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The Productlion of imergetic Proloms in Ruciel wspuvssd W

500 Mev Bresmeslrablung

introcuciion

Enrly :"Vegt’f’?tlﬂ of the seeonisry redisti-n from Larpeils

PR

srposed
tome hav ng ensrgies of the order of 10U Hev were suitted at large
sngles %o the baam, Variocus processes cvuld account fer ths sroe
santes of & {ow susrygetic protons, However, the nusber observad
was Completely unanticipeted sad could pod be resull; explained by
axisbing theorice on the interactionm of phoctons with muciseli, Sipce
the i@entification of the particles wag =20 best lentalive lu ths
gardy work, the meec lor bevier ex wrieents sus gisar, 1U sus the
Bope L such eapursikenits wouls Lurulsh suse Clues es W L Bech-
aniss of pheton production «Bd &0 permdl s wore prsciss evaluatlion
of itz role in the study of ouclsar phescsens,

Concurrent #1th the iavestigetion regorted here gimilar stude

(1)
{#e were being zareled cut by other expsrimenters, U, Ralker
vssd photorraphic plates Lo study protone genersted by 158 Hev syn-
(2)

chrotron radistien, Silverasan znd Levintbal usad proporiionsl
counters to detect protems in the anergy yamge froz 10 to 70 Bev
produced by ‘£0 Hev ayncbrotron rsdiaticn, & ssries of szpericents
S8 B0 Lk

roton experisents

Felats
i (554)
by &, Eikuchi who 1s studylsg ths produciion

shich may welil basar an isportant

£

arse being

¢l photon stars la phologrephic plates, The ensrgetic protons could




bs propgs of thase sburs,

In the present expsviment various selid tergets wers eapoced
£o the sollissted besn fros the 700 Hev Cornsll synehrolrin, Sete
endsry perticlas coxing froa the targete werc dobacted »ith = pro-
porti.-msl esuntsr toleseope cumsisting of two Hsl scimtiiisiors,
Particise of gilferend mase ware dlstinguished by sessurisg thelr
specific fwaisation for & fixed residusl ronge, Ldselrces, assous,
grotons, aoubercas and heavier particles could be resclved, Ac-
gurabe calibredicas fo: the coumbers wuie oblalnsc Jrea Phe knoen
range-snergy rolations,

Protons wore s svel pumsrous ol Whe loniadag secuniisvied,
Due to ths Lulckibess of Sae ocvualers oniy rololle sbeve 70 aov
guvRic be detbectec, The seot cvaplets dsbe o b speclruam o4 the
mroton: s oblulpsd fov procectica in cerbom, Hewever, lialted
pxporisants w#ith cadnice insie te thot the production procsss ls
g8izllal 1o heavy slements sxcept {or the elfects of scetieriag on
the esescing protons,

The Features of b protem spectruz studled sarc the energy
ané sagular dlstribubions, the Z-dspendence, anl the exeitatics
faneticp, The energy dletribubtion fsils off aboul 28 the «1,7
power of the yroton energy upy to sbout 1&0 Hev. Above this suergy
the cacrespre 1s auch sors repid, The amgulsr distribution shows
a streng forward ssywsetry shich becomes sure proncusced =ith ine
ereasing proton energy. 7IThe yleld is mearly proporticsal o Z,

The cacitation functicn eabibits » Lhreshols for the prouuction of
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il Apparaius

Ae Usneval Deseripiica

Is this ezpsrisent, various targels sere exposed W the pho-
ton beas from ths Cormell synebrotron and the spectrum of the sec-
ondary protons proguced was studled with a detecting Lolescups
consisting of two ¥al selntillasters, A& plem drewing of the sxper-
imentsl syryrecscont 15 showm iz Fig, 1.

Te make counting ¢ith & slow phospbor like Hal pocsible, the
beas wes "expended® Yo & proximatsly 2000 P gee, Oines the sagost-
igc field of the syachretroa varies at . eyeles per see., the slet-
tbrons groducing ths photone are nobl ascnschrosstie bul are «istrib-
ubed iu energy from 280 o 210 &gr(ﬁ) wibth an sversge enerpy of
about 200 Hev, The pboboa bess wses Cullimeted Dy & 2 ok Bule wad
baa & dismeter of © ¢z al lhe position ¢i the extermsl turgels.

The inlegrotec beas inlemsily Jo¥ a run wa: wes ukeu By the chargs
culiceteu s two lonisaticn chasberss oms in frcat of e tergsls,
soniter i, ssq the segond behiad ke Corgets, soniter 2, The chanbe
er sssociated with soniter 2 zus eabud ad n & bleock of lead a2t 2
dopth of 1 ou, Thisz loecatsd it spproximstely &b the sasisus of the
trapsition curve for Righ saergy brespstrablung =nd sede 1t virtu.

ally tascnefitive to reatterad radfistlon froz ecollilsator snd siit

pystemss, The abeolute cslibretiocn of this zositer iz Jsscribed ia
Yurt B of tols seetion,
A drawisg ol the detecting lelsscops ls shown im Fig. 2. It

esployed tec Nal(Tl) erystels mounted on KCU4A EBELE photomultipliers,

The range interval in which particles were counted wus definsd by




o

seiting sn energy blasz su the read Svuwnter, coualber I, {Appemaix 1),
i differestial dlseriminator ».s uses tw oblaia the puice halght
glstribution for the fromt counter, counmter 1, in colmdiuence =itk
the rear couanter, Peake corresponcing to particles of Jiffersst
aass were sasily olstinguisbsd; mesouga, prol.ose and ceulaersns ok

dhe suse resicusi runge have apeciiie iomisaliuvhe o e ralic Wi

b 3 4 3 del respectively, The tobal welgbl i lerial s lrcut
of the rosd counler sstersined ths sinlavm rangs of z particds
shich eould be detected, For ssscms, protoms, suc deulrens his

range corrsgponded $ emergies of 5, 58, anc 70 Mev, The syetea

sas secemtlislly self-calibrsiing., 24 rough prelisiscry cosps

#'%h the polsas produced by 7,€ Hew, thorius ¥ wrays snabled one

to identify the pesis corregponcisg to differcnt pariiciaed, Uugs

biads identilicstilon was made, & wery sccursie fulibpalicn evald
(7)

be gbisinsd fron the knoan rangoe-energy relstivme, Details of

the method ers givenm iz Part € of tuis sectienm,

A bleek dlsgras of the assocl tsd sisctronie ogui,sent is slowm
jo Fige 8« 7Ths asnpliliers bec gn oversil gsin of <0 and & yies
bime of about 1 M se€, Luladicents gotes wors deley-line tlescd
abe i .L/“' 588, unravica, The sFutor was Clampou waCeptl for & 5

Biliigeg. imterval Drackeling fae beas pulow, Ths cels rseorded

weve (1) the singles rate for esch countsr, () the coimciiencs

rate, (1) ths delayed colpeiveuce (ascidental} rate, (4) the pulse

bholght distribution in either counter, sicne or in coinei eacs +itb
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A comparison of the resuits shows agreesment within 3%, The
geasurcaments are as yot someshat preliminary snd an secursey of
about 10 is estimated,

¢, Calibration of Gouaters

A energy calibration lor a counber was vullt up is tas follow-
lug ssanery Firet, a rough GUSher-Dias CUIVe was Fuu ior Lue £,6
@ev, thorium ¥ -ray and the approximsats end point deterained, Next,
the counter wag put in coincidence with a counier behind it snd a
nuzmbsr-bias curvs obtalned for fast elaclions gensrated by the syn-
chrotren besm stiking e lead tagget, The results of this procedure
ars typifiad by the curves shown in Fig.4, The figure on the graph
shows schenstieslly the geomstry with which the run wes made, The
shuded erystal, Counter I, is the one for shich pulse height dlse
tribution is given, 7The dashed ecurve was obtaloed for tie Lhorius

¥ ~rays, The fauily of selid curves were obtainsd for slsecircns,

¢ach ourve correspondiag to o allisrent voltage setting fot the
suitipllier, Vons

The difierentisl nusber-blas curve for clections 1s pot Guos—
sian bub has a tall on the high eueryy side and & piateeu ou the
Low esergy slue. The tail is w0 be sapected sinde wll tus proces
ce8 which contribute t¢ the siraggliong of the elections tend tc ine
cresse the energy loss, The ylateau is interprete: se dwe to pairs
produced im the back layers of th crystal by photons, These {sse
tures cerve to peint up the fect that the icnissetion preduced by an
slect-on in traversing the counter is not a walledefined gquantity,

For our prosent purpores, we assume the most probable snergy lost



by s siectvom Yraversimg i erystel l: aboub 6% groater thos

thet shich would bs lest by s sinitsem losizing proton® , e Wi
obbain 4,7 Hev as the moss probabls emsigy lost in Couster is The
agresent »ith the cesryy calibratius oblsinea fyon ihs ssiisated
thories suc poiat (lscicsdsc by Ghe suzow on the absclsca) is Letler
Wik ¢.n be justifieu, The =idbhs of Whe cietluvn puads yruvi.e

#s »ith s rough estimate of th: resviulicn ¢ Lh. cowmiers., Vb Whis
basis, we ¢80 r ascasbly sxpect somathing better than & 187, Oube
saguent observaticos on protens cenfirs iki. vies,

The least stap ‘n the exlibraiion w2 to obbnin & susber<bias
¢arve for protons, The progedure Jdiffared gomewbel for the front
aud rsar sountors, & Uypleal run for the reser evunlsr iz shous in
Plg, 8. The solld curve wes calcuisled sasunipg Lhs sountisg roate
e bs sivielly gropurblenal to the ranys inberval defined by s
given bise selilng., (avpendix 1), The daghes eurve was caleulabed

teiiag late seceunt the proton spedlovw- sud a0 ssbiecles roseiution

el 10E, Fitling the curves G Lhs dats gives sn scoupste poelat oo
the salibrativa curve corresponcing to the semrgy lost by & protum
ef reoge sguad W the balcansss of he crystal, Usimg tuls Cuiibe
Fabies 0lob we Bave Ceiduisbed WBe puios Lelght curiespunuing W

& mipisun jonising proten, The waiuwe is indlcsted in Pig., 8§, sicag
#ith ths cbaerved =leelsion pulce height, There viza goos agreement,
The counting arrengemcnt usel im Bhis calibrstion <414 acd dlserise

inste agsinst icutercms or T -scacns which producs stars, The goud

# Fiafsum lonisatics for o proton wae ¥aben to be 1,68 Eﬂv;’gfemf ia AL,
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In these experiments the neutrons were identified by their
characteristic absorption in lesda; at small absorber thicknesses
the counts recorded were mostly protons, (Fig.l2)., The deta
were normalised so that the 110 Mev point should lie om & smooth
curve through the copper points, Only 2 single counier was used
in this experiment, hence the discriminetiom was @ the basie of
pulse height :lone, However, since an 80 Hev pulse was required
in a counter 8% Mev thick for protons, the ciscrimination against
other particles should have besn good,

A number of corrections bave been investigoted, Thece include:
(1) correctiocns mecessa:y for finite eunergy resciution smd encrgy
loss in toe targets; (2) distortiom of the range spsctrua due to
toe finite anguiar aperture; (2) loss of pasticlesand distortions
due to wulbiple Couiomb scattering; (4) effeccts ol range snd energy
stragglingy (5) loss of paiticles due to nuclear absorption and
scattering, Only the last correction is a preciable, In this case
it is a reascnable epproximation to sseame that all particles
which suffer s nuclesr encounter are lost, For proton ensrgles less
than 177 Mav, sven tggii?ﬁtiggll. At energles greater than 160 Mev,,
ti:e correction changes the slopes of the curves in Fig, 7 from -7 to

-8 for carbon and frow -8 tv -7 for cadamius,

B, Angular Dependence
The angular distribution for protons from carbon for encrgies

of 100, 130, ana 176 Wev is shown in Fig, 6, The curves sre noru=




¢ o
alised to unity at 67,56 , For engles £ 0 , the turgel angle (4) in

Figs 1) was Lab»; for sagies 2>zu°, the targel angle was 4;U. The
distence, d, from the target to Lhe counter was .ncreased to ob-
tain bebber angular regelution as the angle between Lhe beas and the
counters was decreased, The helght of the rectaungle in Fig, € glves
the gtetistical error and the width gives the tolal sugular sperture
including finite extension of the target,

in angular distribution was also attespted for cadmiuaz, The
data ave given in Fig, 9, A large background of seattered slectrons
e encountared im the {orwerd directicn which zeverely 1ivited the
oxperiment., The dats are sufiicient to show that the Jdistributiocn
for cadmium is sisllar to that fer carbon,

I se for as the relative values of the yield ars comcerned,
there is only one c;r:ectiuu bhat might be made, This arises be-
cause protope eadtled ab different augles suller a different snergy
luse in the targel so that Lheir mean caergy varies siightiy with
angle ol obgerveaticn, The saxisua error occurs ab who where it |

asvunbes W -0p in Lhe cnergye

G, Total Cross-secticus,
The angular distributions for carbon have been plotted as a
fusction of cos © end integreted graphieally to obtain total crosse

sections =t 100, 130, and 17F Wev, Ths results are given in Tablis 11, !

Table 11
Proton nergy & -4:2—%{57/4771—-44?—[56-‘]-52-

de dn

Hav
100 65 £ 07
150 68 & 07

1756 «66 £ (08



It asn be seed that Lhe ot Crces-seetlion is Yuy Beusly proe-

, n P W
Jortional o bhe siilesvetisl Crese-svelion at 67,39, &6 LRt Lbe
siflfercntial ensrgy specbeus givea in Fig. 7 aloe represanie
reasenably well the wariation of the tetal Srves-speillium with

SROTET

Dy P=Dependesce

The protem yiszld per mucleus for varicus turgets weg sonse
grad an' 1z plotted se o Tunobicn of 2 in Fig, 17, The torget
thigksescag were ghozen o huve spproximately squal sl opping  oue
sr {or pootons, A currsobiom was made for ebsorptica of the aya-
sirvtron bess in the heavy targets. This sacuated to sbout + 0%
for cadaium end losd andéd + LOY for copper. In saking the correet-
ion it was sssused that if e ,hoton intsrscted st all it wes ef-
fegbively roacved Jrom 8- Dusk up far as t8e production of LB0 WiV

pilUBE aGs CUBCSITEG,

£y Zxcitation Fanctivn
An smeltation function for the productionm of 106 Hev protons
at ‘éﬁ“(hg.li) was comsleucted fros dute obtalimel {rom three suurces,
An sarly mescurement ssde by Keck, Stearns, snd wilscn (unpube
lished) gave points for syucluotron smergiez of 175, 180, and 220
Hev, Thess polnds sre plotisd sz equares ip Fig, 11, The geosetry
for the experisent ix shewn io the figare on the graph, A4 single
Bal seinbilistor esploylug o 4 on ciaselsr by & o3 high crystal sas

unod, The situsiion is scmcubat cospilosted beomuss the protoas
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- A

ely. The counter was callbraled ln the same' way a: the Hael counte
ers doperibed above, The ratic of the proton pulee height to the
slectron pulse height was 5,4, The expected ratic #as 8, The
sgreement is sufiicient to establish a reasonsbles degres of proe
portionality for ths ligquid scimtillistor,

Hautrons were idestified by observing thedr charscteristic
abscorption in losd, A typleal ebecrption curve lis shown in Fig,
12, The diagram in the corser gives schematically the geomatyry
: . ,
for the run, The target woe 1% of ecarbon at 1856, The angie of
obgervation was 67.&0. The solic limes through the puints at 1 rge
absorber Lhlckness have beel arawn wito & 3.L0pe COYIeH,vhuallg WO
the geometrie sean fres patd fov leusd, B,0%, It can be seen that
for an absorber thickness > 2" most of the counts may be attrib-
uted Lo nedtrons, The dashed curves represent the expeclec number
pf proton counts ad ed to the noutron counts, The adcitional
counte at the lowesd bias may be sttributed to slectren~photon
eagcades,

In ®abie ITI we have gives the number of neultron counts aie

trapolased to merc thicknsss of leoad, the integvral number of pro-

tons sbove the bias, the ratic of neubrons to protons, and as es-

s

P

tisate of the expected ratioc ol neutrons to pretons, The sstisste
of the ratic of the neutron to proton counts is %4sed on the sssuspe
tion that the neutrom amd protum spectra are identical -nd is felt to

be reliable to sbout a factor of two,(Appendix 11), We must regard

the rather cluse agreessat with experiment as actiusntal,
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iglie iavcives in Shes produetiva of protoas by pbotoms i o
slagie mucleoon, 1L wv ilmagined Lhel the ruecoll were » UWUlee~
nucieon systes (as ome wight expeet o & siriet K ~particle
@odel}, the bresk ghoulc cecur «b about g#, whils the reeuil
of & bwo-nucleon systes would pub the bresk -t 2/ 8, The
existence of a Ligh esergy tail sbove § § leaves some anbig-
Uity aboub LBe provssa, However, ;.atmecr“) be  ashouwsn Chot
for & two-nucioon sudel Lhle o d sy Be Quapislely eaplained
by sobics of twow-nuclecn systene io Lhe oucleus =mc thsl one

pecl not inveks sny obier procues-sse

B, dngular Dlstribubion

The angulsr dietributions (Figs. ® and 8) show a stroog
forsupd sayemetyy which iaersasas with incres ing protes sasvgy,
This behavior satrapelates scoctay fruva the dats of Silverssa
end Levintbal, 4% 10 dev they founs an aagular olstributien
which w=g lsotropic, while »t 40 Hov ths cistribution siready
snowed a fairly strong forsard ssyusebry.

A evaparisen of the saguiar clstribubion oblaissl by Wslke
er for S0 Hav proboms sith Ghet foumd in the pressut saperie
sent for lul Hev protolis sBows EO0G spresscud for boith the sbispe
ol the letribution snc the ssguilude of the sioss-section, (Jee
Table V bslow),

The Toruvard ssyselsry on tis angular distribution sgain
Pothisr lavore & teo-melecs medol simce 2 photes could pot la-
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{centrary to Sbe obssrvatioms of Fig, 11), bub tbiz srgusent és
not so cleer cut siacs we suat slac auow how Lhe resdserpilica
ﬁ;uudwymwma.m it Bas beem proposes by ddsueni
. that suscn absurptios wsy be the explansiles ol the cusmerous
pocton sbore obiwrved 1o .ahr.mrwm peatbes, The Cruss=sseiicm
for stor procuelica 38 Cumparable =ith hei o e pro.uctium of
Jrobens with snerglss over S0mev, IThis coula daply Bhal sesun Lie
teraeticns im the muclsus produes such protons whieh then sak. the
stare, The strongest ovidemes thal the stars -r. usswm-precucsa
is thet thers ls a thresheld for thelir preductien In the neighbor-
Bood of 150 Mev photen smergy. In view of the acpareat ci{ficulty
spesuntored ‘n ayslalning the proton smgulsy distribution oo &
asson sbsorption hypotheais, #: fsel it may be svrthpeintiag sut
that thers is sa altwrpctive eaplanciion of tais thvessbold based
enly oo the assusption that o pholum Can producs cviis ob tus fest
suclecss, Brisliy, the srgusent . precesds &5 feliowsy Slacs
the procustion crosse-section fov protoms is proporticmal to i, se =
say expeet th.t e l:rge Irsebiom of the cturs will be provuess ia
Bie Beavy siewsata; g anc bry, ol e Jnobugrs bic sweisica, The
stazrs sr;amm i hbsse clomshbd wiii Gualels primrily evagorstion
Ff‘ﬁ"t’{“’m}, and an asslysis of tae preag cleloivutics inulesntes
that Lhere will be a relstively sberp thresbold for the predustion
of twcrmmezt—.n scmevhere ia Lbe ssnge of photon energles
frea 170 to 162 Hov, Ths exeitatiosn Tusctien for ster producticn
ess be suxpeeted $o réss most veplily a 1itils sbove this thrashals



ani thas to rise less and locs reploly se She mexisus pboton

GusTLy imereuses. THi6 bshavier asy be comlrasted wilithe quad-
ratie vise sita ngm-mm(w) the. one Bight sapect
for Busihepiouutes shols sic way be . Lesls dor weCiw:liy Delasen

ihs teo sochapisas.

B, S=sll ingls Protea Produciion
The next =0 processss sfhiéh we shall ecudider can producs

snercetie protone only st small angles €0 the bewn, They are
{1) Compten sc-tisring snd {2) reecsil from preduction of TN and

TT° sescns, ome idea of the angular range in which thess jro-
gegues muy be lmpurtanl ess b8 obtaised fronw sn lnspeciicu ol Telble
Vi, in which ws Beve fabul-ted ths sasiwee augle of the reeeil
protone preducsd by 00 aad 00 Hev photloms g larget nedisuss bave
ing ensrgies of O snd 20 Hew,

Table VI £

Synchrotren  Boergy of tare Proton energy -
SRETEYy wev g9t nucieon dev 76 160 125 180 176 Bev

Eax, Frotem angle in degress for

ol o o4 e - - -

Bl e 7€ (21 45 b a7

m G}” - -~ - - -

200 20 TER RGeSl
Hax, Troton in degress for meson
progucticn

0 20 8% 87 2 - -

260 o Hax, proton smargy = 45 Hav,
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Uhe secs lmseuiately thal DOLL Lhesc roCes.es will Ds much murs
legertant ot 00 toan Zuv dev syashrobiul sueryy. Thersivis, if
their cuatribution o bLhe proton cicsa~sathbion ssre lerge; a colle
pacison of ths sagulay cletributicms for protems of « givea sneigy
provucsd by 20 and £00 Kev symchroirom racistion should show sige
nificantly sore protons 4u the forsard dirseticm at the higher
mw. This {s costrary to the sxperisantal rasults of
mu‘ end of the suthor wshich imdieste ideptical distributions
#ithdn the ebatisties, We copmelwis thal even is the sllowes ung-
alar raage the coatrisution Iros Compbom sesiierisg snc reec.lis

from meson production is saall,

Ce Photo-sleciric Frolunse

A nuclews photo silect offers perbage the soet ressunsabls
sxplegstion of the large proton procuetios im the forsard cirecte
icm, The jrocese iavolves bbe sbecrplics of o phwten Uy Lhs Buce
leus @ik the .irecl prowueticva of & fast aucieon (MG 2 Fe€uii =
which may be the enbire nuecleus or say fractico thereof, The
phote effzct hse boen calouiatel cn the basic of tee _ifierent
sodeles for the mucleus snc still others are pousible, Those cibe
abddred in rome datall may be designated as Lhe “on: puclecs zode
el® and tha “"deuterom modal®, & model net yot coneldered in coe
tall ie e “alphs particle modsl®,

The “ens i(mclun modsl” Bas besn investigeled by Bilverusa
and Levinthal, " They cs.umad an Wc-atéals interaction

witlk & proten baving the somaestue oistributicn of Ches asd Gélda-

7
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aler cistributicm, Jd.0. Levinger bBas investigates theureti-

eally such & sodel, Levinger's snslysiz is based on the resschie
sble sssusption that bhe very high womeatus cosponents ef the
nueclear wsve functisn sre slallsr o those of ths Jeuterch wave
function, The theory vradietes = crospg-sectiom of 7% ).lb/&w
ster-eff, guants for the profueti.s of 70 Hev protons at #° to
the beaa by E-L&%Z‘;mmm recistion, The unesriainty in tas
thoeretical oross-section i & fscter of &, A cospsriscm wildh
the exporineantal vaines in Tabls V shows satisfectory sgreswent,
The surgy epectrum is cospured »ith tas sxporimeatel wite in Fig.
if, Unfurtumstely the concitioss for the walldlty of tie soael
s¢ nob weil sstisiisu for the ensrgies isportant ia Bhe sxpori-
ments so the fuob that Ghe eurve (ues mot L1 Lhe obassrveu ule-
bribution B B ia ortant range wp WLl BeV 15 B0l SWLelsiug.
Above 185 Hev bth. curve Lils the deba micely. This Csu b8 ailribe
uted to the faet that Lhe snsrgy spettrus shbove this joint iz dew E
torsines prissrily by the sossotus istribution of prende-deuter-
ons in the pucleus snd 1z relatively imscusitive to ths detalls
of tha producticn process below ths ®gut of{®, The sgreemecat ob-
tains: sbove the "eut of i lends some sup ert %o tie ss usjtlon
of an latarsetion sith & tso-nuclesn systes, Ths angular distrie
butisa predietec by Lae theory ie comparsc =14h Ghy Gupedimest

in Plg, &, dagoetic lateractions swa ths offsebs of sesttering
ia the auvcleus wsere negleeted, In view of this, the it with the
experisontal poiats sesusrsssopable, The sodel, of ecurss, also
fits the i~dspen.ence sic the sscitation funciiom,
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The variaticn in P for difiercnt elements iz sigit, 1n
the ramge of waliidity of equstion (1), 3% 18 & good a proxiee
ation to sat )@ squal to 1,78 for all clesents, This essueptics
pakes ths relative stop ing power of dlllersut slosents indepet-
dent of onergy se thut the stepping powsr of a cospound or inhomo-
genacus mediuz nay be umemblguuuely esleulsted from the stopplag
power of its componcnts without ragerd to distribeticm., The val-
uss of E.g for Hal sad zylene listed im Tabis VI, Part B, were
calevlstod with tule assus;ilun in ming,

The range-susrgy redation for a partiels of arbitrsry pass.
&8¢ charge muy be celoulsted from that for & proten with the Bslp
of the welli-knosa {orsuls
YL 8 >
(£) L Zz(&)— 5 (Zz> RM.Z.<‘2 i

2

E. Interpretatiocn of Projorticnal Couniter Duta

Considar the case of & proporticnal ecsunter ¢n shieh 7o~
tons of =1l ensrgies sre inciient, The largsst pulses procuced
in the gvunter «ill bs dus %o thope protons with = reage just
esual fo the thicimess of the counter, 4 givsn pulse height
lose than sexizus {but grester than that dus to = siniwos iunie
saticn protem) will eorvespond Lo protens of two diffcresl ramgos,
cae gre-ter aa. Ruec other less thsu Ghe thickness of tie ccunter,
It foliowe that il one sote & bias on the cuunler such that onliy
palses grester than & given bedght s:e cuunbed, coe bas offsctivedy

defined a range intervs. lo shieh a perticle sest stop s order
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and for Py

R(E") - R(E- Eg)
e s L ¥

whors R{Z) denotse the range of s perticle of energy B sad L is
the langth of the counter, The REB of (2} is Just the ratic of
the woluse ‘or which recolls sre coualsd to the total volums,
G use the fellowlng slsple spprexization for P(£),whieh is &

elight overestisate:
o TE X B

(4) p. |_B_(_E_§_)._E:_ ;E<E'<ELL(_E°-)-
& L E
2 ¢ E,...(..L.(E

lnserting (a) and (4) 4in (l) and mt-sgmuag, we ebud.n

nPNuEB /'E 4._‘.'1_..2) VE<Eg
5), o) LE \ EB E
£ = 3 e
- gr"«,, L% +5L@_2):£>E,3-%_-5—)-
[ ZE R(Eg) -

The error in Euis privarily dhe to the spproximetion of
formurd scattering involved in the writing of equation (7)., For
K(E&« L, {8) shoulé be mery ne-rly correct. For B ~ L our &8 TURE L
ion overestinates the nusber of protons lost through the baek of
the ecuntar and undsrestimates the number lost through the sides,
#hile these twe effects tend to eancel, the letter will certainly

aominatbs and begs éu will be an owerestinuie,

Part B
Countiag Bfficlency aus %o Carbom Stars
In order to caleulste the counting efficieongy me to carbon

stars, we nesd Yo kaow not only the erosc-section for star pro-




- 8 -

suition 5 & funeticn of neutros eperpy snd star sise ul aise
sonetiblag sbout the way in shieh the enargy is dstritutad
ssong the prengs, Siloees this d-lailed laslvrsatlion ls sel sveliie
sbla, we sust sske the best siproxisalticn s ean,

4¢ apruse that Lhs Crovgs-cectiom for stery produciion is
sgual tothe asbsorptics crosgesseticn of ecarbem 1or neutiuns; it

(17)
cunzot be larger than thic end ssssercients of Hadley anc York
B EUbORS siic LouLelGRS IoUNOcy By YU Nav peubions o esrboa
s iuate Lhas AU is ool saen ssslier. 1V 18 also apaune. il
the stars are distributed uniforaly in sasrgy up te the psulrue
SLGTEY. Ihere is soke avis?new thet this is nesrly the mase
18)

for stere in beavy clesanis « 2ho lust assuvapliion we sekse

ia thet gll the icumizing prongs stop in the cuuster, This mey

o
e

rather bad, especially in $he case of vary high ssersy stovs

i
o

which soet of the ssurgy s probably cerried aepy by o slegle
Bigh cacrgy proton of deuberon, #ith ihess sazunplicne we say

uritas

A ¢ |- -EB_
ec = c hé(\ E

For ths energy range of imtsrest, 20 to 180 Nevw, 6":‘ is rele
ebively insensitive to energy abc we shall asvuse au aversge vale
(12)

o. & |
we@, 22 -bQ  for cosputationsl purpeses,

c geom
Part €
lategrativa over o speclriua
If the meutirons iucident ¢n cur Sounber sre chuaragtberised

-r
by a ciffersatial emergy spectrunf dE s She aversge offi¢lency

ess function of E_ may be writtea;

i3




»

i s
.,

- B ow

vz J(6,+€) EJAEfE- i
(€) % A
The istegraiion of (6) is tedvial, The forsulse are ralher
lengthy, bowsver, and elil not be seb doss, Suse nsesrical re-
suite for ¥ = 1.7 sre gives in Tablie VIII below,

Table Vill
piticicncy of Aculrcn Counter

% € , € &1&
20 OB +028 047
40 L0127 $080 #0852
55 JO08 <017 «OE2
7 / 02 L0185 L7
80 - o1 N 84

Iz th: sbove caleuletion we bave meglaectad b contrivuiicn
te toe ocvuntiag efficiescy of ;rocessss in shieh ionlaing sec-
cnderies sroduced ia the lsac surrcunding the ccunter sater the -
active volume «nd are recotded. These ;rocesses sajy c.abribule
an accitispmal 10 %0 20 & to the overall eificlescy; o such Large
&r euabributics sesas unlikely, exoept poseibly ab high bias waere
a probon sust epebd Beari)y Lhe saaiaus poscible vBergy L the
ceunter W be recorded,

¥s wish tc eaphssise thai the calewistioms givem bere are
guits crude anc are lntsnded enly %o give a rough estisate of
t5s neutron counting eflielaney.
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The lubaerigﬁLis used o wesignate the incident mucleoh, & FIo-
ton or msutrom. The cross-sections indicated im (2) are those
for a fres nuclecn on & band nucieom apd will cifisr from the
free-fres eross-sections is thet a certein fiactionm of the col-
lisicons imeide a nueleus will be forbidien by the exelusiomn prin-
eipla, (;Bietailsd analysis of this effeci bas bean made by Golde

barger. be finds th=i for lsvirepic seabiering,; the fras-fres

erogs-ssctiong -re recuced by ths {raeticn

By el L S : 2E
(2) '—_;.f “'(’ 5 E) SR
&

where £ is the smergy of the incicent nucleon insice the sucleus
and Bt is the Permi cnergy. The expressi.-n is wvalid for & greate
er thun twice E_, The available cata cnithe p-p interaction st

£

high snc.gles lucicabe seardy lsotrople seatleiling ane se sbhall
agsuke ege () 1o apply with Ep = <2, For p-p scablering which
is not lsotre.ic at high encrgy, eq. (2) is an underestimate,
Goldbergerchas used the obssrved u-p seatiering te c-loulste a s
better valus for neulron sncrgies of €€ and 11! ¥ev, The ratios

of “1? to q;ﬁ &t these ensrgles sre respectively .29 snd 22,

If we assume the form of aq, (7) to be correet snd regerd Ep a8

an sdjustabl. paragoler, & ressensblz it te the caleulsted polnts
iz obtaimes for 7/5 &, = 40 Hev, Cosmblalng egs. (1), (2), sad ()

. f . a = i
and agsuming & 1/Z dependencs for lhs cruss-sections , we siiive

# The assusstion of a 1/E dependence for p-p eross-seotion is core
rect only up to energles a litile over 100 Mev, Failure of the i/E
lsw above 100 Hsv, will not sericusly alfset cur results ian the

range of smergles up to sboul 150 Hev, wmhers we wish to apply them,




at the absorption coefficient az a funciion of emergys

o Bl B () 52 (-

fia

(4) ¢ =

=34 _7:._&&(_.40) n—z“' ( _3_9_)
b-K“—q_rrR3l ﬂ E ' E l E

\
The n~p and p-p scatbering crose-sections have been measured

(20, 21, 22)kWe take the n-u cross-section equal to the p-p cross-

¥ F 4 ¥
section, A fair approximation is 26"““ -2 G‘PP = d'“ P +076

$ ¥
barns at 100 Mev. incid nt nuclecn enmeigy., In setting 26, = Onp

~ ¢
we aiffer slightly from Golaberger who agsumed 4G, = 0.1

np *

Ingerting the values for the Crous-secti.ne anc setiuing %. =\

F2
we find the foliowing espressiom fur K which is walic for protons
er neutronss

Ked:2 x40  ——11= 15_.) + E >44 Mev

(5) E \ E

where E 15 in Mev, In evaluating (4) to cbtain (&) we have used
i3 ~-13

the expreseion R= 1,%7 A~ x 10 " em, DBguation (5) gives a val-

we of K about 40% greater than that used by Ferabach et al, to fit

the 90 Mev. neutrom cross-sectivns, However, their caleculaticas

are relatively insensitive to K anc the value given by (&) would

fit the data as well,

Part B,
Coliision Probabilities for a Spherical Huclieus
In this seetion we Guicuiate tue probabiiity thatl a uucieon

traveraing a nucleus with an energy ol the croer of luu Mev sskes




a dsfinite nunber of ecl islcns, ¥a adopt & classlical spsrusch
in whick &he eoncepts of s wslinite trsjectory for the nuclecn
god & well-dellingd racive Lor the suclsus sre used, o spsune
that the paths of the partieles =r- uudeviaited in & col.isien
ans bhet $he initisd wadue of &, the Yeolilsica coeliieieni®,
sppliss syer the whola ifrejectory, These spproximations are
fairly seli Justified for & wide renge oL practical aypliceticns
bythe reistive incenglioivily i i resuibe W hi,

The calguiation 18 e & (07 Wiee Gicaely ielated Cassss
Cuesl, Consider tha euee of & boacgopecus De«m of nuclects ine
cident on a spheriesi nucieus asving & "eolligion® coefficient K,
Let P (n) be the probability that an {ndividuel nucisoen sakeg

<

exsetly n collisions in B ﬁif&f'&j%ﬂﬁ the suclieus,
)
R

Ilﬂr d_,.(lK's) e"l'“

m

P»Qvf)—- 1r rR*

E 8

(-]

r

%
wnere s" =R

Intesration yisldss (
l1-€

2(m+1
Pl = —%R) I

lKRZ (zK R)
(7)

P (8) fa tabuleted in Past 4 of Table IX for =0, 1, %

Case 1l, Cousiaer Lev Cape i0 ohich & peal of LuBieuls woviag
i @p 08l ireclivle e LUldws Wild WHLLGTE Jacbubiiily Larougbe
oub the iatevior of a spberiesl mueclieus, Lab P.(n,®) bs the probe

ability $hat oue partoer sskes exeetly "o oolilsionsshile fue olber

purtner makes execlly a,
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