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ABSTRACT 

A beam of :':~gati ve fl:. mesons produCJed inside the tank of the 184-inch 

cyclo~ron has been st~ied. 3 ± 1 percent formed one prong stars when 

stopped in Ilford C2 emulsion. Two two~prong stars with prong ranges of 2 or 

3 microns were observed which appear to be fission-like disintegrations in-
-· -· 

duced by f1-- capture. 32 percent of the?-= mesons have clusters of grains 

about 1 micron in diameter or two pronglets about one micron long at their 

termini. These are interpreted as Auger electrons accompanying capture by 

a heavy nucleus~ or in some cases as fission of the capturing nucleus. An 

upper limit on t~e cross section for direct production of negative~ mesons, 

d cr/d.!l..dp9 in the forward< direction at pc :: 129 Mev 9 has been evaluated to 
--· -·· " 

be 0.015 times the cross section for production of negative~ mesons in the 

same interval. 
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INTRODUCTION 

Early studies1 of the mesons coming directly from a cyclotron target bom

barded by. alpha particles revealed that some positive mesons coming from the 

target were muons but that nfl;!gative muons, rather than coming from the tar-. 

get? came instead from regions where pions might decay in flight. The Qu,;s

tion of whether muons are also produced in a primary process in the target 
. . . "' .. 

can be answered in the affirmative if such mesons can be detected in the 

prese~ce of a background of muons aris~ng from the decay of pions in the 
... "'• 

vicinity of the target. 

When this experiment was undertaken, the only studies of the excitation 

produced by nuclear capture of muons had been carried out using cosmic ray .. 
• ~ •• •• ••• .... -·. • •• ¥. •• ··- - •• • .,.. • • - •• ·-

muons, and it was of interest to verify these results using laboratory pro-
··· .... ~--- -: .. ..)ot'.- ..... --"" 

duced muons. 
2 

··---~~ _J;>,B.~~l:' .. ~e:p~~~~ ~~--~periment to study the production and behavior 
••••• w ••• ••• "'"-

of negative muons using nuclear track emulsion detectors in the vicinity of 
.......... , .. ~~ ·--~---..:~ ~------ ... . ,_,_,. ---·· 

a_ tar~~t ~~~~~e -~~~-- cyclotron •. ~. T~~- bom"l:lard~~--P:r;ootoY_l beam had an energy of 

340 Mev, which exceeds the threshold for single production of muons by more 
·--"••••> 'L •··-· o-,.--.J,, _,,.,,..~,_ ..• •• •••••• '•--, ,. •• -·~,..«-'"'·~ .. -··· •-·--·~ ~·-··, .. ,.·-·- • 

~han 200 Mev~ if such a process is possible, and also exceeds the threshold 

for production of muons in pairs, one member of whi~h will have an· energy 

of 60 Mev, and thus be capable of detection in this experimento 
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_ "----~~ ~~~~.-u~e~ ~~~ .. ': r.!'-~ ~~--~~;~~ .. ~! .. ~ro~~..: .. ~ection 1/4 in., i 1./4 in., 

Adja~en~_ t~ .. ~h'!~~~- :~~el was constructed which$) __ ~he~~-p~a~~~-- i~--~~e-~~::~ie 

f!eld 9 of the cy~l©tlf<Ol!i\9 'llt©uld admit parti(:)le~ fio©:m the "i1Slf'get <Oniy if' they 
.... ..- ...... ~-"'"=<•->·.1.-·' -~- ~.,.,._,. - .,.. ••••• _ .• ~---- --·-·----~- ~.... ... ·.--- ·-· .. ,. __ ,-.. ... •• : --- • ··-·-- ~..... • ~ -· 

emerged. in the f'OX'Wal"d dir~ction9 i., eo pa:~tallel to the oo;mbarding beam9 in 
---~-- __ ,__.._~---~--~ .... -- ---·---·--·--· '" ~ ... .. --~. --. . ,, -- --~--- - .. - ... ·-· - ~---··· .. ----- -·-

ParticleS~ originatilllg :from p(()lints 
-- ----·· . 

other than the tuget would be admitted in a l!lru!.©h wider momentum interval., __ ..,..~ ..... · ..... ,.- .._. _______ _..- ....... .,.______ ... ...... . ···-· ... ... ---

~~~~~ ?:r:i~il_lB-ti~. fi.'~ ~~~e. tar~~t. ~~d traversing the channel lie in _the 

range interval lo5 to lo7 ~mo ©f ~~ppero In addition to these9 a few higher 
~ > ,,, • ~- - - ·-·· ~ •• ~ •• • •• .... • • ' --- ---- • 

energy pions will SJcatter into the channel am appear with l«mger rangeso .. 
- ..... ~. '-" - ~ ~ .... ~ ' ~ •• -- ' - o• ' ---~ - o ' --~ - -' ~.N ' -' ;.- -·· • •• - ' 

~~~--from . the target~ ~a·'!~~~~~ th~. ~harme~ w©uld __ appear ~':" the r?-~~ _ i~:=: 

Mu.oruil which arise :trom. deelay or pions in 
. ' . 

flight will emerge from the ~ha.nne1 dist:d bu. ted ower a wider range intervalo .. -

Since the density of piolrull rapidly decreases W'ith distan~e from the target9 

inate from decay of pions in flighto 
. . - . 

Fig .. 1. is a diagram. of the experimental ai"l"angement 9 showing the tar= 
-·· . ... . ,.,... ~ .. ~ 

get9 lead shielding9 the channel9 and the absorbers in whi~h the phot©graphi© 
..__ •w'-·-----'- ''' ,,, __ ,_. _ .. .---..,,- ·• ~---~.. !;'• 

At the end of the ©bannel 9 in the position marked A in Figo 1 wa~ pla©ed 
-~- ~---._._ ___ ,..~ .. -----~- ....... __________ ._ _____ ..,... ... --- ······· --- ... -~-~ ... ,----~ ........ _. -.... --------··· 

a.rectangular c~pper absorber~ 2o0 ~o thick9 whiGh ~top~fi mes©lM of' m.o:men.ta 
..,;_ ~,;,., ..-.-.. ',,~_f\ •V• ,..,_ •• _. ____ ., ••-'~----·•~• -- __ ..,._,..,._,,-•, , ~.·.~w-- ~--- , . .,.. 

0 
,..._. ·- ... __ ,_._.._.'' 

up to 142 Mev/co However9 u.. mesons ot momenta greater than 120 Mev/c pene= 
--~-----...:. -""~~---- ·-·~··.,.-- ••• w .......... ·-~---·~-- ... ·---~ r~:-:~ -·~-... ~--~· , __ ,., -~-~.,...--- ....... "''''' ··-- -···-·-"'' .. ~-- ""•·~- .------~-

~~~~~ t~~--~rier. .. ~:a~se_ ?~ ~~~~: .. ~l~~l"--~~s.. ~!:~~e~~~ ~·~ ~~~--

sl~ed dQwn in a wedge ~haped ~opper absorbP~ and dete©ted in ~ 200 mi©ron 
_,..,, o./ .... w,,o ,, __ ,,._._,._,,~'-'•' - -..~.--~ ••.• - -·-o~v--'-· -·.- .> 

nford 0=2 emulsion placed behind the \li/edgeo Immedi&tely 'behinldl ~hr$ '&'\nul= 

sion an abs©rber of' aluminum ( ©hosen t© redu~e 'ba©k ~©attering) va~ ool tedil 
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so that the.three absorbers formed a solid plate holdero Figo 2 shows the pos-__ ;...; ....• \..-- -··--·· ___ . ...., ..... .- .. ~-- --· -~----- ......... '--··------- .. 

ition of the emulsion in the absorberso 

This method of stopping the 'f( mesons was employed only after the experi-
··-~---- ""<w..,._ -"·~----...... "''•••.:...- oo-,.•···'--- -·••••··~ - ·-· ••••·•••• •···· -• •· •• ~-·····•"''• ''"••••"''' -·•••- ---

ment had been tried without using the rectangular absorber. Originally it 
•-'---~ .. • ~•~ \..,,,,,,_,_~·-~ -·~·-••• .u .. _,,....,,,,, -·-·"·•·••·•• ·-·•< '''''"''' ~· ~···-- --· ···-- ''-'~•-· 

was hoped to observe the"!'( mesons and 1.1.. mesons on the same plate separated 
._ __ --·. ---- ~ -- ---- - ...... -. -·· _............ -·. .. ·--- - .. ..,_._,,-../ .. , .. ~ ... ~·-··-

~- -~~~~ ~J:?-tC?. -~w<?. -~~~s •. ~~ p~~te containing both t~~ _ J?~o~s ~n.a- _ ID.~o~ _. 

admitted b,y the channel was scanned to obtain the muon=pion ratio used in 
• ........ ~~. -~ 00 ... ... ·-·-· .... --., ·-- -·-. 

estimating the upper limit on the cross section for direct productiono 
'-··---~---. ··--·------~- --

However, without the rectangular block, some1fmesons were able to reach the 
I - -

}'-range portion of the plate by scattering into the glass backing the emul

sion, or the cracks between the absorber and the emulsion, in which ranges 

are greater than in copper, so that when these mesons again scattered into 

the emulsion, they ended in the section of the plate containing the muon 

distribu.tiono TO eliminate this "f( contamination the rectangular absorber 

was placed in front of the detecting plate to stop the ~mesons before there 
-·~ .,_ m •• 

was any chance for them to enter media in the detecting system less dense 

than coppero 

The entire apparatus was mounted on a cart which was moved through an 
-- -· 

air lock into the cyclotron tank, where the experiment was performedo 

RESULTS 

Follo~Df;_a 1~-~nute ~?Cf>O~~! __ J~~f-~~~~--e~~~--~er~-o~~:V~~o Their 

distribu.tion in range is shown b,y the solid line histogram in Figo 3o In 

addition to these a number of mesons were observed which formed starso In 

line 1 of Table I these mesons are classified b.r the number of prongs in the 
-·- ·-· . - -· 

stars they produceo In order to compare our star prong,· spectra with those 

3 4 5 of Adelman and Jones 9 Menon ~ and Adelman ~ the definition of a star prong 
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us~d by __ these ~X.perimenters has been adopted for this studyo ..lcc~rding to 
<;.;,. :;.~·. • ~ 

their definition~ a~ tra~k of length greater than one micronp and having a 
--~ -- -~-- -

well de.f'i~~~-.~~e~:ti~~. of emergence from the star ~enter is a prongo 

Two so'W:"ces of pion contamination are knowno A. few high energy pions 
. ' 

scatter into the channelo Also9 there appear to be pions pr~duced in the 

shielding9 . probably by neutronso This is indi~ated by the fact. that of 
~- -·· .::_.;r, .• -· 

the six negative'mesona which entered the emulSJion at angles greater thi.m 
-- '-• 0 -· ••c -· 

0 . 
90 · to · t~e muon '~e~ directioi'l9 only two were f mesons 9 while four formed 

stars" ~so~ cne meso~ vas found entering the emulsion at greater than 90° 

which underwent'!'( - fJ- decay .. 
-· --

.An attemp;t was made to distinguish between star forming muons and the . . " 

pion· eontamination by grain coUnting all of the mesons which formed stars g 
- - . ' -

and a sample of the non=star-f'orming mesonso Although groups of predom-
-·- ~· -

i~ntly If'( mesons could be sep~~ted from groups of~ mesons by this me~hod, 

the resolution was not sufficient to determine whether an individual meson 

was a pion or a muono 

Correction for the pion contamination was theref'~re carried out in the 

following manner& the lliumber of mesons assumed to be pions in each section 

. 5 
of the star prong ~pect~ was chosen to fit an· ~elman distri butio~ as 

closely as possibleg after assuming that all the mesoM forming three or 
~··· . ·--- - ~ 

more pr-ongs are pionso These mesons 9 (shown in line 3 of Table I) are sub= 
-- -

tr~cted from ~he observed distribution to deduele the star prong speetrum 

due to capture of muons" The results obtained are sho'Wn in line 4 of Table 

Io ,Of_3~2 Ji-~ m~sons 9 1~ or 3 ±1 percent fo:rmed one proXilg starso No con= 

elusive evidence for the formation of stars of mol"e than one prong was 
- -

found in this experiment} although two events were found in whi~h a m.es©Jn 
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ended in a two prong star~ the prongs of which were only two or three microns 

longo -~e~e p~ongs .~e too hea~ly ionizing to be ele~trons a~ of too_ short 

range to be protonS escaping the barrier of a still intact nucleuso They a~ 
~ .. ~ 

pear to be fission=llke eventso A1 though such stars are not a frequent con= 

sequence of 11" ]Jle~on capture9 the possibility that these may have been formed 
- -

by 1( mesons cannot be excluded. Fig. 4 shows one of these ·starso George and 
6 -- -· 

Evans 9 exposing plates underground to cosmic rays 9 deduced that 4o8 percent 
- - - - - - -

of the negative muons stopped formed one prong stars 9 and Oo6 percent formed 

small two. prong- star so 

:. . :· 7 
Mcrina.ga aup .Fry ~ studying negative muons from the Chicago cyclotron 

find about 3 percent forming stars with prongs greater than 20 micronso or 

these 9 88 pe~~ent are one prong stars 9 8 percent are two prong stars 9 2o7 per= 

cent are three prong stars and lo 3 percent are four prong stars~ 

.. A study of'~~~he~:endings of the f mesons under a magnification of 1.375 X. 

showed that .32 perc·ent of the non=star"':'forming mesons ended in spheroidal 
- -

clusters of grains about one micron in diameter 9 or in two short pronglets~ 
-- · .. '., . 

each about one micron longo Typical endings of this type are shown in Figo 
•••r ~• ~·~ -•• • -

8 
5. Such events were observed by Franzinetti 9 and were interpreted b,y 

Cosyns9
9 et al. as due to internai conversion electrons resulting from cap= 

ture of muons in silver and bromineo 
10 

The fact that several experimenters 

believe that some of these pronglets are too heavily ionizing to be elec= 

trons suggests as an alternate interpretation that some of these events 
.. -

too.~~ are fission=llke disintegrationso The study of these endings could 

better be made in a cloud chamber o 

The energies of the mesons detected in the plate were measured by their 
. -· --· -· -· 

ranges in the copper absorberso The solid line histogram in Figo 3 shows the 
-~ --

observed range distribution of/' mesons in the plate. !he dashed line histo~ 

' . 
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gram in the same figure is the range distribution of fL mesons which would be 

expected if th~ fL mes~ns were produced in the targeto This curve 'was obtained 

from an observ::d ra~e· distribution of'(( mesons SeleGted by' the,_ channel_ from 

a target of the same diin:ensions as the one used in this experimento The ranges 
--- ·-·-

ofr-'~esons_hav~ng th~ same_mom~nts; as the '1( mesons observed were computed and 

the relative abundances in each molD.entum interval of the spe~trum plotted for 

these rangeso 

An upper limit on the number of directly produced muons may be estimated 

by considering the observed distribution as the sum of the muons produced di= 
- - ' 

rectly in the target~ and the muons arising from decay in flight of pions 
-- --- ·---- -- --

near the targeto The spectrum of these latter muons should be as if they 

originated from a wide~ diffuse target centered at the real targeto In par= 

ticular$ the distribution should not be double peaked 9 nor should its peak~ 

if it has one 9 be displaced from the peak of a distribution from the real 

targeto Keeping the decay=in=flight subject to these conditions~ the max-

imum number of muons which could have come directly from the target was de-

terminedo 

The resulting decay=in=flight spectrum is shown ~ the dotted line histo

gram in Figo 3~ The number of mesons between the dotted line and the solid 

line is the maximum number which can have been directly producedo This number 

may be compared with the number of ~mesons produced in the same solid angle 

and momenttim interval to obtain an upper limit on the ratio of the cross sec= 

tiona d a·-jd.O.dp f'or muon and pion productiono For this 9 a plate which had 

been exposed without the absorber A. of Figo 2 was scanned and the ratio of' 

muons to pions admitted by the channel was found t© be Ool3& Of the m1.ions 9 12 

percent is the maximum fraction which could have been directly produced in th6 

targeto Therefore maximum value of do-/dn.dp at pc ~ 129 Mevl' in the frorward 

direction is Oo015 times the cross section for negative pion production in the 

same intervaL 
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TABLE I 

Number of' 
,, .. 

iJ::!rOllf;ZS 0 1 2 3 4 5 6 .. 
~ 

Observed 
Distribution .369 20 8 5 .3 2 1 

Adelman \ ' .) 

Distribution 27% 24% 24% 16% 8% 1% 
-· 

Assumed 
,_ 

numbers due 
to If"( contamina- 9 8 8 5 .3 2 1 
tion 

, ... ' ' ·~ '· 

.. 

DeducedjJ... 
Distribution .360 12 0 0 0 0 0 

96o8% .3% 
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FIGURE CAPTIONS 

Figure No. 

1~ Apparatus for producing a negative muon beam~ showing the positions of the 

target~; .shielding, channel, and plate holdero During the bombardment the 
- ·--- --

channe~ and chamber containing the plate holder were covered with addi-

tiona.l sl:delding. 

2 Absorber~emulsion configuration for detecting the negative muon beamo 

3. Range ;hist'ogram of f mesons. The solid line histogram is the observed 

distributiono The dashed line shows the computed distribution expected 

if all of thefL m~sons ar~ produced in the target. The dotted line 

histogram~ obtained by subtracting the dashed line distribution from 
-.. ~·" 

the solid line distribution~ is the least possible number of mesons 

which c~uld originate from decay in flight. The area between the dot

ted and the solid histograms represents the maximum number of mesons 

observea··which could have been produced in a primary process in the 

target: 

4 One of the small two prong stars, in which each prong is only 3 microns 

5- Examples of muons ending in sheroidal clusters of grains or in one mi= 

cron long pronglets. 
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