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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ABSTRACT

A beam of negative ,. mesons produced inside the tank of the 184-inch
cyclotron has been studied° 3 ¢ 1 percent formed one prong stars when
stopped in Elford c2 emulsiono Two two-prong stars with prong ranges of 2 or
3 m?crons were observed which appear to be fission-like disintegrations in-
duced by capture. 32 percent of thes mesons have clusters of gfgins
about 1 micronmio giameﬁer'or two pronglets about one micron long at their
termini, These are interpreted as Auger electrons accompanying capture by
a heavy nucleus, or in somé cases as fission of the capturing nucleus., An
upper limit on the cross section for direct production of negative ;. mesons,
dcr/aildp, in the forward direction at pc = 129 Mev, has been evaluated to
be Q.OlSmtimeo the cross section for production of negative 7 mesons inothe

same interval,
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LNTRODUCTION

Eariyv studiesl of the mesons coming directly frgm a cyclotron target bome
“barded by.alpha particles revealed that some positive mesons coming from the
target were muons but that negative muons, rather than coming from the tar-
get, came instead from regions where pions might decay in flight. The ques=-
tion of whether muons are also prgduced in a_primary prgcegsmin”the target
can nggnSWered in the affirmative if such mesons can be detected in the
presence Qf 8 Packgrgund of muons arising from the decay of pions in the
vicinity of the target. S ) .

‘When this_egperiment was undertaken, the only studies of the excitation
produced by nuclear capture of muons had been carried out using cosmic ray.

mions, and it was of interest to verify these results using laboratory pro-

duced muons,

of negative muons using miclear track emulsion detectors in the vieinity of
a target inside the cyclotron, The bombarding proton beam had an emergy of
340 Mev, which excesds the threshold for single production of mions by more
than 200 Mev, if such a process is possible, and also exceeds the threshold
for production of muons in pairs, one member of which will have an energy

of 60 Mev, and thus be capable of detection in this experiment.
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EXPERIMENTAL APPARATUS

U VS BE— ~ . e - e a et

_The target used was a rod of berylliwm of cross section 1/4 im, x 1I/4 in

Adjacent to this a ch&nnel was G@P§true§e§_Whi@hg‘Wh?¥4P¥%§§§&i?ﬂ§¥em?§5¥§§ic

fleld, of the eyclotron, weuld adnit particlss from the terget only if they

emerged in the forward direetionp doe. perallel to the bombarding beam, in

the momentum interval 129 % 4 Mev/e, Particles originating from points

other than the t&rgetx;@uld be admitted in a mu@h wid@r m@mentum intervalo

Pions originmating from the target and traversing the chamnel lie in the
range interval 1,5 to 1,7 am. of copper, In additlon 4o these, a few higher
energy pions will scatter into the channel and appear with longer ranges.

Muons from the targetg traVersing the channel would appear in the ‘range in-

terval 2, 0 t@ 2 85 cm. of eapper. Mu@ns whic@ arise from decay @f-pi@ns in
flight willéemerge from the channel distributed @vef a wider range interval,
Since the density ef pions rapidly de@reases with distan@e from the target,

the t&rget region acte as a diffuse source of mnonss even if all muoms orig-
inate from decay of pions in flight? " _

o f}gf lis a qiagra% of ;hg experimégtal arrgngementg showi@g the tar—

geﬁgylead‘shieldingg the channel, and the abgorbers in which the photographic

emulsi@n wag ¢ embedd@do o

At the end of the @hann@19 in the p@siti@n marked A in Figovl wag pla@ed

P T Ol VPR PR

a. rectangular e@pper absarber9 200 om, thi@k9 which 8t©paﬁﬁ”m93@n@ of m@menta

up to 142 Mev/c, However , mesous of momenta greater than 120 Mev/c pene-

trate thig barrier beeause of their small@r Dass. The;;,mesans ar@ then |

slowed dgwnuig»gﬁggdggwgygpggwggppgr.abs@rher and detected in & 200 mieron
I1ford C-2 emulsion placed behind the wedge, Immediately behind che sl

sion an absorber of alumimum (chosen to reduce back S@attering) was bolbed,
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8o that tlxe thrjee absorbers. formed a solid plate holder. Fig, 2 shows the pos-

P TN P

ition of the emulsion in the absorberso

POURPURVE Wy e e et e e [

o :I.'!a:'!.s method of stop_g:!x_)g the 41 mesons was employed only a.fter the experi«-
mertt had been tried without using the rectangular absorber. Originally it
was hoped to observe the 7f mesons and u mesons on the same plate separated
by range éz&té,}wa. groups. One plate containing both the pions and muons
- admitted by the cho.nnel was scanned to obtain the muon-pion ratio used in
.egf.,_i’:xpo.,t_ingﬁye;t}ppe? limit on the cross section for direct production,
However, without the pectangﬂar block, some7imesons were able to reach the
P_r‘ange porpion of the plate by scattering into the glass backing the emul=-
sion, or f;;ue cfaoks between the absorber and the emulsion, in which ranges
are g_reatef than in_ copper, 80 that when these mesons again scattered into
the emulsion, they ended in the section of the plate containing the muon
distribﬁtioha To eliminate this Wconta.mination ‘the ?eetapgular o.bsorber'. .
was pla.ced/ inwfront of the deteotipg plate to stop the 77 me'sons :oefore tllere
was any cgapoe for them to enter media in the detecting system less dense
than copper.

The entire epparatus was mounted on a o'art‘ which wao moy’ed th.gough an

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

Following a 10 minute exposure, 369 ,0 meson endings were observed, Their
disli;ribt‘;tion 19 range 1s‘_.§hown_ Byvff_k__xe”__s;olid line histogram in Fig. 3. 1In
_a.ddltion fo these a pm_nbe; of mesons were observed which formed sta.gso“ In )
line 1 og ‘l‘able thheSe mesons are classified by the mumber of prongs in }_she

~stars they produce. In order to compare our star prong. spectra with those

of Adelman and JonesB, Menonl', and _Adelmansg the definition of a star prong
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used by these eXperimenters ha,s been a,dopted for t.his study Aecording to
their def’inition9 a.ny tra@k of leng‘th gir’ea,ter than one micron,, and having a
well defined_ldixfection of emergence from the sta,r center is a prong.

Two §m_m°¢g§ 9@" Efjtj?n eontaminat?.op‘a;’e_ flmmmo A few high energy pibgs
seaEtér into the ehai,nneii 4_150,, th_e_re appear to be pions pr@duced in the
shielding, probably by meutrons, This is indicated by the fact that of
the six ngggtiv‘é" x_;iéisans yhich entered the emulsion at angles greater thin,n
90° to ‘the muén ‘Eeam direction, only two were p mesons, while four fqrmed
stars, Alseg ‘@ne meson was found entering the emulsion at greater thg.z; 90°
which undervent Y - /tdecay. -

An attempt was made to distinguish between star forming muons and the
pion c‘ontam:ination__by graﬁrn counting all of the mesons which fo?medm stars,
and' a sa,mpif of the n’onmgta?-f@rming mesons, ‘A‘lthough groups of» predgm_,
ingntly»r( mesons could be sepa;gped from.groups @f_ |- mesons by this mejtfhod,
the resolution was not sufficient to determine whether an individual meson
was a piog’ or a muon, | ’ , )

;Gorrectiqn for the pion contamination was thgref@re carried out 7in' the
f’ollo‘ging mannero t;l},e, rumber of mesons assumed to be pions in éa.ch section
of the star prong §pectrgm was chosen to fit an; Adelman distriibuti@ins as
clo.gely as posgiﬁl_g'g after'__ a§smaing that all the mesons forming threemor
more prongs a.re*pion:fszo _These mesons, (shown in line 3 of Table I)_‘are sub-
tracted from the obsérvéd 'diistxfibutioinﬂ to deduce the star prong sﬁeetm )
due to eaptﬁre of mIons ;" ,ff!{he_resuits cbtained are shown in line 4 of f.l‘able
I, Of 372 p” mesons, 12 er 3 % 1 percent formed one prong stars, No con-

clusive evidence for the formation of stars of more than one preng was

found in this experinienit!g- although two events were found in which a meson
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ended in'a two prong star, the prongs of whioh were only two or three microns
long° These prongs are too heavily ionizing to be eleotrons and of too short
range to be protons escaping the barrier of a still intact nucleuso. They ap-
‘pear to be fissionalike events° Although such stars are not a frequent oonp
sequence of-ﬂ’meson captureg the possihility that these may have been formed
hw~ﬁ’mesons cannot be;exelu@edo Fig. 4 shows one of these stars, Geo#ge‘and
Evansf9 exposigg plates undergrouﬁg to oosmicvraysg deduced thaﬁ'ﬁfs percept
of the negative muons stopped formed one pfong stars, and 0,6 peroent formed
small two. prong “stars, | 'l _

Morinaga aqﬂ Fry7, studying negative muons from the Chicago eyolotron
fipd about 3 percentwforying stars with prongs greater than 20 microns, Of
tbese, 88 pe{oent are one prong stars, 8 percent are two prong sﬁarsg 2;7 per-=
cent are ﬁhree pfoggwstars and 1,3 percent are four prong stars,

A stu&y of 'the endings of the p mesons under a magnification of 1375 X.
showed that 32'peféent of the non=stareforﬁing mesons ended in spheroidal
clusters of grains about one micren in diameter, or in two short pronglets,
each about one mioron long. Typical endlngs of this type are shown in Fig,
5. Such events were observed'by Franzinettisg and were interpreted by
Cos?nsg9 et 510 as due to internai»conVersion electrons resulting fromveap=
tEre_of muons inWSilvermasd bromipe° The'fact that several experimepterslo
believe thet some of these pronglets are too heavily ionizing 'i:,'o‘*ibeelec«=
trons suggests as anﬁalternate interpretation.thet some of these events
too,‘aremfissionelike disintegrations. The stody of these endings could’
better be made in a cloud chamber,

The energies of the mesons detected in the.plate were measured by their
ranges ih the _copper absorbers. The solid line histogram in Fig. 3 shows the

observed range distribution of/o mesons in the plate° ﬂhe dashed line histo-
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gram in the same figure 1s the range distribution of o mesons which would be
expected if the ,Lmesons were produced in the target. This Cu:ve was’obtained
from an observed ra?ge’d?stribution'ofﬁfﬁmesons selected by themehahne1 from
a target of the same dimensions as the one used in this experig;e#it° The”fanges
ofl;:?esons“haviqg'tﬁg samemmoméntabas the 77 mesons observed were computed and
the {eiatige_abundances'in‘each momentum interval of the speétrum plotted for
ﬁheSe ranges. ] o '

An upper Iimét on the number of directly produced muons may be estimated
bx eonsiderigg th¢mobserved gistribution as the sum_of the muons produced di-
rgetly %n thg"targeti ané the muons ariéing from decay in flight of pidps
near the target. The spectrum of these latter muons should be as if they
originated from a wide, diffuse target centered at the real target, In par-
ticular, the"dispribution should not be double peaked, nor should its peak,
if it has one, be displaced from the peak of a distribution from the’real
target. Keepiﬁg the decay-in-flight subject to these conditions, the max-
imum number of muons which could have come directly from the target was de-
termineéo ) " ‘

The resulting @ecay=inaflighﬁ spectrum is shown by the dotted line histo-
gram in Fig° 3. The number of mesons between the dotted line and the solid
line.is the mgximum number which can have béen directly produced. This nunber
may be compared with the number of 7 mesons produced in the same solid éng;e
and momentum interval to obtain an upper 1limit on the ratio of the Cross sec-=
tions dtr/aildp for muon and pion production, For this, a plate which had
been exposed without the absorber A of Fig. 2 was scanned and the ratio of
muons to pionéiadmitted hy the channel ﬁas found to be 0,13, Qf the muons, 12
percent ié the”ma?imum fraction which could have been directly produced in the
target. Therefore nmximum value of do-/dadp at pe = 129 Mev, in the f@rward»
directiop is 0,015 times the cross section forvnegative pion productién in the

same interval.,
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TABLE I o
Mumber of a ‘ —
DIongs 0 1 2 3 6
Observed - ’
Distribution 369 20 8 5 1
Adelman - ‘ B B
Distribution 27% 4% 4% 16% 1%
Assumed
numbers due
to 7vcontamina- 9 8 8 5 1
tion
Deduced s
Pistribution 360 12 0 0 0

96.8% | 3%
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FIGURE CAPTIONS

Pigure No. - ‘

1: hﬁppgfatus fgr producing a negative muon beam, showing the positiong of tpe'
targqg;: :shielding, channel, and plate holder. During the bombardment the
channel and chamber containing the plate holder were covered with addi-
tional shielding. | ) .

2. AbsoSbef;émﬁision configuration for detecting the negatiVe'mpon beam,

3. Range i‘h‘is“bo‘gram of (o mesons. ‘The solid lj.ne histogram is the opse;vved'
distributioni Thg dashed line shows theicomputed distributipn expgeted
if all of the;;.mgsons are produced in the target. The dotted 1ine
higﬁogram, obtained by subtracting the dashed line diétribution from
the so0lid line distr;buti_on, 1s the least possible mumber of mesons
which qéulé'ériginate from decay in flight. The area between the dot-
tedvanéjfhe solid histograms represents the maximum number of mesons

observed which could have been produced in a primary process in the

target.,

L One of the small two prong stars, in which each prong is only 3 microns
long. ~

5. Examples of mions ending in sheroidal c¢lusters of grains or in one mi-

cron long pronglets.

Information Division
DB 9/9/52



SHIELDING

7’ —
\]

| S

Fig, 1



14~

GLASS

A D
Cu Al
MESON BEAM
Cu

‘—26"1—-—

Cu BLOCK TO

ABSORB. PIONS

FIG. 2

EMULSION

MU 4184



.l-.——LIMlTS OF REGION SCANNED !

— OBSERVED DISTRIBUTION
OF MUONS

——— COMPUTED DISTRIBUTION

) OF MUONS ACCEPTED
BY CHANNEL ASSUMING
MUONS ORIGINATE IN
TARGET. (ORDINATE
ARBITRARY)

L.

Tl e
,___"__!E_____l'
|
1

'____J

re—————-

_.,
|

—_———————— e —

o

r

L _J L

g s T T ey

20.82 2500 3000 3500 40.00 4400 m.m.
RANGE IN COPPER '

RANGE HISTOGRAM OF p MESONS
MU 4197

Fig. 3



Fig. 4




=] =




