis-
tent with the agreement of the»dbtted curves with datum points for .Pb and Cu,
while for Al :the points are closer to the dashed curve c§mputed ffom' s': .

To be qon§ispegp;;qne should subtract from the datum poin£ ordiﬁates.the‘
values of .the difﬁeréntial cross sections for inelastic collisions delivering
detectablé neutrons, estimated in the manner described in Section V-B.. But this
does not significantly alter the positions of the poinfs except at very wide
angles where the datum point accuracy does not warrant such correction. |

A celculation of the angular distribution has also been .made .on,the basis
of the "transparent" model of Fernbach, Serber, and Taylor.(B) This model és—
sumes for nuclear matter an absorption coefficient and an index of refraction.
The radius. of an individual nucleus according to this scheme can be represented
by fOA;zgﬂggIhgpge,case,previously described, based on the total cross- section
measﬁfémeﬁtQIQf;Qbok, McMillan, Peterson and Sewell, the radius of the nucleus
is given by 1.37 Al/3 x 1013 cm when K (the absorption coefficient) is chosen
as 202.x11012'9m°1~andvk1_(the increase of the propagation constent of the neu-
tron wave upon entériné the nucleus) as 3.3 x 1012 cm-1l,

The angular distributions determined with thesevconstants yield the curves
shoanih'Figuré”é. “The theoretical curves are noticeably lower then the‘experi—
mental values in the forward direction, but fit comparatively well at other
angles. The Béssel function obtained from the opaque model on the other hand
fits better in 'the forward direction but not as well at iarger angles. ™~
| Figuré'7‘show5*ﬁhé théorétical~cﬁrve for o,/ oy as a functién of ruclear
radius;‘:fhé experimental points are taken from the attenuation dété'ébtained
from the poor éedmétfy expefimént.

Gurve A is Galculated with the above mentioned constants, Curve B with -

constants that fit this attenuation data better. Neither the angulaf distribu-
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tion nor the total cross sections are very sensitive to changes in the value of
the absorption‘constant whereas the .absorption cross section is a function of

KR onlya Hence a_poor geometry attenuatlon experlment can be used to make & more

.(-

crltlcal determlnatlon of K In thls ‘case K = 3 O X lO12 cm’l Shéws bettef‘égreeé;'

ment with the experimental results. It should be mentioned that with this value
_of X, the value -of ro necessary to give the best fit for the total cross sections
is 1.39 'x 10713 cm,’ |

:In Figﬁre 7'the experimental values have not been corrected for the scattef=,
ing beyond the maximum angle used. The only appreciable,scattering beyond Bp,x
seems to be that for aluminum. Such correction would reduce the ratio G@/(Tt
and bring the experimenfal point closer to the theoreticai curve.
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