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AËSTN.¿iCT

The elas¿ic scattering of garuras of 1"1/ IiieV a.nd. 1"33

t\iev from a Co6" sollrce r,,iâs [l€Ð-sured for the scatberi-ng angle

of 90o ancl four dífferent mate::ials (Ib, Cu, Al- and Íi.O)"

Intensåty of the source used lvas about 1000 euries and the

scattered ð-ray spect,rrrra was obtained- by u-sing a IüaI(1'1) crys-

tal (I*tt tirick and L-Èrr diameter) anci a single channel pulse

heigttt analyzer" The cros,q sections obtained as'e babuiated

on page 59" These results agree fairly well r,^¡-ith Bethels

for"m factor calculations for Rayleigh scaüiering ancl wiûh the

cla.ssica-l Tiromson fez"rnrr-ia for elastic scatterlng b¡r the nueleìls"

ïhe ha.rd eoniinuoì.ls gfiEme. spectrr-:rn, usually a_seribed to
bremssLra.hlur:g f:-om phoio: and. CorupLon electrons, !'ies exarnined

for ciifferent tliicknesses of Snu Cu ancl Pb sca&te¡'ers" The i-ntensi&.,¡

of the speetra and bhe fac& tha& iE is almost ind*peirdenÈ of
the scatterer thiclcness unambigr-rously proves ttrat onry a
minor part of the hard corûponenõ is caused by brernsstrahlung"

The a.ssump'üion that its origin is in the tompton effect on

bound electrons seenis consistenb r,rrith the measurements"
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T TNTRODUCTION

The scattering of a gamma ray by an atom ean take plaee

in sel'eral v{ays" The most proTrable process is Cornpton scat-

LerÍng f rom the atornic eleeirr-rns, very r¡rell- explained theore-

tically [f-] an¿ cireeked experi-menially I-2, .ll fot the usual-¿ LJ L' )
case v¡here the elec-r,rons may be Considered f¡'ee and at nest "

Here a" gamma ray scattereci. at, any angle has a definite energy

given by t,he v¡e}l--known Compton formula. Tire effect of elec-

tron binding is to give a distribution of energies to the

seattered gaïnna rays as a resulÈ of the distribution of

eleetron velocities within the atom I U] . Thís is well knor*n

in the X-ray r egion, br,¿t f or higher enez"gies the Compton

line broadenång has nob been well treated theoretically

or observed" exPerímentallY.

A proeess v¡it.h much smaller probability ís the elastic

scatte¡'ing r.rhieh ean oceur in ser¡ena-l differ"ent manners" trn

LhÍs case theoretieal- Lreatments have preceded experitrtelits

and four diíferent elastic processes have 'been predieteci"

These are Rayleigh scattering by bound electron* [], 6],

TÏ¡,rmson scattering by the nucleus I Z], Delbruek (potentia-t)

scattering frorn the electrj-c field of the nucleus | *l enO

nucl ear resonant seattering [9, 10-l, All these fJr* p"ocesses

are coherent mea.rring that tlleir seatterj-ng amplitudes n:ust

'be adcled rather than their intensitíes, Since scintillaticæ

counter t,echnåques have been developed, several successfu.l-

experiments have been done on re,sonanee scåttering from



ihe nucleus as well as a nu¡nber of experiments on Rsyleigh

anci Thomson scattering I ff-ZO], Delbruck scattering
h'.c nnr- r¡a{- heen observed experinenta-}Iy,¿rsu ¡¡vv Jvv uvvt¡ vvgçr VçlMyE¿ !¡¡tWItr/q_AJ.y t

In all scabtering experiments r,¡e must use scatterers
of finite thickness" This has the effect that some secondary

processes talce place" Among these processes the annihila--

tion of positrons created by ganrmas is the best knov,rn one

[".f . sec " 26, 27 in ref . 1, and for j-nstance ref . ld l "

/inother seeondary process is t¡remsstrahLung due to electrons
produced by the photo- and Cornpton effects. The snçï"gy

spectruni of the galrmas created in this manner j-s evidently
dependent on the scatterer thicÌçness and covers conti-nuously

the range from zero to the maximum energy of the ejected
photoelectrons, Iri almost all experlnents on elastic scatter*
ing a hard+continuous component of garnrrns r"râs observeci lur,
15, i-;6, L9u 20) and has been aseribed io bremsstra.hlung,í..

The ai¡n of this experiment r^rås to get some more d.ata

on the elast,ic eross section for different atomic mi-rnbers

(particula.rly for lov¡ Z ) a.nd to Ínvestigate nrore closel-y
the origin of the hard continuous eornponent" rn secti_oh r
a siiort theoret,ical discussion of scattering processes is
presented 1n [he scope that l,¡i]I be necessary for t,he dis-
cussÍon devel oped i-n section v" rn section rr and rrr
the experimental set up a11d methocÌ are exi,lained and the
results obtained are presented in section IV"

F"u, .hov¡ever, i"4ann IUi r,vho suggests Compton
lJound electronsi for part of it,,
By hard we mean t-rays qf,energies higher thanof gamma9 seattered by the OompÈon effect"

effect on

tne energy



(a) Photc effect.
For the discussj.on that forlows the experiment l"¡e need

to know roughly the an,gular distribution of ejected. photo-
electrons. l¡Je are not particula-rIy interested in the total
cross secti.on for photo effect, so lve shall present onry
the angular dependence of the differential cross section.
Also, because the experimental results shoin¡ that about go

per cent of the photo eleetric absorption occurs in the K-

shell f or y -ray enerqies of " J L{ev or higher r,,re shal_r not
eonsider here effects in &he L-shell.

Several formulas for bhe differential cross section have

been derived al-l having a limited range of vaì-idity,
sa.uter ltt] has derived one that is most applÍcabl-e in our
case" rt is valid for relativistie energies of the ejeeted
photoelectrons and for 7<< r3T " rts angurar d.ependent part
for the case of an unpolarized prima,ry beam is

tt -V,lt )
7 r¡-fs")(n-F.-Ð/

where(o7ís the angle betrveen the d.irection of the e

electron and the direction of the primary photon,

() is the ratio of vel-oeity of photoeleetrons to t
of light"

eted

d

I
I

r.l
)

je

an

he

(2 "L)

vel ocity
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Here 8 = E-/*c-'

It can be easily shor,,rn from the above fornula that in

the case when the energy of the ejected photoelectrons is

1,2 lvleV (tfiis is applÍcable to the radiation from Cono.)

al-most al] of the electrons are enitted within an angle

of ?5' ',vith the Primary beam"

From the rel-ativi-stic relations for the energy a.nd

¡nomenÈum it is easy to obtain the familiar equation that expres-

ses Èhe energy E of the scattered photon in Lerils of its pri-

aary energy É" and the seattering angle O í"e'

t--

l+ V(r-,-"e) o

, where -.c'

(2 "2)

oi i:he electron"

The differentia,t cross section ollt"r * for the process
øl fL

is given by the wel-l-known Klein-i'Iishina fornmla (ref ' L 1l

p. 219, eq, (rro¡¡, fn the nonrelativistic case ( xt' ¡ ¡ it
ben4s to å l-imit

olltol - nr. l+ t-rLO
d¡¡- z {2"3

r,'¡here rL o -- e'/*.-'. : 2"82 x i-O-13 cm is the classical

electron radius, This expression was initially d.erlved by

J.J. Thouson on purely cl-assical- grounds"

From the Klein-i{ishina formu}a for the recoiling elec-

trons (ref . [t] , o" 22O, eq, (tri ¡ ¡ or from its graphs Þr)
it can be deduced thrÈ rnost of, the reeoiL electrons go j.n

+ ¿Ítq) is the cross seetion for seattering per unit, solid
angl-e.

is the rest energy

b ) gqqpto_n _q!lec_!



the forward' d'irecbion, and from eq' (2"?) it is cl-ear tbat

these electrons have the largest energies.

(c ) Pair productro¡

The differential cross section for the creati-on of a pair
-1(ref LfJ, pu 2570 eqs. (6) and (7)) shows that the angular dis-

tribution of positrons is strongly peaked in the forv¡ard direc-

tion and that the cross section for pair creation is propor-

tionai to Z', For heavy elements and relabivistic energíes

and in the case of sereening there is a small correction factor

that slightly changes the Zi¿"pettdence'

(B L Se.cgpdarv Jrocqsseq

{a) Bremsstrahluns due Èo phoi,o and Compton elecsÐo{rs-,

The differential cross-s€ction for bremsstrahlung has bee¡"1

d.eri-ved theoreticalty by several- auLhor:s (seetion 25 in refu

ll] I but recent experimenÐs of i'i,otz [r, ] have s]ior^m that the

t,heory does not give satÍsfactory results" l'./e reproduce in

fig. (f ), in a convenient and si:aplífied form, his results for
the cross section for t I'TeV electrons at 90o" Cross sec'bions

for Cu and Su have been inÈerpolated using theore"bically ob-

taÍned Z-'¿epend.ence that is valid for lovr Z' (ref " [a], see , 25].

(b ) Annihilation of positrons at rest and i-r¡- f ligþL'
lvhen posiürons are annihilated at rest two f-quanta of

energy 5l-1 äeV are produced and their angular distribu'Li on j-s

isotropic "

The probability for the annihilation of a positron ?'¡h€ft

it ecllides witir a negative electron is tre¿rtecl in ref" I flLJ

(sec, 27, subseeLÍon I) for the ease when bhe centre of ruass

of both electrons ís at rest. In orcler to get the diffe::ent:Lal-

cross section fo¡' the annihil-ation in flight it j-s necessiârJ¡
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to make a simpls Lorentz transfornation l2lrl. Energi-es

of f -rays creabed [[v), and([v),are direetly re]-ated to

the angle o one of theni make ivith the original directj-orl

of positron. So, it can be shor'm (ref ' l''r) €9' 2) thât

, I L*aL( J'v 7, = , - _E__*¿ ,-. ê, 
(z'tn)

ft ac'

ancl of course

(l"v)" r L -t Anu¿ - CLv), \<'") I

Llere, E is the total energy and ,"u(-' .is the rest energy of

a 1:osiüron.

Besides this tv¡o quanta annihilation a positron can

con'[:ine l.¡iti. an e]-eet^ron ar¡d Þeoducê th.ree' quentla s'-oP only'ollì€o

For s¡ta}I positrorr energies these processes are very improbabì-e

v¡ith respect to tl"ro cluanta annihila.tion and usually ikreir

effects can be neglected lrrl
/ n \ r- .- L'ì ^ 6ú{ *^ Ðr, ñ.(9 t l,ç.:S -þ{ob¿ì!¿q- i,¡r uu.r v F,I]O9-êSS€9.

{a) Thomson scattering

The compton effect on the nucleus exis't,s as -,tell- es on

electrons ¿:lnd the discussion reviewed in section (Â-ìl) is

applicable in ihis case, too" BuL beeause tlre ntass lY of any

nueleus is ntuCh gre¿ìier than the mass of the eleetron r,re have

!ì^^lurr,a u tr-

v = "o << I

Ac'

Consequences are th¿lt the scattering of photons is elastic

(see eq. (2.?)) anC that the scattering cross section is



(")

given simply by tlre cl_assical Thomson formula (2" 3 j

tvhere ¡r-o is replaced now by (>r.)/ /t.,.
That is

dl._(7e)qt+Loa¿e
dn (1r..). L {;:"6)

or j-ntroducing the abonic i,.reight A and subsbituiing nu¡reri_
eal val-ues for the uni.versal consNants ,,^¡e have

à4- rs¿ 21 , u rnreã = z'3q ' rÒ ;- --ï {z,T)
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Elastie seatterj-ng of l-rays by bound electrons'

usua}IycalledRayleighseattering,orelectronresonaneescat-
tering, may be treated' in the following way: a primarir photon

isa.bsorbedbyanatonicelectronthatisexcitedtoanenergy
sùate in the discrete or continuous spectrutn'

Ït,hasbeenSy}ovmtha-tinthenon-reI¿rtívisticlirnit

theanrplitud-eforRayleighscatteringo*canbeexpressed
astlreordinaryThomsonsca'bteringarnplitud.eQrcorreetedby

an aboriric forrn. facior", i'e'

.^ß = er F i1r -- *l/+t,'+ <-{-r

where t is the change of momentum of

tha& is

'o) È f+)

the Photon

\¿"ó I

/ ,, ê
{2. !i}r=Àïr\;

r-1
aricl, a,$ shown by Franz L5l, t- ¿t) is the form facÙor

| - ii.Ë -0r--F(9-) = \- 
e - L^d n-

r,,{.'.ere ü(^ is the charge density' Franz used' tli.r: folloi+i:ñg

.simplifyingassu-nrptions:(a)theThomas-Fern.rie]-ee.t,ronie.charge distribr-rtion; (b) t¡,e assumption that the change of

ti':¡.,emomentumof,chephotonismuchsrnal]-erthanSci'€oL<<þ^L;
(c) that the veloeity u of the electron that seatt'ers the

quantu:n is nOn-relativistíc, i"e " l-/.)'* ( aZ'¡')'z'¡v¡here "¿- i-¡

the fine structure eonstant ancl rh is Ûhe prineipal cl'uan?:utB

nLl..¡iber; and (d) he negleeted binding in the intermedia'be

sLat.e, i"e' he used plane wave functions" By iiris

rrethod"heobtained.thefo}Ior.Jj.ngresult



,.-¿A)

J-U

for bhe seattering amplitu-de aF.

EL
Qt =;;

where
¿^ = l.

The corresponding cross

of coherent scattering

- t/i'
u I ¿L1

>t/a
L( *lo &a

seetion, provid.ing tha-t other

are negligible, is

La
â_'+ Go * 4Q-Q"

\ ? , u -Z 
Ln

àd-te) e-'¿ É l-t cÆa
.l.'=

J-¿ (-^c"i' À'^5 L

or, by putting in nunerical values
?..

d4ot.o) _ 8.67. ,p-5' (= .,*.')" I + ?.'ê c^n,7|*l.qz";11,
Jr¿ ùt9. \ t" ) z

The scattering amplitude qF is in phase with c{r-

due to Thomson scattering Êo that the differenti-al cross sec-
,/tion ór, in the case where neither of Ëhese two proeesses Ís

negligible is
à {r, Lol _

Jr¿

Theoretica.l- carculations of the scattering arnplitucle

for this process appricable to a general case have not yet

been macLe, Bei;he [tu] has earculated the contribution f of
K electrons onlyl ,o ,n" scattering ampliûucle using Dirac 'lrave

functions, neglecting bindlng energy in the intennediate

states and assurning that ciranges of the photon momentu-q

are larger t,han the characteristic momentum. of K eleccrons.

(2"10)

(2.10')

f or¡ns

(2"11)

(z "tz)

1* ,t
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has shown that, itr

is stilL given bY

this case, the scattering amplitude

êQ" (2.9) v¡here the forr¡l facto;' is

F (c) À.i- (zY {*-'1' ;
YI'(r*9,t)Y

+^ ,.o

4; (¿{ {*-'*t ¡

(2,r3)

(2 "r3, )

{2.L5)

here
, t3)

-7
Io

and K = Vr- t¿ /,tt)-

This, Bethess expression for the sea-ttering arnplitude qB

(2"!3,t)

(z "tlo)e¿
- g ,t-c¡

À- C (' * ?'') r

is again in phase v¡ith the scati,ering am1:Ii¡sile a]- due to

Thoroson scattering so that the differential eross section,

provided that the contribution due to other elastic proeesses

is negligible ris
o{<tu(e) - e.'* ost * Àares

Jn_
Rohrl-ich and Rosenzweig lZZl have extend'ed' Bethels"o L'l

cal-cul-ation to the case of L-eteetrons. They have shol'r¡n

(p, 3S8 in lg I I that at íntermediaie energies (momentr¡m

transfer ..)r-^^) tte contribution of the L-electrons to the

difíerential cross section for the elastic scattering is about

zA?L of thai-- due Êo K-electrons" llith t,his nodification

the eq. {2 "L5 ) becornes

+*=I = &.' * | hq a.o' * 24 Q= QB (2.].6)



t<.

Levinger [O.l f.u. ca]-culated sonie corrections to Bethers

form factor fornrula mainly applica-bte to small- angles" üe

shall not discuss them here beeause our scattering anglc is

90".

Brovm et al- lrf] ft".tu shor,vn that talcing into account Èhe

binding energies of the intermediate stabes aelr change the

expressi-on for the seattering amplitude sigl'lificant'1y" Un-

fortunately these ealeul-ations are also inapplícable to the

elastic scatteríng of Coto E -rays at 90' atthough Uhey are

noru being extended"

( c LDsfbrück seattering

The interaction of strong el-ectric fields r'rrith a

photon may cause a change in its momentum. Beeause only

atomic nuclei ean produce fields strong enough and the mass

of the nucleus is large, the energy of nuclear recoil is

negligible and the scattering is elastic. This scattering

is frequently refered to as poteniial scattering of light.

The process takes place through an intermediate state" Îv¡o

intermediate states are possible, o¡1e l¡here an electron paír

ís actually produced and im¡nediately again annihilated, and

the seeond vrhere the pair is only virtually produced''

TheoreÈica11y, the problem is very complicated. It has

been possible to carry out calcul-atj-ons analytically only

for Èhe scattering angle of O', and this has been done by

Rohrlieh and Gl-uekstern [tn] and To11 ÞOl Some approãj-mate
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calcu.lations have been done also f or very slnal 1 scattering
r1

a.ngles and for very high energies 131 | a

Evidently. no calcul-ations ean be applied to our experi-

nent and. in the discussion of the results the contribuLion

due to potential scattering cannot be taken into accounf"

(d.) Resonance scattering f¡:ors the nucleuso

There are tr,vo different caseS of resonance SCatterinq'

one r^¡hen the photon energy is nearresonance and the other

r^¡hen it is. far from resonance" The cross section, when the

photon is near resonance is high, of the order of a barn or

sti]I higher but the resonance is very narrow (alv,¡ays narrovrer

tnan IO-¿ eV), So the photon is usualÌy off the resonance

except in very speeial eireumstences. In spite of th¿"t faet',

Seyeral- SuCCessful measurenents on resonance sCatterin.q heve
T_

beerr done 19, 10j ø

The second. c¿ìse is vihen the photon energy iS far from

the resonenee, The effect of the tail- of the ttgj-ant resonaneert

coul.d. be appreciable, Thís effect has been treated t,heoreti-

calty by Levin¡-5er flrl for the case of Z>so because measure-
Lr

ments on photonucl-ear reactions indicate tire existence of

ttris ltgiant resonancel? at excitation energies of 15-24 l'{ev"

He has sho'¡m that in a hypotheti-cal case when only Tho¡nson

an¿ resonance scattering are present the clifferentia-l cross

section is

'l¡., I(-l
\¿/ó'= (o^* * q, )t ; q r' f_,- ^(*) Ir+.8*) (2"17)
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l,.rhereQncisthescatteringamplitud'ed'uetonuclearre-
Sonaàce seattering, È. is the nuclear excitation energy

F15Mev)rtVisthenunberofneutronsinthenueleusand
rY(=å)isthefractionofexchan'qeforce'FromthÍsformula'
it can be easíly shoum that in the case of l-ead and K -rays

from Cot" , the contribution due to resonance scattering is

smaller tlian Lf" of that due to Thomsor scattering'

.Thecaseoflighbelementshasnotyetbeentreated
theoretieafly but it j-s expected. that the contribution ís

again small"

Le) Cornpùon scatterine on boun{:gleçirone

Th? collision of a photon lvíth a free electi:on at rest

(Cornpton effecb) changes its initial e:';e*SY ì:y an amounL

dei;erminecl by eq, (2.2)" Ttre energy ehange is quite dif*

feren'L if the electron has an Ínitial momentum É""d i s a

funcLion of Ë as well as A . For instance, by using the

oonser\ration }aws for energy and *on 
"r,.tu-r,, 

iL can be easily

shor.rn tha6, for the angi-e e,= gçu" ,t scattered photon carr

ho.ve,ford.i-fferentvaluesofFånyenergyfrorizero'co
tr..¿ice the initi¿rl enerily, If the photon is scattered baclç-

i,¡ard. or foi-,.¡ari[ there is no lirnÍt to its energy at a]-l-t

(as 'bi-re electron tllomentLrm ap;oroa'ches - )'
Jìccorcling to t;he Bohr picture of ttre eton every l:or'¡'nd

elecür'on h¿is a clef,inite ngrnentlrn ilrat is deperrdeni on t,he

i:rincÍpaI qu.¿ìntuili nunlter" ¡\ceorcling to 'úiave mecÌranics t\ere

exists for every boun,ì electron a coutínuous li-near momenturn

disLribr-rtion" It is elear thab, ât least energetically, the Comptør
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efieci otr bou-nci eleetrons must 'produce a broad contj-nuous

energy spectru-m of scaLtered pho'bou*s pealced ¿ibout tire enel-gy'

given b]' eq. (2.2) 
"

In tire X-ra1' region 'Lhe CompLon e-iÍ'ect on bouncl elec-

trons ha.s beeri investigated thoroughl-y (p' 23'¿-?55 in ref "

r^l f . -l , f ^^'l r r - !ì ^
LZJ, L¿*J anci Ll3l ) for the case ,.riren the sca'bberecl photon

lras an energy close to that given by ec¿ , (2 "2) . it i'¡as

slior,¡n by lientzel (p. 2t+3 in reí" [Z] ) ttra,t tire bro;,cì.ening

of tire mod-if ied. (Compton) líne due to sca-tt,erirrg- ì:y an elec-

tron borind in a particula.r' level is d.ependent on E,he l"rincL-

in3 energy of thab levef (er)' The energJ¡ r¡id'th ("È) ot

tìre rnodif ied Ii ne is a1:1:roximately

^F

nF ru

r-=-
\/ E¿
ll 

- 

-lJ-I *r
or

(2"1û)

(2 "Lg)

anci Compton

the re-
Ller'e, E" a.nci E. a::e the ener'¡';ir:s of jrrint;lry bealir

lirir respecti rrel¡/, and Eç i* the 1l inetj-c ener"gy 6f

eoiiing eleefron"

. Du.ncanson a-nci Coulson [¡¡] have ealculabecl the Cornlrtotr

i:r"of-iles (sha-pe of the inodifiecl lirie) for a fevu light ¿.torus

by using tl:e di-s[riì:u.tion of e]-ectron nionles]ta in Ùhe atoru

as obb¡.inecL fron elect:.on lrave functions, They have shorvrt

tha.t the contribrr-tion to ihe tompton profíIe of electrons is

in first apirroxinratj-on additive and in the cese of ls-electtrons

Þ
:



tii

the Coinptcn profile J," t1) is equal

J," [q) = -#;tF e.?o)

Ilere, o=å ( *" =# is the Bohr radius) and L is a

"or1r"r.i"rrt 
var.iable v¡hich depencls on t}re energy of the primary

gaiiutas, the a.ngle of scatte¡ing ¿Lticl- the diff erence betr"¡een

f-i1e energy of a. scattered. photon ancì E - . I'b i s equal to

zero for the case r.¡hen tkre Seatterecl energy is eclual- to È. o

The above forrnula ere valicl only iu the non-rela-iivis-

ûic case bnt it is expectej. ihit they are co::rect v¡iihin an

o¡'tler of rna.gni-i;ud.e in the rel¿.tivistic ca.5er ioo"
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I I I3__EX-| ¡l R nrLrlNT¿+ A R ii:l\ I'lGri'll !üI

The experiment t^¿as performed by using the A,E'C"L'

Cobalt-60 Beam Therapy unit lJo. A-5 installed in the

l'úínnipeg General Hospital whose sou-rce strength i^¡as about

1OOO curies" Seattered ð-rays vlere analyzed by a standard

seintil-lation speetrometer "

(a) Geometrieal set up

TLre geometrical arrangemenü of the source, scatter€F;

lead shields and NaI crystal is shor^¡n in Fig " (?) . The cl.raw-

ing is f/8 fuff sca1e" The souree is labelted by S, scetterer

by St, NaI crystal by C and- photomultiplier by P. The'primary

and seeondary diaphragns(tLrey are part of the unit) and, lead

shield- arou-nd the cr}rs¿.t are marl<ed by PD, SD and LS, res-

pectively. Very strong radiati on scattered by the Compton

efíect r¡,¡¿s filterecl by a l-ead filter (p)" UnÍforn'rity of the

beam was not checked." Position of the scatterer v¡as fixed

by the heJ-p of the cross hairs (CH) at the mouth of the beam

unit and of a light source (not shor*r on the d.rawing) instat-

led in the unii,
The avera-ge scattering angle was 90"' Scatterers of

different sizes and thicknesses vrere used" The lir.rgest sca"b-

terer used (5åm x 61?) subtended. an angle of about 35" at

the crystal and the smallest one (f 1? x l]tt ¡ about 17 " o

Distance from the cenÈer of the source to the center of ûhe

scatterer v/as 92"5 * ,5 cm.
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Ut'-"t 
t

>\\
st -tt''

þ-iq.,2s Sì.;eich of the geom:tríca} arra.ngement of tiie
source, sca.tterer a-nd crysia.l"

?he ci¡ra iing is f/¡* fuff scale' ì;'or iÌie e:cJrla.ra-
tion or letters see sec. IfI-a"

ìl

p
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. (b) Scintillation spectroneter

The scintillation spectrometer was of a conventional type"

A Nar crystal (size lfitt in d.iameter and. lltt J-ong) was mounted

on a 6292 Dul4ont pþotomurtiplier tube followed by a cathode

foll-ovrer, amplifier, single channel pulse height analyzer and

scaler" An osciLloscope was used for visr-nl eheck of the equip-
ment' Dri-fts of the spectrometer i¡rere usuaIly smaller than

3i over the measurin,g period.s of 10 hours-due to this rela-
tivery large drÍft the equipment v¡as usually cal-ibrated every

three quarters of an hour by a smal-l coto source (about 0,1
mc)" Two different channer lvidths r\rere used, z"8voJ-ts and.

a "75 volts but the stabirity of the channel wi.dth was not

checked directly" Energy calibration of Lhe spectrometen

was done by using the l-"33 Mev and. J..l/ Ivlev rines from co6"

whose d.isintegrarion scheme is gÍven Ín Fig. (4t [l+],
the 1"12 MeV 1ine from Z;' , the 660 KeV l-ine from Cs

and the ,5r1 lvlev and. !,zB Mev radiation from Na "' . The

caLibration eurve is shovnr in Fig" 3. Reeol-ution of the
spectrometer was LL"5% for the 6ó0 Kev lÍne fron ts'" wíth
a. channel- width of 2.8 vol-ts anc 8/r ror l-.1 l4ev line from

¿L vt wit,h a 0"'7J Vol-t channel"
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IV l,iliTiiOD

In this Sectiott ,'ye sha}l present formulas used' in evaluating

and estimating cross sections for el-astic and' inelastic scatter-

ing'}leasureroentsandresultsi,vhicharecommont'oaliscatterers
used witl be discu'ssed here, too'

.(a) ELaståc scatterine

iüe make the following simplifications:

(f ) VJe consider a paratlel beam of monochronatj-e primary

radiation r,vhose energY is E. 6

(")\tleassumeasoliciangle(scatterer-crystal)small

enoughsoth¿rtltlemayneglectthechangeofthedifferentíal
cross section in this angular inbervalo

(3)i.u'eassurrethattheleirgthofthescatter.erismuch

grea.terthanitsthicknesssothatl..¡eniayneglecttheeffect
of the ed.ges of the sca-tterer on the correction due to a'b-

sorPtion in it"
(¿r) lle neglect, for the time being' the correction due

tofinitesizeoft!:escatterer,i.e'thefactthatorleside
ofitisnearertothecrystalthant}reother,andthatthe
crystalefficieneyfond.iffer'entpartsoftlreseatter"eris
different "

uJiththehel.pofFig.5itrrraybeeasilydeducedthat
the nu¡rber of ¡:hotons scattered by the sea-tterer per steradi¿:'n

at an angle e ís

(,,t. dctnt(' -t(çv)Y, 
(¿n"1)

'j-f )T;\" otx 
(U,Z)

I

(L,2 )
r,rthere

v =( ,' * ' \' \¿*t ^;^t"-\) I
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¡ibs or'r;ei. Ì-)oSiLion

seatterecl beam"

with resrreet to the prina.ry and
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ancì meanings of O, Y and ¡r Ð-re clear frorr: Fig" 5'

The follor,'¡ing notation 1,r.1s tlsed"

( = primary f lu-'c of photons in no. of photons

traversing 1 cni' per seconcl'

K' = 1.ro, of scatterinq atoms/cn'

S = area of the scatterer in cm' c

L = thíckness of the scatterer i"n cm'

o7'"'= differential cross secti-on in crn"/sberadian
. oll).

1-" = mpss absorption coefficienÈ in cm' /gm':;"

Ç = d.ensity of material in gmrlcm" "

;\ft,er the integration is performed we have that the

nou of irhotons seatter"ed per steradian is

Q tt à{to¡ , (4"3 )* ^ "t-fÌ ;

ruhere

K = l('St = toü41 number of atoins in the seatl"erer

[t r ìr = r-u"þl-l:!"cvJ 
\+o+td. r:(ts)V

Tlienr¡:rrberofpu}ses,Ntiratisr1egi5teredbythespectrometer
-r,¡hen the position of the channeL is set in the middle of 

,i

the photo-peak is proportional to this nurober, i"€"
, p K J(te>lV = k +- /_n_ (tþ,5)

k is a constant that. inciudes ti"re sol-id angle subtend.ed by

the eounter, a factor due to absorption in the lea-d filter,
effici-eney of the crystal- and ùhe effect of the finite channel



tridth of the spectrometer" 1^, j.s usually unÌ<no'uvn, but we

can eliminate it by using an auxilia-:"y srnall source of Con"

that has ihe sa.ine sÌrape as the seatterer and which is llaeed
in its positi-on" The nunrber of pulses Ms registered by

the specbromeber under the sane condiüions as before is
(+,6)

where inteirsity or the lir;ti"; source is 4o t" disintegra-

tionr/'sss, By the hell: of eq" (l+"6) vÍe ean el-iminate [. fron
eq, (1n,5) and r.¿e get

lV = A/. Í V r{rs)
5. o. Jtt (l*'7)

If the intensity of the primary source which is used in the

measurernents is !n \ dis/sec/ an,j if ¡c is the dis'i;ance source-

scatterer in cm, tiran

I = J'
r,,. ( ¿u'B )

and. after substitutin,g in eq " {4"7) v¡e have

^/ ^r S" K t Jdte)lv '/vs;;; J- {¡*"9)
From this equation we see th¿:t ,.,.,,'e need not know the absolute

strength of either' "o*"*u, 5" and ô., but only their rel¿ltive
intensities "

Practically, the source Òo used has dirnensions mueh

sniall-er than the seatter"er" û.,uing to this reason it is neces-

sary to lntroduce anotirer corr"eciion fa-ctor (L) that aecounts

Íor the finite size of the scatterer, By infrod.ucing it in
the eq, (t+"9) 'nre l:.ave

N= /l/ S. v L da-(o) (4"r0)
'vs ào È¡ q. JJI
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or
JfI x.5-Nsz- (4"11)

(b) Continuous inelastic distribubion of sammas.

In the introduction and in section If the s)(is{e nc€ of

a eontinuous inelastÍc distribution was dlscussed" In this
section r,¡e develop an approximate formula enabling us to eva-

luaÈe the c ross section for this type of sca.ttering r,vhen the

pulse height spectruni is measured. For such a process the

differentiaL cross section must be dependent on the energy

(s) of the scattered. gammas as well as on the angle(o)" In

other v¡ords { lt,orÈ.)JE expresses the probabilit,y that a

scattered photon v¡ill have Cirection in a uni-t soliri angle

situated around. @ and energy in the interval- È, Þ- *¿E, v¡hen

the prirnary photon energy is k-, . Owing to this continuous

energy distribubion of scattered photons and to 'bhe fact that

each ¡nonochromatj-c beam of gammas gives another continuons

spectrum of pulses in the speeironieter it is el-ear that the

pulse disùribution as seen by a sÍngle channel analyzer is
very compÌÍcabed"

Beeause the statistical- and other errors of the experimen-

tal results are large ïre use a very approxima.te formul-a to

give us some inf,orilation on cross secti-ons, ft ean be ex-

pected that the results are good only to an order of magnitude"

In developing this fonnul-a the follov¡ing approximatÍons were

introduced, in addition to the four already used:



(¡ ) lTe assurne that the wiclth at half height of tlte

photo peak is smaLl compared to the channeL width.

(ó) I¡/e consider the primary beam from Co6" as monoener-

getic r¡¡ith an average energy of l'2! MeV"

It can be easily seen lvith these six approximations that

the nrunber of pulses counted in a ehannel whose hridth in energy

units is ¿tr is equal to
ì '- ' n \/ Jl(E'ê) ¡F

N (e | " k (E) + v' ---7r¿- ;; {t+"r2)

(ru. 13 )

Ilere the same nrtation ss before is used except that the

de^oendence on the enet'gy tr is explicittrSr-' shotnin"

If we have a souree of gammas (energy r) v¡hose strength

is 4:rt],than the number of counts due to it (under the same

eonditions as supposed in scattering of eq" 1a"{:)) is

M, re) = k¿r) rl
lfe get in complete analogy ivibh eq. (l*.lf ) tne cross section

for the inela;stic samma distribuiion
Jd(E,sl - M(E) I àJ(F) r' o(e)

"t-r¿ K Nt (e) S" .L(È) at (¿u, r& )

(c) Measurement of the relative s+.renEth of bhe sources

)"ê4d ò" "

Ov,iing the great difference in the inteirsity of the sourees

S. (-1000 eur.ies) anct ó. (- 0,J mil-licurles) tfris measurelrtent

lr¡as performeC by using a source of inter"mediate strength ô*
( - f nill-i curíe ) . The ratio of intensities ",/\^ and 4- / S,

was measured in two separate experimerrts '
The ratio r./a^ vdas measured directly, by placing the

sources suecessively in the same position with respect to
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tlte crysùal and measuring the spectrum of its photo peaks eor.-

responding bo the 1"j3 l.{ev line. By comparing the heights
of the peaks, the fol-lorving result v,ras obtairred a

I= 4/ tnl.\ ', v.l {4"ì_5)
r,'¡here the indicated error is the standard deviation.

0n account of the t,renrendous strength of the source {
it i,¡¿rs not possible to measuro 4_/5. directly by a sirnÍlar
experiment" The fol-loruing procedure vras used: source á^

l^/as placed at the eross hairs (clt:-n Fig" 1) and..the beam

from S. was shut off by the use of a merclrry switeh, already
built in the beam unit" A eopper scati;erer, r,rhose dimensions
i¡rere 3tr x 3tt x -046tt, ï'/as placed at the siandard position
(st-Fig'l). 0n accou¡lt of the smalr sirength of r_ no

lead fil-ter (r * rig.t) was *sed and the spectrum of bhe

photo-peak due to gammas scattered by the compton effect, was

taken" The height, of this peak was talcen and correcLed for
the presence of baekground whose spectrum v¡as also measured"
;A.ft'er tha-t, the souree 5*r/,¡as relnoved, the scattere1. r¡rcs re_
placed by a thinner one {3tt x jrt x "OOBn) and the beam fro¡'
S" tur"necl on, rntensity of the radiation seatLerecl by the
compton effect v,/as measured again, rn this case, lead fil_
ters of five different thickness (from 5/8" to g/Bu) r.¿ere

used, and after the counting rabe was corrected for the
presence of baekground it v¡as extrapolated to zero thickness"
This extrapol¿rtion rvas justified b¡r ¿¡s faet that the absorptíon



coefficient as obtainecl frotn this measurement agreed within

2,a v,dt1t tl¡at one from the tabl-es (appendix I in ref " [gl )"

By comparing ti:e counting rates in the middl-e of the

peaì<s and correcting for different distances source-saaiferer

in two ceses the fo]Iov¡inE result r^.'as obtained

-o = z s, tos- (lo"Ió) ,

^-
Combining results (¿u.16) and (¿u"16) ive have ¿is the result

4o {" 4* ,^-¡_;-=--=-=\'.J.,v
5. 

^^ 
5"

the total- possible error is faírly large; it is estima-ted it
amounts about 2C';/0"

(¿) Coruection for the finite sÍze of the sc€t-Ue-reg,

The correction faetor 'L (*q. /¡"11) vro.s measured by

piaeing an almost point souree 5" in twel-ve different positÍons

eorresponding to a seatterer v¡hose size ltas 5åtn x 6n and. tvhose

angle Y (c.f " Fig. 2) was equal þo 65' , By i;aking sltcces-

sí'¡ely the counting rates at the iop of the photo peak of

the L"33 l'{eV line the average of these ti+elve measurements was

. ol¡tai¡fed" Comparing it r,.¡ith bTre couriting rate due to bhe

above source at the center of the scatterer it r¡as founcl that,
in the case of the above mentioned position and size of the

scatterer, the eorrection faetor was

¿ -- o. Z6: o.o3 (4, t8 )

The indieated error is again the estimated total- possible

erroÌ'" For other sizes and posltions of the scatterers and

(&"r?)
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energies l-ess than È,= L.33 MeV 4 was not measured' In these

cases , L = O"g5 has been taken as a rough approximation"

(e ) The measurement of IVr (eq . - À.6 )

M" for the I,3) MeV and !"I7 MeV línes was measured by

placing the smallest Coto source at the center of the scatterer

and by using several d.ifferent thicknesses of Lead filter.

In Fíg, 6 the Co6' spectrum for this ease is presented when the

rad.iation was fil-tered through 7/8" of l-ead and the channel width

hras 2"8 Volts" Dotted and broken line correspond to the pulse

height spectra d,ue to monoenergetic garuna rays having energies

L,33 MeV and 1.17 MeV, respectively" They were obtained by de-

composition of the Co6' spectrum (heavy tÍne) by the help of

measured pulse height speetra for 7n^o'(l'Le Ir{eV) and Na"

(1"28 lvlev*-shown on the same figure), In Fig" 7 are shown the

absorption curves that correspond to sirnilar measurements but

r+ith different thicknesses of lead filter. The absorption co-

efficienËs as d.educed from these eurves agree within 3f' vti-tin

the ones obtained from tables (appendix I in ref itl I,
Results for'M, (nr¡¡rber of counts d,ue to the u,orrrrt"U Co"o

source) can be summarized. in the foll-owing tabJ-es" Stated errors

are estírnated total errors @

Table ï
Lead filter (1" 17 UIeV ) (1.33 MeV)

0"

5/8"

7 /8"
9/8"

Lt*/8"

(t4.5tL.2)x103
(j,3È,8) xl-oJ
(3,5 È "j) xlo'
(,2,3 É ,2) x 10'

("8¿u t "oT) x 10"

(ll"o* "6) xlo'
([,20 t "13) x rd
(?"85É"10) x1o3

(1"90 I "08) x l-0'

(.72: .0¿r) x 103
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rn order to get a qualitative idea how ktrl {frorn

êQ" b"L?) varies i+ith energy, â similar measurerrent v¡ith lrla¿'

v¡as made" The result is also presented in Fig" 6 for the
cê-se when no lead filter v¡as used.. The measurenents of the
heights of both peaks ','ras done for several different thick-
nesses of l-e¿Ld filter, The corcesponding absorption curves
are presented in Fig, /; the absorption coefficients as cal-
cul-ated from these data are in faÍrly good. agreemenb (with-
in 3ii error) r',¡ith the coefficients froin t,he tabl-es (appencl-ix

r in ref " [g] ],
This ratio of the intensities of .bhe Nat. ( iu^ ) and

co 6" ( ¿" ) sourees used ,";as obtained by the foll-owin?, pro*
cedu-re. ïri Fig" 8, the no. of eounts v"for r"jj l,lev ancÌ !,LT
I.ieV l-ine frorn Cc6" (taken fron Tabl-e I) for no lead fifie¡:
i;rêrê plotbed" Then the number of counis due to tire Na'.
l'28 l.lev 1ìne w¿ls fitted assuming th¿:,t the variation of
hi -i-, r-L^^ .:*!.Ns lil tne rnterval betr,reen 'bhe energies of the iiio cot' lines
,¡r.r,s l-inear" The ratio of the no. of eounts es¿iriated in
ti:is riranner to the actuaJ-ly observed nr_rmÌ¡er is ta.leen as

the -ra-ti-o of the intensity of 'bhe ti,¿o sources. i"e,
^Ë = LÞ2"1v lzz

R¡t treina i+ +ÌD¿v qÈr*É rv,r.rì€ nu:nber of counts due to "511_ i'ieil l-ine v¡as

recal-cu.lated, (keeping; in rni-nd th¿it 511 I{ev l-ine is t,irrice

as abundant as 1"28 I,ieV l_ine) ancl plotted.
Heavy line (Fig" B) represents interpolated d.epenclence
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of N. on energy F of gairunas. Because the interval bet',..'een

5]l iiev and 1.f7 Mev is fairly large the shape of tiie interpo-
lati-on curve is estirnated by the help of the dotted line,
It rvas evalurted on the basis of data for the photo-absorption

in tüar (p. r53, Tt*" 17 in ref" Lt.J l, and" it represenüs the

perceniage of radiation absorbed in the crystal usecì. assu-lít-

ing th¿rt the direction of gammas v'¡as along its axis" Broken

l-ines a-r, the bottom are obtained by corr.ecting heavy ]ine
for the absorptíon in lead filter of different tiricÌrnesses
(they are indicated in thb figures) these curves are lai;er
mainly used in ec,. (4.14) for evaluating the difîerential
eross sectÍon {¡r,e)"

-Lf) l'.{easurerne¡-¿! gf th€ resolving time itJ,
A lead filter Lrad to be used on account of s'bronq inien-

sity of the lor,v energy gammas scattered by compion effeci.
rf it lvere not thieÌ< enorrgh the pile r-rp of puJ-ses (rvhen one

ptrrse foLl ows a preceding one in a time that is shorter Lhan

the length of the first pulse or to be more precise, shor-ter

than the resolving time of the spectrome.ber) can significantly
cliange the sirape of the spectrum, In orcÌer to deterrnine the

thickness of lea.d tha.t is just enouglr to make the number of
pileup pulses neglígibie r^¡e need. Lo knoi,'¡ the resoLving tJ-me

c (The number of pileup pu-lses is equal zNL where M
is the counting rate ) . It rvas obtained by mei,rsuring the
low energy spect::um of ra.clía,tion scattered from tv¡o differ.ent
l¡aùe:' scatterers so adjusted th¿it, ihe number of pile up

pulses in one case is quite appreciable and in another smal1.
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The value obËained

õ = (1"8 : 0,6) x lo-6 s ec (4"20)

aqrees quaritatively v¿ith alu "urolving time d-educed from

Lhe shape of pulses as seen on the oscilloscope.
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V. iIEASUREi.'lL1i,ffS ;ii,JD RESULTS

In Figs" 9, 10, 11 and ld are shoi^¡n the measured pulse-

height spectra at 90' f or thick targets of l-{.O, Af , Cu and

Pb, respectively. Tt ean l:e easily seen that they all have

some comrûon eharacteristics, iê. high intensity for pulse

heights smal-ler than 25Y (corcesponcline to energies of scat-
ter-ed ganmas ,smaller than 600 Kev) and three or four" peaks

(in the case of llr0 ancl Pb there are only th-r.ee) superpcsed

on a continuous spectrum, Ener"gi-es of germmas corresìlonding
to bhis peak, âs c¡rn be seen fro¡n ûhe cal-ibra.bion et.lrve in
Fig, 3u are near 360 i(eV, 5l_l KeV, I.fZ i,ieV and f,3j ileV,

These peaks are consistent '¡¡it,h gaÍmas scatter.ed by compton

eff,ect (¡00 Kev is the ¡uea"n cor¡pton energy eoryesponding to
the two dìfferent lines in Co6" spectrr-rrn) anníhilation radia-
tion (¡rr i{ev) and elastie seattering of the priniary beam

from tot' (r"L7 and. r,33 l,iev). rn the case of pb there is
on15r one unsyÍlnetrical peak in the lo,;¡ enes.gy range. The

cor*;oton peak and the aruihila.tion peak are not resolve.4- i¡e-
caì¡se the first is fairly broad cÌue to very large size of
the H.0 seatterer, rilso, the large thickness of 1eaci filte¿"
useci (lärger biran in any other case) produced. strong uns-im-

metrical- absorption of a" cornpton peak favouring the higl:er
energy radiation. fn the ease of pb (Fig" llo ) ther.e is only
a- bum¡r eorreslronding ¿6 tr"12 i.{ev . From the geraeral shape

of ühe spectrü.m it is ciear that its pre$erlce is d.ue to
elastic scattering of L"L7 i'lev photons tha"¡ is nlasired by a
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continuous pulse height distribution having a very steep

slope in this region o

In Fig" 6 the Cono pulse height spectrum flLtered through

7/8" of lead. is shovm for the case v¡hen the source was placed

in the center of the scatLerer. Similar curves were obtained

for all the other thicknesses of lead filter used. In order

to separate the elastlc pulse height speetrum from the measured

one the above mentj-oned curves were used in the following

way: the corresponding (v¡Íth respect to the thickness of

lead filter used ) spectrum of the Co6" sou.rce was taken and

so norrualízed that its L"33 l,ieV peak made as good a fit as

possible to the mea.sured polnts" The top of the (normalized)

Co6o peak was taken as N in eq, (4.11), This procedure üras

applied directly to the H20, A1 and Cu scatterers because the

continuous distribution had a smal} intensity in this regi-on'

The case of I"1? itîeV line will be diseussed later as r,¡el-L

as öhe Pb scatterer.
In order to get more insight into the origin of the con-

tinuous pulse height spectrum, measurements with Sn, Cu and

Pb sea,tterers of different thicknesses brere made. The pulse

height spectra corrected for different absorption due to

different thicknesses and nor:rnal-ized ts the same number of

atoms are shown in figures 12 u L3 o and Ió. 0n account of

the l-ow counting ra.te, spectra of puJ-ses greater than 50V

tvere not measured" All the curves shor,r a well resolved peak
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due to garru{as scat,iered by the Conrpton effeet but the anni-

hilation peak 1a¿5 nol; resolveC for thin targets. This is easily
understandable becar-rse the scatterer thickness ì"¡å,s smaller

tira,n the positron range. This effect is most pronounced

in the case of tin (nig, 13),

(A) llia er

The oruantity of distili-ed r,irater used as scatterer ?ras

1780 grans eonta.ined in tu¡o reetangular milk eartons ma.cle

of heavy r¡axed paper. The sldes of the scatterer r,.rere each

approximately 3t1 x 6Er )' 6tr. The side 6tt x 611 was placecl

normally to primary beencf ga.mmas. Thickness of the lead

filter usecì was L+' and the total number of pile i-rp pul.ses

was negli¡5ib1e,

Because the shape of the seatterer being different
frorn ühat, assur,led in deriving eq. (to"t ) ti're corr-eeûion féìctor

due i;o absorption is

rvhere Y = 3î' is ,; ..rlåJ":'
and Y = 6u is its width,

(a) Elastic scatterinE

In Fig" 9 are shown the resul-ts obtained-. The back-

ground eounts which are mainly dr,re io scattering froni air. a¡rd

the empt5r carton ha-ve been sub|raeted. The broken l-ine on

the figure corresponcls Lo the Con" spectrrm normalízed and.

fitted to Èhe expe::imental points in the already explained

(,- .--t's'X, trtYs))

of the seatterer

( 5.1)
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manner. The broken line shov¿s thai this fit, is good (v¡ithin

the experimental- errors ) f or the 1" 17 i{eV peak as wel-i as

for l_"J3 irie$" The do'bted line and iire trÍan¡:ular points cor-

responcl to i,.tre coritinuous part of tile spectru-rl after the con-

trj-bution due to elastic seatbering vlas subtracted'

The good fit of the broken l-ine to both peaks (1.33 MeV

and i-.1-7 MeV) sho''.,¡s tliat the cross section for the elastic

scattering is the sarre vrithin the accuracy oí the measurernenis

(aboui; 2Oî!'). The eorrection fac¡or clr-re to absorption oÍ' the

1"33 l"ieV garnmas in the,scatterer is obtainecl fron eq" (5"1) and

has Èhe \xel-ue q.=1,94" The absorption coryeetion for !,L7

l,'i,eV tine has a slightly greater value (a = 2"A) but on account

of the lobr stai;'ìstieal accurdcy of the measureinents this dif-

Íerence i s discarded ín the evaluation of eross section.

The eross section obtained for both energies (t.17 lteY

i. r' \and L"JJ $1eV/ l-S

s.t g0" ) = 2 "? x 10- 3r em'/st erad,

The overall possible error in tliis result is estimated as

¡ r,'/
) ))'o "

(¡) fnelastic scatterins

Cross seetions

Fig. J-7, They have

the points indíca&ed

(B ) Aluminum

for inelastic seatterinq are

been ealculatecl- by using et¿,

by Èriangles in Fig" 9"-

shoi"rn in
(&'t¿u) and

The aluminum seatterer had a wei,sht of 626"3 gr8-ms "



'Lv1

Its slze was 5|rr * $tt (2L3,5'cm') anrl iis thickness 1'ras 2.93

gn/cmz, The angle Y between the primary bearn and bhe seat-

'Lerer r.¡as 65' . The thickness of the leacl filter v¡as 9/8".

The maberial used v¡as aluminwi rnebal of high purity (99"7i'i') 
"

Iron and sillcon made up /0;6 of all impurit'ies'

(a) lllastie scatter:inE

The experimental results are shov¡n in Fig" 10" Baek-

ground, âS measured with "¿he primary bea-n on and witltout

scatteï'er, v¡as for åll- points, especiatly near.the right end

of the spectrr.Lin, sm¡-lLer thra.n the stendard deviation and i¿

!,¡as consid.ered negligible' The number of pulses in the re*

gion betvreen l-0\' and. 2leV was fairly high so that it produced

about 200 pileup pu.lses per minute witl; amplítredes be-

t,.reen ZtiV and ü SV "

Tire meaning of the broken l-ine in Fig" 1O is the sa-Ìne

qs in Fig" 9. It r,vas fitted to the experj-mentaL points by

assumlng that the nwnber of pulses in the tail of the in-

el-astíc component, having pulse Ìreights greater than 55V, v\rês

negligible in compariscn wíth the nunber of pulses due to

eLastic scattering. From the general shape of the curve Ëhis

assurnption does not seem quite justified and so it is like1y

l:hat the cross seetíon obtained is slightly too high.

j,¡ieasuremenis sholr, rvithin thø aecuracy of the experiment,

ChaÈ the eross section for elastic seattering is roughly the

same for the two Co6o1ines, The correction d.ue to absorþtion

in scabterer" !,ras made accorcli-ng to the eq. (b"4) and for 1"33
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tdeV it was s= = 1.2g, By usin3 iorrrul-a- (4.I1) and ihe results

fro¡i (tr"L7) (¿,,18) and table f ,'re ge'b for the cross sectioir

fo:" L,33 I.[eV (ttris is also the res,,rlt for 1"1'/ Ì'TeV 'oecause

the d.i.iference in the absorption tof:.recL-Lon facüor is sn'rall-

as eoniparecì. to the staÙistical er:'or) tl¡e ioilovri-n¡; value:

e{^" ¡gö) = 6 o9 x t o- }r crn'/ slerad,
d-r¿

The tOtat eï'roï'i-n tiris result is; +:stirnated I-O be about, 3O/r,

It is possible tfrat another sysLematic erroÏ- ê-s high as ]0/;

is present due to the tail of inelastically scat'tereC ga:nmas"

T? èr-,n r--ar1ç crOSS see'bion SllOuld- be Srna.ller tiran il:e One
¿I ù(Jt UI:Ç Ua L

indicated aþove

(b ) InefEstic se?-Jlerins

Tlle results a.bout the eross seci'ion for inelasiic scat-

teri-ng tl",at can'be inferred from Fig, 10 are very inconclusive

orrring to tiigh pileup and. the,v are no-r, present':ci here " ;iil-

th:iû can be saici is the¡r indicate bllat the c ross seetion for

¡il- is by a fact.or of t',vc or three greater than for I.l¿'J"

(c ) copper

(a ) Elastic scatLçr:i-ng

In measuring the elastic eorûpollent a large seatterer'

na-s used." Its total weight r,',¡3s l*55"6 8E¡ al-ea 2L3'5 c¡ii'

(fitt x 5!ã-") and the corresponding tkrickness 2,!3 gm/crrr' ô

The lead. filter ivas 9/8" thick. Copl:er used ¿Ls maÙeriai

the scatterer lliås analybically pule ivith less thar¡ 0.01;.l

elernents with Ì->29, The 'seatt'erer ir'iade an at:gie of 65"

i,¡iLh the prinårY bean'

1n

OI
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The resul[s of the mea-sureloents ar"e shol'¡n in Fj-g" 11"

The backgrolnd t',as neglected as it ivas alviays sma-llei- thnn

2'/o of the corresponding counting rate r.¡ith the scatterer in
'che beam" The stight increase of about [0V is c¿rused by pile-

gp of pulses smalJer than 26Y, Hov¡ever the nu:r1¡er of pile-

up pulses for pulse heights greater than [6V vras again neg-

ligible a

The broken line is tire el-astic scettering" It i^¡as

fiited to ihe experimental points as explained l¡efore 
"^¡it,hout

talcing into account the possible presence of a higher energy

tail of the inelastically scatte::ed quanta.

/ts i-n the cê-se of a'lumj-nuÌn r^/e obtqin the cross sec'i;ion

for l-"33 iuieV line
l,/d6u (90, 1"jj) =' .(,3"5 x ,g ) x l-o-'" cni'/sterad.
ol$-

l-resumably this value is l)ió*zU)i hi¡,h o','ring io tire

presence of inelastic sca-tLering " The accuracy of measure-

men-i: d-oes not give an unantÌ¡iguous anslier as to bhe intensity

of the I"L? MeV line s j-nce the dotted line fiûs the experimental-

results as ',rell- as the broken line" For the cross secLion

is taken an averege value
Jl* (90, 1,17) * { 3.7 g }"2 ) x L0-" ern' /sterâd,--Jã-.r", L@'t t \ )ø 6 ,b &oÁ. ¡, ^ -è"L,

'Ihe indicatecl errors in both cases a.re estimated to;ai- errors,
(ìr ) Inela stie scai,terins

Scatterers ';¡€rê made of elecl,rol-y-uic eoproer foiis;
purity i'ias unlçno';m but it r,'¡as believecl sat,isfactory" Three

clifferent sizes 1"rere used. Area of the seaLterer I''io, I rves
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r.l

2L).5 ern'/o, 5'|rr r- 6rr¡ anC its thiciiness iO mg/cm' .

Scatterer I'io. 2 had the saÌÌ1e area but tÌrj-ekness ¿rpproxirititt,el¡'

rþrice as gr.eat, (7C)l- mz/crn') " The tliircl scatterer', itro" 3,

lrarJ a sma-1I area 12,35 crn- (or 1-)tt ro I3/t") br"r¿ a large

tliickness, I.73J gm/cm' . Tlie first tt^¡o scatferers made an

attgi" of 80" r,,¡iLh the direction of the pririr:rry ll':am and tire

third one an ângl s of only [f " @

Corupa.r'ative resulbs for ali- three scal:i;erers å.re shor.^,tt

in Fíg" L2" In the case of scatterer llo. 3 tlre nu-mì:er of

counts ri.,¡;,is corrected for tlie a.bsorpbion in it and in the c¿l-se

of illo" l anC, ldo. 2 correctionsdue to their" large sizes trere

done assuming chat 4= A,95,

Cross sectj-ons for ineia,st,ic scal;ierirÌå r,¡ere evaluiìied

for scatterer No. 2 'oy using eq. (-tl¿r). On1y tÌre ener,gy in-

te::r¡al- betr,¡een 55O KeV and I I;leV wes taken into consid.er-i,r.tion.

T}ie feSitftS a,-o r:'i r¡r:n 'i n f igUre 17 "

(n) tin * InelasLig-scatteqllg*

Scattelers ir¡ere made l'r'oíil cLrelnically pure tin metal foiLs

iyhose percentaþe of iräpuritics \,ras unknotvn. Three scâi-r,êfêl's

of rlifferent thicknesses (,I2 mg,/cnt', [S nig/crn' and I,53 gn/

ctn') vrere used,. The size of the f irst ti,vo scS.tterers rij'5s

2L3.5 cmt (5åtu x 6tt ) and oi the thj-ck one, 6"ií em¿ ø

trn llig " Lj comparative resulis for al-] three scat,terers

are slrortn under bhe same conditions 3,s for copper" E>:act,}y

t,he same procedure used in evaluatin,T cro,ss .section Í'or

copper v¡as ap1;liecl here, and the results, for scatterer llo"

2 {lu} nS/cm¿ thick) are presented in Fig" l-7,
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{n) Lead

The experiments on leacl i¡ei'e d'one in order to measure

the elastÍc cl'oss secbion for both Y-îay li-ne oí I'11 i'ieV

andL.},)I'{eV'À}so,theine-.ì-¿isticscattering.Wasex¿-minedin
a mucit wider energy range than before' Tire material used

vJasthealra']yticallypureleadmetal(irrt}reíorntoffoils)

rrrlrose total impurities i'iere sln:ller than O"OO2:þ'

Inmeasureinentsoftheela'sticcomponentala::geScatLerer

v.¡as usecl, Its area w¿r.s Lt+t+ cm'(l+ 3/t+" x À' 3 /lo") and thick-

ness 1"02-8 gm/cm- ' It ma¡Ie an angle of 65 ' ivi-th the

priinary beam' Tlte filter usecÌ rvas ln thick

oi piteup pulses forbiases greatèr th¿rn l+5V

Tlre channel iuid'th usecl ''¡¡as "75V"

- -,{qI¿U

V\.1 c1 !>

the nuniber

negligible "

The resul-ts of tLre measurentents are sho'r¡n 1n Fig" }L'

f-' the region of special inte'est (for biases greater t'll'::n

26v)thebackground'r,vasalvlayssmallerthanl;3and'lvastreated

asnegligible"i,-leasurenentsorrscatterersofsiit¿.lIer'.sizes
sholyed.thatthegentlebov¡intheregionbetv¡eenJOVarrd./-e5V

r^ra.s causeij. by a large nuraber of pileup pulses. The dotted

linebelowtheexl:erimentalpointsistheroughcorrection
obta-ined.bycomparingneasur,etliet:tSwj.t-}rsna}}sca.l,teZ"erS

ancl this one' Tbe srneLll peak and the burap corT'espond' to

eircrgies of L"33 i'leV aqcl 1"I? Ii{eV respeciively"

Inorr]ertogetcrosssectionsforelasiicscat.,ter.itrg
ibl.¡asnecessar'ytosepara'Lecountsd'uetotheL"3)I'ieV
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l-ine and. continr:"ous inelastic scatierinq" The speeial procedure

used is illustrated in Fig " L5 t.¡here å.n eniarged portion of

ihe right side of Fig" lle is shor"'¡n' Thre srnall- circles lvithout

bars ind.icate the measured points ' Broken ancl dotied lines

give the approximate pul se height spectrum if only the I"')3

UleV anci ttre l"lf i'[eV line, respectiveì..yr r"íere preseni' T]:rese

speecra r^Iere obtainecl by tneasi.tri¡g the spect¡um of the small

Cot" Source placed at the centre of scatter-er (tre:d fil-t'er

used ,,vas }rr ) and analysing ib into colrlponents with tlre hel'p

of Znu arrci lia.à speetra obtained uncler the sa'lne eonditions '

The intensity of these lines, äs given ip Ùhe pict'tlre, vIå'S

so ad.justecl. that the continuous spectra" ri.ue to inelastÍc

seattering had a sr,rootli sliape" This -speciru:ii is j-ncÌieated'

in the picture by a h.-javy }ine anci cross pointsn and' it v''¡as

o'r¡taíned by subtractinr Speetl'ÉL of L.33 i'ÏeV anij- .ì'"1-7 ì'ieV

línes froril experimental points. In Fig. 14 tÌre broken line

represents the same inelas|ic spectrum shot'¡n in .che int'e::val

from 2ó\I t,o 7OV.

By this pz"ocedure the f ollowing results vúeÏ"e obtai ned

for M (uq" ¿r"11):

for 1,33 i'ieV

M.. = Lz : 1-2"å eounts¡/rnin

aocì for 1.17 l''ie\¡

M,'= 25 : ZJ,i co'tnr's/nín

T3y using tlie f ol-io''øing d-ata:
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Ml =ÍltOc,/rn. s ,t.r-l

al = I"11
".r'7

4 = 0'98

fL = 92"5 cm

tlie differencial cross secti ons

d(pv (g0". l.)3 i;eV) = (I"2
dJ¿

ddpu (90 " , 1" f7 ldeV) = (2 
" 1

',,rere obte-ined

! 3O',L) x 10*'" cm',/ster

t l+5,;1r) x I0-'o crir'/ster

¿u 
'"#" 

LLre inclicateci errors are tobal esti¡na'ted errors'

(b ) Inelastic sc-ett9r"iråe

TLieirielasticscat.Leringl{esmeasured.byusingtv¡odif*

ferenbscaiteÏ"ersroÏlezL3"5cm'(5å"x6tt)i-trareaand'(ó¿"5
rngTcn"t}iick,an.d.tlreotherL2'35cnr-(1à''x13/È")inaÏ'e3.
and 3"1ó grn/cn' thick" The pu'Ise treighl spectrîa correcied

for dif-ferent abs'"rption in scatt'erers a-ncl normalized to ihe

$ame nunber sf ìtcms are ¡:re sented in Fig ' 16" Standarcl- devia-

tionsofthepoiiri,saÏ.eoftheor',Jeroítiresizesofcircles
atld- 'briangles used'' Tlie orcìinaie is on an ar'citrary scale'

.i.i'ied.ataforthinscatte:^er,¡¡ereused'too'otaintlrein-

e}asticcrossseccionsill.¿heenergyinierr¡a]-betweenl:00
I(eV and. 1'l i'ie\¡' 'lhe eorresponding currve (siatistical errors

are snall) is presented' i-n fígure L7 ( heavy 1'¡ne)' Tl:-e

.i:.rokerr}it:eirllrig'14\,våSa"lsoused'togetthecrosssection

in an in¡sÏ'v:r} extending so fa'r as frori óOC tçeV to 1'ó i;ieV'

Thie result is a.l so i:ei:resenLed in F',ig " 3'7 (broken line ) " The

largeclisagreejllentbetweent,het,.+olitie¡'ginthelnLervalì¡e*
Lv,'een I.0 i'ieV and 1"15 þioV cati be expleiinect ì:y the faci; that

M. J= 7L+O "/*r lr.rì
r^

^l -!-oJ-v
il.È3

anrì
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counts Oue t,o elastic scaLtering hiive not been subsi,ractecl

in tl're ease of !,hi.n scatterer" The elose agreeuent in the

interval beti,,'een J00 Ke\r and l- FleV iS proba.bly accidenta'l

cLue to sorÊe sysiene.tie errors beca-use tlle seatte-l-ers co;rtpared

,vùere'bl-lin and Nfiick ancl more iii::ect data in Fig" 1ó sho','r -uhat,

scroe rLi:lference siroulcl be e:<pee';ecl" lhe sh¿lPe of Uire cufve

fAr oll 'i;he right j-s also questionabie d-ue Ùo iroor s La-tistics '
iieiiher statistical- errors which are smelL nor systematie enmrs

shown o¡: the curve but it is estiniåieil ûLrat î;he total error

for every ¡:oint oü i.ir+J cur.ve is srna.ll-er 'cha.ir (3C',j) except

l-'^F -¡I.,- r^i.-L<1r rru ,urlrr rrghi i.¡here, Owin¡{ tO pOOr SÈ¡rNistiCS it anOUntS

io '/0;,: or }0CI7í"

are
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VI " SUi'i'r¿iR.{ 0F ilÐåìILTS AND--ÐIqq!åS-Ig!

(A ) Elastic _sea_L!€ring_

In iabl-e II v¡e give a eomprehensive sul*lre)¡ of our resu] tS I

some measurenents pubLished in the liier;.ture, anci- theor"etical

predictions, In bhe fiz'st five rows the theoretical cross

sec|ions are presented.: (f ) tlie Tholnson cÏ'oss section ol'{r/d-o-

obtained frorn eq. (2,6)t tZ) tire Franz eross section from eq"

(Z"ff ),)Ç /a4 (¡) the combination of these t-\,'ro as given by

êe, (2,L21 , Jd,, /¿n ; (A) the Bethe cï'oss section obiained

frotl 1,he expression for the K-electron scatte::in5 amplitude

(eq" ?.!4) multiplieci by f "2 owing to effects in 1,he L-shel-I ,d{o/"t"t

and. $) the cotnbineci Bethe and Thorrrson cross section, å(ru/"|'r.. fn the

sixth rov'¡ resul-ts Of bhe Ì:reseni me.lsurerlenLs are gíven and

iii the seventh rov¡ ttre cross sections published by other

authors" Ä.11 .L,he resulis listecl, iÍ' not otllerivise stated,

refer to the seatterin¡5 angle of 90' a-nd ge.mea energíes

a'i L,33 tieV and ]"1? I'ieV" fndicatecl. erï"or's in tl:e case of

ou;' resul-iS are tÌ^re total- estimated errors¡ ioeu clu'e to 'l¡oth

statistiç anci sys"L.ematic er!'ors.

totnparison of olll. reslllts wibh the other resul-ts published

in tÌre fii;erlture shorr¡s tha.t in the case of lead there e;lists

goo,J ¿ì-gr:eeinent i¡itlt results fron references þi] ""0 þ9] ô

È-or Cu., Al ancì I{¿0 the results cannot be compar"ecì beca'lrse

no previoLls nieasu-relrlents irave been cLone"

'labl-e II shows tha.t there exísis ì:etter a,,,,reernetlb oí

orÀ¿, ].esul-¿s with jjettrels forräula tha-n l.¡i'bh FranzBs especiaJ-lv
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îor l-ow Z . The results for water, i,vhere the Rayleigh scat-

tering (according to Bethers forflula) is negligible, is in
excellent agreement v¡ith the forrnula for Thomson seatter-
.i- - rTlL^ *^-,rrr6o rr:ç .¡¿s.,sured cross sections for Cu and- A1 are higher

by about lefJ;,á tkran predicted by eq" (z"L(t), but the estj¡rated

errors are alrno$ as higir as the difference, so it coutd be

s,aid th¿it the experimental results are in fairllt good agree-

ment with bheoreùical predicti-ons" In the case of lead

the disagreement i:etiueen experimental and the oretica,l- results

is fa-r beyond the estinia-ted errors" ï'L is alnost impossibl-e

to give tire origin of this discrepancy because neither is Bethers

formul-a exact iror is a"nyt,hing kno¡n:r ¡.bor-rù the influence of
Delbruck scattering tlLat could, due to constructive or des-

tructive i-nterference influe;ice tlie final resul.Ùs sie:nifi-
n¡ nf 'l rrv4¡¡ v+ y o

(! ) Igetastic seatteri.nå

Fron section I it turrns out tha.t amr:ng al-l knov.¡n pr'oeesses

oniy .L',ro câli ej:plai , i telastic sca'Ltering l.ritll ;r conLinuous

energy dÍstributio¡1" These are: bremsstrahlung fror:i phoio*

ai:ci CompLon eiec.Lrons and tl.re Conrpton effect ori bound el ec-

irons. Ar.rnihil-¿rtion oi positrons in fiiglrt,, in thc case

of our geornetr-y, cânnot pr"oduce su,ch Ìrarrl gaúlrr't¿ls as those

observed" This ís c1ear" from eqs. (Z,U) ancì- (z, j) and from

i,he fact that positronÉi are procluced ine-inly in tire forr,,¡a::d

Cirection. i';r+ sha.11 discuse the tr';o possible e.xplanatione



(-) J_

separateJ-y and only qllalitatively.

Ja ) Brernsstryhlqgg

Tirere are several different reasons a¡¿ainst the sugges-

-[,ion macle in the ]-i'cei:".turre lt,o, 15, 19, 2Cl thii tire con-

'Ì;ínuou"s r:ted^itt¡t eneï.gy pulse i:ej-ght distrib',ition is ilrod.uced

by breilsstr"ahh-lng" These are:

(f ) Ðepend-ence oi the in|ensit¡,' of the inelasiic com-

ponent ovt the scatterer thickness"

This is the st,-'ongest reason and a glance at ltigs"

(fZ¡, (U) and (16) sho."i¡s that inost of the ir:elastic eornponent

remains even for very thin ta.rgets (it decreâses bV 1/l in

the worst ease)" If 1ts origin i.s due io bre¡rr.ssuraîrl-ung thi's

clí-fference should be :nueh larger"

It was poÍnted ou-t in sec" II that photo- and Coitiptort*

el-ectrons are strongly pealced in the forlvarcl directi-on and-

because a.l-l thin scatterers ¡nade an angle of SÛ" r,¡iih the

pri ma-:"y bearn i're malr ta.}',e as a rough a¡:pro>ritn¿lt j-on ihc-t a.i l-

the eleetrons tra.ve:r"-se tire scat,terer norrii.ally, TLie thickness

oi 1;hin seiLt,t.er.ers i.râs so slr¿L1 that tlie el-ecirous ¡;rotìu.ced

lose o:rly a srn¿:l-l- part of thei.r cncrSy iir t:-:-vei':;in5 ille'-i

norma.ily" To illrrs¡*''te this fact r¡e list, in ta'bl-e IIi
the energy loss of I irÍeV electrons i.n passi-ng nor"Inal-iy Llirough

bhe târgets used. The da-ta. are -baken fro¡,i :-ei" l-çl p;¡;e 10"



'iable ÏIr
Llner-gy l-oss oí L l'ieV electrons in tr:rversing

scatterers nornrall-y

[]enlent Sea.Ûterer thickness
tn tnr:./ cn-

Energlt loss
in IteV

9l^LU

l.lo " ]-
Sn

lüo" ?

iilo, ]-
Cu

I'io " 2
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I-fl rre Suppose tÌ:,:ib electrons äre prodr-lceC. u.niforml.y tÌrrough

ouÈ the scatterer ( ¡2r.acUieally trute Lrec¿ruse the abs;orp-

tion of prir:o;r-i:}, r'ad-i¡-tion i-n sci,,t1;eï'er is negligibie) than

iil the case of Sr -sc:rtLerer ilo" ?-" the irltensitJ" of brem*

sstralilung radÍåtion per atom siiou-lcÌ be appro.'lirna'cel y four

tirires ås Íntense as for scatterer iío" 1, and ir: the case of

Cu lio, 2 ir"¡ice as intense as for Cu- iit-," i. Frorn figu-res

l-íl anci 13 i.c c¿',n be seen tl.ra-L the inbensit)¡ oÍ the ineh':;ti-c

coiilrcol-lent srays constanb (l^¡itirin the e>lperiment¡;l- a.ccurtic]¡,

inêu l'¡iûirin 3A,;) in tliis interval- of thicl'.rlessesi' It i-s

evlilent that tl:is fact by i¿self is a stt',-ri'tg argurr':ni 't:einsc

tiie ¿issunrpi,ion th¿rt, the inelas i:ic conponent pz"cir'Llccci i,'; Cue

io brerns "strahh.irrg .

TÌre tliiclçness of the tl:ricll targets w¿-ts ahvaSrs greâter'

t,ha.n the raníie of I "?5 i¡e\I e'lecùrons ( gh¡e h{ghest

eilergy electrons ) , Ii is fai.rly harcl to *say hoi¡ r,tuch more
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intense the bremss'i;rahlung radia.tion has to be fr,¡m these

targets" From l.'ioùzts resul-ts lZll ii can be seen th¿rt the

differential- cros-s section for brernsstrahlung is roughly in-
dependent of energy in the energy j-nterval beti¡een 500 KeV

a-nd I f-ileV" :lceordingfy, it coukl be estimatecl that the brem-

sstr-ahlung intensiiy from thick targets sÌrould be erpproxirnat,ely

an order of rnagnitude more intense than th¿..b for tlie thin
targets used ÃZ lg/entt ) " In the higher energy range (arouncl

1 iieV) tnis factor should. be sorneching smaller. From the

fígures L?, 13 and 1ó it ca.n be seen tha-t such a large dif -
ference betlveen thin and thiclc targets does not exisL, Tfie

s¡nal-l existinl difference j-ndicates tha-t only a minor pa.r't

of the rneasured Ínel-astic component c¿ln l:e explained es due

to br"emsstr;iirlung,

(2) l'leasu:'eci cross section for bre¡nsstrahlung racliaiion,
If the assunptíon is made thai all- the observed inel-as-

tÍc scat¿e.ri"ng is due to bremsstrahlung than the data. for.

bhe cross section in fig " L7 h¡.s to be correctecl for the fact
th¿rt the number of elect:'ons producing bren,sstrahl-ung is rnueh

sinall-er than the flu:l of primary gaÌTxna radia-tion passing

Ëhrougli the sca-tterers" i,/e shall- correct only curves for Fb,

Sn and Cu targets because their eross seeiions are obiained

from the measure¡rretris on bhin targets and accordingly these

results are the most conclusive. The difierenti¿rl cross

secÈion eurîves (heavv lines) are represented in fig" 1S,
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Ti're1t l.,rere obt"ainecl fron the eorresponding cìlrves in fig,
17 by nor¡nalizing the thickness of t.argets used so that
rhe perceniaþe of priniary ,s:a.rune.s absorbed by phot,o- and

Cornpton-effect is eonstant'i' and then muJ-Liplyin3 these

curves '^¡ith the r ¿,:tio of primary photons passing through
'Dhre seatterer to 'bhe ntunber of electr"ons produced. By the

help of tfre crrrss sectioas for Cornpton and photo effect
.fl(ref. L9l åplr" T) for Pb, Sn anci Cu, it is ee.sy to see

that the percentage cf, r¿rdia.tion absorbed. by ihese tr,¡o ef-
fec'¿s for i;he targets used in Fig" L? is a-ppr"oxir:ret,ely 1,;,

,2J,0 and "5','), respeciively" If l*e no::¡raLi-ze i;he thicl-,ness

of a1l ta3"geis so that "j;i of primary r-;,idi¿itioi: is con.¡erted.

into electrons (ttris is approxirnately tl'ie avei'age value for
bhe tar.3ets in consideration) and. beca"use they are unifor.rnally

p:'oduced in t,he sca'tlterei's (the effective ihicl.,nes,s of scet-

LererEi a,s seen by electrons is a fa-ctor of tlvo sna.ller) the

eross sec'{,ion for assunted brensstrahhug is obt¿r.ined by mui-

tiplyÍng the curves in Fig, 17 by (,00"

Sueh a simple procedur'e is a very r"ough approxirnaiion

ì:ut it is beLieved it is corL:ect to better T,han 100;; in the

lrigh energy region (about 1 i,ieV)" in the lo',ter energy regiôn
(around ?ao liev) tl¡e real cross secbion sliould be smaller.

th¿-:n the curves irrcÌicate clue bo iire:finit,e angular clistri-
Duùior: of phot,o- and Conipbon*eleeirons as "uvel-I as due to

Y¡ '!üe may do that because
inicnsit,y of inelastic
slightly dependent) on

the e:<perinenb has shorrrn that the
component is ind.epencienû (or only
the scatterer t,hi-ekness"



production of compton electt'ons wii.li energj-es lolver than I

lie1,r, It is harcl to estilnate ttris error but lilcely it is

not higher than a factor of t'¿¡o or tllree"

Comparison of curves i-n fig" I and in fig"18 quai-itatively

shorvs th¿rt blie cross sections (arou-nd 1 llev) as oubained frors

our mecsure¡nenis are betr..¡een one and Lwo orders of ma-gnitttde

higher than in l,iotz$s expei'iment' Tlre cross sections for

Io.,ver energies are â3ain aboui ti'¡o ol-ciers Of ntagnit,u'-ìe

higher" This greaõ discrepancy is another re:ìson against

iÌre bre¡ìissì,::a.hlun,:; a ssi-unption'

(3) y'-dependence oÍ tlre cross seef ions in the region

of I i'ÍeV.

The third rea.son against the bre¡lsstrahlurg âssürrlption

is the Z -cì.epenCence oi the cross sec'i,ion in ihe 1 IdeV region'

T+ ic ô1er-r-/ì seê frorn fis" l8 that tj:e cross Sec'ûi-on var-ieSl-(/ I'J g;Aù)_V UL,, JÇç ¿tV¡¡l J¿6

ânnrôyimateJv ês Z' instea.d. of Zt (corrected by smaller*ìJI/¡ v^¿¿

Z-' f'ac ior ) as it is e-xpec Led- f or bremssfralrl-un,q "

(c) Comqtqn etiggt-gg bqugd eleciroE
ts¡r a.pplying eq, (2.18) to our resu-Iis ior leacl i¡e see

tira.L in the case of i( elecLrons onJ-y the energy width of the

nrodified line .lr E is equa-l ?.85 KeV, According1yo v\re expect

that tlie inLensit]' of inela.süic component oÍ 500 Kei't energy

is l/'JZ = O"0l-22 times the intensity ai Ëile maxirnuuri of tbe

Compton peak" Tahing into accoun'b the different o.bsorpt,ion

in lea.d filter useci and the efficieney of the es"ystal measured

raüi.o shoutd be O"fl (instead of 0,AI22). It is hard öo cotrl-
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pare this result r.ritt'l neesurentents in liíg" 16, ûfl account of

the presence of the annihi-lation peeLk but b5r interpolating

we find th¿rt the ra.tio of intensities is a-pproximately equel

to 0,3" The disagreement is fair1y lai:ge bub the higher vaLue

should be obta-ined frorir ühe experiment on aceouni of the finiie
resolution of ihe spectromeber ¿rnd f¿rirly large sol-id angle

su-J:iended by scatterer at crystal as uel-l- as due to the cor-

tribution to the scaiter"ing of the elecLrons in other si:elis"

In order to oT¡t¿rin a better esiime,te of the Cornpton effect
on bouncÌ elec*urons i¡rê apply eci" t2"2O) " In Fig, Lg brolcen

liries coruespond io tire Compton profile of K-etrectrons only

and calculaieC from this equati-on. ¡ilI t,he curves -r.rere so nor-

uaij-zed ih¿lt tlie contribution aõ ihe riridciLe of the Compi;on 5;eale

due to i(-eieetrohs T,,rcr"s ti+2, L/25 and t/13"5 of the eoniribu-

tion due ùo all electrons for Fo, Sn and Cu respecti-ve15'"

I'iear¡)- l-ines âre measured inefastic tross section:; reprorluced

froiir F ig. 17 " lie see that qual-itati-ve agreenient v¡ithin an

order of ntagnitude exists betr..¡een the heavy and broken lines"
Tiie dís:igreernent becornes ser"j-ous for ener'gies greaier ùli¿.n

9ü0 KeV bl¡.t liere the electrcns are llighly rehíivistj-c - the

i(-eleci,rons carulot be d-escribed by non*rela'Livisbic luave

functions eny longer , Also tile nucleus Ïias a finite síze

r,,¡hicir certârinJ-y rvill- have the effect of lolu'ering the cross

section" The d-iscrepaney at the J-oiçer energy ( ?t0 i{e\i) nÉ}¡'

be understood easily a-s due to the contrilruiion of L*el ectrons

(anO eLectrons in'Lhe other shells) that j-s not taker: into
accounb in eq " (? "2A\,
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Froai this fairly qualitaiive discussion it may þs con-

cluded th¡,t the assultpti on that the origiir of ihe continu-ous

inel-astic d.isLri'bution of sca.t,tercd gamnas is Cu-e to the

Coinpton effect on bound el-ectrons, seems consisient r+iii:i the

results ol¡tained ancl existing theory"
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