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Joseph Edward Lennutti 

ii&.dietion Laboratory 
·university of California 

Berkeley, California 

'M!ly·l6. l967 

ARSTRACT 

The intera~tion or positive Y. mesons hQving anergies between 

20 to 220 Mev with thf) nuelt'3i o.f photographio emulsion bQG been 

investigated. In this work 237 m<Jters of K meson track were followed and 

282 .inela~Stic scatter& found. .An additional 61 motera of· track were 

follO'IIerl to searoh f'or mors K-hydrogen sonttars. A total cf 15 K-hydrogon ' 

events were ·.round o 

No ens~ wao found in which the K moson lost it.s rost mess energy 

in Rri-rr~alastio. internotion. ·This rA~ult supports the concept of oonser-

vation of ~.;trnngon<!es in .fast_intorsetione. 

J:dding tho observed K-hydrotren sonttl!!rs to.the 28 eventH found 

by other h.bor.atoriea 11t energies above 20 ~1ev ~ the. K-? orosa SO;tction ils 

found to b~ 14 .. 9 + ·2.3 mb for enarGillo betvn!en 20. to :?.00 ~Vo The ~nergy 

de~r1d~no~ _r.tnd angular diGtrihution of the 1\-P sce.ttars are consistent 

_with S wave~ scattering. ·Tho ir"elastic soettarinr; erose section inereaeos 

w:itli energy. However. th~ average K-nuelooi erof.le section ie shown to be 

· pr~otionlly con~tnn~. n.t ll mb t'or energies fron1 20 to 180 .Mev. The charge 

oocoha~~ ·cro~l~. soction ir sonewhat enurs,v dependent ~md vnries from 2.9 + 1 •4 mb. 
1.o 

.. at.?O !.lev 'to 4.0 + 0.0 mb et 160 Mev. Tho anguler distribution of the 

i_nala.stic·a(.VJ.ttarst eaeuminc. tt.a.t th~}y •.~ro ecottere from eir1gle nuclaone 

in tho vu('lleus, pEHclrs backward in the canter of mnss system. This effect 

. -· 
. ' ('" 

'. <,''', 
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is very pronounced above 100 Mev Bndis probah~e to direct neutron 

eoattarinf since the K-hydrogen scat·ters appear to be isotropic. 

· Prelimins.ry results on the enalysis of the dU'ferontial olestio 

aocttering cross seotions indicate beat agreoment with e. rapulaivo potontbl 

of about 10 Mev for energies 't>alo·w 100 U.ev• The enercy loss bobnviour of 

.K mesons in irielneti.o · ocnttorn shows strong ll(:raemcnt with that ~.ncp~·cted 

for a repul.eiveo pot<"ntiel. The energy lo~s-anr;le correlations support 

tha as~umption thr~. t t.ha K nuclem; interi!Sction ""'" be d~tJeri'b0d in term,; 

or eir1gla nucleon scatter~. Th<J Rver!lt:,o onorgy loss of 1\ ~esonr, e.greos 
'·, 

with tho evoro:xr,e nucltJur ~xcitnti.on i'or stars enusod. b71 Y.'a huvin~ ene.,-giee 

bet?,een 100 to 220 Mev. 

Ami.lysi~ of tho datB in ter!tle of scatter inc ~I!>pli tudee shows 

., . that· the S wave .soe.ttttrin£~ it-~ pr(:tdol'!linnntly in tho T ::. l state but the \ 

T = 0 atnte is. not ne.G1igibl1!1. F· wnve SC8.ttering is shown to be irnporbr.t 

i.n the T = 0 et.rJ:.te. It i, predir:tl3d thst. the oh~J.r"p_;c exoh~nge sngulcr 

distribution .pealce forward. .Prelimi.nury det1\ ·in this conno.ction at;re~s. 

-... 
'. 

--
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I. IN'l'EOJl.lCTION 

In 194'71 Rochester and Butler1 reported the obeervat1on of 

two oloud chamber events which they interpreted as the decoy or a nautral 

perticls and the decay of a charged Pe.rt1cle of m1Uls coneiderably 

_greater than that of the pion. Soon after the perfection or photographic 

emulsion sensitive to minimum ionizing particles, Brown and_ co-workera2 

ln 1949, discovered and correctly interpreted an ovAnt in which s singly 

charged_ particle of approximately 900 electron masses decayed at reat 

into thi-ee cople.nar charged pi one. 'fhese diaooveries opened e new era 

ir. fUndamental particle reeeeroh. So meny new particles were subsequently 

faund that -1t-became-nece6nary to alasnify them phonomonologically.3 

A particle or mass. be~en that or a 1f·meson end a nucleon was oallod 

a K meson. while one with a mo.ss between that of a nucleon e.nd. a deuteron 

tv~s csllad a hyperon. The K mason& were further claeeif'hd _aooording to 

their deo~v-Produotu aa tollowe: 4 · 

y+ ~ TT++ 1T'++ 1T­

:_ y•+ ____,... Tri-+- -rr •-r 1r 0. 

K;z.~ 'lT'+ + 7ro 

K,;z__;. ~~+ Y 

J<;3~_A.++-1To+ll 

1<.~3 ~ e +·.,_ ( ?)+ ( r.) 
8°=- Ko~ .rr++ 1'r-

~ 1T'"+1T'o 
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By charge_symmetry, decay modes are expected to be 1imilar for x- mesons 

and aomo have been observed. 5 

Hyperons .or t~ee mass groups ha.ve been found. The approximate 

masses in electron mass units and the decay modes are as follows: 
/ 

Rzyeron 

Ao _..f+- Tt­
__.N+?r" 

~+--+ 'P+ 7To 

--4- N +1T+ 

~0--> 1\ () +- y-

;£;~ N ..-17'­

--~ /\0+7T--· 

Me.ss 

2181 

2327 

·zz,98 to 2332. 

2.34-1 

·The problem arose as to whether the variety of K meson decay 

. modes from particles of similar messes wne due to e single particle 

with meny different modes of decay or to sevorol particles of about the 

. same mass. ~nalyaea or the angle and energy correlation of the deoay 
. + I+ 
products of 'r and 7' mesons by the method ·or De.li ta6 suggested that 

there were nt least two types of ~.masons,. differing from each other 

by· eithor. spin or pnrity or both. There annlyees suggested that the 

't'+ meson hfld a spin of 0 or 2 nnd odd ;ar~ty, .whereas it the ~ meson 

has an even spin, it must have even parity. Recant investigations 7, 

given impetus by this problem, indicate that it 1s not neoas5ary to 

conserve parity in decay processes of this nature. So the ebove 

.fl!guments to Show that there are at least ~o. types of x+ mesons ere no 

longer valid. Accurate mess measurements or K+ mesons8 have shown that 
': ·~' 
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their J!lll&ses are the same within e.bout two oleotron ma11~es for the more 

abund8nt modes of deony and that the masses agree ~ithin experimental 

error in all caeea. MaseureMents of tho Jr" meson mau indicate that it 

ia t.ho aeme as thet found for K+ mesons within the experimental error 

of e few electron ma$aes.9 Lifetime measurements of K+ mesons indicate 

that the lifetif!'leS of the various decay !!!Odes are the 819.!118 within the 

experimental cwrora.lO·ll A study ol' tho interaction& of K mesons of 

the various decay modes would show further 11' differences· exht among 

them •. 

To explain why theae.new etrnllE;e particles, i.e., K mesons 

and hyperons, have ft long lifetime ( ~ lo•lO to 10-a sec) and yet are 

produced in great abundsnce in high anergy interactions between nucleons, · 

.and b~tween piona end nucleons, it has beon proposed that they are 

pr~duoed only in eesooiRtion with onu another.12 This idea has beoome 

' genera'lly accepted baoause no direot evidenoo against it has.been_ f'ound 

&J1d' two. strange pel-tic lee are frequently seen to be produced ill the ee.me 

nuohar reaction. From the corrolilt.ion of partiole typee produced e.t 

th~ interactions or high ·energy proto~us and pions with metter, a echeme 

- haG. b~en augrested in whi'oh s. new' qu~ntum number is introduced, S for 

. strengenees .• u · Th6 uso!'ulness of'the atrnnceness concept (&nd the 

aeieotion rulea e.atrooiated with i~). lies iii its nbility to correlate 

q_ualitatively the m.ain features of the· production,. interaotion, and 

decay of the K·moeons Rnd. hypar<;~ne, aelVell as to make suoceasful 

' predictions. 

· ·The releti.on botworm the charge value ( q/ (8 \) of n partie le 
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and the ·~~ component of its isotopic spin, T
1

, is given by the equation 

where S h· the strangeness. number of the particle, and M is its baryon 

number (M = +1 for nucleons e:nd hy·perons. 0 for all lighter particles, snd 

•l for antinuoleonfl anii antihynArOns). ~.'ith these assigronente._ particles 

;·thich take ;:mrt in res+. reactions hP.VA S nu~r.bers as .follo·ws: 

--o--

... -

I<..;Ko 
I 

P.N 
' 

-2 -1 0 +1 
~s~ 

. ( . -23 ) It is proposed thn t in fast reactions - 10 sao • such as production 

of strange particles or their intoro.cttons :with nuclei, the total S must 

be conserved. This insuroo fi.Ssocinted production • For slo..,.. reactions 

· (-lo•10 to lO·S··sec) such ns.tha decay of partiolen, the selection rule 

is AS = + 1. 

K-:' mesons are known ·to GO into o9:oh of the availAble channels 

.. 10 14 
provided, • end thus conserve atrnngeness in strong 

reactions.· However, witl: the known particles, the scheme does not permit 

the strangeness transfer of e K+ meson to &nether particle .in R strong 

reaction • This effect is ·observed in this experiment. 

The work discussed in thie thesis hu been accomplished during 

two distinct p~riod1s" of research. The first part (henoeforth celled 

Phase I) was essentially a survey in the senee the.t it was done early in 
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~ha etudy of K mesons. lWwever. the information gained at th~t time 

wna of eonaiderabl"e Gignifioanca ·since it was the first time that the 

inte'i-aotion of'· positive K -m~sona with nuclei had been etudiod. 

The purpos~J was an investigation of the properties of e strange particle. 

This 'l":'Ork supplemented the later work 1n ths.t it accented energies 

below 100 MOT. The results of Phase I 1-1ere published as sho\o:n in references 
15· cn.d 16. · 

· The second part (henceforth called Phase II) w~s ~ more 

eystell'atio ntudy of I interactions st all on.argies beloW 200 Mev with 

spacial ~mohaah on t_he energy region 100 to 200 ~v. Here the purpose 

was an investigation of tho intore.otion of n new particle with nuolei. 

The· axposu.re~ e.nd moasurements for the tw_o phases ldll he 

. described separately. The Sl.ntllysea wii 1 l!tOCent the high energy data 

as the low onert:Y rer;ior.· has b"en stuliied extansiv9ly by othor groups 

a.ft~r our ee,rly surv<eyl6, 16{Pha·se I) wae completed anti is dbouued in 

17.18,19 . 
the literf'ture. · For convenience; abstracts of ·these publications 
are given in Appe~dix E. 

· In s.ccompl1sh1ng this work, it 1\'liG deemed dedrable to ooop1trate. 

with otimr L~ter9sted phy~ioi~ta et eeversl other laboratorial 1n 

scanning tho stacks so that. atatioticRlly sic;tsificP.nt results could be 

obte.i.n~d in n shortor period-of timo. For the work of Phase I,. e.f't.f:lr 
.. 

expoenir~ f'lnd dova loptllf}nt of the a tacks • ·fli. rta of thorn wore sent to 

A. Pevenor and D. Rit~on et tha :M1seaolruietta Institute of Technology. 

·-
The· d•t"' reported here for ·Phaae I includes that· oht6ined in scanning 

12 metariB of track at u.r.T. t'lnd ?.4.5 meters et Aerkeley. For the v.·ork 

ofPh&ee II. nfter oxposur{l And devulopment or the etnok, a p!trt of it was 

sont to G. Pupp1 s.ncl G. (.~ftr:-:ni at .. thf.l yni.vorsity of Bologna. The dRta 
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renorted for J~a1e II ~1cludes that obtained in systematic zcanning of 

8?S moters o!' track at ~ologrut· nndll0.6 meterR et Berkeley. In· addition 

61 meters more v•era soMnsd a.t B$rkeley in aevoh for K-hydrogen soattere 

only. In order that the data m~~ht be combined, identical scanning ~nd 

mo9.auro~ftnt techniques were ueed. 

; ' 
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A. Phesa I 

1. Expoaure System. 

The et.aoke. scanned for· F-tlas" I of· th ia experiment •~re expoeedi 

to tho K meenn beam established nt the Bevatron by Kerth and Stork20. 

rn· these exposures • a copnor tarp~at in the. west tangent tank of the 

·Bevatron was bombsrded·with 6.2 BeT protons. Partiolee produoert at 90° 

to the incident proton .beam dir~otion were f'ooussod by e. magnetic · 

quadrupole system c.onalotil'_l& of four quadrupolas with an aperture of 

2. inches. The pnrt1olefl then passed through art analyzing ma.~net (with 

·epnropriate shielding) which selected part1oleo of a given 111omontum and 

out dawn extraneous background tracks. Stacks of Ilford G-6 nuclo~tr 

·· em.Uleion were.plaoed at the focua of the particle beam. The tot&l 

distance of travel from the target to tha staoka waa of the order of 14 

teet. The steoka w~o oriented ao that ~e particle traoka were parallel 

to the'emuleion layers and were in the direction-of the long dimension 

of the staoko Seo .Figure 1 for a diagram o!' the experi71lental arrang0ment. 

Tho axpoauros were made with ~o different momantum-acceptanoe 

banda, positive pertioles of ~90 to 460 Mev/c and 336 to 360 Mev/o. In 

such an oxposure, the protons, r.+.meaorie, and u• mesons (all of the eame 

momentum). have diff'erellt ranges in emulsion, increasing in that order. 

The protons iltop within fl few millimeters to a few centil'!l8tere or tho 

entrance edge of tho plato dopending on the momentum sooapted. The 

iength or tho plates is such thnt ·the K+ mesons oome to.rest before 

reaching the far edge of tha plate. The range or the ~ mesons is so great 

that they leave the far end of the. etnck. The tr' s ha.Te. a neo.r minimum 
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gratn denaity nnd traversa the stack with vary little change and therefore 

are uaetul ·tor ael1brat1on purposes.- It 1a round in these· exposures that 

the rat~~ or n msons to It mesons in the beam is of the ord.)r of 100 to 1 ~ 

2. Scanning and mea$Urements. 

The development prooedure used :wa.e a modified form .. of the 
f . . 21 . 

. low temperature. method used by emulsion workers at Bristol,. En{i;land. 

The soanning procedUre u.ed wae aa foll~e: The platos were 

inepeoted with high-reaoiution miorolcopee by an "along the traok" aeRnning 

technique. In the region ·of the. phite just b~yond where the protons come 

to rest, traok& ftJ"IIit ohoaen on· the buh of· grein density. For the momenta 

accepted, K meson tracks have about twice the minimum grain danaity. 

Tracks between 1.8 and 3 times r'linin'llm grain deneity are chosen a.nd 

follo-ed through the eteok. Followinr, from one plate to another is 

f&eilitated by a millimeter grid system, with nUmbers, oontaot-printed 

.on tha bottom aide or eacih erulsion pl~te. 22 Nearly·sll tracks eeleoted 

· in this. way turn out to .be l{ meson.s except for a contamination or about 

15% cnused by etray protons, n meaone scattered, into the ata~k, :-..nd prong.J 

of stars formed in the emul81on. 

While following tracks, ail· eoattere with a pro.1o~ted angle 

. grantor than 20° were measured a.nd recordod. If' tho K decayed in flight, 

it was establiahed as ouch by grafn counts ~afore and ai~tor the nent 

and by a multiple-eoattarint va~ grain count mass measurement before decay. 

Tho ~rgument that these. were not intoraotiona was baaed on the taot that 

in no ca.ee had a minimum Particle h1':0!i. seen to came from a ~ interaction 

whioh also .. had one or more GV&pGr~'t ~.en ;>ronge. If the particle being 

followad bad an inelastic interaction and termed a star, all .PrOD£1 were 
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followed to rest and identified. I:f' none of.· the prongs was tho K meson 

or if one Qf the prongs which might have heen the K·mesan left the ste.ok, 

the m·ass of the incoming particle wns as~ertained ~y a messurement of 

multiple coulomb scattering vs. grain ·oount. 2:5 If the· primery wes_ provon· , ... 
to bl3 s K mellon and no decsy product was seen at tho end of any or the 

·,,, 

prongs even after very careful examination. e. mass meaaureli'ont wes mAde 

'of each pr_ong by using_ 6ither gre.in count ve. J"e.nga. MUltiple scHlttering 

Ts. range (oonsJ;an~ sagitta method), or opacity ve. range24 • In cues 

of ~oubt •. several types of maasuroment w~re used. · Prongs which loft the 

st!lok were usually identif~ec! by ~;rain density change over the ·range· 

av~ ilabls. When the K was not found amonr; the visible prongs the. 

interaction w&a ole.esified as a oharge exchange. the non-interacting 

K '8' were fol ~owed until they. camo to rest and tho decay product· found. 

Interactions and path length for the K range from 30 Mev to 

·.rest we!"e not included. This· we.s n<lceassry to avoid the.t enert;y region 

.where an&lysis of events is extremely difficult since coulomb scattering 

is-predo~~nant and the grain dor.!ity of the traok"hae sntureted. 

the energies of tho incoming X's for all interactions were 

e:atab liahed by know in r; the mee.n range of the )~ 's in that region o~ the 
j 

plate. ~e range difltribution. 1ras detonnined by the momentum B!Jrend which 

in most of these exposures was of the O!"der of 5~ •. 

The resulting date is given in 1\ppendix B • 
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·E. Phase II 

. 1. Exposure· System. 

Upon daoidinc; ·to investigate th.J interactions of. K masons e.t a 

highor .. · enar~ •. it became ovidont thet an nttompt ·to improve the existing K 

beam eystems ~sa desirable.· As doaoribod previously. 1n tha early ~xpotur•a 

th~ K '.s wera dietin&'Ui&hed fron the -t.' 1s which comprised the me.jor. part of 

'the boa.m (ti/K~ 100) by the fact that ·the Jt's h('.d a grf1.in ·density about 

twioo !l'.inimilm. At higher energi~s •. ho'wevnr. the groin density of the 1( 1a 

deo.tee see • hence visunl reoorni t ion of the K • a aroonr; the · t' 's becomes more 

difficult. In order to 1ncreaBe the numbur of J!:'s e.vailnble for study 

in a particular stock it. would be neoesse .. ry to expose for .a lont:er time. 

·' 

.ftovreV'or, the rather intense inta~rated flux of n•a. in previous exposures, 

because of their larce intaraction cross section, onuaed a bac~round. of 

protons c~nf\.tsab lo l!'UJ.;-K 'e · of about 16%'. . In addition the nne.l:vs is of 

some events baoo~aa difficult when it rnuat be dono 1n a forest of n 

meson trll()ktle 

Saparstion of' :.l 's fror.~ J:•s soemed to be the obvious o.n~wer to 

these probl~. The simplest eoheme ~as to use a double focussing magnet 

systom ~tth sn ancr~v degrader ~etwoen the magnets. Suoh a system wae 

already under study by o. R •. Price and D. H. Gtork and it was ren.sonahle 
~ . 

t~ eooperste on tha problem. Price and Stork were desi(;ning a systsm to 

obtain K's of about 150 Mav. Since it seemed desirable to investigate 

anergies up to 200 }~. some design differsnoaa were noou&aery• The final 

phyalcAl set up is shown in Fi~re 2. 

The. choice of parameter•· for the eystam wae determined by 1 -

oompromisin~ A r.umbar of requirements. Since tho multiple Coulov:.b:~ ..... 
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eo&.tterlng 11·ould spread the beam after the"t dsgraner, the "C" magnet wae 

phcod es cloooly oa poni.ble bunodiAta·Jy after th~1 degrader to fi.Ohieve 

tho SCpfll"Otion d<tlsirod ·b~fore tha bEtti1Jl area had become .:t.XC96;.i~Vely hr~ee 

the "c" mn&n0t wms run at mexinnm field for mnxi~~ separ~tion. with 

the f'hld dlreotion euoh as to pSMTlit a momentUill focus. f, maximum momentum 

ap1•oad at the ataok pc;~i tion waa choru;n; this value then detennined the 

:nomantum 'bite to be accepted 11.t the slit. Th• f'iret M.aly1inr, matnet wee 

set up for maximum o.nt,"Ule.r dafleotion, 32°. The slit width and dietanoe 

. from ene.lya~!£ l'!lnf;nat to alit wera detHrmined by the desir'3d momentum bite 

and by the requirement that. the ~omentum bite accepted be determined 

prim8u•ily ~Y the· slit width rather th9.n horilonte.l imag" she. Then the 

epstial beam sbe for the jt's and K'e and the ft'•K epethl aepe.retion were 

atudiod as a fUnot1on or .detrad~r thickness. 

The choioe ot aoceptins. particle8 e~itted at epproxim~tely 60° 

.. $ a·compromise that enabled high fluxes at a higher momentum ar.d yet 

allowed facility in ~otting up beam equipment. 
. . 

The target rnoohanhm wu A drop-string tert;et at the west tangent 

tank up.stre·~m top look position. Tho target l'tue oorpe!' in the ehape of• a 

60° 'pardlologr~m, lf" long, t;" re.didly, ~md ~/8" vertically 8nd a 
. . 

l/8" by. i/e'' ·by ~/8" polyethylone _Up wt~s used. 

'I'he optiofll ayaot6Jn pt~.nmetare (i~e., the· qus.drupole ourrenta) 

were lVOr~ed out •OritinRlly by Price ,md ~turk. for their system of 525 Mett/o 

initial mol'llentum;. 25 Their vfilues wero 3oalad to, th., desired momQnta ot 

·125 Mev/o 'for t,hie exposure by Ul'!int~ the l4&Gnet Testing Group's mngnet·b·e.tion 

o'uryc f"or an. au qunrlrupol~J. ?.S All currents were oheoked and adjusted before 

the run by makinc wire tr~joctory measurements to locet0 fooal 
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po~nta and orbits ln conjunction with too rest of the ayetem. It hod been 

found th&t in ordttr to maxirniae tho total flwc through the systa!l'l the 

-r1rst quadr\1pole WRS to be turned oft. the second to oonTerge VC:lrticelly. 

anrl th"3 third to oonvorge horiaontdly. The quadrupole& .uGed ho.d 4 lnoh 

· ap,.:rturea. 

The 60'* e.nnlyzlne; !mi£not currente wen'! aet by wire trajact.ory 

.mf.I!UJurel'l•mt,a to &;,1v;t & d(lfl~ction or :52° for particles of 726 ~·iev/c • 

. In Rd!11tion. at tht' beginning of tha run. test plates d1.egonally imbedded 

in.aluminwn :were GIX!'oaod et Ui'e slit position v1ith the Q.D&lysing magnet 

. set for th~ re<]Uirttd mOJT:flntumo Tho dietribution of protons in tllu test 

pl&t9s was found ond the momentum of the protons dotarmined from the ran€e 

in s1u?~t1num. 

'thQ choice of degratiar And ita dimensions were estehlillhad as, .. 

followe. The primary oonsiderstion ~au the mom&ntum dosirod at the s·took. 
• ..• ·,J 

Since it \>Itt~ Oot!Sldered necesanr·y to atop the K 'e, the range in omuleion 

of' the upper.:momontwn limit hnd to be loss th"n 7", the leneth dt tho stfid< 

to be ueed. · Y:'ith the previously ohos~n momentum hite the momentum at 
-. 

th• stsckwna 4~0.! 30 'H.ev/o •. ·In order to raduoe the z/K ratio by f\ large 

fs.ctor ("' 1/100) it wae necessary to MOVe the o'entral tr momentum about 

6". A-...-ey at the staok poBit1cn. ll'ith th., "C". mttgnet operst1J16 s.t IJI.&Xii'!IUII 

field it wos found that the 11'a hed to h~ve s momentul'l'l of flbout 580 F..~OT/o. 

Ill order. to get this seP.,rE-.tion in momenta of tho n'e and K'a through energy 

lose 1n ·" degrader, it was found ttitr!.t ftr. tni tial l'fiOmonturn of 726 ~ev/o and 

a borylllurr.. absorber o!' 18.5" (a1.o (!'t/cm2 ) were necessary. Of courtHt. 

thea•f par&lltetr,rs ore all inter-rol6te~d 6llld the finol values wero obtainad. 

after auoceeaive spproxlmetiona and n Jrnowladgc of what beryllium blooks 

were rt!adily ~vaile.ble. too prediotod. MU spread nt the stack due to radial 
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mltl~le. coulomb ace.ttorill(; was 2.6". The a lit sy~tem consisted of He 

blocks with sm.r~lloet rlimensiona 2" in width tmd 2-3/4" in height, 18.6 11 

tote:l len~;th, nnd· curround0d by copper slobs. All othor rroe volumt1 in 

the i.Jnr.'>*'diate neighborhood Wl!~ fillsd vdth leed. The momentum ~-t1osen by 

the slit "'a& 725 !. 23 lhw/o. 

The "C" mn..(!not . ha<i bean equipped with n pole-tip shim flo.rad 
' . 

stop-wis8 rrom entrEtnfle. ;s~~~. to eXit. 6". This W!H.i to incr~:.se tli<:l field 
. . 

nonr tho degrader \'<here tho 11111ltipla Coulomb SO&ttorin.';: St)rt~uct WflS l!ltill 

emall. The defleution of tho R ts throur;h the "C'' magnet wniB 43°. 

The orbits for the tr'B 9nd K•a·in the stack ree.ion were 

found by wire tre.jeotorieo and the distribution or the n 1B Wft5 met~sured 

by te't.platas and a tripl~ coincidence oounter tele1cope which wos 

swept · thraugh tho region. 

the dietanoo fro~ the. target to tho degrader ~idpoint wes 

.17.2 feet and the totsl di6tmca to the st.&ok. WRB 24.3 feet. The totel 

time of fligpt for tho K's from the targut to root wos 1.9 x 10•8 sec • 
... 

or about 1.4 mean livos. 

A f.fJW othf)r featuroB of' note C(H1Cerning tha system are f\S 

follows: (1} 11.e one would expect, o.t a giv8ZI engle in the laboratory. 

the tr production decreases with inorea.sing momentum. This heheviour 

hee been observed durinr; th~ invostigatione or btti!Uil posit ions for thie 

~System and ti'vtt of Price ·tmd Stork. Ueint: the oOWlter telosoope it waa 

t'ound that in the region of 400 to 600 Mev/o th~ 1Y flux· vttried roughly 

~a ljp3•3. (2) L. SteT~nson has made a numbl3r or phase space oslculotiona 

(neglectine; fl'>rnd motion in the '!luoleUI and any enQrgy d<-pendenoe of the 

, . 

. "-· .. 
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•trb ele11181rta) ~o pre41ot the prod\&ot1cm croes eeotlon1 ot I aeaon1, 
. . 27 

produoed by a a.2 Jw beaa or protoDI, at YU'loul aJl&l••• the 1n1tlal 

MmeDtull oho••n tor thb apoew"e, 125 MeY/o, tal11 aear the JMak ot tho 

prochaotlon epeoti'UI!l tor tJ0° in the le.boratory. 

fhe exposure wee oarr1ed out tor 4.1 x 1013 proton• u the 

target.. the. upoaure length waa eatiluted· tr0111 tNt platea expoaecl -during the nm. 

t'htt 1\tbleqURt atudy ot the ataok rnealed add1t1C11Dal 

intoraticm oonoorn1~ the expol\lrea 

From the r&Dge or the K'• lD eaulelon the energy aotually 

at,e.tned wa& detortnined to be· 180 + 21 ¥n •1 th All .al110at WlU'ora 

dietrlbut1on of , •• 1D that 1Dternl. t'ha lower tha deeip nlue ••a 

probably due to a poor detondnatlon of OW"rent aettlni tor the analyi1J2C . . . 

•tnet. fhe·.loww oentral 1101Kmtwn raeultad 1a a .ahltt of the beaa to 

cme aide· or ab•t 1.1", but the alae ot the _imago (....._, 2") and wlt1ple 

. aoe.tterlilg -~pread rewlted ln an aYerage lntenelty or 260 r.•a/om2 aoroea 

· the •tack. · Uainl theee nUIIIbers and 1ntecrot_1Dg . OYer tho expected beam 

abe,. 1~ 18 ettlated that the ayetM cue about lS r•e/lo10 protou on 

·the target OY'fir an .:rea of' about 260 J • 

the tlux ot Ue;htly lOAlain& ·partlolea ev1k1n& the -.alllw 

waa oOinpoeecl ot 1t'a, ,a!•. _and eleotrw. there wu oM U&Mly 10nlslnc 

traok per r· ~~eeon 1n the oentor ot the b... end they iDornaed by a 

taotor ot abCNt three on the •1de ot the ataok naareet the aepuated 

Tl bMI!Ie Jlo eerloua atteapt to identity theae partlOlee ••• •4•• HOINftr, 

1n the prooeaa or ea~bllehlDC the min11llllll craln cleuity 

tor the ataok, tort)' or the•e traokl .... grdn 00\&Dtec! tor 1000 

.· ... 

·.,,.f 
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gr~inB as tfl.8y· antered ·~he l!ltacke · itough.ly, So% h8.d e CJ"&.in density 

of l~l x mini~m. This indicates that ·this proport~an oould have been 

high energy electrons. 

The bv.ckgrcund or protons haTing the. s~e grain dena! ty as 

the K • e was about ~~. These wo~e G811ly eliminated by malcijlg a sooond 

t;rain count o.a tho trnok lett the ete.ok and oompnri1'lb with expected 

gr~in donsity variatio~ with rnnge. 

The Doanning procedure waB very similar to that discuAsed'for 

. ?huo I of thie oxperir1ant, with the exceptions discuesed below: 

The K tracks again were cUat1ngui&hed by grain density. The 

K's had ~rain dondtiee ranging f"l-om 1.5 to 1.9 tim"" minimum$ Trooke 
I 

. were· found 5 mm from the entrano·e edge. In thh exposure the enorgy 

opread was abo~t 21 MeT. therefore, in order to determine tho_energy 

distrib~tion and to have a r~terenoe for the ener&Y er tho K'e at 

interactions, it was neoeseary to make a good grain density determination 

{to 6~) of 090h traok as it ••• found. This initial energy determination •. 

onlibrated a.gninat those tracks which came to resti ena~led one to know 
-

at what anergy the K 1nt6raoted, dnoayed in flight, left the stack or 

scattered b<:tfore lee.ving tho l'ltnck. 

Iii order to atu<ly tho elastic differential oroes section· for 

interference phenomone, durint this part of the experiment all scatters 

with t~rojootfJd ·anglas of 2° or grantor were mon.surod (both projected Dnd 

. · dip angles} fl.nd raoord~d. Thie wes done for each tra,ok 1'rom its beginning 

to three millimeters from its end O .• e., 1K> 20. Mev). By J!leasurin& 

thG dietanoe of' each sonttar to t.ho ~nd of the traolc, tha energy ot eaoh 
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All U!elastic eventa were Rnalyzed a~ d1scuased in PhaHe I. 

Lpcela~ mnphasi8 wua placed on t~tt&ining tha energy lose at ea.oh interaction. 

'i'his was nocomplish~d by a good grain count {600 to 1000 graina) just 

. betori'J eaoh iuter.aot. ion to cictermine· the ,:mar gy ot' the in coming K . and 
than subtracting the enert.:y of' tha outtoing K (detormined .from its ronge 

nf.tor · soatt~r or another grain cowtt ir it v:e.nt out ·of the sta~k). 

This enf!.>rgy loss deterf!lination was !!lade 1'or all scnttertl with apsoe &ngle 

~reato~ than 40° (i.e •• elastic as well as 1r.elaat~o) and all scatters· 

loss.than 40° tlfhioh had prongs or a vioiblo grain density ohtUl€;0• 

t.s: it wGs desirttbla in tho secoztd phaso of this work to aooent 

the high ~nerf;y region. two IJOiuming Vfi·rh.tioms were .uaed. At .first all 

K 'a l':ore [Til in oaunted for 500 grains at the sntrenoe to tho stack end then 
. . 

followod until they. oam.g to rost. r&cording .all illfor:nation diaouued here. 

~bout 460 o.f th4) K •s followed in this fashion olime to rQet without making 

auy 1n.o lftstio. soe.tte~ or el&.stio scatter grentt)r than 20°. The dhtr1bution 

in· r!Ult;e ~f these:! R '• was ueH.td to obtain the distribution in energy of the 

k m~son bonm. In subsequent scnnnins all tracks were followed for a. 

ocnatant distance (46 mm) srtor being chosen at 6 mm from the &dgo. 

Thi• distance wa6 ohoo"'n to insure that almost all tracks followed 

were in the anergy region above 100 lift'. The pacth length distributiQli · 
.,_: 

. in · '.lnergy !'or this subsequent scanning was bued on the p8 th ·lensth 

distribution in enerbY of tha f'iret 46 111m ot' .. thtt 460 K's .followed to rest. 

The resul till(, dntn 1s given in /.ppendix C. 
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c. Claeeitloation of EY.nte 

.· Throughout thh v.ork' .n att~ haa ·boo made: to ·claaa'i~ 
i .. 

., 

' ' 

·eaoh event aa eith~r ela~tia~ in81aat~c.- or oharge exchange •. the .1dent1• 

f1oat1cm 1n aomo oasea was amblguCM&a •. 

· .£betic 1Dterao~1one r.efer to ·thoee. caaee ?.ben tbl K 11eaon 

'interact~ rith the mlaleu.a •• a whole end energy ,and mementwn 'lfOte '' . . ' ' . . 

'mean (I cond.derable eners,y loee but wou'l~. rotn~lt 'in a visible re,oil. 

fhle tyno ot co 11 is ion with light mlolei ~ ta · id.sntifled •• dl80\&ae~ lD · 

Appendu C and le claaajJ'~ed, aa ebetio~. Tha.energy lose Jas•IUroal.ftt .·.· 

te.chniquae. have a. U.iat.ted resolutiOn.· The lll<lth~a uaed ue tho ohaJlie 

ln r.ange among the. lnteractin& and no~·1Dteract1D&.·I'• or the g!'aia 

· d.enaity bo1'ore end the ·rii.JI&e. after th• 1nt~raot1on •. the reeolutlc:irl 1n 
about the s·ame:, . . . . 

eAoh oaae h · .'but tor thb "'rk ~· latter teohnlque wu 

.ueed ext.ena1vely aiuce 1t wile appl1oable ·thr~wt· the experiment. 

The reeolutio~ the. lile. to .e. oertaln eJrtCtDt~ ll t'\lnct1f:lft Of· he$ llloh ·. . . ' . -. . . . ·.. . . . . '' 

·tro..i:S% to 121' 1:n the e~r~_ r&Jl6e: 20 Mev to 200 Mw •. therefore· • 

. £e!Hir~l wt•off of' lO']C W.e •ctopt4M! •. Th.b metUtt that ·1r a •asuretneilt 
·. -;: 

ot:e~r~y loa~ .tor • ginn 'event fndioeted 'it ..... ·l·~~:t~ 1~ u: ..... 

. .-·· 

claadfied Q8 elaet1o.' Of CD\U"··· thl• olseaU'ioe.tioD. u .aoi' alwaya ' ' ·- . ., .. . 
:· .. , 

oorroct ainoe it 1• poae1blo to ~o1te:·lo..; 171nt rotat~o~l· l~ela ... of'. 
' . ' ' .. .. , ' '.:. ' 

the DUolo1. Thue ·a I owld loao .. CE!YGr&l MeT in auch an iD•la•tio ptooeaa 

and ot111 b• c.lue1r1~ ·•• olaetio. F\arth~r, ·aru! tbia b_~_iiore lmpo_rtrmt 

here, in the ·blgh enuru interval aocentea 1Ja thla work ·the 

.·-· .. 
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.... olutlon 1a trom 10 to 20 ...-. !hua lt l.a poaalble tor the it aeaon 

. to 'lalook•out Cll' naPOrate out one or two nw_trone and ~ haYe an energ 
J 

loa• ot lees than 1~ aad be olaaaitled aa olaatlo. three ..-nta were 

toulld whl~ hac1 an eners1 loae ot leaa than lo,t ud yet •1tted 1m 

waporatlon type protcm. Tbeae were included aaong the lnolaatlc nuta 

and were weighted aa clc.ble 1n ·AllY dletrlbv.tlcm ot ..-ta to allgw --._..hat tor almU~ ntNtron eYota. fbb waa actually a amall correot10D 

UOft& tt.. 212 1nelaatio neata, but; points up the taot that the reaotlon 

oroaa · ae~tlom quoted. repr••!Dt a lower lbtlt. HGwever, lt' ahaulcl be 
' . 

.entloned here that tbe Paull exalualon principle will prohibit 

a large traction ot the aoattera where the energy loa •. h leas than U~. 

la thoae oaaea olaaaed aa oharge exohancea, canalderable ettort 

waa expelldod to uoertaln . that the K meaon. waa not among. the visible 

pro~ a. It e prong waa longer than th·ree mil U.metera ita ldet1ti ty could 

be and waa eatebllahed by dlreot meaeurfNMmt ot scattering or lonl&atlon 
- . 

prop.-tS..a. It aborter, proo.t that lt waa not a 1C had to be baaed on the 

taot that no decay product waa aeen. 'fhla F,OOt waa quite good prOTlded .. 

~~ track ead.cl at leaat 2qJ froil elt.hor aurtaoe. With the dewlopMnt 

ueect, I decay aecondarlee have grain deneltloe at least 21 gre1na/l~ 

- . and cme es.P.rlenoed."wlth It+ IIIUOI'l8 ln emlaiGD Oe.D find aeoondariea With 
'. 

nearly 1~- .etticien'!T l_t clear of' either aurtaoe. At tho surface the 

ettio1erioy drops to about 8~ aiDca the secondary ~~ay £0 into tho next 

plate end be c\itfloult to locate. In thla espe!"imoDt the aeyeral prOJlla 

wbloh sn4ecl ••r the eurtace .and were •tUl 1D do\abt were· aborter thu 

1 •• the 280 other inelastic ..... Dtl oontained only one whloh had • 1: 

ooalng out 1'1 th a range or 2 •• The nut •horteat waa • ... OD theao 

grcnmda it waa ueu.med that the•e cklbioua proDga were DOt J[ ... ou. 

•' . 
··,,; 

'·'"' /· .. 
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The classificat:J.on of an event ae a charge exchange rather than 

absorption of the K meson wa·s based on the small visible energy release 

whlch never exceeded the kinetic energy of the incoming K. Table I gives 

a compari.son of various properties of ordinary inelastic events and charge 

exchange events for the data on K0 s above 100 Mev. In the compilation 

of the prongs only those havins a length greater than lOp are considered 

to avoid the region of delta rays and recoils. The average number of 

evaooration prongs is larger for the charge exchange eventso .This iG 

due to the fact that when there is a charge e:xchang~ and an appreciable 

nuclear excitation, the resulting proton excess makes the evaporation 

of orotons more probable. Beta deGay of the residual nucleus occurs when 

the excitation is small. 

Another interesting consistency pointed out by this compadson 

is that in roughly 40% of the charge P.Xchange events a proton appears as 

a knock-on or cascade proton, presumably the direct product of the 

interaction K+ -t- N ~ Ko + Po If one assumes that the cross sections 
. 'i~~ • .:~~~-]~+~~>~f : .. ··. 
for interaction with protons and 'neutrons are comparable then one would 

expect that 20% of the ordinary inelastic events would also have knock=on 

protons and this seems to be true. However, 1his table includes the data on 

only 22 charge exchange events. More scanning is presently in progres~ 

to increas~ the data in order to study this effect. 

Note also that if one considers only stars with cascade protons, 

the visible energy in cascade prongs is the same as the average energy 

loss of the K mesons, indicatin~S that a,::qu.asi-elastic scattering took place. 

• .. 
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with Ordinary In~lasti-c l·:Ven·ts ,, ... 

. I 

lOCi ;to 22.0 Mev 
· .. 

(Bnsed on Berkaloy data only) 

·' 

.·::-
1 •·' . • I 

.1'otallio. Visib~0·Pronga (R;.lOu) 
Total No. Stats 

. · flo. of Bvn 
. -~ 

,. 

:no:- ot Ciisoo.de Prongs (Ii } 1. 2 l'JIIl) 
· -· ::- " ; ¥otal· No. ~}tArs 

t......,.~ • . ~ ' - . -· . ' . 

: 'Iotnl 

" Viaiblo ·Evs 

'. Visible Csaoo.dc 
- Tote. 

,. 
' ...,. 

,_.'; 

Incl. Bindin . 
Star•. 

Incl. n. ,}!;:. 

(Inol. B.· E. 

. Ordinary 
Inelastic· 

, o.sa 
"jl· . 

0.67 

0.24 
·--
. ' 

24 Mev 

e·.4 Mwv 

15 Mev 

67 ·1.\ev 

.67 MeT 

. ' 

':--

Charge 
Exchange 

. 1.20 

o.-96 

o.6o 

-
36 MfW 

i2.2 ~ev 

25 Me'~ 

60 Mev 

-
. ..; 
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III. COtiSF.RVI,TIO:N OF STRANGENES~; 

One effect of groat iritere~t· in this WCirk is the fact thot 

· eo far no positive K mason interaction has bean obeervod in ~hioh the 

K l!l0E{In gives up its rest maas energy. The limits oan he ex'Pressed ae 

no case obeerved in. 282 inelastic interaction" repc)i-ted her.e. Thie 

singular effect among the light and heaTY m~sons.aupporte the scherno 

presented by Goll•Mann Md other•lS tor • pod t1ve strangoneaa partiola. 

f.coording to·those schemes it is not p~salhle for a K+ moRon to produce 

any _of· the knOY!'n hyparons in s strong reaction booauao it would 

· require o. etran{;eneu ohe.ne;e ·of two which violates tho selection rule 

'that 4 S ~ 0 in strong· r~e.otione •. However. theae eoheme& do not rule 

aut the poe81bil1ty that a hyperon or strangeneea +l oould.be produced. 

Ilona. we • found. 

· In addition. no evidenco was found for the production or an 

.excited f'rngnlf.tnt oontainin'g a bound K meson. · The metaetability and 

. ' 28 
decay of such. fra~m~te hAS been diecueaed by Pale and Sorber. 
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IT. I·HYDROGEI CROSS SECTIOJf 

Among the interactions of tt' meaona with emlaicm JUolei, 

thoee with tree pro.tona are of' special interest in studying I•DUcleon 

-. ~oroea. Aa oan be seen by the table in Appendix B, 6.3" ot the total 

geometrio oroes aection presented by emulsion nuclei is due to hydrogen. 

Hence, it is possible to measure the l-b74rogon oroas aectiOD. fheae 

events are diatinguilhed from the other nuclear lnteraotiona beoauee 
. .· 29 

the traoka are coplanar and there is momen~• and energy oonaarTation. 

The determination of' the 1-P oroaa aeotion in thia manner 

has been found to be eapeoially difficult due to the extreme rarity 

of' events (a oonaequenoe of' the apparent ame.ll oro .. aeotion) and the 

great aoanning effort ~eoe11ary tor a atatiatioally 1ignificant result. 

Some &Tents have been found in this experlment and are giTen in Table II. 

!he first &Tent ot thia table found in Phase I was publiahed 

when found as of apeoial interest at that time ainoe it gal'e a tirat 
30 . 

good mass measurement ot a 1: meson other than the T • It gaw a 

••• ot 9n + 12 electron Jnaaaea end trom grain oounta on the deoay 

product 11 believed to haTe been a I 
2

• 
• • 

Date. gained on the 1-P interactiona in the ayatematio 

•canning reported herein has been aupplemented by a rapid aoanning 

technique to locate 1-P aoattera above 100 lleY. other lnteraotiClllll were 

not analyaed <hlring thll aoanning • 

the e'f'enti found haTe been oomb1ned with 28 eYenta aTa1lable 

trom other laboratories doing aimilar work with. uulaion (Oottingen - 14 

e'fenta, Padova - 8 eYents, Brookhe.ve - 4 &Tenta, ~blin • 2 ~nt1, 

Rocheater - 1 went, and Brutol - 1 eTent)31 
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and the oroas aeotlon e._luatod ln tour en~rgy intervals. ·Theta result• 

are shown ln Fi;ure 3. The atatistics are still .poor, but this dsta 

is consistent with a constant erose aoct1on in the intorv~l 20 to 200 NeT• 

The mean oroae eection ov~r the total interVal beoomee 14.9 + 2.3 mb. 

~hown aleo on the plot, tor oompnriaon, are the results of ·the Michigan 

~ropane bubble chambor group32 (9.4 ~ 1.1 mb for the interYal 20 to 90 ~) 

nnd the counter result of Kerth, et nl.~S (15.4 + 3.0 mb at 192 + 25 Mev). 
sljghtly i lovJer, - · · -

The propane bubble ch8l'!lber result 1:8 · /'~ :f,utf:;r~ght bo due to ths experimental 

bins as&inet &Dlftll angles it the oroes ·section is isotropic. 

The distribution in engle of nll the amulaion data is shown 

in Figure 4. Tho data ia still too meagre for definite ooncluuiono but 

the distribution ill oonaistent.~~lth s-wave eoatterini• 'l'he new data · 

. " eom~hat altere the earlier conclusion diacu·aaed in the literature 

(eee .Appendix E) that the K-P angular diGtribution w.e.s rnost oompo.tible 

with !l superpceition of Coulomb SOS:ttoring upon s .. weve repulsive nuclear 

eoatterine;. The sign of the· potential 18 no longer olear. Howner, 

the coulomb soatt(~1nc ~l interference effect io not as eroat at the 

higher erHH"@::V at r.hioh the bulk of the additiooal data was obtained. 

Heno.s,-the_· available EmUlsion data at this writinr, indicate& 

that the K·P -interaction is mainly :;: we.Te .for anergies -between 20 to 

200. Mn. 
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Table II 

...... 

K·HYDEOGr·:Ii :;C/·. TTS:HS . 

Center 
b. 'vent Inoid~nt LBboratory of Maee 
Code En orgy Aegle /\ngle 

Phaao !: 

Sl 102 Mev 39° 60° 

SC15 . 121 20 . 32 

?haee U: 

};'043 '69 98 130 

31/7 86 60 76 

62i8 ~n 72 106 

. 6086 104 94 . 128 

6076 117 66 95 
'-

5330 118 43 67 

1073 129 99 132 

37/2 136 37 68 

.5196 146 77 lll 

8067 162 24 39 

.. 6574 166 76 108 

1039 174 16 110 . 
~ 

6210 186 .. 91 127 
'~ 
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V • INELA~'i'IC- INTr~'RflCT ION CRO:l!3 S.ECT IONS 

A. _ The Energy Dependence 'of the lnelnetio Scattering Cross ~~ection. 

Figuro 6 show& the_ path length distribution i.n 10 MeT intervals 

88 well 8.8- the d1etribUti.on' or .inebatio intaroctione (i.e •• lnebs.t1o 

aostters with ·pror;gs or anert;:v loss braater than 10 ~ and cLargo exchange 

1oatters). "Thie plot include~ oll dflta- from Phases I' end II of this,, 

experi~ent ohtetne<! in tha 8yGtemotfo ty{ie of along the track scanning. 
'· 

. The peth hns;th (which is the quanti.ty oorreeponding to. the t"lux in s 

counter experim9nt) ·studied in_ each interval is not conat~nt •. 

The information given in Figure 5 wat ueed to obtein the variation 

of orou section for inelaatio 1nteraotione with energy.. This ·has been 
I , 

done in 40 Mn energy interval& arid is sho\<ID in Figure 6. There is no 

rapid· ohenge apparent below 200 Mev. The rise near 200 ~ev baeed on this 

data alone ·ill not statistically. s_1gnif1oant. 34 A' steady inoreo.se is noted. 

however. and for the purposes of this report the data hae been split 

into two large enerf;y intervab. 20 to 100 MeT (average energy 70 Yev) 

and 100 to 220 Mev (avera£• energy 160 Mev). · Then. averaging the date. 

in these intervtt.l8 one obtains 

For J'.)nulsion 
F.'nergy Interval · Mean Free Path Croes Section 

- . . 
-;:. ,-·.. . ''.,-: . ..;·::·~~·:·~ ~-. · .. / ~.:~_·:··,' '. ·,_. . '.·· 

. 20 -16o·.1.~:.-.: ·.·:·:·':·_:f_: · --1~ .. ~1~:~~., : . ... <~os·+.-23 mb. 
.--: .. · " '·:y .f .i· ' .. ·.- ·•.10··· . '.·. .· 

100 . -·• ~;; ±r)_·:};,:_. ~ij·:.?·-~;~~~~zt~~;c-: 2: ·-2~~··1 20 .b • 

.-here t.he oroes secti~·.o~.ldUlatton.'uoi\lde~· ·htdrogen·and hydrogen soattars. . ' ' { . : ' -

Tho nents included are the 1nelaet~o ·eoattere 9.lld the ohsrge exchange 

•oatters only. 

~:-·· 
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B •. K-!fucleon Cross Saot1on 

'1'h{jj inelastic intaraction of high enorf;;Y n_putrons ·-wi.th 

heevy rruc hti c~n be desorihed in t':)rms or f4 simple model in whioh the 

nucleons within the nucl~u.s :e1ra assumed to net .ns .indo~and~nt Goatt~ring 

-"' t d b . i .. i . b. 35• 36 . . . ' centers. unu..~.fec e .Y tno r ne t:;n.ors · .•. Tno nucleus .is-considered 

as a dagenornte F'ormi-Direo gs.s of· neutrons ·And. protons without mutual 

interaction. 

This u~del shoUld be applionble har~. The m!:tan · de~rogl1e 

wa.velongth for t~{e f.'s in this oxf>@riment is of tha .order of the nucleon 

she. The observed meon f~eo poth in emulsion f'or an inelastic intoraoti.on . 

is lon~ (2 to 3 til'l'~s r,eometric) so that· the· inelast~c ~ross section must 

he small. Applying the mode"! ·n is pouiblo to deduce tho ·orou. seotion 

for a:n elementary collision with a ·s11191e· nucleon. The dete.i-ls .of _the 

. onloulation· are given in Appendix D • 
.' 

In t~h .o~ lculi1tion, _ o.llovranoe if, madC3 for the doorense in 

the observed oroec1 section due to Coulomb repulsion. J\. ·further eorrsotion 

of similnr n!lture that has bean Il.llgleoted ·hare involvae the repulsion.· 

experionoed by the wave function ropresf..lnting the inoidont particles 

in tho ra[iOn of a rGpuls~ve real nuclo~r potential. This .oould b~ 

·consi<!ered reflactior. in the limiting case of s. square well potent1.81. 

The affect io small if the magnitude of the rod potential i.e smftlle 

!It pre8ent the nuclenr potentio.l is thought to be of the .order of 10 Yev 

for inoidEmt K ~son onorgios bolow 100 ~v but is uncertain st .highe;r 

·energies. Thia is discussed further in Secti.on .VI. 

Furth!W correction must hn ~de for the Pauli .exclusiori principle 
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which greatly limits the number of small anergy transfers to bound nucleons. 

Accordingly, en interaction that would leave the nucleon in an ·occupied 

·quantum state is forbidden. Thus the cross section for interaction with 

a nucleon, CY , within a nucleus will be ·less the.n.that with a free 

nucleon by a factor f(T), depending on the K meson energy, T. For 

(i'nterRctions with an 11 average 11 bound nucleon then· 

- f(~) ~t:r"l(p + (A-Z) ci-'~c: N 

A .. 
~-t) 

where O'Jcp and O"'KN are the cross se~tions on a free proton and neutron, 

respectively. Treating the nucleons 1Within the nucleus es forming· 

a degenerate Fermi .. Dirao gas with a maximum Fermi energy or 26 ,Mev, and 

following the analysis of Goldberger36,_ tho factor has been oaloulated 

by R·. M. Sternheimer31 for various incident K meson energies·. The 

neutron and proton differential cross sections were assumed to be 

isotropic. His results were used to correct the orose sections for the 

exclusion principle reduction. 

These calculations have been· made for the .five energy intervals 

shown in Figure 6 and are given in Table III. To indicate the ef;feote. 

or the various oorreot.ions,. the uncorrected value of t~e average nucleon . 

cross .1eotion is given and· then the corrections are eppli~d~. 0:; 1~ the · .. 

orou section obtained if calculated with the assumption that there is no 

.:.··. -
shading lind emulsion is just a ses or nuoleori~i OZ 1B the result· obtained 

correcting for nuoieoJ1 shading as described in Appendix D •. :. C? 3 {8· the 
also · · · • 

result when Coulomb repulsion effects are considered as described in 
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Appendix D. ~ 1e the res.ult using the incider.t K monon anergy to 

estimAte the reduction due to the Paull. e.xoluaion principle. . o-.:: is s 
the rotmlt if one assumes thHt t~ inoidont K meson enor&,y .is reduced 

by 20 Mev hoforQ interaction to allow for the ropuloive Coulomb and 

repullllivo nuolaar potcmtial. 

The lkrgo eros~ section .in th~ lnet ~norGY interval .boead 

on this dnta done if; not ototistiomlly dgnifioent."34 

The dtttn. has beon d1 vidad into two large energy intervals 

and tho .avarogo cross aootion per nucleon oeloulRted with c6rreotlons 

similar to those of 'l'eble III. Tho restiltt ore 

Energy Intorval 1\voraga Energy 0"3 {mb) ~(~) 

20 - 100 JAW 70 iAev 6.6 +1.6 10.8 +2.5 
,.1.0 -1.6 

9•6 +l~a n.a +1.8 
-1.1·. ·1.6 

100- 220.Mev 150 Mev 

It apr-eara that tho cross eeotlor. per nucleon os1ouh.ted ir. this 

fcshion is oonstnnt in tho ree:ion studied at about ll mb • 

.···· ·,,._. 

. ' 
. . · .. t . : ~ ' 

' .. ·- .. ...... 
.. ' 

.•. •, 
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; .·-1 .· 
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•\•'• 
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Tt·IH.?; II I 

- - c-
a-6 T ll.F.P. <5""em <Si o-2 0'"'3 . o-4 

{MaY) (em.) (mb) (mb) (mb) (m.b) (mb} (mb) 

20 ... 60. 116 +28 186 +44 3.7.+0•9 4.9 +1.6 6.4 +3.3 11.6 +6.0 21.4 +ll.O 
·22 ·36 -0.1 -1.2 -1.4 -2.6 ~ .. 4.7 

..... ~.~ •. 
·.( ... ,. 

60 - 100 gg'+l6 216 !3o 4.6 it.4 6.9 +1.2 6.8 +1.4 8.9 +1.8 . 10.1 • 2•1 
•12 -1.0 ·1.2 •1.6 -1.8 

100 - 140 79 +9 . 211 '!28 + 8.1 +1.3 9.1 +1.8 u.o +2.2 11.1 +2.2 6.7 ..;.o.G 
-8 -1.1 -1.4 . ·1.7 -1.7 

. 140 -~ •180 ·?a +9 274 ·!29 6.7 to.6 8.2 +1.3 9.0 +1.6 10.2 • 1•8 . 10.5 +2.1 
.. ~ .. -7. ·. . -1.1 -1.4 -1.6 -1.8 

· 1ao -. 22o. 49. +16 
.· •ll 

433 +116 . Q 1 +2.6 
·-94 ~· ·2.0 -17±6 -18 :t 6 ...,20!·r -20 ± 7. 

T h the U\Cident kinetic energy of. the K meaon. ~.F.P. is the me~tn free path fe»r 

irutlestio interaction in· eltlUl&ion. c::T:-em is th~ cross soet.ion calculated from th<e mean free 

path in·. em\llnion {exclud~a hld.rogen). f:'T 1 h the crosr; · aootion per r;ucleon obte.ined · 1f 

calcubted,_-witt: the Mcumpticn thut there is no shading 'of_- nucleons. :;::.2 is the rerrult 

·obtained: ·~c~®nting. for nucleon. shading. o-3. is the reslilt with allowance for Coulomb repulsion. 

o-4 .is the result ~·'lth exclueion principle corroction·usint; tho incident energy of' tho K. 

cr 5 h th~ rorult with eXC~union princir•le corr"letion usint:: the incident ~nerbj" rechlced by 20 Mev. 

·,-'A nuclear rndil;s r0i~~ w~th_.r0 ·:= 1·.2 J.'ermh lwn heon used. 
> •••••• 



.. . 

.... 4.0 

c. Chnrge J.~ohnnge and K~n•:.u~ron Cross Section& 

Charge exohong0 evouts· ~re uniq~s · r.~mong tha. inele.stlo 

1~t~ruct1oi~ as there is no doubt that they wer~ internotions witp 

neutrons. With th6 assumption that the Y. nuolov.e interactions nre 

acettors with Gi!l£le nucleons in the nuolou~, it is possible to. estimate · 

. th·.~ charge exchange cross sectiOn. per neutron. 

It is fou.nd that .a certsin fraction, f, of trie lnelastio 

interactions .ara charge exchango seatters. Definin& O"KN = O"N+ + ~No· 
. . 

where cr' lH represent! the CTOIJG section for d1 raot eoattering trom · 

neutrons end O"'No 1s th•3 oroeo section ror oharga exchange scat~ering, 

then 

(C- I) 

It follows thnt the !'raotion, f, t;ives.0"'
110 

since· 

80 

··f(A) ~ 
O"'NO = A-~ 

A>~ t-. 
.(C-2.) 

Using (A/A-Z) . as 1.84 ond the observed values of r for the two·. 
avere.ge 

enerGY intervals: . 

F.nor;,;;y Inter-Val 

20 100 l>~ov 

100 • 2 :?.o Mov 

-

t 

0.14 +O.OG 
-0.04 

0.19 to.o3 ·. 

· Charge Exoh,s!lf;ie Crose Seoticn 

. 2.9 +1.4 mb 
-t.o·. 

· 4.o to.9 mb 

where tho 0"'
6 

valuoa of ·~.ho nrev'ious section have been usod. 
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There ~y be a slight increase ~n the ohargo exchang~ cross 

eeetion with increasing: enert-:;.v, but the dnte of' this experiment alone 

a a ill inau.fficient to prove tha effect coneluoively. · · In this connection, 

the follo\dng tsble gives tho rHtio of the n\111'lher or charge axohe.nge 

evonta to the numb~r of non-oho.rga axchent;tt in~lastie events ·1n rive 

energy intervBls. 

Energy Interval 

20 60 Mev 

60 - 100 l!tev 

100 - 14:0 Mev 

140 - 180 Mev 

180 - 2:~0 Mev 

C t:' /t.r i"' ". .~.,.,on-_,.~. 

3/23= 0.13 

8/4i1 = o.ts 

.17/76 • 0.23 

19(72 = 0.?.6 

.3/18 = 0.17 

Using equation C•l aoo tho K-P o~oaa section tor f'ree, 

protons· (see. Section IV) the oroes eoctl.::n fc!' 1ireot K-neutror:r sootteri~ 

hee ~leo b6en estimetod~ 

Energy· Interval· K-neutron oro eo section 

.. , .. 20 - 100 Mev 

100 - 220 MGT 

·~-.... 
. :-:;:·, ,. 

·· .. 
t. · ..... ·-.· ·:_··· .. 

.... · 
.. ·.,• 

4.7 l 4.7 mb 

3.6 +4~8 m1Je 
-3.6 

:~~-t .. ~---~ ,;::·>,.-· 
. .·. ' .. ~· ~:, . . 

.: ·.. ·.' .. 
. ..... . '. 

~ ·,·~ ~.;·>~·.'·~--~·· ·.:-·:.· 
,· .··, .. ·· 

. ~ -~ ' 

·:,, 

. ·. 
'~ .. ~- ; 

._.·.· 
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D. AngulAr Distribution of Inelastic Scatters· 

Figure 7 givee the angular distributiona of. inelastic 

scattera in tho .bboratory eysttm iri tWo anergy _intervale •. It appe.are 

that withi.ri the st.§itlstios of the. do.ta tho distribution is· ltea.rly 

isotropic except. for· some fonrnrd J>e&kini;• Thine dhtributiona h8ve ·to 

he interpreted as a complex effoct resultiltr, :f~orn el~entary scattering 

duo tO a ·K-nucleon oroas· section of at~.ll Unknmm shape .in· tho· center 

of -mass system corrected by 'tl"ie action. ot the ?auli. principle in nuclear 

matter plus the effoet of the nucleon' repUlsive potontl~l .. ' 
' . 

As a first ·apriroximation, tho refraot1·on effect of the 

nuclenr pctenthl 1.n chflnging the· ru1glas .. or the· K $Jlt~ring. end: lea_ving 

.the nucl.eus is nagleoted. The ~olenr po'teritial will. then l)e effective 

only in .diminishing tne · onorf.Y of the ·P: on enter.iriG the nucleu~. · Owing 

to the smell totnl nucleon erose eact~on, ~the probabi.Hty thBt .. the: s~me 

K f!l(ikee tw,o ·8UCCel'l6ive collisions is smell~: eo thnt 'praotioally ell ' . 

inelasti.c events 1!1&)' be suppos~d to b.e ·due to a sin[:le. collhion, en·a 
. . . . . . . . . . . ' 

the obaervod. angh will be tha true sca.tt~~inv,. angle in tho lab~rf_ltor.y . 

system. 

With these as.numptione 'it is. pqssibl13 to oonv.flrt the _hboratory 

antles to e.ntlee til the 08nter of ina68 · sye't-em, taki~~ ~to. aeoou11t tho 

·Fermi motion of tha nuoleons. Th~· oo1weraion c~ot 'be ritade' exactly·· 
. . • . . \ · .... ·. • . ' . .: . _~J 

becS:ue·e the motion of the nucleon st.ruok 1e -not kliown,~ ·:.HDw8T~r} a'iF · 

F~:Rt~;·~~:;~~;~~,~~!~~~;~J$~f~{;[~~~~~~~~ff!~7'a:.oo 
r eet .:;·.: thiS·' ·he: a ~een.:·'donil'.~.fot". ·eao'h'. \&Qst.t:~r. · .:an:<k~t·he?::r:e~·t:t·s::'CaJ:"tf plot ted . 

at 

. · ..... ·. ,•' 
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·In •~ch enargy int~rvel thera 18 fi definite b~okward ponkin&0 

ettpeoblly rronounooo .ror tho hirh ener~ re,;ion~ The arrows 1n 

Figures 1 and. 8 ind1onte the effaetive average out-ctr. angle darinod 

1 -37 by the orOIUJ section reduction due to the P~·l1 exo usion pr1no1pl~. 

The pr~oenoe of an appreoiohle number or ecattera at small Rnglea in 

spite of the expectad re&1otion duo to the Peul1 <Jxelu&icn principle 

leads one to out>pSJ.tt~t t.he angulBr distribution is also peaked 

forward or that the Fermi motion is more important for these ;,(·aLters 

and cannot be neglected in the ~onversion to the cent~r of mass • 

.) 
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VI. DIFF'ER,~JlTIAL ELt.STIC CHOSS SECTIONS 

Part of the general program in investignting K· meson 

1riteractfcna i'nvcl ves a study of the itmall angle scattering spectrum. 

'.i:' A~ .\\raa indicated by the early results of Phase I of this experiment16• 16 

• ""!-

·.:~here. eee111ed to bo more elastically soettered K mesons in the region 

20° to 40° than were predicted by pure COI:llomb scattering for emuhiof.l 
.... 

nuclei. It was felt that additional dsta at smaller nngles and further 

~alculations uouming rrucleer poten-tials were necessary for definite 

conclusions. In the meantime, usinc this information, Oaborne39 

·.attempted to _interpret the data using the Born. approximation and eveluating 
.. 
scattering amplitudes by comparing with the inelastic data at lnrge ~ngles. 

The sign of the interference term between nuclear and Coulomb forces wu 

. found to be negative for best fit, l~_e., ·unattractive potential. La,ter 

<work using the same type of snalys is indicate• a repulsive potential. 40 

For Phase II of this experiment, this problem wu·s given special 

.. · 'atten'tion. As mentioned in tho scsnninr, proc~dure, while following K .. 
. . me15on tracks space angles were measured for all scatters ,\1, th a projected 

i. 

angle (in tho pbne of the emulsion) of 2° or greater. The energy of the 

scatter. if elastic. was determined from the residual range after the 

(llcatter. This data was considered in the two-energy intervals 40 to 100 

Mev Md 100 to 220 MeT. Scatters in the eneru region less the.n. 40 Mev 

wore n~glectad for two reasons. Since most of the scatters ar~. pure 

Coulomb and there are many of them~there is a tendency to dilute the 

effect of any intorferenoe which would be obvious at larger energies 

in tho same comp~lation. Further. it was found that the efficiency for 

obaervint; small angle soatteri!S decreases with energy. 



.. 
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The ri(;orous cut ... off at 2° >·Tas necessary si.nce smaller angles 

are generally not effjctently observed. This made necessary a geometric 

efficlency correcti.on. This correction wa.s made by 1.;ei.ghtin~: the number 

of sc<iUrors at each anr~le b\' the efficiency for observing a scatter &.t" 

that aw~le, The success of these corrections was checked by noting that 

the experimentally observed cross sections for angles less than 5° agreed 

1-1! th the cross sections predicted for point charge emulsion nuc·lei. . 
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i.. Eln~ttic Scattering. 40 to 100 lAev. 

Figure 9 givee the exrerirner.triliy determined difforontial 

.oro.Ss soation for elv.etic scottere for. tr.a enort,Y intorval. 40 to .100 

Mov in the engular intorvnl 2° to 50°. · .. Thh di\ta is. based on 10.1 metsra 

of K tre.ek., ~.>i.noe th() path length par entJrQ' intervel df.loreued with 

enert;.,v in this interval the ~·..>to l'ms .soparated into s1x 10 :t.ev interval&. 

It WB.B combined in such ll way thr.t a aoatter in e low path lal"'-&th re~ion . 

was v,·eir,hted more heavily 

'fhiu. 1e f.l.'"l ovore.go of' the six valu~Ja ·Of J.c:r for eQ.oh 10 M0v interval. 
·J.A . 

Tha dsshed eurvo ropr()sontfi Rutherford scatt·erir•e frorn :point 

charG6 emtilsion nueloi. 
. . 41 

Col' .. d;e. and Pnterr,nani have published c6lcubt.ione of K ·'"'~son 

ooattering at .1Jlncrgia5 from .40 to- 100 }Aev usin£; t.he optical morl:el~ .In 

this model ttl~ nucieue 1.o duscribed by means of e.. complex pot~mtiel 
. •. 

Vn -+ iVp so that tho nuolaqr intore.ction of o particle is rl!ldUced to 

a two body probl0m, The red p.!.Tt of tho poti.lnthl·dir&ctly determines_ 

the elaat1o oohorent 8CI.\ttor1ng. Tn~ iJ!lnginary r,» rt onuses an atte:nuatiOl 

of' thQ·.intenaity of tha incomtnr: particb wave. The imaginary pnrt also 

contributes to the elastic &Cf\ttering; through ehadow.sonttering. 

· 'Thtj itnRgillary potontinl co.r. he estime.tttd by u6ir..g the cros·a· 

cs&otion por nuc~acn g1von earliti:r as 6.6 mb .• uncorrected. for Pnuli 
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exolu&ion effect•• Tho relation botwean the paremoters ia42 
. . 

v. 
l. 

4-.1.Mev (,4- 2) 

whare Lc i8 the lf16£\Jl tree pnth in nuclear tr.iltter.e.nd ro ·= 1.2.Fttrmh. 

Coeta auid Patergnani neglected the ima.gl.i'lary potential with 

" tho ar~rnent that its oontributicn to the elastic scattering would b·a 

small. 

It 1e assumed that th~ potential for the. inner. region o.f' the 

nucleus 1a: 

-. ~ 

thet is, the pot•:.nti&.l du~. to a uniform distributic~n of' eloctrio 

ohurga plus o oonit&llt. real nucl~ar potentid V ; in the external re{;ion n . 
'"2 e~ II. ~ v,.. = . (A-4) 

They used tho expression given by Sohif'f43 ror the differential oroea 
• 

section f'or the scattering of a partiole by a modified ooulomb1en .!'ield. 

The phase shirts, reprQsenting the deviation from the coulomb· .f\lnctione of 

tl~ ~avo runotiona of tha particle scattered by tha field duo to the 

nuoloar potential, were oalouhtod by meane or· the v:.K.B.J •. approximation· 

method. v·tth those phaao shifts they .calculated the. di.ff~rentie.l oross 

eaotior.s in amulsion for four valuos or t.he kinCJtic energy of the K _; . 

.. 
msson ( '1' = ·.40, 60,. 80, end 100 MeV} for VRr1ous ·values· of V n• 

'•,, 
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'· 

Their results have been combined appropriately for this data 

and plotted as the two solid curves in figure 9~ The curves for Vn = +13 

and Vn = -15 Mev are given for comparison. 

Clearly the curve for a repulsive potential at 13 Mev is a 

good fit. This is strong evidence for the presence of a nuclear potential 

which acts in a repulsive way on K mesons • 
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B. Elu'Lic Scattering, 100 to 220 Mev •. 

Figure 10 giTes· the 6X!Jar1mentally determined dif'f'erential 

cross section for elastic scatters .for the energy interval 100 to· 220 Mev 

in' the angular interval 2° to 60°. ·This data is based· on 75 .a meters. 

of K meson tr:-a.ok. In this data 'the path length .per 10 .Mev inter:va.l fell 

gradually to zero at high energies so the weight~ng by path length was. 
. . . 

not used. The data was di{~i~ed into thre~ i~tervals Bnd oaloulatioris 

.m,ad"l at three energies and each oross section weighted by· the peth 

length studied at that energy as follows: ··:: · , .• ; ... 

3 . ( J..~) {1JJA.:.= f fj m j 

where f'j == Lj/ £ Lj and the three values of t'j and energy intervals are 

given on the graph. 

The dashed curve represents Rutherford scattering f'rom point· 

charge emulsion nuclei. 

The nuclear potential necessary to oxple.in this dots. has not 

yet been determined. However, en extensive series of c.alculations· are 

presently being made by G. Igo, G. Ravenhall, and J. Teiman of' Stanford 

University in conjunction with this group to explain both the high and 

low energy data. The Stanford group has made some preliminary oaloulB.t.ions 

using the Born approximation and e.ssuming that the imaginary potential 

could be neglected. The results of this work, obtained q~ite independently, 

showed thet the low energy differential oross section agread very 1'1ell 

with the data ·if' a re·al potential of +12 Mev was assumed. The oaloulation 

in progress now is e.n exact phase shit't analysis u~ing both real and 

. ,· 
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and employing 

i111aginary potentials tho oomput~r faoUit,iu of the Los Alamos 

Scientific Laboratory. Both methods use the optical model discussed 

.previously but the potentials are shaped to oorrespond to the charge 

distribution• found .by electron scatter ing44 , i.e., 

~ 
where R = 1.07 x 10•13 A 3 om. and D = 0.56 x 10•13 em. The final results 

of this work are not available, but several interesting features. are 

already indicated.. · The introduction of the iiTiflginai"y potentbl seems to 

make the differllmce between the f%' ecUctions baaed on repulsive and 

attt"active real potentials leas striking. In addition, the presence 

of a real potential ha a e.n appreciable effect on the etr.eoti've beam 

intensity of K mesons paesinr.; through the nucleus. Thh2:oonsideretion 

cot.ld slter the cross section per nucleon darivad eE~,rlier by ae nruoh 

r.s tonto twenty percent depending on the magnitude of _the potential· 

neoess&ry. 

It is also oiea.r thst the imaginary potential 18· no longer 

ne{i;li&ible unloss the real pot(mtial has ~creiJsed. An estimate based 

on the relation given on page fiO gives v1 .= -8 MeT. 

An.other importe.rlt effuot which has not been_ thoroughly 

ir.vesti~e.ted yet ie the possibh excitation of low.;.lying nuclear loveh. 

Strauch. and ·T1tus46 ha.va shown that thh proooes arises in. the soatterirg · 

of 90 Mev protons with a frequency corresponding to abou·t 6% of the . 

elastic orosis section. The techniques of.this experiment would detect 

most of the nuclear exoitntions of .the lie:ht elemeirt·s 1.ri emulsion, but 
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most of the interactions take place with the heavy elements whoee nuelear 

energy levels e.re kno~n to be more lov:-ly.ing nnd closer spaced than. those 

of tho li{;ht element"s. These inelastic processes would hv.vo been. 

classified ns ela.stic in this ex:perirr:ent lind could result in s.n over• 

estima.tion of tho elastic diffenmtial cross section. However, trelimine.ry 

esti.mate:> of the effect ifd~cote that the proportion of such interacti-ons 

is small and well within th3 statistical errors of .the data. 
.. 

. . 
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VII."' TOTAL CROSS SECTIONS 

Using the results of the previous section it is poes:ibl~ 

to calculate the total cross section for scattering in emulsion •. The. 

total cross section is given by 

where O'd i8 the elastic scattering cross section and o-',.:_is the combined 

cross section for inelastic scattering and eharge exchange ~eattering. 

(j." r is called the reaction cross section • 

Fernbe.ch, Serber, and Taylor 46 , in presenting their treatment 

of the optical model, have derived the total elastic scattering crou 

section. they give 

I + z ~,_R,_[ I (I ~ZI< R)e -
2Kj-(-f:.-~,'-y-R.~X 

{ ( -f -l.'J + e -K~·,.,zJ, R[z~,R(!'-+..4,4)+~, K] 

e-~~os2~,R[ (f -i~)+ I<R(:• +Je,~)n 
whe_re K =· 1/R_ 

0
, j_

0 
= collision mea.n free path in nuclear matter,·. R is 

. }/. . 

the nueles.r re.dius r
0

A"J, r
0 

= 1.2 Fermis, k.= p/-li is the propagation 

vector of the wave ·outside, k + k1 is the propagation vector. inside, 
. . J... 

kl = k [ ( 1 • V/'t) 2 .;. 1] , V is the mean potential energy of 'the ~ojectile 

inside the nucleus, and T is the kinetic energy. 

The data has been divided into the two energy intervals. 

20 to 100 Mev and 100 to 220 Mev with mean energies of 70 Mev and 160 'Mevl 

respectively. Since the magnitude of the repulsive potential has not as 

.('"·. 

. ' 
: '. 
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yet been definitely established, the diffraction cross. section has been 

calculated assuming values· of 10, 20, and 30· :Mev. The appropriate 

cross section per nucleon and reaeti9n cross section for each. inter:val . . , 
was held oonata_nt. This is not rigorously correct for the cross section· 

per nucleon but is suffic1ent for a first approximation. 

·-
\ 

Mean 
Incident 
Energy 

70 Mev 

150 Mev 

The results are given in the following table: 

Reaction Crose 
Cross Section Total Cros.s Section 

Section ,_ Per Nucleon v = 10 Mev V = 20 Mev v 

205 mb 6.6 mb 430 mb 840 mb 

284 mb 9.6 mb 430mb 670 mb 

= 30 l4ev 

1360 mb 

920 ~ 

For comparison, the geometric cross section for emulsion has 

been Of!loulated using r
0 

=.1.2 Fermis and the result is 555mb • 

.. 
' 

. ' ... ~ 
'hi-'' 
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VIII. ENERGY LOSS BEHAVIOUR 

The first suspicion that the nuclear notential VIas repulsive 

oame from observation of the fact that the K+ ~oson elwa.ys came· out of 

a. nucleur interaction-with an appreciable energy, that is, more then the 

Coulomb barrier energy of 10 Mev. 
non-char~~ exchange . · 

Of the 237.. inelas·tic events observed 

here, except for two cases (at.-15 Mev 9.nd 23 Mev), all had final energies 

above 25 Mev. In addition, the anergy losses were-generally low,in 

contrast to positive 'fi meson:; where the contrary is true. In this secti~ 

severr,l observations are made of the behaviour of' the fr9.ctionsl energy 

losses of K m~sons which s~attered inelastically. 

Figure. 11 ahovrs the distribution of the fre·ction·nl energy 

losses as a function of the la.horatory angle of the scattered K. This 

plot includes only the data in the energy intervul 100 to 220 Mev •. 

Events beloW the 10% cut-off were cla.ssified as elestie ~nlestJ there ?Jere 

prc:mgs. .Curve A represents the energy loss versus laboratory angle for 

K ~sons on rree protons~ The curve is for iPs of 160 Mev but is 

essentially the same for those from 100 to 220 Mev. There is a rRther · 

striking rise of the data points with increasing angle that roughly 

follows the free proton curve. Curve D for soe.ttariJ1E from free alphas 

is also shown. If one assumes, as is i::1dicnted, thAt the K interaction 

is with !I sin[;le nucleon in the nucleus the s-prea.d could be due to the 

Fermi motion of the nucleons. Assumir!g a maximum Fermi ·momentum. of 

218 Mev/o, curves B and C were colculoted for the two cases when the K 

and nucleon are opposing (B) and when they are in the same direction (C). 

This anvelope of curves B and C seems to enclose a major portion o'f the 

points. This a.ngle•energy loss oorreiation is further indice.tion that 

··• 

L 
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the K interaction is with a einsle nucleon in th~ nucleus. In this 

connection, those cases when a high anerG,y (knoc}c•on or cascade) proton 

oame out· of the interaction are circled. In most of these events the 

proton had almost all the enerby lost by the K Meson so that t~e scntters 

could he classified as ~uasi-elnstio The fnct thnt the points 

representing this type of event are uniformly interspersed among the rest 

leadB one to believe that in the other oases the seme could be true but . 

the proton interacted again before leAvin~ the nucleus or the original 

interaction was with a neutron. 

Figure _12 waa made by plotting the mean of the frectional · 

energ.v losses in 20° 1ntervds. ·Evonts below 40° ar_e not. included 

because the dsta is strongl:v influenced by the Pnuli exclusion principle 

ann the 10% energy resolution. -It is possible to see that t-he data 

is consistent with a repulsive potential by using a simple .model. It is 

assumed that the K meson experiences a potentiE~.l V on ·entering the nucleus. 

so the kinetic energy before scattering is r1 - V. The K.scatters from 

a nucleon at rest at an angle equal to the angle observed outside tha 

nucleus. The outgoing K then leaves the nucleus "'-'ith an energy of . 

Tf +. V: With this modeL fractior.al energy losses versus anglA· were 

calculated end plotted for V =+30 e.nd+60 Mev •. The Bffact is clear. 

A re_pulsive potentis.l gives· the suppression desired to s.gree with the/ 

d~ta. Thm;gnitudeof V ~or best fit is not significant since the motion 
c.· 

····' 
of the nucleons hes been neglected. 

. ' 

In Figura 13 the mean frnctional K meson energy loss is 
.:\' 

plotted in 20 Mev incident energy intervals. In order to make an estimate 

i 

~ ~·~· ~-~·'..:t.·.,~ 
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of the expected energy ·losses with various nuclear potentials_ the following 

model was ueed. On entering the nucleus the K meson experiences ~-

potential V which is the sum of the nuclear e.nd coulomb~ potentials. 

At this reduced energ,v it in ten cts v:i th a single nucleon. Assuming 

that the angular distribution of the K-nucleon scatters is· isotropic 

in the center of mass system, the most probe.bly angle of flOB.tter is that 

at 90° in the center of mo. sa due to solid engle eons iderations. However, 

the Pauli exclusion principle prevents a fraction of the scatters at 

small angles so that the ~ean on~le of scatter is really greater than 

90° and varies with incident energy.. Assuming that the nucleon must 

be given a momentum greater than 200 Mev;c, these mean. angles were 

estimatedo Then each mean angle of soatter geve a certain mean energy 

loso. The final kinetic enerEy wns then increased by the amount V to 

oo·rrespond to the energy observed outsiqe the nucleus and then the 

obser~ed fractional energy loss predicted. The predictions ati a. function 

of incid~nt energy are shown as solid curves on Figure 13 for several . 

values of V. The best fit is for V =~30 Mev. The feature of most 

significance is that the dR.te. indicates e. repulsive potential above the.t 

of Coulomb repulsion. 
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· IX •. NUCLEAR EXC IT/,TION 

h 

Systematic s:tudies of the nwnber, type, and energy and angulnr 

. distribution of star prongs resulting from the collisions in flight of 

various particles with emulsion nuclei have been made in a number of 

4'1 experiments. In general, the indications are that star formation 

( " " ( -22 ) . proceeds in two steps: 1) the ·fast - 10 sec initial cata.str~phio 

process which includes nucleon scattering in· the nucleus (usually e!:tll ed 

the cascade or knock-on process), pickup, stripping, charge exchange, 
. . . -20 

and mason production, and (2) than the 11 slow" ("'·10 sao) de-excitation 

of the resulting nucleus usually termed the evaporation process. 

An analysis in these terms is made for this data in order to 

'understand better the initial K-nucleon collision pr.ooess and the 

distribution of the energy lost by the K m~son • 

.l<'or this type of annlyeie, K+meeons have sevsral desirable 

properties: the conservation of strangeness in strong interactions, the 

laok of any other strange particle channel, and (except for charge 

exchange collisions) the absolute identification of the K meson among 

the star prongs by virtue of its different lll.8.Ss and its decay process. 

The prongs of K meson stars (i.e., prongs other than the K 

-meson coming in and going out) oan be put into one of three length c~assea: 

(a) R(l~ 11 (b) 10p~Rtl.2 mm. a.nd (c) R). 1.2 nnn. Class (a) inclu.des 

recoils, delta rays, Rnd low energy alphas or protons which leaked 

through the Coulomb barrier. Class (b) primarily includes protons and 

has been examined in terms of an evaporation spectrum. In two stars, 

a prong a.poeared straighter, was thicker, and showed a few delta rays. 
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Those w~re assumed to bo alphas nnd the stors wer~ axoludod from the 

evnporation rmelysir;. Class (c) includes primarily high ~morgy proton£ • 

Stant formed by K mesons hnvin.c ruwrgiea between -100 to 2:?0 

Mev wera a.naly&ed and Figure.l4 aho\\8 a histogram of' t};o energy 

distribution of all protons with rent:es c:;reater thnn lQ-..1 ancl having 

eno~~l~~ lese than 60 }Jov. 
48 

(This de.te includes only that obtained 

in sot\nnine, at Berko ley.) Cbnrly it indioat.es ths fruniliar ~,\a.xWellia.n 

dietribution ot proton enorgieo· charncteristic or evaporation prooesaas, 

pluc the lonr. to.il of knook-on or oe.ecade protons • 

. It hal been Bhown 
49

• 50 thnt l!uoh evaporation spcotra oa.n be 

reprosor.ted by the relation 

N(T)~T-
T-V 

'1'2. e J..T 

whore T is the kinetic energy or the prong, ~ is th~ nuchar temperature, 

-v· is the offoctive Coulomb barrier height, li is tho totAl number of 
0 . 

OV1.1.poroti6~J prone:s. in the El nectrum, o.nd N( 'l')d'i.' is tho numb ar of prOll[,S 

l:o~in;:: in tho intorvo 1 d'I' e.bcut T. This n5.mplified version or tho 

ovnporctior; roletion~ ifi ctrictly· f'pplicn~le only to thfl heavy elements 

at excita:ticn anorc~ef! brce CO!"',.?flrod with the bindir.g enargy per nuolaor.~e 

Tho first coroflirlerr>tion is to l:V'J.lcO ~ c:hoice of' &r effo:Jctive 

Coulomb btJ..rri<tre 
. 51 

Hecently, Bailey he.s exr-:•ri!l1€•:lta.lly studied the 

OVS.porr..tion S~~ct.rA of' P. number or $lGmi;JntS find obtains Oll eftaotiye 

Coulorlb bf.l~rier neoeaaery for r. bortst fit 1.n efjch case. Plotting his 

poto:;th.la and extrspolotiTl(:c to obtnin va.luos for the avorage hauvy 

element ~1~ tha avorage light element one obtains values of about 4 Mev 

I 



f'• ... , 

:;t 

'" ~ ' 
.. 't ,:.:. 
'· 

> .· 
·.r1. 

~ .. ... 
) 

! 

~-~· 

w 
c ·o 

+ 
0 

' ... 
G-

-· .. 

Fi 'l v ,. E? I 4-

[ nergy D; sfri butiol1 o-f Proto" 5 

Fro"' I"eltts+ic ScQ.iters 
;,..._ En e ~3Y In"t~rvCl.l 
IOO t-o zzoMev 

"'' .. .. • . •. 

- C'a.lcvlc.fed for 

A~.6r 

0 1 1 ' • • 1 1 r::t:t= 1 1 1 1 1 , 1 1 1 1 , 1 1 1 1 ' 1 1 1 
o 5" to IS 2o Z5 -30 35 4-o 45 .so 

K i 11 e +-• ·c E,., e '"S y of Pr-t:. "f-o.., (Mev) 

:...:.:. ~·: ...... : 



e 
··i . 

- 67 .. 

end zero Mev. respectively. 

Therefore the histogram in Figure 14 is a composite of prongs 

from light elements and heavy elements with the light elements contributing 

predominantly to prongs having energies less than 4 Mev. Since 

evaporation theory cannot be applied to the light elements. only the 

prongs h&ving energies ~reat0r than.4 Mev are used and it is assumed 

tha.t they come mostly from the hee.vy elements. 

The parameter T 1 tha nuclear temperatur·e. was evaluated 

by plotting ln (N(T)dT~ • ~J vs. T on semi-log paper using V = 4 Mev. 

The slope of the best fit straight line through the points between 4 to 

20 Mev gave a T of 2.9 Mev.· The predicted distribution using this 

temperature is glso given in Figure 14. 

60.52 
From evaporation theory. it is shown that the excitation 

energy of a nucleus can be represented approximately by W = Air 2j10. 

Hence the excita.t ion energy is 79 Mev. 

The mean ener~y loss for K mesons in the energy interval 

100 to 220 Mev has been found to be 67 Mev. The correspondence is good. 

T!1e smaller value for the rnean energy loss .could be due to the 

inclusion in thot determination 6f events with small energy l~sses when 

. was 
the evaporation of ono or two neutrons the most likely manner of 

cooling. 

From th$&e observations. it can be concluded that the 

star energies can be satisfactorily accounted for by the kinetic energy 

losses of the K masons. 
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eome infor~tion on tho !3lamantary K-nucleon eros!!!, s~ctions in ter'!ls of 

S snd P etateA nr~:~ prb~arily responsiblct ro·r t.he sentt3l"ing flnd thtt 

st'Jtes of higher rnomantum do not play t;< sic;nifics.nt role. Thia is 

rgasonabla sinco tha i'!lrnot ·pare.l!<otor, k&. (where k = 1/?.. is the wnv'3 

ntu'lher etnd a is the radius of' 'a nucleon), V!l.rit:Ja roughly from one to two 

53 for K's at thoo~ onergioe. 

The differential croas ~3cti<m ·ror th~ sM.tterinc of' e. spin-zero 

psrticla by a sptn-j· 

t:J..~ 
J.t_[L = 

particle is 64• 65 

;('(A + B cos-&+ C cos"e) 

an~ tho total croea soction i6 

4-1r ?}.,_{A + Ya C) 
. 2. 

v;.h&re 
I as 12. +- /a. p' -a. P a I A= 

(3= Z R.e a.f(z~P3 +ap,) 
2... 

·. 2 
I tt P-3- ap' I C= I Z. a F 3 + a p, I .-

or tho aoatt.erod P3; 2 nnrt P1;
2 
~avos. 

e
5 

is the S weve scattflrinc umpli tude, e.p
3 

and aPl ara the ampli tudoe 

;'..lao a= sin8e1 b, where ~,is 
the phase shi.ft. Howovar, theao relRtior,s ap:)ly dlr&ctly only tc 

·" 

(x-d 

(x- 2..) 

(X-3) 
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prootllsaes thnt prooeod -through a aing le 1.ootopio spin state. Us ir~ 

the isotopic epin 68~i[n~t~..ent of T = ~· propocod for the K meson13 , 

soattoring can oocur off e proton in the T = 1 state and off s neutron 

in hoth the T = 0 o.nd T = 1 sb.tes. Aocu!"'ing the voliriity or cha.rg-.; · 

· independence, th~ possible reBctions Hnrl the iaotopio spin amplituda 

combinAtion• which repleon the amnlitudos ir. equatic-n X-3 ore 

Haaction Amplitude 

Reaction 
Raf'er~JDO e 
Symbol 

P+ 

N+: 

No 

where a1 and a
0 

represent the T = 1 a11d T = 0 aoattarin[ omplitudes, 

respectively. 

It is conVt'!niont at thi.e point to ndopt the following notation 

similar to th!ilt ot>mmon in T. meson physics: Th$ S wave ecs.ttering cmpli-

tudes of ! = 0 s.rul T = 1 will be indice.t!ld by no :-md 816. Th~ ? \l.'[tVe 

aontterint; mr.plitudt~s will ho ir.dioeted by e
01

, e
11

, ~.~ 03 , n
13

• where the 

first index is tht'l isotopic spin of tr.e state in question c.nrl tho Beoond 

G 
index ilil twico the ancular mo-r:o~tum. Tho anr;ul1:1r distribution coefficients 

f'or' tha throe poss ib lo roacti(lns booome 

BP+ = 2Ho n1•(2o13 + n11 ) 

Cp.,..': 12813 + 81112 • Jal3 ., All '2 
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!~,+· = lja + n ., 2 + )·fa + • .. a - u 12 
•• .·· 1 0 •i 11 .. 01 13 ~0~ . 

BH+ = ~e {al + n0).(2al3 + 2~o:5. + ell + aOl) 

.clot+ = J,.j2e + 
I, '-1 13 

~~.. + • (103 

.eN =·i-f2al 
. 0 3 

2a ·· + a - n J
2 

03 ll .01 

-·t{al3- 8 03- ell+ 6 01(
2 

Diroct evid.,noe for the renction K+ + P -+- :~+ + P is 

provided bj' the K-P int.t~ractions disouel.eo_c1 tn Section IV. It i"s soan 

tt->s.t thEl total orosfi seotion ir. rn.tJwr conet11nt- frcl"l 2~) to 200 ~avo 

The angulrtr diRtributiN'l llppeUl"S to be isotropic l.n th~., oent::tr or !N\Si.lo 

stronc l~diofition that the P wave ecqtterinf in the T = 1 ntKto is zero 

or smAll nt thaflt3 onerci<Hl (below 200 J>.!ev)o 1'ld.~; obsenrstion ;·:as also 

17,18,36 .. 
m~.de by ot.her. e.uthors . upcn ext\tr.l:r,lnr; the aorliera l!'.o:ra linitad, 

r-~sul ts on the K-? encnlar distrihtition f\.r.d ~-mert;:V :kpendence below 

140 Move This '.'-'ork ~;;;xtenr.ls tho 1.•; to to 200 Mev r.nd ~iver. the r~ngul~r 

distrihution u-ith br1tt(:!r :.tntistics. Usinr. this infornoetion we m!lke 

the sesul'![)tion tilnt thf;):-•~ aro no P wrova contributions tc tho K+ + ~:· 

scattering. Thus lJ'~e Ctln set n
13 

and. a · equal to zoro. 
11 . 

Siner1 tho a.vt~.ilable experir.<ental dnt9 is not sufficient to 

dinti.nbuish thf~ two Pwovo scfJttering st6l.teR (P
3
;

2
9.nd P

1
;

2
), severr.l 

eimplifying e.asumntions ure mHd'-'l rogurdiru.-_; the re.lr..t1ve rnat;rli.tude of thH 



Case I: 

Case II: 

a a:·a 
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This assumption in equivfll•Jnt to thf': statement 

thst thar~ is no spin-orbit coupling cwl"! hence 

no "spin flip" •. 

a = -i & 
01 03 

Thh e.ssurrption is besed on the oUt•off theory of 

Chew anj i::s suggee.tee by Stapp in UCl\L-35;~6. 66 

It is an ap!)ro.xil'llation '1.-hich applies when tho phe.sc 

shi.ftn a.re smell. 

Ssttinc tho T = ~ et61te P we.vo aroplituct<la equnl to zoro and 

applyinf:, Case I, ·~he nneul3r distribution ooeft'icient~ become 

A = P+ 

BP+ =. 0 

c"' = o <+ 

}; = t/nl + aol?. N+ 

B = (~/2) Ro (a1 N+ 

eN+ = <914 > I e.o31
2 

+ o.a>· 0 03 

-(3/2) He (a1 - s0 ) • 

c 
No 

. ?. 
= (s/4 ) / e.o31 . 
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SimUnrly for Case II the t>.nc;ub.r distribution coefficients 

A = I a..:l2 
P+ J. 

!P+ = 0 

c ·= 
?+ 

0 

A 
. N+ 

2 . 
:: ~181 + aol + (9/l8)fao~l2 

Il = N+ 
(3/4) Re (a + m )* a 

1 0 ·03 

c = 0 N+· 

A 
No 

In oompnrin(', these res\~lts with th6 oxpHriment'-ll date 

naveral i.nt<3resti.ng implioe.ticns ~riGa. 

The above rolntionH prP.cict thnt the d1f1'erontio.l oroes 

section for K-n~trou sonttfllrinc pe~r.ks forward or beob-1s.rd ao soon ns 

the ? WftVt-t eoattering becomes e.ppreoie.bla. ,4s oh~-n in 1<'1£tlre 8 the 

expl'lrimontul anr;ul~.r distribution of the inelaetie eoatters from complex 

r.uolei whan tranaformed to tha oonter of m.a.ss oylit"m pea.ke backward. 

~ince the rmr:;ulnr distributicn of th'Cl K-P soatterG from frae protonfl 

.-· 

. , ~ t 
e ppt.Hl r s to bo isotropic, this br1ckw:~r1 f.)et:skint; must he -du~ to the noutrorls o 

FUrther, sinoe tho K'z nrf) viE.ihlo nft.or thf:) scatter thtJ bnokwRrd pe11k 

must t•o due to the dir•Jot acottnr.i.ne rauction on nuutrona. '.!'hie agreos 

j 
-\ 

'!. 
j 

J 
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·with both ot' th<" ebova .cescs if ths red pfirt of the product ( e 1 + a
0

) e.
03 

.. 

is negative. 

Sinee the oaloul c;;.tions or tha ::-noutror. direot ccattaring 

Qnd ohBrbe axchMnge cross s6etions &saumod an isotropic distribution in 

tha centctr of' mnsa in order. to corrt!Ct t'or th~J exclusion prinoiple 11 it ie 

clonr thnt these estirr•otes shou1d h~!l ·~ltored. This io ospecially true 

i:r. th!~ high ~n'lrgy intel"VA.l where ? wov(~ scutttJring is importanto the 

alterRtion would ~eke ostinutions of both oroea sections luger& The 

observation in ~;ection V-B that tht) t~.verage F-nucloon oroes section 

was roughly constant up to 200 ticv was evidently only ap"Jarent. 1'he 

P wav(J irlCr•3ase ·at small !4nclea must have baon reduced by tho Peuli 

The ratio of the oh!!>.rc;e oxch1>nc;<~ cross eootions to the non-

ehnrge exchange orosa seeticna in tho two cases booome 

Cese I: 

=· 

0" P+ + O"'N+ 

Cesld II: 

(J'"iNo 

Of+ +ON+ 

In the lbiting case of puro :: weve scattering at low energies the two 

oases are the same, i.e •• 

ap+ +Oij+ I• /!+~~a + • 12 .... 1 4 1 ... 0 
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dist.ribu'licn rnu.r.t. be posit.ivo. 'filis requires timt the chRrbc exohnng~ 

distribution pEtak forwt~.rd. 

Obeervation of tlda effect in this OXPf:Ti.l'lent il; stlll und<~r 

wcmld ro~ul t irl lawar averar;e nuolu10r exoitntion for charc;e exchange 

GORttt:Jrs. Thi.:.> -does not maru. neooosR-rily that th8 numbar of prot>f;& of 

theso r::tnrs v;ill bA lRfW bocau~s the exint~mco of n proton EJxcese in 

this type or event inore&.se.f? the probabiB. ty for proton· emission in 

the evGporHtion &paotra. ~c11nning is etill in proj!;rasa to finC. 

chfirgo exchange aoattera on(~ an anr.lyr;it;f; aimibr to thet of 8nction · U 

will·be.made "hen suffici~rtt 'htn is ~·vt-~illlbla. iiowev·or. proliminnry 

esti.rrctef. b~ .. eed on the dHtn f.,iven in this report indicate that th~ 

nuclear excitation for ohe.rco axoh:m£13 stsre is about ona-hal.f thut 

.for ordinary inel~r,tic ovonts. 

It oe.n ba concluded tharofore tht..t a forward distribution of 

the ohsrge exohP.n€;e scatters slso !l.£rees with th0 etxoarimente.l dnta 

evail~ble at presento 
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Composition of ~rulsion: 

Helow are lhted the aroulsioi1 ingredi<lnts e.s Given by the 

manutaoturor of 0-6 ornulsion, Ilford, Inc., Aui:.uet 1955 .. - The dr-meity 

me:nisuremehts _were ma.da nt sa:;: relfltive humidity .. 

~ ,Slel!lent Density ( ~) z A f/A ~-.1'3 (fl. 

fi.g . 1.831 + 0.030 47 107.9 0.0170 o.gas 

ar 1.349 + o.o2o 36 79.92 0.0169 0.314 

c 0.276 + o.ooo 6 12.01 0.0230 0.121 

0 o.24-9 + o.oo4 8 16.00 0.0156 0.099 

N · · o.o73 + o.cxn- 7 14.01' 0.0062 o.o;s;5 

H 0.0533 + o.oooo 1 1.008 0.0529 0.053 

I 0.012 5~ 126.9 o.oool 0.002 

(:' 

"' o.oo·1 16 32.07 0.0002 0.002 

'l'otfll 3.850-+ 0.041 0.1:309 1.009 

The approximntton to omulsion u:::9d in moflt of' the oflleulations of 

th 19 work wile .as follows: 

Elal!lont Density < r > z .'\ f/P. f/AY3 
-~g -1.a:n 47 107.9 0.0170 0.386· 

P.r 1.340 35 79.92 0.0169 0 .. 314 

c-w .. o 0.698 7 13.7 0.04:58 0.263 

H o.os~~ 1 1.008 0.0629 0.063 

fJ1. is ?Toportional ·to the number of atOl!ls of eaoh olament prasont per · 

ouhic eentirnater through the rehtion f(i = (A./A1 )Lwhero L h Aveg~dro's 

numb or. P /ll~ is proportional to tho geometr i oal oross seet ion pres on ted by 

eaoh. element in .a thieknaee or one oant1meter through th~ relation 

Ns.O"'oi = <f1/A1}t1fr~ ~-~= <fv'Ar3 )L'P1r~ • 



APPtl-i.l.:IX B 

Date. obtninad in Phose I: 

·,"" 
Table IV give8 sll evants round >;~t·.ieh'·t!ftd Fl scatt~r grentor 

thf.n 40° (i.fil., elar;tic und inelFlstic) ~~r-.d those evo~ts \•.hich sc@tterod 
'~ 

lcr.·~ tr.an 40° but wero obviously inelostio '(i.e., hed pro~-s, or. e. visible 
'· 

'• 

grau1 density chnnr,e). The char~o axohoncc ovants ~re ~lso given~ The 
··~ 

~-h;trlroptn events are oardly dist1ni.u1shsd and arl':' -ivan ecpsrBt.ely .in_ 
•, 

Section IVe This liEit includes tho d8tn resulting f'ro!l~ tho study of 

12 rnetars of track at X:., I.T. one! ?.4.5 l'lotere at U. of' C., Berkeley, in 

th~ onorgy intervvl 30 to l20 ~. 

Column 1 givos the code reference for the event. · 

Colu.,.,n 2, -6- gives the spnoo angle of the scatter (i.e., the 

angle betwoen the trnck mad(J by the incomill{.; K and th•a track made by the 

outt;oil1[ 'K) • The rms error on· afich of' tbaso mensuremont~; is of' the order 

of one dagree. Thin ~rror is nrime.rily due to the veriation in the 

correct ~;hrir.kase factor to htt used in evnlu~tine the dip angles. The 

thickness. at s dev~lop6d plate veries eomewhnt.with hu~idity. Charge 

~xciililngc aver.ts f;<ro listod ir; this column as c.z. 

Column 3, T 
1

• gives tho kinetic energy o.f tho incoming K mason. 

·Hera it i;. avr..lunted by ogrr:p:1rin~; with th~ known resiruRl rfl.nf:c or the 

K 'a in tha orun<J region of the plRt~ which did not make :my ii1alastic 

collision~ 

'·. 

Column '· Tt• give& the kinetic energy of' the K l!leaon ne it . 

le~'>v~a the interactior.. It waH dotermin~Jd by eithdtr thra observed residusl 

range ( 1ndioat8d by s,;,all errors) or hy a &rain count immediately &.f'ter 

tha &oatter. In tnos!-! oAses murkod by an asterisk, the information is nat 

''· 
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,, 
Column 5 givefl the identity and re.nt;e of ~·t~ prongs other 

'""-.than tho K rnenon. Identtfication of pronr,s with range leor;'·"thtm lOOu 
............. . 

' ,. 
b very difficult. They were olt.tSSified as protons unlt:Js:; they a~~1red 

'''~ 

unusually heavy e.nd straight in which case they were classified FH! 

alpha particles. Prongs less than 1~ wero olassad ~s reooils if 

straight ~nd heavy. 

Column 6 givoa th~ visible enorgy of the interaction. other 

t:1Bll the OUt(;oing K moson 0 snd is obtained from tha in.formatiolJ t;iven 

in Column 6. The conversion from r&nbe to energy v;ne made using the 

tables distrihuted by w.. H. BrArkas48 for low energy particles. Binding 

anergies of' 8 Mev for protons· And 4 MtJV for alphR particles have been 

inoludodo 

Column 7 gives the o lase ificRtion as to whether the interaction 

WHs oonaiderad elestio or inelastic. Jll sonttera ~ith no pronrs were 

olaased as olastio if the grain density ohrtnf~G .across the scatter indioll-tad 

the.t thn energy loss wse lees than 1~. i''henevar a sontter had a 

rocoil which olaArly did not co.ntcrve momentum, it waa ole.ssed e.s 

inelaatio. If thare wsa ~.ny suspicion th,.t it did conserve momentum, 

the momen~lm tranafor. 2ps1n~2 •. was evalueted fro~ tho scattering 

anbla Md known range of' the K meson. For the clements of emulsion 

(exolud1ng hydrogen) this is a good firGt approximstion or tho mo~entum 

of the roeoil'ine nuclo.rue. With this infonnation and th,J rsnge-enargy 

plote or Heynolds end Zuoker61 for nitrogen in nueleer emulsion, it was 

posRible to determine whether tho scatter wns elastic. 

. " .. ,, . ' 



·Pl1i\SS I - fJ Tt, 

Vhiblo 
..... ;'4lergy 
11·; •• g . T T Prong a l!;xol. K 

Cod~ De~reea_ (V"~l ('. f' :;xol. K (HaT) Class ___ ;.;~ 
,. 

-.:,. 
\120 75 35 9 .. NOn6 0 Inelastic "+ 

:0:9 90 42 + 9 16 + 
, 

?-1.5-MJ!l 26 II ... -
~43 134 42 + 9 19 + l 2l'i:lctrort ._o II 

Gl:3 146 43 + 1 43 ·t- 1 None 0 Elutio 

IS ~4 46 + 6 14 + 1 ll-199)..1 13.5 Ina las tic 

·~: .. T. c.~:;. 47 9 p -500u 17.4 II 
!l'lJ. '\I -· 
Fl!J 30 4f3 ..... a 4" !1-20':!-,-l v~.b 

,. 

1.a4 90 49 -!· a 21 {;one. 0 II 

15 103 49 + 16 20 + l P-1. 72 2 r. b ... 
!l'liil 

:;r.a 93 -49 ... 16 49 + l~ None 0 :::lr~stio 

i·~:>.?:,l c:: 58 ... 8 [11 t H !lac ""0 Ir;,;l~:~.stic ,, 

~:47 6G ~-: 
tJI.. + 1 52 ·I 1 :icme 0 :::laatic 

¥.:14-l·: 53 + , ,- ·.~ l ::.one 0 
., 

, . .. ... '• .), . 

:·,19 1()0 57 + 1 ;~7 ~ 1 \one 0 
.., 

~ 

:.~i.~ ~3 62 '.j G'' + ti Nonf7 () 
,, 

·t t. 

,:1 ::' DJ "') 
:·: l_ .... n 1 + ' Nono 0 Inelnst:c J. 

'/17 161 ~ ., + ::~o + 1 ~"')u .' ·~ 
n 

Or .. ·':') ~""-c_· .. ,,. • .. -
'!\~1 f~ l77 t:3 + b 2[i + 1 P-?..3tnl'\ 3.1 

·. 12 .· , .. 
63 + 12 2-Gl5)l 71 " l e.: ..• 

r·-175p. 

"" 
P• ~': • (~Gtnr~, 

!. 

::·11 !1 f,R 6'J + 1 ~ ., 
+ l r;ono 0 "lee tie . .. : :_\,,; 

''il 4'-, 
. w 6" <J + G • No11e () lw::l~>stio -



V~sible 

'Ii Tr 
Enerr;y. 

Q Prongs b"Jccl. K 
Codo Legress (Mev) (V.av) ::xol. K (Mev) Cle.ee 

>.;,; fiS !S.:) + 6 58 .,. G .:one I) ?l.u stio 
;,t.., 

..... r'!.-'• . "., rr . " 70 12 ·,-o 1?. =·one ') 
., 

... ; .... J.. ~·!. . ! .. 
:. l~) J5 . .,., 

+ 4 , ') -! 1 P-1 ~ 7m'fl ·27.6 Ir}9 l (· st to 
"'('"'~~ . ··' ·..-t 

!--~·o 51 74 ·t 12 'I·~ + 1 ') 
L. ··:otJe () :~:l'lstic 

:.; Cl4s. H4 7:.·) 4- . ?f1 4· Non& 0 
.. 

·- + -
:·26 87 76 (j 76 ·• G None 0 " + 

~ 

i!2l 145 '/8 + 6 50 Nona ·o lnf;lRntic 

r·"' ",.. .• \I..~ .ltl 27 '78 + 12 ?8 .. 1 .l·~~c. 0 Inel~:.stic 

;il6 lr:S? i'4 6 .:;t'' B ·~·~'s ... !I 
T IJ. or 

11 44 H4· 1 ~! 69 + 1 P-4.6u 44 
P.1:). :)u 

P-'l.Otl 
P-f.iH2u 

I4 c.~. RK + , ' i'-?.03u 1.">.6 " .l 

\., 1 64 fl8 ... 1 RP + t >:one 0 .~1L1etic .-
;.:10 ( ... <:' ;t;'} + ;;, P-10mTJ: 6p Inulss t. ic .. . .. . .. 

:;.{) 7.~ 90 + 1'" '··' :-.a + 1 .. nn-1~;. 15 
i·1-l;~ou 

··~ 54 ~p + 1:5 g;~ + 13 hOll~) 0 ··.h.stio ·.•.J .... 

~~C5 n '-:11 + 10 ::.:7 + 1 :') Non~ 0 .. 
' ~ ,,. . 

.l~.::S 1 ~ 0 -t ~ 5C + 1 :•:on<.:i. 0 In=-; 1rts·t tc l'l.t~ L- ., 

n 14.5 1 i ;: .. 10 ;'/i + 1 i"-l37u 12 

,. 

~ . . 

.. ~~· 



. . .. 

. .. 

' ' 

Dnta obtainod in Phsse II: 

Table V gi VllR n J.l events v;hich had n ecattar greatnr than 

40° (i.e., alttr,tio end inelsstic) e.nd those ~vontn v-·t:ioh ec$ttered lees 

·than "0° but were obviou5ly inolEH>tio (i.o., hAd rronr:e or A visible 

grdn dons1. ty ehonr.e). The eh~.rga axchanee avor.ta are ·11.ho included. Tlte 

K-hyrlrogen events nre givon separately in ~~eotion IV. This list includes 

dntfl obtsinad in uoruu:inc 110.6 moters of traok at ~erkeley hom 20 Mev 

to 2?.0.Me\'e 

Columns 1 and 2 ar(:) the evEjnt code and space e.ncle, respectively. 

Column 3 again e;iv"s the kinetic ~noro- o:f tha inoominr, K mesO'l, 

howO'\'er, here it is ov~:<lunted by a good grnir& count of thv incoming tr-sok. 

When several detormine'ltionu w~o ovailahlo,_ o.g., t~n ohrly r.rain oount or 

o multiple sontterir\c noMurotT;ent, th.~ woighted mean wns usod. 

Column 4• Tt• thB :fine.l kinetio onergy is tho s~a rts disouuod 

for Phase I data. 

Column 6, ~ T, is th<i energy lost by the K me11on A.t the 

eoatter £IS detormined by (T1 - Tr) of colu!r.DS 3 11nd 4. 

Colu~~ 6, ~T/T1 •· is tha :frnotionsl ener~v loss. 

Column 7 h the a8ml3 !IS Column 6 of Pr.r • .r.~ I dntn. flr;d gi voe 

the identity t:t.nrl l"f.Hl£:6 or ster pronr,s other thA.n the K • 

. Colu111n 8 gives tho total \'islble entJrt;Y. exoludirtg K mason, 

including the hindint; (•nergy of e.ll prongs giv6n in Colurm 1 • 

. Column 9 gives Hal decay 'lnode of tht:t K moe0n. KL includes 

the Ku2• '),2 and K83 d<!CI'Y modes. The ~3 • 'I • hn:1 'r' ~r.od•'!l nre indicat~d 

as such. 



fli(.<""-::• 
.. j ~ ~" ... ~ II .. JJ•,Tt 

Visl.b la 

•r . T.f 
(_;norgy 

l .. ~ Q . i .Prongs ;;;,col. K Decay ... 
Code DeJi (Mov) (Mev) i .• T ,•:r!,r Exol. K (Mov) ~.5ode 

\ 
r .•. ....... F004 4 28 t3 25 tl 3 ... 3 .11 1-.0il None 0 KL 

ma4 75. 29 ·~ 23 +1 6 +3 .21 +.07 None 0 KL 

}'HI3 4S ;·n +-1 ,',l +1 " ·!-( 0 .... 08 i~oo- ~~".l 3 T " 

60?3 1:~£> 3r~ +1 :.~5 +1 0 T-? 0 ~-.08 :~oc-lu ~)- -· KL 

f1J;12 46 .-~.5 +1 ~;6 +1 0 + #) 
{. 0 +.08 Hona 0 ~( L 

l-'096 .. ..,., 
.!. ~: ( ·!-·.; -T5 .*:) :) +l 8 +f.i .Hl + .OB ~:one 0 1\ 

L 

<1'024 87 45 +6 37 +1 B +6 .lR +.07 ·Nona ~ 
,. 
'· "L 

}'045 48 46 +5 :n +1 15 +5 . ;~.:.- +.06 \one 0 -~l. .. ' 
1.• 

Yl29 49 5t) +5 56 +6 0 +7 () +.08 ::r:tc-2u 3 '.! 
"' ~. 

F;lf., 97 57 +1 57 +1 0 t-2 tJ +.08 ]icne 0 !? 

''();':;? 59 60 +1 60 '+i. 
,, 

: (:. 0 -!-.--)8 Non€' 0 r~ ~ 
~ 

F069 Bl 60 +i• 15 +l 1 ti ~;>J .2!::· +.U8 ~·!one u 1-: 

5011 83 64 +C: f)l +5 u +8 .20 ·t-.07 j;ao-l.Bu 0 Out 

1040 ;~;', £)() +7 54 +1 1?. 7 .18 +.'~18 }: .. cc~l.:)u 0 \.' 
"'T 

F'lOl 151 67 +.5 46 +1 ?1 +5 .n +.1)8 No no 0 1./' :.. 

1052 1i~ G~ +l. 6f! +l 0 +? 0 +.09 i\E':Ic-1.,'.-.J. 0 K. 

,. ()fl9 44 C.f:l -t6 ~-~·~ +1 ~·· '·; ' ,. +C .4:~ +.04 I::-~J;2~u 1 ~~.4 !i 

t.~ 

r .. 077 ~1 70 +10 1)9 +1 11+10 .1 () +.08 :;o!le 0 !<: 
L. 

Y0~1· 53 70 +10 C' ') +1 lB +10 .26 +.08 !·:ono 0 1!' 
' t,...l l. .., - ,, 

10fl4 46 7?-. +1.11, 7:s; +15 0 +:.:1 0 +.09 t~or:a 0 v 
·'· L 

~ 

101~2 tiO 74 +6 4.) ·tl M +h .40 +.(i4 None 0 .. 
l 

604?. U5 75 +6 47 . , ?B +~ t '7 -t.OIJ i~oc-lu 0 K 'TJ. ••. i 

fr)03 lJ4 75 +7 (jfj +l 10 +7 .1/· ··t.QS), P-17 .:~u U.l ·:r 
P-f). flu .. 



\ 

Q 

~ L-ee;.· 

n47 

.JlB 

• I" ~ •, 
. . •.... ~ 

46 

•'I • ." 

e ... J 

1 

94 

r} i:~ 

7'1 +7 

84 +1 

9(! ·I-~ •J 

1036 118 101 ~1o 

10?~ 

124-9 

~ ., 
·: ..... 

10?. -tlO 

lUf. +l') 

lO'l +10 

.. ..:. 
. r· 

{ ~-~~:-~ ... .( ' ·-···-....-... 

46 +1 

m +1 

51 ~ 1 

130 ,.fi 

60 +1 

79 +J. 

?;~ +l 

76 +l 

;?,.7 .f 1 

?2 +1 

·~/':' J!.., t. ___ , .... _...;. __ 

. 1._~ ·~· 7 "4 ·.1. +o t)b 

1 ~ +7 .v. +.08 

· ;~c +8 

0 -1·.09 

?7 +8 .• .':2 +.06 

17 -t 1 t) • 20 +. f)!j 

Hi + 1 ~; • l 7 + • 08 

.11 

1:? -i·l7 l
,., 

•. ;J 

11 +10 .38 ~.J~ 

::'ronr;~ 
, .. ..,.d .• l( 

P-2-.8mr" . 

'·or~e 

!lone 

l-hc-1. :~:u 

Nc:no 

5:ec-?··.! 

.~ .. -.7nu 

, -?tn u 
F-61,1\}J 

Visiblo 
.->nF.JT'r;:.r 
.~xcl. K 

U'avj__ 

.j 

0 

0 

'"' I. I 

20 

0 

7 

0 

0 

11 

0 

'f.':'. .... -· 

r:ocuy 
::ode 

l( 
1 
u 

K 
L 

" !\. 
L 

c:-ut 

¥., . 
. J. 

J. .. 
Out 

L 

K. 
L 



~·· ,, . 
0 

I'<" C.. 

45 

'i' i 
f '·'C'It 'I 

-~:-··· __ , 

109 +lO 

10~~ r~~~ l09 +10 

5011 .. ' 
···.! +1() , )(• -.- .) Hl +A 

519S 147 110 +10 59 +l 

FO?l 48 11} +1 lll +1. 

112 +11 

2Cl04 109 1).:!, +ll 42 +l 

l'OlO 

7117 

6Qf..7 

Fl23 

1154 

fi9 

47 

~ ,, •) 
.:.. ·.!. : ~ 

114 +lJ. lOG +10 

l1S +l?' f.S +1 

llti +-11 zg +1 

lt.'D +12 ?5 +l 

97 121 +12 74 +l 

43 122 +13 43 +1 

124 122 +12 51 +l 

41 124 +i~ 124 +1~ 

l< +14 

+.07 

() +2 () +.10 

73 ·i-ll .7() +.0?> 

9 + lS .08 +. 0~~ 

'17 +11 .G7 +.o:. 

0 +19 0 +.10 

. 79 + .02 

47 +12 .39 +.06 

79 +13 .65 + .o:~ 

71 +1~: .58 +.0~', 

0 ·1-18 0 +.10. 

Pro~:_ss 

:<:xcl. l\ 

F-?/i.l1~ 

Y.ec-L\ 

)·lone 

;""·-1;>;8 •. 1 

!~one 

F-274·1 
P--4.5·! 
Fec-1 .. 3·1 

P-11::16•.:. 
Hec-1"-1 

l~f)c-2., ~r-.1 

P-25'1 

P-760-J. 
Roo-2.1h 

::118 r· .[:.}· 
~-::xcl. K 

r• 
·) 

r• •I 

0 

('· 
·-' 

4 

24 

2 

[ie(:s::t 
;•·ode 
~----

K, 

Out 

F.L 

K. 
'·' 

" '·· J~ 

;{" 

, L. 

Out 

K 
L. 

K. 
! ... 

Out 
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' isihlc 

'!' " 
·::nerg:y 

~ ~ ·'r r'ronr;s xr:.l . { :·~ee.y 

;:ode ~_k 
I 

f::t':V' ' ( ... ' T ____ J.IL ·.:s::c1 ., ( ~io-..r) \rod•! I } :.oeY ,' . X\ ----- ·-
..... 

:yol~1 13 1 27 +1.3 106 -tl 2) -~··i..:~. .16 -r-.08 r .. s~'l 1·:),.4 r •1':... 

L 

~ 6lti~J ':'7 ] ··;.•-. 
(. ; +10 104 + }Q .. , 

·< .; +J.~ • ~- 8 +.OS )'.£or:e 0 O..lt 
\"',.., 

'TO;:;[: 100 1?7 +13 1?.7 +1.3 0 f lB .. , -+. l~' 1::e c;.l.L ~ ,: 01.\t 

}':)81 r. 1 ?7 +.i ,; i·. 1 ~_.,(!tr o·1 1 ' 2 ,, . • . 
. ....... 
,·-,;,·;,e·l) 

! 1:'.!:: , .. 
:..,. e 1:'P ~-).:.:; - ::.-1 c:- 7: 1 ;·'.·2.,8 ... 

.··-4n~A 

f,;):·~f ~ r~ ~ l;~.~ +J..' !)l: t~ ' ?') .I.• .. • A ' '1;, J'' ... +,04 ;)-4 .-~h~!n 4 ., t• 
•• .Ju )' 

L 

Ft)f~·D 1}9 1 :.;;1 +1 '/('}~ +1 'J; ·11~'· J !) +.Ofl :: ·~~c-4"'.1 6 i{ 
~-.. "' • • ~ I • - t 

" 
615.~·-. ?~~- l :~::~ +1 ' t~5 l '1 J1 i·l::- .34 +.CJ6 ;.c;c- ::.' .1 ~3- " :',) i: ,, 

-
n7::;, [)() J t""ol• -+11 ()!) +1 6!. +14 l'" + .04 }-'-1 ~?f.J 'J. 12.1 X .:. -~: . .;.) 

Lao-1·,\ L 

c;l8J '74. 1.10 +B D~~ +1 ~)!) +1.'· . 28 ·t·.07 P-1 o ?.·.t 1 29 K 
! .. 

600H ! ::·.f:! Lq +1·1 41 +l ,, .... ... · . .' ;. J.4, .69 +.03 i1-B .. 4!l'~r' 56 :; 
i\-3C-ll L 

clot.: 128 1''" "-~ r:. -t-14 73 +1 ·59 +H .45 +.85 ?-::.?·5".l ;:;O.d 1':. 
P-9(h ... 
ec-2. ;)·). 

1:!1 f' ·-~. :"! .. l '. •.':. f~.-·1· '·-SCY~J fA 
' ' .f, 

;:..-_ ::J ~~ r~:l 

; ... _4()0'.-t 
~-:-,;:( 0 [;'"l 

,:-_.s. ,p):!t:r 

?lll 4.~S VS4 +Li C.t. +10 ~~ -t 16 c.09 ~, .']9 l:oc-lw 0 Out ~ .J - ..,, -
7 .. C::'l t-:~. VA +14 ).?; + 17:. • , .. +11? •. :)? ·I • :)9 Loc-~·u 14.9 Cut .J •.. •c._: .... 

~::·54-u 

. 
1127.. 103 L'A +14 ·: (l +l. 16 +1"~ .?4 +.05 :;oc-lu 0 K 

1 • 
,·.,~C.- J.U i. 

1·~.!·~~14 f:.? 1 ~~·1- +14 l! :-s ... 12 21 +19 . lf. +.08 F:0c.-t:-. l.'u 17.4 (..)lt 
' .-. ·- ,. 

i·-(: .. :.ou 

Sl?(j ... .. 1 ;< 1 +H -~-·- :-5 'l ~~u 60 \ ... .. 
/·-1 . J.D"':; 

r-f;s:.:;.u 



Visible 

Ti Tt 
Energy 

Q. . LJ T fJ. T/T 
Prongs Excl. K Decay 

~· Deg (JJ.ev) (Mev) Excl. K (Mev) Mode 

F059 143 136 ·+14 124 +12 11 +19 .08 +.09 None 0 Out -, ... , 
~. . ~ 

~· 6123 122 135 +14 36 +l 99 +14 .73 +.02 P-7lu 10.9 KL 
l 
'• .. 7151 59 135 +14 90 +9 45 +17 .3:5 +.06 P-L9mm 32 Out' 

F282 118 135 +14 26 +1 109 +14 .81 +.02 Rec-1)1 85 KL 
P-13mm 
P-388u 

. W018 c.E. 136 +13 - Rec-iJI 44 -
P-3.2mm 

1130 168 137 +14 23 +1 114 +14 .83 +.01 P-1.2mm 96 KL 
P-665J..1 
P-7. 6mm 

1206 49 138 +14 118 +1 20 +14 .16 +.09 Rec•1J1 0 K -- L 

1109 44 139 +10 134 +10 5 +14 .04 +.10 P-255Jl 14.4 Out 

1049 66 140 +15 112 +1 28 +15 .20 +.08 P-78}1 29 KL 
P·3Z.8\l· 
P-5.3).1 

5034 23 140 +15. 134 +1 6 +15 .04 +.10 p.;~48)l . 15.6 KL 

7074 c·. F.. 140 +15 Rec~l.8J1 · 11.9 
P-ll5p 

F087 35 142 +14 106 +1 36 +14 .25 +.08 None 0 K 
L 

1271 112 142 +15 60 +1 82 +16 .58 +.04 P-13.3mm 70 K . 
L 

2033 97 142 +15 60 +1 82 +15 .58 +.04 P-64p. 25.3 K 
P•277p. L 

6008 114 145 +12 94 +lO 51 +16 .:>:5 +.06 l:ec-J;t 0 Out 

2014 99 146 +16 29 +1 117 +16 .80 +.02 P-7.4:nm 61.4 'C 
.·• P-22}1 

F066 116 147 +12 82 +8 66 +14 .44 +.05 None 0 .KL 

1036 14 148 +16 73 +1 76 +16 .51 +.04 None 0 KL 

2166 47 14-8 +16 65 +1 83 +16 • 56 +.04 Rec-}JJ. 0 KL -



Visible 

Ti Tr 
Energy 

Q 
{jT 

Prongs r.:xcl. '{ Pecay 
Code Dag (Mev) {Mev) f::.T/T Exc1. K (Mev) Mode -----
Fl46: CeE. 148 +16 21ectron 62.4 

• P-53 }l 
P-7.4mm 

' '· " 1' 
,, 

6069, 132 149 +13 42 +1 107 +13 • 72 +.03 P-02 mm 110 -
W041· .73 149 +20 . 95 +10 54 +22 .36 +.06 P-~~ 19 Out - P-2!i.1}1 

Rec-1)1 

6108 : 100 150 +16 56 +1 94 +16 .63 +.03 Rec-2.3p 71 K 
--~75p. L 
P-ll}l 

F239 64 150 +16 98 +1 52 +16 .35 +.06 P-10.8mm 63 K!-
.{ •' 

509i C~E. . 150 +16 P-4. 3lllr.l 40 

1038 .. · 82 151 +16 46 +1 105 +16 .70 +.03 P-33.3mm 112 . \3 
6025 ·: 22 152 +16 70 +l 82 +1t) .54 +.04 P-14 7 }l 41.6 --c' 

P-46"l! 
P-123)1 

5156 104 152 +17 10;5 +10 49 +20 .3r.. +.07 Rec-1p ·o KL 

1102 105 153 +17 50 +1 103 +17 .67 +.03 P-16~ 34.7 KL 
P-970}1 

6010 79 154 +11 102 +10 52 +15 .34 +.07 Reo-2.3).1 3 KL 

J002 61 154 +15 82 +1 73 +15 .47 +.05 P-442p 16.8 K 
L 

5183 77 154 +17 64 +1· 100 +17 .65 +.08 P-26.2mm 32 KL 

2124 c.}.;. i5fi+l7 - None 0 

5023 36 15fi +16 93 +9 62 +18 .40 +•06 P-2~ 19.4 Out 
. P-49p 

1004 84 156 +17 93 +1 63 +17 .40 +.06 Eec-1p 0 rr '·L 

1118 t. l.~. 156 +16 Heo:-1}1 11.4 
P-8~ 

.' .. , 
134 +14 24 +23 .15 +.09 Rec-1.3~ Out F083 ... 58 158 +18 0 

• > 

7110 10 158 +17 140 +15 18 +2;1 .11 +10 Rec-I.p 0 Out 

512;1 96 158 +18 92 +9 66 +20 .42 +.06 P-3. 7mm 38 KL 



Visible 

Ti 
.. :·:nergy 

Q •t Pront u ~:xcl. K · l.>eoay 
. Code Dog (Hev) (~lev) {j,T /:J. T/1' :~·x .. cl. Y. (Mev) ~ode. ,. 

'• 6oo1 104 160 +18 123 +1? 37 +22 • 2;<~ +.OR P-!3.7mm 56 Out 
• '(; 

t~, ... 

fJ118 171 162 +1R 62 +fi 110 +19 .68 +.03 . f-21.6m"' 90 Out 

1347 49 163 +18 89 +1 74 +18 .45 +.0& · P-t .• li'MTI 44 KL 
Rac-1)1 

L028 111 164 +19 44 +1 120 +19 .73 +.02 Nona 0 '\ 
6116 90 166 +19 69 .+1- 96 +19 .58 +.04 Hec-2)1. 90 K.L 

P·7mm 
p .. 3.4mm 

1370 c.:,·: • 166 +19 F'·396\l 16 
?.ec-1.6)1 

1150 (' " -....· • r, .• 1€6 +19 P-6~3f1 18.7 

F074- 164 166 +15 57 +1 109 +15 .sa +.06 P-l3mrn• 69 KL 

'N09l .54 166 +19 81 +1 85 +l9 • E'l -t.04 F-13 +3mr.-· 69 K 
L 

1178 69 167 +19 68 +l 111 +19 .67 +.0:~ ?.ec•l'p 0 KL 

\;'030 r ""., lt17 +H ec-?.9.~ 100 veue 

.C-41.8)1 
«-411tm 

6012 c.~: • 167 +14 :~one 0 

7199 118 168 +19 7l +1 97 +19 .58 +.04 P-4.6mm 42 '\ -
F246 81 168 +19 148 +16 20 +26 .H +.10 ltoc-ht ·0 K 

L 

2105. ·~. ;~. 169 •20 P-1. 64trnr: 61 -
F-2 .e6mm 

6219 47 1'10 +20 40 +l L~O +20 .77 +.02 P-7lJA 28.2 7'' 
'· f'-470)1 

.. 5068 26 170 +20 38 +1 1~2 +20 .78 +.02 l'one 0 KL 
'. 

6109 C.E. 111 +20 Eec-1. ~ 84 
!"-7 .3mm 
p- 2 • 5!11ln 



Visible 

Ti Tr 
.Energy 

Q FJ"onga .Exel. K Decay 
Code 3 (1-\e-v) (Mev) tJ. T fi T/T Exel. K (Mev) Mode 

,, . 
None 1~ ~ 2071 42 176 +20 176 +20 0 +30 0.+.12 0 out 
P-670p 

~ 1:359 28 177 +20 62 +1 126 +20 .':71 +.03 P-27~ 46.7 KL 
!".;_-,. - P-l04lJ. 

2190 63 177 +20 132 +14 46 +25 ._.25 +.08 Ree-2i.l .'3· Out 

1!1089. 84 177 +16 96 +10 81 +18 .46 +.05 P-660p 19 Out 

. 5182 78 179 +19 69 +1 110 +19 .62 +.03 Rec-5.~ 96 K· 
P-1;~.4mm · L 

P-655\1 

7129 C.E. 179 +21 Ree-2}1 20 
P-480p 

2178 120 " 180 +21 57 +1 123 +21 .68 +.03 P-484lJ. :32.8 K· 

P-35~ 
,L 

Reo-1)1 

6024 63 182 +22 116+12 66 +26 .;36 +.06 P·594p 18.3 Out 

1110 107 183 +20 92 +9 91 +22 • 50 +.06 Rec-~ 1.5 Out 

F019 :32 183 +13 143 +15 40 +20 .22 +.06 P-5)1 7 •. 5 Out 
P-4}1 

6126a 21 184 +22 159 +20 25 +29 .14 +.1,0 - .. R~o-10.~ 9 

5106 129 186 +22 79 +1 106 +22 • 57 +.04 P-312\1 28.3 KL 
r-177)1 

6075 138 186 +22 45 +1 141 +22 • 76 +.02 F-38}1 28.7 K 
P-727).1 L 

Reow?. 6lJ. 

5199 29 187 +22 160 +18 27 +28 .14 +.10 None 0 Out 

6236 · C.E. 187 +22 P-285)1 M 
~-678lJ. 
Rec•1)1' 

7059 65 188 +23 177 +20· 11 +30. • 06 +4.0 l\ec-1p. 0 K • 
' . ' J. .. 

• . ~-237 46 188 +23 137 +14 51 +27 .27 +.07 Rec•lp. 0 Cut 

1076 106 192 +15 98 +9 94 +18 •49 +.05 None 0 Out .. 



-
Visible 

Ti Tf 
· Energy 

Q Pronv.s r.:xcl. K. Vecay 
Coda Dei:; (Mev) (Mev) ;6 Tl' fj. 'I' /_T F.xcl. K {Mev) Mode 

I 
+24 79 115 ·- 5240 108 194 +1 +24 .59 +.04 P-156~. 15.7 Kr. 

Hec-2}1 

?.082 126 205 +26 99 +10 106 +28 .52·+.05 P-29;Sp 14.9 'Out 
H.ec•lp 

615:""1 ::s 205 +26 175 +1 . 30 +26 .15 +.10 None 0 KL 

60.61 C.E. 207 +15 Electron 49 
ltec-0.8)1 
P-f:J.5mm 

v:o22 132 '210 +20 69 +6 141 +21 .67 +.05 Hec-1p. 45 Out 
.l?- : .• 3rr.>n 

/ 

7113 ioa 212 ~20 15 +1 197 +20 • 9;) +.01 p .. 74.4rrmi 17'1 KL 
Rec-?.411 · ... " 

. 5177 44 2:55 +10 144 +15 91 +46 o39 +.06 None 0 out 

·-
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probability tr.at no inter~ction o~ours is sxp (-Vll/vn)• Therefore. the 

tote.l. eros~ section for inehstio collisic.n~: is 
- . R+~ . 

o-== 2 1f" L [I- e~<p(-VA/vhijbtlb 
where r

1 
is the .\.nt.ore.oticn rtidiUF> def!.r.od b)" 

l-
eT = rr r. 

Sir.oe r 1 << R, V can t-e o.?proxirnoted by 

V-=- z~J R .. + b2. 
- Then 

by the Y.., &nd 

+ ..Jic - -1TY:o -- 3 0"' 

repreGenta the coll iaion :uoan free oath in nuclenr wnv.ttor. 

/llso ~quation ~-6 becomes ~ ..L d..b _ _ t { J.e) 
-£=:z .( [1-e .. p(-z.J~·H~JJ ({ R- 1 . f<. 

0 

<~-4) 

(»-s) 

(l>-8) 

(:D-'1) 

(.b-t o) 

. . 

Phyaiottlly, t represer.ts th~ n,arage tre.n8p!,renc:.~ of the nucl(IUe. i.e., 



the prohability of traversal without interaction averaged o7er all possible 

paths through thu nuoleu~. F'ituro 16 shows a plot of r~quation i::-10. Only 

approximated ourves for the hert\'l' anti llt;ht elamsnt t:roupa of emulsion nre 

shown. 

The celoulation of tho cross s~oticn par nucleon from the moan 

f't-ee pRth ·!'or inelastic -eol1 is ion in emuh1on wo.a an 1"oll0'111'S: 

An R.pproxil'llaate value of Rc w&s eetimsted using an everate 

omulaion nucleus. Uein& thb valu'cJ of Je the valu.us of 'R were GTaluated 

for onoh nucleus in ernuhim (excluding h~.rdrogen). T~lf.Jn ullinc f'igure 15 

these •ere converted to ~ in each caso. 
O"o 

These were then combined :to 

giv~ the moan froe path ae rollows: 

{1)-IC..) 

where L 1a P:Yagadro•e ~bor and /£._) · are the (;raphionlly determined . ~·a-o t4 

vnl~e~ for eaoh nucleus. The sunQatic~ is t•lkon over ell tho elements 

·of e!l'!uhion exclutiinJ.:. hydror,en. On completion of' thi& evnluutic,n. a 

eeries or about ten vnludl' pf the par&rnoter ~ wore chosen· h:-. the immediate 

nei~:hborhood o!' interest and th•3 process repented for 6e.Ch to obtain the· 

mean !.'reo path in enruldon repreaented by eaoh. Each J.. 'nve t1 
' ~ 

correspond ir1r; c;:. by · 

The oaloulation wns done for Yarioue valueR of r 0 and the resulting 

information tts8 plotted ln Figure l6e 

The allo..,•onc•J for Cotilcmb ropulaiou \";hioh reduces the nBhsured 
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01"068 &aCtion for ee.oh nuclous \\'~S m~1de Uf':inb th.! Hpproxim'iticn {:,iven by 

B, tt d ·· ·. k r68 
·~a •n ~91~s~p . 

·.. . . ·[· . (~ t- I) eJ _. 
0', . = 0";. I .... = o--, 
.L.oa~. . (R i + ~) T. 

f ( Ri , 7!~) T) 
Ql-14) 

~hor\9 Hi is the nucla&r. radiue of.' th;j ith ~l~:;ment,. z
1 

is ito chnrr,e, 

3( i::l the de8rot~lie wnvBle~t;th of the incident K meson~ nnd r 'ie its 

kinetic enera. Tho fe.ctor t lHUl evaluated for eAch emulsion n~cluus 

fo!" '3ttoh of' the. five ener£Y intervlillis of interest •. Then f'or each enerf'.,.V. 

I 
--
~ N i cr, f ( R t, r1; T) 
" 

The results aro shown in Fitura 17 for r· = 1~2 x l0-13om. 
0 

G"D-cs) 
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·· Role.tod ,,.,.ork: 

Between tha ti100 of publicntior: of the work don~J in Phase I 

of this ~txperiment (;)isa Conf'orenol3, June 1955, Md Phyeicnl Ravio-tN,. 

1!:;9.rch 1956) a·nrl com)}lotior. or Phs. me II, & considornble amoun·t of' ·work 

has boon done along the same lines by other laboratories. For oonvaniont 

rcfere:noe, h;)r$ nre g h·'Jn abstracts or sorntl of the publications and 

proprinta_ known to ua at the present time. :Many of' the oonolusions aro 

dmilar to those given in thh prese>:at work. 

+ . 
IntoraotiorlB of K Meson& with Hydrogen Nuclei at 60 to 110 Mev. 

N. N. Biswaa, L. Ceooarelli·FQbbrichesi, M. Ceocarel11, .M. Cretlti, 

K. Gottstoin, N. c. Varehneya nnd P. f\'aloeoheok, of' Oottir.gen • 

. Il Nuovo Cimonto, Vol. III, N. 8, P• 1481 (June 1966) 

In thia work 162 rnotare of K+ meson track wero followed in 

tho eneri£y int11rvd 0 to 110 Lt8T. Twelve K-hydrogen eventa wore round. 

!he rosultirl£ erose 8f.)Otion from this data was 23 + 1 mb. 

Nuclesr ~ic~tterlnc; of K+ 'I;{!Jsons in tho Energy Hogion ot.' 80 Mev. 

N. N. Biswe.o. L. Ceoonr:-elli-r'nbbrich~s1, M. Ceccarttlli, ¥.. Gottstein, 

1~. c. -Vnrahneya and P. Walosohek, of <lottingan. · 

Il Nuovo Cimonto, Vol. V, N. 1, P• 123 (Jnnuary 1967) 

Tho aoattering of r+ mesons by nuclei of photoemulsion wsa 

· inve11tigated. In this \'rork 106 meters of trs.ok were followed il:. th;) 

60 to 100 Wov region. 

The ant,"Ulnr distribution of tho elaetic eoo.tteringc wf:l.s 

compared '!ith the curves c&loulnted by Coata and Patargne.ni for the 



•• 

opticsl .model o!' the nuc~eus. The dnta detiP.itely favorod a repulsive 

nullle$J.r potential o.f shout· 12 Mev. 

The inalaetic· scattering dnta was compared with tho results 

of n cslculnti(ln perrorrnud v.-ith tho !Jonte Cnr_lo l!!etnod, !'or B Fermi gae 

nuclear rnodol. BdRt agre .. :mont wns found with _experi:nantol dJ.\te by 

assu:11d.nc; tho.t the croeo eootion W611!1 iootropic in the center of mass 

ay.stom up to en.'<"narr::y or 40 Mev end then rises backvverd at higher energiolll 

and has tha form (2 .6 - 1.6 ace ~). The enorgy loss behaviour s~reod 

best· with the assumption that thera is.'\ repulsive :nucleA.r potenti~l d' 

20 Mev., 

+ 
f. collection was presantt~d of K -hydrogen ecatterli;gs found 

in nucleflr emulsion at Vflrioua laboratories. Dat~ on 27 evento ~..tth 

center of mass engle groatar thnn 16° is given. The tot~l croas section 

(for enere;ins leGs thBn 150 1~) wus i'ound to be 14 + 3 mb. The angular 

dbtribution of' th~ ev~mts &~(;reed best with a repulsive nucle~J.r potential 

end prt>~domlna.nt 8 wave SCRttaring. The croos. section W96 observed to ba 

K+ Meson lntorAction with Nucleor;e end Wuclei. 

G. Cooooni, a. fuppi, o. QuQr<mi, and A. StrJlnghellini, of flolognn. 

Il Nuevo Ci,.ento, Vol. V, N. 1, p. 172 (Jnrruary 1957). 

The results obtain~rl in ~avaral l~bor~toriss. on the nuclear 
. + . 

intera~tion of the K mesons or anergy botween 40 and 150 Mev were 

enalyzed. The l'lai.n results v:er(l ·tho followint: ( 1) The total cross 

sect ion for th'3 prooesr,; K+ + i' ( i.~otopic spin state 'I' = 1) is 14 ~ 3 mb. 

Tho correspondir.g differential crcf;l'l seo·tion may bn de5eribod essentis lly 

~?·. 
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by oonstruetivo interference between S wu.va end Coulomb eca.tt6rint:,. 

(2) The isotopic spin at~ta T =·o is no~ no&ligible compnred toT= 1. 

P wa.va should· be importnnt in tho T = 0 stete. (3) To exph.in the K+ 

meson tnteruction with n\.lcle1, e nucleAr ropulsiv~ potonth.l V = 10 Mev 

should be added to tht:J Coulot!lb potentie.l. v.;Hh these assumptions it is 

possible to describe: {a) the elastic scattering in terms of the optical 

modele (b) 'ih~: inelastic· son.~terinr.. by considering the interaction 

. ;;_ ·+ 
due to s ill(.le collisions of tho :K masons with the rruclaor.a. ( 4) The 

K+ nuoleo~;\ intaraction in the T = 1 ets•-~ mey be desoribed by a contrel 

potential' a(]Uivolent to s. hard-cora o.f rfldi.us fi = 0.8{-fl/mKo). 

Interactions of K+ Mesons with Emulsion Nuolai hetwean 40 snd 160 Mev. 

M. B~ldo-Ceolin, M. Creeti. N. Dallsporta, M. Grilli, L. ~erriero, 

11.. WAr·u.n, G. A •. ~ahndin and G. Zago. o.f Psdova. 

Il Muovo Cimonto, Vol. V, N. ···2, P• 402 (Jo~ehrua.ry 1967) 

In this ~rk 110 motors or K+ track were follo,fl3d in thti 

enargy interval 40 to 160 Mev. The events ohsarv~d were 6 K-hydrogen 

coattars. 91 in~').Qstio aoe.tters. 10 ohorge e:icohane;ea and 66 decays in 

flif.:ht. E'Vents were diVided into two energy intervale 40-90 Mev 

nnd 90-160 J.!ov. 

Tha total eleatio erose section for ~ngles breater then 20° 

·~1.:;, wae me£· sur od. Thu Il'.l!!lbar of soBtter ill[;l.'l bet lYe en ,0 and la0 on 10 meter a 

or track was dutermined. Those rlAtH wore compared with the oeloulations 

cf Coate. an'j Patergneni !ind it 1Yf.t> ooncludl'ld thRt thero exists n repulsive 

potential· of about 15 Mev. 

Monteourl'o oelcul<ltiona to prE>dict t.ha behnviour of eJ,cr{;Y 

.l 



1ose_os as~umit:g thB GXp.erimelltal an6ul&r distribution indicated that 

o bast fit C()uld ba obtained by uaif16 a nu~har potential plus cOulomb 

potenti~l of 20 Wev. 

It wu found that tho inelastic scattorinr, or K+ with uucleons 

in nuclenr 1m1tter we.s eher!\otorhed by: (1) en apnerent tot8.l cross 
' 

sc;cticn.muoh lower {about 4 rnb) thun 'l.ho K-P cros.R sootion; (2) this 

cross secti(ln app6sra to ~ncNI:lS~ \·. i th energy; (3) tho differential 

oros n aoctior. a a ems to ha stror~£:,1Y p·<t&ked baclo.-t:trdo in the cantor of 

mass; (4) the cross eection for chttrte exchnng~ events 1.6 !11110h smaller 

ttmn the ac~.ttArint: orosi! aoctior:s. Those fuotures wero ox:•lained by 

assumb:c: thot the Pauli principle ·it~ importfl.Ilt end that it outs out most 

of U•.<) forwnrci soatteriTl£ in nuclear m&ttnr, thus also reducing the total 

cross if.;,otiOil• 

It wo.s conolud•.Jd that t.h(:: dl)ta shows that there is an 

importunt oontr1but.ion .in the T :o: l state, ."s on s--r.tave, in the low 

energ_v 1nt-9rval,· iiharoaa at higher enm·gies tho presoJ.JOe of' a P-l>B.ve, 

poa:<libly., of t.h<:• '!.' = 0 t>tato., seems probabl~. 

Tha Interactions of Positive K-Mosons with Nuolei in Photot;raphie 

B. Bhowmik., D. Evens, S. !iilason, D. J. Prowsa. F. Ancieraon, f;. Keefe, 

A. Kernen, tl.lld J. Losty, of Bristol t;.nd tuhlin U. c. 

Prhately circulAted pr~print. 

In follow1DG 148 meters of x+ track 109 inelastic interactions 
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1~ocepting the K-nuolwe potential tHI repulsive, th\3 v:ork of Coatn Md 

Pat$rgnnn1 wu used tc ov:slunte the nuohor potentinl in three energy 

regions: 40-70 Mev, V :r +12 Mov; 70-100 r.o~v:. V 1e +1~ .Mevj and 

l00-130 Uev, V z +20 Mev. 

The vurlation of cross soction with ent~reY for the ineb.st1o 

ev'ilnts was found to be cone1st6nt with isotropy if the .!-'F.<.uli · ~xoludon 

principle wos tsken into account and the boet fit for the exporimontel 

points ws.s obtoin~d .for 111 rapulsivo well d·~pth of 20 i.Jev. the average 

K-nucleon cross saotion within nucle~r matter for moPon enor~ie6 between 

60 and 130 Mev W&a round t-_.o he 6.5 .mb; .allowine for the ev~mts forbidden 

by the exclusion pri~eiplo this implied a cross section of 8 + 1 mb on· 

a fr<.~ nucleon. If' :fp z:: 14 l, ~ mb, it .followed that ~·N = 6 ,: 3 mb. 

'L'hs ratio of ohnrge e:xohnngs events to non-chllrt:;e exchange 

event8 "il.l'lS 0.20 .! 0.07 -- the vslue oxpooted in the limit of o vanishingly 

sm£<11 intar&ction in the T ::: 0 stato, lo~v1nt: cnly intGrv.ction ir. tho 

T = l 11tato. 

The inelastic events war~ nm~lyz!ld on the h'>sis of the 

P.t.cltie;ticRl model of Golnh~rg,.:,r and an nttarnpt w&s also rna.du to obtein 

for tha e:x.f>$rirPfJnttl.l dnta the 11ngulRr dil!trihution in th(j eentar Q.f mass 

~y~tem of the K rrucloon. On any rensonAhle fl.ssumption thifl Bpjmered to 

be poBkod braokward1s. The dab abo demande;d s ropulflivo potential of' 

20 ??!ev • 
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