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I . INTRODUCTION 

A major problem associated with the present develop-

ment of nuclear power and tho widespread use of radioisotopes 

is that of providing p:roteetion 1·or human beings against 

grunma radiation. To provide adequate shielding which com-

pletely surrounds a source of intense gMir!la activity is 

usually an expenslvo undertaking, requiring materials which 

a.re very heavy or very bulh.7 or both. 

An alternative to the .tull shield 1a a partial or shad-

ow shield placed between the personnel and the radioactive 

source which will absorb the direct radiation . Such a 

shield type may be employed to advantage 111 nuclear powerod 
• aircraft , nuclear powered ships or submarines , storage tanks 

for spent fuel elements or other appl1cat1ono where limited 

access by personnel obviates tho need for a shield which 

completely surrounds the source or radiation . 

However , the use of a shadow shield to bloek the direct 

radiation leaves the problem or the gamma rays Which are 

scattered around and over the she.do'W shield by the material 

in the surrounding structure. Thus , it beoomes important in 

the design of shielding systerna to bo able to prodict the 

amount or gelllma act1v1ty acattered into a given region by 

the adjacent structure such as e.n aircl"'al't fuselage, a bulk-

head or a storage tank wall . 
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In 1955, Kenneth c. Uey (l}, in bis thesis !'ot- the 

~stor of Seiouco degree, roport()d his study of gamma r yG 

scattered by th1.n•wall d cy11nd1'"icnl ah lls. 'rho objeot ot 
tho etu y treating both gamma rays and neutrons wan to 

establish tho reletlonehip betw en tho soatto:ring in a odel 

of an a1~plano rusel fe and th e tter1nf in a full-scale 

atruoture. A theoretical analysis was made of tho scattering 

in a cylindrical noo etry, tl!ld an o:itperimental study wna 

conducted to verity the thooret1 nl analysis. Althou h th 

findings 1nd1oated similar trends 1n both the tbooretioel 

and exp r!montal work, the results for varioua ree.aons wt:n.,o 

not oonolus1ve. 
The purposo or tho preeent study 1s two old. ~no rtrst 

objoctivo 1s to ro•e7..ad.ne tho thaorot1cal analysis or th& 

scattering problem and ~ the neoeSSJll7 rnod1t1oat1on in 

or-der tc eh.eve o~e uaotul e.~pross1on :or tho seatt ring 

of photons in a oylindrtoal geo et1--.y. 'rho second objeotivo 

1a to conduct nn oxpcr1m.cnt~l study in an attet'lpt to elimi-

nflte th difficulties of' the pr vious investigator d 

thereby obtain a ea s of verifying the theoretical nal1ste. 



II.. SCOPE OF' IMVEST!GATION 

Before elaborating on th present investigation. 1t 1s 

important to define the specif !a problem unde!• study and 

outline the investigation that ha.a previously been m de of 

this subject. 

A point source of isotropic gamma radiation is located 

on the longltudina.l axis 01' a oyl1ndr1oal !iholl. or the 

photons that arrive a.t the shell wall, e. certain pol"tion 

,pass through the wall unaffected, some are completely ab-

sorbed in the wall, and soma are scattered by the wall and 

emorge w! th increased wavelongth in a new d1reot,1on. Tho 

specific problem ia to determine what portion or the photons 

emitted by the point source are scattered by the sholl wall 

into a tinite target located a.loo on the cylinder axis, 

W1th the exception of the thesis by ey, no literature 

was found on the subject of geomet~ie&l eons1dorntions in 

gamma ray scattering 1 thin absorbers. Considerable in-

vestigation has been ma.de of gar.:nna aontt ring 1n inf1n1to 

and aam1•1nf1n1te media . but since such treo.troents are not 

directly a:pplieo.bla to the problem a.t hand, a review or this 

literature is consid rod unnecessary here. 

In Ney• s investigation, a theo.retica.l analysis was t"lade 

or the scattering in the shell wal aa a ru..~etion of source 

strength, scattoring cross sections, shell materials and 

other geometrical parameters. An equation was developed 
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tor finding the activity scattered into a cylindrical target 

repreaenting n detector tube . Uth some simplifying assump-

tions the equation was solved for a variety of wall th1ok• 

n,saes, shell radii and source-to-detector distanoo . Then 

experiments we~e conducted to verify the analytical £1nd1ngs . 
t 

Althou::"'h the experimental results indicated the same trends 

predicted by tho t eor , the etatistiesl uncertainties 1n 

the experim ntal data were so great that the findings were 

oT, conclusive. Ney attributed tho large atntistical devia-

tions to the scattering of gru:1ma rays by the air and wal s 

of the room, wh1oh ma e a large contribution to the counting 

~ates as co pared to tho shell scattered activity . 

The emphasis of the present study 1s focused on (1) 

analyzing tho approach of the pr vious investigator; (2) 

locating the area~, both theoretical and experimental, where 

weaknesses or d1!'fioult1es ex:tstad, and (3) eliminating 

these weo.kneaaea and diff icultiea in order to achieve a use-

ful theo~etical expression for thin- wall gamma scattering 

which can be verified by experiment . 

In the present study, as in tho previous one, the 

rinc1plos of ga ,_a ray 1.ntoractiona with a.tter l'"e npp11od 

to the problem in order to obtain an x ressior1 for the 

activity ecattered into a small cyl1ndr1oal detector by a 

thin•walled shell . The investigation is restricted to pho• 

ton within the energy range ot u few Mev. The scattering 

terial or th ahell wall 1s restricted to materials of 
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low atomic number. 'rhese restriotions con.fin• the problem 

to one primary type oi' interaation, Compton scattering, 

which tor light elements ooM.priees essentiall;r the entire 

absorption eoeff 1cient :ror gamma Fays between 0.5 and 5 Mev. 

After the theoretical $Xpression is s1mplif ied and the 

e1mpl1fy1ng assumptions juat1f 10d, the expression is solved 

by n direct analytical method and also by a graphical 

mothoc . The gruphical method has the advantage of treating 

aevoral nearly•constant terms as variable& wh!oh, in tho 

analytical method , r.sust be treated as constants in ot>der for 

the expression to be anal:;rtica.lly- integrable. 

Finally, t\n expar-1mental study has been conducted to 
verit y the theory, ~:mploying a similar> aourae, detector and 

geornetr.:! cal nrrange.ment. the experiments tu•e essentially the 

same as those conducted by l!e7, although more shells and 

shell parameters are mes.sured . Hero, the d.ifficultiee 

encountered in the previous work are eliminated and , conae· 

qucmtly, the rea~lltant de.ta .aro oonalusive . 
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lII. AUALYSIS 

A. Development of the Theoretical Equation 

1. APJ?lication of Erinc112lea 
The method ot developing the desired theoretical equa-

tion consists of determining the proper scattering expression 

for a small di.fferent1al volume in the shell wa.11. as a rune-

t1on of all the eont~ibuting variabl&s, and then integrating 

this d1ff orent1al OXpress1on through the entire volu.~e or 
the shell to obtain the total activity scattered into the 

target. Illustrated 1n Figure l 1a the ga.rr.rna ray scattering 

geometry. One quaz·tor of the eyl1ndriaa.l shell is shown 

with the source and the oyl1ndr1oal detector located on the 

axis or tho shell. 

The dimensions and angles uaod in the development are 

labeled on the skotch. lhe other terms are defined as 

follows: 

s 

Units 

photons 
second 

cnt1 

Definition 

So\U"'ce strength 

Total absorption co ff 1c1ent 
for ga!l'.m'.ta raya in a.1r. 

Total absorption ooaff 1oient 
tor gamma rays in the shell 
wall .. 
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~k--·---·. --·· --

POINT 
SOURCE~ 

r 

e 

7 

SHELL WALL 

h 

r 



•o 
a 

A. 

tl 

tz 

Units 

electron, sterad!a.n 

electrons 
0:;) 

photons 
seconCl 

Mev 
~ev 

unit lees 

cm 

em 

8 

Def 1n1t1on 

Klein- Nishina ditf erenti 1 
eoll1s1on oro a section. 
The probnb 111.ty or a photon 
being scattered through e.n• 
gle ~ into an element 01" 
solid angle d n. centered 
around/? • 'Where ne is unity. 

Electron density of the 
scattering material . 

Number of gam.ma rays per unit 
time seattered into the 
detector by the shell wall . 

Initial photon energy. 

Photon energy after a Comp• 
·ton scattering reaction. 

_!_ 
ao 

Pathlengtb in the shell vall 
or an incident photon . 

Pathlength in the shell wall 
of an emerging photon. 

The gamma ray flux ;p incident on a unit area at point P 

1n the shell wall 18 equal to S {~/) (e 4>a1'~ (e · 1>w tl) • 

Hel"e s. tho total number of photons per $ocond emitted iso-

tropically from the sou.roe. 1· f1rot multiplied by the proba-

bility of a photon being emitted 1n the direction of a unit 

area at distance r 1 • Thi~ term 1 2 is expressed as th& ra-
4'tr1 

tio of the unit area to the entire surface area of a sphere 

with radius r 1 • The p~oduot 1 then ult1pl1ed in turn by 
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DETE CTOR~ 
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I 

Figure 2. Differential scattering volume in shell wall 
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a distance r 1 - t 1 without be1ng absorbed by the air, nd 

( -µ t ) l e w 1 • the probability of pasain through distano t 1 
in the shell wall without being absorbed or scattered. The 

distana r 1 1s so large compared to t 1 that the term r 1 y 

be used in place or r 1 - t 1 to represent the distance 

traveled in air by photon 1no1dent on P. 

Now, a d1fforent1nl volum dV at P in spherioa.l oo-

ordinate systam 1s chosen with d1m.ensions r 1 ain d '11 , 

r 1d9, and dr1 a shown 1n Figure 2 . The scattering which 

takes place 1n this differential VOlW!le is the product Of 

tho incident flux Pp times the surface area r 1 sin d If , 

r 1 d · , ti es the probability or soatter1ng in passing through 

a distance dr1 .. 

The Compton c ttering process 1 not isotropic, but 

rather ha a strong pre.i."erence for forward , or small- angle 

scatterin • The larger the a le scattered , the more energy 

is given up by the photon in the pro ess, as indicated by 

the relationship. 

/t = a. -
Clo -

[ 1 + (l ... cos/ ) 

where tt0 1s the initial photon energy. a is the f1n l photon 

energy, ;9 is the scattering angle and m0 c2 1s the rest energy 

ot the recoiling eleotron. All nergies are in Mev un1t • 
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The pl"obab1lit.y of a pboton being soa.ttered tht"ougb a 

p~rt1oula!' anc·le ~ 1aa calculated b:r F.loin and rashino. end 

!a ex:prosaed es tt cross section . 81n.ce the probability of 

soa.ttor1ng through an exact angle /8 1s zero. it 1s nooos-

sa~ to apoctr,- a region, o~ eol1d anslo _a. fl:round the 
anglo ~ , tor whleb a finite p:robab111ty er.m be e-presacd . 

Thia accounts tor the difterent1al croaa $ect1on term : :;. 
z 

which ha.a the units o:r ote!~ron per stornd1an or eolid 
angle. 

The rela.tiontship between the dif!"crcnt.ial collision 

cross section and _,/.} ae L'O'lltld by Klein and ?U.$h1na is 

Where r 6 ia the olasa1eo.l electron radius . 

Using tho re.t1o ot 1n1 tial to i·1nal Jlhoton energies A , 

tho a1nl.Plif1oation 1a obtained. 

2 
~ ~ = r ~· ( A - A 2 sm2;9 + ~) • 
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It is seen th.at the total probability of seatterins 

in passing th~ough the distance dr1 is not aufficiontly 

meaningful and, therefore, the probability or scattering 

into a particular solid angle is sought. Thus, 1n a volume 

eleMent at P the number of photons scattered thro h an 

angle)9 per unit titne in the d1rect1on of the detector may 

be exp!" s ed as 

wher dV 1 the differential volume (r1c.HJ) (r1 sin d '/! ) 
(dr1), the term n0 is the number or el otrons per unit volume 

or the oattering material, and ...Q D is the solid angle at P 

ubt nded by the detector . 

The number ot photons thtlt arrive at the detector per 

unit t1m 1a equal to the number scattered in its d1reot1on 

-µ. t 
ult1pl1ed by the respective probabilities, e w 2• of pa s-

. • µ. r 
1ng through distance t 2 in the wall. and e a 2 , ot passing 

through distance rz in the air without being absorb d or 

scattered. 

The final expression for the number ot photons, single-

scatt red into the detector by a unit volume dV 1a 
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or, by expanding, 

dn ;:;il. 
s (e"'"µarl) {e -µ,/1) d er- sin 
~ QA s 41tr1 

..QD n ( e · µwt2) (e•µar2) r 1 d ~l d "' dr1 

To solve for the total activity scatter d from. the entire 

cylinder, the dit .. forential volume ls integrated betwe n tho 

geometrical limits Lor Q, ~ and r 1 s fo lows: 

na = f JI~ e 
"'iJ-a (rl + r2) 

e 
- µ.w(tl + t2) 

rl 'f 

sin e(~~) fi n ne d& d 'J> dr1 

This resultant equation is conoiderod generally applicable 

to tho roblem of single ... soattered gamna ray within thin-

walled cvl1ndr1ca1 &hells . 

2 . Sin·· liticat1ons and assumutions . . , ...,._. 

• 1or a. particular application the expression obtain d 1n 

the pr vioua sectio is rath r •nwieldy, nnd any simplifien-

tio .. 1 h1ch can b mad for certain limited ranges of 



acnttering geometries w111 facilitate th evaluation of the 

integral. 

If the attering terial is homogeneous, the electron 

den ity ne is constant. If the source is fairly oonstant 

or if its halt-life 1a lons with reapoct to the period under 

tudy, as ls that o Cob lt-60, S may be considered a con-

stant. Then this term and the other constant ter may b 

w1thdr wn fro. the integrand to obtain: 

= S n 6 J J [e·µa(~l + r2) - µw(tl + t2) 
ns e 

'4-"it 
~l 4-' 

sin ~ .{). D d d ip dr1 

Mention d brie ly here arc the treatments given to the 

saver 1 variable te s by the previous investigator . li'ol-

lowing this is discu sion or the analysis or theso terl1l8 

by th- present investigator with particular emphaai on the 

problems involved in tl• 1r aim.pl if ication. 

The v riable terms 1nelucle: ( 1) Ait~ f\bsorption . The 
... µ (rl + r2) 

non-absorption probability 1n 1r, o , was in-

vestignt d by icy and found to b lo l as than 0. 9935 for 

the maxi um distances involved . Thi calculation is oon-

r1rmed in the present study and the air bsorption oan b 



1$ 

considered negligible. (2) ' all Absorption.. The matter of 

absorption 1n the shell wall was not treated at all . This 

te!' was lot mentioned as a. .factor 1n th.e Ne., study . (3) 

ifferential Cross "ction. Although the diff erontial scat-

tering cross ection ~ ~ is a vru~iablo, tho variation is 

u1te small for la.rge scattering a.nglea ;9 • ~Jey round this 

ter to be .fairly oonstant for aoattering angles greater 
0 

thnn 70 , and since .t'ew seatterine angles smaller than this 
d r occurred in his study, he treated ~ a a constant ror 

the entire range eonoerned and withdraw it from the inte ... 

grand. (4) Solid Angle . Tho solid angle .subt nded by the 

eyl1noP-1eal detector ..0 0 p~esented a part1cula~ly trouble• 

ome problem. A.n attempt wns made to find this by a 

double integration over the area projeoted by tho detector 

tube on the suri'iace ot a. apbere passing through the center 

of the tube . Because the 11.mltc of 1ntograt1on were very 

ha.rd to establish properly , the plane angle subtended by 

the d1a1netor of the tube was considered constant and the 

v rtical plane angle was integrated graphically for all looa-

t1ons or t) in the shell wall . The result was an avernbe 

value for ..n. which was treated as a constant and withdrawn 

trom the integrand . 

The net equat101 of the previous study wns 
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r Th variable dr1 was 1nt&gre.ted botw en the limits .. in ~ 
r+t b and sin~; then d ~ wae 1ntegr,t d otween the constant 

limits 4' = and 'I.I :o:e Z1t giving an e;:.proasion AB a funot1on 

ot only one variable, Q. 

s n nf) t 

2 J 
9 

dQ 
Bin . 

With the limits of 

tho oyllndr1oal oholl, 

oetablished by tho endpoL~ta ot 
• l r . . • l r 

1 = tan ~ and 2 = ton ~ • 
3 l 

this ei":pression ts eao117 aolved b~ direct integration for 

each aoattering goornetry. 

Th pi~~uten·t study 1 conoorned With the problems 1n 

justifying tho above simpl111ea.t1ons rand aomc otbor 8SU."flP"" 

tiona not just1f1ec in the previous atudy., 

a. fall abaorntton. A photon 1no1dent on the w ll in 

tho cU.rect1o l or 'P m y bo absorbed or scattered bei'or roaoh• 

in P; or, 1ter being acnttered at I) towar<'.I the detector, 

it y be absorbed bo!'ore 1t passes out ot.." the wall mater1-

nl. A lir.rtt analysis ts made hero to determine the s1gn1J:1• 

cs.nee of the wnll absorption. The absorption prob bility :ta 

.fou.."ld tor tho .11't!Ut'1l and m1n1MU!l'l extremes encounter d in 

the particular shells o.vailnble ror ~perimental study. T.h 

pathl ngth t 1 or the !noident photon in tho shell wall os.n 

h&VO any VfllU6 .f'rO!'Jl ~$?'0 to ar! g II L1kew1so, the \f ll path 
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length t 2 of the om rg1ng photon aoatter d at P can ve 

values t"ro r.oro to sin t r ' r--or shells 0" finito length 

th .ximum possible value of t 1 t 2 oecurs when th 

souro and detector ar ne$rly co1nc1dont at one extre 

end of t c ahell o.nd the seattor1ng point 1 in the op-

pot.rite ond in the o tor: 1 ost r·1ber of tho 11. In thi 

oaa and r would bo virtUlllly equnl tmd tho tot l path• 

length in tho shell wall wou d he a~n Q or 

r " 

Tbe .x1mum possible pathlength 1 foun ror the most 

extreme sht,ll ave.11 ble 1n this 1nveet1gntion. For tbe 

thickest aholl with the small ct radius and gre to t lo Yth, 

{t - 0 . 250 11 • r = J . 011 • h4 = 16n), the maximtt.'tl pos iblo 

p thlen th is found to bo 6. 89 em. "'h prob bil1ty or non-

absorption in o.luminu for a l . 25- : ev photon ( •t = 
0. 1$0 o ""1) passing this distance !a e• (O. l5°l (6. J9) = 
o. 3$6. 

orcover, ev n 1 th ea e or the 1 at aovore oo Gt~y 

where the photon enters tho . terial perpondicular to the 

surface and , a.tar being soattorcd, ~me~eos abuin perpen• 

diculo.r to 1t, the baorpt1on probability beoomes lQl'gc as P 

approach& the outer ont .fiber or t~o shell wall . H r ,. 

t 1 + t 2 approaohos 2t and the probability or non- bsorption 
tor th thioke t .sh ll (0 .. 635 cm) is e -(o. 1,5o) (2) C . 6J.5) c 

. 826. !t ~at be concluded that non-absorption 
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probabilities on the order of 0. 36 and o. 83 are too far 

from unity to be ignorod . Therefore~ the wall absorption 

term must be 1nelu.ded in the thcoretiea.1 scattering ex-

pression .. 

b .. Seoond-scattored a.cti:vitI.. The basic exp.ress!on 

was developed under tho presumption that all the nhell-

seattered photons arriving at tne deteotor are singly scat-

tered . however, it is 1.ntuitively obvious that the total 

scattered net1vity is the aum o:t• an in!'inito aeries of terms 

representing the oontributions from first scatters, second 

scatters, third scatters, eto. Now, it it can be shown 

that the contribution fl."om second scatters is quite small 

with respect to the aotivity from first scatters alone, the 

third term oan bo shown to have the same rela.tionship to 

the second terM and, oonsoquently; all terms except the one 

representing first scatters may be neglected . 

Since the probability of a first scatter is very small, 

it seems reasonable to expect the probability 01~ a second 

saatte~ to be correspondingly small with respect to the 

first and,. hence, negligible. with respect to tbe first scat-

ter contribution. A limit analysis calculation was made to 

verify thia expectation. It consisted esee~tially of f irat 

oelcot1ng a volume clement at P :tn the shell wall . 'l'h.en 

the act1v1ty scattered into the detector by this element 

was oo.rnps.red with that aoti-v1ty scattered first from P to 

other points on the shell and then scatter~d again into the 
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doteotor . To evaluate the second scatter a. ho.rizontnl b nd 

or 11 th Ah. around tho shell wns selected at a valu o!' 

where the scattering contribution was ncnr x:l.mum.. (The 

loeation ot this region or me.xi~ saatto.ring contribution 

is 1a,..uaoed in Section V. ) The volum element P wo.s se-

lect d within. this horizontal b nd . 

The hypotheois or the limits analysis was ao toll 

I no other horizont l ba.nd eontr1butea more thnn thia 

. • 

" band, th n the tote.l activity, tirst• acatterod !n 

a unit vol at P and ttoond• cattered by all othe:r points 

in the sh 11 into th detector will not e .... ce d the total 

ac ... 1v1ty round by a sumil all ban. a to be s ~orta t 

t 21.s ttmax:tmum.0 band. hon, 1... the s o1 tho aeoond-

sca.tto111ed activitios r o all such ban in the shell w. ll 

i quite smnl COlPA:r d to tho firat- aoattered activity, 

the ac~ond•scntter can be oonaider d n eligible in thi 

l1mit1ng oo..se an"~ , consequently, in all eases. 

Two po. tulatea \f re help:t'ul 1 f1nd1. the e.ot1v1ty 

sc t .... ercd by .P into the ho.rieontal band. "ir t, the n.n le 

or a rtr t - ecatt rs from point P to any point in tho rrow 

horizontal band 1 1 ya equa~ to, o?" gre ter tr1an 0° • 

~ cond, for e ttel"1n,,., angles equ l to , or gre t r t nn 

the diff orentlnl d o-catter1ng oro s section, d .a , re in 

ess nt ..i..ly constant for photona or 1 . 25 • ev. (See Figure 3 } 
Ther·e ore, ·1rat- oatter rrom P .n an horizontal diree• 

ti on tow d t e sh 11 i oquall probable . 
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Tho horizontal plnn& .angle (180°) eubtcnded by tho 

cylinder et po!nt P in tho wall wo.a d!v1ded into o1.;: equal 

anglofl which intercepted aix ai~cs on the horizontal band. 

~ or eaeh of these ar-os a representative point, r•, was 

elected . Then t ho f lux at p• .rrom firat• acatte!" in the 

volume ele t)nt at l" was calculated f!"om the relationehip: 

d o-a .a. 

where VP is the volu.mo or the clement at r, and n. P, is the 

solid angle subtended at J' by a unit nor, l ar at P'. 
The tlux ¢p , was conaiderod to be a .t'air average value 

ror all points in the arc repre~ontod by point p •. Tho .lux 

at the dotoctor '1n• resulting f~0'!1 seoond• aeatter in this 

f.'WC oan be ox.pressed &.a: 

wh re Vp • is the vol e ot tho a.re of the horizontal bend 

rop:renent d by P ", and .a D, 1a the solid angle ubtendod by 

a unit nor·~l area at tho detector. 

The total activity aecond• seattered rrcnn a unit volmn& 

at P into tho detector by the entire horlzcntnl band ia th 

sum or the eonbr1but1ons from its sevex- l arcs. Thi a 

aot1v1ty is multiplied by the number- 01" bands or widtb t1h 
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1n the total shell l ngth h4 to give the total second-

aeatt r contribution at the detector ror photons f 1rst• 

soatt red at P. 
The calculation by this method for the most severe 

shell e:va.11 ble (t = o. 2$0'', r = 3 . 0", hl+ = 16") yielded 

tor the seoond gener tion flux at th detector value ot 

J . 02 x 10- 7 ~ , wh reas the first generation flux was toun 

to be 1 .• $8 x io·S ~p · 
It is a n that the second• oattered eontribut1on is 

less than 2 per cent ot the t1ret- seattered ,contribut1on 

in th 11m1t1ng c e whor~ all r g1ons were considered to 

be as important as the maximum. Thereror , 1t can be con-

cluded that the aeoond- soe.ttered activity, and , consequently, 

all activity from h1gher order scatter is very small com-

pared w1th the first- scattered activity , and , heneo t can be 

neglected . 

c. Ditterential oroes section. In the previous study 

the as umption was -de tbn.t the eattering of photons 1n 

the shell v 11 was 1eotrop1o. This assumption as b sed on 

the Klein- Nishina differential ooll1s1on cross sections !'or 

Cobalt-60 gamma ray , the values for which cross seotiona 

were evidently obt ained from a graph in the liter ature of Ples-

set and Cohen (2) . The previous study proposed that an avar" 

age value of differential collision cros section ~'.: tor 

scattering a ·lea greater than 7o• could be em.ployed as a 

constant in the development or the theoretical expression. 
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Tho reasons w ra that~~ · shows little variation or aco.t-

ter1 o.n0les greator than 7o0 • and Cew $eatter1n~ angle 

smaller tho.n t his oco red in his study. 

neither or tho two qualifying oondit1ons 1a entir 1 

atisfieo. Acoord1np to· Latto,r and Kahn (.)) l< 10 hnvo 

nbulat d precisely ~ valueo of ~~ tor wldo ran.e o~ 

,e.m!'lla on r>gieo 1 the d1fferent1al eross section varioe b • 
-26 tfm2 

two n o.697 10 'e!ectron~' . steradlan 1.'or ~ ;:: iaoo, 
and 1.233 ~ io•26 for /9 = 7o0 • Furthermore, soatt r1 

angloa. as s:n 11 an 41° occur 1n the l:"ange of geometrien 

studied, and tor the ahells or )Ii radius th proportion of 

th s s 11 aoctterine ngl s. b o s quite l·r s,, To 

ourv s a..r inoludod to show how th d1fteront1al soattor1ng 

o~oss section aotually var1~s with the values or ./f en-

countered in the tw·o · xtre:me goo. tries 1nveat1gated. , ig-

ur 4 is 1:or the shel of malle t radius, 3 •, and Figur 

5 is tor th gro test r dius, 6ff. It should b noted that 

t ,e souroe•to•deteetoI distano 1n both etuJes 1& tbe aximu..."11 

po e1hle within the nd 11m1te or the 16n aholl length. For 

any d1stanc h5 lo a than 16" the soa.ttor!ng nngles would b 

greater and tho co:rrosponding values of ~ ~ would b& ll r. 

:rt 1 ee .n that Noy' s or tho vor ge lue or o. 78 x 

io•26 cm2 p .r electron per steradia.n ror ~ ~ 1s a • a tis .... 

t otory si pli!'ication ro:r shell$ of large radii, but intro-

duce a rathor larg source or rror ion pplied to sh lla 
of s 11 r radii. 
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The conclusion of this a.ne.1ys1s is that the tra tment 

ot ~ as a constant is just1f 1ed 1n a limited range of d .n. 
geometries where tho shell radii are large and the source-

to- deteotor d1stanees are small . However , a more exact 

solution or the general problem requires that the dif-

t'erent1al aeattertng ~rose section be treated e.s a variable 

quantity . 

d . Solid anelo . The aolid angle subtended by tho 

deteetor is not easily determined because or the cylindrical 

shap of the G• .! tube . Hey • s approach to this d1!'!'1oulty 

oonsistod of finding the solid angle subtended by the area 

projeoted by the det ator onto a spherioal surtaca which 

passed through the oenter of the top ot tho counting tube . 

The surface was generated by winging an arc of radius r 2 
centered at the volum6 &loment P. 

The solid angle .n. could be round from the double inte-

gration 

..n • 
! 62 

sin r d y d 0 

al t1 

where ~ nd o represent the vertical nd horizontal plane 

angles at P. reepeet1vely, and the subscripts l and 2 signi-

fy the limits of these angles subtended by the detector . 
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Sine ch< 11 1 ta on 't and 6 ar 1nterd p(lntient in 

co pl.1.c tod mnnne1• duo to the cy11ndr1cn ahe.ped counter, 

e.,. simpllf tho ~ reasion no: 

11 = 2 t -1 e. n -r sin "l 

Thi s imp i.i.1os.tion a aumes that the horizontal pl ne 

angl subtended by the dot ctor 1•enmina co .. stant f'or nll 

cs.tt l•in points. his sumption is not valid sine 

2 tan· l !. is the horizontal plan r ngle aubtendod by the 

tector at only one value of b, that 1s, ~here the scatter-

1n point P is .1r ctl onpo it the detector and r 2 1 

equal to r . For all other cattering no1nts, r 2 is ~re ter 

than -r and tho ,J y xprnsa1on wil esult 1n vnluas tor n 
th t are too large. 

When Ney•s inal eLpr ss1on for J'l was substituted into 

the complete seatterin equation th r sult ws.s the extre e-

ly oomplioated integral 

3 n6 t d cr f 2[ 2ta.n-l !. /r2 
] dG n :: - sinY ar sin ~ s 2 .a. r 

1 Y1 
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w'here, al though '( and @ have a on •to-ione correspondence , 

the re ultant function or ~ cannot be integrated analytically. 

To overcome this complication, Ne used an average value foF 

.fl h1oh was obtained by graphical integration between the 

limits imposed by the geometries of tlle available scatter1n. 

shells . The solid angle was d termined tor eaeh of 1xteen 

valu s of h e.nd the arithmetic ean of these sixteen determi• 
-nations was used ..1. Ol:'I' the average solid angle _a • Then n.. 

was removed from the 1nteg and to leave the final acattor1ng 

expreesion: 

f d9 
sfn 9 

• 

The method or using an arithmetic mean for .n. assumes that all 

scattering points are equallf s1gn1f1cant to the overall sca.t-

tered activity. This assumption 1s invalid as show:n in 1g-

ure 6 which illustrates the relative scattering 1mportanc 

ot the various regi ons of the shell . 

Thus, 1t is seen that the previous investigator's ap-

proa h to the problem ot th.e solid angle subtended by the 

dotectoI> was ba.s1¢ally sound , but two ot the simpl1ty1ng a -

SU."ftptions mad were invalid . Th present study 1a cone rned 

with ans of achieving a useful expression for the solid 

angle ter-m without depending on those two aa"'umption • '?he 

oxp~easion u ed here to f 1nd the solid angle 18 
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wher& is th araa the detector projeot · on a plane perpen-

d1eular to the radiu r 2 • 

If it can be shown th t A ia const nt or nearly con-

stant, then the integral /.n. d can be express d a 

A {a. 2 wh1oh oen be integrated en ytic lly. ~he are A ) ;2 
may be repr aented by A = A.4 in ¥ + A cos ¥ wher A 1 

the projeoted rectangular area of the side or all or the 

detector on a plane through 1ta longitudlna.l axis , A is th 

are of the circular 6nd ot the detector, nd ~ ts the angle 

rorm d at the center of the detector by the longitudin l 

axi and th radius ector r 2 • 

The perp ndicular areaa A nd A8 are assumed to be 

located a.t the midpoint ot the detector . A small error intro ... 

duoed by this as ption occurs when tho cattering point P 

is locat d direotly op)oa1te tb detector . In th1 region 

the A cos r t rm doereaaes and becomes zero. Actually, th 

contribution to A from the ends of the counting tu.bes never 

co lctely di appeara . Therof ore, a more exact expression 

oan be w~itten which does not s ume that A 1s loc ted at e 
tho ldpoint of the deteoto~ , but in tead represents the 

actu l ituation where h 1£ of A appears t the botto or e 
the counter and halr t the top . his expression 1 
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A 
t = 8 sin r + z e e 

A 
2 co 

v If 
f H 

whe.r the area is de~!g..'lB.t d A', and 1' and t " ar~ th 

n ,.1 a or ed at :P y th$ v rtic 1 w 11 and tho radiu vec-

tors to h onto~ th- count r botto· a d co to~ top 

:r.ospoctiv ly. 
"'he expreBaion foY. A and A' re plotted a runetions 

or h to 1 lustrato tho e feet or u 1ng ~be oorreoted ex-

pr sa1o , nd aleo to how the e1tt nt o .. .' the va.r1atlo l 1 

th1a ar a t r with loan ta.on ol' ao tteri point P in the 

sh ls 0 umnllest ni'J largaat r :d 1 ) 1nohe- md 0 inch o, 

r •peot1v Y• (Sae F1gurea 4 an<l 5 ). 
o .onclu 1oms e n be drawn from the urv a: 'i14e 

values ot nd A' o.r o nonrly ke thero 1 l1tt1 

van to. 1n us 1n~ the re ct e7 .. pr saion; nd ltho• 

d-

th 

var+iation in A with h 1s s.isn1f1cnnt fo.t• t ie shella of mall 

' dii, the projected rea t&r·n boco <fo noarly oon. ta.nt !'or 

h 11 or argo r 1!. Th ur o o. plotted ror th x-

treme c e wh r th aonter o... th detectol" 13 t h - o. A 

detector location at nny othor va.luo or h wottld yield 

ll r var tion in A than the c aes illustrated. It is 

a en that cert in 1Jn)l1f1o~t1o a are aaential 1n order to 

obtain an equation t at cnn be uolv d . of' 

application 1s li,1tod , 1t 1 ro blo to treat th t 

. · µw(tl + t2) __ d o-
~ • d .o.. a d A as cons n ta anc1 use tho oxp ss1on 
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which oan be integrated directly. On the other hand , 1f the 

limits of the application are broad and the terms ~~ , A 

- µ (tl + t2) 
nd e w varr considerably over the given range , 

thon they must be r ta!ned in the expression as variable • 

In suoh cas s tho equation cannot be integrated directly and 

graphical solution must be employed . In the pre ent study 

an analytical solution tor tho integral ~;:z and graphi-

cal solution w s obtained for th expression 

Sn t e n = ~2~- [~ d .n. • 

Only the latt r solution was round to be sufficiently useful 

tor the pre ent study. 

B. olution of ~quation 

1. jvaluation of terms. 

In order to solve tbe th oret1cal expression for par• 

tioul r cases , it 1a neces ary to evaluat th t rm in-

volved . The terms here are evalu ted for the p rt1aular 

mat rials and geom tri s encountered in the experimental 
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portion of this Si.aidy. -riei'ly• the toriala cons1atod 

ot 2}+:JT o.l · num. l shells, so of whioh we o lol d, 

an end• 1ndow G• M t be. nd a s ll Oob lt-60 source. 
mhese ar d scribed more fully in the o.1cper1r.1enta1 section. 

a. ouroe term. Tho soureo t rm. S w evaluat d t om 
.{l t 

the l"Ol t!on hip r;, c S _n_ ~ \.lher ~ 18 the umbel" Of 

photona r diated dir ctly into tho end or the detector p r 

unit t , ...ar is th solid angle ubtended by th end 

ot the d teotor, nd ..n 1a the total aolid ungl • If d 

is the distance r~om. th ooureo to tho end or the detector, 

and .1G the radius ot tho detector, then 

The counting- rate or 1rect radiation 1a 
• 

2 a 
~ 

wber ~ to tho counting orr!o1eney or tb detector. 
Th.er~ was no part1c~la.r a vantage in d ter n1ng the 

o~o.ct at ngtb of the ga:m.ma oure • van if it could hav 

been don • Si ce the counting tr1c1 ncy o th G- de• 

teo:tor- was not known but 1 goner lly on th order or on 

per cent, ho source term was ~ons1dorod to b proportional 

to the count! a r t and no tt pt w s mad to deter in 
, 

the absolut source atrongth. Thoref or , the produot E 
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1s r presontad as S' and hne the units or counts por min• 

uto . The term t' absorbs the difference in units. 

The det·otor radius a Md tho counting rate H could D 
be measured direotly . How ver . tho distance d a difficult 

to :m.ee.~ure bf.)oaune the exa.ot location of the etfoctive end 

of the d~tecto~ Yas unknown. In other words . the mien 

window could not be considered as the effective end or tho 

tube s1no:e most of th.-: interaet1ons occur in the tube cover . 

Therefore , the errect!ve end of t e tube was determined 

throueh nn indirect m thod . Thia rnethod consisted of m&aa-

Ul'ing the direct eount1 rate or two widely a pa.rated 

values or the diatanc.ua , ~· 
2 

Prom tho r-elatio:n.sh1p RD:::; s•4) .. where d = h5 • x, 

tho unknown distance x from the deteotor midpoint to the 

c.rrective end wall was dott".lrm1ned . The distance x vas pre• 

au."'11 d to be constant . There.t'o:re, it value could b tound 

bJ tho simultaneous solution or 

• 

and 2 R = g •..__,...a.__ __ ...._ 
u2 4(h>a - x)2 • 

Tho distanoe x was found to ho 0. 20 inch vhieh in turn 

was uued in tho same equation to find the ve.l:ue, lf .• 012 x 106 
counts per minute t'or S ' . 
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b. ":::lootron denn1~,l· Tho t rm n8 wa determined ro 

the co • oa1tion oi.' tho lum1num uaed i..."l th xpox·1ment. 1 

24S aluminum lloy has a nominal co vo 1t1on (4) of 93. 4 
pcl" oont alUMinur.1, 4..5 p01" cont coi)por, o.6 per cent nga-

n , nd 1.5 per cent ounto 

or so e 1 ·purities y b present, their oontr butions to 

th oloet on density or the alloy aro n eligible. A v lue 

ot 7. 99 x 02.3 oleotron per erdJ as found , u 1 th roln• 

t1onah1p 

Here,. NA in Avoead~o • n er, /' 1s the d nsit:y 

(2 . 77 gm/err?) , r ie thew igbt rraot1on; z 1 th tom.io 
n . e nd A is tho tomic wo1 ht. 

Tho el otron dens1t7 o• the el ddlng, wh1eh is sa n• 

t1ally pur aluminur , as found to be 7. 88 :t 1023 electrons 

per er.? . S!noe tho cl dding co e a 5 pr cont or th otal 

., !ght o shoets "1th thiokne o o 0. 064° or :;.res.tel', an 
• 10 per oont fora she ta leas than o. 064" tbio1: 1 a v luo or 

1 otron dens! ty or 1. 98 l otr a p r err? y bo us d w1 h• 

out 1gn!f1cant error for 11 ehe la cono rn d 1n this study. 

• • fl... l;it!oa,_ ,ptet od .. 

The th erotic l eq.mtion so od both analytic lly 



e.nd grapbioally. In order to obtain an expression that 

could be integrated analytically 1t wa neoessa.ry to find 

a erage values tor sever l variables tmd by tr ati them 

as constants , remove them .trom the integral . Such slmpli• 

.fice.t1on has certain inherent shortoomings as pointed out 

in the section on S1mpl1!1cat1ons and assumptions . However, 

1r the terms rem 1n fairly constant over the given r n e , 

or if proper, we1ghted• av6rage values can be tound tor the 

variables, then the simplified analytic 1 solution may be 

used . The present seot1on de cr1bee tle analytioal solu-

tion or the integral/ 4~ 
r2 

From Figure l it is seen that r 2 = 81~ y and by the law ot 
cosines 

Let a a~ r 
l r.. d 

1 = 7 j 1--+-f a---o-os--)"'!!!"l 

Let x = (a • cot ) nd dx = csc2 9 d • 
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Then by tr igono. etr le sub •tit ut ton, dx = [ (a - x) 2 + l J d9. 

Thus 

N'ow, by the metnod or partial ~a.ct1ons, 

l = x + B + 0 + D. ~a - x} 
l '+ ,...2 l + (n ... x) 2 • 

~ + x2] [1 + (a - x> 2 ] 

and r2y = f=i xdx + a)i dx 

l + x2 + x2 

+ c/i dX x}2 + D .fi{n -xl dx 
l + (a - l + ( - x)2 

where A, B, C nd D are und terr.rl.ned coefficients. 

Then 1 : [ Ax + B] [ l + (a • x) 2 ] 

+ C(l + x2) + D(a - x)(l + x2) • 

S!nee th aoef 1oienta ot like powers of x ust equal, 

!our e u t1ons can be written to evalu to tho four undeter-

, ned ooef.t'1c1onta.. The values found for those are, 
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S1noe tho :f'our integrals have the tolloWing solutions 

f x.dx 
l ~ x:! = ~ ln (x2 + l) 

J dx 
l +.x2 = tan""1 x 

J Ja - lt) 4x2 = • t ln [ l + (a - x)2 J 
1 + (a .... x) 

the final solution oan b s1mpl1tied as 

[ ln l :2 (: : x)2 ] 

+ l [ tan• l x + tan- 1 (x - 11.) J 

Replacing x with a - cot & 

+ l 

[ln (a .. cot Q~2 + ! l 
l + cot i 

[ tan • l (a - cot e) + e • J J .. 
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1 l ~ln ~- cot 2 +l J r 
1 = 4r2 ~ h52 eot2 1. 

l [ ~ l + 9"" 
1( + tan- r ... cot 2 

which 1 the desired solution to the 1ntegr l 

f ;-; 
lthougb an analytic solution 1 obtainable it 1 not 

suf'.f1eiently use1·u1 for wide application bees.use it doe 

not tr t nough 0£ the variable terms. The ore traight-

forwa.rd graphical solution, on tho other hand, proved to 

be more easily ev luat d, and furthermore, it bad th d• 

d1t1onal advantage or tr ating th olid angle, cross 

section, and wall absorption ter s as variable • 
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J. Numerioal method 

Th olut1on to the g n r 1 ex.press ion 

s n t 1~ A -µ (tl + t2) 
na = 2 d !l ;a e w d9 

2 

was approxii tod by expressing 1t as the cum 

s ne t [ 2 dr A -~i..w ( t 
n :;:; - r 2 

e 2 n.. 
2 

l 

ec1f 1c values for each or the variabl 

+ t2) 
'19 

d O""' terms, d .n , 

• 

1 

-µ..,Ct1 • tz> i · e nd :-z were determ.1.ned tor ach ot sever 1 
r2 

1neremont or angl b tween e1 , corr spond1ng to the top 

rim o the shell and 2 representing the bottom rim. Th 

pro uct of the variable tel:'llla was plotted a a function of 

and the area und r the curve repre ented the desired 

solution of the summation. 

The differential collision cro s sections were taken 

trom. .i•'1 .,..e J. The values £or this curve ere interpol ted 

from cross s etions in T ble 1 01 Latter and Kahn (J) . h 

areas A were det rmined from th relationship 

A= 8 .. 



!fon• absorptton probab1llt1os wer& oalculated trol!'t the total 

absorption coerrteient of 1.2$ - J~ev photons 1n aluminum and 

the relationship 

which 1s based on o. 1ea.tterint~ point located r.=idway through 

tho shell wo.11 . The term& ~ and ,a!~2 · wol'e ce.loul.ated 
r2 

d1reetly from tbe geom try of tl1$ noattt:trins po1.nts. 

Since a unito.rm incrornent of' angle e represented s.ueh 

a large portion of the a.boll wall at &mall valuos Qf , and 

oonvel"sely. suoh a em ll. pora·tion of the wall tor values or 

e n u ~ , a poor d1atr1but1on of point& retnilted. The:re• 

£ore, the vs.riable or summation was ahitted rx-o.m 1nct>ements 
of an.gl& to inercm nta or ahell length b in the rotlowing 

Thus 
2 A9 ra ain 

r 

7ielding the final expression 

Sn t 
n = *' 2 

h = 16 

L 
h;;: 0 
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Values for th$ product ot tho variable terms w re determined 

for one-inch increments ot h nd plotted s a. function of h. 

Figure 6 illustrates this plot for one of the investigated 

geometries , where tho detector• is located at h == 4 inches 

and the source is loc ted at h = 12 inches. The area under 

the curve represent! the um, was then multiplied by the 
S n 6 constant terms -z--· and th shell thiokneas t, to yield the 

net scattered aet!vlty n8 • The tabulated data usod in tind-

1ng the solutions by th graphical summation otbod are 

1noluded in th Appendix. Th final solutions found by this 

mothod are plotted in •1gure 8, «eetion V wher they are 

oompared with the correaponding. valueo doter n d by expcri• 

mental easurement. 
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A. Diff'ieul 'tles of' Previous Study 

When K. c. Ney investigated ex.perim.en-Celly tho s.c t-

ter1ng of gamma rays !~ cyl1ndr!oul shells , be encountered 

co1"tain dif'f icultiea which rendet•ed his ex.:p&rimental find-

ings inconclusive . n1s procedure is briefly outlined here 

with so e elaboration on tho ~peoif1c are s where some of 

the souroes of difficulty may lie . 

The equipmont used by 1'1ey consisted ot the :t'ollow1ng 

major 1toms: 

(1) Deei- soaler, Radiation Inotrun1ent abore.• 
tories, 1 .. rodel 200. 

(2} Goiger count r, Tr ccrlab TGG- 8, 1.5" 
diameter. 2.375" long. 

(J) Gamma sou.roe, ap;pro.ximately 10 microouriee 
o · co60 wr pped in oellophane tape to form 
a small cylinder bout llf long a.n<l l / 4' in 
dian1ote:r . 

Ui) Seven eyl1ndr!cal alurdnum shell3 , 16» long , 
with particular paraneters as listed below: 

Thickness Material Radius 
(1n .. ) (in. ) 

0. 025 24ST 3. 0 
0. 02.5 24ST 4.5 
0. 025 24ST 6. o 
0. 064 Alola.d 24S'.P 6.o 
o. 064 Al clad 24ST 8. o 
0. 126 Al clad 24ST !~ . 5 
0. 126 Alo lad 24ST a.o 
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The exper1m0ntnl procedure ay be stun7Uarizod briefly 

as rollows: The small source, treated here as point 

sour o, was ~~spended directly ben ath the detector at 

distance of' either 4" or 6tt . Around the detector- waa po-

sitioned one of the open- onded cylindrical shells suoh that 

its longitudinal ax.is was coincident with th longitudinal 

axis of the detector and of the sotll"oe. Tho upper end or 

the detector was ma.int !nod at th same elevation as th 

upper end or the scatter~ng shell . The whole assembly 

wan located Just above the floor, on which was placed a 

l • l / 2,. thick layer of lead . {The literature does not 

speo1fy whether the sc ttor1ng shells actually rosted on 

the lead , bu.t it 1s prceumod that they did.) 

At a aouroe• to- deteetor distance ot 4.11 , a t1ve• minute 

counting asurement was made with ea.ch oI' the seven shells 

1n osition. With the same arrangement of the apparatus, 

another t1ve•m1nuto count ras taken without any stall in 

place . Then the sourceMto· dateotor distance was set at 6" 
and another e i ght easurt'Hn.ents were made , this time t'or a 

ten• f'11nuto durat ion each. 
The net oount1n rato Rt was considered to be the sum 

or RD' the act1v1ty radiated directly into the detector 

from the aouroe; Rw, the activity scattered into the doteotor 

by the air and objects in the room; and n3, the activity 

scattered into the detector by the oylindr!oal shell (in 

thos asure.menta where the a.hell was employed} . The 



activit scattered into the detector by th air and room, 

Rw, las considerec: to bo constant• 1.ndependont of ei thcr 

the s. um.1nu.'Tl shells or small coon es in the source•to-

etector distu.noe. Th· activity rnd1ated directly into the 

detector t"rom. the aouroe was considered to be dependent on 

the source~to~d toctor d1atanoe by the relationship 

Rn=~ {l • cos ;J6), whero Sis the source term and ;9d 

1s the lane angle at th aouroe subtended by the radius or 
the d tector t be end. 

The air-room scattering rate Rw was determined t'rom. 

the r tio r t·:10 direct radiation rat s, ( Rn) 4 and (nn)6 , 

corresponding to the 4" e.nd 6 11 ource- to•dotector distance 

respeot1vely . 

(R) S' D 4 = ~ (1 • cos 

(Ru)6 = f (1 .. ooa 

'J.he alue round for thia ratio wa then substituted 1nto the 

equation, 

(RD)4 
(RD)6 

= 
(Rt)4 .. Rw 

(Rt)6 - R 
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The relationship RD :::: Rt - Rw ia appl1oa.b e to the oou.nting 

rates wh no shells are loy d, 1 . e . wh n n5 = o. J ing 

exp ri ental v lue~ of 4752 ! Jl and 2587 ! 17 eapect1vely 

tor (Rt) 4 and {Rt)6 1n this oquation, Ney obtained a v lue 

o 782 ! 41 counts per minu.tt) :f'or R.,r 11,he oounting rntea 

for all aurem~nts o 1 ying shells or then corrected by 

this amount to obtain the net shcll• scatter rates R from 
..:> 

the relationship 

The f tnal result of oach measurement was expressed as the 

ratio of the total co nting rate to the direct counting rate , 

Thia ratio was represented by the symbol RT • The technique 
1 

of expre sing the results as ratios permitted the canoella• 

tion or constant terms common to counting r tes from both 

seattere nd direct radiation. 

The following ta.bl&, extracted from Uey ' s thesis , gives 

the results of his g mma ray scattering measurements long 

with the r sults obtained from his theoretical nc.lys1s . In 

tho table, h_s is tho so~ce-to•deteator distance, and Rw 
i 

is the air and room scattering rate . The small er standard 

deviations in the net counting ratos for the last eight 



Table 1 

Gamm.a ra:r counting rates corrected for nir and roo!?l 
scattering and total gamma ray scattering ratios 

Cylindrical :rret 
shell h5 counting R - R RT Rm 

dimensions rate (R} w l 'Y r i' 

{counts (counts experi- theo-
r t (in.} per per mental retioal 

(1n. ) (L"'l . } minute) minute} 

none 4 4152 ! 31 3970 : 51 
3 0 . 025 4 4823 ! 32 4041 ± 52 1. 018 ± 0. 019 1 . 010 
4.5 0. 025 4 1t-853 t 32 4071 ± 52 l . 025 ± 0. 019 1 . 00 
6 0. 064 4, 4798 ! 32 4016 ± 52 l . 012 .t 0.018 1.007 +:"' 
l~ . 5 0.126 1~ 4875 t 32 4093 t 52 1 . 031 .± o. 019 1 . 024 -.J 

• 8 0.126 4 ~.851 :!: 32 4069 ~ 52 i . 02S ± 0.019 l . 007 
none 6 2587 ! 17 1805 t 44 

3 0 •. 025 6 2685 ! 17 1903 ! 44 i . 055 .t o. o.36 l . 023 i+.s 0 . 025 6 2605 ± 17 1823 ! 44 l . 010 ± 0.035 l . 010 
6 0.025 6 2610 .t 17 1828 t 44 1. 01.3 ! o. 035 1 . 006 

6 0. 064 6 2650 : 17 1868 ± 44 l . 0.35 ± 0.035 l . 015 
8 0. 064 6 2597 .t 17 1815 t 44 1 . 006 ± o. 035 l . 008 
i·5 0. 126 6 2731 :t 17 1949 t 41-1- l . 080 ! 0 . 036 l . 052 

0. 126 6 26liJ ± 17 1861 t 44 1 . 031 ±: 0.035 1.016 



48 
meesurements are le.rrely a result o!" the onger, 10-minute 

counting periods ns contrasted to the 5-ninute periods used 

in the first sl:t measu.renents. 

y •s z•esults, expressed as ratio of the total eou.nt-

ing rs.tea to the direot radie.t1on cou..."'lting raten~ gave 

values vory close to unity. The statistical deviations in 

the results, however, ero so largo that the de.ta were not 

oonol~sivo .. 'e~~ attributed the cnuae ot' the large atntis-

tieal deviations to the air o.nd room scatter , which he .felt 

must be cone1d re..bly reduced in order to improve the sta-

tist!os. Actually, it appeara that the contribution fr-om 

air and room scatter was uot tha major source of uncertainty, 

but instead , the error results from the attempt to 1'1nd the 

di!"feronee between two largo and nearly- equal values . Fol' 

oxa.1'!lple , the data for the rirst shell may be analyzed aa 

follOW$! 

Less 

Less 

Total Counting Re.to (lfoasured) 
Air- Room Scatter Rate (Calculated) 

Direct Radiation Rate (Calculated) 
Net Shell Scatter Counting Rate 

4823 oounts/min . 
.. 782 

4041 
-J970 

71 o<>unta/min. 

It is apparent that the radiation, scattered by the air 

and the objects in the rootn, is somewhat less s1gn1t'1oant 

than the direet radiation contribution. In fa.ct , a l per 

cent error in the calculated value of' Hp would produce a 56 
per cent error in the net shell scatter rate n5 • 
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rtbermorc, the calculation or RD called for eva.luo.ti 

the term (1 ... cos ~ d) for rathor s ""'11 v 1uea o · ;<1d• 

his proceourc, once gain, introduced the larg source of 

er1 ... or t t acco ~pa.nies f1nd!r the d ii'terence between t ~o 

nearly equn values. 

In the .. resent study an attempt was ma.de to renee.t 

tho cxperim nta.1 rorl< done by ~ey and to Jake so e r 'ine-

inents that ould reduce tho sources o error that he en-

oountere • The opec1fic areas 1n which 1 )rovement a 

sought include: (1) Reduction of the extrem ly large con-

tribution ~r~ direct radiation to the ot 1 counting rate, 

(2) eduction or the room cattsr contribution, (3) Reduc-

tion or th uncerto.1nt1es in tho counting atn.tistio , and 

(4) F.Jtpro:ss1on ot the find 1n such nnor t at th ir 

a1gn1f1oanoe m y be ore readily ap rent . 

B.. (·quip ent · nd M terial 

The equipment and terials employed in th pre ent 

study ore ose nt1a.lly the s o as tho o e ;ployed by K. c . 

$Y in 'his experimental work , with a few variation and 

addit1ona . The equipment which was identie 1 1n both 

tudie included the D o1- scaler, Model 200, ,e.nuraot~ed 

by Radi t1on Inatrw:nent Labo~atoriea , and th even lum.1• 

num hells ment1 n d above wh1eh w r> prepared for !l y by 

the Iowa State Col lege In trument hop. 



In addition to the seven shell& usod previously , ten 

more shells , prepared by the Instrum.ent Shop , wore used in 

th& present study. The sizeu of these shells (indicated 

by asterisks in Tabla 2) were chosen in an ef.f ort to obto.1n 

experim.onte.l data to 1llu.strate 'the effect or varying only 

one pnz.amoter at a. time . The three pe.rmnetera to be varied 

wore longth, radius , and wall thickness . Although the 

composition varied f.llflOng the shells, the differenc.e betv&en 

tho pure alloy and the Alclad shells has practically no 

effect on the g8l1lllla acatter1ng as was shown in 8oot1on III, 

B, 1. 
Th& detector ueed was a Muclear- Ohicago mioe. end• 

window Geiger• t·uoller tube , type D•3.3 . !t was employed with 

the cover on the window and operated at 950 volts throughout 

the study. The looation of' the midpoint o.r the aot1ve 

volume vaa f ound by first determining the effective length 

of the deteetor . The doteo.tor volume was not exactly 

cylindrical but was somewhat bull et- shaped . To t1nd this 

volume a discarded tube , a duplicate of the one used 1n this 

study, was .f'illod with water from a graduated buratto. The 

inoide d1aineter was :meumred d1r otly and the eft"eot1ve 

length of an equivalent cylinder was caloulated from 

V = ~r2h and round to b& 4.9 em. The midpoint of tb.e d&t&cw 

tor length was taken to bo 2 . 4~ cm t~om the window. 
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Table 2 

Cyl1ndr1 al hells emplo7ed in experimental p~ogram 

Th1cknees 
(in. ) 

0. 025 
0. 025 
0 . 025 

o. 06.3* 
o. t'J6.3* 
o. 06J* 
o. 06~ 
0. 064 
0. 064 

0. 126* 
0. 126 
o. 126i: 
0. 126 

o.25DX 
0. 2$0* 
0.25oX 
0.25~ 

Material 

24ST 
24ST 
24ST 

Alclad 24ST 
Alclad 24.ST 
Alclad 24ST 
Alolad 24ST 
Alcle.d 24$T 
Alclad 21~ I 

Alolad 24$1' 
Alclad 24ST 
Alole.d 24ST 
Alolad 24ST 

24.ST 
24ST 
24ST 
24ST 

Re.di us 
(in.) 

3. 0 
5 6. o 

3. 0 
J . o 
.3 . 0 
4.5 
6. 0 a.o 
3. 0 4.5 6.o e.o 
.3 .o 
4.5 6. o a.o 

*shells used exelus1vely in present investigation. 

Length 
(in.) 

16 
16 
l.6 

16 
24 
.32 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

As a means of improving the oount1ng &tatist1o , a 

stronger gamm source was used . Thia nource, approxim.ately-

100 m.1oroeur1es ot co60, was prepared by the Health Physics 

Oroup or the Ames Laboratory on January 23 1 1956.. Its 

strength , at the time 0£ this study one year later. w s ap-

proximately 68 m1c~ocur1os, determined £rom .its half- l!f or 
$. J years . Since the souree otrength diminishes only 1% 1n 

28 d ys , the gwmna source was considered to be constant ror 



the duration of the experim.nntal measuremants whiob required 

loss than one 1onth. 

Th sourco was in a small aluminum, disn•shnped con-

to.1nor, 1/2 inch in di8IJ'letcr and 1/8 1neh thick. The activ 

material was located in tho center or the disc and could be 

consider ed .as n point sou.roe £or the purposes ot this study. 

On on faoe or the dise was a small lug with an eyelet for 

unpen 1ng the aoure b r string. 

c. Procedur 

The problem or radiation :scattf'Jred into th· detector 

by the walls and fixtures in the room was combated by 1ao• 

lating the experiment from these objects a !llUOh as poanible. 

The shell, sou1"co and detootor ware positioned midway be• 

tween the l'loor and the ee111ne, and at lea.st aa far t•rom 

ny wall • e source was suspended from tho oei11ng by a 

length of braided linen cord, and d1r•ectly below it was 

plo..oed the detector, supported by a bare. wooden ramework. 

(~o Figure 7)~ The fra ework also supported the shells 

which li{ere placed one at a ti ~ ooa.x!ally around the de-
' 

teotor. This set- up required a minimum or rearranging each 

time the s ells were changed . The source was simply raised 

out ot the shell .far enou h to make the change and low red 

back to the se. e level afterward. The frame support was 

rked with area of 3 inch, 4.5 inch, 6 inch and 8 inch 
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radius oiroles to provide a means of oas1ly reproducing the 

scattering geometry from one test to the next. 

Th jo.r proble of the pre 1ous investigator w 
that or t171ng to determine accurately the small d!f'f erence 

between tho large total counting rate and the almost- as• 

largo direct r d1a.t1on counting rate. In order to el11Tlinate 

this difficulty in the present study, a l4'ad shadow shield 

was placed b tween the source and detector to absorb the 

direct radiation. The shield was a truncated cone a bout 

4 inches long with a 1- ) / 8 1nehea diameter base and a 

1/2 inch dia &tor top where the source was placed. This 

shape provided that the detector was completely in the umbra 

of the shield ror all geometries investigated. 

The experimental program ooneisted ot five series of 

measurements, each series representins a diti'erent value or 
source- to- det ator distance; h5. Distanc s of 6 1nehes, 

8 1nohes , 10 1nohes, 12 inches and 14 1nohes were exandned , 

Tho 4 inch shadow shield precluded the investigation of 

shorter distanoes . In each aeries all seventeen shells were 

placed one at a tim in position and a ten-minute count was 

taken . Also a count was taken without a shell to determine 

tha counting rate due to all the factors except shell scat-

ter. In order to determine the reproduc1b111ty or the meas-

urements , each series was repeated. a. second time using 

ex otly the ame procedure . Between the initial end repeat 

measurements each expe~im ntal geometry w s fully dismantled 
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and then re ssembled, to reveal the extent of error that 

ght be introduced by the technique us d in changing shells . 

The ead shadow hield w a removed for- the measure ent 

of the direct radiation vate RD :or two dif "erent s.ource-to-

deteotor distances. As was discussed in Section III, B., 1, 
two uoh measurements were necessary to determine the er-

f ective location or the end of the detector, and once this 

w-as established, the souroe tern1 S' could be .found fro the 

direct eount1ne rate. 

The a urement periods were short with respect to the 

half-life of' th gaill::lln source so that the counts could be 

treated a ran om pheQomena. The counti rntos n w re 

determined from tho relationship 

where in is the number ot oounts recorded in time t nnd + 
is the standard d v1at1on in the counting rate. 
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D. F.xper1mental Results 

The discussion of the experimental r sults 1s divided 

into tour areas . Thoae are the reproducibility or meas-

urements, the stat! tical deviations in the final data, 

the indicated scattering relationships end the shortcomings 

in the e~-q>erimental rogram. 

Two measurements w re ma.de tor ea.oh aoattering geometr7 

to determine how well each experimental set• up could be 

reproduced . 'I'be result were quit t vor ble. The d1f-

foronee between the two , eaaured counting rates avernged 

about 2 . 7 per oent of their mean value . 4ro this indica-

tion of good reproducibility 1t was concl uded that very 

littl rror was introduced by the frequent assembly and 

disas embly ot the experimental set~up. 

The p:r1mary rea on that the results or th previoue 

investigation oould not be evaluated was tho large statis-

tical uncertainty in the e.xperimente.1 data . Thia problem. 

was effectively eliminated in the present atudy. The hadow 

shield removed tho lar e direct l"'adiation component• leaving 

essentially only scattered activity, The isolation of the 

experiment in the oentor or tho room reduoed the contr!bu• 

tion from floor scetter, and the use or a larger source 

1ncr aaed tho counting r tes by a ractor ot approxtmately 

ton. All o.r these od11'1cat1ons in the procedure hnd the 

xae ul tant effect of reducing the standard deviations of the 
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net counting rates down to the orJer of two or three counts 

per minute . The a.vo1"age etandard deviation was 8 . 2 per 

cent of tho net co nt1ng rate • 

The experimental results tor all five ner!ea of meas ... 

uremonts are tabulated in the Appendix. Two t m111ea. or 
cw•ves , Figure 8 and 9, were dravn uein the data from 

Series 2 (hS = 8 inchea) to illustrate the ef feot ot ohant!es 

1n radius and th1o mess respeotivoly on th& net shell-

scattered activity .. The solid lines l"epresent experimental 

~1nd1ngs , the broken lines are plotted from theoretical 

values . 

third family of eurves , Figure 10, was drawn to illus-

trate the relationship between the five series , each ser1e 

corresponding to a dif fez•t'mt source- to• detectoz- distance h5• 
'lbe counting rates plotted in this curv& were avorage values 

of R5 for the tour shell thicknesses measured . Sy this 

means sixteen ourvos could be sat1ataotor11y rep~esented by 

only four composite curvea to 1llustra.te the effect or 
variations in the single para.'Tl&ter, source .. to• det.eotor dis-

to.nee . It is seen that the el' feet or ehting<H3 in h.5 ia less 

pronoune d tor the shells or greater rad11 . Gen rally1 

there is a rise in the scattered activity o.a h~ decree. os, 
::;l 

except at the shortest d1stanc , 6 inches, whore the counting 

r te ga.in becomes less . Thie decrease is attributed to an 

idiosyncrasy of the experimental teahnlque. hen the sha-

dow shield was positioned very near the d&teetor , tho ahi ld 



58 

presumably blocked som or the see.tte?"ed activity coming 

from the shell wall . 

o curves were plotted to show the otf ect of ohanges 

in the shell length h4 because there wns no ostensible 

effect of variations in this para.~ater, as seen from the net 

counting rates listed below for shells of' constant radius 

(3 1nches) nnd th1okness (0. 064 inches). 

Shell length Series Series Series ~lories Series 

inches l 2 3 4 5 

16 so.6 69. 2 67. 8 59 . 7 4J. .8 
24 51 . 7 67. 9 65. 6 $6 . 7 41. 2 
32 $0. 4 71. 6 65. 4 51.o 4.3 . 8 

It should be noted that the entire foregoing d1aouas1on 

of th~ scattering geo, try assumes the detector is positioned 

above the point source on o. vertical a.xis . The disouasion 

ia nonetheless applicable to the preaent exp&~imental progrwn 

where the locations of aouroe and detector were reversed . 

The . ,1or areas or weakness in th$ experimental p.ttogram 

were (1) the inflexibility or the shadow shield, and (2) 

the anisotropy and energy dependenoe or the end- window G- M 

counter . he cone-shaped shield casts a shadow of_ oonst nt 

solid angle, whereas, the end of the detector subtends a 

different solid angle tor eaah value or h5• Although this 
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shortcoming is not serious within limited r nge or scat ~ 

tering geometries t it would beaome qu1 te s1gnif'1oant tor 

either very small or very large source- to- detector distanceo . 

A vari~ty of different cone- eha.ped shields would provide a 

solution to this d1f!'1oulty. 

The Go1ger counter used was o.n1sotrop1o both in it"' 

counting properties and the solid angle 1t subtonded . A 

spherical counter with a un1f orm wall would have essentially 

eliminated these two di:fticu.lt1es 11 However , any Geiger• 

u ller type detector would still present the problem of the 

detection etficienoy be1ng stf'ongly dependent on the on(u~gy 

of the ga.m.n"..a rays . 
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V. OOMPARISO. OF THEORY WITH EXPER!MEN'r 

The experimental data for net shell• scattered activity 

w re compared with the thoor tical predictions tor t hese 

values . (See Figures 8 and 9. ) There seemed to be a 

s11nilar1ty in the major trends such aa a d1reot increase 

in counting rate with 1noreaa1ng wall thickness and a de• 

oroase in counting rato with increasing shell radius . How-

ever , the theoretical analysis did not ant1sfaotor1ly 

predict the ma nitude or the experimental counting rates . 

Fir t, the measured values wore roughly 2.3 per cent of the 

pr d1oted value . (In '1gures 6 and 9 a soale r ctor of 

0 . 25 was used :1n order to superimpose the CUX'V s . ) Second, 

the lopes of the experim ntal curves a.re generally smaller 

t · n those of the t heoretical eurves . 

The first eff ot can be attributed to an inoorreot de-

termination of one of the aonstan·t terms in the ooeff ioient 

of the t h oretical exprese1on. The 6rror is mo t likely in 

the source term S. This term was calculated fro a .measure-

ent or the direct rad! t1on into the covered end- window or 
the deteotor . Th n , with the assumption that the detection 

eff ioienoy ot the counter was un1£orm tor all incident pho-

tons, the same value of S w a used to predict the counting 

rates for the shell scattered activity. This appears to 

hav beon a major f'e.llaoy . The gam..'na ray sensitivity of a 

G- M counter '11th a low Z cathode, like the one used here , 
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fs roughly proportional to the energy of the photon. This 

means that the scattered photons with energies on the order 

of one- fourth of the initial radiation would have about· on -

fourth of the probability of being detected by the 0-M 

counter . Thia difficulty might be eliminated in either or 
two ways . The theoretical expression may be modified to 

tek into consideration the reduced detection ens1t1vitf 

of the G-M eount ·%" for seattered o.otiv1ty or , on the other 

hand, a sc!nt1llat1on type detector may be employed to avoid 

the poor detection oharaoter1st1os inherent 1n the G• M 

counter . 

Another calculation was de to verify that the energy 

depend noe of the detector was the source of the error in 

the theory. An additional term, ! · , expressing the reduced 
0 

energy and,, consequently, the reduced counting etficiency 

tor scattered quant , was included 1n the theoretical expre -

a1on to yield 

• 

Sample data for this correction are included 1n the Ap-

pendix and tho corrected theoretical counting rates are shown 

in Figure 8 by the dotted curves. It is seen that the oor-

reeted theoretical values predict fairly well the experimental 

do.ta. 
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The other .respect in which the theoretical and exp r1• 

ntal curves d1ffe:r is the s 11 r slop or the e4 per1, ent l 

curve • This problem is indicated pe.rt1.cularly 1n Figur 9 

where the experiment 1 eurv s do not seem to converge at the 

or1g1n aa would be expected wh n the th1akneaa of th- seet-

ter1ng material beeo e zero . A eugge ted explanation of 

thi effeot is th t the net soattorod et1 vity from the thiok-

v hells is som what less t n the an lysis predicts . In 

the analytical treatment the aaau tion was m de that th& 

total absorption coef '.1e1 t for the wall µ.w was equal for 

both incident nd emerging photons . This is unaat1sfae-

tory assumption sinee th emerging photons with one- sixth of 

their origin l energy h e greater probability tor absorp-

tion in the hell wall. The bsorption coeftlclent tor 

c::nerging photons is a different value for eao.h seo.ttoring 

le , but for large scattering angles the µw tor e erging 

gtilml'la ray is approximately o.J cm."'1 , as co!'!tpared to 0. 15 cnt1 

ox- photons with l . 25- Me initial energy. A corr otion 1n 

the abso1"'pt1on eo ff1oient for the merging photons would re-

sult in lower predicted values 01· scattered activity fro:. th 

thicker shells . 

Ther appears to be one unaccounted for d1rf1eulty in 

this explanation. Th experiltlental data plotted 1n tgure 9 

seem to tall on straight line curves .1nd1ca ting a linear de-

pendenee of scattering ot1v1ty on the wall thiekn&aa . How-

ever, the proposed absorption eorreet1on would !ntroduc 
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another exponential term that uld only increase the tend• 

eney towo.rd "bending" that already ap.vear in th theoretical 

curves . Although the increase in the wall abs.or:pt1on term 

s ems to be a sound e.ppl1cat1on or pr1no1ple, 1t does not 

properly account for the shape of the experimental curves . 

The 1 ck of significant variation in scattered activity 

with an 1neroase in shell le03th is .relatively easy to ex-

plain. Uot all portione or tho shell length contr1buto 

equally to tho activity scattered 1nto the deteetol" . As in.di• 

cated 1n Figure 6, the po:rt1on of the shell wall vhich lies 

near the detector is expected to make the largest contribu-

tion to the counting rat ~ . Oonverse1y , the opposite end of 

the shell , beyond the sour.oe , contributes very little. In 

the experiMent 1 work the 24 and 32 inch shells extended b -

yond the source 8 and 16 inches reopeotively into a regi.on 

where their contributions to the detected aotivity were quite 

small . The region or 1n1:mum scattering contribution was 
round 1n the analysis to fall d1reotl7 opposite the detector 

or shells or very sm 11 radius , and to.ldway betwaen the 

source and detector fol" shells ot very large radius . 
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VI .. CONCLUSIONS 

The major diffioult!es of the study seemed to be 

related to the particuls.:- detection dev1ae employed , the 

end-window G- M counter. Ito eylindrloal shap caused a 

compl1eated problem of solid angle; its non- uniform walls 

resulted in anisotropic detection eharacter1st1cs; and its 

strong energy dependence, oharacter1st1o of M counters, 

introduced a problem of variable sensitivity for the poly-

energetic i soattered photons .. 

A possible area for further investigation lies 1n the 

use of a NaI crystal 1ri eonneotion with a photomultiplier 

tube . Although oomplete isotropy of solid angle and of 

sensitivity .may be dif1'1oult to aehieve, due to the "sha• 

dow 1 of the P• M tube. these objectives could 'be approached. 

The primary advantages , howevex-, would be tho high detection 

et'f 1oionay and the capability of detecting gamma r-aya in a 

wide ttange of energies . With this type of det&otor and 

sealing equipment with enorgy "g teen tho energy spectrum 

of the scattered activity as a function of the scattering 

:region in the shell wall could be investigated as a further 

extension of the present problem. 

Although tbe original theoretical expression did not 

predict the values of the net sbell- scatt-0red counting 

rates within a factor of !'our, there was reasonable ai i -

larity oetween the f 1ndings from theory and experiment. 
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The error L.~ the theory was attributed to the nogleet or 

the non .. un1torm counter etf1c1ency tor scattered photons. 

This difficulty seems to be eliminated by the inclusion in 

the theoretical equation of another variable term to ac-

count for the variation in energy of the scattered radia-

tion. 
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IX. APPEMDIX 



Table .3 

Experimental data for measurement series 5 

Shell dimensions Run 1 Run 2 Average 

Counting Net Counting Net Net 
rate CR) rate (Rs) rate (R) rate (R5 ) counting rate 

r h4 t (count.a (counts (counts ( counts (counts 
per . per per per pe.r 

(in. ) ( in. ) {in . ) minute} minute) minute) minute) minute} 

none 31. 2 ... 38. 8 - 38. 0 ± 1. 9 
3 16 0. 025 70. 6 33. 4 70. 9 32. 1 32. B ! 2.3 
4.5 16 0. 025 56 . 3 19. l 51.5 18. 7 18. 9 ! 2 . 2 
6 16 0 . 025 51 .4 14 . 2 50. 1 11. J 12. 8 ! 2. 1 

3 16 0. 063 79 .6 42. 4 80. 0 41.2 41.s ! 2.4 --1 
3 24 o. o63 88 .. 2 51. 0 82.3 43 .5 41.2 ! 2.5 N 

.3 32 0. 06.3 82 . 3 45.1 82 . 6 43.a 44.5 ! 2.5 4.5 16 o. 064 66 .. ,5 29. 2 10.5 31. 7 .)0. 5 t 2. 3 
6 16 0. 064 51 .4 2'). 2 57. 6 18. 8 19. S :t 2 . 2 
8 16 0. 064 50. 6 13·4 49 . $ l0. 7 J2. 0 .! 2 . l 

3 16 0. 126 102. 8 65. 6 108,. 8 70 .. 0 68. 7 ! 2.. 7 
11--5 16 0. 126 79 .6 42 . 4 84. 1 45.3 4J .8 ! 2.5 
6 16 0 . 126 64.5 27. J 6,5 . l 26 • .3 26. 8 ! 2.3 
8 16 0. 126 53 . 2 16. o 53 . 6 J.4. 8 15. 4 ! 2 . 1 

3 16 0. 250 145-9 108. '7 lU.2. 2 103. 4 106. 1 ! J . o 
~·S 16 o.2so 107. 6 10. 4 168. l 69. 3 69 . 9 ! 2.. 7 

16 0. 250 a4.a 47.6 87. 6 48. 8 48. 4 ! 2.5 a 16 0 . 250 71 . 5 34. 3 10.3 31. $ 32. 9 ! 2. J 



~h4 

xperimontal net counting rates for shell- scattered 6amm.a activity 

Shell d1mens1ona Series l Series 2. Series 3 

Counting 
rate 
(counts 

Series 4 

r bq. t 

Counting: 
rate 
(counts 
per 
minute) 

Counting 
rate 
(counts 
per 
minute) 

per 
minute) 

Counting 
rate 
(o:ounta 
per 
mtnute) (m. ) (1n. } (in . ) 

3 
4.5 
6 

3 
.) 
J 4.5 
6 
8 

3 4.5 
6 
8 

3 4.5 
6 
8 

16 
16 
16 

16 
24 
32 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

0. 025 23 . l ± 2.4 
0. 025 13 . 0 ± 2. 3 
0 .,026 io. 8 t 2 . 2 

o. 063 5o.6 ! 2. 1 
o. 06J 51 . 7 ! 2 . 7 
o. 06J 50. 4 :t 2. 1 
0. 064 25. 4 ! 2. 4 
o. 064 17. J t 2. 3 
o. 064 10. 6 t 2. 2 

41. 7 t 2. 6 
18. o t 2.4 

a. 9 t 2. 3 
69. 2 t 2 . 9 
67 . 9 t 2. 9 
71. 6 ± 2 . 9 
34. 9 ± 2 . 6 
18. 0 t 2.4 
10. 6 t 2 . 3 

0. 126 8$. 9 ! 3. 0 101. 8 t 3. 1 
0. 126 57. 6 ! 2. 1 56. 6 t 2. 6 
0. 126 Jli. 2 t 2 . s 29. 1 t 2. 5 
0. 126 19. l ! 2 .. 3 19. 6 t 2. 4 

44.3 t 2.4 
17. 8 t 2 . 1 
ll . 5 t 2 . 0 

67. 8 :! 2. 6 
65 . 6 t 2. 6 
65 .4 t 2. 6 
29. 0 ± 2. 2 
16. 9 ± 2. 1 
l) . O 1 2 . 0 

91. o :!: 2. 8 
48. 6 :!: 2. 4 
34. J ± 2. 2 
18. 5 t 2 . 1 

36. 2 't 2. 4 
21. 5 ± 2.3 
11. 7 t 2. 2 

59. 1 t 2. . 7 
56.7 ± 2. 6 
$7. 0 ± 2. 7 
21. 1 t 2. 4 
18.9 ± 2.3 
11. 4 ± 2. 2 

82. 2 ± 2. 9 
48. J ± 2. 6 
)1 • .3 ;t 2.4 
16. l % 2. 2 

0.250 173. 4 ! .) . 6 187 . o t l • 8 158. 9 ± 3. 4 129. 6 ± 3 . 3 
0. 25.-) io7. 7 t 3 . 1 io6.5 ± ,3 . 2 90. 0 ± 2. a eo. 2 z 2.9 
0. 250 67. 4 t 2. 6 68. 1 ± 2•9 57.9 t 2.5 $1. 9 ± 2. 6 
0 . 250 43. 0 ! 2. 6 40 .. 4 t 2 . 6 35.o ± 2 . J Jh-·o t 2 . 4 

Ser1ea 5 
Counting 
rate 
(counts 
pe:i:· 
minute 

32. a t 2.3 
18. 9 I 2. 2 
12. e : 2 . 1 

u .s % 2.4 
47 . 2 t 2. 5 
44 .. 5 ± 2.5 
30. 5 t 2.3 
19. 5 t 2. 2 
12. 0 t 2 . 1 

67. a t 2.1 
43 . 8 ! 2.5 
26. 8 ± 2. 3 
i5 .• 4 t 2 . 1 

106. 1 ± 3. 0 
69. 9 ± 2. 1 4a.4 t 2.;; 
J2. 9 ! 2.3 

-...:t 
\...f 



Tabl e 5 
Computed data ror graphical solut i on of theoretical equation Tor 

series 2 geometry {r = 4.5 inches , t = 0. 063 inches, h 4 = 16 inches . h_s = 8 inches) 

h r 2 
2 sin2~ 

(1n. ) (1n. 2 ) (in:'.1 ) 

0 
l 
2 
3 
4 
5 
6 
1 
8 
9 

10 
ll 

)6 . 25 
29 . 2$ 
2li.. 25 
21 . 25 
20. 25 
21. 25 

21.i.. 25 
29 . 2.5 
36. 25 
Lt.5.25 
$6. 25 
69. 25 

12 8~ .25 
13 101 . 25 14 120. 25' 
15 141.25 
16 164.. 25 

0 .. 123 o_. 143 
0. 168 
0. 198 
0.240 
0. 291 

o • .358 
0. 449 o.558 
0. 692 
o. 833 
0. 951 
0. 997 
0 . 951 
o. 833 
o.692 
o.558 

d o- · µw(tl +t 2) 
dA e A 

em2 per 
elect ron 
steradi an 
x io-26 ( in. 2 > 

• 707 
. 112 
. 121 
. 135 
. 758 
. 789 

. 824 

. 85.3 

. 866 

. 95'3 
. 824 
. 789 
. 758 
• 735 
• 721 
. 112 
. 101 

. 951 

. 955 

. 959 
. 962 
. 964 
. 966 
. 967 
. 968 
. 968 
. 968 
.. 967 
. 966 
. 964 
. 962 
. 959 
. 955 
. 951 

2 . 104 
2. 122 
2.zz5 
2. 181 
2,.J6J 
2. 181 

2.225 
2.122 
2 .104 
2 . 020 
1. 932 
1. 850 

l . 774 
l . 709 
1. 648 
1. $96 
1. 585 

.SL 
ao 

.1785 

. 1830 

.1898 

. 207 

.215 

. 233 

. 250 

. 263 

. 268 

. 26) 

. 250 

. 2.33 

. 215 

. 207 
,.1898 
. 1830 
. 1785 

A d cr ain2e - µw{tl+t2) 
- 2 - e 
r2 

d .n. r 

cm2 pe~ electron per inch 

x io-29 
(u.ncor-
ree'ted) 

1. 068 
l . 570 
2. l7 
J . J.9 
4.55 
5. 01 
.s.a1 
5. 98 
6 . 04 
S.67 
5. 01 
4. 31 

3. 40 
2. 52 
1. 755 
1 . 180 
0. 807 

x io-3° 
(corrected 
for a. ) 

a.o 

l . 905 
2. 87 
4. 49 
6 .. 62 
9. 78 

ll. 80 

14 .. 52 
15. 73 
16. 18 
i4. 90 
12. 68 
10. 02 

1.32 
5. 22 
3.33 
2.16 i. 44 

....,, 
..;::-
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