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E..t.ASTlC: SCATTICIUNO OF .1.6•Mev Q.AIACA llATS 

~J.OM H. U.. C. AND AI NVCJ..J!l 
. ' ' 

lilll• W. Alvuea, 'l'fuk S~ Crawford, 1'1'. • and M~ .l..pa Steve••• . 
1\a4iatloa Labor•tory aad Deputmeat of Phyalcl 

Vatlvel'lky of CalUoro1a,. Berkeley, e.IUorJila 

Nay'· 1958 

ABS'l'llACT 

The elaatlc IC&Uerma of 1. 6·Mev camm.. ra.y• fi'Om H .. U, c, an4 
A1 haa beea mea•ve4 a.t au nate of 114°. ·The ntlo• of the mea1ved dUfel'• 

enU&l CI'·OII eecUon• to the cla1atcal Thom1on 4Uie.-etldal caooae •ectt.o-a• are 
0. 94 • o. 161.or H, o. 92 • 0. 10 to-. Lt. t. 06 • 0. 10 fol' C, a.a4 l. 15 • 0.10 for . ' 

Al. Tbeae ..-e•wta t.al'ee .tth th·e l.lel4•theol'y predlctton th&t b\ the low plloton• 

energy llmlt the cwoae 1ectiO'A mult •ppr~h the claltlcal· Tho~ loa croaa 
· aectlon • 

. ' 
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BLASTIC SCA'rTEIUNG OF 1 •. 6-Wev GAMMA I.AYS 
. . 11\0M H; u.· e, AND AI NUCLEI 

Ltal• ·w. At-.-••• haak a·. Cra.tor4. Jr•• aad .w •. LY= Stevea•oa . . 

llacUattcm 14\Jol't.torf ud O.,.ctm•t of Phyatca 
·Uaalver•ttr of c:at~ta~ ~e.,lteley. CialUorala 

MaJ .. 1. _'1'958 

1.· DfTJlODVCTiON 

· · .. ~~ .. _,.riaueaial -.ell•• of the ela•tlo aeatterblg of low•eneray 
aamm.& ... ,. h.~ •. ·fol' tile .• .,.t: •P&t"t• beea ~~-d to the heavlel" element•. l 
C)D. of tt.• ~eaabat ·~o. tbta ... a.t-tbe'a.all cio••• •eetloaafor a. •everal tm~ 
pOI'~t p.;oc:•••••:Sa ... ved .U ul. ~tt~atr·~·4tqmu!nt. whUe the :r,tadvely 
tause· c•••• i:ecttoa to,; ~~toft -.a•t•~ J)y•t~koaa lncreuea 4ta'ee~y with 
z. Two pl"oblem.• c:utl'outbla-u ..,_.-n~oter Who atiemJtt• to ohae.rve th•. 
Tho.m•oa ••••rtaa &om ,:i.-.'.ar:.··lt\e folto\rina: (at the 4W•readal ~ro•• 
aeetlott ~t I'Zt0 l• .Sy 1. 56 x to•32 ctr.~ •.tel'a4~rt, ao that oae oeeda etron.a . 
tOUI'eea ·.~d 4dftc.at cletectow'a ~ ·Jlft t:oaDttai' ~&tea above ~lura!. b&ckaroucla; 

.. *.t4 Cl~) :t~tet-laa!Jioui elecb;oN la .--.ual m~loa ttnlea motte p:robable than 
lt :t•;tiom, protoN, ae ~. •xtr.eme p-_.eo~ · muet '-• &&k•a to l'educe the 
'efl~t•~J4~•·•.Uel'etlqu •• ;.- .. · . . n•·· ............ h'a.v• -.... :',ma4~··•••lble. by two clevelopmeata of 

' -, I • • • ·. • "• ~ . -~$ •: . 

th• paat dec ... e. Tbe aYaUabU\ty of lbGlttcurf.e anwcea ol. arilflcia11y radio• 

actlv• aub .... c•• hom cham .. I'..Uq pUe• 1rU overcome the ttr.et 4WicGlty, 
. . .. t . -·· ·· ... -~~ ... ~- - . '· ; . ' ·. t .- ·:-~---~{tf. -~-· ~ . . ' .· . . -. . 

•• the 4eteJopmeo.t· ol ·•• lara• ~_.·c:rp._ e.oater bu provt4ed a aolutton 
·. ·to.t.he aec-4. · :the latrict Mal coUtewta ··•••auatly a totat·•e~"aJ:~ • .n.tttve 
. ~'.'!"t'!'"''~········~/·:.:,.. .. 'i-_,.. .. ;t,.';-<· "' ' .--,il~·;-· ._,. . )'' ' . ' . . . • . -

'- < 

· ' ~.,.. whtch at._• ·&a .ootpat pu)ae· pnpo~Ftloul e.· the .aettY of t&e mctdeat 
'. '. . . . 

11:. POJl.rclu4 D. B •. AJWZ.ge:r~ Phy•. Rev •. ., ... 926 (l9.Sfl A. Stoh'aat•, 
.. · . . .' ~ 

· · Ps-oc •. fihy••" -· ·(LoaCloat-Atfl 11·91 (lt·SOtJ 1\ob••t 1.. WUaoa, Phya. A•v. 
;tQ. 720 (1911)1 ftoma• D. th'tckler, ·'l'h,p. 1\ev. 91, 9&J (1983); •~ G • .Davey, ...... . . '· - ......,.. . 

Pl-oc." Ph.,.. .. JOe. (Loi\Ctoa) A66, 1019 (lt·SJh 1. L ... B\li'khu'4l, PhY•• Rev. 
. . ' .· .. · .. -·. . . . ·. , .f.9• 19~ {1911)1 ·s. Meta.St'&at A.· Strwrute. Proc •. Phye. 8oc; (Loo4o•) A!!., 

· ., '.: ·,.a.t'J916h ·aa Alf•et:t K. Mu~ ,.., •• -... -~.C!~'- 4tl956),. . 
· · ~A p'l'et-lmlaary •epert waa atvn at tbe· ~mertcp Phy•tcal: Soe•ett· J.CeeUag 

.. ,._a~tceleyift· l9J~. U4. •• ·~•art-:h4 to Pit". a..v. !,&_. iao (195&). 
~ .... 
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pbotOD. Tlda ll .Ui mafked' c:01\atl'aat to the ol<lel' aa• couatetl, wblchllacl ao 

•uh ••••v·••••taa properttea. Oae make• ·u•• of the well kaowu fact that 

. ComptOti.-•c..U.red photoft.e at '90° all uve aa energy of approximately m0c2 . 

11 tlaett taltlal •••ttiY wa• c:onel4erably btghu t1w1. m0c2, The et••ttcally 
acatter.cl pbotcma thea al•• la.l"aer pulae• th.aa the Comptoll•acattered pbotone, 

- .• . . . . ·' . . 

•• 10 thoul4 be recop.l~~&bl• by a properly btaaed elec:trotll~ elrcult. Tilt• 
4 .. ertp~<>tl of the e~eri111.W te~h1dflu i1, of couee, over•almplute4~ the 
-aetaU:a t.re "••c:J'tbH ·ill the next aecttoa • ... 

O.e might thlak that the calculan011 t>f Che Thom1oa czoo11 .eectlon for 
. - , . . 

lt.aht •ucl-et '' 10 ltre.iabVorward. that no uw tnfor.matt.oa c~d c:om• lt-orn Ste 
. ·~eutar•me11t• Oae of OQI' coUeapee, em Che b&eb of a ti)•t>Jtetlcal model (which 

. . 

b.,. lt.t•t. abowel! ••• ta erl'oi'J, em.cO\ltt&ged •• to look 111 the_ l'aas• of l'ati{oactive 

~~rn~~- J.'&y enel'gies .for what be believed mtgbt be • 1ube~la1 d411parture from 
the almple TbomeOD cro•s liecttoa. In ·•y ca.••· from the puely expetlmeatal 
p6iat·-ot .vtew. lt did •••m worthwhtle to a_eatch fOI' .a lftcrea1ed croae aectlon 

. .iue to ·•catteriDI from the ltsht. vbtual me~ona eur-rOUD4illg tb.e aw:lecm. core. 
~ctu.ally, there hllta a theOl"em from fiel4 theot-y ~t requlree the 

acattertoa cl'o•• aectlOil to approach the cla•atcal ftomaon cro•• aectl~n. ae 
~· p1loto11 ••~"IY ao•• to· aero. ; 1'1\e expel'lmeatal reaulte c-an be coaelc.ter.,.d 
to, eubltaliti-'• the prloctplel of Lornta. 1•1•• aad charg~ctmjugation mvu-

. . ' 

toe• ~- which thll- tbe61'•Jil fl'om a-eaorma.lleable fte14 theory le prectlc•~•cl· 
At .much hiahel' photon enel' IY. deviation• fl'om the Thom aon cro11 

14JC;tJ .. a are upecte4. llc>ae nealeeta the &llomaloue mapetle moment of the 

p~ot-.. tl&e cro•• aectioD la atve by the Klebl·Ni•hbla formula. Po•ell hu 
c_.eulate4 the •cattel'tal takll.\1 lato acc0\&1\t the ao.omaloue mapetlc moment 

ottbo p.,otoa. 4 Mealuremeatt k.l the hlah•ebi'IY reaf.n juat below photome1oo 
th:tee\ol4 ht.ve.beea tnac!e by Oxley aad Tet•a4l, 5 

t,ad by laaee et ata6 theee 

-ar•• '!lth tile: Po...U thec.ry tor 90° ·~•ttertaa bUt eeem to ran below the pre ... 
clletett .-lue tor u;l•• areate• than 90°. 

, 3Wattet 'l'hlaor.llia. PhU. W.,. Jl• 119J (1910); M. Kroll ud M. Ru<lel'man. 
PhY•• Rev. tS, J!S (191.).; J',ancte a:. Low• Phy1. 1\ev. 96, 14!8 (1954); M. .... ..· . ' ....... 
O.U·Nana aa4 ~· L~ Ooldbel'ter, Phyt. aev .. !!.• 14JS (195.); a. H. Cappa 
ad W. a. Ralli4ay, Pby1. 1\~. !!.• 911 U95Sh Abraham Klete, Phye. 1\ev. 
ft.-'998 (l9.i&), aad Karau, WateO!l, u4 Zacharlaaen, Pbye. B.ev. 110. 253 
(1918). 

4.Joha t.. Powell, Phy•. B.ev. '75, JZ {19.,). See aleo 1\. Oomem and D. Walecka, 
. -

~., •• aev. !~.!. 1419 (1956t rmd Fhy•~ llev,. 106, 1311 (1951). 
c. L. o.t.ey aad V. L. Telesdl. Pb,ye .• aev. 100, 435 ( 1955). 

61uea, Oome•• hall. and J'rlach, Phye • .Rev. lOG, 1%45 (1955). 



JiaUel' and HaywaJ."d have iA'Veetigued el&atlc ecatteriaa on varlou.a 

•c- ~emeuta from Na to U fo!' a~m••"ra.y -.e:rgies betweea 4 and 40 Mev. 1 They 
obtle,rve4 two maxima tn ·the eaei"IJY., depeu.4ece that they ·.teel ladicate acatter• 

lq by aepuate aoeleu lft>ela and by tlae ·~aint.reacmaace" p'I'Oceea. 

U. ~£JUM£NTAL DETAILS 

Geomeux 

J'lpre l ehcrwa the expel'tmntal U"I'4Ull•meat that wae o.ae4 tn the co\lrae 

Of tJile WOI'k,. fte ··catt~~-~ 1•met:ty. )Uld a· hOJ'iSoatal axf.l Of lymmetl'y • 1'fte 
· aoul'ce of the gamm&.ta)'• waa plaCed at Po•lti~ A. The .eOtUce. when .aot i~ 

: " . . . . .. 
u.ae, •• •hlel4ed by pla.etaa the movable ehleld l ill coatact with the bed conical 
1ldeld B. Whea ·*"• IO\ll!ce wae Ia v.ae, the ablelcl I wae moved back to the poeitlon 

aho.a ta J'ta. l. A coatcal ehe&tb of gamma raya radiated f"m the openiag fo•med 

by the alll.td• I aad H, ao" to completely b~the the dng•ahaped target wlth pho• 

toaa. The lhieldt l$Ad H were ao pl•cted that tlte tal'geta would he lrre.4lateci only 

wh. .. tA the "ta" poaittoil of tuget C -.ad aot when ill the "out11 poattton Aown 
. by target B. Ia a.dcHtloa tc» preveattna aamma a-aye trom. atriktns the targete whn 

ta the out poattloa, the coakal coUhnatt.on furalahed by eblelde 1 an4 H reati"tcte<l 

tie MDe to wlllch all' acatterlag could take place and hellce r,uluced tllle form of 

backgrouad. 

Tb.e aamma ray• tba.t •cattel'ed from the tarset C into the detector D, 

were deflected by 1Z4 • S0
• The detector waa a Nal cryatal 4 ln. "' dla.meter and. 

4 ln. loag, vte-.ed by a ·J~t.ta .. ·diameter photornu.ldplttr tube. The photomultiplier 

(not ahowa. m l'lg. 1) aa4 the cl'yetal we.fie located on the axt.. A lead lUter (not 

· •hoWD) ln the fol"'tl ot a coaxial cylilldrtcAlle•« sheet of variable thickaeee •a• 
placed betweea the detector &ad the ac!'>tlel'el'. If lcaufflclent fl\ter were ueed, 

the very atrcma flu of 0 .. S·Mev photoaa from tbe Compton acatte11iug from electron• 
would. tbJ'ough acctAleDtal ootactdencea, abUt and bro&clen the pulae-helaht epee• 

tnm of the elaatlc:ally acatt~e<laam~na• ••d make _pul:ae•hetgbt ailalyele lmpoa· 
alble. The 1•&4 illter p1'ochleed a dUf•a-•ttal t.baorptt.oa effect; the ·compt01l• 

acatt•l"ed photoA1 of 0. J Mev were attenuated much more eUeoti.vely than the 

tao.dear acattere4 a&mma• with the full ellel'IY. of l. 6 Mev. Tl,\e opttmv.m thtc:kneaa 

of leacl varied betwCten 1/3 t.u. 1;04 3/4 bl. • depea4loi upcm. thfll. aource lntenelty 
a.n4 the 1eatterlag m•tertal, aad provided a relative filtering ~ttOD of jf;: X 10

6 

( 1/Z ••·) to V )( 109 (J/4 ... ). 

1 Jt. G. J'ulle.t- nd .£. Haywa•cl• Phy•. Rev. 101, 6()Z (1956). 
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The masaive &b1os-l?er between the source and the 4etector conei•ted 
of a u.ranlum cyUn4er 1 ta. kl diameter and. 12 ln. long. Ia order to ahleld tb.e 
. couutet lr<tm the gamma rayt and u.eu.trna emitted from the Ul'aalum. 8 lnche1 
of lead waa placed betweea the ul'utum aacl the detectol'. The ad4ltlonallea4 

ahown near the head of the arrow H ln .Ftg. 1 "ellmlrmtecl plUJ>al Co,mpt-ou acatter ... 

tna from eleetaoo111 1ft· all'. atom a. which could. ~erwbe c_.,.., a $&mma .ray 
around the uasdum ll'om ·the .·•ou.ce to the detector Without aubltutlal enel'gy 
loaa. A4ditionallea4 waa pl~.e4 uude.raeatb. the table that •upported. the aemi· 

cyltndrtcalgeometry. Becauae the apparatua waa located. on the roof of the 

laboratol'y. thla uctlttonal tbielding W&l neceii&J'Y bOth .... health mealure, 
&tlcl to ellmi-te, b&ck&I'O\U'I4 in lOW•level C®lltlng expew.tra~tl ~ the ~OOml 
below. 

The value of the acattertng cro•• ••ctlon· ie calculated tn te'l'm• .of 
aev._.al meaauec:l rattoa, plua two m~r.Qtcoplc meaauremeuta ••01le of length 

with a meter atlck, and the otbel' ol rna•• with a batbroom acale. No m·eaaure• 
ment of aource strength. nor ·of abaolute coQ&tt,ng tate la r~ubed. the atrong . 
10\li'Ce W&l put .iuto aoludon. Q.dallqu~t.ratloe Of 10•6, ·lO.;.y• t.ild 10•8 :were 

prepared. Tide w•• eaaUy clone by tald.q a 10 •Z eample of the orlglnal IO"rce . 
. . ' . .· · .. 

that waa la aolutlon and cllaaolvtaa tt la tb.e aame voluiJie ol watel'. ·. · Tbta opera • 

don W&l reputed. twice to obt&l11i tthe 10•6 latnple. .$lmllal' pi'OCeduee W'eio·e 

~ee4 to obtale tbe other aliquot• of 10·7 and 10•8• · Tbe allfltaOta were placecl_ 

tn •~all vl~• wltll walla· of neaUatble thlckoeaa. One of Jbe .tale, the choice of 

wblcb d.epetule upon the tblc'kaeaa ol the fUter, · waa thea placed at the aame average 

poehlon •• the target. The coul'ltlnl l'atea produce4 by the acattere4 photon• plu.a 
the cllJ>ect photona ts-om the aliquot were meaauredt the aliquot wu thea ~emove<l 
·and tbe coatiaa rate was meaaure4 for acaU.recl photofta Ollly. By aubtJ>actlon. 

oae obtatn• the c.oullte produ.cecl by the aliquot al011e. The reaaon for obtamlng 
the aliquot couuta by eubts-actlo1lla to reproduce the aame "pUe•up" 4latorttoa 

(il any) of the pulte•hetaht 1pecb'um for the all.quot mea1ure:meat as for .the •cat• 
8 . 

tered•aamma•ray meaauremellt. · The •catterec:l•aamma•ray coat• &J'e obtaiaect 
by aubtracttaa the "uta obtatne4 with a bluk t.uget from the couut1 o*laecl 
clul'ing au equal. amouat of t'anl».t ttme ·\rith the tas-get ''tQ. " The ratio of 1catterecl· 
gamma-ray counta to aliquot counta thua obtained i1 calle4 a.. The cllatat\ce, 
L, bom the. 1011s-ce (A) to .tke ~rget (C) waa thea r.n.e&tllred with a meter •atkk •. 

81'hel'e w&a .actually no 4iato:ttlon of the apectr~&~ c:au1ed by pUe up, but the 

paoecautlcm was taken aevertheleaa. 
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FinaUt• the maea .M o£ the ecatterer yield• the number of atoma respcmatble 

lo11 th·e llcatterlq, . The 4Uferential ecatterlna croaa eectton ia then, 

2 
4cr = rt. RA 
3D" MNav 

(1) 

w)lesoe A le Ill~. atomtc weight, eel Na'V. ie Avaaaclro•e number. Typically, when 

the al~t .J.•tio 'It wae 10·7, th.e countlna-rate ratio .a waa of tbe or<lef of to•Z. 

Ja practlee thel'e are I mall corrections to be mad• to eq'\latton ·( 1) to 

take iato account (a) tbe photot:a atten•tt.on upoa enter tug ucl .leaving the acattel'er, 

('b. the attenuation lu the prlmary•aouce bolder, ·(c) the attenuation of the! "~iquot" 

photooa ifl the vl.ala, (d) the ch&Dae in average •catte1rlna anale for target• of 

dUferent thickae1s, (e) the fact that the c:tllbraticm eO\Ulta were not taken at ex• 

actly the lilanle time &I the •cattered COuAtl, and (t) bre!PIItl'ablung etfecta preaent 

l~ the· acattered pbotoa. apecvum but aot ta the ''aliqu;ot" apectr·um. AetualJ.y., · 
Ia determlat.na croaa 1ectio••• we c:ouaWel' only that part of the pulle•betaht 

. . 

1pec:trum •he.-e the orem11trahlung effecta are vt•tbly lleaUalble. We lilt tt 

a.a a correctioa' OJ:aly t.o emphaetae that we are aware ot the effect•. [For an 
enellent dtiCU.IIi.cm ol •••• li.~er eUeeta,- aee s. M•••elt ud .A. Storl'Uite. 1] 

Tbe tlllcltfteel of tae 1eatterer wa• limited by the magnitude of the first 

correction factol'. We reeulctecl the tar·s•t thlcklle•••• au.fft.ctently to keep ~1 

calculated abaorptloa correcttoao below 20~. 

Source 

The choice ot the primary eouce ot gamma ray• waa goverued by sev-

. el"al .le.ctora. Flret, lt wae cle•irable !rom the 1taodpomt of reducing poe1lble 

cltetortlon Of the ptalae-hetgltt l!lpedrum due to acc:ldentai c:oiuc:ldences with Compton• 

IC&ttered photODI to \lie a& hlgh a gamma-ray energy &I poasible.· The relative 

fUtertaa action of the le•tl fUter improve• draettcaUy with U.creased phot~ en­

$rgy. Secoa4, thf: aO\irce ha4 to have • hall life ot the orcle.r of. a week or two 

.to allow sulfifZtent time to perfbrm the meaauremeata and to ch~k tbo•e measure­

r,nents. Thlrd, the source. h~;d· to be a\7aU•ble tn multic:ua-ie qutltiti.ee at i'eason­

~e pl'tcea. 
. The 8ource that waa finally u.eecl tu thil WGl"k eonai•ted of ~pproxf.ma.tely 

100 curlee ot Sa 140 - La 1•. Thia •ouce emits amona oCher tbinja ·a 0. 5 .. 

Mev gamma. ray of 20 .. ab1&1u!aa~e. a 1. 6-Mev gamma ray of 6o~·abundance and 
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a a.I•Mev gamma ray of 1'- abwitt.uce/ The h.U·Ufe' lt 12 .• 8 days.. The eross• 

tecttoa ····••m•••• were .... with ihe 1 .. -6-Mev aamma-ra.y. l'tgure 2 ehowa 

tbe $odium t.-4lc!e pal•e·beiaht dietl'lbutioa itt the vkinily ot the 1. o•Mev g-am1na• 

_ t~y )eak. Tbl• fillltrf.lnad.o.,. wae obtained by placlq tb·~ .10•7 aliquot of the maizi..~ _ 

-· uue:e at the taraet poattiOn: <; .• 

De4:b'Oatca 
. ,. ,· 

. ;., . ~ ..... 

·: <;t")'•W m. C.mPtoa- ecattertac. pair pi'Ofluctioa, or photoel·eetr~ effect. Th-e 

:t••!J!tlo~ P•l·~· (I'Qm ~· 5-ta; •4lam plloto~ultlp!lel' ~ ..... amplllled aad th4SD 
~o~tecl·w.ith a lO•p-b&Mel pulae...-helg.bt andyaeJ". Th• 10 chali1lela could be aet 

. ' .. 
to ••mple any deetl'e4 portion of ~ pulae•helgbt dlttrtbutloa. The horleontal 

-•~P•~atton behVaea uy two ad.j.aceat pOint~ in Fta•· S to 7 c:otreapODd.a to a chan• 

--Del Wid •. of ·a wlte. To milllml&e thermal drUtl• .as mueb of the electro•lc ap • 

· par.atu.e aa poa1ible wa• pl&ctd ·~n aa alr•coaditlOtted room. Ho•ever, the photo­

~~· ,-ce~auUy bel to be placed o~plde where the~e were wide 'Val'iadoua iu 
. \ . . ~ . . . 

.·te$perat~re .. C•••.qu•tly. et*P• ha4 to be. takn to compeneat., fo-r~· appre· 

.• 'ble c:bi!ta which o~ellrritcl over approx~~tely ll•h:r p.l"ioda. We overcame 
· ~elelOn•·t~e ctrltta uy uablg.·.;..~eeA,~Jt: ·ampllfier and· 1-eno mecllaniam l~t: 
~~· foUOW1n8' way. w-.lleriodlcal.y, aiut automatically exposed the Nat cryatal . . . 

..,eetly to ·&ll ~tqu.ot· ol the matm a~v.·~• wldc& we l"ei•r to ~·- th~ moalJot ao~ce. 
At the. •ame Ume• •• awttche4 the ph~t(mlbe ~tput from thelO·ehai!ttel, analyzer 
• a al1la1e•c~·uel pulle•helgh.t analy&el'. The •tngle·c¥tiftel analyaer waa · 
•. fit J~ sample the CO\mttftl r~ 0)1 t~e ateepeat part of tbe.O. 5•Mev photoa pul•e· 

. heta·tit 4.te&rtbv.~cm. Thl.~ ~;w.a~g rllte · •a• •o large that tile istnpe-chan!lel . 
• . ; . . •·. . . . : r .. . ·. -

pulae·h~l•t .-..1-y&ef' ~ctea aa a aou_ee ,of clc current. WJ:u,I)Q the ~IJlPlUlcation 
in tht&·Cry•tal plu.- photo~e chan.ae:4 ~Y a •ltght amount, a large c})._ange In the 

dfi CU.I'1'e~t ••• produced •. Th• tUUer,ece la de curreot was fed into a dUferen.ce 

amplltie,r u.• •ou~e f)l feedbac~ f.1l4· t\eaee to a aervo.motor which coQtrolled 
. ' . . . 

"'1he gat• Oil tlua ltn~r a,.apU.fl.,r. The it~•4b•ck ayetem tlwm maiataia.ed the count-
.· . ._i ilate .Oft ..,. •leep al .. of. the dl.-ttlbuttOA cOAataat by v~l'ylng the llceaf .. 

. . ' . 
a.~lttle.- -pbl. 1'ht• ln tu;a kept the pul•e•hetght d.lltl'lb\ltl·on fixed. 

The aecea~_lty for auch pa-eca.uttcm.e caa be appreciated when cme obael'vea 

tb.at_ to tlle c••• of bydl'ogen, •• '1V•·"•·4etectiaa a cltflerence t.a couotl•g ·rate 
'betw••• t.lH ad Lt of ab~t 40C1ti0l the Ll couottDa rate, which lti tun ••• only 

about JO% •bove b~kal'oun4. Ia order co obtala suffieieat atatletical accuracy, 
the duratloa of the CO\IIltlna time a o.f · 1tnale rwaa were in aome lnetancea as long 
.. .24 bl' •• -,· 
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· The COU1\t8 l:cu:lu~ed. by 1. 6-Mev gamma ray from the monitor source 

were accurnulatedilt a t<lp&rate bank ol registers and provided u.S with a check 
l '• 

agataat 4f't.fte. . '. 
' 1"1 

ln e>:r4er to l\U'ther mlabnize eystematie el"rota due ~~ drUte, an elab• 
orat• method of target cycllug wae used. A typical target cycle is repreeented 

a·ymbollcaUy a. a follows: 

L (1/l), M .(l/3), B (Z), M (1/3), L (1/2), 

y (1/J), H (1/2), M (1/J), M (1/Z), M* (1/3), 9 

.-et:>e.at. L, W. B &lld H repreeent the Lt. target, m011ltor source, blaak target, 10 

&114 the LtH te.rget ·•eape<:tlvely. Tho quantttiea tn parentheses f.ndicate the time 

iA mtnutee .,that t\e particular te.r;et,(cl' source) wae tn place. The Li. LiH, blank, 

and tnontt.or. counts were a.ccumW...t•d in tour eeparate banks of teJ! ecaUng reg• 
tsters each. kelt regteter baAk was provi-ded with a dock whle'Mre~orded ita 

loteg,rMed "on'' time. About three ttmea dur:ina each 'tun the aliquot source waa 
placet.d ln poeition C, an<l ~ ealtbrarton ran of a few fi'linute• duration wa.e made. 

The pulse,..helg}l~ epectl'urn obtained from the al-tquot so\U"ce was then compared 

with that obtalaed !rom the a~cumula·ted monitor counts to iaaure that no drifte 
had occurred. · 

m. MICASVllllMI!NTS 

. Flaure 3 ehowa for . a typic~ ru the pulee -height d.istributiona obtained 

from t.UI, Ll• aact the mO'Ottor •ovce, p·ator to backgsocund aub~&Qtiou. The 
bac:karouo4 le alao 1howa. Tlui cuvea ai.ve the actual counticg rates in ttlf.a par • 

ticular run f.u eov.nte/mm. 
That one ia C!letectf.na elaotically acattel'ed gamma raya i• evident !rom 

the tlmU&i'ity of the '" ec:attered aamma ray•• pulee-hetaht d.tetrib\ltlou to those 

obtatt~e4 from the aliquot eow:ce. The tarset .. out curve also show• a alight 

peak col"reapoud!ag to elaattc scattering ot 1. 6•Nev photon• £rom air nu.~lei. 

9 The lut moaltor ra C w-t o1 each oycle wae uaed by the lei'VO m~chaniem to 

eompenaate fol' any 4l"tftt that occu.rreci dulng tbe cycle. 
10ne 'bluk l• not ahO'W'D la Fia. l in order to avoid e-ompUcattoa of the dt"&w• 

lag. However. the fltt.Daea that ._,ported. the Styrofoam blank taraet a•e 1hown 

on tlte c;u·t *hat contaf.aa the other . two tara eta. 
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The mo•t etrtklng dlaalmUarity tn the curvee is the preeeuc:e of an _excess of _ 

amall pulae hetahta ln the e-c•ttered photon distribution not present in the aliquot 

dietributtona. We believe this difference to be ca.ueed inctirec:tly by el.,ctrone · 

- ejected from tlae atoma of the target with almost the same eorgy ae the primary 

_ photOil. These high-energy electrons undergo several ecattere and eubaeq11eatly 

ra.dlate bteme,etralllung pllotone lato tbe detector. The eflect ot these photons 

le to produce a htgb·e~ergy -taU whi~h partially fUla in the valley preaent in the 

uoecatterecl aliquot dletribu.tioa. .For thiil reason, only ebannele S through 8. 

- wbich are a\lbatantially above the taU_, wel'e WJed la the cross section determina­
tions.-

I!Xd.l'!Jen Cro••, .. etlon 

The hydrog• cttoaa aectton wae obtained by· a LiH .. Li subtraction. 

The lead filter uaed wae 1/2 ta. tht~k- The LiM and Li taraete couateted of 25 

Se:dtvi.clt.Jal Z by Z by 4·ln.- blooke on a Styrofoam euppol't it! the aemidteular 

arrang.-mnt altown lft l"ta. J. The LUI target contained a total of 569 molea 

of~. $13 mole• of u. :St. 8 moles of c. a~d '1.43 molea Gf 0. the C and 0 lm· 
p~lttew wel"e coaq,lt,led la the plaetic binder that held the LlH together anci in 

th-e Sar_an wrap antS muktna tape used to keep m-oisture from the LiH. 
-The Ll target contained 9. 48 mole$ -Qf H, 514 n1oles of Li, 4. 74 rooles 

of C, and z. 2 ;:t 1. 4 moles of oxygen. The C and H impurities are frott! the Saran 

wrap ud rrtae1dng tap~. Tbe Qxygea was due to a. small laye:r of oxidized lithiu.trl 

on the surface of th• targets whieh wa• eauaed by moiatlare_ that p~netrated the 

p~Qtecttve wrapping. 

The total cetu.nh ob~in.ed from the .Li target are subtracted from those 

oh~alued from th• LiM tarset to give the counts prcd'-tced by the hydrogen plus 

the lmptu·ld.ea. Figure. 4 shows the pula~ ·height di8tPlbution ·Gf the hydrogen 

plus l~pudtlea •. The contr,jbu.rion lrom tb.e impurities l.• calculated using th-e 
' ' 

theoretical nomjon CI'08$ 8eCtiOftl for C and 0. This eorrecticm. ia 60'o of 

the hydrogen coutrtbu~n. 11 . Abo .shown i11 flg. 4. as a eoUd 1i111e, le the. 

pulle·helght 4latrlbution fron1 the caUbratlcm eourc:e (r = 10 ... 7). The absolute 

val.ue must·~• sblfted vertically by a factor 1l = S.OO (1 • 0.10) X 10"'~ so ae to 

ftt She ob•erved diatt-ibutioD in the vldnity of the peak. The mea.aured · di•taace 

.11Tbe c•rbon erose eectton wa·• measue4 later in the experiment and agl'ees 

wtth.the t\leot"ettcal Tbon11on erose section (see later sectio~). 
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L ta l. 11 meter•. The aum'ber of nuclei ·wttbla the tuset la s. S6 X 1026~ ao 
that eq-.uo-. ( l) becOme a 

~ • 4051\ x 10 .. 31 cm1 •te•.,·l • 

'f~e re~tlDa •co.-rected en•• eectlon la 2. OS fl * 0. lO) X 10 ·II em a aterad ·l. . 
,-: ~ 

'Table l 1\ltcmarlaea th'ft correc,loat that wea-e made to obtatn '$he corlfe¢ted cro•• 
aectto.-. tor hydroaea 

4"~!} o & •• 5 (l .• o. 17) x 10""31 c:m2 •teru·1 ,_ 

which 11 equlval.-at to 

· c1G'U2,.
0
l,4a - • 0. 94 ( 1 • o. 1 T) • 

. xan ~omacm. hydroaea 

J.Atblum Cro1e Seeti~ 

After the ~~kgJ"oalld co•t• &l"e eublrt.eted frbm ~· 1A taraet oou~•· 
we ob•&o the pulte•be\aht 4tetrlb\lttotl·e!lO'WI)""' l'ia. S. The 1olld eQVe l"·"P~ 
.reae1ttt the to•T allquot41aulbutloa which tb.ta time ha'e beea •hUtecl by a '-ctor 
I. = 5.10 (1 • o. tO) x 10 • 1 -,. Itt •the o'baerv~ coute •• _.. the peek. After m~u~ · 
the correc:Uoaa •u•ma•l•ecl ta Table 1, we obtala for the ocwmal tao~lc mixture 
of Ll (A = 6. 94) the croe• ••c:tloo. 

d~l~!l. 2.J9 (I• 0.11) x 1o•JI cm3 itN'a4 .. 1 , 
Lt . . 

\ 

&I' 

Car~on· Cro•• Seetin 

·l"tgue 6 11\ow• the eoaat1 from a 1/i-bach•thick <i:&~borl ttl'aet after 
background ha• be• •uhti-ac-.4. Tlle callbradoa lotl.l'ce waa ·the Ul'"7 allq\14l. 

In thl• pa.ttlc-c;du run. a ·= 1. 56 (1 • o. 09) x •o ~a. Wllea ·we ave1'•ge thle reeult 
· with ~thel' if.mUar re1ulte allCl make tho eorl'ectioaa ol Table 1 we obtata 

' 
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or 

... u .• 

. dftaY~·~. 14.9 (1.0.10) X 10•32 cm2 ate~att•l, 
.. c 

Alumin\Ub Gl'o&l Section 

Tbe Al target wu J/8 to. thick, the·lead ftlter J/41n. thick. Figure 

1·11ho•• tlle dletrtbuttoa ·of acattel'ed pb.otoal alte·r background aubtrac:tf.on. Tbe 

~lbratlOJt aou1'ce •as lhlfted by Jl: J. 80 (1 • 0. 09) X 10 .. 3• After ~naktn1 the 

.Cbttrectton• ltbOWD fa Table 1, we obt.ala 

·w~·) • 69., (1 • 0.10) X to•lZ em2 eteract•l , 
·.~ . . .. . . 

Ot 
0 . . . 

4-itj24 >4__,~ . 0 1. 15 ( •• 0.10) • 
AI --nomaa, Al 

IV, DJSCUSSlON OJ' B.ESUJ.-TS 

The Z depeacleace ol the croee aeetlooe at l. 6 Nev is summarized iu 
Fq. 8~ The meaau1'e4 d.We.-entlal cro•• eectlone ~re plott•d ia untta of 1o·JZ 

cm2/•t•r•4 ~. •olid. clrclelt the tatloa of the mea1ured croaa eectin to the 

elaaatcal 'J1,lotritn croe• aection are plotted as open cl.-clea. 0\U" reeult-

that the meaiUt-ed hyc.Uoae• croaa lectin u equal to the Thomeoa croae aection 
' ' . 

Cwlthinthe e-.erlmeDtal error)-veriflea a predictioa of tb.e low•eeeray theorem 

ol r.enormallMble•ft.elcl Cheol'y. J Thla theorem, which ia baaed upon Lor eats, 

&&age, .ztt'l chuae•coajagadoD ltavariance, at&tee that aa the pbot01l eaei'IY 

. appJ!'O&ehea •el'o, the acattertaa croaa secttcm muet approach the claeaical 

fto~•• croae eectiOL. . Low photOD eaeray ta that whlc~ ia small compared 
with the pioa rest energy. ·ID thb limit, lt appear• that the daselc::al deacrlption 

fit the «tcatterlrla proC:eaa la adequate. Whe'il one trle8 to extend this theorem 

to more ·Ciomplex nuclei, the effect• of Rayleigh acatteriug &om the boua.d elec­

tnaa, aad. ol vi,.tual pair production ta thtt field of the nucleue ( Delbl'uck •catter • 

'lug), which are unbnportaat lor hydrogen, become complicating tactol'e. BroWft 

~- &lld Woodward12 point out that the calculation of the Rayleiaa acatterf.na. from 

~ 

120. Browa mel J. Woodward, Proc •. Phya. Soc. (Loudon) A65, 977 ( 1951). -
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&. COQ"tplex -.tou;~t,e eyatem ·la a fot~lcla.ble taak for the genel'al caae whe&te lal'ge 

·· . momeaCUitl U'anolera aa>e ·~,avolve4. The calc:W...tioa of Delbh.Clk IC&ttei'iftg like • 

.. wlae ha• b-.a made otdy •• •mall monientllm tranatel'a. 13• 14 Our experimental 

· . ..,•.•u.U• f.Or Li• C~ ud Ai ill4tcate that ior large momeatum traaatera ( U4° 
· feflee~lon) ·the .acatte~taa la. •tW predom~tly Tbom•cm •cattertng. However, 
•• Z tac:rea•••, · th~ ele~trOfte become m,ore ttghtly bouod, aad. the Jtaylelgh 
•catt:ewlna. 11J!ldck iacl'ea••• rO.gbly aa the elglath to tentb power of Z for large 

· ~~o~~~t\im .hoaaat•r• 15. hec:omea more lmporuat. At the aame time tbe Del.;. 

. ~.i:u~·k. IC~etoina 1 •. l«uu.'efi.•lna aa. z4 ~· that all three amplitude a, . Taornaou, 
aayle.tp,. ~4.llelbruck, latdlf)re lb aom• qua~i~tively \Ulk.DOWD ta•hlon. 
Qualitatively~··tbeol'y p~"'ct1 that ~e •cattel'iDI ampUtudea for .Thomaon aDd 

i&Y;le!P. p'~c•••·•• t.terit•• coaatRcUvel y wtth •aeh o-.e• a'Ad 'both btteJ"fel'e 
d•atao~c:tl~-'Y wl- the .Delbftc'k 1ea.ttert.ng UDpllmde.·l$; ••.. A•loul e.e the cal-. · ~-~0.. Cit llayl•iah. •e..U•ttas •• J)el'bnck ~ca .. etiag ~'•mala tu.cl~ua•ate, 

.··the~~ aeelne to. ·be Uttl• hOpe. o( ~•cra.~bllag tbeae $hree p~roce•••• -~th auy 
·· · .·, ~t'*Mtv.e Mc;u.-,acy. · . . 

. ' 
.. '• 

·· .,. · ' · '· · · We wi•h to thank ,DJt •. ,Jl.fchar4 Hud.U•.,tone, ·~ole-8'itl~ Aobezt Kal'plue, 
. . . . . 

raJ14 . .,.. v. J'&l\o for their helptvl •tacua•if)D•·~cmce11)lna tb~ theol"etl~~;al -.apecu 
··. ~ . ~ 

,';\u··tht• WoJ'tc. •• are alao ·t.adebte4 to Proi•••o&" Robo~t Hof•tadte&", Who kindly·· 

· l~ tit. oae oi ll~ lUI• lfal cryltal• du.J.t.a the euly ·mae• .,_f.lijil. work, to 
. ~ ~· ...,.h&l'4 alwtibers tor Che .t'lealp ao4 con•tructicm of tile. a:.-pal'&t\at ~ the 

••- ctf=.taa cb'c~dta, t~ MJo. .Jut~ Bloom aad Mr. B•ney Rubio lor pl'epai-mg 

·. •• ·~ tf.l"ieta, ..S to )4r. Jol,a'A Schulte att4 hit• coll•bcwator• ;~t: LOa Alamo• 
• i..aboratOry lol':_ auppl,Yit\a u wtth 1'00. curie• ot Ba•La ud fer/ performing the 

Wtlal dllullea• aece••uv tor preparifta lhe c:al.bt-atlon IOui"Oea. 

Thia •••eal'cb. waa pel'formecl ader the &\laptcea of tb.o U. 8. Atomic 

••IY Col'bmlt•io1l~ 
_Is,.. ·llohrUoh aad a. ·L.. Glucklteh\., Phy•. aev. !!• I (1952). 
14Jil. ·A. •••• Md I'. 1\eb:rltcb, Pbya. J\4tv. !!• 10 (195Z). 15.. ·.. . . 
· Han• A. 8ethe. p ... tvat• corsnn\llllc-.tlcm 'o B.. WU•o~ PhY•· Rev. !!·· 7!0 
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:rtg •. 1. Scattel'iJ18 g-..omeuylf ·The UH a.ud . .t.J. tara-eta ••c•• arad us," reepec• 
tively, are ehown·o~ theb Styrofoam au.ppon1, E. ·Th-e UH tar1et l• ehown 

, ill the loa"~tdng poai,tion. N·ot a.hOWJa. la th\e flp.r• ie the blank' Styrotoatn 
. ' . . ' 

taJ&et. al~ouah.the flaragee that support the blaak -.re sh.OWG. All three 

tu"t•~ .a-o mc.\$t.4 on Aft automAtically· cQntrollei movable cart, J". When 

one ti.tiget:: lt ta. the acatt~rbag p'~attt011, tt.e other twQ ~ti•~• are lD a poa.ttion 
IIUh th•t aet~el" tllt 10\lr"Ce, A.~ UJt tbe 4etec:to:r • P •. Cad n•e-en the· oth·er 

' . . 
~1'1.\l,,;y~~J~aete. ·_. Tbe monW• ahlel4 ll'emf=lD.~ lbtecl cbal'is-a. a glvea r..m. A-u.aotu.m 

. cyl\U4ei", a, ., lneb•• lo ~etel' ud i2 'tnebe• 101lg, preventa the.80\1i'C1! 

froa;>. tl!l"tcUy irra.41aHAJ tl\e deteotor. The coakalle&d •hield, H, ahlelda 
._ the ·aetectoti from at...;•'ea:ttf.'!~ gg,~a raya. __ . · · . . · 

Ft,. i. Nee-heig,t. dlatl'lbUtlO'il of the Ba 140.-t..a 140 aow-ce. ·aear the 1. 6•Mev 
·~ ga~ma·~~Y p~alt. The ,tiatl'lbtatlcm·vtAe obtalaed )'y-placitlg a 10•? aliquot of ti··--bi fJG\Uie• at:tbe '"'" poaltl61l.· 

.· _l'ta:. J. ,. ·PUae•hetaht. 4ll•tril$tlone prt_,_. «> backarounct eu'bt.-actioa. N• 
--~ , . ·a_u-~~ ala«Hra tbe l'•l&th'e ~9iitrlbuli®i to tlle total f:Ow.lt .... ·~ate by lA, . H, 

· · ..• -' • ...,.ba<lca'•=•· ·Oa•.ca. ••e th•~ d,.. cntribtlflon e£ the H.aud Ll •c•~~•r• 
· . - ·, to the· toW· c~otlog ~•t• la .• mall cotitpued wttl\ the bAckgt'~<l• · .. 
· · ·fla •.•. 'tl•o~~"te4 hr4J':oa•• fn*l•e·baf.aht 4t•t•ll~utioo~ 'tbl• fipJ'e abbwa 

·· tlle pu:al,·h•lpt clt.trll:."\\Uot\ aittl" tlle U~,plaa·baekj,~ ~uata are Ju.b• 

-. · t.utfKt_hOrt's tbe WH·pltai•backt~(;nir~~<l·(ef!t~t •. Siay pe:tceilt of the 'reault• 
'c ,._ • , • /• ' • .- ' ' ' • -

0 0 
• 

1 · • ··tq cout•,come b-oia U.J.mPfd'ltle•" that wel'e So the J.,UI-.rJet t)u.t not in the _ 

_ ·, Ll ta.r.aet •.. The l'emMD.taa .G~ .. of til• count'-..... tn.m pboton.•hyd~oaeo •<!&tte••· 
.. , At~ alaowa·~ tbl•:flauJ• t:•~th• ·to•' et.ltb~atton aoarce pul•eJiibelght diltJti· · 

b~~·· wl\tc:• h6a be.- multiplied by :;n~acto&- a ~:~ t .. oo ( 1 * 0.10) x 10·1 

· •• a.l· to oot.cld• Wttk tll• •C.ttuej '•l.utbuticm aeu the peak. 

-· J1a. 5. . Wcol're~ :tt~t~ pulae•1utit1t.fdt,atributloa. The ~tul•e-betaht :dl•ta-i­
budon .tte.- ~ubt.,actlofa 'ot bukJrOil'O.d cO\U.\ta from the Ll·Pit&a-bac:kgrouud . 

eOU1lt• it fbo-.... Twejve perc:eat oi the r~aulUaa couat• come from "bnpuritle•n 
ift. ·tb~ 'Ll ._..,.,that )Vete.·ftot ki the blart.k taraet. Th•·remata.lDI 8$lf, ~f the 

~.-:<.,;~.;~coats a~e · fr.oin p\otO."'Lt •~a.tie1'1. . Here th• to·· 1 c;rdt'bl'atf.oll dt•trtbutton 
. tta• bee~aa~t~t•4··b., ~fActor ll o 5.20 U• G.lO) x 10~ 3 ao as to •aree.wtth 

the' ICatter~ 4fAtl'lhutoo near the peak. . 
. J'ta. 6~. · Cat"boa pulae•hetalat diatributi.oa. The C: pul•e-height dlttrlbutlvn after 

backgJOoua4 tulttraatton is ahon. Here the 10•7 calibration di•trll>~itioa has 

b•ea ahlfted by a factot" R. • 1 .. 56 U •·O~ 09) X ur•l •o u to aaree with the 

ecattel'e4 dlatributloa aear tile peak~ 



·, 

J'ig. 1.. Abtmiaum pulle•betght cU.ItribudoJl. This figure •hows the Al pube· 
. . -6 

height. diatl'lbutioaa after background subtraction. Showa alao is the 10 

~.S.lbration distribution that has been ahUted by the lactol' B.= 3. 80 (1 * 0. 09) X 
to"'s .. 

Fig. 8. Z depeo.den.ce of the ela•tic scattering cro•• section at 1Z4° tor 1. 6-
Mev.;;gamma ray1. The sOlid etrcl~e give the differential cross section as 

a l~cdon ot z. The opeft c;:i.rclea are r•*loa ol the measured cross· eectiona 

to the claaakal Thomeon croaa 1eC!tiona. These ratio a are atatiatlcally con-
, aiat•nt with unity.· ·Which ehow1 that the scattering under these eo:n.ditloas 

C4U be a4equate1y explained by ·the clasalcal Thom•Oil proco•e. 
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Table I 

Summary of cross sections and corrections 

Element Lead- ' of R X 103 drr Correction factors dcr dcr 
filter cali- Uncor-

OQ OQ dl'z thickness bration rected uncor- Attenuation Finite Relative Target corrected 
target decay of impurities dcr (inch) source ( IO:~it~~Z) · ( IQ-32 cm2) 

Target Source Aliquot thickness JSl{ Thomson) 
holder vial 

H 1/2 10- 7 
5.00(1:1::0.10) 2.00(1±0,10) 1. 18 I. 03 0. 96 0.97 1. 04 0. 63 1.45(1±0.17) 0. 94( 1±0. 

Li 
1/2 10- 7 

5. 20( 1±0. 10) 2. 28( 1±0. 10) I. 18 l. 03 0. 96 0. 97 1. 04 0. 89 2. 39( 1±0. 11) 0. 92( 1±0. (A=6. 94) 

c 1/2 10-7 15.6 (1±0.09) 13.4 (1±0.09) 1. 12 1. 03 0.96 1. 00 1. 00 1. 00 14.9 ( 1±0. 10) l. 06( 1±0. 

AI 3/4 10- 6 3.80(1±0.09) 65.4 (1±0.09) I. 14 l. 03 0. 96 l. 00 0. 94* l. 00 69.2 ( 1±0. 10) l. 15( 1±0. 

"'This correction includes a 5% correction in the relative source strengths of the I0- 6 and the 10- 7 aliquots, and a small geometrical correction that takes into 

account the fact that the c~libration source was not placed exactly at the average position of the target. 

17) 

II) 

10) 

10) 
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