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INTRODUOTIOH :

Tho goattering of protana by protona providee data which is of con=

siderablo pertineﬁoe to Our knouledgo of nuolear fdroeu, sinoe the pro=.

-v7i ocsa is e particularly simple one ‘involving only two.nucleona‘ It 13

poasibla to treat theoretically such a_ two-body colllaion with aoma
rigar. and honca the exporimanﬁal reaults may be expeoted to provido an
inolaivo taat of current nuclear force thoories. ' |

'l'he baato experimont eonsists 1n oauaing a bemn of pmtonu.to

impingo upon an noeumulation of rolatively stntionnry protonl (hydrogon

v

o gaa) and to maasure the numbor of protons scattored as a funotion of

: the acattering anglo.
. ‘” Proton-proton scattering oxperimants whioh had boen performed
previou,s to thia nndortaking(l) (13) uaed Protons of 1ncident energy

fran 0.6 to 1&.5 nev, and theoretioll analysia of" the roaulta(14) (19)

)

,,*shawad soattering of the S-wnve anly, whioh we interpret to mean that
“';' at these low enargies protona whieh make & auffioiently close oolliaion

S to be within the range of the nuclear foroe have less than one unit of

angular mom8htum, and hence the acgtter;ng of the Pe-wave and waves of
:vhighpf angulgr'iomenﬁum iutsmalle It was very Qegirnble‘thorefore that
oxporiﬁbnta be made with higher energy protons t; see if one oould
obaerve the soattering of the higher angular momentum wavoe, and henos
this work wag' undertaken using the 32 Mev beam of the Borkalcy linour ’
accelerator (20)
This machine 1is vory suitable for doing scattering experimants

becauae the beam hac an angular divergenoce of anly + 0.05 » 80 that

‘excellent collimntiou of.tho beam i8 possible without an undue lose

«le
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v _ v of intensity. The value of this was fully realiced when it became neces- - -

| gary to move the socattering oﬁambér 35'feet away from the.aoosieraﬁor. to .

'_%ron ehielding. A 2-1noh evacuated pipe sarrying the proton

'W“beam wag axt;ndnd comple?ely thrqugh 'Y

.lavatory to gpe outside of the

.yvf}é@w ’ &@x‘wﬁg&w e h ' ,
building, where}v tamporary sheltor was orected 40 which to plaoo the , z{m s

aoattering apparntus.

.

The design: parametora of the experiment were considerably influ-
enéed by two ecologloal factors. First, it wes neoesanry to'opernte on
tho minimum possible bean ourrent, since the aooelerator wag not fuaa~
tioning yebs whsn the soattering apparatus was designod; one had to o

. ,. ;: : naaYme'that the beam would atvfirst e very smnll.'»Aceordingly;va_.'5
| | obunter'éédﬁetry was chosen to subtend a largé golid apglé gromv;hé :)
,oouttering source, and tha eeattering sourao was mnde aa long a8’ uns\{
f 'consistedt with maintaining e small 1ntorva1 of, uoattering nngle for
the counters., Secondly, it appearod highly doairable to gat Y oumploto _' : |
e f't'vf%f; {‘,i»sot of data in a few hours of, running tims. since the auoolerator wag
1“-the first of its kind, gnd was used much og the time for goce}orator
devolopm@nt experimentee This prompted the use of k syatem wheyeby
. |  soattering at all angles would be maasurad aimultangoualy. H;w this = .
| waaiaohzovpd will be daaaribgd in tha nexﬁ-seetiang |
Some basic parameters chosen fof.fhe exparimanﬁakté ggvfoilowit

Lo

- ~ N L
R ‘ Inoident Proton Energy = = « = = « =« =~ '« =« & « 32 Mov - v

‘Inoident Proton Current “ e e ;g,;} - 5 x 10*%3 anperes

Scattering Materigal =« « = = « = « « =« = - hydrogen'gas

o . Ges Pressure = = = « = = = = = = = « = = - = = one atmospliere

]

Proton Detector = = = = « = - é - --ow Proportional'OOuntare

o

[}
¢
|}
]
s
{ ]
]
]
]

\ N B ) Length of Soattering Source 5438 om

» Soattering Radius =~ - cw e - = = 35 om
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As an dltbrnaﬁiva'to’uaing'hydrogen'gas as uoatéﬁrer. Wilaon(g)

hes used nylon foile. This heg the}grgat advantege of* producing e - 4
‘vary.ooneontmted .aaurcc of'-coa;ttered probopé s but '£ho fadt that erggni‘e
. gestterers oontain cdrbon and othervnupleér'spooiesbbenido hydrogen
4ntroduces & large baclkground of unu#nted soattered pro%oﬁs.v‘wiiaOn

7. was partially successful in»disdrimi’zvmting agﬁ.inat this buoﬁgréund by

‘ E‘Ening two pfoﬁo:tional counters in 0° eoineidenoo; and he &ight’have .

_' b’oen.higixljr susceasful ‘if he lad used electronic_cireuits of very short

rosolving tme. and mdo very slow runs. A more basio abjaction to the

~ use of hydrogenous foil soatterers is that it 1a dirficult to mnke &

.. thin foil of wniform. denaity over the area of soatteriHE: as’ 18 neces=

"ﬁsafy’to obtain the absolute vnlue’of tho Boattering o}oaa:sqctions On
 _th§_o§her hahd. when hydrogen gaalie used as socatterer, th#”numﬁﬁr'af
” :".vcoa‘ttoring nuclei per cublic centimeter may b; a;curatelf oalculateﬁ
f’rom the gas law, knowing the temperature and pressure. “
Tha pressure of hyﬂrogen gas was made ane atmosphere prineipally
'tor meohanioal reasons, Twn atmosphervs would have given twice the

: zcafbtoring efﬁbeianvoy, but would have roquired thnt the entire ohambor

i ‘   'bovreinforood. -The antrnnco foil. whiah separatos the hydrogen ges

"__lfrom the vaauum of the aaoelerutcr. wnuld have to be mado thicker too. "

,'f;inoreasin& the nngul&r aprend of the beam.

" No difficulty ia caused by the fact that in hydrogen gaa protona

|
'ara~asaooiated with hydrogon moleeulesx tho ‘binding energy of the

- proton in the molecule, and to its oleotron. is only a few elactron

.-;oitc; a8 ‘écmpéred to the 168 Mev available in the c'antai' of mass
syatqm of & p=p oollision, for 32 Hav 1acidant protann. |
: Proportional counters are usad 88 trvq proton detectors, nthor '

| 'than Goiger counters because of two factorac ‘the former have no

&
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. agpreoiablo ”dbad tine", 'ind beoause they are prOportional, they are

oapable of discriminating between the large proton pulses and @ largo

background of amall amplitude pulses. Papofsky and Fillmore(ZI) have

1
suceessfnlly amployed photographio emulsions a8 deteetors at this

- energyc o

. 'EXPER IMENTAL mmcm

plnn view of the whole apparatua is shown in Fig. 1. Protons

 .energo from the kinear accelerator in a very narrov beam, passing down
f tho center of a twn-ineh evaeuated pipo, through a tdemlllimeter hole,
: ”Aperture A, and into the ohamber of an annlysing magnat. Energy soleo-
1‘tion is neoessary because under- oartain oporating GOnditiona, the |

:v;inear aocalerator puta out a portiog.of 1ts,protona gt ‘&n energy oon=

e

LI

The beam paeaes from tha magnet into a fourtoan fbot collimating

ftube, conaiating of tho apertures B and C, having two and fiva milli-
' meter diametcr; resg@ctively. These re-eollimatp the analysed beam tp
"0‘6.05°'spraad.f‘Aperﬁure C is thevlast aperture whichvis §£iﬁok b&‘ua
2approciab1e number of protona; all subsaquent apertures are . enough
f‘larger 19 aiae that - the main ‘bean pesses, entirely through them. Tha

T reason for having the ‘last effective collimator (C) 8o far from the . -

cattering ohamber is that the protons which get stopped there produco

_neutrons which cause a eerioun baokgrmmd in tha cou.nterm The 1nter-

'voning sp&oe is fillod w1th conorete blocks to absorb and reflect out

as meny of these neutrons as pepsible. The "Copper Slab"” and "Brass

Cylinder” located in and adjaqént to- the magnet'oufput port are slsé

used as ghielding for thqvﬁautrons produced near them.

El
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The collimated beam passes cleanly through aperture b, whieh cone
taing e nylon foil, into the hydrogen gas of the scattering ehamber,
where e amall fraction of the protens (about 10'4) are remove&,trom~
thavbonm by p-p-colliaiona{ the rémainder-pasa éut the back side of.
the ohnmber, through & six-fbot pipe, and via a 6-~mil aluminum foll.

into a highly-svacuated beam 1ntagrator._ Here the protons are. stopped

in the bottom of & metel oup, and their cha:gé is measured electricqlly_,;a

to determine acaurately the number of inoident protons, Mpra'concreto
blocks are plaoed between the beam intogrator and the scattering ohamber.
to shield against neutrons produced 1n the cup. _

An jonisation chember was built into the proton tube just: aft of
the scattering chember, to ferve as a beam nonitor, Thé ind;cétion-”

was put on a meter at the accelerator control desk, to'ennblo the srew

€o keep the besm stendy;

~

SCATTERING CHAMBER

;,v

The details of the scatteriily chamber are shown in Figs. 2 and

S« Referring to Fig.'z, the protons are incident from the left, having

S

- already been well oollimated to a beam about 0,7 om in diameter. The
~ entranqge foil is mesde of two sheets of 0.0002 inch nylon-foil.,superoéf(

‘imposed; oconsiderable stremgth is required of it beoause it must withe

stand the hydrogen pressure of one at&osphere. The nylon sheet is
found to have a considerably greater strength against £earing in one
direotion than in the other, henoe the "Grain" in one layer of the foil
wasg turnad 80° to that in the other layer,

From the foll, the protons pass down the hydrogen-filled tube
containing apgrture B, whigh serves as a beffle againsﬁvsome of the

protons sgcattered in the nylon foil; they then pass through the
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'fnofining Cylindera‘} out of the scattering chamber, fhrough the beam~

ﬁbnitoting ienization chamber, end from thence to the beam integratofi

A o006 inch aluminum foi; of wide aperture separates the gas—filled

'ahamber from the 1ntogratnr vaouum systems

The entire aoattaring chamber has cylindrical symmetry ebout the

vaxis of the inoident proton boam; the two coaxial "Defining Cylinderc

located at the apex of the chamber, determine the limits of the'souroﬁ'

of scattered protons, the protens gpreading out more or loas spherically

from this source. The windowu of the geven proportional counters lie ,

én zones of & sphere oentered sbout tho)soattering region, eachvzena

_ receiving the protons scattered into a given range of angle, This

geometry allows the counter to subtend a very large solid angle, of

‘the order of 0.1 steradian, in line with the reQuirement ﬁhat-&flargo

fraction of the ‘incident beam be scettersd and countad. The'éannl

entféhoe apsrtures for the counters are all machined inte one £hick

steel hemispherical shell labaled "Angle Defining Plate" in Fig. 2

Behind this éhell is en aluminum hemispheriecal spinning «025 inch
thick, which forms the entrance window of all the eountorz, separating
thovdrgonooarbon dioxidevcounting ges from the hydrogenafilleé.chambar. !
Fige 4 is a photograph of the counter chamber with the window
spin#ing removed, The counters are separated from each other by eohioal
@haet aluminum partitions, and the back side ofvthe eounterszis’formod
by 8 hemispherical shell of thick aluminum. Each proporgionaX'oounéar'
i8 in the shape of a toroidal shell of reotangular oross section,
haviﬁg e 2-mil tungsten wire asz the elecéron—o9llecting aieotrcdc. The

wire ie suspended near'tha,oefter of the torus by means of twelve

redial silk threads. ' For calibration purposes, each counter has a
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mell window cut imto i‘bs'bauk side. cave‘red by & thin alumimm foil, L

e

to s.llcm bata rays wom the outdide to be injected,

8ince it wae desirable to evacuate the scattering ehambor md tho

-

proportional counter independmatly, -the chember was designed with & Sup-~

porting structure of considerable strangth. The main body of the chamber

is a wolded cone of colderolled steel 3/8 of an inoh thick. Suj:porting

stputs ware likowise mdn sl welded solderolled gteel in the form of

onnes conxiel with the 1noident besm (?ig. 2)s These were spwsd at the

_ divisions bwwem awn’car gones by radiel struts which were wamed to

Y

the eant.or hub; Thess ecnical and radial struts are shown in tho -photoa

o graph, F‘ig. 5. Yho pﬁ.n@ip&l ,mmm sonl ai" the ahnm’oer ia mdo at tho '

onta:‘ rm, where rubber ring.type goskets wﬁ the cmmter cmwr agd
*t;he 3«%@1113 ahember ‘ho ‘the counter window tpimﬂ.ns. ' -

’i'ho tholo str\wbure wag supportad on sliding pfwaa mﬂ Mjue'ﬁing

: Tmrﬂm in mwh & my that ﬁhe ehmbar aould be adjusted into a,nmmﬁ
wMSh the bemn, A shutter, shown in F‘ig. 2. served to elau tha a@e&‘-
- tura between the defining cylindors to out off the scattered yi'otanz

ihen a bnekgmmd count was made, The system for handling tho hydragen o
- gos uill bo deseribed in & later nection,

 ALIGRMENT OF AFPARATUS

The aligmment of the magnet, the various collimating a,portm‘aa,.' B

the Bcattering chamber, snd the beam integrator, ma"aamﬁplimd by a
conmbination of optical aighting and "Boam Sighting" (Io%ing the bm |
iteelf demonstrate its path. and moving the apparatus to agree r.‘.th the

»

bQGSI)-
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The position of the beam at the exit 'cff the ‘linﬁear mael.emtor e
detsrmined by observing fluorescence cause by the incident -pz:otanaz the
| Climiting ’_a_.éert’:.ure "A" was 'tl;en inserted at the senter of the beam, efter
ﬁﬁ‘éhl_fbha beam mn; allowed to snter the analysing magnet, The mag.net‘ |
current was set to give the required enguler deflection of the bean;a, after
‘which the beam position was determined at the exit side of the magnet,
and sperture "B" ‘m'_i‘nzsertad thers, Following the same proceém‘e., age_h-» .
| ture *0" wng instaugk, ‘and then apertures B and C determined the axis.
of the bean through the .x"e'st of the apparatus, so the ramgindei of the -
‘I‘igmmat wag done opti.caily, using a precision enginser's lov'el-.‘ ‘
| .Qmés«haira were installed in aperturei B, ¢, and D, in the two def,‘iningr
ﬂe-syli’n‘.éer ﬂ!’e‘:ées,'ahd in the rear hub of the scattering shmber. prtima
D my be adjusted relative to the chamber by means of the bolts whieh
faatan the sntrancoe tube to the chamber. and aimilarly the second daﬁn- '
ing ng_ligder nay be moved. Thess two are adjusted to be coaxial 'iri_th
the hub a.nd the first defining cylinder, after which these four yoiﬁts
.(D, the deﬁ.ning cylinders and the hub) are fixed with respect to tm
chwbar. Hoxt the chamber is mwd by means of its a.djusting larm
3 that it is coaxial with the cmss«haira in apertures B md C, ntnl
el ghting with the level, |
. Next 'the beam wis allowed to pass into the beam integrator, whers
its position was detefmined by qxgcsing an Xeray filh, The 'integrator was
Qsmd to center the boam as indicsted Sy th§ position 'of the spot on '
the film. With the soattér;ﬁg chanber evacuated, this spot was g.quite
welledefined disc, of about 10 mm dismeter, ﬁhon the chamber was filléed

with hydrogen, the spati’o’eoa.mo much more diffuse, so 1t was decided to
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) detemino thel real sxten«t; ‘of 'é—he beam sp‘rehd, to make :sﬁr'e w;a's d];i. .
gotting ‘into t!h@ m‘tegmtor *w% Amm‘ﬂingly :molaar emilsion platea _-"‘- } , i
'W exposed in th.e bm &ntagmtqr oup. B8O th&t esa}a individual proten ”

sould be ﬁonntwd.g\ Pewor tba,n ci.m paroem: of the protons fell outside

"t 2 o radius fm t.he aontar &1’ the bm. indiocating en adoquate margin, .

tixma Ahe c{xp is -7 om in dimtam 1% iu believed: that the acattaring .

, | ohgmbar wog iined up with %ha %enm axis to within 4+ 0,010 ﬁu ‘at etmh

‘ 'aand of the ehmbar. o SR R . ;’, ’
m&mmm cumm S .

Beamsa of the \muaual ahapo of the countora wmd in ‘bh.‘ia @mrz- .

mmt (m Figs; 2 md ), o soparate mt oounter ot the same toroim

' shayexms oonatruote& o,nd tcnted. Thi.n mics vindon me amenﬁed ﬁo ._ ‘

. tho mla at a mﬂber ox’ plamm, t;o yomit 1n;§eotian of alpha pn:“biélea | _

'_'vvaﬁ nlmoat any peaiticn rohtiw to the oollocting wires . A wel l-eoui.mtod

*'muroo of mer&eim alpha pms.c}.es was used for the teat; the ccumu

m tim!t mod at the oantcr ot the @omrter, than at. the edge to t'cprea-*

e 'nnt m ox%rm paths \mieh protona might take in the ae:ttering o&wn- '.

ber. The pulso heighte praduuod by these oxtreuw geomtriu did mt ‘ .
 differ by more than & i‘aotor of m; this would indicste that in wtuul ;
use, 1f the guha wore turned up more than & factor of two above the
.:;,threshold tor counting protons, all the pretcms should ba eounted, Thiav
‘fﬂ.tet‘b sarvad as a deaign mdieation only, an;i was not relied on as a -

' _"‘.pasit!,ve ovidenoe of ootmtsr efﬁci enoy in the experimenta, :

Argon gos with 1 1/2 porcent ctrbon di.oxide was uged 1;@ 11 thc

i ammter. st about 1/3 atwosphere pregsure, With a 2-m11 tmgsten vira

as the alwtroa«collecting slectrode, operat;ing at about + 1300 volta‘

the gw multiplicetion 18 100..» This wire is supported, as previausly

i
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mentionéd,‘b&'t;relva rsl.dial silk threads 8o 85 to be in tﬁe s‘h@é of a
fragular 12»:1(35& polygon; the fnot tlmt the wire ia not avarﬁrhere |
o i‘ emraé in the Gounter torua m shom'a to have nagug;ible at‘rect on thn
gns multiplioatic:n, by pulling ‘the mlre off senter in the abovewmontiomd
 test oounter, |

Additionﬁ alminm u.bsorbora wore. placad in the windows 01‘ the.

18%, 219, 270. snd 33° countora. in ordeu- to diecriminato against: %unti.ng
_ px‘o‘tom whcee emwgy was conaidcrably lower than that empee'sod i‘m p-vp

engountars at ths given angle. The total abaorber thi.olmens in mh
» I,wind:w is 1isted in Table 11, and $s co’mgrised of the «026 im- ‘aluntriua

: _--spinning plus suy extra aluminum placed behind {t, The design is to
o.n(m p-p aant‘hemd protonn to enter the count:ora with at loast 3 Kcv ‘ .
o anormw Tha aluainum sindmv itaelf limits the mam energy to 11 ‘ﬁw

o in the %5° nounter, aa! m the 51‘5 aomter soms or the pmtona éo not

B even got thr-ong,h. Henoe da’ba from the 51° countor was not used in the
rosults, 90" .eoincidence data was obtained ‘botween the 39° and 51" |
. ocsx.mtars and the two halves of the 46° oounter, in another exparuaant

porfomed with this appmtus; and deﬂéribad elswhere (23)

auacmmc CIRGUITRY )

The dooi sion to measure fcattaring at all angles aimultanooualy
requimd s considerable multiplioity of counters and Aseoeiated airouita,
but the gnin was twowfoldy firzt, it speeded up by a rmtor oi’ soven our

 taking of data; second, it gave a eumplotg scattering curve bgaod on

one measurement of incident besm, making the socuracy of the relative

A

* The ehergy of protons wattergd et an angle @ to the inoident bm
. of onergy Eo is _
Ey = B, cos? @
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.crosé sgotion maaéurﬁment igdopquent of the accuracy of beom: moasure-

men‘t .

The 39°, 46°, and 51° counters were divided azimuthally into o
halves » the counts from each half being recorded separai.ely. This m
done prinoipally to make possible the 90° coincidence experﬁmmt lmt 1t

also provided a check on | systematic orrors in setting up the oomter

potentials end on symmetry of the geometry.

Tho signals from the proportional countor elactrodes are brought
out of the sounter chamber through Kovar-glans ‘geals surrounded by’ guard—
rings, to the input of amplifiers which are mounted directly of tho
henispherical surface of the odiinter charnber, as indicsted at the top

of Fige 2 Emh oi‘ these compact amplifier units has three atages of

: ml‘bnge gaia nnd a eathoda follower, whioh provides pulges of sevwal

vol'bs smplitude to operate discriminatmg and scaling units.  The maxie

,xm;m g&in of the amplifiers is about 3000, and ths bandwi.dth is approxie

~.

nately 0.8 megaeyclan. » o " |
845%:1 angles are meaaured 8imu1tanoausly and th,rea of t:heme are o
aplit 1nt¢ two parts as mentioned provioualy, makzng & total of ban :»'
pulaa shannels, and requiring ten amplifiers, The eutpu’a from emah ;
sxplifier onarates s Satuba channel connisting of a variabls diaorimia-
nator, “zate" tube and soaleéwof four, with machmioal register. The

gating function is used to dasemiti.se the soaling circuit amapt during

‘ the puisea of beam f‘m thu aooelerator. .'m ordcr to reduce the baok»

-~ . -

greund due to cosmic rays and the 184-inoh oyclotron. Sinoe the a.ocel‘e‘-y i

rator produces beam, pulsges 300 mioroseoonds long, ﬁftaen times per swond.

tho aaalera can be kept turned "off" for 99, 5 percent of tha timn.
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) ~ The rasolﬁ,ng time ol tho entire channel was 5 miomaeaonds.
maturad by a daublcwpulaa sigxml geuerator: correotions were a.cccrdg
ingly mnde in the. regieterad ommt;a. nmunting to & m.mwn of 2 permt -
far‘ "bho 389 mnmter, rhieh hiad tho highwt countmg rate, Anothar acma ‘

: aidemtiﬁn was the :‘eaolﬁng timé of ‘the mochenionl reglsters; thay are

Ymomn to be réliable for oounting at 15 per sscond {the regetition m‘ho

‘of the tocelamta#) but it m meanm to inaure that tlm mgiﬂter D

'umﬂd; vat'y eeldm rwﬂv& ttm imp&iaea &urwg the samo mo Mcroaeamd ._7 -

| -bm-mwm; The proton beam was adjuated so that on the bmiut
ehmmﬂ thn ‘average eounting rate was sbout seven protons par sawn&;
ﬁn&l@ﬁ :1/4, thig umumtnﬂ to ],/B ot Y pulse on the re&sﬁe? per pu}.w
ai’ the maéismwn xm; oduses n pmbability af abouf l a x 10“”

; szssing mh mme on the regiatsr. In addition to the t-mz ohmnela

a mmted ”co omnt pmtona, an M@iﬁ.m&l uouni‘m' of sim,ilar sgnatrwkian o .

waabat1t snd used to monitor the heckgrowd tn the vielnity of tho *'
: . mttering chﬁmbaﬂ its mmﬁnn uill ba descyibed in a 1ater aocticn..,
.v S e asllecting Wltﬂses for a1l the emmtar wires wra chtmim& e
- . fm a num* stabniwd pmr mppiy of u&jmgble Valtage: the potmp»_»",: g

- %1&1 ror each counter wag tappeé sapo.ratoly t‘m a yotan‘himne{:er ou t!w |

) pawer supply. Tlms the relative valtagaa on tho indiﬁdqal aounter'a

o “_oaald ba ehmged to adjust the gas muztipuemon to ve abo'at the sazie.

"for mh ooxmt@r: and the nﬂjuamunt or tim mastar pmwer aupply mltagﬁ -

v ua usad s & master gain mtml for a.l). the counters.
. , o

. BACKGROUND Em.mnax o
. Roéuaticm of background counts wms hho graa.test aing;le dit‘fiuulﬁy o
eneomtamd ia doing this axparinent and it {5 felt timt a.nyone ata.rbing
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to work with protons of thia ‘energy or above wguld do well to uge

goincidence counter teloscopes, and faet oircuits. We’ were n,ble to

‘obtain dota with e babkgrmm‘ﬂ of shout 20 percent by a careful job

of ahiolding' againét xnraya and-‘neutronﬁ. Of this background, about

1/4 is caised by z-rays md 5/4 by neutmns, S .

The- nmys sre genorated by etmy electrons aceelorated to a few
hundred kilovolts between the drift -tub_as of the accelerata;;-.- Theze
wore ei;feotively. reduced by covoﬁng the scattering chambo? with 3/8 ine
of lead, The neutrom are prcduced vherever the besm atrikes matter, with

only slight dapendemo on the nuslear apeaias. ﬁough expeﬂments indi-v
s

onted that lead and bim.xth gave appmnmtely 1/2 the background afrem:

nbmved i.x oarbcn. capper or. aimimm, and humo lead vag usod to atep

the pwtmn wheravar pmtieab‘ie, A Lyplonl eollimtor disc is shown
in Fig. 5 whore most of the. protzma %o be rejacted by the disc strike éhe

' laad fmiag, while the mla itself ie lﬁ.ncd with o ths.n call&: of aopper

T4

The neltron ﬂux a.t tha aoun:torc ie gmtly redused nlao by

mmging the eollimating aystm so thet all pmtem to be wéocted are
'Btcppcd at some distance Mm the aomﬂm—a, and sovaml faét of cem-
_cra!:.a are intm'poﬂed bemdn t:ha owntars and the lut columating diac. "

Hote thﬁt tha m&.n p:'oton bm does not ntriko any solids a.fter aoni-
mator 0, tmttl it is atopped in load at the integmtora T‘ha intogrator
is plwed 6 feot behind tlwv\ oounters. in order to sllow extra conorete
shieldx‘:.{.’);g,!bam«n them, | _‘ - N )

The metliod of taking a haakgrmmdnm 18 to close the o;}liad:ioal
shutter, shown in Fig, 2, ‘tc m{i'; off _&11‘ soattered protons from t}fm

‘counteérs, A stondard quantity of beam is then run through the soattaring
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oharber, sxactly as for a scatbtering run, and the mumber of backe o ‘

ground counts is recorded, : ’ ;

Sisce the background was large, it had to be evaluated ascurately;
and unfortunately the baokgmmd ‘vux‘-iad with time by es much as 25 perw o
cent, 8o th‘at one conld net de;aemd on taking a single back;;round run to |
give & good correction to a- aing,lo acattering run, It was necessary to
'-break up'the running time inta .‘- series of short scattering runs alter- -
nated with background runs, so that the fluatﬁaﬁiann in background would
averags out over the ser;ese_i The only asmptif;n nocesgary here is that
baékground fluctuations we_r&ﬁom with rugard:to whother the m‘f;s for
measuring éoattm.ng or background, and we feel that this Qondition l.;a.a '
been Mﬁlle&." ‘ngrom vari&tiona ara saused by the ope‘raﬁng GOl
ditwm or the woelsrator, md hence one m:tght suspost that the aooe}..»
erator crew would be more careful in thair operatﬁon on the avoraga
during o scattering rn than during & ‘background run,  Acoordingly, pre-
cautions were teken to insure that the orew would not t‘in& out during
e se‘rie's, ﬁh‘lch ruas m i’or b#ckgx’mmd. The general ’ba.ckgraund level
in the room was oontxnuansly monitored by the suxiliary counter men=
tioned parliarg the»readinga from this gounter were used to approxi-
metely mmali;z;a- each baékgromd run to the general beokground level
during the pracading scattering run, By theae'dmvicea, wé wore able to
“reduce the affaot of haokgmund variation on our results to about 1/2
»»Paroent, as judged from the inzernal consistonoy of the seriez of five
runs listed in Table Io - |

AY‘ fur’thz% 1?&& ;)ffizagortme is to show t’ha‘ﬁ the true bfankground

1s boing measured, 1.0., that olosing the shutter to out off the soat-
%§ned,protons fron the counters dées not appreciably change the back=

ground count, The two principal avenues by which this could ocour are

-

¢
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here nansidared; 1‘ ﬁydmgm-aoattared protcms vmioh nomally are
ooum;od, ﬁr which mmnny s’&rike opaqwa zonas of the sbeel defining
plaﬁe.‘ vﬂ.l instend a{;rika tha stmt,tc.r .and nake a nuc].eé,r react&on :
fiwhiuh san pmduca a amm‘b.. ‘This, vill ba n Bmu offect, since such &
nuelcur reastion w1l ha.vo 5. yiald of abou‘t 10"5 and the resulting
pwticlea vﬂ.u he oounted 'aith low e"fioiemy by tlm oomtarm 2 Any
nautrons ﬁﬂnh uaf»ar the ahmber ennnearly wi th ‘the invident proton beam

-»mm prod

in n«-p aa&%%ﬁng m tha H, gus, whioh would be rsowded a8

s ' p«p metteﬁng since the shutter would out out the acattered pro'bona

éxml.ng bnckgmm& m. In all ommters except the 389 me. protons , |

- _ .'Wuld not lwn Qn?ﬂeiant mfw 'co panetrate the abmtbers placed in

. 'A--tha oountar windmn tm:lons 'bhey 'uora acat:tsred rram neutrona of at

o I.mt 22 Mav ensfgy. ?ha eorrespnnding minimum neutron energy at the

T '-_,_859 omm ia xa M. # Wa hﬁm nhaun in mther experimont thet the

| yie‘id of high ensrgy neubrona by 33 Kw p:x‘oton bmbaréumt on Bopper =
o .vcrf lead is less thm 10"5; uaing the cas‘han n,zn rems.on B8 tho dabec-

| 1‘»01’@ ‘mia roucts.en ha.s 8 mtitron threshold of 20 Eovs The most 111:63.3{ |
.. pla.oe for thesa nau‘bron& to be iarodmad 13 ai. eanimter c‘, aud allawiug

o thﬁs wa ti.nm aa mh ‘bam &o 5tcppad at thu &ollinmtor as is t.rans..

.'muma, ana that tlw merans gmratod apread out with a full engle

&t 1/8 intemsﬁy of 10°, the néutron intamity inside the defining ay’l.tnu-” .

ders is less than 10'5 ai‘ the imident proton beam. stnce nep and pep
ncattering cross aoationﬁ are cmnpamhlo in magr.\itude, nep scattered
| _ prqtm will bo less than 106 of the p~p scattered cne_s. We have conw

. soequently ne@ébted the above as @ soursce of error: N
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ADJUSTMENT OF COUNTZRS ~e COUNTING EFFICIBNCY

It is of course & critico.l factor of thia axperiment to lknow
that no protona migg being eounted which can gecmatricully enter the
counter windows; or at least to have a minimum measure of the counting
effliolenoy, The following procedurs was followed to set the gain of
each channel to the place where neariy all protona are counted, yeot the
snell amplitude dbackground counts will be disoriminated against, This
point is just above the "kmee” in the plateau for uounting' protons,
le The counter apparatus m ellowed to ocome to equilibrium by operating
for an hour, | ‘2. A pulsed aignai generator wes conndétod to the dis-
eriminator inpﬁt éf‘ all 12 channels and the di‘soriminators.were adju#tod
to all operate at the same bw@stqmimd pulse height, 3.’113&&; enpe
ii,fier was obaorved not to have exsesdive noisa, the gain of ell ampli-
fiors waa _e.djusted %o be nearly the s’aé:e. 4, The high potentia.l} wasg
applied to the oollﬁéﬁng ﬁmd. and a pmpham?*?- soﬁxroe of botn
r.ayé was placed irl tnrn:ui mh df«tho 0001 in. dural windows in the
| back side of the counter (see Fi.g. 2)., The potentiometers for supplying
the potential to eaoh wiro were then adjusted to give epproximately the v
 seme emmting rate in each em_mﬁ\_ar. This insurad that all counters
wou.ld. be 8aﬁeahero_near tﬁe énfne in sensitivity, All further adjuste
met.;ta‘ were made by observing plaﬁaﬁn of pep .saattering a8 a funstion
of ’tho‘ magter counter supply vol’t#go-.‘ Short aenttering‘ runs mra‘_v nade,
successively reﬂﬁcing the mfgr potbn‘ti.&l until the %ee“ nppeaxjec\i
on the plat;‘osu' of each counter, The rdlutive,po{ontials were then again
»'a.’djuatad to meke the kriee appear ht--'appmxm‘tely éha anma_potfb"ntial‘ on

each sounter, All data that were to be used were taken et qounta}
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potentiala 20 to 30 percent abcve the "knee,”
The problem still ramains, howaver, that the nlateau may not be
perrectly flat in the region of operation, but may still have a finite
slope upward toward 100 potpent effieienoy, since for some reason a few
ﬁrotons may give amail pulscs, To determine the plateau accurately rew
quires good statistics, and the obvious way to determine it is to do &
oomplete p-p soattering’ experimont at several counter voltages. Due to
difficulties of background, it proved impasaible to get good statigtics
at more then one voltage in & single day's running, However inreavh
goriss of rume, a few wore made at ooimtei' potential s 100'velta_'below
the usual one, and the analysis of these data tells us something about
the plaﬁeaﬁ. To- pet better acgtaataos. the low-voltage data from all
the counters was lumped tbg.éther, to see if there wms en upward slope,
on the average, in the counter plaéeau. Tithin the statistics of + 1 1/2
percent the fphteau proved to be flat, the actual slopo measured being
negative, l.6., >the :gounta deema.sod 1,8 percent on the average, for s
100 wolt increase in wire potential, It is improbable that the slops is
really imgativa. andvhence & probable error of + 1 perc‘:@é,-— 0 percent '

C o~

is assumed, dus to plateau slopes : £

| MEASURBMENT OF INCIDENT PROTON FLUX - &
The besm~integrating equipment is shown physically in Flg. 6 and
aleot_rically in Fige 7, ?rot@ns enter the high vacuum region of the
collector through & 5-@11. eluminum foll and paa:a Vthrough & guard cylinder
into the c’olloo.téx" éup, vhere they are stopped in lead, The guard le-.
inder is md ntaiz;od at -200 volts in order to trap ac;condary electrons
which are produced by the beam at the»al\jminun entrance foil and in the

" cup. As an added precaution ageinst secondaries, small permenent magnets

2



UCRL 634
-18-
were mountéd.&t the foil and in the cup te produsce & field of about
50 gauss at thé.-. proton pathe

Tﬁe gize of the bean and its orientation in the cup wore determined
photo;rapﬁically,nd; described under aligmment,

Th§ iﬁtogrator cireuit (Pige 7) functions as follows: Protens
eolleoted in the gup charge the condenser Cy (,001071 mufd), causing &
%oltage V to appear acrosc it. The charge if osloulated as V times Cie
~ V is meapured ﬁyimanunlly adjusting the standara potentiometer Py to
make the cup remdin at ground potential, whéreupon V is read ag the vgl-
tage on the ﬁotentiometer dial, The elsstrometer tube and gélvanameter
comprisé aivacuum tube voltmeter which is used as a null instrument bto
indicate when the cup is ab ground potential., It will be socen that the
: potentionetor needs to be adjus%ed soourately only at the beginning and
oad of & runy it was kept in rougﬁ adjustment during a run, howbver, to

C

monitor the collected charge. ' #

_To_avqid_orrors due to stray 1esd-cap&aitanoe and passiﬁie‘gqpsi-
tivity fo air pressure, it was decided to'maﬁaure the integrating cepa-
citor Cy in 4ts operating position in the ;acuum chzaber, Tﬁc effocs
_tive‘oapnoitaqbe for bean integration is the mutual capacitance between
the 6up and,the'pdyantiqmater lead marked &, ;nd is independent of the
capacitanoe of either to ground; this was measursd by compariach with &
‘standard variable air‘oondensqr both at IOOC cycles_and at very low
fregquoncy (agtuslly d.16¢ impulses about 5 seconds long) by suitable
bridges. Thess meﬁeurepenta checked %o within 0,2 porcent, which was
tnken.aé the limit of short-time soaksge in the condépaer. Long;tiﬁe

soekage and leaxage were also shown to be leas than G,l percent for half-

hou runs, The calibration of the variable seir condenser was also checyed
- PR E .
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ageingt 2 astendard mica condenser at 1000 cycla‘s.fc‘l is a palyatyrma
insulated uni{:. pade by the Fast Gompany. A seriea of pep scattex‘ing
runs was made aa a fuzwtion of gas pressure in the integrator, frmn

which 4% wos <oonolgded‘7§hat errors due to secondary electrons _a.m_l gas

multip}liaaéibn-mu;d be negligitle. The grid curremt of the electromater

tube was mmﬁred after onch series of runs, fer whioh a Qorrentioﬁ, of

nppf‘oximtely one peffreéut wag nwessai'y. We have assigned a» probabla

error of # 1/2 pereezzt %o the beam measurezents,

MEASURBMENT OF INCIDENT PROTON ENERGY

The demeters of ‘the collimators which are pertiment to the emergy

'xaégsﬁi-méat are as follows: A, 2mmg B, Dmmg G, Gom (ses Figs 1)s
" These three collimetors, used in conjﬂnqtion with tho megnet, form an
“energy analyser which tranmits & band of energiss 40,6 Yev wide,

: 'mm integral of ﬂ'xo mngnetia ﬁa’ld along the trajectory of the protons

has been measured to 4 1/2 pment by s group working with Mr, Duana

- Sewsll. This plus the mguia.r deﬂactian of ‘the bean is sufficient to -

define tha anerg;y of the boaz, The encrgy wes alao measured uaing pm-

- portionsl counters co;_mi dent in depth, plus’alminm absorberes to ob»

tein _t'i.r3£ an intogral curve, and then a differentisl ebsorption curve, .

Each of these methods gives an energy of 31,8 + 0,3 Mev for the incidemt

beam, corrected rar%orw loss in the nylon foil and hydrogen gas.

A few Hp* ions get nscelerated in the machine to an energy of 16

Kev (one-half of design velooity) and these ha:ve.t‘.ho same Herho in a

magnetic field as do the 32 Mev protons, To got rid of these ions, &

ntripping £oil" of 0.0002" 4in, nylon is inserted in the beam at the

plano of eollim‘ber A3 this breaka up the Hy* ion into two pmtonn or
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8 lﬂev; ench, and the magnet bends them to' tirlice the radius of a 32

¥ev proton.
.

HYDROGEHvGAS SUPPLY

Pure hydrogen gas for the geattering chember wms obtained by
passing commerciel tank hydrogen through a heated ‘pall'adium thimble,
500 p‘oﬁnds-- per square inch pressure of impure hydrogen vwas maintainedv
on the outside of the thimble, t‘né pure i‘xydrogen ‘bemg teken from the
inside at one atmosphere preasure, ’Tha thimbie was & éylinder of pale
ladiua, olosed at one end, 6 in. long, 1/4 in. in diemeter, and 0.008
in, wall--thiokn’aia; it wes sﬁpported agrdnst oollapse by a column of
osrmslc beads on the inside, vl')hxe tubo wus directly heated byipam.sing
ultamat.i;'g currant, about 70 amperes, through its length. The normal
output wes 10 cc pevr second of gﬁs at one atmo:;phere.

Before entering the chaaber, the gas passes through a ooil of cop=
per tubing m;:p@d‘ mund the collimator ltuhe, to insure thormal equi~
libfium with the walls of the chomber. The temperature is meagured by a
thermometer oubedded in the flange of the collimating tube during a run.
All 3éinte in the t{xbe earry'ing gas from the ps.iladim tubes %o the chame
ber are m_;do‘ ﬁtﬁout rubber “gas.l.wts’. uéing gither metal flared ﬁftings
or thre@ded, Joints waxed with CENCO "Sealstix,” Hydrogoen enters the

| chm;bér in the me-o of the :collimator snd from there flows continually
- out into the main volume of the chamber, It will be seen that most of
the seaﬁtefing t"akes place in the'i;aterior of thcai collimating tube where
the hydrogen is most pure; this is particularly trus o'f scétter%ng at
| small mgled. where the ef{'ecés of Coulomb soattering from conﬁaﬁi{nating

gases are most likely to be encountered, the excess hydrozen escapes
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| from the chimbex‘_, via an nilwlwk tube which reg'ulatds» the pream;re to

a fow contimetors of ailabove m'w‘sphéri‘o ;ré,ssxn?g,;» and prevents baoke
B dif@iqn ‘of air ‘151:@’ tbesyataa. The hydrogen flow no-nnn;ny -u._éed wan
: ;ﬁi‘fiéiéni; to ahnéng'e the éd.s oaépie%ely in $0 minutos; tnie swept out
dontmxmting gmes mlvod rrnm the chamber \m}.la wiﬁh auﬂ‘icieut '
.spoad. Tests for de'heminj.ng ga.s con‘bmimtm:x will be descrlbed m
‘a 1“‘«61' aecﬁ_m. o - . .

o ANALYSIS OF amm S

. S o
‘i‘he buio &fferentiul equn‘bien deﬁning scatbering yields (ratio
g f |
ot‘ saattawd to inaidemt prctons) is ; R
&t . (—5‘-») S m a.n. f )
- 45t o ! SR

; u&mro 4aY is tbe yiald af pratom: scattered into tha solid mgla &.ﬂ. i{
‘ "rm o poth Length dt of imidm hsm. N is t.ho numbar of soattering
' uualei per uni%; volum, aad ‘tha caater of WABS systea ef coordinatas is
"Réfareme ta F’ig; 2 isbaﬁs that acﬁttéring odcours sover éuch an ox»,
tended region in thla epparatus that the solid anglo oubtended By &
givan ocmqtar ﬁu vnry acnaidorably over ‘-the scattering region, and
| hence neny of' ﬁw usual simplifying uasumptiona mada i.n other scnttoringv
experimenttg are mt :j;utifiad hera. Tho‘ q\rantity dY daﬁned abcvc mu'st |
be integmted over the solid angla of *che do\m‘cer, d£2 , ‘and alaug the
vwatt'ormg lmgth dct:. The gemetry was evaluated in tems of a factor f

G, deﬁﬁad, aa .

G*l .f | dNge o : (;)
, t,ﬂ. ' - _



L . _ ’ UCRL 634

Then, S o S - .

b o (as7dn), =6Y/8® o (3)

Tho assumption is made that (dajAdSl) ., 19 8 linear function
of the acattering angle ) withzn the range of @ aooepted by & given coune
.tar, for lack of previous knowledge of the real shape of the curve, The
errors intrpduced by this assunption are caloulated to be less then 1/@
~ percent, 1f one accepta the theoretical curve, for - 5;_- 480 21.?' in
 ?&3, 11 as thovtrue ones Table II indioates the angular {nterval
coverad by each of the countera, ranging frow 10.6° for the 27.3° counw
ter (all anglee are now givan in the senter of nass system) to 19.4° |
,fbr the 89.70 counter, Ehe antire angular interval does not have the
same vaight of oouruo, ainna relativaly fewer protons of extreame engles
can get in, The waighting.fungtionsfor protona of various angles
gatting'iu#o a-gifon oguﬁter are roughly aymmetrf;al‘trapozoids as
shomn in Fig; 9. For purposes of plotting'éhe data, the effective
' &ngle of each counter k:takan a8 ‘halfemay between the two axtrame anglen
which the counter aoea | |

‘ The 6 fhatora were evaluated by two indspendsnt methods? first by
'graphicnl integration from an acsurate fill-scale drawing, and thun by
an analytic meﬁhod. - The two gethods agreed at;all angles to better than
1/2 peroeﬁt. A numSAr éf emali corrections to the above are neceﬁsar&.
due to simplifying asaumptiona made in the cnlculations. The value of
these will be given for a typical counter, the 64.7° onet |

1, =l péreegt, dué to scattersd protons ponetrating thé sorners
p? tha'dafiniqg-cylinderé {copper). It is na§um@d that the protons are

nof scattered in the copper, since roughly as meny will scatter into &
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given gounter as get‘scattered out, All protons Are aﬂsﬁned tp rsach
the counters if fha thickness of copper they must’penetrato leavos them
enough énergy to penetrate,thc aluminuplabsorbér at the counter window,
Tﬁia energy threshold of the counters gfeatiy reducés.thé éffect of pene:'
fration of the 00ppér. : | ' o gv 

2. + 0.16 percent, due to "tunnel effect" of the ‘parallel sides
of the apartures of tho counter windows.' ','l g

3. A correctian for the finfte width or gha inc*dewt bean waf naces~‘
séry fdr tho small angle sounters, amognting‘to -0,35 percont at aﬂ.s».
The ériginAI cal&u}atﬁons-éssumad thé beam to be & line source.

4. It was discovered ‘that certéin}dimmnsidns of'thavehénben'ﬁere .
warped whan.;t wB asgémbled; éince it was necessary to.draw'fha'géri~ f
phéral ringQQf halta'tighrltd maké the mdjer ﬁaéuum seals, ﬂénco‘{t o
- Was negessary to measure all the esaential dimensions while it was
assenglad. This was done by‘motnn Of various gauges inserted through
the aadeps port, The rgdi?s of the‘coqnter windows from %the ceﬁtgr of
the chember wag meusureéfé% six‘points for each counter, ;nd tha width
of éachﬁcountet apertura'wﬁs me@#uréd at lé points. The angular positidn
of each.§cuntei'aperture:ralative to the center of the Ehamﬁar'wgs measured
by calipers and oaleulated by trigonamtry. The aperture bebwaen the dow
fining cylinders was vaasurod, as Well ag their diametors and their po&k=

tion rqlgtivo to the center of the chasber, Corrections wore derived
fﬁbmiﬁhoae data for each.counter, aaoun%ing'ta + 244 befcont fqr the
64,70 ovunter. It is believed that}the result of these_meacunemenfa.

ie good ta * 0.2 percent,

The correceted G fhotora are 1iated in Table I,

-
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EVALUATIOY OF FALSZ SCATTFRING EFFECT i

&o properly evaluate ﬁhe“?eaults of this experiment, it is neces-
ﬁéry to know whether the scaﬁtered p;otohs observéd in the counters
are all-tho result Af p-p collisions, or whether an appreciable fraction
of them may be écatt?rqd'from_the collimatofs, the entrance foil, or from
6onténinating gases,

Reference to Fig, 2 will show that it is impossible for a primary
;ﬁrotonvto scatter from the nylon foil or any of the metal apertures end
get into a counter, ﬂit;;ut Qcattering once more in the process from
another'boay. The probability of such an event is rather complicated
‘to caloulate, so wo relied on experinents in which we looked for residual
soattering counts ﬁhep the chamber was highly evacuated, FNo effoct was
observaﬁlq above backzround, hence this source of error would bé le;sAthan
1 percent at'éli{angleé. |

A possible event not covered by tle above experinment would be that
protona. soatterod fron h/drogen gas near the entrance foil at small

angles, would strike the defininv oylianders and thence bounce into &
counter, To test this, it was necessary to have hydrogen atoms in the
collimiti;g tu§e to illuminate the edges of the dofining cylinﬁers with -
soattered protons, but 1t was also necesszary to hav; no hydrogen in the
ecattering region froa which "honest" scattered protona could reach tha
counters, This was arranzed by plaging an extra nylon foil 5 mils thick
in the collimating tube éﬁ’the plane of collimator E (Fig, 2). This foil
is calculated t@ prcdu&é;Rutherford scattering equivalent to'filling thé
oollimating t&Be with 160 atmospﬁeresMoP 1, gas. Rexidual seattorinr
was now looked for with the chember evacuated, but none was observed.

One atmosphere of Hp gas normally present in the collimator will pro- -

duce less than a 0,1 percent error in the 27,3° counter, due to this event,
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Té deteraine the tolérance on gas iapurities for this experiient,
the scattering of 32 kev protona in air was Aedsured, using tho suwné ap;
. paratus. From this we conoludod that the lhiydro.en syould contein less
then 0,01 percgnt of nitrogen‘or-oxygon in order to r%dube the resulfanﬁ

N

scattering to 0.1 percgnt of ghé p-p scatteringz, To dctennine the rate
of evolution of contaminating gauea frol the "hﬂﬂber %alls, the chanber wes
evacuated belore euch run, and the rate of increase of pressure measurod
an the closedwoff chamber with the (cold) palladium tube connecte@i_ This
r&té never exceeded 10-5’atmospgéféb'par.hour, whi;h, combined with the,
hydrogen flushing period of 11/2 hours, inﬁs a maxinum {apurity contont
of 0.001 percent for the ga; in the main chamber. Thus the ;eaturc of i
introducing the pure,hydrogan gas into the ecettering région of the'cham-
‘bor is éot absolutely nécesﬁary; but it is a valuabie safeguard, and it
provides a gross cxperlxbntal check on. the contaiination of théfmain cham-"
‘oer, as@follcwsx ‘ 'u_’ﬁ

At the end of a éeriﬁﬁgof rungs, & run was mede in which the supply
of pure hyﬁrogeﬁ wa.s cutfdff. solthat aﬁy contamination present in tlhe
main chaiber would diffuse into the scattering rggion.—~The neasgured eross
sectioﬁ# vrere the.s&ne. to #ithin the prbbable erro} of the measuranent,
(2 parcent) as in tne runs in which the gas was flowin - Tﬁo nalladlum
tube was tested for perforatlon before and after each series of runs,
In view of ths meagured ;cw rate of evolution of cobtmninating gases, and
the oantinuous renewal of hydrogen in the scattering regzon, we conaider
the scattering due to gas coﬂtaminatlon to be ne~11gible.v

It is possible for hjdroyen-scattered pratons to striko the radial

‘and conical supporting struts in the chamber and thenco scatter into the

counterss The corrections for theso scettered protons have beon estimateg
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on the basis-of Williams' f@nuulagzz) and were less than 0.1 percent
N “‘
at all angles, :
PROC ZDURE

Before a series of runs was ﬁade, the electronic circuits were
allowed to warm up for an hotr or more, the palladium thimble was toéted‘
for perforation, and the rate of pressurc rise measured for the evacusted
scattering chamber, scaled off from the puap. The chamber was then
atarted to'fill with pure hydrogen, & process requiring 1 1/2 hours to
compléto;‘ Meantime, the bean integrator was checked for drift rutc, and
the counter gains wore adjusted using the PSZ aoﬁrce, as described earlier.
The analysing magnet durrent waé ad justed to corrcspond to the desired
proton eﬁergy,_oaxebeing taken to always approach this current (rom the
low'side, to avoid.hysterésia_effects.

Hoxt, protone-scattering runs were made to determine'counter plateaus
aé.desoribed earlier, and then the main series of funs was made, The
procedure f;;vméking any scattering run‘;as a3 follows:s an electrically
operated "flip gate,” located at the exit end of the analysing mngnét,
was used to cut’off the proton veoam from the scattering chamber, The
counters were turned off (by.mcans of removing tieir zating pulsé) and
thevcupvonAthé beam integrator was grounded, “to starf it out at zero
volts, and the galvanometer was';croed. The mechanical recisters operated
by each of the counters were read and the readings recorded for an initial
reading, and the proton shutter iu the chamber (fig, 2) was opened,

To start a run, the flip gate vas first opened for a minute so that

the accelerator crow could optimise the beam; the flip pate was then

closed, the beam cup wes ungrounded, and then tég f1ip gate was oponsd
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and the counters were turned on simultaneously. A run lasted from ten

to twenty minutes, during which time' the potentiometer Py (Fig. 7)
was kept in rough adjustment, as indicated by the galvanometer being

off scale, As the end of a run approached, the potent1ometer was set

%%‘3

for the exact charpge desired, gndv§he ruﬁ waa terminated when the galva-
nometer read zero, Thé run was fSQminated by closing simultaneously the
proton {lip rate and the counter awitoh; the beam cup was grounded, and
the flip gate was opened apain for bensefit of the orew, while the [inal
readings of tho registers were recorded. These aeried also as tho initial
readings for the background run. 4 background run wes now made in fashion

identical to the mbove, exdept that the shuttsr in the scattering chamber

‘was clozed,

o
A series of runs consisted of about tem scattering runs alternated

with ten bamckground runs as above, iach back rround run waes arbztrarily

‘associated with its prccedihg scattering run, and was roughly corrected

- to the prevalling backrround dﬁring the sadttering fun by muitiplying

the baekground counts at ecach angle by the ratio of background moni tor

counts during the scattering run and during the background run, The

. corrected background was then subtracted from the scattering ocounts,

and this "net scattering” count was corrected for counter resolving time,

aad reduced to standard tesperature and pressure of.hydroven, and Further

=12 ooulombs of incidont pro-

normaliued to s collected charge of 317 . x 10
tons, The rosult is 1isted in the columna of Table “I. Tho actual cole
lected charge for eaoh run is listed in oolumn 13 of this taule. and is
used as & statistioal woighting factof in reducing the dsata.

1]

After a series of regular proton scattering runs, & "gas contanina-

tion" run was nade as des,rLbcd earlier, to check. puriuy of the hydrogen,
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and gometimes & vacuum scattoring run.was made to check scattering

from collimators and the foll,
The temperature of the scattering chambser was rocorded every
hal f=hour, and the barometer was read at the berinning and end of a

scries. In addition, readin~s were recorded for the oil manamoter,

waich read the gxcess pressurc of the hydrogen.over atuospheric,

: SHTOLTS
Listed in Table I elong with the net proton counts ares Column 2,

the datey column 3, tho master counter supply voltage; colimne 4-11,

o

proton scattering counts; colwan 12, the average psrosnt of background

"
. -

for 81l the countors; and coluan 13, the cherpe of incident orotons, .
; » ° »

* - -\' i . . . » Py N
The counter potentials have only reletive significance for the runs

g

on & single day, since the prossure of counting ;as was c anged somewhat

for each da - of rumning, = The runs marked (*) are actually used as. p-p

-

goedl tering data, the others being includod to give date for élateau

slope,
.' . 'Y . - . : . -
All runs made on a sjiven day are considered members of afsingle

. ) _ _ :

series;'the mogn number of counts at cach angfe for each series is calw

4

culated, each run “ein; weiphted according to the incident proton charge,

and tabulated at .the bottox of each'serios.

AT

To detormine the 'statieticul accuracy of tho results, ono would not

be justified in assuaing the usual rociprocal of the square root of the

number of counts relationship, since backpround variations introduce

some spread., Instead, ti¥e internel corgistency of the live seriss of

. “

runs is used as the oriterion. Tie R. H. 3. deviation of the {ive series,

divided by the sguare root of 5 is used as the siletistical probable error

~
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of the mean values of oouﬁts for each angle. The mean values, weighted
a-ain according to the total sharge in 3ach serios, arc listed in row
27, and the statistical probable errors in row 28,

Row 29 gives the G factors for converting pfoton counts to cross
soections according to equation (3), and row 30 gives the resultant cross
séctions, |

Probable errors of the results are treated in two stages: [Pirast,
the relative probable orrors for determining the shape of tﬁe diflerential
créss section curve ar; given, and then the gbéolute proSable error is
7iven for one point on the curve, ag 89,7° in the .center of mass system.
The assigned probable errors are as follows, for théxhbsolute cross section
value at 59,7% | |

- Incidont‘proton Charge o o o o o o o ;I. j :.1/2 percent

b, liean Energy of protons « « « « o « » ¢ ¢« o +1 percent

c. Heasurement of temperature and pressure . «+ 1/3 percent

de Slope of DlBLEAU o o o 4 o o o o o o o o o + 1 percont

~ =~ 0 pergent
e. Statistical probable error of cownts . . . ¢ 1/2 pefcent

fo Calculation of cEOMOLIY o o o ¢ o s o o o # &/4 percent

The foot sum square value of these mmownts to + LéB'parcent,
~1.5 percent, which is used as the probabie érroerf éhe absclute cross
section at 89,79, ' ; , f

The rslative probable errors for the rest of the cross section
value; are taken as the root sum square vaiues corresponding to 4, e, and
f above, for each angle. These are listed in row 3l. It will be %een

that items a, b, and ¢ affect the scattering cross sections at all angles

proportionately, and uonce do not affect the shape of the curve, *

s
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A valuabls chec; on the internal consistenoy of the data is ob-
N
tained from the Pact that the 89,7° and 77, 6° counters are split azi-
muthally into "Toﬁ” and-"Bottom" halves, and the counts in each half
recistered separately. The 89.7°T and 89.79B counteralare observed to
agree well within their probable errors. The 77,6°T and 77.693 oounters

consistently differed by 4.6 porcént, howsever, which is more than twice

the assigned relative probable error. The top counter gives the larger

nunber of coupt;. All the counters were disassembled and inspacteﬁ to
try to determine the cause of this difference, but no significant i f-
ferences could be féund. It was finally di seovered that the amplifier
used W1th the 77,6°T counter was a special one having & short time con=
atant, which was overloading on the 1argest sizo pulses, and giving oyt
double pulscs to the scaling unit, The deta from iézs counter is dis-
ca:déd, and only that from fhe 77.6°B counter is used, s
Fige 11 is a plot of the scattering‘croqs section as a funotioﬂrof
angle iq\the center of mass gystem, along with the probable errora;

Mg, 12 gives the same data, slong with data taken by Panofsky and Filla-

more at 29.4 Mev, and the 90° coincidonce results of Cork; Johnston and

’Richman(ZS) using the apparatus described in this work. =

Christian and‘Noyes_have made a thooretical anal ysis of these results,

_and arrive at these conclusions, amongat othera:

1, Cross sections at 32 llev are oompatiﬁle with purs S-wave soat-

~ tering, of the magnitude to bo expected from a Yukawe potential which

fits the low encrgy dats. Such & ourve is drawn throurh the experimental
points. in Fig, 11, , 5
2. According to usual potential theory, such & potential should

cause a acattéring of the D-wave also at this ener~v, giving rise to tho



UCRL 634
“3le

second theoretical curve in Fig. il, for 85 - 51° 5.2', plus

§,; =1°20.4'. It is seen that the data is definitely incompatible

with this curve, e ‘
3. OScattering in odd anpgular monentun stetes is very small; the

cross section curve would be very sensitive to the nresonce of P-wave

scattering, . -
4, ZCuristian an? syes are able to fit the data anpirically by

including a tensor force with a very sinpular radial &epondénce.

One may hope that more information will be féfthéoming from p-p

scattering experiments ot still higher ensrgioes,

R S
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TABLE I
. Nom. Angles, Lab. sjsteml"45°f 4593 4{ 39°7T 3903 ; 33° 270 | 210 ‘ 159 T
| kiean Angles, c.m. systemqu 7°T 189,7%B |77.69T | 77.6°B [ 64.7° | 52,59 | 39,80 ' 27,3° | Av.:* Q
1 “Counter | Counts x1/4 at each angle, normalized to X T P and to Back- 110'12
Row ! Date Potential, incident proton charge = 317,1 x 10~12 coulombs grnd. cou=-
1 Volts T and B refer to Top and Bottom halves of a given counter. _ % lombs
[ 1 [ 7-15-49 3200+ 590 | 628 656 | 582 . 1lo72 | = 728 392 | 21 316
2 3200%* 623 | 585 ¢ 596 | 594 ' 1061 929 706 494 | 28 316
3 3100%* 626 = 625 | 639 | 600 1077 - 720 480 | 11 316
4 3100+ 590 612 | 616 , 617 1085 - 690 494 | 13 316
. 5 3000 585 597 | 606 | 561 1125 - 641 459 ' 10 316
| 6 3000 623 5§99 | 656 | 596 1088 - 668 47 | 65 318
. 3000 618 612 | 638 | 610 1084 - 677 474 |- 5 316
'8 2800 612 604 | 607 | 516 1016 - 816 416 | 2 . 316
|9 lst series av. values| 607 611 | 627 | 598 1074 (s29)) 711 490 | 1264
.10 | 7-22-49 3100%* 655 630 | 642 | 602 | 1068 977 705 497 | 54 318
1y 3000+ 613 623 | 620 | 585 | 1039 948 713 485 25 © 318
12 3000%* 614 647 | 624 | 601 | 1110 971 715 506 | 34 318
13 ianaenﬁes av, values | 628 633 629 | 596 | 1072 , 965 711 496 | 954
| 14 | 8=20w49 2700% 574 594 | 613 58¢ i = I 925 707 470 24 317
L 15 2700% 627  .631 . 627 586 | - 940 729 502 |19 317
[ 16 | 2700+ 599 622 | 627 | 599 | = 938 743 515 | 33 317
| 17 | Zrd series ave.values | 600 616 | 622 | B0 : = | 934 726 496 | 951
{18 | 9=1-49 | 2900+ 607 607 | 600 598 = 1055 | = 674 486 | 25 211
19 | | 2800+ 611 623 | 655 610 | 1081 | - 742 | ‘514 | 25 211
[ 20 ! 2800+ 657 625 | 629 608 : 1145 | - 706 506 | 20 211
} 21 2800+ 596 . 595 | &83 603 | 1059 | - 710 485 | 26 211
P22 2800* | 582 606 | 643 589 ¢ 1106 . - 727 470 |21 211
I 23 ,ét.hsenles av. values ' 611 _ 611 | 622 602 «, 1081 - 712 492 1085
| 24 | 9=@e49 2800* . €03 626 .! 643 | 603 | 1151 963 745 512 |’35 2n
. 25, | 2800* 595 , 605 | 611 606 | 1114 947 690 512 | 35 211
26  Sthseries av.values 599 | 615 627 606 1132 955 717 512 422
27 |wtd moan of 5 saries  610.1| 616.9 | 625.2| 597,5 | 1085 » 943 715 494,.9 ]
28 % stat. probe error  +.77 ; +,69° | +,22 +438 +1,1 +.78 +436 | 4470
29 ‘G factor L3108 , 7108 |,3128 | JB128 | 3444 | Joss5 | st7 7054 | :
30 (dayasnc L.in 10-27cm? 14,50 14,05 | 14,05 | 14,02 | 13,27 113,13 |
31 % prob. error (rc].)‘l +1.1% +1.1% +l.4% 2127 | #1015 | +1.2% i ]

-He=

$29 T8N
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(LABORATORY 3YST™4)

Qmax

16,319 .

23,05°
29,71°
36436°

43,24°

494670

56,38°

oézin .

11;oo°
16,76°
22.510
28,49°
34,390
40.00°

46,00°

TABLE II

Total Aluainum
Absorber, vn{;/cn

867
709
530
351
179
179

179

UCRL 63 4\

Residual Range of
31 ~ev Incident
Proton mg/ em?Al”

183

116

230

229

221

81
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