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ELASTIC PRO?:'OP··PR.O' ·ON SC .. TE- ' 0 .. 

Bi'u.c -. Cor .. : a _l 

an 

Charlet. W. G'"' eey ~ • l. 

'U. S. Naval Pos :g1·a.du.ate S···hool 
Mot t~":'~~y,, Ca.!ifo • iC' 

Ap-U 8~ 1957 

JN'!'.KODU , 'I'~O \ 

Measurements of. nucleon nucle n c~e 

of great impot ta.nce in the ;.nve ti~a .ion of nuc 

perirnente a.t bombarding energ:.es belo 11 abou 

between nucleon.e are attrac-ive at 1·ange ~ lO 

force exists behveen n cleona whe t ""· r 

10 -l3 crno As the bo:mbard~ng ene-gy s inc . 

meson p:&·oduction ( 290 Mev) to at. ;, : 8) 

(,.• 1• 2 . h"l 'h ~· cross sacc.10n r1aes . .,.. -. e t _e ~ r..ch.·c 

The angular distribution, ne"'t>ly :_ 

exhibits forward peaki So retlect·~ 

a region of radius larger than t;li.e 
3 Rarita a'ltd Serber hava 

section measur ;::ments by Srn:i.h0 

section meas ··ret\1en ... s by Ch.enc­

of 1 Bev a:re de "cribed fab:l 'I' -vr.•e 

dercaUed phae~)~shift analysi by 

considerably more complicated$ 

·hambe!"S ind:c •.te 'hat the: b1 lc.~ t c 

26 mb for bor.1'b· :dL'lg eneli. ri~ 

~Jection at 3 Be 1.s ao ewhat 1 

1n ord'-r to obtCJ.in. n'"lo~e 

1ucl~on a~ d S;he int · .:acti .rna bet " 

.•. 
··\·fork done u e ·.:" e a :c 

'nr ere 

T 
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at the high enel"gie · are neede • 

of the angulal" dish·r ution of the e stic 

eneli:gies. 

A. Proton Beam 

.ou 

The so rce of bombarding p-:otuol E is 'i: e c'zo ula ·inr; -e-rr of h 

atron. The magnitude of the beam i me u:r:e y "'U. "nd ,~ti 

itor. The energy is detexrnined by ·,. value ·· e m gnetic -· 

at which the beam etrikea the target. Th ~ a vel' ge er.et• ·y i· 

lo/o. In order to reduce pile··up in the el ,"t~·on· ~ th be 

target for a period of 10 to 100 m:llia"'conds. his i, ' c 

in the beam amounting to about. 4 Mev per iL eco 

B. Targets 

The target of polyethylene or c ·bon ·2. loc ~. d ·.n 

of the west straight section ox the Bevatror-

was usedo depending o the scattering an 

the Bevatron is lilled with beam at :nject'o ~ 

inches into the center of the apert ·re o._. _r ft 

~cau 

to the desired enargy.. The beam~> ·vhich h db~ ~n r 

the target positicn., waa then spill·3d olo "' y o 

of the target waa accompliahe __ by . ~·ota 

to the Bevat:ron 'ccelel"ation cycl<C:. In order ~ 

two nylon threada we1•e used to lowel." t 

U!!Jed in vaJ~ioue p - ta of ~he e.l:perime t. ·. h 

is a l/2-inch-high. by 1/Z~iach-die: neter 

Thie was used in measux emen'"a at 

a~d "recoil" prc··~on co :tld escape e 

cylinder could b s bst.i~ute:d !;o ch c ;: t 

ca:rbon of the CHz ·al'[.e~. 

po1yethyle"'1.e 0 w-· s .eeu fo:' s1r.~all ... 

h· a mot>e t:roubl ~ escaping fK'Or.o th 

·n·"th respe -:t to .he be.: tn 0 two t 

s'1ows a ~-b11 -1-by -in.cn pol. hyl · 

en 
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••• 0:0 

uup. 11 The fun•:. ion. of 'ihe 11lip11 • r.c ··,.c~ 

has been deecrii ed by WcM:l'.~.n" 1 T'tis 11
: c 

at each energy t te external beam me ~·;or c 

C. Counters 

P?oton~ elastic~.Uy scattered !.retm p~oto s i"'!. the "' ·ge~ 'I I e .<.: • ct d 

by scintillation ounterEJ~ Each counter con Jiste of e.. pl· at~c adntll' "'tO":' vi ewE 

by an RCA lPZ photomultiplier. with a lucite lig' '· p· ~e.. ted 

in the plane of t e beam o?bit both h'laide ~:n . out i 

so th.at both pa:rdcles fi'om a gi "'en p:t•oton··p:o: .~ n "'C:.::..'·t,:,. in.g event were .ete~-; e l. 

Protons scatter d outward at labol"atory ~ •. .e .... t..\ H 0 to 40 ( i ~ v:1 c 

tected by a two·· ~ounte:l' telescope located o tside (: 

aluminum) in th. Ol!tBide of the Bevatl'On a·raight secti n. '::'hre : 

lator of thiz tel'f Bcope defineo an apcrtu.~~ 3 inc~1-:;c h~gh .-;.nd 1 i:::tct 

laboratory scat1·~ring angles less than !0° "\ ait}.gie co 'ter ('Tigo 1} ·.n ' 

Bevatron str.aig :t aection waa used. .rh ... s co·.m~e.: ~ould . . x·ot· t ·d ~nr.c 

ch 

while p1•otone w.:re being accelerated in th. B,:.:va.trocl. 1 '· \:.s W<'~r ... r ur·" 

could be left frc~ at injection0 but t e scbt·. ato·~ cou .d · e · oc"' ~ 

itches of the be' m line after accele:;:ation. Rota i n ro-o ... d by,~ 

eolencid-ope:rat !d compressed air cylinder. The pho·.omu! iplie·~ '· 

shielded for ope ~at ion in a peak field of ! 50 gau a. Tl e c · ur~te 

a~ atmoaphei'ic res~ure. The vacuum Eleal wae t 

tating tube whic). moved the .. cintilla . T .. 2~0 gh th 

the beamb The scintillator aa aee •.. fzom f .D 'i"'.r . ·D w:: 

high by !/4 incl thiclt. 

1'he pr ltons emitted at le-.sge angl"" "~· 3 

~ twoDc:ounter t lescope. These, protons .,. 

inch aluminu.m) ')U the il'laide o:! the stra·'fp 

35° to 90° fr i)l!' ilie ta.~get. The c:.pezrtu:t•e 

'·elescope waa } by ! !nch ae seen f:i:'om · _ 

\/8 'neb thic1t0 !tin enou.gh 'f;o p-.a s :t: ala ''i ·· 

cc.u·::~.ter. w.a,.; lc:. 'e enough f2.-3/ ,~inch dia 

.C?.l: ered in tho fron ·. counter. T .is tel 

.~··· w ir.:h c u1 

- ~o:;q a ::·a.d w;. ~ a 66- ·. ch ?ad.:us o · cu 

v: 

t~d 

b 
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A Z-cov.nter telescope 24 feet f ru t e t:') ~ · 50 

uaed as a secondary monitor. ~ach cot: ter cono:. .sd of a. p. a ·ic c ·n ii 

wt\:h lucite light pl1pe 0 vit:;wed by a-n RCA '199 ph Ol'~'l~a.1.t".pl e:..·. A ~t F c"'· ibra· 

tio against the cb.~cwating bea~rn monito. " t..'ltis telc-·f..lco e served. to 

the flu.x of protons striking the tazoget. 

Do Electronics 

A block diagram of th., electronics i shown in Fig. 3. The sign l f.rom 

ea~h !PZl is amplified by Hewlet'· .. Pa.cka.rd 460~A dililtributed -:-rnpli£i~r and 

fee with proper timing into each of t'lf'ro fast .. coincidGnce c:rct 'ta. These ere 

ei\:b.er threefold or fourfold depending u9 n \Vhethe:i' ... h out:e~de .lest:ope r the 

eir.gle ... flip countelr was used tcj detect the ior"vard St;~.: ered proton The resolv­

inr time was ordinarily eei at about:!: 3 miA.limic;;:oseconda., A co:.n~'.dence oc­

cu:rred if particles went through boih inside c;md o '· ide counters w§: the timi _g 

c:of"reaponding to an elastic prf.)tonuprot n t;,vent ~ T" e ov.tpu; of eac coin i.denc ~ 

c:b·c:uit0 after fu~ther amplification~ ope.tc.~:ed a faot diac:t'im "na.tor J w~ l'e .. 

co-ded on a Hewlett-PackE.rd · 0 Me prescal«>!·; fols.owed- y a UCRL cale- f~ 10 0 

scalero 

After careful bab .. ncing of the two coinci. ~ .. nc eire its 0 t "'! del~_,. of. 

the inputs from the inside cow1ter ~ t~ one of the circu;to was cha <!\ by 0 -B 

sec:. This detuned circuit then recorded oaly acc:'rlental co-'ncide1.ce , and 

provided a continual c:or1·ectio'il £o2: c:.ccidcntal comcid('H'lces o· !'e .. v d i 'l tho 

other circuit. 

Simu.Uaneou.sly~ coincider..c:e:s in t"lE: u1onitol· i:c::Jle.sc pe ,e· e -a • • ded 

on another scaler. 

E . Sc:atterins Meaen:_reJE.E:!l~~ 

The intex-ac:tion of protona with m.a ... t.er at h!g l. "'nergi ~ ·· i <:l'.rgely in­

e l stic.. For this reason f.l.nd" ec:a.1me a p lyethylene ."'::get coni:.a:n' r0la ively 

li :t!e hych•ogen0 the number of ela•{t c p-o:!)ton ·pre ou v ~ . :6 msaeured w.-.. 

v~ry small compared with the tota .. number of pa ·t:cles detec\:ed by ach of 

tl.e sc:lntUlation counters. The a:.·~e of ;;il<D cou tcr.a wa dictated laYgely · ·Y 

the geometry of the Bevatr~n hmg ,nt ta where the cxpc ·imont w· .s per.f E meKl 
c 

a d the need for 11 good" g .om·~try cc•nch7~0i.1S nt a 1 ··bnes. Minim m cow te.~. 

o ze was set by tnrget anci. ccu.lter aligrm11n·· t' "'q i e ·'":le ·.e, Wit1 t · e ch ·sen 

s ·!ntiHai: . m:-ea o.r Che order of a c ua ·c. 'nc- t· •• 
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the mGUfr.(lUID tolerable le-rel 0 ft • b Ut !0 • ~ eli." OW, 

level wae about 108 p~oto s pez B V'-' :>n ··u.l e. 

With the need tOr' l;:ee ()ing the cow ter a?ea 

e ~· - eire 

of condi~iono under varying acs.t"ed g auglesc · e r.nc :h.at · •-usu~ 

UPed to determine the ~oUd angle eubten.aed by th~ o·-n':e:~:s a.J the t; ·" e · • 

The laboratol.•y ao!id ~:ngle :ta gben by the expt<eas: 

(1 

w· ere 9 ia the polar angle (or in this case the acatteri'"':;; ""'ngle) "d ~e an .tl~ 

a! e respectively the differential polat' and a.z.'rnuthal ~ngles s '.h ·""n · d by 1e 

d ·.fining countel'e. In our caee A4> was set by the 'nei ·e (la:o.-ge-a:•. l ,) def'nin 

c unte:r. in fact, we have A~::: h1/pi m .. d A8 = w0/r0, whe:., ~' ::-ncl o 

izontal width and vertical beighto ... eepecti··rel 0 of the c unte:.t• f) p : ~ ~he e:r· 

pcndicular distance from counter to bear .. , line0 :r i6 the diat~u.1c- :h~om tar. et 

to. counter, and aubrocr!.pta o and i refer ~o outsf.de ~nd i<..si~e counte,. 0 l'"" ~~c­

tively. Since we have Pt = ri ain eiD Eq. « !) br.:lcom E 

h. w ain 6 
'.!. 0 0 

,M'l = -· ...... .,. ..... ~~.:"- ~ 
l"iros~or: i 

For each counter the din1enaion th t did no; define th .. olid angle '""' · 

enough to accommodate all event a that fell within the --:or . "" e;;.on 

of tlte other counte:i."e with allowance f.or fini~c ·ar et i ~eo t'Jiea.lig ~o! "~Cl1to and 

rr•.dtiple Coulomb scattering. 'fhie co&.Adit'.on waa re~ a: ·.., 1' :. ieve h. Vt=!F .. 

ti•zal dil"ection~ sinc.:e kinematically h.«fl:. ~ ( ~0 and · ~ ~: e d arc in 

e •ery case further fron1 t• e beam U.ne tha.~t ~h out. ·de c ur-t so, 

iE: 0. 5 inch high~ ahi = 1 :ncb" ao ;h?..t ~ ::! 3 i ·· ·. 2 :tlch 

of. the inter :;;a.l rotating co .1nter) io a.deq•Ja .. :e" I 

uz:.tion is complicated because for 
0 

T _e;;:e£ore0 in the making of meaauremeu _ 0 ·h . in i :::o ~o 

a; gle by remote control. The :.-e !!tan··. 1 gal.n ~ sp c · '.:m i ccmnts must b 

irotegra.ted to obtain the yield ~;hat (~O:rl"espond · tot. e olid rngl gf.ve·· il';f 

(2). This p:roced<l:;;-e has sevet•al ~dvant~ g·~ , T' e u.s of 9 ~,.ooaa ge met y 

p :mits separation o£ elastic rc--t<m ·pro'; n 

- ch afl qu&.s~.-eias·tic eca\terin.g f ·o :1 ·~h . r 

e~ ento 0 which occaGionar.r rna r prod ·c 0' 

1• pond to an ~la~t: . prol. n-.. r.otc':l · v n · .... h 

y 
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o. angle a.nd can easily be sub~r c ·ed ·u ·he an ul 

s~me way any electronic mismatc· · etwe r.~ the co:ne. d .n .e drcuito 

a a constant background ·posit' "e or n .g~tive). 

Figure 4 shows the a gul r ap .:ctA't.l.m ob~ in d a 6~? Bev fo a b 

o--atory·system sea tering angle of ~/" b Data obt· i _d ·1i.th a ur . Cc rbor ··arg 

also are indicatedo Thel"e is app- renUy no backg o d f·. OtrJ the :: rb ·n the 

targetg Figure 5 is a similar sper:t~um o··l>tain d ~or <!;1. cat~ezing nngle o 3°" 

Carbon background is not shown. 

F o Absolute Calibration 

The impo1·tance of keepi"'g col.U'l'Lel· g · ~ e ry !I od1
' nd t:h . c :h t 

loweenex-gy (recoil, p~otons must escape f1·om the ·ar e 

tf.ple Coulomb scattering equire ·'hat the i:a::get be "'hin'' d r·ng the un 

e ecattering mt;la.eu~emGnta are made. Under these coudit~orAse h 11 

e<tch particle of the circula.tmg beam makes «on the average) mar..y tr"'.ve a 1 

thl!'ough the targeto An accurate estir.oa\.e of thie effe t i cornpl' catecl b a ·· 

t<;nuaticn0 multiple scat~ering11 and beat 1 dyn" mice 'n the m gnetic . ie. d of t e 

Bevatron. Since the yield of scaUe1·ed even~·a ·s P"Opo·~t·o a1 to '·h ... n.am· er o_ 

b~an'l traversals of the target, an a.bso' ute measurement o. the at~att.-:! in . c o 

s ... ction A"equires a. determination nf thia effectn I· this expe~ iment tha u e of 

a counter telescope as a neconda.ry mon!.tor postD ne ,o a aepa.r te expe im~r 'i: 

e p:&'oblem of absolute calibratio lo The y· eld o! e~ • tical y scaf:tere-1 .> ·oton 

l\" .PP into a solid angle Ml from a t"nin ta.r.get cont. ining n . :t·o~ons pel ,."li.u re 

c mtimeter is N = nN" dcr/&2:).6$211 v1he e 1 i& the t umbe of inci . · t :c · • i: s pp \ . 
and dg/dO is the erose section pe: uni·' ·olid angl· fo. an e .aatic p-p co· · o' i'lo 

From a target of the same material the numbei!.' N of c·t F ed p.uticles tlr t m 
a .. e detected by a. monitor telescope at a :fixed loca:';ion with t e p c to th . t .~get 

i' N ::: KnNo where K ia a constc.11.t e celt for c;. o p nd .n on the e l.er y of Ill .. 

the beam. Hence 0 the monitor te eccope ser.ves ~ a cotHr l.l. ent ,. f . ·e ~e fo· 

cbtaining relati"i.re cross oection.s .'or dii:er nt ang ea .t :h am ene y~ To 

o~tain absolute values K must be. :nea.su. ed., 'Ihi ~ is do.. ith 'i: e :.ase of a 

p ll~thylene target (Fig~ Z-C) t.'li k en gh o tb N ma ~, e made • a{'t J 

~ '~Ual to the tnlmbel!." of protons in th·. ch•cttJa;;ing .n.m. !'he ide· t. as follo·.ifs. 

The B.avv..b:on beam drc\1!atiu. o ti:s ·de the t t• ~rt • o tee ·'ed int the 

1 p. Af."e'!: a few p· esea tbrot.' h t e lip ·he betat: 

ut0 an1 the beam moves onto the <· rget pr per. 

n_e1 

.'lg e p ··sa '·h :-ough 3 inches 
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of polyethylene ca.u.aea the be m ;o lose eo mu !h e - that h 

o1•bit io diopla.ced to smaller radio.~ by S"'""''ral inc"• o. A ·: executes be 

os illations about this ne,-.r eqdl briu~ o bit: the o 

ratUus approximately on the5 qp:site · id ... of 1.e Beva 

a clipper consisting of a cnpper bloc!.. seve ,al inch .a thi h · lunk:.~d i 

ap~rture from the inside radius to ·Nithi.n a few inches of the ta get radius. 

Thie clipper intercepts those ci:r.cw.a~ing protons which have pass ·d ~lu: o ·, ·h 

the target once. 

re 

Because of multiple scattering in me lip q.nd the err .all amount of th 

orhit displacement per lip traveroal 0 grazing pa2~ througl the ta :g. p: per 

m• y occur. Particles that pass throt.\gh leas i: ·an "he ull a;:get 'lie me pro­

du e on the average fewer mordtol" co J.nts 0 a d their o bit · -e di ·p ce: e' a-

tively lees. Hence tbe monitoJr yie1cl pe:s..· d1·culati g pl"oton ie a f n .£:ion th 

radius to which the clipper iB plungedo Th'.a effect io shown in Fig. 6 .or e ."'h 

of the three energies measured. The wio.th of the u )1 eaJ.a iu a.ch c: :1~ in 

good agreement with the pl."ediction based c·n the c · culate · nergy loss in the 

talr-get and the effect of Bevatron beam dy--nam·cso The c:e.,•t r of each pl.ot au 

wa.s selected for calibration pul~pones0 • ut the olope ndic8.tea the magi itltd . of 

the uncertainties involved. Thio is the oovrce o th ~.aE"g ·. cy t .rr ~He un rtai ty 

in the experimental results, and arnounto to :i: 15o/:.. 

Basically the acct1racy with which the eire· la'·i.:ng beam can be ~.n . cd 

is limited by the knowledge oi three pa.r~.m t ~rs: th le gth and th~S eapaci ·. 

of the electrostatic inductl1 n electrode ~~nd ~he a·l pe ox '.he d sti'v.c:tu 'e of 

the Bevatron bearn. ln fuia case the unce1· a.inty :.-n th.e cii?ClUa.Cing · ea.m v c: s 

ab ut ~ 5%. 

A co1•rection must be mad_ fo:s. rn ·ltiple t vera· s .. n t.be l'p du ncr 

th .... clipper calibration experiment. The e .f£:c:tiv<;: '"· •ge~ · idmeE;r:; a.o ve~ _by 

the monitor telescope was inci"easf~d by thi effec~. ··o ·meaau.ring the ... n ces­

ea:fy cot•rection the lip wao made o.f plastic oc ·.ntiU io .. , aa T~a.a tli e up ·trea.: 

su .. face of the target proper. A measut-e cf the r l.ativ ... ,::t'vity hd :\Ccd by 

the C ll (ppn) C 11 reaction in the li;p and o .. the edg{> · th ~ t :;:get itmeH gb·e[; 

dh·ectly the number of tr~versa.l~ ·:a the Up pe-:- ingle ··rave: al o·. the target. 

This nurnber was found tc; be about two at each .,.ner -
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A. Cross Section 

Meaaured diffe1·ontial cross secti na a.F 

o . recalib~ation of the ch•cula .ing beam rr. oni ·ol·, 

earlie1·8 should be lowered by about 9%. T e tot 

be obtained by integra.tin. the d'£~ ~r .rtial spectra4 

vanient to use a value fol' the ioi'w'al'd-· .C?.t~e:rinf 

€ n ~" 

c va.b 

i •I-
II" 

~c. ill ned 

tcerpolation and extrapolation !.ro:m the total C1i." s • e ~io.., n .:arm.. er.1ent o 
! 5 6 c .her groups. p ~ We set 

where k is the wave number o:! one of t• iute:ra.c i. g oto· s ·.n c,, 

crT is the measu?ed total cross accHon, e.nd (~·) i th 

tection at zero deg1:ee~. More px·ecisely/) this 11 o~fdc.,..1.' 1 

l.mit on the forward-scattering c:rosrj section0 
9 - \: u e 

for interactions dominated by inelastic proceaoc<>o . h 

fH!Ciiona obtained i.n this way are 170 10v and 8 . b a 

y 

respectively. Figure 7 ehows the reatlHG of thia >T .!"i:nent 

rneaaurements of the elantic and inelo.stic p-p c .. o "J ec .·.on in .1 ... 

C. 5 to 6 Bev~ 

oU 

n. Uncertainties 

The \\DCe£>tainties in the c:rGS€ £;(. t n n .'1. "'"En •• 's m· be a· ifi. 
into two groups 0 ayotamatic and random. The to 

t:les are included iu Tabl !. The e:;q>,.,eB~c:ld c 

< ngle ie a l:'eflection of et.bout 1/4 inch unc"'"':'t· .:at~ 

to the counters. The eff:.ct ox th: s u.ncer 

nd high energy, where the rCJ.te of chang 

! reelable. T.he randorrJ unce··tail: ty .xpre oe 

mente is made u.p of cou ti g st.:atis~ic 

ta. ilHy, varia.t·.oilla in tl e a ·e'~'a £e 

·.•lf-1 hac· gTound aub ract 

ounting ata.t'st:.ct and b::l.d·g .cu 

.11gl'".!s 11 where the c.:o " CJec ·on s lo " in~ i y 

\ 

g. 



pressed are :random otuy In ad· ti 

T 80 61cm s 
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