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ELASTIC SCATTERING OF 83~Mev NEUTRONS

Roger H. ‘Hildebrand
March -5, 1951

I Introduction

Ama}di’et al:L have measured the‘%ngular distribution of l4~ﬁev,neutrons
r“scattéred_by Pb.nuclei using apparatus with gosd angular definition.' The . S
neutrops, Which‘were produced by the D + Li reaction and detected by méans of |
‘the CuéB(n,2n) Cu62 process, had a DeBroglie wave lengfh_of 7.5 % 10"13 cm>

and were:thus cbnvenient for the investigation of fuclear dif%raction éffects,
The differential cross~section curve had the shapevof a diffraction pattern

‘ ghgwing, besides a very‘stéong»maximﬁm in the forward direction, a éecqndv
émall maximum at about 40°° From thisvcurvé the size of the Fb nucleus was
deduced uSing the formula for diffraction by an opaque spherical obstacle,

It is of iﬁterést to determine whéther.such an opaque-sphere model of the
nuéieﬁsvis applicable.aﬁ higher energies and ﬁhether'the same model can be
~used for light and heavy nuclei, ' ‘

In the present work a relatively high intensity beam of 90 Mev neutrons
from the 184-inch cyélotron was used to explore thé elastic scattering |
patterns of Be; G, A, Cu, Ag éﬁd Pb. The measurementé were exténded to small
enough angles.to inciude a large part of the distfibutién, By méasuring'the
.'rétio of -the scattered neﬁtron flux to the flux incident on the'scattefing.
‘nuclel it was possible to determine the absolute differential‘séattering
- cross sécfiodéo Totai séattering cross sections were obtained by integration
of tﬁe differential crossfseépions ahd also by good“apﬁ'poorvgeometxy
‘attenuation experiments~with Al, Cu and‘Pb° Total colliéion cross sections
oBtained from tﬁe'good geométry'exper%ments were found to agree well with
those obtained by Cook, McMillan, Peterson and Seﬁellz, It is'of interest

to compare the ‘scattering cross sections with the total collision cross sections, -

A\ . A
’

t
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~b=
since this comparison provides a‘test of nuclear models such as the "opaque"
' 3

model and the "transparent® model of Fernbach, Serber and Taylor~,

®

¥Io General Features of the Experiment
The neutrons used in this experiment were formed by strlpplng 4 of
190 Mev deuterons in a one-half 1nch thlck berylllum target placed in the
01rculat1ng deuteron beam of the 184~1nch cyclotron, “The strlpplng processi
may_be descrlbgd as an event in which the proton in the deuteron strikes the

edge of a target'nucleusvand is stripped off while the heutrOn,misses and

“continues on itsquyov This description is appropriate because the_deuteron

is a loosely-bound system, the proton and neutron actually spending most of

i

. their time outside the range of their.mutﬁa; forces, At-l90—Mév the cqlliébn

time of the prbton.with a nuclear particle will be small compared to the
period of relative motion of the neutron énd‘prbtbn within fhe deuteron,

The proton is thus stripped off too fast for any reaction on the neutron -

which continues its flight_with the mpmentum it had at the instant of col=

lison, This momentum is'the sum of the momenta at@ributable to the center
of mass of theideuteron end tﬁa? attributéple to the’mgtion of the neutron
within the deuteron, T@e eﬁergy”distribution"of the” neutrons calculated on
the basis of this theory and corrected for the ené:gy>;p§s!9£ the deuterons '
before stripping is shown in fig;'i curve A, Experimentss made to éhggk —‘:
this_caléulatéd distribution have»agreedeith it ve;y w¢1l"§b9v¢ 80 lev but .
have shown a relatively larger flux at lower ehergigs due to contributions
from other nuclear processes as shown in Fig. 1 curve Agg

TheAscattering éxperiment W&S»ée:formed“in:a narrpwnpeam Qf”neutrons-
defined by'a.circular hole in the 3_meter"#hickvcongre?ewshig}d;né Wa;lq
(See Figure 2). The maximn bean intensity was sbout 10°

cenﬁimeter per.second.and this flux density was eséentially constant radially

.

\

I
neutrons per square
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out to 4 cmfifrom the axis of the beam and then decreased to less than 0,1 per=
cent at 5 cmﬁ | . |
Fpr_the mgasurements Qf_differential scattering cfoss sections'the dis=

' ppsitibn"of scatterer and dgtectof_islshown in‘Eigure,ZA? VSphgrical‘scétu
-ﬁgrgrs were used to simplify_the deﬁermipafiop pf th§-effec?iye”sgatte?ing
: Qegte?»and meahaangle of scattering. -The distaﬁcgv“r“'was increased gs o
Wé; decreased so that the detector Would'not.be in thé,beam and it was ex-
pgrimentaliy established“thatrthe agtivatidn of'the'detecﬁgr at_g given angle
varied inversely as rg-indicating freedom from unrecognized sources of de-
teqtor ggtivation,

~ The relative intensity of incident to scattered neﬁtrons was measured
by placing the'detectorvin the ﬁositionmof the scafterer,

» .qu_yypes of detectipn were emp;oyea in fhg course of the study, Most
of the work was done with carboh detectors employing the (n, 2n}) reaction,
but‘a éoincidence recoil=proton counter was also used, Both receive dis-
cussion“in subéequent section_s° "

The way in which the sensitivity of the'carbOﬂ detectors»varies with

the peutron energy has not been measured but a theoretical calculation‘has

been made by Heckrotte and Wblffé and is shown in Figo 1 curve B, Meagureﬁ
ments ﬁf the Clz(n,Z:_x)Cll cross sections averéged over the 45-liev and the
'90mMev neutrbn energy distributions available from the cyclotron have showﬁ
tbemlto‘be ébproximatelj the same! Hence the peak in the theoretical curve
"B is probably too 1a?ge witﬁ respeét to the higher energy part of the curve
whereas'the arbitrany cﬁrve B? whiéh has ﬁhé same shape as Bwt§ the }eft;pf
“the peak exgept for a scale factor,pis‘prObably too low in the 40_Mev fegigno
The neutron eherg& distribution curve At (see apove) has been multiplied by

curves B and B! to obtain curves C and C' réspectively showing the extent

to which the éxyected energy distribution of the detected neutrons depends |

¥
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since this comparison provides a test of nuclear models such as the "opaque"

model and the "transparent" model of Fernbach, Serber and TaylgrBOF

Ilo Géneral Eeaturegvofbﬁ@g Experiment
| The meutrons used in this experiment were formed by stripping 4 of
190 Mev deuterons in a_one-half inch ﬁhick'pery;lium target placed in the .
ciyculating deuteron beam of thé lSAﬁith éyclotroné j?hé stripping‘pregesg
may be described as an event in which the pioton in the deuterop strikes'tﬁe
edge of a target nugleus“and is stfipped of £ while the neut?Qn.misses aﬁd
confinues on its way. This deécfiption is appropriate begause tﬁe_deuﬁeron
is a loosely-bound sYétem,.the proton and neutron actﬁall& spendigg,mqsp of -

i

theif time outside the range of their mutual forces, At 190-llev the collison

time of the proton with a nuclegf particle will be small compared to the

period of relative motion_of the neutron and préton.within.fhé deqte%opg
The proton is thus stripped off too fast for any'reactioﬁ‘on the neutron
which continues itéfflight with the mpmentum it had at the'instant of-ch=
lison, This momentum ds the sum of the @omenta_atﬁributéble to the center
of méss,of the.deu£eron éﬁd ﬁhap attributéble to the motion of the negtron'
within .tﬁe deuteron, The energy d:".'slt;'ibu.“bio_‘r_l“ of 'bhé‘ff neutrons calculated on
the basis of this theory and cérfected fqr the gnérgy»19§swpflthg\degtg;oné
before stripping is shown in figp 1 curve A, Experi@enﬁ§5 mgdé to chggki_m
this_caléulatéd distribution have agreed with it ve:y.wgll §va§ 80 Mev but
haﬁé_shown a relatively larger flux atilowef energies due to qontributiqns
from other nuclear processes as shown in Fig. 1>¢urve A#o ‘ |

| ,The.scattering experiment was performedyin_a pgr;pvaeamvof_ngutrons
defined by,a.circular hole iﬁ the 3 meter thick congretewshie}Qing wa}lo _

(See Figﬁre 2). The maximum beam intensity was gpqut¥19§ neutrons per square

" centimeter perlsecond.and this' flux density was;eséentialiy constant radially

13
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guﬁltok4 cil, from thelaxis of the beam and the# decréaSed to less than 0.1 per-
cent at 5 cll, .
_‘Fpr‘the meééureméhts ofvdifféfential scattering cross sgctions the_disé
ppsitioﬁmof sgatterer andvdgtégtor“is éhown_in Figure 2A?‘VSpherical’scat~
v?grefs were used to simplify the determinaﬁién Qf the effgcﬁiye sgatte?ing
center and mean angle of scattering., The distance "r" was increased as ©
was decreased so that the detector would not be in thé beam end it was ex-
perimentally es@ablished that the activatidn of the detector at a given angle

.varied inversely as r?

- indicating freedom from unrecognized sources of de-
fector'gctiQatipn, | |

The relative intenéity of incident to scattered neutréns was measured
by placing the detectorvin the positionhof the scatterer,

Two types_of detectipn'were emp}oyeé in thgigpurge'of the study;‘-Most
of the work wés done With CQrbon detectors emplqying the (p? Zn).reaction,
but a coincidence recoil=proton counter was algso used, Bothlreceive dis=
cussion in subsequent sectionsoi |

The way in phiéhvthe sensiti&ity of the cafbon detectors»varies with'
the neutron energy has not been measured but a theoretical_éalculatipn has
been made by.Hecertte and ’u?blffé and 1is shoﬁn iﬁ Fig, 1 curve B, Measure-
ments of the Clz(n,Zg)Cll cross sections avéraged‘ove?'the 45-lev and the
90-Mev neutron energy distributions available from the cyclotron have shown
them to be approximately the same? Hence the peak in the theoretical curve
B is probably too large with respect to the higher energy part of the curve
whereas the erbitrary curve B® which has the same shape as B to the 1ef£mof
the peak except for a scale factor, is‘probably too low in the 4OVM¢v regi9n°
The neutron energy distriﬁutiqn curve A (§ee abpve) @as’beenrmgltiplieduby
curves B and B! to obtain curveé C and C‘.respectivelyVShowigg”the extept‘

to which the expected energy distribution of the detected neutrons depends



“bw S .
pn\ﬁhe_ex@itatipn functionvas's_sumed° ‘The mean detéction energies Qofrem.
sppnding tp‘Q‘énde; are 8l ané 8§‘Mév,  Since‘B_apd»B“.are‘believedrto be
;imiting §urves.the true energy distribﬁtion'of‘detected néutrcns‘ig assumed
%o 1ie between G and C' with a mean enerey of shout 83 Mev, It should be
poip?ed og? however £h§t the meaﬁ grrors-offthg ¢xp§rimental points from

5

which curve A' was drawﬁ‘ were large and thus the true detection function
mgy lie outside the range giveh above,

The activity of the carbon detéctors was compared to the activiﬁy of

- a carbon monitor placed in the béam'between»the target and the scatterer,

’ .

The monitor for the recoil proton detectors was a BFj-slow neutron counter.

placed in a hole in'the-concréte shielding wall (Position B, Figure 2), Its

response in th;s location Was‘prppo:tional to,the high energy neutron flux
incident_upon the shieldingvin tbe region of’col_limation‘o

The measuremenﬂs_ofltétal cross sections apd abSprptién chss sections
were obtained simultaneous1y with the arrangement shown in Figure 30‘ 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,

em, sdbtended by the absorber about_the'detectofo This angle is chosen to

be the same as the maximum'angle at which.differential_Scattgring cross

sections were measured, and it includes essentially all of the ﬁlastiéally

scattered neutrons, The cross section cbtained in this manner is thus

- approximately equal to the . absorption cross section, _A‘fﬁrther diéqusgidn

of this measurement will be found in Sec_;'tion‘III—-B° A good geometry de-

_tector shielded from all but the central portion of the absorber Waé used

to measure the total cross section simi:‘ltaneo_usl;y°
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1T, >Ahalysis and»Descriptioh of thelE#periment\
) | A, Angula: Distribgtion _ |
_19 Analysig, = Negleéting aﬁsofption pf the neutrons ?assing‘through
the scatterer the activation-of a detector of area S placed at angle © and

distance r from the scatterer of'volume-v is given by

2}}’1' . '.-(1-)

‘_ _D(r,é) = IO{NO@\Z) (cf(é} .

\

Rin

where
I0 = incident intensity,
0PV = number of scattering nueclei,
A ' )
o{8) = cross section for spattering inte unit solid sngle
.at 8, : :
§2 = solid angle subterided by the detector, and
= ' :

N = efficiency .of the detector,
If the detector is placed in the neutron beam the activation is

given by

D@ = IDSQ o ) | (2)

Thus from (1) and (2)
() = D(z.0) _Ar® : - (3).
Do Wodl , .

’ _Taking abéorpfioﬁ'aﬁd multipl& scéttering into scoount a'formula>is“
obtained which is the same as (3) multipiied by a constant depending on the
- radius of the scattering sphere and the»totalvand abqrption cross sections.,

| The method employed in findiﬁg the complete exﬁression may‘be-out¥
linedvag folliows., | -

'A_neuiron which is not.absorbe‘ makes an average of (Xué)collisions

in passing thru a sleb of thickness X where g = attenuation.constant for



-

elastic scattering namely Nog. The. probablllty of Just n elastlc GOlllSlonS
is glven by the P01sson distribution (;ngs)n exp(»XuS); If thls is multlplled ;
‘by the probabllity that. the neutron is not absorbed exp(-An,) we obtaln ‘the
probablllty of just n elastic colllslons and no other collls1ons 1n pa851ng
through the sleb i, eoy();% )n‘ekp[:w}ﬁ »N + ua):] j%g&texp (- Rfut) Where

By is the attenuatlon constant for 1nelastlc colllslon and ut 1s the total
vattenuatlonrconstanto VThls.assumes small angles, so thab)( ;s unlquec

To obtain the_probability that an n—times-scattered neutron gees in,_
direction @ we note that the eentralimaximum of the scattering pattern may be
approximated by‘a gaussian distribufionq Beeause transversevmementa com=_wj
prise a "random walk" problem the customary - assumption can be made that
the angular spread after n scatterlngs 1s Jf— times the spread from single
scattering, This implies that the® forward scattered intensity shall be
correspondingly reduced by the factor 1, Thus she flux per unit solid anglee
n :

in direction © of neutrons scatﬁered by a slab of thickness X may be given

by the expression

I(6) =1 ‘SE ( )
) On=l'. [( _ eXP Xut:‘]Lnﬁ‘ O- J}

Then this ﬁype of analysis is applied to the scatterlng by the spheres
used (such as, copper, 2.5 cm d1am°)9 it is found that the coefficient
miltiplying g{8) is only 5 percent of the coeff1c1ent of cr(ﬁ) Hence the
effect of mulzgrle scattering upon the form of the angular d%stribuﬁion from
such a sphere is not Sufficiently.serious te demand attention in freating
-data of the present accuracy, and it is necessany only to correct for The
. effects of absorption and multiple seatterlng in an.lntegral manner, Thus
we,may obtain g(®) from the observed quantity I(©) using a correction factor
which is independent of the angle. '

‘Havihg recognized this} it is found to be convenient to evaluate the"



correctlon by the following type of analys1s In traversing a slab of thick=
ness x a neutron Wlll have a probablllty [l=exp(~yu ] of belng elastlcally
‘snattered end a probablllty exp(=xua) of emerglng Wlthout an 1nelastle
eollision, where Yy is the attenuation constant for an inelastic or aboorblng
collision, olnce Hy =t Hg the produet of these probabllltles is |
| e (i, ) mexp( -ty ) | _

‘ Applying'this to a spherical scﬂtteref of radius a, the expression for

the actlvatzon of the detector at angle & and dletunce r beconmes |
D(r,8) = - oz o(8) 3 ﬁ_ewp =iy ) ~exp(-xug) Jds,

where the integration 1eseerr1ea out over -the cross sectional.area of the
scatterer, “The varieble x is the lengtﬁ of the chord which is used to

'epproximate_the neutron path through the sphere,

Evaluation of the integral, and series expansion results in the eguation: -
; 2

N .
. D(r,8) = Do_%ﬁvcr(@) éKq

~where

= 1= iaw L )*% a2 (1, 24y, i, ”)‘)

r’@aj (ut3+u.t u-'af’*}‘i_l‘tua"“rﬂiua?),}. voo
Sclving fors(©) we have instead of (3)s .

o{8) = D{r,8) Ar® 1 | (4 "

DO NGFV K

!

2, Apparatus and Experimental Frocedurs, = The scatierers used were

2,54 cm diameter spheres of lead and .copper énd a 3.81 cm diamster sphere of
‘ alﬁminum. These were suspended in the beam by fine wires. vThe_siZe of'the
_seatterere Was limited to keep‘the selfcattenuatien fector K from becqming
* less thean 0.75,

The detectors Were sfacks of twelve qyllndrlcal sec+ors ef egarbon
0.32 cm thlck in a copper container (See Figure 4A4), Twe/palrs of such ‘
staeks Were'placed eymmetrically ebout the axis' of the beam'at disﬁanees,

s
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dependiné upon the engles, of 18\@0 125 cm (See Figure 5)s The wall ef_ihe
copper coﬁteiner which faces tﬁe scatterer was made 1 cm thiek to prevent\
activation of the carbor pieces by scattered érotone, Then tﬂis thickness
Was'dOUbled the ectivity was reduced by the fraction which one would expeet
if all the activity were due to neutrons, After a 15 minute'bomberdment at
the maxinun qyclotren beam intensity the cerbon sectors were removed from
the eopper holders and arrangéd to surround a set of four thin-glass walled
couhting tubes (See Figure 4B). |

| The monitors were carbon discs of 4.29 cm dismeter and 0632 cm thick-

14 o

ness, These ﬁere counted with a mica window, bell=-jar type counter, 411

counts were made concurrently; that 13, the detector and monitor activities

were counted over the same time 1nterval el:un.matn.rvT the” neces51ty of cor-

1

rections for"decay;
| In all the experlments described here the basic measurement is the ratio
of the activity of the detector to that of the m.onxtoro Calling this ratio A,
when the scatterlng sphere is in place and the detector at (r 8) (See .
Figure 24); and B, the background ratio When the scatterer is removed eut
the detector is put in the same position;‘and G, the rafio when the detector
is put in fhelprimary beam in ﬁlace of the scatterer, we have:
D(r,8) = (A-B)E o

D0 = 20e

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

of.diffeyeﬁt runs to be coffelated, and D(r,8) and D are the quanbtities to

be\used in eq-(A)ai The value of e is determined before each run by coﬁntipg‘

varbitrany fixed samples with the detectof and monitor counters. The factor

2 in the. second equatlon above is necessary because only one of the copper

/

. holders was placed in the beamo

A typical determlnatlon of A 1nvolved about 2500 net counts from the
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detector in a pefiqd of 15 minutes, This ié about four times fhe_cqppﬁer"backa
ground for the set of foﬁf tubes used and sbout four times thé net,cognt in
determing B, Since the mbnitor was exposed'iﬁ the primary beam it gave a

mucﬁ higher count, The ratio D(rS@)/DD was of the order of 0,00L. -

| The 20 Mev threshold ‘of the Glz(nQZn}Glllreaction made it quité possible
that a part of theAseattered‘flux detected in this experiment was due to in-
eiastically scattered neutrons with energies greater thgn the 20 Mev detection
threshold, For this reason the angular distribufions were also measured using

a reeoil'proton detector with a BF, slow neutron counter as a monitor (See

3
Section II}o The detector Qonsiéted of a 3,8 ca diémeter,lﬁ cm long paraffin
cylinder behindiwhich was placed a set of threelqyliﬁdrical propoftional
chntersveach 5 cm in diameter and 5 cm long which were used in coincidence
{See Figure 6)QVIA copper absorber was pléced bétween the second and third
ccunter;, Its thickness was such that only recoil protons from neutrons with
energies greater than 60 Mev could be de?ecied¢ »

In addition to thé higher.thresholdQIthe recoil proﬁon détector had the
advantage of a somewhat higher dounting :ate so that morg‘angﬁlar distfibuiibn
measurements were made with it, On the other hand this detector wés not.well>
suited to poor geometry abtenuation measurements and the good gécmetxy
attenuation ﬁeasﬂfements made with it using the BFB chamber as é monitor in-
dicated that it was less relisble than the carben detectors for the measure=
- ment of the very small.ratio D(r,%)/bo which is necessatj to obtain absolute

~

cross sections.

B, Attenuation Experiments

1, Analysis. = From the results of the angular distribution measure=

8

’ v
ments one can determine by graphical integration the crogs section.g; for

.scatteriﬁg of detectable neutron flux into a forward cone extending to the

e



widest angle measured 6
s 2n‘ . em . . ' . ' .
O B N N .

This cross éection‘cén also be measured in an attenuation experiment
utilizing the "poor geometry" afrangement'of Figure 7 in which the attenﬁating~
material forms the frustum of height x of a cone whose generating angle isleh%.v

For this arrangément‘the detéctable neutron intensity at the detector

When the attenuator thicknesé is x will be :

CI(x) = Il(x) + 2n‘b{(C?g€I(0;x)dﬁ; ' { ’ (6)
where Il(x) is the flux density of unscattered neutrons at a distance x from
- the base and I(8,x) is ﬁhe'intenSity at x of previously scattered neutrons

- moving in direction & within unit solid angle,

Consider now the éffect of increasing the ﬁhickness of the attenuating

N !

material by an amount dx, The intensity of detectable neutrons at the vertex

of the cone will then be altered by an amount

: m
S dl(x) = °=I'(X)Na%dx = ZnNode tanllI (8,x)d6 .
, .. | A :
Sn
+2nI,(x)Ndx . |tan6g(0)d®
. ém 0 am _ _ . _ R
+2ndx | tan®d® ([g(£)2nsineI(a,x)da, , (7)
0 . Jo

t

. where N is the number ol nuclei per o’ in the attenuator, andg- is the total
cross section of each nucleus, _ ‘ | _ _ B

The physical.meanings of the successive terms on the right-hand side of
this equation are as followss _ S , -
1. Decrease aue.to attenuation in dx of hitherto unscattered neutrons

~ whose flux density is Iy (%)e

2, Decrease due to attenuation in dx of neutrons previously elasticaliy
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+  secattered into the direction of the detector,
‘3, Increase ege to elastlc scattering in dx, 1nto the dlrectlon of the
detector9 of n;therto undev1ated neutrons,
dio Increase due to elastic’ scatterlnﬂ in dx of neutrons previously
‘elastlcally scattered, . The angleﬁ defines the scattering angle necessary
to deflect these incident neutrons into the dlrectlon of the de‘cector’o
\‘The angle an is to be large enough to include essentlally all the
elastically scattered flux 1n01dent upon dx, -
) Slncecy(ﬁ) and I(Q) are both strongly peaked at €=0 the inteérale in (7)/
are'ﬁotvgreatly affected by replacing tan 6 hj sin 6, (In the worst CQSe the
‘difference is only 2.5 percent), Aiso for the same reason it can be shown
. that the anglef moy be replaced by € with an error sufficiently smail to be
allowable in this,experimentn These two approximations'are9 in fect, partially
‘ 'eompensating in their effects,
“Ih %iew of Equations (6) and (5), these appreximations permit (7) to
be reduced te | | N '
ar(x) = - TENE,-a') dx;
S0 thatian attenuation experiment with this arrangement will measure the dif-

‘ference of cross secti~ns

- The absorptlon cross segtion for the nuelel of the attenuatlng material
is related to (8) by
(T” "‘U"_'E 0”““107'1 29 » ' ] . - \(9)
where 0“1 agcounts for elastic scattering into angles greater "then & '9 'ando‘zl
is the cross sectlon for inelastic scatterlng of neutrons 1nto angles less

“than 8 w1th sufflelent energy to be detected

Sdbtractlop.of the measured quantity &T%ucgﬁ) from the measured value

\
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of o} yields an evaluation of o'
Tt =y, - (g - s o .
which may be compared for experimental cons1stancy w1th that obtalned by Eq (5)
If as is shown in Sectiop V the quantltlescr and O are small, then o-' is

1 2 '
approximately equal to the elastic scattering cross section 0§>= e -0,

2 Apparatue and experimental Procedure The arrangement for the
\attenuatlon experlment Just dlscussed is shown 1n Flg, 3° -

The angle 6 was 27° for dural and copper, and 210 for lead The maximum
attenuator thlcknesses were as follows- dural;and copper,‘31x 5,08 cm‘discs;
 lead, six 2.54 cm d:Lscsn In every case a 4 cm'leed shield was put just ahead
of the poor geometry detector to avoid activation of the carbon by re0011
protons from the attenuatlng materlal° The uniformity of the 1n01dent beam ’
was checked 1n a prellmlnary experlment by puttlng carbon detectors at varlous
p01nts on the base of the absorblng cone° This wes also checked by’verlfylng
that a single dlsc at the base of the cone gave the seme attenuation asga disc
of the same thickness oear the vertex, Absorptlon and total cross sections

for. alumlnum were obtained from the dural measurements maklng allowance for

the other metals in the alloyo

IV. RESULTS
‘The results are summarized‘in Tables 1, II ano 111 and. in FigoreSUS and 9,
Taole I, Total cross sections and the cross sections o' (See Section III Bl)
“in unlts of 10"240m o =&he third row of.the Table givee scattering cross
sections obtained from the totqi and absorption cross, sections using qu_(lO)o
The last 'Tow gives the scettering cross section obtained by integration of

‘

the differential cross sections as in Eq. (5).
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Table I

Element : ' : Al - - Cu' Pb

Total cross sectioné - -j o A
Cook et al® 1,12 + 0,02 2,22 * 0,04 4,53 * 0,09
This measurement 1.14 *+ 0,03 2,15 + 0,04 bolT * O 11

O.! By attenuation 0,65 + 0,04 1,32 + 0,03. 2,64 + 0,08
By dintegration 0,71 * 0,04 1,37 * 0,07 2,79 ¥ 0,14
Meximum engle 8 = = 27° - 27° - 21°

. Table II. Carbon Detector Measurements 6f differential cross sections in units
- of 10=24cm? pér steradian, The'errors shown apply to the relative magnitudes
and do not include a possible 3 percent error in assigning absolute magnitudes,

[

f

Table 11

Angle in 4
=  Degrees C ALl Cu Pb
21/2 5.0 * 0,4 13,8 + 0,9 59. . * 4o
3 ' 14.8 * 1.2 5L+ 6,
4 Lo6lr 0,18 o2 + 0,7 53, * 5,
5  4.36F 0,23 10,3 *+ 0,3 3be * 7,
6 4o3 * 0,3 10,6 * 0,3 25,6 * 1,0.
7 1/2 3.30% 0,15 7e34% 0,22 11.3 + 1.1
10 - 2,24 0,15 Lo 66+ 0,07 4Le3 * 0,6
12 1/2 1.54*% 0,13 2,61+ 0,05 - 2.1 7 0,3
-15 1,08+ 0,04 1,30+ 0,02 - 1o 46% 0,14
' 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 '




" Table III Bbcoil\protbn detector measurements of differential cross sections in units. - of 10“24'cm2

per-steradiaﬂo The érrdrs shown apply to the relgfive magnitudes anc do not include a possible
5 percent error in aséigning absolute magﬁitudeéf |
Dggi:egn Be | Cc AL - Cu oAge Pb
2. 47 x| 153 £13 280 £3. |55, 4.
3 4o8 * 0.3 | 12.9+08 |22 +19 55,0 * 2,1
41/2 | | B VS Wi B TN
 6 0.86 + 0,04 1.35 # 0,08 | 3,90 + 0,13 | 11,1 * 0,3 18.2 * 0.9 ’3:0.,3 + 0.8
8 | | 0 3.39 %017 soé HPL L - ) 16,7 * 0.8
10 0,700 :\ o;oéé 0.99 ":: 0,06 | .34 * 9,08 | 5930_{ 0,23 | 5,7 +.0.4 563 _«:, {3,5'
1 | o L2 $0.20 | L5 ros || 33 108
15 10,369 + 0,016 | 0,505 + 0,022 | 0,91 * 0,05 1,07 +0,08 | 0,79 * 0,07 ’1';36, + 0,18] .
18 ‘_ 0.47 * 0,13 0.17 * 0.23 0.67 + 0.06/"
22 1/2 | 0,105 + 0,008 | 0,142 * 0,012 | 0,191 + 0,20 | 0.3 + 0,05 0,40 * 0,06 | 0,44 * 0,13
/} 30 ik 0,033 o,bgo 0,04 + 0,04 | 0.10 + 0,05. 0,22 + 0.13]
45 0,004 + 0,010 | 0,01 * 0,02 | 0.06 % 0.03| 0,02 % 0,05
60 I | 0,03 * 0,03
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V. SOURCES OF EREOR
&, Angular Reselution ,
Because of the finite size.of the gcaé&erer and detector a_measﬁrement“
' msde at a glven nominal angle actually cbrrespénds to detection over a fairiy

wide range of angles as is‘shownfip Figure lq; ‘A detéiled analysis»hés

shown that the errors of the angles and cross sections due to”this effgct

are negligible considering the accuracy of the'experi@entoﬂ This effect alqne
would not prévent‘the depection of_a minimm of fhé ﬁyps theoretically pre=

dicted for diffraction by an opaque nucleus but the wide spread in energy of

the detected neutrons Wouid prevent the detection of such a minimum,
| Be Detectioh of Inelastically Scattered Néutrons

The cohtributién of inelastic scattering in the energy range between
the thfesholds of the carbon and recoil proton detectors (éO and éOmMev ’
respectively=cf, section III A 2).is nét large enough to be.apparent in com=

paring the results of the two methods, (See Fig, 8)
| An estimate of the inela;tic conéributioﬁ.can? however,'be cbtained
from the measurements of Hadley and Yorkgbon the_difﬁereﬁtéalmqrpﬁg sections
of several elements for production of high energy.sggopdgrymprbﬁqns_byMQO
Mev neutrons, At'thesevenergies the incident neutron»wave_length is\sufa
 ficiently small to allow the effects of neutr;n=nuclegnqu}li§ions to be‘
6bserved, wvhere the collision event iﬂvolves primarily only the incident
neutron aﬁd a neutron or proton of a target nucleus, By thiémprpgess“pggleons
ma& be knocked out of nuclei with energies and angular distributions porrew'
épéndingvto those of n-p or nrn coilision$ inuwhidh ﬁ@gﬂpgrggﬁvppq}ggnuw
possesses an initial.moﬁehtum.chafacteristic of the motions of pérficlés
in nucieia B |

Hadley and York have measured differenti;l'crgss“gections for such

emission of protons of over 20 Mev energy from C, Cu, and Pb, We shall

\ ~
‘
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aSsume}that”the neutrons eﬁerging froﬁ n«b qqllisioﬁs_within the'nucléus are
described by thé same differential_croés_sectipn’as thése protdnse

There Wiil also be_a cqgtribution‘of higﬁ—enérgy“neutrqns due to n=n
collisions, We assumé that thesevevents_afe gimilar to pép_qollisipns with .
vreépect to crosﬁ section and angular'distribgtiony Re@ent expg;imehts %nf
dicate that even'at these energies the p-p-cplliéi@ns yield spheriQal'symmgt:y

9,10,11,12

" in the center-of-mass system, and that the collision cross sections

at these energiles is foughly_oneeha;f the n-p collisionbdross section,?s13

Using the;é assumptions, and taking account of the relative numbers of

2

target nuclei for delivering detectable neutrons by these “knockwon“ pro=

neutrons to protons in the nucleus in question, cross sections g7 of the

cesses into the angular renge detected have been calculated and arebshown in
Table IV, |
DeJufen end Knablel4 have measuredltotal cross_secﬁions énd the cross
sections_for'scattering of detecteble flux into angles 1ess t@an_@ﬁ usipg\”
the same gbsorbers as those éescribed in this paper., In place of carbon de-
tectors théy used'bismuth_fission chambers for which the neutrqn“cougtihg_"
threshold is &bout 50 Mev, and the mean detection energy for these ngﬁtréps.;
is about 95 Mev, Because of the}ﬂigher thrgshold of t@isuégteptpr”it i$ to
be expected that thé cross secfions _q;f ?sumeasured:Qy Dejuren”andengplg o
1nc;ude smailer contributigns from inélgstic scattering than tbg corresponding
cross sections megsured with carbon‘detectorsf The“ratios_‘céﬂ/;T% and
(‘O;"° oé)Ay%‘from thé'cafbon detector measurements and the_ratio Gé”kT%
from bismuth fission detector measgreméntslgre éhpwn imeabie'IVQN QQﬁw"M
sidefing‘this cqmparison, and_the‘similgriﬁy“ofvthgiangulgr_distripﬁfégng
observed uging propbrtional counters With-the_éOGMeV thrgshol@\witﬂ”those&ul

observed with carbon detectors,'iﬁ appears likely that these croSs;Sections
\ - . §
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for inelastic processes yielding detectable neutrons are not underestimated,

In order to estimate the true'scéttéring cross sectiohs'dg one must add

the effect of the cross section g7 for elastic scattering into wide angles

1
which will be discussed in the next section,

Thus oy = o5’ ~op Yo

Hence the values Ty’ = 05 of Teble IV represent lower limits for or.
'Table IV, Observed scattering cross sections G;“a calculatedjcrpss sections

‘ oz for producing detectable neutrons by inelestic collisions, and comparisons

of ratios of cross sections measured at two energies, (cross sections in
. w2 2y ' |
units of 107%%cn )

i '

Tsble IV

-Al Cu . Pb
Observed scattering cross sections og', 0,71 1,37 2.79
Celculated values of G, 0,07 0,13 0.17
(G' =T3) ¢ o o o o o e e 0.64 1,24 | 2.62
Og"éji; ° o e o ° oL e s e _0062 0.64 0,62
(Q;vl'ac%?)/@‘;‘b..e ° ° °. ° o 0 6 0056 0058 O°59'

03'/gy, méasured with Bi fission counters ' o ‘
CABMew) . . . . . . . . | 058 | 0.0 | 0.60

C, MElastic Scattering into Wide Ang}es

The neutron flux per unit solid angle‘becom§5‘sg small at angles
‘greate? than Gﬁ that measufements of the intensity become very inagcufate.
However, becauée,of the sine faCtor which enters into the calcﬁlatioﬁ of the
scattering cross sectioﬁs (See Equation ﬂ5)) the total fiux in wide angles
may not pe negligible, An indiéation of the order of magnitude of this effect.
'éah be obtained from wide angle.differential~cross section measurements made
with»thé feéoi1~pro£oh detector, (See TableAIIIX On the basis of these

measurements it has been estimated that the ﬁide.angle scattering effect may



-20-.

be of the ordérvof 5,perc¢pt for»Al_but;is less than ?his‘fdf Cu.aﬁd_Eb‘gﬁdA

is thus somewhat smallér thgn‘the'igelastié scatteringbeﬁfecté As can be seen

-from équation (9) the two effecps tgnd‘to_cancel each'qther in thé evélﬁation

of the difference Between cg' and the true'elastic sgatt?ring crosssectiqntféc
It should be néticéd thgt these effects are common to both-methpds of

» measuripg<yé; hencé the attenuation methodnseréeg principa;ly aé grcbeckkgn-

other systematic errors in the differential cross section measurements,

VI, vAnéLysis of Resultsl
A, Deégriptipn of fﬁe Angular Distribution

In the present experiment tﬁe deBroglie &éve-length”of.the_neutrong is
smaller than nuélear dimensions,'and_it ié‘sensible tqlspeak Qf a neutrpym/
colliding within,tﬁe'area-of\croés section presenteﬁ‘bg the nucleus, This
impiies thaﬁ neutrons with rather large values of angular momentﬁm will be
involved‘inénﬁélear collisions,

The quantized values of angulaf momentum Will extend up to pR = Th or
1= kR; ﬁhéré k = 1¢’k==py%,‘énd 1is an angular momentum quantum nuﬁbefo R
is tﬁe,largest value of impact parameter for which observable effects of
collision occur, and it may be defined as the nuclear_radiusé

| Fof 83-lMev neutrons X==é,49 X 10”13¢m, and fbr a heavy nucleus R is

012 '

‘nearly 1 m, Thus values of | will in some cases extend nearly-as high as

20,

Sincélaf fﬁe degree'of ekcitatiqn which such neutrons couldrimbart to
nuclei the nuclear leveis will Be numerous and overlapping, it is to be ex=
ﬁected that\sﬁch collisions would lead to inelastic events or-ébsorption°
Inelastically scattered neutrons or Secondany neutrons from such events are.
-almost éntirelyrof energies below the detection threshold as‘indicated in,

Section V, Thué;itvis pbssiblevas a first‘approximétion to éonceive-of_the‘

~
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vnuéleus,’fbr the pﬁrpoge pf thiskgxperipgﬁt,.as_an ppaqge; spherical‘ob%”
staéle_absorbing aﬁé diffracting the‘neutron wave, |

If a‘descriptidn of the séattering process is :epresented in partiai‘
Wave$,15 énd the expression for the scattered wave obtained by subtracting
the expression for the unperturbed plane wave from that for the wave field
with scattering nucleus presént, the asymptotic result at a laige,diétance'r
from fhelscattefiné cénter, and at angle 6vfrbm the direction'of the incident
beam iss : |

elkr w

. ] . : . l ) ) . .
W atter o 5o (2041 (5 1) By (cose). (11)
: : 2ikr "f=o0 . o . . _
fhen no absorption in the sbatteriﬁg nucleus occurs, SZis a real number

which measures the phase difference between the lﬁh partial wave aﬁd‘the

diverging components of the actual wave field and the cobresponding wave in .

the unperturbed field, But when the scattering nucleus also absorbs neutrons

~

ﬁhe'effect is described by a complex value far&l ,"

6l=§zfiﬂp’
'Where nl then functions as én absorpyion exponeht affecting the magnitude of
the diverging lth wave,

If now tﬁe scattering nucleus is considgred to bé‘é perfectly abéorbing
sphere of »radius R, the value of 772' for -dél&k}f{ will be infinite., Al.so.if
neutrons passing withl>kR afe to be unaffected the value ofwszmdll be zero

- for ]} >kR, |

For this approximate model, then, the scattered wave (11) reduces
£6416:17

eikr l =kr .
(21 +1) P

¥ scatt O e 1
2ikr =0 v

(cos8) (12)

"The'result (12) can be directly obtained by noting that the effect of

the nucleus is to remove from the diverging components of the unperturbed',

’

A
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wave those bartiél waveé-with'valﬁes\of iup to [= kﬁe This rémoval.is
'mathematically described’by superimposing upon'the unpeftﬁrbed wave a sét
éf‘partial.wavés with amplitudes equél to correspoﬁding amplitudes of the -
-unéerturbed Wavé field, with values of | up t61,= kR, and ﬁith each phaée'
shifted by one-ha.f cycle, This supérimposéd set represents the scattered
ﬁeutfbns.and itsiexpreésiéﬂ is just (12),  This is simply ;n aﬁplication of
‘Bsbinet!'s principle from ph;(sical'optics° : ‘

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

©) 1 1=kR 2, -
O)= w—m| . -+ o 2
o ‘ @{2\; ;0 (2+1)E (cos0) o | (13)

For forward scattering, © = 0, (13) yields
a(0°) = LR (R + 1/K)% | ()
RS ‘ . | , _

.It is tqwbe expected that the opaque nucleﬁs model should give a dis=
. tribution of élastically scattered neutrons similar to the Fraunhofer dif-

fractlon pattern for a plane wave diffracted by an opaque c1rcular disk, It

can be shown that. for small angleg expression (13) can be wrltten in the
16, 17
approxlmate form ’
’ o J1(2kR? sin(e/2)) |?
o(8) = ax*(rn)A ' , - (15)
4 kR sin(€/2)

whefé Jl.indicates a'firstworder Bessel.function, and'R"; R + i/k This
is the expression for 1nten51ty in. the Fraunhofer pattern produced by a
disk Qf radius R! diffracting‘ plane Waves-with Xx= 1/k.

‘B;'bEffe?tiof Neutr§n'Energy Spread UponiAngular Distrigution

The énergy depenééncewof the differential cross éeétion ocburs'thrbugh :
| thevquantity k = (1/x) v—*é/h In order to compare the theoretlcal dlst:r':u=

bution (13) Wlth one observed it is necessany to calculate from (13) or (15) -

-
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a predictéd value of g{€) by éyeraging overrtheAenergy spectfum of incident

neutrons G(E) modified by the energy dependence of the deﬁection efficiency

e (E).
Thus
~Emax
o{8,E)G(E)e(E)dE |
v , ,Emin
(o(8) prea =
' ' Emax
h/n G(E)e(E)dE
v Brin

It is not necessary to account fnr any‘chahge in energy of the neutrons
upon. being scattere?, for the lightest nucleus employed is Al, (excluding
~recoil profon detector measurerents) and the scattering is confined to small
;angléé, ' The averaging 1is accoﬁplished by graphical integration using in-
feormation éﬁ the neutron energy spectrum previously ﬁéntiongd,“and some
rapproximafe experimental data, supplemented'by theory, 6,7 on the.

'Clz(n,Zn)Cll cross section and its variation with energy.

\
The functions (13) and (15) are indistinguishable within the limits of

accuracy needed in this comparison, so (15) has been employed, The principal

effect of the averaging process just described is to increase the contribu~-

tion in the vicinity of the first root of the Bessel function above that

- cbtained from a pure.spectrum of 84-lMev neutrons, -

Co ‘Comparison of Observetions with Theory
- By integration of the differential scattering cross section as given

by (13) the elastic scattering cross section is obtained: - v ' C

n 1 1 =k 2~ . '
2n f . (21 + l)Pl (cosB) | sinede (16)
8 4k° éz 0 ' : )

(R + 1/k)? = aR'2, o

1]

Gs

-y . A . ,
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An eiperimentelx§alﬁe for .s w111 by use of (lé),vallow determlnatlon
of’Rf whlch in turn, may be used in (15) to ‘construct angular dlstrlbutlon
curves appropriate to the opague model for comparison with the shapes of the
experlmental dlstrlbutlons°
| This comparlson 1s\shown in Fig° 8o ‘The dashed curves are the resulﬁ
of determining R! from the values of ¢3! dlsplqyed in Table IV; and the
dotted curves result from using (cr' =0’) from determlnlng R'. In each‘eese
the distribution given by (15) has been modified as in the preceding.Section
B to account for the energf spread of the neﬁtronsg ) | ) |

In view of Se_ctioris' V,'.B and C, and Eq, (16), we shpuid actually de-
termine R! from.ag = gg! - 03 +07 = n(Rg)zollThe‘velue of 0] is very small

2

as shown iﬁ the experimental results of Table iII° These facts are coﬁsisfent

in the cases of Cu and Fb, but may be comparsble with g5 in the case of Al

with fhe agreement of fhe dotﬁed"curVes with datﬁm'peints for b and Cu,
while for Al the p01nts are closer to the. dashed curve computed from G’ o
To ‘be con31stent, one should subtract from the datum p01nt ordlnates
the values of the dlfferentlal Ccross seetlons for inelastic collisions de-
11ver1ng detectable neutrons, estlmated in the manner descrlbed in Sectlon

VBB° But thls does not 81gn1f1cantly alter the p031t10ns of the p01nts except

_at veny w1de angles where the datum p01nt accuracy does not warrant sush cor-

rectlon.

A calculetlon of the aﬁgular dlstributlon has also been made on the
basis of the "tranSparent" model of Fernbach, Serber, and Tayloro3 This
model assﬁmes fof nucleer matter. an abeorﬁtien coefficient and an index of
refraction, The radius of an-indiﬁidual nucleus according to this scheme can
be represented by r Ag In the case previously described, based on the
total cross~section measurements of Cook, lMcMillan, Peterson, and Sewell, 2

the‘radius*of‘the nucleus is given by 1,37A# X 10713 cm where K (the absorp-
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tion coefficient) is chosen as 2.2 X 1612 cm‘f1 and kl (the increase of the
propegation constant of the.neutron wave upon entering the nuclens) as7303 X
1612 el | -

The angular dlstrlbutlons determined with these constants yleld the )
curves shown in Fig. 1l. The theoretlcal curves are notlceably lower than the
experimental nalues in the forward dlrectlon,'but fit comparatlyely Well at
other angles° ‘The Bessel function obtained from ‘the opaque model on the othef
hand fits better in the forward dlrectlon but not as well at larger angleso

Figure 12 shows the theoretlcal curve for CF/O“ as a functlon of nuclear
redius, The experlmental p01nts are taken from the attenuatlon data obtained
from the peor geometry experlment

Curve A is calculated with the above mentioned constants, curve B Wlth
constants that flt thls attenuat:on data bettere Nelther the angular dig-
tribution nor the total cross sectlons are very sen31t1ve to changes in the
value of the absorptlon constant Whereas the absorption cross sectlon is a
function of KR only. Hence a poor geometzy attenuatlon experlment can be
usef to make a more crlt;cel determlnatlon_of Kg In thls case K=3, O X 1012
cmm'l shows better agreement“with the exﬁerimental resultso It should be

mentioned that with thls value of K, the value of r necessary to glve the

0
best fit for the total cross sectlons is 1. 39 X lO"l3 cm,

In F:Lgo 12 the experimental values have not been eorrected for the scat-
tering beyond the maximum angle used. The only appreciable scattering beée-

yond €p., seems to be that for aluminum, Such correction would reduce the

, ratio cg/c% and bring the experimental point closer to the theoretical curve,
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Neutron Energy Dlstrlbutlon.
Curve A shows the energy distribution of neutrons in the beam

as calculatéd from stripping theory,
Curve A' shows the measured distribution, :
Curves B and B! are the limiting carbon ex01tat10n functions,
Curves C and C' are the corresponding dlstrlbutlons of detected

neutrons. (see gection II) : .
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'Fig. lie Detector‘and detector counting arrangement, -



FIG. 5

SCATTERING SPHERE AND TWO PAIRS OF DETECTORS
ARRANGED AS IN EXPERIMENT.
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Small angle differential cross sections in units of 10" 24 en?
from recoil proton detector measurements, The curves have

the . form of opaque nucleus diffraction patterns, The Pb curve
is adjusted to give the best_fit to.the lead points and the
other curves have the relative ordinates expected on the basis
of the total cross section measurements of Cook et alz, i, e..
the zero degree differential cross sections are-expected to
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i

Angular reSolutlon.b
scatterer (5° at 65 cm and 10° at 34 cm),

dlstrlbutlon showm as dashed Curves,

-

The solid bell-shaped curves -show the
detection distribution for two typical detector positions

in the measurement of the angular distribution from the lead
When these are
multiplied by the dotted curve which has the form of ‘the:
angular distribution for lead we -obtain the effectlve detection
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