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5=CTIUN I
INTHOLDUCYTIUN

wxtenslive dete con acattaringl of x rays sand geamma
rays has indicsted that the Klein-Nishime formulag is re-
liable up to energi@sa of about & mcg; ost of these date
have been totel cross~secticn meessurements. The angular dise
trivution of scattersed guants has been measureﬁé also and
compares favorably with the Klein-Nishme distribution.
Recent dstas give scme indicati-n thaet the Klein-Nishima
fermula probebly is correct even up to energies of 30 mcﬁ.

in eny ev-nt, it will be assumed to hecld ecrreetly in this

eprlication.

14,8, Compton end SeKe Alliscn, X Rays in Thecry
end wxperiment (New York, D. Ven Nosztrend, 1635), Chep. 1dl,
pp. 11626,

¢e. Klein snd Y. Nishims, "Uber die Strcuung Von
Strehlung durch frele Llectronen nach der neuen relstivia-
tichen Guentemdynamik Ven Dirsc", Zelitschrieft fur Physik,
B2: BOL3-E0GE, Maey 1%EQ,

“L, Meltner and He Upfeld, "Uber das Abscrptlons-
gesetz fur Kurzwellige -struhlung”, Zs. L. Phys., €7: 147-
168, Pebruary, 19¢31.

4G, .M, Jsuncy and G.G., Harry, "The Scattering of
Unpeclsrizec X Reys", Physicsl Review, 27: uvg8-711l, May, 1931,

5G.D. Adams, "Abscrpticn of High Inergy wusanta",
Physicel Heview, 74: 1702-171%, Getcber, 1948,
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In spite of the lerge amcunt of detsa collected on
scattering, there hss been s fallure to emphasize nultiple
scatterings 8ince the totel intensity of & gamme-rsy beem
is compesed ¢f orimery snd scattered radistion, 8 knowledge
of the multiple proeeess is prereqguisite te an aseccurate
deserirstivn of the trensmission of radieticn through mastter.
some recent papers have deelt wlth the snelysis of muitiple

{f)

scattering, cne- c¢f which considered in an approximste manner

the i-tensity due to multiple scattering of & rcletively

vcﬁlculated & component of the

soft x-rey besmes The cther
intensity of e plain peraellel gemnme-ray beem incldent upon

g thick terget. Kesults of the latter sre dililicult to
interpret and compare with experirental measurements. An-
other p&perg celculated the intensity due to & plane scurce
but ccnsidered only isctreplic scattering.

The geometrical fasctors introduced Ly a beam gene-
srally make tho results difficult to saslyzo. 4An essential
sluplificaticn 18 possible by ell fnatlen of the gecmetrical
fosetors entirelys This can be dene by the use of & gamma-

ray scurce homogenecusly distributed throughcout an infliunlte

6L.F. Lemsrten, "Thecretical Study of Results of
Ionigaticn Messurements in vater with X heys end Genma Reys®,
British Jeurnsl of Hedlelogy, 1l: 244, June,l94t.

73.C, Hirsehfeldrr, J.L. Megee, end kel. Hull,
Physicel Feview, 73: £5£-060, April 15, 1648,

€4, Chendrasekhsr, "The Softening of hedisiicn by
kultiple Conpton Scattering’, Proceedings «f the Roural
Scelety, 1¢z: L08-51&, March 18, 1948,




volume, multiple scetiering effects then menifest them~
selves in the intensity snd spectral discvribution ¢f the
radistlion, vhich 1s the seme at every polint in the medium.
By congidering multiple scatt ring as a successicn of steps
which sre the seme fur every emltted germa rey, the spectral
disivrivution end absclute msgnitude of the intensity can be
calculateds OSuch sn Gxﬁﬁri“ﬁntg has bheen casrried out at the
bavel Hesearch baboratory. Agrecment of the cslculested ine-
tensicy witn the obsorved was excellent,

in order to extend the methoeds, expori. ents have
besn performec in which the totel radiation intensity wsas
dependent upen a8 single paremeter, l.e., the distaence from
8 source. these experirents which constitute the tople of
tnis thesis consisted essentielly of messuring the intensity
es s functicn ¢f the distence from s radlsting polnt and &

redisting plene 1 mersed In an unbounded medlum.

gﬁ.ﬂ. Faust gnd k.H. Johnsen, "sultiple Coupten

scattering®, Phy. Hev., 75t 467-4'12, kebrusry, 148,



SaCLION 11
THORY

Port 1. Interesction between maettcr end radlation

modifiees chsrectoeristices ¢f the redigticn sz it trevels

through the medium. Two genersal clesses of such latersation
are abscorption and scattering. A guantitstive descriptiocn
of these processes mskes use of the "eross-sscticn', which

iz defined &s

o — Jumber of processes gcegurring por s8scold.
~ Incident flux cof radlation

Abscrpticon prccesseslu ar- those in which a primary
guantum disappears producing sirmultaneous changes in the
physlical state of the matter. The three main absorpticn
processes are excltavicn of an stom by light, photoelectrice
effect, and psir prouducticn,.

ihe first process 13 & resonsnt one in which & guan-
tum 18 ebsorbed by & bound elcectron wlth s simultensous tran-
siticn of the electron te & higher energy state. rhotoelectric
effectll is similer to the above sbsorpti.n process with
the excepticn thet the final state of the electron lies

in the reglen of continuous cnergy elevels. The electron 1s

10%. Heitler, Quantum Theory of Radiation (Uxfcord,
Cembridye, 1¢44) pp. 180<12%7,

llH.R. Hulme, J, McDougall, n.A., Buckinghem, n.H.
Fowler, "The fhotoeslectric sbscrption of Rays in Heavy
#lements®, Procesdings of the Roysl soeclety, 194: 131-181,
Jenuary, 1935,




ejectec from the atcom with an energy equel to the difference
between the guantum energy snd the ifonizetlicn ensrgy oi’ the
atom. Tnis process leads to continuous ebhsorption and de-
creases rapldly for energics well above the A abscorgotion

£

limit of the atom., Pair productionlg refers to the absorp-
tion of s guantum of encorgy greatoer than 2 m02 ang the slmule-
tanccus creation of a pesitive and o negstlve clectron in the
field of the muecleus. A formel desceriptio: of thlis process
is the same &s the photoclectric effect ercept that the
olectren ls initielly In e negative encrgy state, iAbscrption
cf the gquentum reises this electron tc a state of positive
encrgy where it is obs<rvable as an crdinary electron while
the "hole" left in the negative energy states acts as a posi=-
tive electron.

Seattering processes arc those in which a prinsry
quantum is ebscorbed with the sirultaneocus emission of &
secc ndary qusntum. According to the quantum theory cf redlia-

ticn, the energy cf & scettered guantum 1s El==ﬁ-r(El~Ek)

where dy, I, are energy levels of twc atomle states, snd E
is the encrgy of the incident cquantum. If E1~Ek==0, the scat-
tered radisticn 1s usually coherent with the pri.sry radia-
ticn and has & distribution identicel with the classicel or

il AR

1?J.H. Unpenheimer and K.S. Plessct, "Un the Pro-
duction of the Posltive Electrcn", Phy. Hev., 44: 53-85,
Jenuuary, 1933,
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Thompson dlstributlicn, If H1~Ek“ 0, the Remen or Swoekealsl
lines are re-emitted, the scettored light having elther en
inereased or decrecssed freguencye.

For high energy qusantsa, these processes ars unlme
nortant as clectrons sct as though they were free. dnter-
ection between lipght end Ifree sloectrons is culleu Coumplton
sesttering. From congervation lews, the onergy El of' &
scattered quentuwm is

1*;;;;2(1- Cos®) (1)

. . . . . - 13
whoere € 1g the srgele of acettori e EKElesin end Rishims S

&lve the eresse~secticn for this process s

_Q:_ _;’_{l+o< gotp-rcx Ln(l+2d)]+ | Ln(1+200)— ""3°‘} ()
|+ 2 (1+2)?

2 2

2
Tys" 1s the Thcmpson cross-section and Yo = €/mcC

®

Herae Ug=

wl

is the eclassiecal electrcn radiuse. & 18 the energy in units

™

L]

of mc“.,

It is not necesssry to co:sider sll the above-
maentlened processes in a theoretical descripticon of the ex=-
rerivents. These sxperiments were periormed 1. water with
guente of 1l.20 mev initisl energy, &nd mpeasurcments neus by
mzans ¢f & detecter which was reosponsive only to energles
greetor than .08 Mev. Peir proeducticr 1s negligivle rela-
tlve to Compbten seattering sliasce 1t starts et 1.0: kev and

hes a erosse-ssetica esagurl te the Compton ceress-ssction in

186, K1-1n snd Y. Kishina, loc. cit.

st



water at 30 Mov, Fhotoelectric effect is also negligible
relutive to Compton secattsring since photozlectric cress-
section in water is equal to Compton at sbout L0256 Mev and
decreases a8 the energy is increased. Other processes men-
tioned ccecur st energles comparable with the ilonlzation
enargy of the stoms snd do nct lead to contlnucus ebsorption,

rart 2. A gusntum traveling through a medium is
scattered successlvely, lcsing energy at cach scattering
according to #gquaticn (l). Since the differential cross-
secticn 1s energy dependent, genersl charcscteristies of the
guantum's path chesnge froem point te peoint. 1nitislly, vhen
it hes & high energy, eccording tc the Klein-hisldma for-
mula, the guantum hes & grester probsbllity ¢f scattering
in the forward directicn thar in the backward éirecctlone
Ffurthermere,the distence (mecen fres path) betwesn the
scatterings 1s relatively long. As the encrgy is reduced
by successive scstterings, the mean free path decreuses,
and the probability of secetter is s&bout equal in the fore
werd snd bsckward directlons, Finelly, 1ts crergy is de-
greded to a sufficiently lew valuse thet 1t is sbscrbed
pheteoelectrlically.

1o deseribe the multiple scattering process and
relaste the counting rate tc the scurce strength, properties
of the wmedium end of the detecter, the quantsz erce dlvidea
inte groups determined by the number of scatterings experi-
enced, i.e., the k-th group 18 secattored k tires. A quan-

tum traveling through the medium 1s scattered successlively



losing encrgy in accordance vwitli the Compton fermulsa.  Since
the renge ¢f anglos through wihidch & cuantur is scatrered is
determiner hy probebility, thie guaentsa oi & psrtlculsr group
0 not hseve the same cncergy but heve euergles distributed
aboeut 8 mean onorgy oo
o R }(
The mean energy scattered per secund by an electron

cen be obteincd by integreticn ¢l the Klel.-Nishims expres-

-
&

sicn for intinsity cver e spherical suriuce. 1I tiis
reau’lt 1s cdivided by the preduct TI, of the totel Klein-
Nishime cress-secticn and the lincident iutensity, the result-
ing ratic, Us/G~, 4s the fracticn oi the incldent en-rzy

glven to & seasttored aquentun,

2 Fex l [Ln(t+z<x)— _g('_t&l

+
05 — a+2ca=+ 3(1+2x)? ()+2x)3

o 1t J2e(i#X)_Ln (H’Z-l)]..l._Ln(Hﬁo()__
3| 113X

(2)

a+2od’~

wherecx=:a/mcz. This retic is plotted 14 rigure 1 &s & fune-
tion of energy.

It 13 now assuned that each guantum passes through
a successiocn of energyv values given by the mean energy of

18 , . . .
the varlous groups sc thet the actual proovlem 1s replacecd

by c¢re in vhlich =11 aquenta of the k-th grouvp heve the mean

léw. Heitler, loc. cit.

st mras
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Figure 1, Ratic of Scattered to Incident fnergy.
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CneTRY By With this agsumpticn, the nean energy ol the

k-th grouvp 1s
En - (G-S/a') E-K-l ( 4)

wWiGre (03/0‘ ) is eveluste:r st Lhr srnerpgy “k—l’ The succos~
glin ¢f encryy velues gssurmed by the varicus graupal is
given In rable I for en initlel ocrnorgy of 1okl hevs

Pert 3. 4 thecory descerlb. g exect spectral and
spetiel distributicn cof gquante due to & peint zource can be
forruwlete: in & menncer anslesgous te thet foillowed by Ho@flﬁ.
Let 1(Cose,p, A )da da  be the rumbcr of cuents per unit
volume &% P em from the scurce, in the weve length iat rval
d A snd meking angle €© relative to P , such thst they are
moving in the sclid angle d-a. Then the cdiffercitisl eque-

g

ticn govorning 1 s

2m 17

Cos eg_g -Sin 99_3% +NOTI= NP(ﬁfI (Cosep, Z}HbE (- Cos 1)) f(Cos =5 A%'b_‘(l-fosW)) Smede'
)

Here f{CosH91A~gZO4bny)) is the differentisl Conpton ercsge
mC
sactlilon, aind & Is tho clectrern deusitye. 4 1s the snugle be-

| ;
twoen the divecticns specifies by (0,4 ) s (0,¢ ). Unfor-

e ki s N o S N BT PPN 48 v Ul S S

156, o
Feust and Johnson, loce clb.

16&. Hopf, Frchlems of nedistive xquilibrium (Ux-
ferd, wambridge, 1¢32) ppa. Z-1%.




SCATTERED ENSRGIES AND LINEAR ABSURPTICN COEPFICIENTS
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bunetoely Lt 18 poessivle be obbtain solubtl.one of thdis equation

only for isctropic acatterimg%'

lherel{ore, in order te obtelin
e fdescricticn o' & redlsting point scoures, the problem will
be atteched frowm a different polnt of view,

As in Pert &, the nctuanl problem will be renleced

by one Ir yhich sll gusnte of group k have the mean energy

E}:, vhnroe E} ia given by dourtion (). Let F;(P): Ef—l— Fc

o
9%}

thne total number of guante per second of group kK passing
through o sphere cf radius @, abuut the peint scurce.
F;/F}r is the frection with suplsgs € relptive to the readius
veetor between gerc snd W/IL nd F;/Fk ia the frscticon with
TR2soe <1,

g, ths e¢ross-section can alsc be deccrposed in
2 siziler wmeanner, l.e., T = gtyo” where O/ 0 is the
Fraeticn ¢f ireldent auuante scattored irte directions with
O0S ©SMWR nnd U/0 is the Iraeticn sesttored in te M2SOTW,
ot is obteined by integraticn of the diffcrentlial erosse

2t o hetwoon 0 snd T/2 whils the Integreilon is between

/e ané W fer o~ o oorsscions fop these quelities
at- 3 L-Lg_‘[o:_ Ln (l+<x)]+_l_ Ln(cw)_z(:mﬁruz (5)
0o 4 ) o3 2 NS
g-_ag _g*
Uo Ty Uo (6)

Se Lhancrasekhsr, loc. cite

i~



It will bhe gesured the © Lhe coenbrivuticn o the

pezitive component of grovp ¥ from grovs k-l scesbteored in

the spherleal shelil between @ and P+ 8P is
No EL :p( W) + NO F;_,A‘p(%_i-'-) (7)
[ &
The Tirst t. rm ls the Jrecticr scottored irnto the

veaitive divecticon from F -1 vhile the last 1z Ui contribue

S

tion to the positive compenent from F This formuligtion

kx-1°
iIs not entirely correct ss 1t sse o wreso thot quants traversing

the sphericol shell trevel the sens distsnco. Actuplly these

li

cuants in & smell rengc <f a o2 about @ , Lrével o Jdige

tance §@/cos© » A still more seriousg Cifliculty 1 the
asoumption thit NU'SPF (?- sproesents thoe cutward scattered
guonto, Actually gquaate troversing the sphoricel shell in
oo Lol sagle dA sbout © 0, will be scobtored 8o Lhel suine

will he scotliorad Inwero rlr o 90ds shoeuld be clesr frvom

T SR S P S LR ey o e g o T Ry
Prhe dlluciretlicon ol sdguce Be cArlor remoriz sise opply Lo

the nepotive frevellsy cuvente, In gpite of thsse cbjecticns,
erpresaccr. 7 vill be uged I the I¢llowiyg celeouvlotlic... lhen

tne pegledve ctpoenent o proun I oereosliag o gphiore i radius

F.ltesse) = ,«s-mﬁ—‘ @) Sp + NEP (TRl (A + 0, F () (&)

where NO'SPFJ is the quanta scattered out of group k. ir
‘ 2
terms of order ( §p ) are neglected, then,

AR 4 NoFet= N("Tr:':ﬁ:a Toes Ft ) (9)
oe



Figure 2,

Errcrs in Assumed Form of Scattering, +
a. Angle a is proportional to cuanta actually scattered inward from o,'HF:_,SP
b, Angle b is proportional to cuantz actually scattered outward from o, F  sp

T



Iin 2 gimilar meng. » 3t cen b shown thrtg

+ —
-9y NoFc= N(o FL+ 0t Fo) (10)
op
Farticuler scluticrns of wsquaeticns (¢) wnd (10) thet

. , X + -
venlah erxponentiselly st large dilstenens and plve F},(k})— Y

ﬁ%}ﬁﬁ = finite, as 1s expgectes physically zre

z
,“ -
Fr= Zje s ok + i, R2)dp (11)
(o]

— el _ -
Fc= ¢ € ‘(,u,,_,f';: + Fe ) d p (12)

:}d

+ + - .
whore for brovity Mx=NUy ete., Mr and _u were computed

o

from Fguations (6) and (8) and are plotted &us e functics of
snergy in Fisure 3. My wee celeulated from sguatiocn (&)
end g given in Tsble 1,

Fricdertly thoe orly physicel scluticns of zgustions

- 2 Z \
(7) usraé (£} for the zerc group ers 7ﬁKG’A¢ s ¥ 0,

o

where MA is trhe numbor of cuente ci neryy it , emitted per
Q

seeora by the scurese  Meouvetions (11) cnd (18) then cun be

sclved successivaly end ers siver Iin Apendlix I up to CGroup
2e  For groups or orders proster than 4, the intsgrations

yore periorced munericeaelly, ond resvlts ere plven 1 wable

Since (F +“ )is the total number of gusnte of group
¥ nugsing throupgh e aphere of rodive & , the nusber Crosse
ing unit srea 1is (I ¢£‘}/4ﬂ2 therefore, a Gelger countoer

of effoctive ares A snd efticlency € will registar counts
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TABLE @I

DISTRIBUTION FUNCTIONS FOR A UNIT POINT SOURCE
EMITTING 120 MEV QUANTA

Z Fo‘f' Ef F;f F;ﬁ F‘.' F;"‘ Fe"' F;'O F-e'*
Cm |NO/s. | Noss. | NO./S. | NO/S. | No/s. | NO/S. NO/s. | No/s. | No/s.

O | Ltooo | 0.000 0.00 | 0.00 | 0.000| 0.00 | 0.00 |0.00 }0.00

10 |.5257!.2250|.0719 | 0295 | 0247 |.0187| 0164 |.0/44 | .0130

20 |.2763| 2120 | .1201 | .O750| .0S60 |.04561 .0335 |.0282 | .0260

30 }|.,1454 | .1520 '“3,3 .08!5 | 0677|0511 | 0411 |.043 | .035

40 |.OoT65 |.0977]|.09071.0803|.0687|.0588| 0531 |.042 | ©38

SO [ 0404|0562 |.0605|.05492 | .0454|.0452 |.0437 |.0¢/ |.036

60 |.0213 |.0o387|.0467|.0377 |.0343|.0344¢|.0337|.031 |.026

70 |0l {0192 |.0235 |.0247 |.0240)|.0233|.0233| 023 | 022

80 |.0059 |.010S |.0129 |.0149 | 0148 |.0152 | 0186 | 0187 | 0OI58

90 | 0031 |.0058|.0078 |.0091 |.0100]|.0097 |.010! |.0105 |.0106

100 |-©016]|.003/|.0045]|.0053| 0055|.0057|.0063 |.0066 |.0070

Z e | EC| B |5 | R | K| R || &
Cm |NO/S. |NO/S. |NO/S. |NO/S. | NO/S. | No/s. | No./s. | No./s. [No/ss

0O |0.00 |.uS7 |.0789 |.0594 [.o¢11 |.O314|.0265 |.0o2492 | .09

10 |0.00 |.0607|.0708|.06/0 |.0489 |.©045 |.0365 |- 0349 | .O3I

20 |0.00 |.0320 |.0493 |.0O534 |.050/ |.049 |.047 |.040 |037

30 [ 0.00 |.0/68 |.0312 |.0397 |.0411 0493 |.0487 |.045 |.04/

40 |0.00 |.0089 |.0167 |.0274 |.0322 | 0470 | 0359 |034- |.030

50 |(0.00 |.0047 |.0108 |.0169 |.0230 {.0237 |.0244 |.027 |.024

60 |0.00 |.0027 |.0089 |.01I3 |.0133 |.0163 |.0175 |.0I18 |.018

70 |000 | 00/29 | 034 |.0060 |.0090|.0095 |.0111 | OIZ 0127

80 |0.00 |.00068|.0012 | 0034|0048 |.0058| 007/ |.0070|.0072

90 |0.00 |.00036].00099!.0019 |.0260|.0038 | 0044|.005/ |.0049

100 | ooo |.000I19|.00053] 00I/ |.00!5]|.0026 |.0028|.0032].0030




18

dus te gll greups st & rate

K =0C
R= A (Fi+Fy) Ex {(135)
4mZ*4 ' ‘
k=0

& lg the counter ares projescted 'n s plane perpendleoular to
the redius vectcr,

1f the counter charecteristics are mcdified by mesns
of & directlicnel shield which has transmissicn cocefficients
T; amd’Tg'in the positive &1d negutive directic. s respectively,
the ccunter efficlency is reduced st esch energy by Just these

coefficlients so that the shielded counting rate is

K=oQ
R=_A_\ (T R+ TR & (14)
422 '
K=0
* N
The Ti are computea from the known maess sbscrptic.. coeffi-
eiwmts.la

S8ines photoslectrice sbsorpticn in the detector waells
causcs the delteetor response to vanlish et scine snsrEy ﬁp,
the i finte sums in Eguatlicn (13) end (14) may be replaced
by sums extendlug from gzero to p, where p correspcuds to the
detector cuteoff encrgy. ‘fthis energy csn be estimatec from
the trensmisslcn curve cf the ccounter walls, &p Js the encryy

corresponding to T = 0450,

laCempten, l.ce cite
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this expressicn can e vritten ng

o¢
L=L f (FI+FS) ECcosyp, mp) de (16)
Z

#

! 5 - . “m 5
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1=+ E+F)dp (17)
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magens Jahke ¢ 100 rritz omuae
(tow York, becver Publicotic. s, 19453)

O Lo .
eogustlces (17) 1s oreet Jorf o selisrical counter,
sctuslly, the response should be sorcwhrre bvtveo saquatici s

(16) snd (17).



Figure l$o

DIRECTIONAL
SHIELD

/

Gounter

P'=Z/Gos B,

Plane

Thin Shield

Source

Cylindrical Counter and Shields,.

03



b

within twe per cent for Z 2 £0.
aneloegeous to the deseripticn o the point source,

the shnislded counting rate {'¢r a counter of eres A ls

k= ™
K= A D LTy (18)
'z o

whore Tk is the trensmissicn ccoefficicsat of u b siisld
copolately surrcunding the counter,

introduetion of & directimal stizld &3 shown In

4
LA 3

“h

ure 4 gevarstes the rediption inte coupons &8 woviing

towsrd end away from the scurea, e auwed-r of cubaar

{ L

trevellng quanta incident ¢ r seeend urca s cylindrical coun=-
tor of unit ares 1is

Z/cos e,
+ -
Fg E(cos %p, 1172)dp+(g-Tx) FK d{,

z Z/cos
Since Op X 70Y, this exprogeio is spproximately

©o¢
(] + .
X e
F4
Ir 2 =21 1ler manner the guesntes incldent uron the

ceunts-» frin the negative direation cer e rer
oC
- _L = .

Those funct one are gldven in Teble Lile

the tetel counting rete for ¢ covnber of sroe S is

k= ¢
R= A > (T Tt Tolx (22)
=< Q



TABL

E I

22

DISTRIBUTION OF 1.20 MEV. QUANTA DUE TO A PLANE
SOURCE EMITTING ONE QUANTUM PER Cm? PER SECOND

y A Io | TV} 17| 13| 13| Ig 4 | 1
cm  INoicm'ss| Nosrems| norem?/s. | vos emss | norem?ss |woicmss |Nosem?rs {noicmss | norcmiys
Q oC 151 135 - - - - = -
10 220 153 093 .065 053 | 04l -038 |.034 030
20 |.068 |.073 | 056 | 042 |.036| 0311 [ 029 |.027 |.024
30 027 034 |.03) .026 .024_ o222 |0214 | 019 0l1s
40 |.0135 |.0164 | 0173 |.015 |.0145|.0143 |.0142 |.0136 |.043
50 |.0049 |.0079 |.0095 | 0090 |.0087 |.0O086 |.0088 | 009! | 009!
60 |©0025 |.0037 ;0048 ©052 | .0050|.005! |.0052}|.0052 |.Ooo5/
70 00105 ].0019 |.0025 | .0027 |.0027 | .0029]|.0029 | .OO3!|.003
80 |[.0005 | 0087 |.00I3 | 00I155]|.00193|.0017 | 0017 | 8079 ]| .00:8
90 |.00025|0045 |.00065|.00079]|.0071 .0009;3 0009 |.00099| 0O
100 |.000M | 00022 | 00032 |.00036 |-00038 | .00040|.00048 Lo0OS55|.0005
Z I, I I 1 I, ) 3 1e 17 )
cm | Nom?/s| worcm¥s| NorcmYs| Norcmiss nosce’ys| nojems fuogentss Iworcndys | nofcmiss.
O | o.00 oC > o ac oC oC oC oC oc
10 | 00D |.0243|.035 |.0398]|.050 | .04l |.038 |.0355| .032
20 | 0.00 |.0066].0/149 | 0123 | .020 {.0243|.0243 |.0225 |.022
30 0.00 | .0034 | .0065 |.0094- |.0107 |.0144| .0I37 | .0139 |.00I4
40 0.00 |.00)3 |.0030 | 0048 | .0059|.0078 | 0077 |.0082 | .0088
50 0.00 |.00057|.00!4 | .0024-| 0028 | .004) |.0043]|.0047 ] .005}
60 | 0.00 |.00026 |.00066].0012 | 0017 |.0022 |.0025 |.0027 |.0029
70 | 0.00 |.00012 | 00033 |.00063|-00089|.0012 [|00I4 |.005 |.00165
80 | 0.00 |.000058] .000/6 |.00034-| .00048|.00068|.00077|.00085 |06
90 | 0-00 |.000027].000078].00015 |.00024 | 00038|.00043|.0004-% | 00057
100 | 0.00 |.000013 .000037|.000088].000117 | 00022 |.0002¢ |00O28 |00O32




where 1;; T; ere respectively the transmissicn coefflicients
of a directicnsl shield parallel and anti-parsellel tc the 2

8x18,

23
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W EE AT T LY L T i Ke s o " g L
GBS ORI PTIGEH OF wironle i RUG

sxperiments epproximating thoese deucribeu mey be
performed 1n & lorge volwee of wet oy anc wessurcments proe-

perbleonal to the iateneity nade with & UVolger-aullor countors

5]

Sceurces of findte slze must e used insltesd o' the ldeall-
zaeticsn of polirt end infinlte plesne souLrcos. nustricilons
onn the velldlty ¢f such epprexinetianeg rogulire thet lnten-
8ity determinsticns caiinot e made ¢t exbremitcics (within
g mean free psth} of the volums sod, Iurthornore, tast in
cgse of the plane radistor, the meximum distence from the
plene where intenslty 1s to be measursd nmust bo less than
the linesy dimensicnsg of the sCurcc.

voth point srd plane sourece exrerl ents were per-
formed in & cylindricsl tank six fect in dlemeter and six
feet deep fllled wlth water. messurcments of intensity
wers rmade by & uelger-zxuller counter encaszed in e protsctive
sluminum tube (.4 gm/cmz) gnd clsmped in pesition et vericus
poeints sloeng 8 tenk diameter on & wmetsl strip pleced scross
the tank topese in the point scurce experi ent, the socurce
wes placed in the tenk ceonter and the ccunter wlih its sxis
horizontal wes roved elong & tenk dlemeter in the plsue of
the socurce, ¥hercas, in thce case c¢f the plene, ths source
wis spresd out over the bottom of the tenk, and the counter

with its sxls horizontsl was wmoved awey from the scurcees
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The count:r which hed sn 2ffactive arca of 8.8
goguar: inch s end wes constructed of 8 cne-ineh alametsr
couper tube +ith «GO8 inch well. & five to one ratic ol
argon to ethor mixture st 30 em of mercury fills: thoe tube,
snd s five mill tungstoen wire ssrved sns ancrde, nather pres-
else remavrements of the countrr officioney (dppendlx 1i end
111} were rede at three diffcrent energles with ths results
Zilven in the fehle of srvendix 1il. whose mengurcme L8 agree

£l .
within ewxperi entsl srror of those of rrudt et sl s¢ nls
curvs (Pigure 5) of counter efficiency is vsed in £11 calcu-
laticrse.

&0

Soureces used in both experi ents were made ol CO
which emits a betsa rey of 0.3 mev encrgy snd two gamms reys
of 1.1 and 1.3 wov, respecclvsly, rer dlalntegration. A
Jureau of otsndsards sourcee co.tained i a pglasy ampule .and
and having an sctiviity of 1.46xlﬁé Gislntegratic s sor second
servad ag & point gcurce. Tre plane scures was praepared by

e
plating CU (in the form of Guﬁué) in tinin copprr Lurnings,
wgasuring the mesn asctivity per gram snd spreediing tihlis
meterisl over e phenolle plane six fect in diemeter, duls
scurece had an activity of 138 disintegrations per cma por
second,.

wmeasurenents of baeckground were [irst taken aftoer

““H. Bredt, F.C. Gugelot, u. Hubsr, i. Hedicus,
P. Frelswerk, snd FP. Scherrer, "foplfindlichkelt von zehlrohe
ren mit Belmessing-Aluminumkethode fur -Strshlung 1. kEn-
grglelintervell O, Kev Bile § Kev", Hslv. Phvs, Acta 16:77-€0,
1946,
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Filgure 5. Efficiency of Copper Counter
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whicii the pecint esiures yweg introducecd snd tobtel counting
determinaticns mede ot btwelve alfferent poluts clong s cank
redive.,  Lstinetes of the spectrel distributicn of the guanta
were made by a lead shield (2.5 gn/em”™) placec ccmpletely
arcund the counter. Directionel dsta wes taken with & thick
2
lead shield of 30 gm/em” mess, surrcunding only half the
ceunter; messurements were teken beth with the shleld facing
toward end away from the source., These meassurements were
Lo

repeated vith & 2.5 gn/em” lesd shield completely surround-
g the counters to esti zto the encrgy distribution of the
guznta meving toward end away from the scurece, Transmisclon
coefficlents of the veriocus shields and ccunter tube wall
are given in Flgure 6 as & functicn of the en-rgy.

kMeasurcments identiczsl in principsl to those above

wore teken wilibh Lthe plarnc scoures. In thia case the thin

2w}

rad

lead shiield had a mass ver unit ares of 1.35 gm/em , while

the dirocticnal shield had & rasa por unit ares of 28,7
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SxCTION 1V
DISCULHSICH LF REBULTS

Counting ratss were compute: from squstlions (14) snd
(£2) for the veriousg socurces end shields used in the experie
ment. asesultes of such calculasticns sre given 1in rigures 7
to 12 in which exp rimental deta sre dencted by circles,

reoint socurce date ars comparced with the theorstlcel
results iIn rigures 7, 8, snd 2. Flgure 7 shows thet excellent
agreem:=nt between theory and experliment wes obtained for thé
unshieldes counter while & considerelle ﬂgscr@paﬁcy aexlats
in the c¢case of tho shieldec cduntar. ihis desceropancy 1s due
to the use ol the mass-sbhsorpticn ceefiicicnt in couputlng the

transmissicn thruwgh the shleld, Oince the mass~sbsoeraticon

o

coefflcient i-.cludes gesttering, es »ell az shsorption, its

use ghorld over astil ste the shizloing beceuse guante scate-
tercd in the shield mey nct be doflocte. tkrﬁugg o sngle
lerge encugh te miss the ccunter. 2l thoory, therolcre,
shculd be lower then the experimontel data in gll cases in
»hich g shisld 1s used.

Figure 7 slsc indicetes thet th: deta Gevistes fure-
‘ther fror the theory st grest distsnces from the scurce. dhils
is understendehle from the viswpelint thut of the quants which
have been scattered, 8 given nimber of times, those whlch have
traveled farthest have the lergest energy. Fhus there are
more high energy cusnte at distences for from the scurce than

thet given by the thecory. This effect tends to inecrcase the
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counting rate but is not so noticesble for the unshielded
counter because the effilcioney is net directly proporticnal

£o the energy; 1.e., an increase of group encrgy belcocw 0,21

maev decreases the counter efficliency vhich compensetes for
increeses phove thet value, On the other hand, the counter
effielonecy s practicelly linear in the pass-band ¢f the lead
filter sc thet the deviaetic: Is rore noticesble for the shieldsd
counter,

Genersal sagrecment of the directionel dete for the point
source with the theory wes obteined. rigure £ indicstes theat
the theoreticel curve lilce sbove the deta for the negstive
component end viss versa for the pesitive component, This is
dur Te the fect that cuents comprising the negative compenent
nave been scatterad through a lerger angle the those in the
poslitive componsnt and, therefora, should hsve & smeller enargy
then the pecsitive compcenent, Thus positive snd negstive come
ponents heave respectively more and less snergy then that cale
culated by sguation (). Hxnerimentsl dets, therefours, should
be displeaced in theze dirscticns relstive to the thecry. Fure

ther shilelding brings out the effects noted previcusly. First,

cver esvimation of the effect of the shield; snd second, the
tendency towerd bigter counting rstes far frum the source
results from a displacement of the grvup ensrgles towerd the

high energy end of the spsctrume.
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ABSOLUTE COUNTING RATE

P

.
\ \
e | \
\ pasitive ¢
'oo \‘. “ ositive Component
\
\
\ AN ]
\ \%
\ \
N\

o| Negative Componek \

10 A
N —\
\ N\
\ hY
L 4
-
10

O 10 20 30 40 8O0 60 70 80 90
Cm

Figure 9. roint Source Directional Counting
Rate with 2.5 gm/em> Lead Shield



34

Comparison between thecry and experlrent for the plane
source is 4llustreter in Figures 10, 11, end 1z, Generally
excellsnt results were obteined for the unshielded counter witn
experimental error les:s than twe per esat &t sll pointse. it 1is
remarkable that thils curve bevoend 20 em from the scurece 1s exe
ponentisl with en e.parent sbscorptic coefficilent of 003 cm-l,
which is elmost evectly squel te the Compton linesr scabtterlng
coafficlient of ,0643 cm"l for water, dhls is corteinly a coline
cidence as radlaticn from e plane sbsorbec vith g true abscrpe
ticen coeffieclent of 0643 cm.l would produce ths dotte. curve
of rigure 10,

Shielding of the counter brings forth the same sfiscts
as were observed for tie point socurces. sgeln, thesse offects are
due to cover estl aticn of the shlelding and to a slightly dif-
ferent energy ﬁistribuﬁfcm than wes assumed in the thecory.

Counti ¢ rates calculate: from the speectrsl snd spaw-
tiel distribution of the secstiered radisti-o derived in the
theory yield results in remsrhkable sgrecmont with the sxperi-
mental rocsults, Devistic s a2 2g81ly expliecable, slthough
difficult to ineclude in the theory. ihese dlstributions, thus,
reprocsnt a reascnable gporoximation te the gcbusl distributium
and cun be use: to caleulates the redlation under similer cone

diticns,
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APPENDIX IX

Counter efficiency st & given energy can be shown
te depend cnly upcen the cherscteristics of the wall meterial.
Since ionlzaticun produced by an electron is cssentislly in-
dependent of the gus cherecteristics snd electron eneryy,
counter efiiclency depends only on the relative number of
Compton recolils resching the counter interior. The number
of effective recoll electrons formed in volume of the wall,

t cm thick of unit sree i1s Not, where t 1s tie maximum
range of the electron. From the well kncocwn Featherl relge-
ticen

t = 1( 544 = ,18)
d

the range t, of &an electron varies inversely as the density
de There, counter officlency is proporticnal to
HOT t = H__(u545 - 48)~ Z  (5),
d W
where 2 and W are respectively the atomic number and welght

of the wall matorisl.

S - g~

L Feathsr, "Absorptlosn setiiod of investigating the

MR, 1 2 3 B e

High Veloecity Limits of Continuous ~P&y‘byw3trﬂﬁ; §£Eﬁﬁh%
< * - " - [ G - D) . OV & ‘fl,, ’l. o i &5

ings of Lsmbridre EFhil.scplilesl Socleby, ©73 40U-44%, ~ugist,

1¢21,

ATy %
oA B



APPENDIX 111

A definitlon ¢f countsr efficlency is

€= R/S (1)
whers R 18 the counting rete dus to ths numbor of gusnbte, 5,
incident on the counter persecond, lor & counter cf cilfecc-
tive arsa A, &t & distance 1 from & souree, the nwbor of
iaecldent cusnta por second is

S = pNAA/ane? (2)
where P = BNumber of gus.ts erittod por disintegration

A #ctivity of seoures Lrn dleincogreticin por secunds.

Kessurements of connt:r efficlency wore msue vith
co%9 and Redium sources with the results given in the teble,
Exeellent sgreement was found betwecn these results and those
of ﬂradt.l

Zfficiency measurcments wer: 8lsc made with an X-
rey machline at energies of ghout 0,125 kev, The counter was
pla ced sbout one meter from the fccus peint oi the tube and
corpletely shieldec in lesad except for an sperture of known
aret. A copper filter was plsced botween the counter and
x=ray machine so thst the low frecuency pert of the speetrum
was cut off due t¢ phetoelectric sbsorption in the filtoer.

Intensity messurements were made by & Bur esu of Otanderds

1k, Braat, loe. cit.

o
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0001 Reoentgon-Victoresn meter,

In ordor to calculate the effielency, the flux of
gusnta in the bear had to be relsted te the number of noente
gens from the Victorsen meter. Since cone r is equivelont
L0 Gne BeBSele I change per Ce.Ce., the number cf ion peirs
formed por second is r/s

Fumber of icn peirs por scccnd= (3)
O

4.8x107 1
whare T/8 18 the number of Reentgsos delivered per second.
It recuires 35 velts toe form one fon palr in sir under stende
srd cordliticns of pressure snd temperatuve 8¢ that the cnere

gy sbsorbed per second is

Energy/second = 356 Y/8 (4)
4.6x10™20

Iff the gusnts producling the icnizetic. hove an energy of hV

(veltas), the numbor of such cuante 1s

An= 35 _Y/S
Mﬁoxéﬁﬁxlﬂn

Now &s described in the thecry, the ratic 98/0
is the frectic: of ineident energy given uv to the scetiered
gusntum, (1 -~ U8/g- ) 1s the energy given tc the reccil
electron and 1s the energy effsctive in orcducl. g the icnie
zation, If the z-rey beeam hos s Tlux £, the cuanta ebscrbed
per em is AL fo The number of ocusnte effective in producing

ienizeticn is,uf(l - OUs /o ). By substituting this result



4<

in iguatlcs () it is found thset

£- 35 Y/s (6)
10

Y (1- Ts/g-)4.6x10"

The efficlency ss given by #Zquetion (1) 18 then

€ - Rnv (1= Us/0 ) 4.8x10710 (7)
AEA Y/s

whore A dg the erea of the eccountsr tube exposed te thc Xeray
besr.e (1= 03/0‘) is eveluated st the energy of the Iincldent
guanta,

Hesults cf efficleney messurenents with racicactive
scurces and x~rsy machine sre plven In the folliowing table,
veluee cof Bradt ere elsc given in the table, #preement of

these mesasurerents 1s excsllent.

Scuree lean Hnergy ofYsys Keasured Bredt's
Mdlicieney wfilcliency

ca®0 1.20 G u5x10™0 6.8x107°

. . -3 o~

Ra W78 3e8 x10° 7 Be7X10

X Ruys W1e 1.4 x10 ° 1.4x10°°

(L e v o g
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