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A STULY OF TBE INTIRACTIOM-CT PCSITIVE ¥ 4 DONS
Joéeph'ﬁdward Lanmtti
#edletion Laboratory
- ‘University of California
Berkeley, California

ey 16, 1957

:A)TRACT

Tha interaction of positive X mesons havirg energies between

20 to 220 Mev with the muclei of photogrephis emulsion has been

inVeétigated. In this work 237 moters of K meson track were followed and

282 .inelastic scatters found. An edditional 61 meters of track were

_fdllqwed to sesrch for mobe‘K-hydrogon(soattara.' A totasl cf 16 K~hydrogen -

avents ﬁqre~£ound.

' ‘No cnsé was found in whioh the K moson lost ifs rest mess energy
in aﬁ’igelgéti&,1htérn§tion. “This rasult supports thé concept of conser=
vation of étruggonosa in faat iht@ra?tioms.

tdding tho observnd K-hydrogen soatters to ‘the 28 events found

.bv other labcratoriea at energies above 20 Mev, the KeF cross saction is

found to be 14,9 +°2,8 md fdf.ensrgieu batween 20 to Z00 Mev. The cnergy

ddpoqdonoé'nnd angularfdistribution of the KeF scattors aré oonsistent

with 5 wave acatterinw. The irelastic scettering cross section incresses
’ witr erergy. However. the average X-nucleor cross section is shown to be

gprqoticgily cohbtunt_at 11 mb for energies from 20 to 180 Hev. VThe charge

exohanse €roas sectxon 1r&n@whatenurgy dupendent nnd vnries from 2.3 + 1’4 mb
«0

.8t 70 Wev to 4.0 * 0.. o at 160 Mev. The angulsr distribution of the
_ inelaetic'scattara, essuming that i{hey wro scstteres from eingle nucleonsa

in tho pucleus, peeks backward in the oenter of mnes systems This offect
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is very pronounced above 100 Yev andiS PTOPatMYy ¢4 direct neutran
soattering Sinéé thé K-hydrogen scatters appear to be isctropic,
) -Préliminary‘re;ults on the enalysis of the differential olastic

soattering pross_séctions indicate best sgreement with & ropulsive potential

" of about 10 Mev for energiss below 100 Mevs The énetgy loss hshaviour of

K mesons in‘inelustic‘acntters shows atrong egreemcnt with that eoxpected

. for a ﬁepﬁlaive potential. The ehargy loss-angle correlations support

" the sssumption thet tho ¥ nucleus interscticn cun be describod in tsrms

of 2ingle mucleon scattera., 17The averaje onergy loss of K mesons sgreos

Al
'

with the sverage nucleur excitasion for stsrs csusoed by Y 's hsving energies

_between 100 to 220 Mev.

' Apalysis o the data in terms of soattering smplitudes shows

 that the S wave soettering is predominantly in the T = 1 state but the

T=0 atnte islnof negligidblo, i wave scattefing iz shown to be importsnt

in thé T = 0 strtes It in predicted thet the charge exchange snguler

. distributicn peake forward,. .Preliminury deta 'in thls connection asgress.

B
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’ 'their dooey products as follows:

b =
1le I FOUUCTION

| In 1947, Rocheater apq.8u£16r1 repofted the obsgervetion of
fwo oloud 6hgmber evente whioh they intarpreted as the decay of a neutral
par;icle and the decey of e charged particle of mass considerably
.grbéter then that of the pi&n.\ Soon after the perfection of photogrephlie
emulsion saﬁeitive to-minimnm ionizing particles, Brown and_co-workersz
in 1948, discovered and ocorraectly lnteréreted sn svent in which & aingli
cherqu_partiola of approximately 960 oleotron masses deceyed st rest
into fhree coplanﬁrvqhgrqu pioné. These discoveries opened 8 ﬁew ora

ir fundementel particle resserch. So many new particles were subsequently

found Lhat-it‘beéame‘necesnary to clasuifyvthem.phonomenologically.3

A-fartiéle:of mass between that of a 7 'meson and a mucleon was callod

n-K'neson.-while'one with a manss betweon that of 2 nuoleon end a deuteron

wog cslled 8 hyperon. The ¥ masons were further classified according to
4

Tt mremtewe
TN A
Kz WO
K;z—* /1"'4.;/
| /,3—-> /1“”-4—77 +V
| .Kea"’ e *‘(?)"'(?)

B Ko T
' —> o+ 1°
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By charge symmetry, decay modes are expected to be similar for X~ mesone
and somo have been observed.D

Hyperons.of three mass groups have been found. The approximate

_masdes in,elactfon mess units and the decay modes are as follogg:

'szefon ‘ " limss _
N—pem™ |

.—*'S+7r° 2181

+ .0 ﬁTO : E .

5::':“* . 2327
s A% Y 2298 te 2332

ST N+TT 2341

= A+TT 2582

-The problem arose es to whether the veriety of K meson decsy

pemm———

'rmodés from partiolés of similar masses was due to a single partiocle
" with meny different modes ofzdecay or to seversl particles of about the

' same mass.e Analyses of the angle and energy correlation of the deoay

. ’ -+ 14 . 6 ) .
products of T anaT mesons by the method of Dalits” suggested that

there were at least two types of K*»mesqns,;differing from each other

‘by either spin or parity or both. There annlyées suggested thet the

* " Y ° .
_"f meson had a spin of O or 2 and odd parity, whereas if the K;é meson

has an even épin, it must have even parity. Recent 1nvos£igetiqna7,

given impetus by this problem, indicate thet it is not necessary %o
obngérve parity in decay processes of this nature. So the sbove
_g;guhents to Show thet there are at least two. types of Kt mesons ere no

 1dhger valide fccurate mess measurements of X* mesons® have shown that
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their mn#see aré th;,aume within sbout two sleotron mssuss for the more
abundant hpdee of decay and that the messes agree within experimental.

- error in all cases. Messurements of the K~ meson mass indicate thet it
is the seme as thet found for K' mesons within the experimental error
of a few olectron masses.® Lifetims messurements ofAK+ mesons indicate
that the lifetimes of the various decey modes are the asme within the

l0-11 study of the interamctions of K mesons of -

experimental eirors,
ﬁhevvariqus deosy modes would show furthsr if dlffoyenoes'oxist among
theme

fo explain'why these new setrange particles, i.6., K mesons

=10 5 1078 sec) and yet are

and hyperona. have a long lifetime ( ~ 10
) produced in great abundance in high energy interactions betwaan micleons, -
,.and between pionn end nucleons, it has been proposed thet they are

12 Thie idea has boooma

_ produced only -in essocietion with ono another,.
genernlly accepted bacauae no direct evidenoe against it has. been found
.'ano two atrange particlea ere frequently seen to be produced in the same

U.nuglear'reaction. .From‘the correlation of particle typos produqed at
»the'ihteractioﬁs or;highiehergy pfoﬁopavand éiona,with hatter, 8 scheme
‘}has been augreated in which s new qurntum number is introduced, S for

trangeneas;.l8 The usofulness of the trunceneas eoncept (and'the
tselection rules essocliated with 1t) lies in ita ability to correlate
.qpal;tativqu ﬁhe main featqrey_or the produetion.,interaotion, nnd
.:‘_déc;onf‘ghe K’mosohg and.hypérqns, as well as tojhnko succgeaful
:i.fp;eéiciiénao:' |

*&he relstion betwoen the charge value (g/(e\) of a partigle
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‘and the & component of its isotopic spin, T‘; is given by the equation

qflel = T, + W2 +5/2
where S is-the_,strangeness_ number of the particlé, and ¥ 18 its baryon

number (¥ = +1 for nucleons end hyperdns,-o for'all lighter narticles, snd

el for antimoleons and antihyneroné). with these assignments, partioleé

which teke part in fast'feactibna heve S nurbers as follows:

PN
7 . K* Ka
O )
. o |
- <« 5 -

Itfié proposed that in fast reactions_(é'lo'zg sec), such as production

‘ of_strange particles or their interactions with muclei, the total 3 must

be conserved. This insuros nqsociated production , For slow reactions

8

‘sec) such as the decey of particles, the selection rule
is AS=:1.

K~ mesons are known te £o into esch of the available channels

L (/\‘:Stz:z-) prov_idéd,10'14 and thus conserve strmgehess in 'st_.rong

raaotionﬁ.- However, with the known psrticles, the scheme does not permit

.the htrangehesé transfer of e ¥t meson to Another particle in a strong

resction. This effect is ‘observed in this experiment.
" The work discussed in this thosis has heen accomplished during
two diatinct’pétiqdz'of rescarch. The first pert (henceforth called

Phage I) was Oggcﬁtially,a survey in the senee thet it was done 6af1y in
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the study of K mesona. Hawevor, the informai&on gained et that time

wns of considersble eignificanca since it was the first time that the

interaotion of*positive K -mesons with nuclei had besn etudied.

"The purpose weas &n iniestigation of the properties of = strange particle.

Thisf work.supplementedthe later work in that it accented énergies

below 100 m«v. Tbe results of Phaue I were published as shown in references

15 and 16.

The second part (henceforth called ‘Phees II) was & more
systematio study of K int«rac*iona st all onergios below 200 Mav with

;pocial emphasis on the energy rogion 100 to 200 ¥ov. Here the purpose

" wasg an investigattoﬁ of'the intersction of & new partiole with muolei.

. The exposures snd moasurements for the téo phases will be

‘described separatély.' The analyses will nocent the kigh energy date

as the low onergy region haa baan studied extonaivaly by othar groups

aftpr our early surveyls’ls(Phese I) wAS oompletad end is discussed in

: 17,18,19
the litersture. For convenlence, abstracts of ‘these publications

_are glven in Appendix E,

“In accompllahinpvthis work, it wes daemed desirable to ooopnrate,

with other interested physiciqta 8t seversl other laboratories in

acanning-tho.stacks 80 thaﬁ,atatiotically significent results oould be
~ obg&ined inia shortor ceriod—of timo. Tor the work of Phage I, after
- expoaure'and dovélopment of the staéka.'partn of thom were sent to

"A. Pevsnor and D. Ritaon et the Iassaohusetta Institute of Tachnology.

The deta reportea here for Phasa I includea that obtainod in scanning

12 metere of track at M.I.?. and 2445 meters at Berkeley. For the work

" of Phase II, after exposurs snd development of the steck, a part of it was

~sont to G. Puppi and G, Quarani st_tha Univorsity of Bologna. The data
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revorted for Fhase Il includes that obteined in systemmtic sesnning of

&5 meteré of,ﬁrack at Boiogna'nnd]laé meters at Berkeley. In addition
61 meters more wero scunned at Berkeley in sserch for K-hydrogen scatters

only. In order that the data mgght-bé'combined. identical soanning end

monsuromant techniques were used, ' : )
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11, EAPOSURYS AND MiiSURZHENTS

Ae Pheso I

1, Exppéure Svatem,

The atacks sosnned forvyhase't of this experiment wore expoaé&?

to'tho'K‘meacn besm established at the Bevatron’by Kerth and Storkzo.

In these exposures. a copner targat in the west tangent tank of the

-Bovetron wae bombarded with 6o 2 Bev protone. Partioles produced at 90°

to the incident proton.beam directiOn were fooussod by'e magnetic-

_quadrupolo aystem consinting of four quadrupoles with an aperture of
'2,inchesf The pnrtioles then passed through an anslysing magnet (thh
lapbroﬁfiate ahielding) which aslected partioles of & given momentum and
1Vaﬁ£QQOWn extranecus background ttaoka.v Stacks of Ilford G-5 nuclear

‘ amu1§I6n wers pleced at the focus of the particle beam. The totsl

d;atéﬁco of travel from the target to the stmcks was of the order of 14
toeﬁ. The stacks weré-oriented 80 thet the partiole tracks were parallel

to £he'emnlaion layers and were in the direction.of tho long dimension

'of'tho stack. ‘8eo Pigure 1 for a diagram of the experimental srrangement.

‘The éprsﬁréa woere made vith two different momentumeacceptance

bands, positive particles of 390 to 450 Mev/c and 365 to 360 Mev/c. 1In

such 8an exposure, the protons. Kt mesons, and‘n mesons (all of the ssme

momentum) have -different ranges in emulsion, increaslng in that order.

The protons atop within a few millimetera to a few centimeters of the
entranoo edge of the plate depending on the momentum aoccepted. The
length of the plates is such that the K* mesons come to rest before

reaching the far odge of the plate. The range of the 7f mesons is so greati

that they leave the far end of the stack, The 7's have. a near minimum
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low tampqtature;meth6d used by_emulsioh workars at Bristol, Englend.

it waé1e§tabliahed as such by grain counts before and after the avent

13 e

' grain densitv und traverse the stack with very little ohange and thorofore

are useful for celibration purposes. It 18 found in these’ exposures that

" the ratio of 2 masone to K mesona in thevbenm is of thevordor of 100 to 1.

2 Sqanning end measurements.

- The development procedure used was & modified form of ﬁhe
- e 2

Tho aoanﬁing prooed#re ugad was as follqwuf _The plates weré

inépeﬁtod with ﬁigh-reaoiutién‘ﬁiorodoopea by an "along the treok"” scanning
fechnique. In the-ragioﬂ-of theiplite Just bpyond where the protons oome
to rest, treoks are chosen on- the baaisiof grain density. Por the momente
accepted, K meson trecks have Qbout twioce th; minimum grein donsity.
Tracks between 1.8 and 3 times minimum grain density are chosen and

foliowed through the steck. Following from one plate to another is

 u< facilitated by‘ﬁ millimater'grid aystem, with numhers, contast-printed
~.on the bottom side of eaoh.omulsion plpte.zz Kearly -all traoks selected
”in,this,wéy turn cut to be K mesons axoép£ for & contamination of about
:i.IS% causad by sfréy‘protoné. n mesons scattered into the stack, =nd prongds

“of stars formed in the emuleion.

While'following tracks, all scatters with a projected sngle

- igfeator_thdn 20° were measured and recorded. If the K decayed in flight,

i

and by a mﬁltlpleanattaring v8. grain count mags measurement before decsy.

'The grgument that theiéiwore ‘not intersotions was based on the fact that

v-in no caee had a minxmum narticle heen geen to come from & K¥ interaction

which elao had one or more evnpcrut'un pronga. If the particle being

followad had &n inelastio interection and rormed a star. all prongs were




-fbllowedffo rest and identified. If none of the prongs was the K meson

or if ons of the prongs which might have been the K“me&dn.left the atack,

‘the mass of the incoming particle w6S éaoertained by & measursment of

e

:. multipla coulomb scattering vE. grain oomrl:.z3 Ir the primery wes proven

!

to be 8 K meson and no deosy product was seen at tho end of anv of the v

prongs even after very ocereful examination. e mass meaaurament'wns mnde

of each prong by using either grein count vs. range, nultxple scattering

" w8. range (oonstant aagztta method), or opacity ve. range??. 1In cases

of @oubt..several typos qf,maasurqment were used. Prongs which loft the

stabk were usually identified by grsin density change over the range -

aveilable. Vhen the X was not found among the visible prongé‘the\

interaction was olassified &s a cherze exchenge. The non-interecting
K'sfweré followed until they came to rest and the decay product found.

Interactione and path length for the K renge from 30 Mev to

'1.ros£ were not included. This was naocessary to avoid that energy region

hwhere’analysié-of.events is extromely difficult sihce ooulomb scattering

ig predominant ané-the-gtain density cf the traock has satureted.

The energies of the inooming K's for ell interections were

establibhed by knowing the mean ranga of the K's in that region oﬁ the

plate. "Tha range distribution was determined by the momentum snread which

in most of theso exposures was of the order of 5%.

The resulting deta is given in Appendix B.
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“Be Phase 11

. 1. Exposure System.

ﬁpon daoidingjto investigate the interactions of K mesons et a

L higheniénorgy.:it became ovidont thst an attompt to iﬁprove the éxiating K

bedm avstems &as desirable.' Aé'describéd'previoualv, in the esrly exposures

tho F's wera diatxnguiahed from the ”'a which oomprised the major part of

‘the beam (u/%ﬁtlﬂo) by the fact that the K's had a gruiv density about

twioo.minimnm. At higher energlqs, howewer, the grnin_density of the K'ts

' vdedreséés, hence visuel recognition of the K's smong the wu's btecomes more

difficult. In order to fncrease the number of K's aveilsble for study

v in ey particular stack it would be necsssary to expose for a longer time.

'»Aﬁoiever. the rether intense lntégtated flux of n's. in previous exposures, -

beoause of their large interaction cross section, osused a background of

protons confussblo with-K's of sbout 16¥, . In addition the analysis of

some events bacores diffioult when it must be dons in a forest of &
meson tracks.
ﬁeparation‘of a's from K's soemed to be the obvious answer to

these problema. The simplést echeme was to use & double focussing magnef

faysiom with sn enecrgy degradsr betwoen the magnets., Suoh a system was

already under study by Oe Ke Price snd D. H. Stork ard Lt.wés reasonable

to cooperats on the probleme. Price and Stork were designing a system to

obtain K's of sbout 150 Mev. Since it seemed desirsbla to investigate

energies u@ to 200 Mev, some design differences were nocesssry. The finel
phyeionl set up is showh in Figure 2.
Thé.ohoice of parnmeiersﬂfor the system was determined by .:-

compromising, a rumber of requirements. Since the multiple Coulowd
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aoaétaring wouid spread the beem after the dsegrader, the " magnet was

placed 8s closaly as possible immediately after the degrader to achieve

the scparstion desiraed before the baam erea had btecome axcessively large.

The "C" megnet was run at méxinum Pield for. moximum sepmrxtion, with

the field direotion such ans to oermit a momentum foous. + maximum momentum
spvead at the steok pcsltion waa chosan, this wvalue then determined the
momentum'bite to be accapted at the alit. ‘The firet analyring magnet wes

set up for maximum nngular dafleotion, 32%, The slit width and distance

,from analvsinb wnonet to slit wero detarmined by the desired momentum bite

and by the rnquirement that tha momcntum bite accepted be datermined

primarily by the slit width rathar than horisontel image sise. Then the

"enatial beem size for thc u's and K'e and the meK spetinl sepsretion were

studiod es a funotton of degrader thickneea.

The choioe of aocepting particlea amitted at epproximetely 60°

© wes a’ compromiae thet enabled high fluxes at a higher momentum erd yet

allowed facility in’ cotting up beam equipment.

The target mochantsm was 8 drop-atring target at the west tangcnt

tank upptraam top lock position. Tho target was oopper in the shape of &

.809‘paréllolngram. 13" long, £" redially, and $/8" vertically snd a

l/h" by l/h" by 3/8" polyethylone lip was used,
Tre optioal svatem vurematere (i.e., the quadrupole ocurrents)
wore worked-out originally by Friece erd Stork-for their syatem of 525 Mev/b

initial momentum:?® Tholr vilues were soaled to‘theldeaired momente of

726 Mev/o for this exposure by using the Hagneﬁ qutihg Group's magnetization

curvo for.an 8“.quédrupo1e.28 A1l currents were ohecked and adjusted before

the run by meking _' wire trajectory memsurements to locste fooal
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jqints and o;bits in conjunction with the reat of the system. It had been
- f&und:th&t in order to msximise £ho total flux tﬁrough the system the
first quadrupole Qﬁs %o be turned off, thé seoond to oonverée verticaliy.
a@d tha-thirﬂ to;odﬁverge horilontélly, Tﬁe quadrupoleé usoed hed 4 inch
.-aﬁertuxee. ‘ ~ | | |
The 60" anniyzing maznot currents were set by-wire:trajectory
_nmaonremnn*a to giva s deflection of 32° for particles of 726 %av/k.
}Ir ndditinn. ‘at the beginninb of th run, test plates disgonally imbedded
in aluminum were axnosod at the slit position with the analyning magnet
»aot for the re1uxred mowontun. Tho diatributinn of protons in the test
platas was tound end tra momentum of the protons detsrmingd from the renge
in a}uminum. N
. | The choiée of degrader and ité dimensicns were esteblished as..
:‘ follows. The rrimery oonsideratloé wags the momentum deairod at the gﬁéék.
. Sipee it was consldeed necessary to stop the K's, the.range in emulaion |
of @he ubp@r:momontum limit ﬁad to be loass than 77, theAlongth of the atad

to be used. iith the previously ohosen monentum Hite the momentum at -

- -~

the stack:wqc 480 :'30 xev/%.»'ln order to recduce the<z/k ratio by e large
factor (~1/100) it wee necessary to move the oentrsl ¥ momentum about

8" awny st the steck positicn. ¥With the "C“ megnet opersting at maximum
field it wes found thst the m's had to have & momentum of ehout 580 ﬂev/b.v
In order to get this sapnretlch in moments of the m'e and K's through onargy
loss in A degradqr. 1t was found thet an initial momentum of 725 Yev/o and

a beryllium absorber of 18.5"'(87.0 gna/bnz) wore neeossgry. Of eourse,
theod'para%etors afe 81l inter-rolated and the finsl values wero obteined
aftsr ;u0coas£ve aporoximations and'a kncwledgg of what beryllium blocks

were readily svailsble. The predicted.?mk spread at the stack dua to radial
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maltiple coulomd seettoring was 2.6". The alit system coneisted of He

blocks with sm:llost dimensions 2" in width wnd 2-3/4" in height, 18.5"

' total lenbth, ‘and- 5urroundad by copper slabs, All other free volume in
‘' the imrediata neiﬁhborhood wug fillad nith lesds The momentum chosen by

the slit wae 725 + 23 Hev/h.

The "C" mngnot hah bean equippod with a pole-tip shim flored

vstop-wisa from entrance, 6g ’ to exit. 6". This was to inuraJee tlie fleld
‘near the degrader vhere the maltiple coulomb schttoring spread wes atill

smalle The deflaction of the K‘a'throuGh'the "C" magnet was 43°,

The orbits for the %'s end K's in the stack region were

' found by wire trajcotcrién and the diatri&utian.of the n‘s was measured

by test plates and s triple coincidence counter telescope which was

'awopt through thc regian.

The dietanco from the target to tho degrader midpoint was

17.2 feet and the total distance to the;staok was' 24.3 feat. The totel

t;mo of flight for the K's from the tafget to rest wes 1.9 x 10~8 éec.
6r about l.4 me;n li;os. | R

A fow other femturas of note concarning the system are as
follows: {1} As ono would expeét; at a given engle in the leboratory,
the T production decreases with increasing momentuﬁ.' This hehaviour

hes been observed during the investigations of beam positions for thise

svetom and that of Price snd Stork. Ueing the counter teleéoope_it was

found that in the region of 400 to 600 Mev/o the fr flux varied roughly

as 1/53'3. (2) L. Stevenson has made a numbor of éhaae space oslculations

.(néglecting Fornd motion ir the nucleus and any energy dependence of the
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metrix eslements) to prediot the production cross sections of K mesons,

27 The fnitisl)

produced by a 6.2 Dev besm of protons, &t various engles.
momentum chosen for this exposure, 728 Mev/o, falls mear the pask of the
produotion spectrum for 60° in the laboratory.

13

The exposure was oerried out for 4.7 x 10 protons ©n the

targot.. The exposurs langth was estimated from test plates exposed
during the rune ﬂ

‘The subsequent ttudy of the atack revesled sdditional
-inf-ormticn &nvm'ning: the exposure: ‘

. From the fango or the K's 15 emilsion the energy actually
sttained was dotorminod to be’ 180 *+ 21 Mev with an aluost unifm
distribution of K's ln that interval, The lowar than dulp value w_n'
probably cu_e to a poor dotorminatiqn of“ our;ont sotting rorv ths unalyung
m@noﬁ. ‘The  lower ecntnllo'n;anwm romlto;l. in e hahtﬂ; of the beam to -
one side of sbout ‘18", but the size of the image (~é“’) uid multiple

'utttorh}é _ipfoad .recultod» in sn everage intensity pf 260 K'I/uz aoroaﬁ
- the c-t_a'ck.' Using. thoie numbers and i.ntograt_'inglcv'or tho proctod dean
size, it h..tﬁmtgd that th syetem gave about 18 K's/1010 protons on
-tho tnrget over sn area of ebout 250 omf,

me flux of ughtly unuing paruolu striking tho smulsions
was oomposed of 's, }l'l. and eleotrons. There was one. ltghtly ionizing
ltu_ck‘por, vx-'maoon in the oentor of the besm and they incressed by u.
| faotor of sbout thres on the side of the stack nesrest the separsted
7 beam. No eerious attempt to identify these ‘parfibloa wae made. However,
in the process of estadlishing the minimum ¢ro;n donsity

for the stack, forty of thess tracks were grain counted for 1000
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-graxna 8. thev antarad Lhe atsck. xcughly, 60% had 8 graln density
cf 1 1 x minimum. Thie indioatea that ‘this proportion could hsve been
high energy electrona. l
fne bockground of protons having the. . same gr;in density as
‘the K’a was about 2%. These weye oasily aliminated-by making a saoond

‘grain coupt as the traock left the steck and comparing with expected

grain density weriastion with range.

2+ Seenning and measuremonts.

The aoanniAg procedure was very_s@milnr to that discussed for
Phase 1 of ;hid:oxperinsnt. with the exceptions diéauaaéd below:

The K trecks again were distinguished by grain density. The
'K's had grain denéities ranging from 1.6 to_1.§ times minimum. Traoke
‘ wsro‘fo&ﬂd 5 mm frngthe en&rnﬁob sdge. . In thia oxpoéura the energy
spread waa sbout 21 Mev, Therefors, in orde}»to determine the energy
d;atriﬁﬁtiog‘and to have q'régerenoe for tha snergy of the K's ag
interaotioﬁa. it wés necessary to make a good grain density determination.
(to B%) of eaoh'triok a8 it was found. This initial energy detérminétipn._-~
caiibrated sgainet those tracks which came to rest, enshbled one to know
at wﬁnt energy_tho K intsraoted, dnoayéd in flight.:laft the stack or
scatterad bhefore lesving theo stacke.

Ié.prder to study tho‘oiastio different;a} orosg section for
interforqﬁce phenomana, dgring this'part of the experiment all scattere
with nr§jéct9d'ang1as-of 2° or gré#tef were measured (both projected and
- dip angle;j'énd.raoordqd. .This wag done for each track from its beginning
: to three millimetera from its ond (i.e., TK>' 20 Mev). By measuring

the distance of gach soatter to the and of the track, ths energy of eadh



ec»xxexxngvgvent wee uis¢ dovermined.

' All inalnstic evenis ware énalyxed ag discussed {n Phese I,
uoecial smphusis wag plsced on attainxn& the energy loss at oach interaction,
thia wag accompaished by & good grain count (600 to 1000 graino) Just

-before,eaqh interaction to determina-tharanorgy of the incoming K ‘and
then subiéactiﬁg ﬁhe eneryy of the outgoing X (detormined from its fqnga |
' aﬁﬁar'scattgf or ancther grain‘;ount_if it went out of the sgaok). |
.’F_This mergy 1bsaAde£a;mipation was mada fo? éll scattéra with.spaoe sngls
' greatef than 40° (i.e., élastio as wéll as inelastic) and all scatters
loss than 40°‘which hed prongs or a visible graih dénsity change.

f #aiit was desirsble in the second phase of this work to sccent
,thé‘high energy region..two bognning vur@ﬁtidﬁs.were,uaed. At first all
"-Kfs were grain cduﬁtgd fbr SOQ'éréing at the sntrence to the stack snd then
]followod until théy‘;ame £o rest, facording ail information discussed ﬁora._
About 450 of the K's followed in thla fashion csmo to reet withiout mnking
 any 1ne’nstio aceﬁtor or elaatio soatter greator tnan 20° The diatribution
1nirange'9f thesa K‘s ‘wes usod to obtain the distribution in energy of the
K mason boam. In subtscquent aoanﬁing‘all tracks were £ollowed for a. -
ccnatant Aiétanée (46 mm) aftor being chésen at 6 mm from the a&ge.

Thia distence was choson to insure that almost all traeks followed
wore in the anergy region above 100 ¥ev. The puth length distribution
.in energy for this subuequent scanning was besed on the path lnnxth
distribution in energy of tha-firpt 45 mm of the 450 K's followed to rest.

The resultin; data 1is given in ﬂpbéndix Ce
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c. cxaa5£f16Qt;Ba’o§TE€nnta‘

Throughouz thia uork qn attempt has boon mado to clnaaify

'o.oh evant aa eithsr elnstio. 1nolnatic. or chargo exchungo., Tho 1dcnt1-t.ﬁ

fication in soma ocses was ambiguons..
| Elaatlo 1ntoraot£ona rater to- thoeo oases vhen the X nonon

‘sintaractod with the nnoleus a8 a wholo end energy and aonentum woro
 .oonaervod.' In celliding wlth Q light nnoloua tn emnlnion thte oculd .:
meen a eonoidernhlo enorgy loss but uould rosult 1n a viciblo roooil.
4' Th1a tyue of collision wtth light nncloi 1: idantifiod as dilcusaed in
_ Appomdix c and is olnanirtod as ol.otio.A rho oncrgy loaa nsaturenont-
techniquaa ‘have 6. linitod roaolutton. Tho mothodu nacd sre tho chango

in range among the tntoracttng and non-interneting K'l or tho gtnin j

?donnity bafore und the renge aftar the lntoraotiono Tho ro'olntlon 1; o

o » about the same, -
each 0sgo ie . but for thin work the 1atter toohntquo itl

':usod axtannivoly ninco it was applioahlo throughout the ozporim-nt.vffi
:{ The roaolution thon 1.. to a oertnin extent. a tunction of how mnoh

' grtln counting onn doon.v A coupramile gnvv a roaolut&on whioh vnrlod

" from 8% to 12% 1n thc onsrgy ranao 20 unv to 200 Mov. Thoreforo a 1L:i:

; gensral aut-otf or 10% wns adootod. Thio moant that if [ neasuremnnt

"fuvof onergy loss for . glvon event 1ndiostod it was lcoa thnn 10% it was . S

 010.51££0¢ 08 axustxe.i or aouroo. thil ola.sifioation is Bot tlvayu

oorroct ainoe lt 1- ponnlbla to oxeito 1ow lying rotational lovolc of

’_ the nuolol. Thua [ K eould loao aevornl Hcv in luoh an Lnoluotio proool--i_;= a

and still ve olos.iflod o8 olaatio. ?hrthor. :nd this’ is nore 1mportant R

* here, 1n tho high onargy 1ntarv11 aocemtod 1n thas wcrk tho v
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resolution is from 10 to 20 Mev. Thus it is possidble for the K meson
‘to ¥mock-cut or evarcrate cut ome or two neutrons end yat have en energy
loss of less th@ iOﬂ and be ohniﬂoé as olastic. Three ovents were
 found 'hi;b had u{caorgy loss of less then 10X and yai:. enitted an
evaporation type préton. Theso were included 4mng tho inelsstic nonﬁ
end wore weighted as doudble in ‘any distribution of events to ellow
somewhat for similar neutron :;nta'. Thie wes sotually a small correction
v.nnong the 282 1noi‘ctio ﬁemt.l. but pdinta up tl;é tnotA that the resoticn
ocross seqtions quotod represent o lower limit. However, it should be
mentioned here that the Pauli exolusion principle will prohibit
& large fraction of the l;ntt;l‘l yhofo the energy loss is less tian 10%.

| In thoses csses classed as chargi exohanges, considersdble Aoffort
wes expendod to ascertain that the K meson wes not emong the visible |
prongs. If a prong was longoi' than three millimetera its identity ocould
be and was estsblished by direot messurement of soattering or ionization

properties. If nhoéttr. probf that it was not a K had to bo based on the 4

~ faot that no decay produoct was seen. This proof was quite good provided

the track endod at least 20p from eithor surface. With the dewvelepment U
;mo'd,l deoay'uoon.dartoe have grein densitios at least 21 @nha/lom

I' and one o:l:pi.ortomd‘with g’ mesons in mlaién osn find secondaries with
noerly 100%. efficiency if slenr of either surface. At the surfece ths
efficlency drops to about 8O% since the secondary msy go into tho next

piato and be Aiffioult to loocste. In this exporiment the several prongs
whiéh' suded near the surface and ware still in doubt were shorter than

1 sm. The 280 of.hat inelastio ﬂ;nta oontained only one which had & K

ooming out with a renge of 2 u. The next shortest was 4 mm. On these

grounds it was essumed that these dubious prongs were not X mesona.

[ 5y /' a
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The classification of‘an event ag a charge exchange rather than
absorption of the K meson was based on the small visible energy release
which never exceeded the kinetic energy of the incoming K., Table I gives
a comparison of various properties of ordinary inelastic events and charge
exchange. events for the data on K's above 100 Mev. In the compilation
of the prongs only those having a length greater than 10u are considered
to avoid the region of delta rays and recoils. The average number of
evanoration prongs is larger for the charge exchange events, .This is
due to the fact that whén there is a chargé exchangs and an appreciable

nuclear excitation, the resulting proton excess makes the evaporation

_of protons more probable. Beta decay of the residual nucleus occurs when

the excitation is small.

Another interesting consistency pointed out by this comparison
is that iﬁ roughly 4OZ of the charge exchange'events a proton aﬁpears ag "
a knock-on or cascade proton; presumably the direct product of the

intéraction K* ¢ N — KO + P, If one assumes that the cross sections

”"ffor interaciibn with protons and ‘neutrons are comparable then one would

exbect that 20% of the ordinary inelastic events would also have knock-on
protons ahd this seems to be frug. However, this table includes the data on
only 22 charge exchange events. More scanning is presently in prOgress
to increasg 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, indicating that a:quasi-elastic scattering took place.
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35 Yev
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III. CONSERVLTION OF STRANGENESS

One effcot of groat iﬁtéré;t'in this work is the fact that
| 'éb fgr'noipoaitive K méson interaction has'baén obaervod ;n which the
K meeon gives up its rast maba enargy. The limifs oan be ex#ressed as
' no cab6:obsorved in 282 ihelastic‘intefactiona rebdbtad here. This
;singular effect amang the light and hsa;yAmésons.supporte ﬁhe scheno
g preagﬁted by Gell-Md#n and otharelsvfoh g:poaitive Qtrgngﬁﬁeea particle.
-{ Apcoréing toithoee acheme§>1£ isvnot pésgib)g for a X moson to produce
' an§ of'th9 kngwn ﬁyparons in s strong }eactioh because it wéuld
“réquire'a strengeness change of two which violates the selsction rule
.-#h@t 4520 in atrong' r_ol_actior_m. ‘ tfowever, these aofxomes do not rule
"‘éutjtheippsélbility thaﬁ 8 hypérbﬁ of strangeness +l1 oould be produced.
"KoéesWn- found. | | '
.. * In addition, no evidenco wae founé for the production of an
,éxoiﬁed frngmont‘oqnfainiﬂg e bound X m#son.‘ The metastability épd

decay offsuch4fragmqnto haa'been discuseed by Pais andrsérber.z
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IV. K~HYDROGEN CROSS SECTION
_ Among the interaotions of K* mesons with emlsion inolei,
| those with free protens arevof spocial interest in studying K-nnoloon'
..foroes. As oan be seen by the table in Appéndix B, 5.3% of the totsl
gbomotrio'orbas ;ection presented by emmlsion muclei is due to hydrogoh.
Hence, it is ﬁossible to measure the x-hydrpgen oross section. These
events are diatinguiaﬁed from tho other nuq}car int;ractlonl boo;nao
" the tracks are ocoplanar and there is ﬁomonthm and energy oonaervation?9
) The determination of the K-P oross section in this mamner

has been found to be especinlly difficult due to the extreme rarity
of events (a consequon9§ of the apparent small oross lootianj and the
- great scsnning offort nesessary for a statistically nighifioant result.
- Some events havé besn found in this experiment and ere given in Table IX.

The first event of this table found in Phase I was published
when fcund as of special interest at that time sinoe it gave a first
good mass measurement of a K meson other than the T .80 It gavn &
mass 6f 973‘:;12 eleotron mn:sog end from grain counts on the deosy
produot is believed to have been a xnz.
_ Data gained on the K-P interactions in the systematie
~ scanning reported herein has been tﬁpplcmentod by4: rapid soanning
technique to locate K-P socatters above 100 Mev. Other mtor_nouom were
-not analysed during this soanning.

The events found have been oombined with 28 events aveilsble
- from other labogatorioa doinghsimilar work with'oiulcionr(dottingcn - 14
oevents, Padova -~ 68 events, Brookhaven - 4 events, Dublin « 2 events,

Rochester ~ 1 event, end Bristol - 1 cvcnt)31
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and the oross seotion evsluatod in four onergy intervels. Thase results

are shown in Figure 3., The stetistics are‘still.poor. but this dste

‘{8 consistent with a constant cross scotion in the interval 20 to 200 Nev,

The mean cross eection over the total 1nte}ia1 becomes 1449 + 243 mb,

chown also on the plot, for oompurison; are the results of thz Michigen

propané bhbble'chambér grcup32 (9e4 + 147 mbd for the intervyal 20 to 90 Mev)

_ond the oounter result of Kerth, ot al.’> (15.4 + 3.0 mb at 192 + 28 Kov).

sl;ghtly 1ower,
The propane bubble chamber result is '/~ '%ugﬁmlght be due to ths experimental

- bies against small anglea {f the oross mection is isotropic. -

The distribution in angle of nll the amulsion data is shown
in Figure‘4. Tho data is still too mesgre ‘for definite conclusicns but
the distribution is consistent with sdwave 'oattering. The new dota «
somewhat alters the earlier conolusion discussed in the litorature
(cee Appendix E) that the E-P angular distribution wes most camputible
with a superposition of Coulbmb soattoring upon S-wave repulsive nuclear

soattering. The sign of the potentisl is no longer olesr. However,

the coulomb sosttering and interfersnoe effect is not as great at the

"highor energy et +hich the bulk of the additionel dets was obtained.

Hence, the eveilable emulsion data at this writing indicetes
that the KeP. intersction is meinly % waeve for anergiéelbefweén 20 to -

200. Mev,
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Table II

R-HYDEOGEN SCATTRRS

: : ‘ ‘ Center
Event Incident Laboratory of Yass
. Code - __Energy “ngle Apgle
Fhase ;z | '
81 1102 Mev 390 - 60°
5C18 “121 20 .32 -
97“.(.159'..[18 | |
FO43 - 69 | -98 130
37/ 86 80 S
6228 I T 72 106
. 6086 104 | - 84 . 128
6076 Car e . 9
éssb - 118 | . 43 o 67"
io#; 129 : 99 132
31/2 18 37 . 68
5196 148 'i - a7 11
8087 162 | 24 S
es14 186 76 108
1038 14 T8 110

6210 185 - - 81 S 1
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Ulétr:'Dish'ibuffor{} | 1

20 — 200 Mev

| 15 events 1

This work

Other labs. |

18 events
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V. INELAGTIC. INTIRACTION CROSS BECTIONS
R. . The Energy Dependence of the Inelustic Soattering Cross Section.

Figuré B'Qhowa thé ﬁath lehéth distribution in 10 Mev interfala
‘as well as- the distribution of inelaatia interactione (1.9., inelsstic
aoattars wlth prorzs or encrgy losa graater than 10 % and chargo exchange
loatters). Thie plot includes all dete from Phases I gnd I of this;,'
,'expefimeht_obtalned in th; systematic type of along the'track 'scsnntng.

~ The pefh langth (whioh i tho quantity oorroaponding to.the flux in s

o oounter experiment) studied in each interval is not constent..

"The information givan in Figuro 6 wee used to obteln the varietion

‘of oross section for inelastio interactionb with energy. This haa beon :
‘done in 40 Mev energy intervals snd is shown in Figuré 8. Thore is no
rapid chenge spparent below 200 Mev. The rise near 200 Nev based on this

34 , etaady‘inorease ia notod;

data alone-is not atatlstically.éignif;oant.
however, snd for the purposes of this ;epoft.the date has been §p14t

into twoxlargg energy intervals, ZO't; IOO'Mev'(avéragé eherg}_?o Yov)
and 100 to 220 Mev (average energy 160 Hav). Then, averégiﬁg the date

*-4in these intervnls one obtnina

, v Co o For Ymulsion
Energy Intervpl‘lbg__ . Mean Free Path B Cross Section

N
ALt
X

06 +:28 mb,

;284;¥-zo mb s

where the oross séétff“ oal”‘lntiow exoludes_hydrogan and hydrogen soattera.
Tho events includod are tha lnelastic soattera and the cherge exchange

sostters only.
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B.'AK-Nucleon{Crosa Section

‘be 1nelnatic 1ntaractlon of high enarby nputrons uxth o
heavv nucloi can be deaorihed in torms of m siwplo model in whioch the

micleons withln the P“CI“AS sre assumed to act as 1nd0*endant scatturing
oenters, unafchted by their neighbérags 36 .fTho n#oleua is'oonsidored
as @ degensrate Fermi-Diraq gﬁg.of‘#eutrons'and.prétahs wi£hou£.@gtual o
‘ A_interaction; - A - A, | o | "."4 By YE..

This model should be éprlicable. hare. T:H.e .maan-'denrégne

~ wavelength for the E'g in this oxp@riment is of tha arder of the nucleon '

sigse. The observed mesn free path in. emulszon for an inelaatie intoraotion '_

" ie long (2 to 3 timas beometric) 80 that the inelastio croas aectlon must .
he small. Applying the model it is possiblo»to.deduce the»prcep‘seotion
for an elewentary colliaion with 8 single nucleon. -Thé dététle of:£ho.
.cqloulation are given in ﬁppendix Ds ' o . |

In this pslculntipn.,allowance ig mads for ghé:daoreasé Lh :
~ the observed orosy eeottén due to Coulomb fapuiaion. A-fufthor éorfeqtiop
of slm;inr natﬁre that haavbeeh nag}ootéd here invol?es the'repulsian;
' experienoed’by the wave_function rqpresenﬁing the incident particles
in therfefion of a renuisive real nuélear.botential. This doﬁld b@'
.consildered rerlectiov in the 1imitiné case of 8 square woll potentlal.
The offect io small if the megnitudo of the real potential 18 small. |
At pregen* the nuclesr potentinl is thought to be of the order of 10 Mev
for inoident X moson anc‘gieu bolow 100 Mav but is uncertain at higher
‘energies. This is discussed further in uection VI. o

Further correction must bo made for the Pauli exclusion principle
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'whioh greatly limits the number of smell energy transfers to bound nuoleons.

Aocordingly, an intereotion that would lewve the nucleon in an‘occupied

- quantum state is forbidden. Thus the oross section for interaction with

a nucleon, © , within a nuoleus will be leas than ‘that thh a free

nucleon bv a factor f(T), depending on the K meson energy, T, Eor

{interections with an "average" bound nucleon then f' ' ‘;'lf. , _ f’:

557’7<p f(34"25)<3ﬂ<|w - l}_f“ ‘lu4;.. (13-;l) .
f(“r) IR

where Oxe and OxnN &re the.oross aections on & fre‘e proton and neutron,'
respectively. Treating the nucleons within the nuoleus a8 forming

a degenerate Fermi~Dirao gas with a maximum Fermf energy of 264Mev,‘and.
following the anelyais of Goldbergerss, the factor hag been oaloulated

by R. M. Sternheimer37 for various incident K meson energies. The

neutron and proton differential cross seotions were essumed to be"
isotropic. His results were used to correct the-oroeavseooione fon the
exolusion prinoiple reduction.

Theeo oalculations have been made for the five _energy intervela L

‘shown in Figure 6 and are given in Table III. To indicate the ;fi‘eote

of-the varioue oorreotions. the uncorrected value of the average nucleon

oross Jeotion is given ‘and’ then the correotiona are applied. cr 18 tho

~ eross seotion obtained i oalculated with the essumption that there 18 no

shading and emulsion is just s ses of nuoleons; CTE is the-result obteinea
oorrecting for nucleon shading as desoribed in Appendlx D. . <3‘ is tho '

reeult ‘when Coulomb repulsion effects arg'ooneidered as deeoribed in
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tppendix D, éEiF is the reaﬁlt using the inci@agt K mecon énergy io
estimate the reduction due to the Psult exolusion'prinoi'tlpié. 5"'; is
the rasult if one assumes that thn inecidont K meaonvenorgy,is'redﬁéed
by 20 ¥ev hofore intoraction to allow for the repulsive Coulomd and g
repulsive nucleer potontial; |
The lurge cross section in the lasﬁ gnorgy intorvel based

én this dnta alone is not ntatistiéélly aignifidant.34 .

| The data has beon dividad into two large-enéfgy ;ntervéla‘
and the avarnge cross scetion per nucieon osloulnted Q;tﬁ cérre§££§ns

similar to those of Teble III. Tho resulte nre

Energy Intervel Averago Enehgz. O (md) C?ﬁ;'(mg)'

20 - 100 ¥ev 70 iev 8.6 t1eB 5.8 +2+5
‘ ‘ S } R *7 . -1,0 - 10.8 le8
100 - 220 Mev 150 Mev . 9.6 tLe3 11,3 *1.8

"wlel. . ~l.b
‘It sppears that tho cross section per nucleon oaloulatééfih thig ;'

foshion s comstant in tho region studied at about 11 mb,

A3l




TARLE III

T '~'3.F.P. - G en 3:'1 .6"-2-"- o _ *3'4- °j—'s
(Yev) ~ (omo) . - _(mb) . _ (mb) (mb) (mb) (Mb) (md)

20 - 60 . 116 *28  1gg *44  3,7:%0e9 4 o 416 g 4 #8341y . 460 2144 +11.0

22 -36 0.7 T -1.2 ~le4 7«26 . T

RN 99‘_1%2 otio eefie s lE eathd e :}:2- t0a 1T

100 - 140 79 :g "2.71 t2g .5‘.-‘7 10.5 8.1':}:‘: e ti:: 11.0 :"‘iﬁ | 11.1 :f{‘;

RCNECRL R B S T R L G
-0 a9 s 116, "fs.'i_" 25 .rte ~mts ~mir  ~mtr

1 T ees

7 i-si'.th_e ' in-_ci»denti j'kvi‘.‘n'et.l'o' energy. orl’, tfie K meson. HeF.P. is the meun free path fto:f
‘i;nola-stﬂllo intérdét'iori in‘emul#ion;"' ) c—'am is the eross sec.tion calculated from the mean free
.path S.n eamlaion (excludes hgdrogen). i ‘—. 1 is the cross sootion per nucleon obtained- if
calculated uitr t‘xe aqmmp’t.icn thut thore is no shading of nucleons; o"z is the result
"obtained accounting fOr nucleon shading. ' 0"3‘ is the result with allowenece for Coulomb repulsion.
-‘40"4 i.s t.he rcault m.th excluaion principle corroction usm‘ th@ inci&ént energy of the X.
. 0’5 is tho msult v»itn exclunlon nrmcirvle corraction using ths incident energy reduced by 20 Mev.

L 'A nuclear rndius roéy wi.th r l 2 i-ermis }ws b‘-on used.
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C+ Charge Exchange end K=niutron Cross Sections

Charge exohonge'e.v-onts' aré uniq_\xqjumong the inelasstie L
intsrsctions as there is 'no doubt that 'the.y were intersotions with
neutrons, M.th the nsswnption that the 24 nuoflbﬁa interaétions are
scettors with sivxgle nucleons in the nuclaua, it is poesible to. estimate :
- tha charbe exchange croaa section :mr neutron.

It 18 found that a certsin f‘raction, £, of' t.he inalastio
interactiors are chargo exchanga scattera. Defining GKE & dh+ + G‘No- '

whers @, reprasents the érogs sectiqn‘ for. dirgct, acattering from: .

N+
neutrone end o'% is tho oross section for charge exchange séa’t’ﬁériﬁg; ‘

thon

= ZO"KP‘#-(A‘Z)(Q"N{,,‘*‘-@N;)‘_ o
o= o A R e (-

It follows thot the fraction, f, gives. o-'“ sinoe

.(A- Z)c‘ 'F[ZO’KP‘l“(A 2)(o‘~¢+o;,°] {’Ao,
80 ';o . -F (A z)AveE: : t _' | (C—Z) |

Using (A/A-2) ‘a8 1.84 ond the observed valuee of Ly for the two
averege - . o

energy intervals: .

Eneryy Interval e o Chargé 'Exoha%é Cibaa Seoticn .
20 « 100 MNeov 0.6 Y008 T 5 g 414
L -e «0,04 . ‘100 l!b
100 = 270 Mov 0019 $0.03° 4.0 20.9 wb

‘where tho 'Eﬁ valuss of ‘he previous section have been used. -
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There mey be & slight increase in tﬁe cﬁargo eich£nge cross
section wiih increaeing energy.'but ths dnte of this oxbérimaht alone
1s insufficlent to prove the effect oonclunively.aaA In this cqnhdo;;on,
th; following tsble gives the rntié of the nqmber ﬁf chérge exchaﬁge
events to the number of non-oharée axchenge in@lsstic événts‘in five

snergy intervale.

0.17

Energy Interval CoEo/Non-Culs
20 - 60 ¥ov  3/28'= 0.13
g 60 - 100 Hev B/an = 0,18
100 - 140 Hev - :;11/55 = 0,23 -
140 - 180 Kov - 19/72 = 6;26_
180 - 220 Yev - - 3/18 =

Using equation C=1 and tho K~P oross section for free .

protons (ses. Secticn IV) theucroei eocticn for direct X-neptroh1souttering

f}w hes ulso been estimeted.
Enurgy-lntarval“' ~ Keneutron oross section’
ks 20 = 100 Mev 4.7 % 4.7 mb
100 - 220 ¥ev - 3.6 Y4B

"306
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D Angulur'nistribution»ot'Inelaatic:séatteraﬁ'

Figure 7 givea the angular distributiona of. inelaatio
soattera in tho latoratory eyatem in tuo energy 1ntervals. It appearbv ,:
that withzn tho etatistioa of the data tho distributxon is nearly -
iaotropic except for' sowme forward peaking. These dlstributiona have to

he interpreted a8 @ oomplox effect resulting fron elementary scattaringg

'dua to a K-nuolaon oross aeotion of atill unknown Bhape in the oenter

of Tass system corrécted by the action of the Pauli prinolple 1n nuolear
t*er plue ihe effect of' the nucleon repuleivo potontial. o

As & firat apnroximation. the refractlon effect of tha

nuclear potential in changing tho anglaa of the K antering end leevlng
the nucleus 13 neg1ected.' Tho nuolenr potentinl will then be. offective

ionlv in dimlnlsking the energy of the F on enterinb the nucleus.. o'ing¢;‘

to the small totnl nucleon cross sactxon, the probabilitv that the seme
K makee twa auccessive oollisions is small. so that practioally all -
inelastic events .may be suppoaed to be due to 'y single oollinion. end

the obaarved angla will be the true aoattertnf angle in the.. laboratory o

' system.

¥iith these asnumptions 1t is posaible to oonvert the laboratory

_anglea to anglee in’ the eenter of mass syatem. taking into account the

fFermi motion of the nuoleons. The oonveraion canrot be msde exactly

“

beoause the motion. of tba micleon atruck 1o not known. ggquer; dﬁ?ff
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In each energy intervel there is s definite bnokward peeking,
espeoinllﬁr pronounced for the high anerzy raezion. The arrows in _
Figgres 7 and 8 indloeste the offeétiva averugé cut=off angle defined
by the orogs sseotion redueiion due to the Pauli exclusion princip19;37
The presénoe'of an hppreoin;ie ﬁumﬁér of scattors st smell angléa in
spite of the exvacted reduction due to the Psuli exclusicn prineiple
leads one to cuspgééheﬁbt the angular distridbution is also peaked

forward or that the Fermi motion is more important for these scatters

and cannot be neglecied in the conversion to the center of mass.



vAa was indicated by the early resulte of Phase I of thia eXperxment
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... VI. DIFFERSNTIAL ELASTIC CROSS SHCTIONS

Part of the general program in investigooing K meson

interaotions 1nvolvea a study of the amall angle scattering spectrum.
186, 16

'Lfthere‘seemed to bo more eolastically scattered K meaona 4in the reglon
.20°'to 40° then were predicted by pure Coulomb soatterlng for emulsion
;z<hooloi; It was felt that edditionsl data at amallor ungles and further'
.calculationa assuming nuclear potentials were necesaarv for definite
-concluslons. In the meantime, uaing this 1nformation, Osborn039- 
:attempted to interpret the data uaing the Born approximation and evaluating‘
V:scattering emplitudes by compering with the ineleastioc data at large anglea.

: The slgn of the 1nterferenoe term betweon nuolear and Coulomb fOrces waa'

v

‘~“:found to be negative for best fit, i.e., an attractive potential. Later_

';work using the same type of enalysis indicates a repulalvs potentia1.4o

' _For Phase II of this experlment. this problem wes given special

:'"lféoﬁponflOp, As mentioned in the scanning proooduro.-while following K
u'.tmeooo oracks‘apaco ahgloa were moasured for all acatte;s'Wiohla projeoted
"ahglo (in tho plane ofothe'emulslon)lof 2° or gréatef. AThe ohorgylof the
"»;soootor, lf_olaotio, was determined from the residual range aftor'tho :
" 'sgatter. This data was oonsidered in the two'energy\lnteoiolo 46 éo 100'_A
- ﬁev’ond 100 to 220 Mev. Soafters in_tﬁe energy~reglOn.leso than,fo Maf
‘ wero neglected for two reaoons.v-Sinoe most of the soattofs‘aro pgré

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

effeot.of any interference whiech would be obvlous at larger energies
in the saﬁe compilations Further, it was found that the efflclency.for

observing smsll angle scatters docroasos with energy.
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Tﬁe riéorous cut=off at'2°'was_necessary-since smaller angles
are éénerally not efficiently observed. This médé necessary a gedmetric
effiéiency corraction. This correctioﬁ was hade by Weightinﬁ the numbér
of écaft@rs at each anglé by the efficiency for observing 2 écatter at’
that angle. The success of these corrections was checked bf noting that

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

with the cross sections predicted for point charge emulsion nuclei. .
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4e Eloatic Scattering, 40 to 100 Yev.
' Figure 9 gives the experimartslly determined differontial

Oross aoction for elnetic scatteie for_thé energy interval 40 to 100 -

Mgy in the engular interval 2° 80% - This date is based on 18.1 moters

of ¥ track. Hince the path length par enérg& intervel deacressed with

energy in this interval the dste was separated into six 10 Yev intervals.

. It was combined in such a way fhnt & aoattér in a iow path-length'rogion, o

*as weithted more heavily as follows~

gz (2
(jﬂ)n Jﬁi’Né“'

This 16 8n avoragé of the six values of _alcr fbr sach 10 Me#‘ihtéfﬁai(

I

Tha daahad curve renroqorta Ruthorford ecatterin& from poirt

~ charge emulsinn nucloi. ’ ~

Coxta and Pntergnan14l have published calculations of K meson |
noattarhqg at onergles from 40 to- 100 Mev uszrg the optxcal model. {In'
this model the nucleua io described by means of e ccmplex potentiai '

V + iV ¢ 80 that the nuolear ivteraction of ] partiale is reduced to

& two body problom, The reaml purt or the potentisl diractly dotermines

 the elastic oohoront»acattorirg. The Lmaginary prt cnuses en attenuatim -

o? tha irtanaitv of the incoming particle wave, The Lmaginary pﬂrt also

oogtributos to the elaetic acattering through shadbw;somtterlhgo

“'The imaginarv potontial can he estimated by using the cross: '

section por nuclecn given esrlicr as 6 8 mb unoorrected for Pauli
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exclusion effects. The relaticn botween the paramoters 1342

Vo= - da “"’ia_ 47Mev  @2)
t le By . SR

whore Lc ie the mean freo path in nuolear mtter amd r‘ = 1 2 Formis.

Coata and Pater@ani neglected the imag;tr-ary potential with

- ‘the argument that its omtribution to the elastic scattering would ba. -

small, ,

It is assured thst the poterit-l_afl for the. inner r;ogiéﬁ of:"‘ ihg
re'fs, - (B ]+ Ve gw
ozl (DAY

thet is, the potsntisl due. to s uniform distributic:n of elactric

micleus is:

ocharge plus o conatent resl miclear potential Vn; in the g)xtex;nal region

N - Zel _ -
Vr' = " . o - (A-4)

They used the expression given by Schiff‘w for the differential croes .

section for the soattering of a partiole by a modified ooul_dmbién field,

The phase shifts,representing the deviation from the coﬁlom}:“ ﬁmct_ione. of

- the wave mnotionn of the marticle scattered by the fleld du’b tovt;he

nuclear potentiel, were oeloulatad by means of the ?a‘.K.B.J.~ épp_r,oximétiqh’
mothods Yith thesc phase shifts they caloulated the.differeﬁtiai oross
eectior.s in emulsion for four values o(’ *he kinotic onergv of the |

meson ( T =.40, 60, 80, end 100 Hev) f‘or various values. of‘ V .
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Their results have been combined appropriately for this data
and plotted as the two solid curves in.figure 99 The curves for Vp = +13
and V, = =15 Mév are given for comparison.

Clearly the curve for a repulsive pofential 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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Be Elasvic Scattering. 100 to 220 Mev..

Figure 10 glves the exnerimentallv determined differentxal

oeross section for elastic soatters for the energy 1nterval 100’to-220 Mev

in the angular intérval 2°'to 50°. This data is based on 76.8 meters.

of K meson track. In this dats the path length per 10 Mev interval fell

gradually to zero at high enervies so-the welghting by path lengthAWas,
not used, The data was d%yided into three intarvals snd calculations

mado at three energies and each oross section weighted by the peth

"length studied at that energy as follows.,

(dd”‘)me J=! F(

where fj = lﬁ//2113 and the three'valugs of:fjvan& en;rgy'iﬁterials are:
given on the gfaph.‘ ) o .

The da;hed ourve represents Rutherford soéttérihg from pbint“
charge emulsion nuclei. | |

The nucloar potential negessary to oxpléinvthis'détathaﬁlnot'
yet been determined. However, en extensiie series of calculations are
presently being made.by G. Igo, G. Ravenhall, and J. Teiman of'S£anford
Univeréity iﬁ‘oohjunétion with this group to explain both the high and
low energy data. The Stenford group has made some preliminary ocalculations
using the Born approximation and assuming thst the imaginary potential
could be neglected. The results of thia work, obtained quitq independently,
showed that the low'energy differential 6ro§s seotion agreed very well
with the date 4if & real votential of +12 Mev was assumed; _The‘caiculétion

in progress now is an exaot phase shift analysis using both real and

[y
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. and emoloy1ng
imaginery potcntials the oomputor facilities of the Los Alamos

Scientific Laborstory. Both methods use the opticsl model discussed

.previously but the potentiels are sheped to correspond to the chearge

distributions found by electron acattering44. t.0.,
V., +4i V'
r-R
[l + exp( /D)]

v<»~)= V N+

- !
; «1l3 é . -13
where R = 1.07 x 10 A7 ome and D = 0,56 x 10 om. The final results

of this‘work ﬁre-not available, but severallintgtesting features'ére
alreaéy indicated, - The intro&uction of the imaglnary pctéhtiallaéemg'to
make the differance between the predictions besed on repulsive and
attracttve-real potentials less atrik;ng.‘ In addition, the presence
of & :eal potential ha? en appreciasble effect on the efﬁective baam
iﬁ£énaity of K mesons paesing througﬁ the nuoleuawv Tﬁisésbﬁsi@efctiou
c§u1d alter the cross.gedfidn pér muoleon derivad eaflierlby a; mich
as ton to twenty peroent depending on theimagnifude 6f_thé'ppténtial;'
neoeasa?y. | | j ‘

| vIt is slso ciéér tbsﬁ_the imaginary potential 18 boA1oﬁg§r
hegligible unless the real potontial has-}ngreased. An estimagé?bdeed :
on the relaﬁiﬁn given on page §0 gives V, = «8 Nev,

Another lmportant effect which has not been thoroughly
investigated yet ia the possible excitation of low-lying nuolear lovels. ‘
»trauoh and Titue45 hava ghown that thia proceas arises in the scatterirg{i
of 90 Hev protons with a frequency oorrGSponding ‘to about B% of the
elastic oross eecticn. The techniques of this experiment would detect

most of the nuclear exocitations of the light elementa in emulaion, but
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most of the intéractians tgke'placg7wi£h the heavy elamenﬁs whoée_nuclear
énéréy levels ere kno&n to be more low=lying and closer Spaced‘thén,thése.
of the light alements. These inélastic processes would haQe been,.'

classified as elastic in this experiment and could result in &n overe

~ estimetion of the elastic differential cross section. However, preliminéry

~estimates of the effect igdicute that the proporti&n of such interaétions

is small end well within the statistical errors of .the detd.

At
. "l
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VII.: TOTAL CROSS SECTIONS

Using the resulta of the previous section it s possxble
to oalculate the totsl cross seot;onvfor,scattexing in emlsion. The

total cross section is given by
O =0y +o,

wherecjg is the elastic soattering cross section and cyj.is the combined,'

oross section for inelastic scattering and charge exchange scattering.

. 0"~ 1is oalled the reaction cross section .

Fernbach, Serber, and Taylor 46, in presenting_théir,fgeatm@ht.
of the optical model, have derived the total elsstic scétteriﬁé QfOSBfJ

section. They give

. e i
_:EEZ_ = | + : ﬁ( 1i<;i] PEOEY x> L

{(“‘“"«K)'f' e 3!»124% R[zjéﬁ( +ﬁ )% K‘]
"ef,K Coszk R ('— ‘ﬁ >+ KR(_MF”Q? )}

where K = I/Q o’ = collision mesn free psth in ‘nucleer mat;,er', R ia
the muclear readius r‘k& >rb = 1.2 Fermia, k.= p/% is the propagation
vootor of the wave outside, k + k1 is the propagation veotor inside,
ky = k {(1 - V/'T)2 - %] » V is the mean potential energy “of the urojectilo
1naide the nucleus, and T is the kxnetic energy. o o

The datg has been divided into the two_éne?gy intervals | |
20 to 100 Mev and 100 to 220 Mev with memn energies of TO Mev and 156 Mev,
reapectiveiy. Since the magnitudevof the repulsﬁvé pbtéﬁtial héa-not as

o~

f e <.
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yet baen definitely established{ fhe diffractioﬁ Erosé[ﬂection‘has besn
calculsted assuming values of 10, 20, and_SO-ﬁéi.l The appropria§;< |
oross'seot;on per,nuéleon and reactibn‘croés sgction for-qaéﬁ,inten;alA
was held cohatqnt. This is nét rigorousiy correct fﬁ; the eross section -
per hucleon but is sufficienﬁ'for a first épprbxfmafign;.

_ The results are given in the following table:

\

. Mean " Reaction : Cross .

Inoident .  Cross '~ Seetion ' Totel Cross Section

Energy Section ~ . Per Nucleon V=10 Mev V. = 20 Mev V = 30 Mev
70 Mev - 205 mb . 646 mb 430 md - 840 mb 1360 mb .
150 Mev 284 mb 9.6 mb 430 mb 670 mb . .. 920 mb

For eoomparison, the geometric cross section for‘emulﬁion'has

~ been caloulated using r = 1.2 Fermis and'the result-is.SSS-mb;.'
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VIII. ENERGY LOSS BEHAVIOUR

The firstAsuspicion that the miclear potential was‘repulsivé
came from observation of the fact that the K+:meson elways éame'out of
a nuclecr interaction-with an appreciable energy, that'ié, more then ﬁhe‘
Coulomb barrier energy of 10 Mev., Of the 237 {EST§§€1§f§£§¥€§ observed
hercs, except for two cases (at 15 Mev snd 23 Mev), all had final enervies
sbove 25 Mev. 1In additlon, the energy losses were-generally low, in
contrast to pdsitive ¥ mesons where the contrary is true. In this section
seversl observations are made of the behaviour of the fractiona}~¢narg& |
losses of X meégns khich épatfered inelasticaily. | | _

Figure 11 shows the distribution‘of the fractional enérgy
losses as & function of the laborato;y angle of thé sc#ttered Ko This
plot includes only the data in the snargy interVUl 100 to 220 Mev..
Events below the 10% cut-off were c19551fied a8 elastic unlesa there were
prongs. Curve A represents the énergy loss versus 1aboratory angle for_v
K meéohs on free pfotons; The ourve is for K's of 150 Mev but is .
eésentially the.eame.for those from 100 to 220 Mev. There is o rather' 
striking rise of the dats points with increasing angle that roughly
follows the fres proton curve. Curje D for scattaring ftom'freg~a1ﬁhgs
is aiso shown. If one assumes, as ié indicated, that the X intéractipn
i with « singlé nucleon in fhe nucleus the spread could be due.ﬁo-fhe-‘
Fermi motion of the nucléons; Assuming & maximm Ferﬁi momep£um;§f
218 Mev/o, curves B and C were calculated for the two cases when the K
and micleon are opposing (B) and wben'£hey sre in the seme diréction (c).
This anvelope of curves B and C Seems to enclose a mejor pbrtion of ihe

pointe. This angleeenergy loss correlation is further indicetion that
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80 the kinetic energy before scattoering is T

QGO&

the K interection is with a single nucleon in the nucleus.‘ In this
sonnection, thoée caseé whén a high energy (knockeon or cascade) p?oton
oame out of the interaction are circlgd. In most of these events the
proton had almost all the energy lost by the K meeén 8o thét'the scatters
could be classifiea as Juasieelastiec. . The fact tﬁat the pbints
representing this type of event are uniformly interap;rsed among'the rest,
leads one.to believe thet in the ofhérAcases theAggmé ooqld“be true SutA
the proton inieracted again beforeileaving the Aﬁqleus'o£.the'§riginal
ipteraction was w}th & neutron.

Pigure'lz‘waa made'Sy plotting ﬁﬁevmeah'of tﬁe'frégtionalﬁ
energy losses in 20° intervals. Evonts ﬂolqﬁ 40° are not. included
bécause the data is stronglyv influenced by the Peuli exclusioﬁ princiéle
and the 10% energy resolution. It is possible to see'that‘thé da£a
1s consistent with s repulsive potential by uging a simole modcl. It is
assumed that the K meson experiences & potential V on sn#erlng the nucleus,
- " V. The ﬁ‘scatters'from
a nucleon at rest at an angle equal to the angle observed outside the
nucleus. The outgoing K then leavoq the nuclous with an anergy of
Tf +'V1 With this modelf fractioral energy losses versus angla-wera

calculated snd plotted for V =+30 and+60 Mev., The effeét is cleéf.

A repulsive potentisl gives'the suppression desired to sgree with the/;

data. TﬁmpnltUd%ﬂ'V'for best it is not significant sinoe the ‘motion

of the miocleons hes been neglected.
In Figure 13 the mesn fractional K‘ﬁéson energy loss is

plottéd in 20 Mev incident enaigy intervals., In order to mske sn astimate

;

.
E e,
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of the expected energy losses with various nuclear potenﬁials'the fblloﬁing
modél waes used, On entering the nuoleus ﬁhe K heson expériences 8
poﬁential V which is the sum of the nuclear and coulomb éétgnﬁiglsQ
At this reduced energy it interacts vith o siﬂgle nucleon.'vAgspming :
that tﬁe sngular distriﬁution of the Kenucleon scatters is‘iébtropic.
in the center of masé system, thé_moaf probabiy angle‘of scatter is that
at 90° in the center of masé due to eolid_apgle considefatioés.'.Howgﬁer,:
vthe Pauli exclusidn principle prevents e fractibn.of the écaﬁfefs at
small anéles 80 that the mean ongle of scatter is reslly éreéter.than
90° and faries witﬁ incident.energy;, tssuming that the nuclgbn ﬁusﬁ
be given a momentum greéter than 206 Mev/%, these mean sangles were
estimated. fhen each meén angle éf soatter geve a oeftainlmeanrénérgy
loss.. The final kinétic energy was theﬁ increased by‘the'amouht V to .
corresppnd to the energy obgerved oﬁtside the nucieds and thenlthé'
observed fractionel energy ioss predicted. The predibtions aé'a'funétion
of incident énergy are ahoyn~as solid éurvesv§n~Figur§ 15_f6r séyérai.'
values of V. The best fit is fo} V =+30 ﬁev. The feéturé bf most':
significance is that the data indicétés,a'repulsife'potenfial dﬁove that

of Coulomb repulsion.
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% - IX. ~ NUCLZAR EXCITATION

Systematic studies of the number, type, and energy and angular

,distribution of star prongs resulting from the collisions in flight of.

various psrticles with emulsion nuclei have besn made in = number of

. experiments.47 In general, the indications ars that star formation

proceeds in two steps: (1) the "fast" ( ~ 10-22 sec) initial catastrﬁphio
process which includes nucleon scattering in the mucleus (usually culled
the casoade or knoek-on process), pickup, stripping, charge exchange,

and meson production, and (2) then the "slow" ('~--10-2o

sec) de-excitatioh
of the resulting mucleus usually termed the evaporation procesé.:

An analysls in these terms is made for this déta in order to
'understand better the initiel K-nuqleon collision process and the
distribution of the energy lost by the K meson.

For this type oflanalysis. kfmeeons have sevsral desirable
properties: the oonservation of strangeness in strong interactions, the
laék of any other strange bﬁrticle channel, and (except for charge
exchﬁnge collisions) the absoiute'identification of the K méson among
-the star prongs by virtue of its different mass and its decgy p?ocesa.

The prongs of K meson stars (i.e., prongs other than the K
meson coming in and going out) can be put into one éf three length c@asées:
(a) R< 10, (b) 10p¥RZ 1.2 mm. and (o) K> 1.2 mm, Class (&) includes
reéoila, delta rays, andilow'energy alphas or protons which leaked
through the Coulomb berrier. Class (b) primarily includes protons and
has been examined in terms of en evaporation spectrum. In two stars,

a prong appeared straighter, was thicker, and showed a few'delta‘rays.
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These were assumed to be alphas and the stars were axcluded from the
evaporation anelysis. Class (c) inoludes primarily high energy protone.

. Stera formed by K mesons having ansrgies between 100 ib 220
¥ev wero analyged and Figure 14 shows a histogram of tho energy
distridbution of all protons with renges greater than 10w and having
energies lese thaun 60 viov. 48 (This dete inocludes only that obtained -
in soanning at‘Berkoley.) Clzarly it indi&aféa the familiar Maxwellian
distributicn of proton snorgies cheracteristic of ovaporstion procésaaa,
pluc the long teil of knook~on or cescade protona.

49,50

It hae been shown that such evapoiation gpestre can be

represonted by the relstion
| | v
T-v T
N(T)dT = Nog vz © 4T

whore T is the kinetic energy of the preng, U is ths nuclear temperature,
V is the effoctive Coulomb barrier hyight, Ho is the tétal number of
evaporatie¢n prongs in the snsctrum, ond N(71)dT ié tho rumb or of prongs
lving in tho intervel 47 abcut'T. This simplified version of tho
avaporetion rsleéions is strictly applicablé only to the heuvy elements
at excitaticn encrgiees largs cempered with the binding enargy per mucleon.
Tha first consideration is to ﬁake g cholce of sr effactive
Coulomb barrier. Recently; EaileySI hes e*pqrimeﬁtally studied ths
ovaporation's;mctrn of = number of elemsnts &nd obtains on effagtive
Coulord barrier neogsesry for « bast fit in esch case. Plotting his
potantisls and extrapolnting to obtein veluocs for the avorsge heavy

element end the avorege light element one obtains values of about 4 Mev



No. of Protons . ¢

.Fiﬁure | 4
Energy Dis"'r—ibuf"on of Pro+ons
Fr‘om Inelas+ic Scaﬁ’ers

In E"e"SY In‘ferva.'

loo to 220 Mev
or
- . - - | _ | ' — Cq‘Cold.‘{'eJ for

- - L

o s lo 'S5 - 20 25 T

-30 KK 20 Y
Kfne"'l'c Ehersr 0{ Profon (.Mev) . .



&

4

- 67 =
snd zero Mev,-reépeotively.

Therefore the histogram in Figure 14 is a composite of prongs
from light elemenfs and heavy elements with the light elemenfs contributing
predominantly to prongs having energies less than 4 Mev. Since
evaporation theory cannot be applied to the light elements, onl&lthe
prongs having energies greatsr than 4 Mev are used and it is asaumed
thet they come mostly from the heevy elements.

- The parameter T » the nuélear'tempergture, was evaluated
by plotting 1n (ﬁ(T)dTAﬁ - Yﬂ vs. T on semi-log paper uging V = 4 Mev.
The slope of tﬁé best fit straight linelthfough the points betwsen 4 to
20 ﬁev gave a T of 2.9 Mev.’ The predicted distribution using this
temperature is also given in Figure 14, |

\ 60,52
From evaporation theory, it is shown 0,

that the exocitation
ensrgy of é nucleus can be represented approximately by W = ATZ/:I.O.
Henoe the‘exéitation energy is 79 Mev. | |
The mean energy loss for K mesons in the engrgy irterval
i00 tgAZZO[Mev hag been found to be 67'Mev. The correépondence is good.
The smaller value for the mean energy loss could be due to the
inclusidn in that determinatiqn of events wiﬁh amall encrgy losses when
the evaporation of one or two neutrongas the'most likely manner of
cooling.
From these abservations, it can be concluded that the

star energies can be satisfactorily accounted for by the kinetic energy

losses of the K mssonse.
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e DCHTTEELNG SEPLTTINNG ANALYSIS

Yrom the availablzs d:ts on complex nuclei one can obtain

“ some informetion on the slamertarv X-nucleon crose, szctions in terms of

-the secattoring amplitudes.

It is essumed thst in tho renze of energies invastigated the

S and P etates ara primarily respcnsihie for the seattaring snd thst

stntes of higher momantum do not play u significant role. This is

' reasonéble since the inpact paremotor, ka (where k = I/&. is the wave

mrber end & is the radius of ‘& mioleon), varies roughly from one to two

for K's at thoce energies.ss

S

The dtffercntial cross saction for tha socettering of e spin~zero

particle by a epin~ﬁ particle is 54,68

de 06+Ccos2‘9> - G
AJL 3{(,44—503 |

and the total cross section ie _ .
: o - :

vi-here_ . A_-:-_ 'as‘z' _’_ IQP"'ngl )
2 Re CCS*(ZCLN“‘QPI) o ’6("3)

| : .
C= !Zar,34-apll-2‘.~ /“_Ps"'qf’r’_

X
i

ns is the S Wave séattoring amplitude; fpy and &Pl are the amWIitudoa

ol i , 2 =
of tho acattarad 13/? and Pl/@ wavos. hlao a sin Se » whare 5\ is

" the phaae ahlft. Howevar, theso relatiorns apolv dirsctly only tc



- 69 =

procssses thet proovesd through e'ningle'iootopic spin stste. Using
the isotopic ep2in ﬁsaignmsnt of T = % propoeed for ihe K mesoh13.

soéttaring can ocour off e proton in the T = 1 state and off & reutron

in hoth the T = 0 and T = 1 states. Assuming the velidity of cﬂaféé'
" .independence, the possible reactions and the isotopic spin amplitude

combinations which replese the amnlitudes ir equaticn X-3 are

Resction
: ‘ kefersnoe
Reaction Amplitude Symbol
PV 4 P eapr KP4+ P . N pe
'+ n—p EP 4N ,é.(a1+ao) N+
K*" + R - ¥0 + P 2 (8, = 8g) Fo

: where'al and &  represent the T = i and T = 0 soettoring smpiitudes.
respectivaely.

It is conveniont et this poinf to adopt tﬁe following notstion
similar to that comron in ¥ meson physicé: The § waQe sc&ttéring ompll-

tudes of T = 0 and T = 1 will be indicetsd by a_ and . The P wave
soatterin; amplitudes will be indiceted by 301. all‘ n_ e als, éhere the

first index is the isotopio spin of the state in question end the seoond

03

index is twice the snular motentum. The angular dietribution ccefficients

for the three possible reactions become
. ‘2

>
l

= [a [2 + |8, ~ @
‘Rf 1 . 11 13

m
L

pe = 2Ro al'(zals + 011)

2 2
[20,5 + 81;]° - oy - ‘11‘



+ 5 +a . =8

fo,.o= %la + 8 lall ol 13 - u03l2,

Pne T Aley * ol

- e Y . N
Bﬁf'- Zhe (a1 + uo) (2813 + 2a03 + 2 + aol)

C = %l?als + 2a dll + 301

Cre 03 *

| '_3I°13 Y83 " %1 T %0

Q
1]
i
—_—~
X
j+J
*
ne
)
+
»

Dirccf avidonae for the resction K+ + P oandn e p is

provided by the KeP interactions discusgaed in Section IV, It is sesn

that the totai oross section is rathﬂr'cgnetﬁnt'frcm 20 to %OO #evo
The anguler distribution appears to be isotroplc in the ﬁentsr af masa.
This bahavicur is charrcteristio of pure o Qave scottering snd is &
strong indinstion thatvthe P weve ecatfering in the T = 1 atate is zero
or small nt thasa anergies (below 200 Mev). This observaﬁionA#gs aleo

17,18,36 ' .
*77P T upen examiring the earlier, more limited,

mede bﬁ other euthors
resulte on the KeP snguler distritution end anergyv dapendsnce below
140 Ebya Thisg work ¢xtends thé dste to 200 Mev snd éives the angular
disirihution.with beéter stetistics. Using this informetion we mske
the sssumption thsat tgere 8re né F wave contbibutions te the KT + @

scattering. Thus we cen set e 'and.s;l equnl to zero.

13

Sinen the aveilable experimental dnia 48 not sufficient to

.distinguish the two P wave scatﬁering states (PS/éAand Pl/?)’ aevegnl

- simplifying essumptions are meds rvegarding the reletive magnitude of the



two amplitudes'QOI

Case I:

b
ey

Case II:

-7 -

snd &, ¢

03

= -
.01 ao3 . |
This sesumption is cquivalont to the statement
that there is no spin-ordit coup}ing and hence
no "spin flip"..

a_ = -f 8

01 4 03

Thia aessurption is besad on the ocut-off theory of

Chew ani is suggasﬁedvby Stapp in UCRL~5536.65

It 18 an approximation which mpplies when the phase

shifts are snell.

Sstting the T = i &tste P wave amplitudas équﬁl to zero snd

epplving Cﬁse I, the engular distribution coefficlents become

2
AP+ - I‘l'
BH_" 0
cw+ = Q

u{‘ 3n) + 5l

2

// S \®
{3/2) Re_(al + ao) o

03

Nt (9/%)[ °ogl2

. 2
Yo 1131 f aOl '

= «(3/2) Re-(al - ao)‘ €03

¥o (9/4) 1303:'2

.
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Similarly_for Case II the enguler distribution cosfficients

becoma . : ' ,
2

A N

5 Py ’all

, Bp, = O . i
CP+ = 0 o ’
A, = lla + 8 lz + (9/18)',5‘ l“
N+ -t ol - 03

_ ]

BN+ = (3/@) Re (a1 + ao) éO3
CN+-= 0 . ‘ ' ‘, ' . S

P

s, - ol + 01008 ff

’
o 1
-(3/%) ke (al-- 90)* a

BNo 03

cKo =0 , o o

<

In ocomparing those results with the expurimentasl date

saversl interesting impliocaticns arise.

A

The sbove reolations precdict thet the differontial oroes
soction for K-nautron soatterirns pesks forward or beckwsrd as soon as

the ? wavs scattering becomes epprecisblea. iAs shown in Figure 8 the

- exparimontael angular distribution of tha\iﬁelsetic soatters from>cohplex»‘

o

ruclei when transformed to the center of mess system pesks backward. . .

Gince the angulaf'distributicn of the X-P gecatters from frae protons .

PR

7
rd B

eppoars to be isoireplie, this backewerd vesking must be dus to the ﬁoutroﬁé;
Further, since the K's are visible after the scatter the baokward pesk

must te dus to the diruct seettoring reaction on neutrons. This agrees



(- T3 -
‘with both of the above ceses if the real;part of the product (ei'+ éo)ﬁa.
ia nageative. |
o ' ~ Since the caloulations of tha Keneutror direct ccattering
and ohgrge exchunge cross sactions assumed sn'isctropic'diatributiou in
‘the centor of mass in order to correct for tﬁe exclusicn.principle, it is
cloar that thesc estirates should ba nltered. Thié is especially true
1; the high_enorgy interval where » wave scuttering is impor;ant. The
'gltératiqn would meke estimaticng of hoth oroes sections lergsr. ‘The
obeorfatiqn in Uection VeB thst ths overage ¥-rucloor cross section
was roughly constant up to 206 tcv was evidently only apogrent. The
P wave increase at amallkanglea must have been reduced by the Peull
exclusicr effect., |
The ratio bf the oharpe egchangé cross sooticné to the none
" eharge exchange oroess gectioné inviha two cases become
Cose I:

o’&a’ | ‘3&"’81 - “’0’2 + (.3/4)"‘63'2

2 o 2 . 2
dP+ + Oy, IvaI, + %Ial + aOI | +(S/4)|a03,

Cese II:

CNo v %Iai -‘a512 + (9/&8)1303'2
O'P+ +0%, lall<2_+ %Ial + aolz + (9/16)’&103’2

«

N In the limiting caese of pure O wuve scattering at low enorgies the two

ceses are the same, i,e.,

| to; - a|?
4

_5.2 12 ov. -

0-;34» "'0‘{,,, /all .. * %/al * aOl

. o,

Q

03 .-



the svefficient of tho cos © term of fhé ch#éée';xéhénge &nguiur
distribution mst te positive. This'raquires that the charge exohﬁngé
distributicn\p&uk forwerd, | |

Observation of thisz efféct in thie experiment is giill under
invés£igation.' it is oxpacted thet w forward distfibution.ofrscnttets
wauld rosult in lower average muclesr sxeitation for charge_exchange
eoaﬁterSg‘ This <oes not moen neéossarily that the_number‘of prongs of
these ztars will he less becausslthe ax;stoﬁcovof a pfdfon excese in
thia.type'ef event incressos tﬁe probapility for proton emission in

the eveporation epectra. Uernning i still in progress to find

o

- chargo exchenge goatters ond &n anelysis similar to that of faction IX

W1ll~56.made when sufficisnt data is sveiloble. IHowever, proliminery
ostimptee beeed on the deta given in this report indicate that the

nuclear excitation for ohar;e exohsnge-stare is abeut one~half that

for ordinsry inelestic events.

It ¢an bs concluded therofore that s forward distribution of

th@'ohsrge exchenge scatters sleo agrees with the exporimentel dnta

eveilsble st present.,
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.Compos;tioﬁ of Zrmlsion:
e :f L - _ Below ars liated the emulsion inbrediants as given by the

‘ munufaoturer of Geb cnulslon. Il1ford, Inc., Aupust 1955.' The dansity

R
%

: mcasureménts.were made at 581 relestive humidity.

"‘4_\}:1émnt ﬁ_m_stty (g) v 2 | A __féf’__ | P [_A.}‘{'
s 1.881+0.030 47 107.9 0.0170 0.385
Br 1,349 + 0,020 35 79,92 0.0169  0.314
C  0.278 + 0,006 .8 1z 00250 0.122
O 7 0,249 + 0,004 = 8  16.0C 0.0166 0,099
N 0.073 + 0,001 7 14401~ 0.0062 0,033
H 0.05535 + 0,0009 1  1.008  0.0629 0.053
T 0,012 52 12649 0.0001 04002
S 04007 16 32,07 00002 0.002
Total  3.850 + 0,041 0.1208 1,009

The approximation to omulsion usod in most of the oeleulations of

~ this work was as follows:

; ook

Elament Denaity ( ?). 4
g "1.831 a7 107.% 040170 0.386
Br  1.349 35 79,92 0.0169 0.314
CalNu0 0,698 7 13,7 .. 0.0438  0.25%
R B 0.0638 1 1,008 _ 0.0629 040863
| 'f?A 1s proborfiondl to the mumber of atoms of each emlement present per
R .oubic centimeter through the reletion Wy = (Fi/hi)L where L is fvegadro's
.\ _ E nqmber. Pyhg’ls proportional to the geometrical oross section presonted by

eaoh,element in a thickness of one cantimeter through the relation

oy = (P/AL 2 4 %= (P/af) ml .



iy

@

hA

APPENI:IY B
.‘\\\

Duata obtained in Phage I1: T

. ’ . ‘\\ )
Teble IV gives 51l events found which“hed a scatter greater

S

then 40° (f.0., elastic nnd.inelastic) ers thoss events _which sesttered

\

10n3 than 40° but were obviously inelustic (i.e., hed orongs or 8 visible
grain density charge). The chargoe exchenge ovents cre also bivan. .The

¥-hvdrogen events sre casily distinguishsed snd are -iven sbphrately\in

.Soqtion IV. 7This list 1ncludes the dste resulting from the study of -\\w

\

12 meters of track at ¥.I.T. ond 24.5 moters at U. of C., Berkeley, in
the anergy intsrvsl 30 to 120 “ev, o
Column 1 givés ﬁhe code ref;ranbe for éhe_event. '
Colurn 2,‘f} giveé the spnce angle of the scatter ({.e., the

éngle between the track made by the incoming X and ths track made bty the

autgoing Y). The rms error on sach of theso meusuremcnts is of the order

of one dagree. This error is nrimarilv due tc the variation in thn
correct shrirkage factor to be used in evalusting the dip angles, The .
thicknass,df e dsveloped pléte-varies somawhat with humidity.l Cherge
exchange ovénts sro listaed inr this column as C.Z.

Column 3, Ti' gives tho kinetioc energy of the ircoming K mason.

‘Hers it irc GVﬁIUGted by comoiring with the known residual renge of the

K's in the sama region of the plate which did not meke iny inalastic
collisione N |
Column 4, Te, gives the kinetic energy of the K moson ss it -

léavea the interacticﬁ. It was determined by either the observed residusl

range (indiocuted by amall errors) or by u grain oount {immediately aftnr

the scatter. In thosa oases murked by en asterisk, the information is ndt



"available to ua. ‘ - .

Column § givea the fdentity and range of §€n(\pronga other
. N

_than tho K meson. Identification oP.prongs viith range leas\thnn IOOu

S
\

is very diffioult. They were clussified ss protons unles‘ they aﬁbaured

S,
~.

unusuallv heavy end straight in which case they were classified es Ry
alpha partioles. Prongs less than IOp were olassod 23 reooils if ' 4 ho
streight and heavy.

Column 6 gives the visible energyv of the intersction, cher
then tho‘outgoing K moson, and iz obtained from the infermation given
in Column §, The conversion from rangéAto enérgy was mede using tha
tables distributed by %. H. Barkes®® for low energy .particles'." Binding
anérgies'of 8 Mev for protons and 4 Mev for alpha purticles have been
inoluded,

Column 7 gives the clessification as to whether the interasotion
wns considersd elestiec or inelastic. +£11 8ca§tero w{th no prongé wére
olaas@dvés olastic if the grain density ohengo across the gcatter indicated

thet the energy loss was less than 10%. ¥*henever 5 scatter had a

-reccil which alearly did not coaserve momentun, it wes classed as

. inelastic. If there wes =ny suspicion that it did conserve momentum,

the momentum tbanafer, Zpain{yk,‘was avalusted from the scattering
sngle end knawﬁ range of the K meson. For the clements of emrulsion
(axoluding hydrogen) tﬁia-is a good first approxinstion of tha momentum
§f the recoiling huclwus. With this information and th§ range-enorgy

57

plots of Keynolds end Zucker for nitrogen in nucleer emulsion, it was

posrible to determine whether the scatter was elastic.
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APPUNDIX G

Dota obtained in Fhase II:

Table V¥ givos nll events which haed n scattar greater than

40° (f.e., olartic end irelsstic) end those events which scottered less

“than 40% but were ohviously inelestic {(i.e., had prorgs or a visible

grain density change)e. The charge.exchangé events are also included. The

.K-hydrogan events are given separately in Neotion IV, This list includes

data obtsined in aognning 110,68 moters of treck at Berkeley from 20 Mev

to EQO‘MGV.

Columne 1 snd 2 ere the svent code and space angle, respectively.

Column 3 mgain gives the kinetic snorgy of the incoming K mesa,

_howovér. here it is'evaiuated‘by a good grain count of the incoming traoke

Vhen several determinntions were evailablo, a.ge, #n ourly pgrain count or
a maltiple seatterins monsurcrent, tha woighted mean wos usode

' Coluﬁn 4, Tf. the finsl kinetio energy is tho seme as discusased

‘for Pheso I deta.

Column 5, AT, is the energy-loa£ by the K meson at thg
scatter es detormined by(?i - Tf)of columns 3 and 4.
Colurn 6, zﬁT/&i.'is the ffgotional energy lois.

Column 7 {8 the ssme as Columm 6 of Phuse I date snd glves

the identity end range of stsr prongs other then the K.

. Column 8 gives the total vwisible enarsy. excluding X meson,
including the binding energy of all prongs given in Colummn 7.
.Column 9 gives tho decay mode of the K meecn. K; includes

, .
the K”Q. 5u2 end K03 decry modes.  The K 7‘, and T modas asre indicated

fa3’

agc such.
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PHASE 11 = LATH

i £ : ' " Prongs

(vev) (3ev) 5. T I,Q;A,T/ T ixecle K
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20 +% 2341 6 +3 .21 i,b? None
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Visible
Energy

6. S - Ty : , o . Prongs £xcls K Decay
Code - Deg (Mev) (Mev) Hr A /T Excle K - (Mev)  Mode -
FO59 143 136 +14 124 +12 11 419 .08 +.09  None S0 out
6123 122 135 +14 36 +1 99 +14 .73 +.02  P-Tlu - 10.9 K
7161 59 135 +14 90 +9 46 +17 .33 +.06  P-1.8mm 32  Out’
F282 118 135 +14 26 +1 109 +14 .81 +.02  Rec-lp 85 K
o - o= S P-13mm 3
P-388u
| Wol8 C.E. 136 413 . - . = - Rec~1n 44 -
' . P=3+2mm
1130 168 137 $14 23 +1 114 +14 .83 +.01  P-l.2mm %6 K
- - T ' P-665n L -
P=7.6mm
1206 49 138 +14 118 +1 20 +14 .16 +.09  Rec-ln 0 K
1109 44 139 +10 134 +10 6 +14 .04 +.10  P-256p 14.4  Out
1049 66 140 #15 112 #1 28 +15 .20 +.08° P-T8w 29 K
p‘5.3u
6034 23 140 +15° 134 +1 6 +15 .04 +,10  P-348u 15.6 ¥
7074 C.E. 140 415 = - - Rec=1.8p - 11.9 -
FO87 35 142 +14 - 106 +1 36 +14 .25 +.08 Nons / . O K
1271 112 142 415 60 41 82 415 .68 +.04  P-133mm 70 K -
2033 97 142 +15 60 +1 82 +15 .58 +.04  P-Gdp 25.3 K
' - - : P«27Tn
6008 114 145 +12 94 +10 51 +16 .35 +.06  kec=lu 0 oOut
2014 99 146 +16 29 +1 117 +16 .80 +.02  P=T.4mm  61.4 T
- - ‘ P-22p o -
FO66 116 147 +12 - 82 +8 66 +14 .44 +.05  None 0 K
1036 14 148 +16 73 +1 75 +16 .51 +.04  None 0 KL
2166 47 148 +16 65 +1 83 416 .56 +.04  Rec-ln o K



-

Visible

7 " Energy
€ Ty ' Tp . Prongs Exel. X TDecay
Code Leg (Mev) (Mev) ,Ll r A1/ Excl. K (Mev) Mode
F146. C.E. 148 +16 - - - Zlectron  62.4 -
- z P63
P=7.4mm
6069, 132 149 +13 42 +1 107 +13 .72 +.03 P-52 mm mo T
W04l 73 149 #20 . 95 +10 54 +22 .36 +.06 P-2op 19 out
e : - - P=25.1yp
Rec-ly
6108 -100 150 +16 56 +1 94 +16 .63 +.03 Rec-2.3p 71 K
R - | &-975p | L
: P-llp
F239 © 64 150 +16 98 +1 52 +16. .35 +.06 P-10.8mm 63 Ky,
5091 C.E. "160 +16 - - - P-4.3mm 40 -
1088 - *82 151 +16 46 +1 105 +16 .70 +.05 P-33.3mm 112 K
60257 22 152 +16 70 £F 82 +16 .54 +.04 [-147p  41.6 T’
S - | . P-46T
=123
5156 104 152 #17 103 +10 49 +20 3% +.07 Reclp 0 K,
1102 105 183 +17 50 +1 103 +17 .67 +.03 P-169p 3.7 K
. - - - - P-970n L
6010 79 . 154 +11 102 +10 52 +15 .34 +.07 Ree.2.3p 3 Ky
JO02 61 154 #1682 +1 73 +16 .47 +.056 P-442p 16.8 K,
5183 - 77 . 154 +17 64 +1. 100 +17 .65 +.08 P=26.2mm 32 K
2124 ' C.E. 165+17 - - - None 0 -
5023 36 155 +16 93 49 62 +18 .40 +.06 P-2 - 19.4  Out
= P-49p :
1004 = 84 156 +17 93 +1 63 417 .40 +.06 Kec-lp 0 ¥
1118 €., 156 +16 - - - Reo=1p 11.4 -
P-89y
FO83 58 156 +18 134 +14 24 +23 .15 +.09 Rec-l.3p 0 out
7110 10 158 #17 140 #1618 423 .11'#10 Kec-lp 0  Out
5125 96 158 +18 92 49 66 +20 .42 +.06 - P-3.7mm 38 Ky



‘a

ae

Yisible

Pe2¢5mm

T e , _ “nergy
Q LB if . Pron; s #xels K -lecay
Code bog  (¥ev) (v Dr A ixel. F (Mev) vode .
6007 104 160 +18 123 +1? 37 +22 .23 +.08  P-8.7mm 56  Cut
5118 171 162 +18 62 +6 110 +19 .68 +.03  F-21.6mr 90  Out
1347 49 163 418 89 +1 . . T4 +18 .45 +.06  P-.lmm 44 K
Recelp .
1028 111 164 +19 44 #1120 +19 .73 4.02 Hone 0 K
6116 = 90 165 #19 69 +1 96 +19 .58 +.04 Rec-2y % X
: P= Tom '
Pe3 o 4rm
1370 C.Ma 166 +19 - - - =39 6u 16 -
Hec=1e6p
1150 C.E. 166 +19 - - - P-633n  18.7 -
FO?4. 164 166 #16 57 +1 109 +15 .66 +.06  P-13mn- 69 K
W01 54 166 +18 81 #1856 +19  .B]l +.04 P-13 +3mr 69 K
1178 69 167 419 B8 +1 111 +18 .67 +.03  Fecely I
%030 C.H. ‘167 +14 - - - «-29.8y 100 -
| | a(-41.8p
K=-4mm
6012 C.@. 167 +14 - - - None 0 -
7199 118 168 +19 71 #1 97 419 .58 +.04  P-4.6mm 2 K
F246 81 168 419 148 +16 20 +26 1% +.10  Koc-ln 0 K
2105. Z.i. 169 #20 - - - S-1.64mm 61 -
- P2 o8 Bmm |
6219 47 170 #2040 #1130 #20 .77 +.02 P-Tlp 28,2 T
. r~470p
5088 26 . 170 +20 38 +1 132 +20 . .78 +.02 Vlone. o Ky
6109 C.E, 171 +20 - - - Fece1.3 B4 -
) “"703"""



Visible

106 -

' | o Energy
e ?i Te ' ' X Prongs Exel. K PLecay
Code Deg (Hev) (vev) At A'_I’/T Fxcl. K (Mev) Mode
2071 42 176 +20 176 +20 -~ 0 +30  0.+.12 HNone . 0 Out
S P-670u -
1359 28 177 +420 62 41 126 +20 .91 +.03  P-278u 46.7 K,
- o - - = p-104p _ _
(2150 B3 177 420 132 #14 45 426 .26 +.08 pec.zy . 3 Out
Y089 . 84 177 +16 96 +10 81 +18 .46 +.06 P-650m 19  Out
/5182 78 - 179 419 . 69 +1 110 +19 .62 +.03 Rec-5.%u 9% K/
- - - P-13e4mm -
P-5550
7129 C.E. 179 +21 - - . Rec-2p 20 =
. - P-480u
2178 120, 180 +21 57 +1 123 +21 .68 +.03  P-484p 32.8 K
| - g P-350n. - |
Reo=1n
5024 63 182 +22 116 +12 66 +26 .36 +.06 P-594p 18.3 Out
1110 107 183 +20 © 92 49 91 422 .50 +.06 Rece3n 45 out’
FOl? 32 183 +13 143 416 . 40 +20 .22 +.06 P-5p 7.5 Out
. , : . Petp
6126a 21 184 +22 159 +20 26 420 .14 #1010 s -
5106 129 186 +22 79 41 106 +22 .57 +.04 P-312n 28.3 K
: - P=17Tn
6075 138 186 +22 45 +1 141 +22 .76 +.02 P-38y 28.7 K
| B - B B P-727 L
Rece? .6
6199 29 187 #22 160 +18 27 +28 .14 +.10 None 0 Out
6235 'C.E. 187 +22 - - - P-285p . 34 -
: - F-678p '
Rec=lp’
7059 65 188 #23 177 #2011 #30 .06 #d0  Keeelp - O K
£237 46 188 +23 137 +14 51 +27 .27 +.07 Recelp 0 Cut
1076 192 +16 98 +9 94 +18 .49 +.06 KNone 0



Vigible
: ’ : - Energy
’ e . T3 Ty . Prongs “xcle K Lecay
Code Leg (Mev) - (¥ev) At AT/T Fxcl. K (Mev) Mode
5240 108 194 124 79 41 115 424 .59 +.04  P-156n 15.7 K,
o Rec=2n ' '
2082 126 205 +26 99 +10 106 +28 «52°+.05 P-293p 14.9 Cut
: - kec<1p '
6153 5 205 +26 175 +1 .30 +26 .15 +.10  VWone 0 K,
6061 C.E. 207 +1b - - - Elsctron 49 -
' kec=0.8n :
¥o22 132 210 +20 69 46 141 +21 .67 +.05 lec=1p 456  Out.
. ' - Pty 3mm .
. 4 . N . . - ‘ -
7113 108 212 ¥20 15 #1 ° 197 +20 .93 +.01  P=74.4mn 177Ky
. ’ Rec-?..4}; »
6177 44 285 +40 144 415 91 +45 439 +.06 None . 0 Out



probability tkat no iﬁteraction ogoure $s 8xp (-w,/vn). Therefors, the

_total cross section for 1nelnstio colliisicns is

_ R+ r
o= 2m y [ | - exP( VA/V,’)]bd}, ®-4)
' 0. .
' \yhere,rl is the -intorsotion radius deflred by . _
F=mr” . o)

Zquetior. F~4 may be re-exprossed hy use of the geometric cross section

O’;‘?' o8 follows Q*-r“.... L Ab ’ h é).
cr,, 2’{ "'e"P("V/V,.)JFR |

Since r1(< R, V csn Ye anproxwoted by

V=2&JR* b v . @-1)
] e’x,s(~""/v.,)=exp(‘“"‘”‘/lc) | ®-8)

where 2,‘ Rz‘- bz""‘i"opresents the thickness of mucleer mattor trevsrscd

“Then

by the K, end

Vn e 0 3 |
A =37/ e

reprasonts the collision mesn free path in nuclear mettor.

Also aquation x:.-G becomes

———zf[: ex,,(?-f_'_/)]-—-—k— l—f[ ) (b-f°)

where ‘I. Q) )
t( Z. Rc" - QX'I(—ZR/I ) ZR/ exp( ZR/ij -

Physioelly, t represertis the aversge trenspurency of the nucleus, le,.,



the probability of traversal without 1ntefagtion averagod over all possible
pathé ’throggh.thc-nucleua. ‘P‘iguret 16 shéws a plot of khquation be10. Only
épproximatéd survas for the heavy and light eleament groups of emulsion are
- ghown, |
| The caloulstion of the cross section per mucleon frém the moan
free path for inelast‘ic.collision ‘in emulbsion‘ wos &8 f‘ollowis; ’ |

An approximste velue of héc wés aetiﬁstéd ﬁsing an average
orulsicn mucleus., Using this valus oflc the values o!‘% were evaluated
for oach nucleus in emlsim‘ (excluding hvdrogen). Then using Figure 15
these wers converted to a/a_, in esch case. These were then combined to

: : o
give the noan froe peth ae follows:

- vI _ . -_ \ | - ’ a}_,_‘)
ZNoy g 2 ,_(.q:) (o_) rr2L

~ where L is Avagadro's rmmbor and (.I_) are the graphionllv datermined

vulues for esoh nucleus, The surmmeticn is taken over all the slements

of emulsion excluding hvdrogen. On compleflcn of this evaluution, a

eerios of; abox;t ten valuss of the paramcter ﬂc wore chosen in the immadiate
~ neiizhborhood of 1nt'ax-;est and tho pr(;coss répenfed for sech to obtain the’
mean free path in emulsion represented by each. Each lc gr.we )

corresponding o by -

5: zﬂ_ro3je | @"3)

The osloulation was done for wsrious values of r, and the resulting
information wae plotted in Pigure 16,

The allowence for Coulomb repulsion which reduces the mausured
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oross saction for eaoh muclous wee mixde using the spproximation given by
Blatt snd ¥sicskopfP® . _
I | (Z,-1)e" =
T L= —., .2, T)
O‘;;_ = O ‘—(R = :O"‘:{(RL,ZQT .

whure Ri is-the muclasr. redius of the ith elsment;AZi is ite charge,

_2{ is the deBroglie wavaleégth_of the incident ¥ meson, »nd T is its
kinetic enefgy; The fector f was cvaluated for each emulsion nucleus
fof anch §f the five energy inpervals of intefest.. Then for each energ&f
: 1ntequ1-qqua§ibn_ﬁ-12 was'ré-év&iuatad for

A== — C@-i5)
T g N £(R: 2, T) |

_ The results are shown in Figure 17 for r6.=-1;2 x 10‘13qm.
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APPENDIX E

“Roleted work:

 Between thq'time of publicatiorn of the work done in Phase 1

of-this experiment (’isa Conferencs, June 19566, and Physical Review,"

: &arch-lBSS)-dnﬁ completion of Phese II, a considarable amcunt of work

has boen done alonz the seme lines by other leboratories. For conveniont
refercnoe, hars are given sbetracts of soms of tho pﬁblications and
proorints known to us at the present time. ¥any of the conclusions ere

similar to those given in this present work,

Intoractions of K' Mesons with lydrogen Nuclei at 60 to 110 Mev.
N. K. Biswas, L. Ceccarelli-Febbrichesi, M. Ceccsrelli, M, Crasti,

K. Gottstein, N. C; Vafshneya and P. Waloscheck, of Oottirgen.

Il Muovo Cimento, Vol. III, N. 8, p. 1481 (June 1966)

In this work 162 moters of XK' meson trasck were followed in

the eneryy intervel O to 110 Hev. Twelve K-hvdrogen events wore found.

" The resulting eroes sootion from this data was 28 + 7 mb.

,Nuclesrlﬁcattering of K* Moeons in the Energy Hoglon of 80 Hev.

N. Ne Biswes, L. Ceconrelli-¥nbbrichesi, M. Ceccarslli, ¥, Gottstein,
He Co ‘Varshneya end P. ¥aslosaohek, of (ottingen,-
I1 Fuovo Cimento, Vol. V, N. 1, p. 123 (Jamuery 1967)

.Tho asoattering of X* mescns by nuclei of photoemulsion was

“inveatigated. 1In this work 106 meters of track were followed in tho

80 to 100 Nov ragion. _ ¢

- 'The engular distribution of tho elastic socatteringe was

compared with the curves caloulsted by Costa and Petergnani for the



20 Rkev.

opticél,model of the nucleus. The duts definitely favored a repulsive

' nuslear potential of sbout 12 Mev.

The inelaatic'écattoring dnte was comparéd with the results
of a calenlation performed with Lthe Monte Chflo method, for s Fermi gas
nuciear modeole. Bost agrecment was found with experimentel data by

assuming that the cross saoction was isotropic in thé'center of mass

systom up to en energy of 40 ¥ev and then rises backward at higher energies

and hee the form(é.ﬁ = 15 cos ©i The aneigy logs behaviour agreed

best with the'aseumotiop that there is s repulsive'nuciear potential of

1+

# collection was presentsd of K+~hydrogen scatterings found
in nﬁclenr emulsion at verious leboratories. Datu on 27 eventé wiih
conter of rese engle graaiar than 16° is given. The totul Cross section 
(for energiae less than 150 Mev) wua:found to be 14':'37mb. The sngular
diatriﬁution ot tﬁﬂ events sgreed best with a repulsivé maclear éotential

and predominent S wave scattering. The cross section wass cohserved to be

‘not strongly energy dspendant.

Kf Meson Interaction with Nucléoﬁa and WNuclel.
8. Cocconi, G. Puppi, G. {usroni, and A. Stranghellini, of Bologna.
I1 Nuovo Cirento, Vol. ¥V, Ne 1, pe 172 (Jrmary 1957),

The results obtainsd in several leborutories on the nuclear

interaction of the xt mesons of-anergy botween 40 snd 160 ¥ev wore

snalyzed. The main results vers the following: (1) The total croes
secﬁion for the process K+ + £ {i1zotopic spin state T = 1) is 14 :.3 mb .

Tho corresponding differcntial cruves seoction may be describeod essentially




by construective interference betﬁqen S wove and Coulomb scattering.

" (2) The isotopic spin state T = 0O is not negligible compured to T = 1,

P wavs shouldgbe important in the T = O stete. (3) To explein the kt
meson internction with nuclei, e nuelear remulsive potontial V = 10 X¥sv

should be added to ths-Coulomb-potentLal. ¥ith trese assumptions it is

possible to describe: (a) the elastic scattering in terms of the,opticai'

‘model. (b) The inolastio scattering, by considering the intersction .

due to single collisions of the “K* mesons with the mucleons. (4) The

x* nucleon interaction in the T = 1 stete may be desdribedrby a centrel

'pbtential‘eﬁuivulent to & hard-core of radius & = O.Beh/hxo).

Interactions of K' Mesons with Emulsion Nuclel botween 40 snd 160 Hev.
M.-Baldo;Ceolin, Me Crgeti. N. Dalleporta, M. Orilli, L. Suerriero,

M. ¥erlin, G. A.;Salvndin and G. Zago, of Padova.

.Il ¥uovo Cimento..Vol.'V;'NsEZ. p. 402 (Fehrgary 1957)

In this work 110 potefa of & track were followed in the
snergy 1nt§rval 40 to 160 Mev. The events observed were & K-hydrogen
acstters; 91 inslastic sqettors.’10>ohnrgé exchanges and 66 decays in
flight.v Events were divided into two eﬁergy intervals 40-90 Wev
Qnd 90-160 Kave. |

The total elestioc oross aecﬁion for engles greater then 20°
wag meesurod. Tho mumber of scatterings between 7° and 13° on 10 meters

of track was determined. These dats were compared with the ocalculations

3

. of Coste and Patergneni snd it wes conoludad that there exists s repulsive

potential of about 15 Mev,

dontecerlo celculstions to predict the behaviour of energy
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losses assuming the axperimental angular distribution indicéted that
a beatrfit could be obteined by using a nuclaarlpoténtial plus coulomb
poten§131 of 20 Yeve ‘

It.haa found that the inelqsiic scattoring of‘x+ with uucleqnd
ih\nuéleﬁr mﬁtter.waa charasctoriged By; (1) en pﬁperent total oross
scctionimuoh lower {ebout 4 mh) than he X-P croén seotiaﬁ; (2) this

oross section appears to inctégée nitn energyv; (3) the differential

‘oross saction ssems to b sfrongly pasked beckwards in the center of

mass; (4) the oross saction for cherge excheﬁge evonts is much smaller

thun the scattering oross soctions. These festures wero exnlained by

"assuming thet the Paull principle'}s important and that it outs out most

of the forward soattering in nuclear metter, thus also reducing the total
cross swction,
It was concludsd that the dots shows that there ie an

importuni cgontribution in the T=1 state, as on S-wave, in the low

‘ensrgyv intsrvel, wheresas st higher enorgies the presonce of 8 P-wave,

‘poas=ibly, of the T = O state, seems probeble,

The Interactions of Positive K-Masons with Yuoclel in Photographiec

drmlsion at znergies hetween 0-130 Mev.

Be Bhowﬁik. D. fvens, S. fiilsson, Us J. Prowse, F. Arnderson, L. Keefe,

A. Kernon, and J.'Losty. of Sristoi snd burlin U. C.

- Privately circulated prepriht.

In following 148 meters of Kt track 106 inelastic interactions
with wmlseion muclei and 3 Kebvirogen sonttsrs were found. The total

elustic erouss seotion for nngles gruater than 20° was determined.
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v

écceptiné the K-nuoleus potentisl ns repulsive, the work of Costs ané
?atargnnni wns used tc evsluate tﬁe micleor potential in threa:enefgy
regiona: 40f70'Mov, V= +12_§ov;‘70-100 ¥av, ¥V = +18 Mov; and
100-130 ¥ev, V = +20 Keve - '

" The vﬂriation of cross soction with energy for the inelsstic

events was found to be consistent with isotropy if the “ruli exolusion

' principle wes taken into account and the beet fit for the exporimontal'
points was obielned for & rapulsive well depth of 20 Weve The average

- Kenucleon oross section within nuclesr mdtter for meson energiecs between

60 and 130 ¥ev wes found to be 6.5 mb; ellowing for the ovents forbidden
by thé exéiusion prineiple tﬁis implied a cross sectiph of B :_l'mb on-
8 fros mucleons If ¢ = 14 & 3 mb, it follawed thet -lgrﬁ =6+ 3 mb.

The ratio of charge exchangs events to non-cﬁarge oichange
@venfé.wss 0;20‘1 0.07 -= the islue exnpocted in the limit of ¢ vaniéhingly
sma;liinteraction in the T =0 state, lesving cnly intarnciion ir the
T=1 stato.l

The inelestic eventis ﬁeru‘analyzcd on the bssis of thé
sfntiﬁtical model of Goidhergor and an sttempt wgs.also made to obtain
for the experimental dute ths ahgular distribution in the center of mags

syctem of the K mucleons On any reasorable assumption thig appeared to

be ponkad backwards. The data slso demanded s ropulsive potertial of

20 Yev.
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