oo/l AR5

\

ASTIA FILE COPY

A

r

I s ¥

\k£/<lJLcL/L’ s Z:S/\./

P i

™

;emi hnnual ?e“ort

of" the work of - :

The Bartol Hcs*a"cn Foundation of
- The ““iﬂ«lin Institute

Periormed under. Contract Jionr)

ﬁvhwua“y 1 19ﬁ3--JuD° ?0 195

“_‘(oo

e




ity \

SEMI ANNUAL REPORT

of the Work of the
BARTOL RESEARCH FOUNDATIOR
OF THE FRANKLIN INSTITUTﬁ

(February 1, 1953 == June 30, 1953)

Dsrformed Under Contract Nomr 436(00)
with the
§ OFFICE OF NAVAL RESEARCH



i
1

TABIE OF CONTERTS

I. Inelastic Soattering.

A, Feutrons
B: Gemma rays

II, Total Oress Ssctions; Angulsr Distribution
N of Elastic Soattering; Inelastie Cross
Sections.



TABIE OF CONTERTS

I, Inelastic Scettering.
Ao Feutrons
B. Gemma rays

II, Total) Cross Sections; Angulsr Distridution
of Elastic Soattering; Inelastic Crose
Sections.



PERSORNEL

Physicists: (Partetime or full=time)

Ds W. Kent

Cs. E, Handeville
Fs Ro Hetsgax:
M. A, Rothmen

S Co Snowdon
¥W. D, Whitehead

Techniciang: (Half-tine )

Ro, W, Gunnett

Roport mém;tt-d July 30. 1953

»
~ T AR Pl ] Thawrmmd o d avee
W Mo FRELIAAD VA LART < WL YR,



b

I. IKRELASTIC SCATTERING.

MEASUREIERT OF NEUTRON ENERGIES

In the foregoing semi-annual report; results were
presented concerning neutron scattering from iron. A
survey of various geometries was carried out with the idea
of obtaining one which provided good resolution and at the
same time was relatively simple. Omne of the geometries
which appeared promising was that of the 20-em "paraffin
wedge”. This arrangement 1s depicted in Figure 1. As a
trial scatterer, 8 cylinder of chromium was employed. The
scattered neutrons were detected at an angle of 90° with
the incident neutrons. A background run was taken with no
scatterer present. The accumulated background was sube-
tracted from the data obtalned when the scatterer was pre«
sent. The background deta as well as those with scatterer
present were normalized to take properly into account the
incident neutron flux and the plate-=area scanned. The
resulting spectrum is shown in Figure 2 where it is clear
that three resolved groups of neutrons ars present. The

prape B Jveey

P e 14 - eV A ] e A <
group of greatest energy is the elastieally scattered one.

ex
The two groups of neutrons &t lower energies result from
the inelastic¢c scattering process. They would cérrespond
to formatior of Cr-2 in excited states at~~1.43 and

~J 193 Meve The broken line 1s the energy distribution

of recoll protons corrected for variation with energy of

the nep scattering cross section and acceptance probability.
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FIGURE 2

=0

Energy spectrum of the neutrons scattered
from chromiua.
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The gamma rays from.neutron scattering in chromium and
Thelir relation te the neutron spectrum will be discussed
in a later section of this report.

GAMMA-RAY !'EASUREMENTS

A geomstry for detecting gamma rays excited in the
inelastioc scattering process is given in Figure 3. In
this arrangement, neutrons are produced in the D=-D reaction
at the target of the Van de Graaff statitron snd proceed to
the scattering ring of material about the crvstul of KaI-Tl.
There they are detected, and the pulse-height distribution
is observed in a single channel pulse=height discriminmator.

The procedure adoptéd ms to measure ths backeground in
the scintillation detsctor and then measure the {otal count-
ing rate, background and contribution from the scatterer
included. The background was msasured in esch intexrwval of
two volts, the dunmy scattersr being a graphite ring. Since
the £irst excited level of C12 iz at 4.43 Mev, the carbon
ring contributed no gamma ray uriaing~from any inelastio
soattering effects. It was not oconsidered correot to take
ths msasured counting rate with no socatterer rresent at all
as the background; because the scattering ring deflects
neutrons into the crystal giving rise to capturs zamme rays
and to radioactivity; the 25-minute iodine. Ths high energy
beta=ray spectrum of this radiolsotope contributes materially
4o the background count.

ago
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In Figure 4 is the pulse-hsight distribution of the
gamme 1Eys resulting from the seattering of 3,9 Mev
gamme rays by chromium along with the beckground obtained
with the carbon ring replacing the metallic scatterer.

It should perhaps be remarked that no measurements of any
kind wers commenced until afier the Van de Graaff had been
producing neutrons for more than an hour to bring to ap-
proximate equilibrium the 25-=minute activity. In Pigure 5,
similar curves are presented for graphite and lead,

In Figures 6§, 7;, 8;, and 9 are pulse=height distribu-
tions with background subtrected of gamme rays emitted in
the inslastic scattering process by :lron; bismuth, chromium,
and lead, The energles and relative intensities of the
gamma rays are summarised in Table I.

TABIE I.
Element Cemma Rays (Energies, Mev) Relative Intensities
. . R, S =
iron 0,85 : 680
2,15 260
bismuth 0,990 540
1.63 1000
2.5% 6C0
load C.84 400
1.55 | 650
2,66 450
ochromium 1045 ® ® @
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The relative intensities of the gamma rays are psr atom

of element present per unit of meutron flux. Thus; the
intensities can bs compared among themeelves; irrespective
of element. For example, the ratio of ths intensity of the
2.66 Mev gamma ray of lead to that of the 0,85 lc{r ERmmE
ray of iron is 450:680; if equal numbers of lead and iron
atoms are irr=diated by fast neutrons of energy 3.9-Mev.

In arriving at the relative intensities of Tadbls I, it was
necessaxry to attempt to take into account the attenmuation
of neutrons and gamma rays in the ring scatterers. Seversl
aprroximations are involved; so it is thought that the re-
sults are acourate only to a faocter of 2 ax 3. ‘

The method of analysis of the gamm-ray spectra should
now be considered. In Figure 10 is shown the gamma=-ray
spsctrum of N‘z‘o This ocwrve is readily intexrpretable.

The photoelectric peak of the 2.76 Mev gamma ray i1s rressnt,
followed by esocape pesks at 2.25 Mev and 1,74 Mev whioch are
superposed upon the Compton distribution. The photoelectrie
pesk of the 1,58 Mev radiation also appears and somewhat
lower in energy is the associated Compton edge. The spesctrum
of Fa?4 was observed with the radiomctive source within the
lead scattering ring in the geometry of Figure 3;, outside

the ring; and directly in front of the scintillation-
counting crystal. Ths three spectra 4id not differ materially
among themselves. Thay &ll resembled Figure 10 whisch was
taken with the source of Fa24 in front of the crystal. The
value of this curve in making an analysis is immedimtoly

cho
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reglon of Figura 5. Recsuse of certain experimental ticertainties,
the regloa of lywer energy was not scalyzed in delail for lead.
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evident, For example; the photoelsctric psak and first
escape peak of the 2.66 Mev gamma ray are clearly recognige
able in Figure 9 on comparing them with the photo-psak and
first esocape-peak of the 2,76 Mevy gamme ray of lhz".

Similar comparisons show that a 2.66 Mev gamma ray is sxcited
in bismuth as shown in Figure 7o However;, the high energy
edge of the photo=peak does not drop off rapidly. Instead,
it drops slcm]y; suggesting the presence of gamma radiztion
of highsxr energy. An indication of a photo-peak sppsars at
s 5,26 Mev, The gamma~-ray Spectrum of 1ron; glven in
Figure 6;, exhibits peaks which are conservatively intexr-
preted as two gamma rays hgving respectively energiss of
0,85 Mev and 2,15 Mev, The peak lower in energy and adjacent
to the photo=peak at 2,15 Mev is at rresent interpreted as
an escape psak. Gamma raye of energies greater than 2,15 Mev
are clearly present but are not specifically identified in
energye. The bulk of the gamma radistion of chromium is
evidently concentrated in & gammn ray at 1l.45 ¥ev &s shomn
in FMgure 8. Gamma rays of highexr energy are also present,
The gamma ray of energy l1l.43 Mev is thought to be exmited

in Crsz, and the gamma rays of higher energy are thought to
be emitted from other isotopes of chromium. The relative
isotopie abundance of Cr52 is 82 per cent. Ths gamm rays
of higher energy are thought not to be emitted from Crsz,
bscause the spin values of its energy levels make crosse-

over transitions of energies greater than 1.43 Mev vexry im~
probabls. In Figures 6, 7, and 9, the speotra for iron,

@5@




b:l.snnrbh; and had; it is to be noted that an intensive
gammp xay aprears at 0,5) Mev, This :la;, of course; the
annihilation radistion resulting from pair productiocn by
the hilgh ensrgy gemms rays within the ring scatterers
themse ves,

Returning o the photographic plate spsctrum of
Figure 2, it should bs noted that although the 1l.43 Hev
ganm ray corrasponds yroperly to the energy differences
beatwean the elastic group and the morse energetic inelastie
one, no gammk ray was detectsed corresponding to the snergy
differsnce betwasn the two inelastioc groups. The precise
exrlamation for this discrepancy between the gamme ray and

neutron neasurements may lave either of two forms:

1) The least energetic group of neutrons in the
srectrum of Figure 2 mey result from scattering
of neutrons from the paraffin wedge into the
chromiun scatterer and thence to the photographis
plates. The background run should have been takem
with & oarbton cylinder in place of ths chromium
cy7lindex. Instoad;, the background was simply
collected with the chromium scatterer removed anl

nothing taking its plmce.

2) The gamma-ray spectrum of chromium rises steadily

below 0.7 ¥eve, The counting rste is not immediately

irtorpretable, The pile=up of counts in the region

6=




of low energy may be related to scattered gamme
" radiation having its arigin in various perts of
the Van de Graaff statitron and obscuring the
gought for gamma ray corresponding te the energy
difference between the two inslastic groups of

neutrons,

It i1s hoped that these several diffioculties will be
Teaolved in the near future.
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IZ. TOTAL CROSS SECTIONS; ANGUIAR DISTRIBUTION OF
EIASTIC SCATTERING; INEIASTIC CROSS SECTIONS.

Introuotion

¥easurements of the angular distribution of fast neutrons
scattered from & large mumbexr of elsments have been reported
rreviously by Kikuochi and Aoki et al?, and Amaldi et d..z in
vhich the main features of the distribution could b2 explained
as the diffraction effects due to the soattering of nsutron
waves by spherical particles., Mare recently Remund and Ricano’
have msasured angular distridbutior of 5,7 Mev nsutrons ssattezed
Zrom oardon while Walt and Bmchn‘; using 1,00 Mev neutrons
have reported the angular distxidbutions for a large mumbexr of
elements. Peshback, Porter and Welsskopt®, usirg s modificaticn
of the ocontinuum theory of nuclear motlons; haves Tsproduced
the average features of thé total neutron aross section versus

energy and atomic number as measured by Ba.raohnllso Feshback,

Portsr, and ‘iioisakopt" have also oomputed the angular distxridu-
tions of elsstionlly-scattered neutrons using this same modifioa-
tion of the continuum theory and the general features agres
rather well with the msmmen-‘ta of lalt and Barsclnll‘ Our
measurements on aluminum, iron and lead, using 3.7 Mev mntronl.
weres undertaken with the thought that the angular distribution

in this energy range wonld be of value in view of the present

theoretioal considerations.

srimental

Pigure 1 shows the experimental arrangoment that was used
to measure the angular distribution of neutrons socattered from
=8=
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alumimm; iron and lead., The source of neutrons is a chambexr
of deuterium gas at 0.5 atmosphere and 2.0 em in depth bombarded
with about 10 miorcamperes of 1,0 Mev deuterons which after ress-
ing through the nickel foil and gas have a mean energy of about
0.65 Mev. These neutrons are detscted by a presssure molded
Iucite-zine sulphide button® mounted directly on the face of an
RCA 5819 photomultiplier., The direct beam is cut out by a suite
ably tapered 10 inch long, 1 1/8 inoh dimmeter iron cylinder.
The soatterer was chossn to have ths shape of a ring in oxder to
increase as much as pcesible the mmber of scati red neutrons.
The scattering angle © is varied by moving the soattering rings
ia'&orill:y‘; and by using rings of various sises. For angles
between 52° ana 146° degroos; 8 inch 0.D. rings were used with
& mean source=detector digtgnge R, of 40 cm, For © between

24 degrees and 52 degrees, 6 0.D, 1nop rings were used with R°
equal to 60 cm. For the point at 13°, 4" 0,D. rings were used
with R, equal to 72 om.

In order to discuss the measurements that must be made to
arrive at the differential scattering cross aootion; it is oon-
venient to define several quantities. For & given numbexr of
neutrons emitted by the neutron louroo; let X be the numbexr of
neutrons recorded by the detector with the socatterer and direct
beam attenuator in place. IlLet NB be the number of neutxons de-
tected with the soatterer removed and lat N, be the number of
neutrons recorded with the scatterer and attenator resmoved,

The Ng=Np is the number of soatiered ptutrms recordsd by the

detector that ariginate in the source, and N,-N, is the number

9o




b o it W

——

of neutrons direct from the source that are recorded by the
detector. Let the scattering ratio be defined as

= (NS-BB)/(RDcNB).

Appendix I then shows that the scattering ratio S is related
to the apparent differential scattering cross secticn o (@)
through the relation

- [x(elmco)] .[no"’/afajj o0 (8)A(8, )E(E, InVR(0, Jexp(-gmd) (1)

where I(&) is the mumber of neutrons emitted from the source
por steradian per unit monitar flux, A(Sz) is the angular
aonaitivity of the neutron detector normmlised to unity at sexo
a.nglo; E(En) is the energy sensitivity of the neutron detector
normalised to unity for the energy of the direct beam, nV is
the mumber of socattering rmoloi;d‘ is the total soattering cross
sect:l.on; and F(&, ) ia an attenuation factor which is defined
more fully in Appendix Io

In general, the sotttu'ing ratio ) il made np of a sum
of terus S = 5, + 3, + eto., whers S].‘ s,‘,, sto. refer to the
neutrons scattered into the deteotor by single somttering,
double soattering, stc. Thus;a?‘(@) is simply s measure of
the diﬂerontial scattering oross section, assuming that all
neutrons are singly scattered, 8ince 0-( ©) becomes sxmctly

~
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J(E&) ir s is replaced by Sy In order to sepmrats the com-
ponents S, 82;’ eto.;, on® measures the scattering matio S for
a8 fixed angle & as a function of the axial thickness of the
ring scatterer d. The valuu of (&) at @ = 0 is then the
average differential scattering cross ssotion for all aontfmd
neutrons (elmstic and inelsstio) weighted mcoording to ths .
energy sensitivity of the deteotor E(En)o In the ideal casy,
if the energy sensitivity ocurve adsquately discriminates agains+t
the inelastically scattered nsu'n'om; the above value of 0(O)
for 4 = 0 becomes the differential cross section for elastio
scattering §( &),

In order to masure G( ©) it is neccssary to consider the
Tollowing factors.

1. Energy resolution of incident nentrons. The mean

erdYzy of the neutrons Mcident on the scatterer varies betwsen
3.TO Mev and 3.74 Mev depending on the angle 610 The energy
spread in the beam due to target thickness and voltage stability
¢f the generator is about 200 Kev,

2. Yeutron fluvx monitar. A proportional counter filled

with one atmosphere of butane was placed very close to the
target chambexr at 90 degrees with respect to ths souToe=
detector axis. The discriminator was set to reject those
neutrons that were produced from the cn(dsn) resotion in

the vioinity of the magnet box., Actually, some difficulty was
experienced in obtaining & constant direct beam nentron count
per unit monitor count after the target chambexr was just filled

=1]le
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with deuterium. The pattern of ohnnge; howavnr;. was similsr
in each case and ssemed to indicate that some of the deuterium
g8 mas absorbed into the wmalls of the chamber. After adbout
an hour or two a ratio was obtainsed that was constant to

2 5 per oent.

3o Moasurement of S. In generwrl, the direct beam count

was about 15-100 times the scattered beam oount and the atten-
uated direct beam count varied from 40 per cent to 90 per cant
of the scattersd beam oount; each depending on the sise and \
poesition of the scetterer,

4. Spacisl distribution of neutron scurce. The K, = N
count exhibited within & few perxr cent ar invarse square variation
with distance from the target chamber.

5o Angular veriation of the neutron flux from ths D<D

reaction. I(8,)/I1(0). This quantity was ccmputed from the
dnta published by Hunter and Riohards®.

6., Measurement of nV. the numbear ¢f szcattering nuolei.

BEach soatterer was weighed on a suitable balance to about one

psr ocent acoursoy.

7. Angular variation in sensitivity of the neutron
dotector. A(@z)o This quantity varied by about 25 per cent
over the xange of@2 used in this experiment. The wvalus of

“92) was measursd to within about 5 pex cent by rotating the

=12=
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detector about an axis through the deteoctor perpendioular
to the source~detector axis.

8. Measuremsnt of the total oross seotion . This
mas measured by using 1 1/8 inch diametu', 1 inoh long
cylinders of alumimm; iren and lead. The crosa seotions
obtained for E & 3.7 Mev were o (Al) = 2,55 bll‘nl;
f(Fe) = 3,51 bnm; and §(Pb) = 7.60 barns each in agrse->
ment with the values obtained by Nmson and Ihrdmm Tho
aoattoringc-in ooa:rcoticna were 0.7‘5s 204, and 4.3 per cent,

respsotively, for ng Fe and Fb, and were cbtained frcm our

measurements of the differential cross seotion.

9. The attenuation faotor, 'P. This factor wvarisd from

unity by as much as 14 per oent depending on the sise and
shape of the scatterer. This quantity is disocussed driefly
in Appendix I and a graph of its variation is given in

Pig. 2.

10, Geometyical Messurements. MNeasurements of distanoce

wers omrried out to about + 1 millimeter. The oonsequent
caloulation of mnn angles is thus acourate to about one

par aent. Howewer henounuse of tha finite atea of tha Ae-

- —— ---r - - v asw @ Emisa Y g o asw

tector (1 ineh d:hmatcr,, 5/8 inch height) and the finite
sise of the soatterers, the detected neutrons are reoeived
over & range of angles of about + 10 degreea in the worst

case near ® = 90 degrees.

1%




cquwwizede oy} UT peen sFULI JOUUTY] OUF JOJ UMOYUS
q0uU 8] 4 2030%; OUL °®O 00°C PUT ‘WO Y°Z ‘WO GT°C = P WO 4G°Z pue WO 4G°Z ‘WO 4Gz = q
ipeeT PUS UOIT ‘amUMTe J0J OJe SUOTSURWTD SYl °I8I933ede oyl JO N0 Weeq [pOI033wds
oY% JO UOTJENUS3IT U3 SSWTY JOI9)3E08 03 OUT Wweq JONITP 9U3 JO UOTIENMUSIIE SYY SOJInETeWw
AtreTaucsse (pud ~)dxe g °I xypueddy up peupyep 81 £3Tuwndb STyl 4 X019eF UOTIWURYY “Z OanITd

soeoxBop <p

06T 0ct 06 Q9 0€ O,.
I I ] : j 6°0

l- =
i
-—=s]
pi
=

e°1




11, YVariation of the sensitivity of the detector with

neutron energy. This was messured by comparing our measure-
ment of the angular distribution of neutrons from the DD
reaction with thore of Hunter and Richards®, the discrepanay
being ascribed to a non-uniform effioienoy in owxr detsotor.

As may be sven in Pige 5, the sensitivity only drops off
slowly with decreasing neutron enu-g; deoreasing by 40

per oent in 1 Mev., Since it is deaireq to disariminate
against neutrons that have lost more than 200 xov; this oon-
stitutes a seriocus objection to the use of the lucite-sinc
sulphide detector in this experiment. Hmnr; '4if the in-
elastically scattered neutzons are more unifaraly diztributed
in angle than the elastiocally soattered nwutrons; thenn the
genexral ruMa of the differential cross section for e¢lastic
scattering will still be evident. In any case the value ob~ .
tained for G ( ©) must be such that the total ~ross seotion
gotten by integratingd (& ) is less than ths msasured total
ocross seotion. That this is the oase will be shown later.

12, Sensitivity of ocounter to gamma Yuys. Heutron
deteotor must not ocount the ganme rays resulting from the
inslastic scattering of neutrons., An ampoule coutaining
0.1 milligram of radium was placed direoctly on the Iucite-~

sinc sulphide detector and gave a negligible counting rate
(less than 1 count in 100 seconds).
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13. Higher order scattering. Appendix II gives an

account of the wethod used in this experiment to allow forxr
double scattering. Essentially it involves placing én upper
and lower bound on the possible valuss of § (O ) for an ob-
served sequence of values o£3( &) as a funotion of the axial
thickness of the ring. The first oaloulation estimmtes the
nature of the variation of G (©) with d/a under the au\mption
of isotropio scattering. This is given by Eq. (15) whieh,
alfter comraring with Pig. 4;, is sesn to reduce to the prace
tical formulas

- — -l
5(e) =T (0) - 282 F () (2)

where & ( @) is the 1ntmopt et 4/a = 0 of the linear
portion of the curve anmd 6‘ (8) is the slope of ths G(6)

versus d/a curve in the linear portion.

The second oaloulation states that if the sngular dis-
tribution is peaked strongly forward, then one expects that
the double scattering contribution will cause 3 (&) to be
a linsar function of 4 or 4/a. In this case Fe( ©) 1s the
true differential scattering oross section. Both of theze
axtrapclations are presented on. the graphs.

If triple soattering is present; than G- (® ) should be
a quadratic function of & oxr 4/8 for ths omse in which there
is a strong forwmxrd peaking of the scattering. FPigure 5 for

elSw
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FIGURE 5.

Apparent. differential croes section of iron versus thickness of
ring ecatterer for three different scattering angles. The thick-
ness is measured relative to a quantity a, which we have taken to
be oqual to the radial width of the ring in order to establish

8 correspondence between the ring scatterer and the right circulay
cylinder scatierer.
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the oase of iron ahow: som indication of the presence of
triple scattering, however, the experimental unscertainty is
too large to consider this definite. Ne attempt was mmde to
ramove the triple soattering contributions.

A typiocal run of data was mmde as follows: (1) direct
bsams (2} atternated beam; (3) scattered bsam from one of
the rings for all values of the soattering angles (4)
attenuated beamy (5) dirsct besm., If the two values of the
direct beam determinztion differed by more than 10 per cent,
the data were disocarded.

DATA

Figures 6; 7; and 8 show the experimental points of the
apparent differential cross section far 5.7 Mev neutrons
inocident on almnimm; :lron, and lead as caloulated from
Eqo (1). Only & limited mumber of sngles were chosen in
order to determine the effecta of higher crder scattering.
Pigure 5 shows the variation of O (©) as & function of the
ring thickness for the ocase of iron, In the same mnner;
sinilar ocurves wers odtmined for lead and aluminum. The
erixepolations both for isotropie auttcring ard forwxd
peaked soattering are shomn in Pigures 6, 7, and 8 where a
ocarve i1s drawn through the points thought to be the appropriate
differentisl cxoss sootian;c'( ©) for esch caze., The total
moa seotions oorresponding to 0"( ©) have been caloulated
and are presented together with ths meazured total cross seoction
in Table I. It will be noted that the integrated differential

=16
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FIGURE 7., Angular distribution of 3,7 Hev nesutrons scattersd
from iron. Other remarks in ocaption of Fig. 6 apply
here also.
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E; FPIGURE 8, Angular distribution of 3.7 Mev neutrons scattered
§ irom lgado Other remarks in saption of Fig. 6 apprly
L sxre also. |
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TABIE I,

lzmsnt
E i ﬁ“t’:otal (measured)
| _inbamne . Ifs(eNda )
Nereaon and |- (@) © 'y

This Expt. Dardsn (barns) 1
Aluminun 2,55 2.50 1.73 0.82
Iron 3.51 3,55 2.94 0.57
Lead 7.60 7.70 5.17 2.43

e

Total cross sactiona. Ths valuea of j@" (é}})dfl% subjeot to
the ressrvations in thae text is ths total elasztic cross seotion.
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eross sections in euch caose is less than the mszsured total
croas section, The total inelastlo oross section cannot bve
obtainsed as the difference betwssn ths two former oxoszs
seoctions sinoe the measurement of the difleorential cross
seoction did not discriminmate adequately against ths inelas-
tically somttered neutrons. Howcvor; this subtraction can

be caxried out approximtely if one accepts the following
rather cxudes estimate of the inelastic contribution to

O (€): There are seven levels in sluminum thet oan te
exoited by 3.7 Hev neutronstl, I we assume that the maximum
total inelastic oross section is about 50 per oceant of the total
oxoss aeotz‘en', and that the seven levsls in sluminum are squally
cxoitcd;, then the inelastic neutrons contribute less then 15
psr cent to the total oross seotions corresponding to0 G (&),
Similar arguments using the known levels in iron and lesad show
that the inelastic comtribution in these elsments is less than
20 pesr asnt,

<17«




APPENDIX I, SCATTERIRG OF NEUTRONS THROUGH RING SCATTERER BY
SINGIE SCATTERING.

In general, the scattering rationis mmde up of a sum of
terms S = 5 + S, + seco0oeo Where 5y, S,, eto. refer te ‘!:ho
neutrons soattered inte the detector by single soattering,
double scattring, etc. For the single somtlering cese
(IMigs. 1 and 9a) we have

i

v

The geometry is such that only small serroxs will be
introduced if Eq., (3) is replmced by

N Jr2m 2p 2)
. [1( 1)/1(0)] [n. /Rle]oCi‘(e)nl(@z)E(En)n(ez)oxp(ea”nd)

whare

P= v”f:xp an'n(rl + rzad):g av
A 4

ard the mean anglea and distances are nszd Toxr €y, 6p; Bgs Ry
and Rzo For & fixed sise of ring scatierer, the quantity F is
& funotion of 8; amd &, However, since 6, only varies from

=18

I 250 2, 2
SI-AI(SI)/I(O)] o[Ro /Rl R, ] e 3(€)n axpE»a‘n(r:l + rz)] .A(@z)E(En)dv (3)

(4)

(5]
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FIGURE 9,

IETAIL OF SCATTERING GEOMETRY: (a) single

scattering;

(b) double scattering.




about 5° to 150; little erroxr and much simplification iz
introduced by computing F for ﬁl = 0, For the rectangular
cross ssotion of our soatterer, the integral P may be evalumted
in ternms of e¢lementary functions, The re3zults are dispiayed

in Figure 2.

If only single soettsring were pu:esom:; the quantity 81
could be replaced by the measured data € and the differential
crons section S°( 6 ) could be ealoulatsd, In any oasse the
reduction of ths data is facilitated by defining en effeciive
single scattering differential cross sesction O°( & ) such that

= 2~ &
S [I(el)/x(o)] 'anzmlzﬂz i fr(O)nA(ez)E(En)vp( 9, )exp(-6nd)

©19=
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APPERDIX II, SCATTERING OF FEUTRONS THROUGH RING SCATTERER

BY DOUBLE SCATTERING.

Using the quantities defined in Figures 1 and 9b, the

double scattering ratio is seen to be

’r
52- / I(el)/I(O):H ° Eioz/RlarmaRzzj.G‘ ( 81)6““11)1:20:3)

N1'2
BRSNS FICRCERIATA

An .analytieal solution of this integxel ssems gquite
inveclved, if not hopell.ujs.9 for the geometry cf the ring
scatterer, In order to get some fesling for the manner in
whiclhi the double scattering varies with the thickness of the
ring, we have chosen to calculate the straight through double
scattering from a right cirsular cylindex assuming isotropiec
scattering (G ( @') = gonstant), In order to simplify this
nase as much as possible, let the neulron benm; incident on
the ciroculsr end of the cylinder; be parallel to the oylindex
zaxis;, and let tha detector sensitivities A(&,) = E(E ) = 1.
Also lot xry + T, be replaced by an approximate mean valus 4,

the thickness of the oylinder. Equation (7) then reduces o

52§E§2n2A6h22}0 ‘xp( cﬁnd)[/rlaws.xp(.o@'nrlz)dvldvz
V1 V2

(7)

(8)
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IT the sxponential function is expanded and the first three
terms retsined, Sz reduces to the following:

Sq -[;6"2!:2:4/1&?22} o oXpl{=0 nd)(X-GndY + -21-&2112&22 ) (9)

where

X = <2a2/a2.1nd/a + 2d%/asin n™la/2a

+ Cos ™M1 + a2/202) + 2a2/a2-04 /404 (10)

1/2
~(1-02/222)., [(1 + a"’/z."’)%;:,]

oD
b 8//{ xd/2a=exp(-xd/28 )Sin h(xd/’zangl(x)sm xoax/xt (11)

Yo

&nd

z = dz/az (12)

The integration of x was fascilitated by the use of a
theoren in veotor anahsiauo The integration of Y oan bs
affectsd by recognising that the intescal corresponds to the
eleotrostatic energy of a uniform volume distribution of

Owals o

=2l=
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IT the single scattsring ratio £, is calculated for the
right circular eylindsr under the same sssumptions, then the

sffective gingls soattering cross sestion is given by

vhexs

6(a/a) = (a/d)(X=0maY + 3 =2n%23 )

and is written only as a function of d/a since it varies but
slowly with ¢’Ae as may be seen in Figure 4, By considering

13)

(14)

the meen curve to apply to all cases of interest the function G

becomes a function of 4/a only.

To apply the caloculations of the right eircular cylinder
%0 the case of the ring aeattgrer; we assume that exoept for
mltiplying angulax funotions, the geometrical variation of
the single and double scattering ratios is given corrsctly a
aftexr associating the radial thickness of the ring sent'temr;
o,, with the radius of the cylinder, a,

Iz:‘.9 instsad nf 1sotropic scattering, one tekes the other
axtreme of an angular distribution pesked strongly in the
formaxd direction; one finds that the single scattering-retio
in the ring scattering varies as 4 exp (- 0nd) whersas the
double soattering ratic varies as 42 exp (=o'md); thus leading

@2
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to a linsar variation of the apparent singie soavtering crose
ssoction with the thickness of the ring.
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