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DECAY CHARACTERISTICS AND MASSES 
OF POSITIVE K MESONS PRODUCED BY THE BEVATRON 

Robert W. Birge, Donald H. Perkins; James R. Peterson~ 
Donald H. Stork,and Marian N. Whitehead 

Radiation Laboratory 
University of CaU£ornia 

Berkeley, California 

. May 31, 1956 

' Summa r y • - A large em.ulaion stack exposed to the positive K beam at the 

Berkeley 6-0ev Bevatron has been used to measure the mass of the K particles 

and their abundancea. The masse.s for the decay modes K.,..z• K'lr1 and T were 

obtained by measurement of the mean range of the secondarie 1. In addition, 

masses for all modes compared to the proton mass were measured by the 

range-momentu.m method. The abundances were determined by following and 

blob-counting secondaries. The data are: 

Type Abundances o/o Primary Mass Mass from 
(me) Secondary Range(me) 

1' 5.56 * 0.41 966.3 :.t: Z.l 966.1 :.1: 0.7 
,.. 1.15 :t 0.47 967.7 :.1:4 

K.,.1 58.1 • 3.0 967 .z. z.z 965.8 :t Z.4 

K~ 18.9 * Z~7 966.7 ··z.o 961.8 :t: 1.8 

Kf1.3 1.83 :t:: 0.95 969 :t:5 

Ke3 · 3.Z3 :t:: 1.30 967 :.1:8 
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DECAY CHARACTERISTICS. AND MASSES 
OF POSITIVE K ~ESONS PRODUCJCP BY THE BEVATRON 

Robert W. Birge, Donald H. Perkins, James R. Peterson, 
Donald H. Stork, and Marian N. Whitehead 

Radiation Laboratory 
University of California 

Berkeley, California 

May $1, 1956 

1. - Introduction 

In previous comm.unieatlons(l) we have reported on ~eaelU'ernents of the. 

masses o£ positive K mestlns by u~e of the strong-focusing spectrometer of the 

Berkeley Bevatro·n. The decay modes of a few of the KL's were identili~d by 

blob-counting the secondaries a few centimeters from the decay point. The 

masses of theee identified K' s were then measured by the range -momentum 

method. 

It soon became obvious that any ma.aa differenc.e between the variolls types 

of K mesons was so small as to be de.tectable only by more precise rpeaaurements 

on identified particle~:J. At the same time the small mass clifferences became of 
+ + . . . . . 

increasing interest as evidence indicated that the Kvz (8 ) and the ., meson could 

· not have the same spin and parity conftgu.ration(~). This ·result indicated that · 

they must either be ciifferent particles or be genetically related, as in the caacacle 

seberne(l), wherein either particle might be the decay product of the other. In 

the latter scheme a range-momentum-type measurement· would give the mass of 

the parent particle only. The half life of the daughter particle is presumed to 

be so short as to be undetectable. 

(l) Birge, Peterson, Stork, and WhUehead, :Phys. Rev. 100, 430 (1955). -Birge, Haddock, Kerth, Peterson, Sandweise, Stork, and Whitehead, Plea 

Conference Report. Supplemento Al Volume Ill, Serie X Del Nuovo Cimento 

N. I, 1955. 

(Z) R. ·. Dalitz, Proceedings of the Filth Annual Rochester Conference (Inter­

science Publishers, New York City). 

{l) S. B. Treiman and H. W. Wyld, 1r., Phys. Rev. ll• 1039 (l955h T. D. Lee 

and J. Orear, Phye. Rev. 100, 9Ja (1955). -
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From the range measurements of the secondaries from each of the modes 

K1'1'Z' KJ&.Z' 1"• we haYe .calc:ulated. the O's of the decays, and therefore the maas 

of the possible "daughter" particle in the cascade scheme. In following and 

blob-counting the decay secondaries we have aleo obtained the relative abundance 

of the various modes of decay and .the decay epectr~ of the three-body mode~ 

involving a single charged secondary, viz. K .,.3• ~~3, and -r'. The details of 

the range-momentum method of measuring the maa•e• of the primary K 
. particles are to be published separately(4). The analysis of the " decays ob· 

talned in this work has been described. previoualy(S). 

The range's of the secondaries from K ., and. K ., particles, the ldenti-. . ~~ w~ 

cation of the decay modes. the relative abundances, and the significance of 

the mass measurements are discussed here. These data are ·compared with 

those given tiy other ,eieperimentera. 

Z~ ... ~eneral Method. J . 
·z.1.. E92sure. ~A nuclJ!ar emulsion •tack of 95 pelliclea; each of 

thickness 600 ~icrons and area .9 by 17.5 lnch.es. was exposed at the Bevatron 

to a K•meson bea~ produced in a copper target at 90° ·to the primary 6.Z-Gev 

.protons. Details of the atrong•focu.eing spectrometer used to form the K be'am 

have been given elsewhere (I• 4>, but the general features are ae follows. A 
' . . 
strong-focusing quadrupol~ magnetic lens forms an image of the target .in the 

stack. at a point about 1 foot. behind a bendiDg magnet that eervee to separate 
. . 

par'tldee of different momenta. See' Fig. 1. ·The momentum resolution of' . 

the system is determined by the magnification of the lena system and dispersion 

· of the bending magnet. In our experiment, this resolution was • 1.2o/o in 

momentum, which, when combined with the K .. meson range •traggling,reeulted 

in a standard deviation of :11 19 me tn t.be determination of the maaa of a single 

K particle by range-momentum measurements. The average proper time of 

Wght wae 1.4 x 10·8 second. 

z.z Scanning. - A swath was scanned in each em.ul•t.oft juet beyond the 

proton range and perpe11dicular to the bea.m direction. Each track o£ appro· . ., . . 

pHate grain dettslty and direction was· followed to its end. Observation of 

(4) Jarrtes R. Peterson, Th~ Masses of Identified Positive He&vy Mesons (thesis), · 

UCRL-3368, April 1956. 

(S) Roy P. Haddock, Nuove Cimento. 

:aevatron T + Particles, UCRL-3284, 

in press; also Analysts of One H\lndred 
\ . 

Feb. 1956. 
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one or more tracks' of secondary particles at the end point identified the 

·primary as a heavy meson. The dittribution in range of ·such primary 

· pa.rticies shows a sharp peak; that of particles with no observed decay ie 

~Ol"e di££uae but also shows a di~ttnct peak at the same range. The areas 

under the peak& indicate, ,that about lSo/o of the aecondariea of K particles, 

escaped detection. See Appendix A for dilcussion of the effect of this loss 

on relative abundance e. 

The heavy mesons. thua found were classified by the scanner a a• .,..s 
. or K particles with light or dark secondary tracka. The subjective category· 

. "dark" b1~ludes roughly all secondary tracka of ionization greater than twice 
·~ ' 

the minimum value. 

Z.3 Identification of Secon~~iea. 

1) Systematic following. 

a.. The track o! each decay secondary was followed if ita 

_direction indicated that it had Zl centimeters of.e~ulsion path avaiia:ble. In 

.. this way it was possible not .onlY. to follow to reet aecQndaries from the K f'Z. 

mode, but also to obtain an Ulibiaaed sampling ·of the decay modes. The 
. . . . + 

/ 

secondary par.tlcles to be dhtinguished were the "' from ·K,..z decay, 

· (R = range ~ lZ em); J.t. + from K.,.z• (R ~=:: a 1 cm,h 11' + ~rom alternative decay ' 

,., of the ·"•. (Rmax = 3.8 cmh e + froz: Ke~ and the J.t. + from K.,..3u;~4(Rmax :::; 17 em. 
·• . ,assuming the decay mode Kf,il. ;l!jo J.t. + 11' + v). 

Of course not all tracks could be followed to the ends o£ their ranges, 

because some of the 11' mesons interacted in fiight, some tracks of all varieties 

were lost out o£ the stack by accumulated Coulomb scattering, and a few very 

llat tracka were lost between pellicl~a. AU secondary tracks not stopped were 

blob-counted as far along the track ae possible, and are listed in Table I. 

For tracks not stopped, the separation of the remaining modes was based 

on the· bleb count and on .the following arguments. The relative yield of K1s ·. 

decaying into the thl'ee-body modes auch as the K 3 and Ke 3 is about 6o/o, ~ j 
' l£ ' . 

and i,n addition only a fract~on of tlleir secondary energies are high enough.~o 

~· ~.bnfused ~n this atialysh wtth·a K
14
z or K,..z secondary. Hence, tracks : 

· aa;ti~{ying the toni~ation cdterion for K1rZ secondaries when leavbig the stack 

h~1'~ been listed as 1r1s even though they might have ~een ..,•s. from. KJ.Ll decay.· 
n 

* 1 See Section Ill• 
;.\. ~ 

' \ 
' l 

I 
J 

. ' 
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Table t - Path leu@ ~ o.ou•topped partic:lel 

obtataed from aystamatie. followiug of •ecotldarl''. 

'" 

ltveftts identified Secondary 'l"ype of ·Events idenW:ied. Secondary 

K"z Raage ending K,z Range 
(c~) (Cin) 

.. 

·1 6 ... 1 1 
·{• 

i 6 z a . + 
' 3 6. 0 3 3.5 

• 1 0 • 4 
5 1 0 5 5 
6 7 + 6 6 
7 9 rl 0 1 6.5 
8 9 0 8 7 
9 9 + 9 7 

'10 9 + 10 9 
11 10 0 11 11.5 
lZ 10 0 
13 10 § 
14 11 0 

'' lS 11 § 
16 11 + 
17 11 + 
18 11 0 
19 l.Z 0 
20 lZ § 
Zl lZ 0 
22 13 + 
i3 13 + 
Z4 14 0 
25 14 0 
26. lS 0 
1.7 lS 0 
28 16 0 
29 1'1 + 
30 17 0 
31 17 0 
32 17 0 
33 17 0 
34 ·18 0 
3S 19 0 
36 19 0 ' 
31 19 0 

. 

38 20 0 
S9 20 0 
40 21 0 

• = atar in night 
0 = out ol atac:k 
+ =los~ 
§ = atopped ~oUow&ng 

Type of 
enc:ling 

• • • • 
§ 
• 
+ 
0 

* • 
0 

' 
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Only four secondaries were classified as K11'Z 'in this manner, and th~refore 

i,t ia unlikely that one could have been a .,.. Secondaries making a star ln flight 
. . ~ 

. are also listed as ,, a from K1rZ decay, having been separated from 1'1 second.:. 

aries on the basi8 of blob count. 

The forty tracks leaving the stack at nearly minimum ionization have been 

·~alled l'"s from KI'L2• J\11 had path lengths .in the atack grea.~er than 6 em. 

;0~ these; ZS had path lengths less than 14 em. We estimate that about lo/o of . 
. . . . + 

these ct~Juld be fl's from KJJ.l' and the only other alternative, the e , · should 

,have been easily recognized after 6 em by its characteristic energy loss and 

., associated scattering. Considerable attention was givdn to the possibility of 

the· incorrect identlficaU.on of those secondari'ea that left the stack at 6 to 9 em, 

which could have been high-energy electrona rather than .,. mesons from K z . . ~ 

decay. The da~ indicate that the possibility of such a misinterpretation is rembte. 

The number of event'! in each category obtained from the systematic: follow­

ing of secondaries as described above is shown in Table II • 

. ~alSle II~ - ~\lumbers of particles identified by systematic following of secondaries. 
·. ·..,· 

Primary 

K~ 

K1fZ 

K . 
p.3 . 

Ke3 
,., 

~nding 
in atac:k 

20 

zo 

z 
2 

z 

Secoudariee 

stara in 
fiight 

0 

7 

0 

0 

0 

Not 
stopped 

40 

4 

0 

0 

0 

Total 

60 

31 

z 
2 

z 
·. '· ·¢·,t;~~·i:~~;~;~.fc .. -r. "1;-· 

' .. 97 
.l.·'" 

.:- •. r:·· • ·_tr; ~- -.~. 

"'· Three additional K1rl secondaries were stopped out of a group of 75 

· secondaries described in Section 1$11:":... 

'· 
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Z) Blob-Counting of Secondaries. 

a. Introduction. 

UCRL-3429 

The proportion of K.a... particles that could be identified by follow­

ing the secondary particles was only of the order of Z.So/o, and it was felt 

desirable to attempt the identification of further K particle-a by other methods. 

Information regarding the velocity of emission of the secondary particles can 

be obtained by measurement of the track deneity close t-o the point of decay. 

It is known, from the foregoing results, that of those secondaries of ~ > 0.7., 

eorrespouding to values of the specific ionization below 1.3 times the minimum 

value, th·e· great majority (-87'fo) reta~lt from the K z and K z modes of. 
. . ... 'If 

decay. In both casea, the secondary ia monoetlergetic, the ratio of the values 

of J~ecific ionization being Iwz/I~~ 2 1.15. If the etatietical fluctuations 

associated with the measurement of track densi~y can be made sufficient\·Y 

. small, the secondaries may be resolved into one or other category with fairly 

high efficiency. 

In order to specify the ioniza~on of a secondary particle. it was decided 

=to measure the blob denaity ift the track. The blob density is the number, per 

unit track length, of clearly resolved grains or cluster• of grains, and is also 

therefore the total number of vieible gape per unit length. Blob counting is 

. particularly suited to tracks produced by particles o£ ionization close to the 

minimum value, and bas the advantages of rapidity of measurement and mini· 

mwn subjective errore. 

b. Calibration. 

In order that the measured blob density b may be interpreted in 

terms of the ionization of the particle, it is necessary to refer it to that of the 

track of a particle of known ionization, occurring in the same region of the 

emulsion. The momentwri of the particles efttedng the stack was 2 360 Mev/c. 

Pions of this momentum have a range of 35 em of emulsion. In order to 

calibrate the emulsions. it was convenient to make blob counts on the tracks 

of these pion• at a depth of 7 em into the stack. i.e., at about the same depth 

as the end points of the K·particle tracks. At this depth, the pions, with a 

residual range of !he or.der of Z8 em, have-pti_tiC)~y the same velocity .... and 

hence tracks of the same blob density--as the K...,z eecondariea. For con­

venience, the mean blob density in the tracks of these pions or of the K
112 

secondaries will be called the standard bl.ob deneity and denoted by b0• 
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The emulsion stack was developed in several batchee, each batch containing 

lZ consecutive emuleion sheetil. All emulsions in a given batch were processed 

simultaneously under identical conditione. Counts were made ou pion tracks in 

. each emulaiou of the development batches used fo; the blob-count rneaeuremente. 

The blob deneitles at different ernuhion depths were recorded, and hence the 

variation of development with delo'th was obtained. Within the atatbtical errors 

of the observations, thie depth dependence appeared to be much tbe same in the 

different emulsions, and .the depth variation assumed in the subsequent analysis 

waa that obtained by combining the: data ·from aU the emwalcm.e calibrated. lt 
was found that the blob deneity n.rled through the emu.bioli depth by some ~o/o 

about the mean valW!. Relative to UU• mean val'le, that at ·any particul&r depth 

was determined within a statistical error of f::l'Vo. 

The Quctuationa of development between individual emulsions of a given 

batch were next inveetigated. . Theee fluetwUloua comprile not :only val"iationa 

in senaitivity and degree of development from one emul8ion to another, but 

also variationa over the aurface area of a particular emuleion. .ln each emulelon, 

b0 was foWld within a statietic:al error qf 2.5%, and internal O.uc:taations of b0 
between emulsions in a particular batch were eoneistent with thia value'. lf 

real variations within such a oatc:h existed, they were undetectable and cannot 

have been greater than l'Yo. 
In the absence of suth Quctuatlons, the value of b0 for a ~articular emulelon 

was assumed to be equal to the mean value of t.0 for the batch. A1 the analyeia 

proceeded~ more K~2 secondaries were ldentiftecl by traelng them to rest, and 

counts were made on the tracks of theae particles in order to check the values · 

of b0 obtained from the pion.tracks. The secondaries were traced from emulsion 

to emulsion in a batch, for dtatancea up to - 3 em from the origin, amall cor• 

rection.s being applied to takt; account of the effect of alowtng cloWD. In Table Ul, 

the values of b0 are gi."tr,en for four development batches in which both types of 

calibration were employeclt the data from the pi~s and f:rom ~tU eecondariea 

are dbplayed separately. The two •ete of data are in fair agreement, and the · 

mean, shown in the laat column, is the final value of b0 adopted for a particular 

batch. The statiatlcal error on this value~ of b0 i8 of the ord.er of l;te, and the 

varia tiona of b0 between clllferent development batehel greaUy exceed this 

-:. figure. Thie can preswnably be accounted for by the !act Uaat the 'various batc:hea 
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''W41!i_re processed at different times and in some cases were rnac!e up !rom different 

mf.nufacturere' batci.les o£ emulsion. The processing prO<:edu.re was as nearly 

as pos.eible the same for the different development batches. -

Table Ul. - -values of b0 for .four development batch~e. 
. . 

Calibrati~ pions Kf.LZ _ aecond~rie.s 

&tch · . Emulsion - -No. o! No. of 'b. Mean·_ 
·:'.No. blob a 0 b 0 No. })lobs 

15 • Z7 13,308 151.5 :t: 1.3 10,711 _151.3 * .1.5 151.4· 

za - 36 6,453 161.3 * z S,OZ3- · 154~4 * z 157 .s. 
50- 60 10,686 158.0 * 1.5 5,7ZZ 161.-3. z 15,9.6 

61 - 66 6,496 .174 :t:Z S,Z97 178. •·t.s 17.6.0 

c. Blob counts of K secondaries. 

During the. scanning· of the emultdon stack, .tbe approximate angles 

·· :o£:_dip of the -K eecondariee were recorded. From the events observed in the_. 

'd~velopment batches previously calibrated, those_ K secondaries were selected 

"·;~hjqhhad recorded dip angles leas than ZZ0
, corresponding to projected track ; 

-_t.pg~s 1~ > 1~5 m'm per emulsion. Blob counts ~ere made on thes-e)j. , · .. , 

.. · ,~o,~Ung 183 trae'ka. It te' convenient to group the track.s into two categotles 
·-a~ follows. . 
~-~.- . 

~-•~ :L _ Class A consists of s,econdaries of lfj < S tnm. The track was followed 

·~ '*'-f!:Pm Ute point of dec:_a.y. -and blob-counted alO.ng ite entire l,eng~ in the next . 

~~·ulalon. I£ neces•ary further counts were mad~ in au~c:'eediug emulsions, 
'. '.~.' ~ • • . ' • I' " 

;~til .at least: 600 blobs were obtained. For the track denaitie8 _and lengtbe . 
• •f : • . • . ' 

:f.li,this category, counts had in practice to be made in one; two, or thr~e. 

:~~~sions. Since the tracks ar~ approximately rectlUnear• ~he blob densltie •.. 
' ~. 1 ·" . • . ' ' • 

· · ,J~~d in this way a.re p~actically independent of the variation o~ develop~ertt ; · 

; :~~tdepth. The blob density was calculated. ~rom the total nu.nber of ~lobs 
;._.~.au~. t~ue track length caiculated from ~.pt and assuming an em~~ ion thiCkness. 

'·- ot ~00f.l.. The average number of blobs counted Oft Claes A tt:"ac:.ke wae 85S. · -.. 
) .( . .· . . . . . . _· 

{ ;: 
' '1\. \ .• : 
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Class B contains the remaining secondaries, of lfi > 5 mm. It will be 

clear that, for very fiat tracks, the total angle o! mUltiple scattering may 

become comparable with the initial angle of dip. Flat tracks are therefore 

no·t even approximately rectilinear, and the mean blob density taken over the 

~nttre length is dependent 9n the depth variation. The pro~edure adopted for 

·Class B tracks was to count at least 700 blobs• either in the emulsion con­

taining the point of decay, if the track length in this emulsion was su!ficient, 

or in the next emulsion i£ it was not. Counting near the top surfaces of the 

emulsions was avoided, since there the depth variation was mOiftJ rapid. The 

required number o£ blobs was obtained in practice over a length of about S mm, 

and in this interval, as for Class A tracks, the path of the secondary was 

assumed to be rectilinear. The depths in the emulsion of the end points of the 

count were determined, and from the measured blob density and the standard 

value b0 appropriate to the mean track. depth and development batch, the 

~ • ratio b* : b/b0 was calculated. The average number o! blobs ofi Class B 

tracks was 750. 

d. Total distribution. 

The distribution in the values of 'bfi' so obtained is shown in Fig. Z. 

In addition, the secondaries were divided into three groups: Class A secondaries 
. 0 0 
of length 1.5 < ~~. < 3 mm (clip angle ZZ > 6 > 11 ); the remaining Class A 

secondaries of 3 < ~,p-\< ~5 mm (dip angl~ 11° > 9 > 6 °): and Class B secondaries 

o£ 4j)\> 5 mm and 6 < 6°. The mean values of b* for the three histograms 

were 1.03 :t: .01; 1.05 :It:: .01; and 1.04 * .01 respectively. Thus, within the limits 

of dip angle considered (0° to ZZ 0
). systematic errors in b* arising from 

possible change in the blob-count convention with angle of dip appear to be of 

the order of lo/o or less. Thie result is in strong contrast with that of Bark.as, 

Heckman, and Smith(6), who obtain at lOo/o increase in blob density as 6 increases 
0 0 from 0 to 16 • A comparison of the histograms for Class A tracks and for 

Class B tracks a,lso indicates that systematic errors in the assumed variation of 

blob density with depth in the emulsion are equally negligible. 

Included in the histogram shown in Fig. Z, and shown shaded., are the 

values of b* for a few secondaries that were identified independently by 

following them to rest. In order to obtain results of greater statistical weight 

(6) Barkas, Heckman, and Smith, Nuovo Cimento Serie X, !• 85 (1955). 
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some of the K~z secondaries so identified were also 'blob•counted in several 

emulsions (the Kfll calibration tracks described above), and the resulting 

distribution is shown separately in Fig. 3. The average number of blobs 

counted for each point in Fig. Z was 815; in Fig. 3, 8Z5. 

The standard deviation of the htotogratn in Fig. 3 is -:r 4%• The curves in 

Fig. Z show the expected Gaussian dlstributiona in b* for 180 tracke, for an 

assumed standard deviation of 4%, a mean value of 'b* for the tracks of Kvz 
~ec01'ldaries of 1.145, and a ratio of the frequencies of the two modes of decay 

N~/NK'IfZ of z.o. For this choice of parameters, the observed and expected 

distributions are in good agreement~ It will be seen that the etpected number 

of }1 secondaries' of b* > l.Off ia about equal to the expected number of 1r 

$econdarlee o£ b* < l.OZ. The observed ratio of numbers of events of b* 

l~ss than and greater than 1.07, extluding identified K.,_3•e, ta 118/62 ;; 1.90 4:0.30. 

3. Relative Abunclanc.ee of the Variou• Modes of Decay 

In computing the relative ab\IDdances of the various mode-a o£ decay, it 

must be borne in mind t•t the samples used change with the manner in which. 

the secondaries are identified. For example., a blob count at the decay point . . 

·does not dit:ttinguiah between the K...,z and the Kel .modes, 6r.betweeu a Ktrz 

eec~ndary and a p. secondary of energy - 80 Mev from ~e K
113 

mode. 

The data from which the final &b\Pldances are derived are displayed in 

Table IV. . For each mode of decay. the actual number o£ events folll1d, and the 

correct sample aize, are given. The latter i.e derived in a manner diecuiJsed 

~.low. 
The total percentages o£ the ,.• and K 3 types have been obtained by adcilng' 

. • 5L 
the percentage found ·by the eeannera to the percentage fo'und 'in systematically ., . 

following or blob ... counting secondaries. The procedure thu:e ut;Uizes all avail-

able data and gives a reault independent of the. variation of efficiency of dark:--
. . . 

track recognition with eecotu!ary ionization.; · This combining procedure reqUires, .. 

h()wever, that the efficiency of dark-secondary recogniticm and the efficiency 

...._. for finding any aecondary both have the same distribution in dip angle (since 

only flat secondaries were systematically stu.died). The dip angles of all 

dark secondaries were measured and compa.red to the dtp .. angle distribution of 

100 other secondaries randomly selected. The distributions were found to be 

the same and corresponded to spatial isotropy. 

~ ll .• 
. ·.( 
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Table IV. - Corl"ectecl ·abuDciallceiJ 

i.K·Pa:rticle Secondary energy Stae~ 20 Stack 16A · Combined data 
· Type interval 

No. , No. No. · 
!Found Sample Percent _ FoWld s&mple. Perc•nt Fenmd Sample Percent 

;_, 

• 

.,.. 

K 3 P.. 

D.s.• 
Syatematic ·follow 

. mg and blob eoa.nt 
All 
o.s.• . 
()-6g, 

60-80 
80-90 
90-110 

110•135 
AU 

11~ 

3Z 

z 

7 
4 
l 
0 
0 
0 

~temadc follow!- '-· 
ing 

Z272 

ZZ7Z 
lZO 

Z2.7Z 
3-2.0 
.186 
12.4 
91 
71 

4.93 :.t: 0.•&6 -s,. 
' .. 

1.41 
.. 

:· '16~·-~-

l .;; \ 

0 •. 63 ···:-:, ;q. · .. 
~~ ... 

" . :~ 

0.31: ,\h_ '-:. 'l 
l.ZS . )_ -.. · 
1 07 :-- ' -~ . -,,,. 

. ·~ ;};_. :Jf 
z.63 • 0~_,1 ~, ·. ::.: . 

186 3.23 • 1 .• ~0 1: . 
'. ..... -~· . . ;- ·. :. ; ·:,. 

See Text 

D. S. repreaet1ts dark secondaries recognized by scanners.· 

803 

80) 
zo 

803. 

10 

.. 
'7.35 ':t 0.96 171 

LC)9 48 .. 
'.() ·' 2 

"- , .. 
1.99 ~(};.SO ... ,. 

· o.~s · · :. 9 
. .. 

... S.llO · 5 

··.,.• ·.·· . ~ .· \- .·· . 

... ·. 

·z 
. •·. 0 

0' 
0 

3075 

30'75 

340 

3075 
340 
186 

. 124 
91 
71 

186 

S.S6 .•. &.41.· 

t:s6 . 
0".59.· 

0'"-' '. . ~· ~ 

l-47 
1~07' 

0 -·~ . 
~-

. ~;ft 
·.tf· "• 

2o -.._ 
2. .• 83_ •. 0~99 

sa.s:':t: -~-"'~· 
• :,.j' .• 

a1 .1,:;; a .. ·t~. . ·'. . ; 
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Aa d.caed'bed ia Section tz.z, the over•all efficiency for 4etecUna a 1< 

eeeoudary 4urio.g •caalng te 85S.. It will be a.aeumed that the efficiency f9r 

detecting lttteoudal'lea of,·loolzatioa greater than 1.3 x miDimwn (though not 

n~cesearUy recogalzlua them a.s 11.1ch) ia 100%. 
3.1 .,, ., •• and K J secondariea. 

.. j 

1) Dark Seconda:riee. - Thoee .,, ~· • and K j ~.cmctariea recogldced 
·.. . p ·-
by the ec:anure ae beiftg clarkly to~zing, were found among a total of 19:10 x .. 

mee011 endinga. Col'reeUnc for the over .. all ecaeolng efflchmcy, we have a 

, tOtal of l271 1< me•••· Ia tide eample-,~ there were fouucl 112 example• of .f •. 
37 of .,• • and 1 of Kl£3. 

Z) Secouclariea Blob•CO\Ultecl &nc:l Followed. ... Niaety•ee•eu eeconclaries 

w•re ayetematleaUy foUowe4 and 183 blob•count~d ae de*<:rlb~d tn Sec:Uocia 

'J?4G•-•~ud 1.3- a. ln addition, a further 75 eecOD.d.aries were foUowec! for.a 

ctiatance of betweeu S ancl 8 em (a me&D of '6.5 em), ln or.der to flncl addltlooal 

· · example• ot' K~3 and Kel'" Of the 113 eeconda.rle~- blob•coWltecl. 107 wete : · 

cluplic&ted in the ayetemat~c (oUowlng. · -~ caeee of .,, and low•ea.erg' J 3 . . .. . . . p. 
·. (-G to 60- Mev) 1yatemattcatly found came therefo'l"e from a oample of U8 K . 

",.,condariee. Tl:l• samples atw.Ued excluded caaea Of ., ancl .,.•, and of K.,.,3 .. ·. · .. 
H;*ut by 4-ark•eecf:»\darf recogut~01\, which amomtt to :f.4o/o of aU I<'•• and ·'. 

~ flateretote repreeen~et! 91.6~ of an unae.leeted ~!ample of K me acme. After. cor• 
J"ecUon for ec:annlng efilciency and lor .,.. aad lnltlally recognised d.ark ... 

;u~condariea, tbe sample aumbel' ~come• 3ZO. 'Vlli• cqi'J'.,ct•oa baa been rai_ade 
,,. . ~ . 

in Table IV'. 

. 3) Higho~.Energy Kv-3 1-~~ccmdariea,. •. Thoee K~ '• of •econdary energy . 
excee<Ung 60 Mev (ionization below .1.3 tim.•a minimum) could be found only · 

by systematic foUowlq. Foto example, ·1'7! lecoudarlet wel'e followed a dla .... · 

tance ouch that a ?O•Mev m1.10n would ~•e been lclentiflecl. Alter correction 

for K'a with recogcl&ed dal"k eeeondade•• the eample a\Un"r becomee 186~ 

The Kfi.l da.ta have beeu grouped ln Table IV for eevel'al eeeolldary energy 
,~aterv;ala. The cwnbel" of K meaona tn the eample• cSbntrd.•hea at higher muon. 

energiee. as the IWl'S'lber of eecondariee foUcrttec! oa.t to •ufflclea.Uy great dla • 
' . 

tancee to ensure ttlentiflcatiOD become• progl'elllvely •maUer. 



3.Z Kel Seeondariel. - Kel secoudariee were fotmd ouly by following 172. 
K-meaou aecona&rlee, or iu a sample of 186 K meaone of aU typee. The ehort­

eat cllstauce followed, for which the eecondary remained near miuim.wn ion· 

l~auon, was 5 em. Ninety•three ·percent of the seconclariea were followed 6 em 

or other·wlse identified, and 76o/o 0£ the .,conda.rlee were followed at leaat 9 em· 

or otherwise identified (l. e., obaervation of •tar in tllght, er lontcatlcm above 

plateau). Such KeJ aecondariea aa were found were .. eadily identified by 

' • observing the incl'eaae in mul"-ple scatt~rina of their tracke, ·which typifies 

larse energy loeaea. . At 6 em, 90o/o of the electron• willloee more d1aQ. 3i4 

of their energy, while at 9 em elaefttially aU lose J/4 of their eHrgy. 1'hu.1, 

we estimate that oul" over-aU efli-:iency for diacl'imiu.clng between 250~Mev. 

· eleetl'OA ·secoudades ~d K.,z secondariea waa bette&' than 96%. The aix 

electron secoadartee fot.md in the above Nmplea bad pfi = 73, 75, 80, 10~ 183, 

and ZOO Mev /c • 

. : 3.3 K~ and K,1 _seccmdarlea. - Oae huu4re<lforty-nine Kv.z aa4 11 K.z 
were found y ilie meliOde de•crlbed in Section• Z.3•1 and. 2.3•4. From tllelr 

ratio, C01"rected for scarming efficiency (Appendf.x A), and the total percentage 

of Kji.Z and Kvz• the percentage of each was determined • 
. Addttlcm.al data o~alned from a em&Uer stack ( 1) ( 16A) are shown in Table 

IV. The data from both etacka has been combined in the last ·tolwnn. 

'·" Compde~u ~ith 9ther .Data. -In Table V our re•ulta are compared 
wW:l ouclear•emul•lo~t•stack result• from othel' laboratorlee(?), (S), (9)• (lO), (ll). ( lZ). 

The a~ncea fol' the ,.• aad. the K.,.3 in the f~r•t three colwnn• have been 

. derived frorn the publlehecl -~ by mea~ of t~e methode deecribed in ~ctioll• 

3.1 and l.Z. The data o£ colwna& Z aud 3 have been corrected fol" scaunins 

(?) G·Stac:lt Collaboratt.ou,~Naovo Cimewdo i. 1063 (19SS). 

(B) Ritson, Pevaaer, Fung, ~Widgof£. zon:: Goldhaber, and Golclhaber, Phya. 
Rev. 101, 1085 (19S6t. , 

(9) C;:;sard, Fouche, Henueasy, Kayaa, l..eprin.ce-Rtnguet. Morellet, and 

Renard, Nuovo Ctm~nto !• 131 l1956). 

UO) Smith, Hed:m.au, and Barkaa, Compoaittoa of a Secondary•Partiele Beam 
from the Bevatron, UCRL•3J89• March 1956. 

(11) Hoang, Ka.,.oa, aad Yeku.cteU, Phya. Rev. lOZ, 1185 (1956) • 

.(lZ) O'Ceallalgh, Ale;;,._'Ader. aud Johnson, Proceeding• of Sixth Aamaal 

.Rochester Conference on. High-Energy Pllyeica, 1956. 
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e££id.en¢ies derlved ~y asewntng lOOCfa efficiency ft>r ..,.., and a., abundanc~ o£ 

5.6%. · Tbe nutnbef8 .ln column• 4, 5, and. 6 are as quc:¢ed in tl\e zoe.£erence• 

except: that we have computed the ~erta!nties on the Roche ate:- results on _the 
~ . . \ 

baab of the number of .even.ta of each t)"pe fe>und. Stattcttcs in the table are 

baaed upon. the square rOot of the number of events and t.hcn·e£ore have the . · 

siglltficanc:e of standard <leriatlous oaly for those caeea. With large numbe~a of 

.event•. 

In the laet five rowe of Table V are given the conditions of expo•ure of·the 

. : al.iclfe.r ernulslon a~ke. Wlth o11e poaslble exception there· ue no stgnlficaut 

wrlattone in the relative yield o£ K mesOtll of different types under the different 

exposure c:ondf.tionl. The one pollible exception is the Ke!' which appear a 

;f,om Table V to 'be found le•• !Joequently under coa4itioa• c;tf longer fUgbt Cbne. · 
~· . 

·. ~eciflcaUy, the combined chon ti.m.e•of .. Qlght data .of as adci EP gtve 10 Kes . 

· c:ompared :to 94 Kw! and KJAI. The comblne4 long time~of·.fUgbt re•ults lt>om 

MlT, Dublin, our work give• ll Ke3 compared to 326 1<11'2 and K112• With tbeee. 
· data and. the equallifetbne_~ of l.Z x 10•8 •ec:ond for the. K

11
z and K.,.a(ll) we can 

cletermtae the Ke3 U.fetlnie, a.a•umtag the abaclauco• at pl"odu:cti.on to be tbe 

same "ncSer all eouditions of expoa"re. The reaw~ for the K83 meaa lifetime 

l• 0.6Z x 10·8 seccnd. ~th a 90% probability of tte lying between 0.47 and . 

Q,~9}1,:x 1o•8 cree-d. Coaversely, U we ast.ume boab that the relative production 

abundaucea tander. all conditione are equal aud that the :Ke3• K.,z• and KJU have 
the aame Ufettme, the purely staUetical prohabWty of obtainiug such poor 

agreement between the ahort• and loq·tUght-Ume Ke) abundaneeo ia lese tha:n 
o.oz. Further etwiy is required to reaolve tbia dlecrepa.Q.cy ·or· to verify the 

d.lfference 1n the Kel behavior. 

4 • - R an g c Me a a u &-em e n t a on K J an d. K, 1 S e eo a 4 a r i e a • 
~ . . . . . 

4.1 Method. • The measurement of the range of each particle consisted, 

o£ adding the ebordm between points where tbe track made la~ge eingle scatteS"e 

ol" aceumulated.multiple scatters of at moat 10°. This range includes the air 

.·gapa between pelUclea ·and therefore, when mulUpUed by the groaa density of 

the stacked emulliou. give• the range tn gem ·Z. 

njJ v. Fitch and R. Motley, Phya. Rev. 101, 496 (1956h Alvarez, Crawford, 

Good. and Stevenson. Phya. R.e~. 101, 503 (1.956). -
{ 
! 
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The groee density wa• meaeu.red by tbe following procedure. The emulaioo 

at&clt wae flrat clamped. tightly, with no tiseue paper apacer1, between 3/4-in. ·· 

Oa.ltellte plates by means of bolt• going through holes punehed in the peWclea. 

All outside edges were machined smooth. The etaclt denelty wa• tbeu detel'• 

mined by over-aU Weight aud dlmeneiona to be ·a.so * o.oz g cm·3• The er'"or 
t• 4erlved from the flw:tu.attosu• in the tbtckne•• of the etaek aa measured at · · 
twelve dlffel'ent pla.cee. 

The projected dleta11cee (Ax. Ay) between pointe were obtained by ~ng 

· differenc:ea between the microscope stage eerew readings. For each chord; 

As waa takn equal to ·the uumber of plates traversed multiplied by the average 

. . app-uent plate thlcltneas before de\felopment obtained. from the over -aU thlcbeea 

of the •tac;k. Thus the alr gaps are included ln both Che range and the denaity 

·. measuemente. _The tu4ividua1 plates were a.Uped by bl'ae• tabe whlch we•e 

glued on the col'tlere with re•pect to x•ray fi4uctal marka. 

The range•energy curve uaed(14) wat calculated lo·r an em.ulalon density . 

·*"·· 3.81$ g em "'
3 •. aud the meaoured range a mu•t be trana!onned co"eepcmdingly. 

• . ! . • 

If the diffe:r~ce betwee11 thit value aud our meaeured deual&y ._.. due only t.o 
· the atr gapa in the stack the range• ift ceDtlmetert would .tru.for!Ji lnvel"•eiy 

. aa the ratlo of,&he deneitlea. II part of the differnce •• mae t.o the W&ter 

content of the emultt••·•&n exact ealcutton would have anowed for the cba:cg.e 
. ' 

tn •topping power wttb. water cordeftt••that b, 1! tbe pellicle 4••tty. aaeumed 
to be 3.815'. was actually 3.825. For example, lu We humidity region the 

a . . 
density ratios muat be co1rreeted by addition of,.quantlty that 11 equal to 0.05 . 
time a the relative dU'fereaee ln deulty t!e) CS'}. . 

· In order to estimate the actual emulsl<m. deulty, aad hence the etopping 

~\ver o£ our etack, we have meatGred. the range• of. 46 neal11y flat secondadea 

. f.-om • • "'decays. each contained wlthbt a etngle pelUcle.· Theae track•. were 

. pick4td with a dip aagle such that a 10% acertairaty lu the ·shrinkage !actor would, 

le-.d to an error of leas thaa O.JS% in the ra.nse of the muon. The ave·rage muon 

r&a.se obtalneci watt 596.4 * 6 anlcrona, which agree• with ~t obtalaed by lhe 
O•Stack Collaboration(?) of S97.8 * 2.J: micron• for a 4ea•tty of 3.8i5 gem •l. 

Thua the uncertainty tn •topplu• power due to the uncertainty of water coatent 

ta lees than 0.05'/e. Thla represent-a a negligible cOD.lribu.tton to the ·error• ·in 

the K.,.z and K,.a aecoadary raagea. 

( 14) W. H. Barkas and D. M. Young, Emulsion Table so I. Heavy- Particle 

Functions, UCRL-2579 (IRev. ), Sept. 1954. 
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4.Z Mass of the K~ and Kwz . fl'om Ranges of the Secondarlee. - The zange 

diattibu.tione. ol Die Zo muons ana Z3 plon eee&i<!adel lEi ai~pea tn the alack 

ate glv~n ln Fig •. 4. Shown aleo are the standard deviations of .lihe experimental 

distributtoas, whtoh agree well with t.b.e tbeoretlcal range etrasaUng. The 

meau range• £or the stack deuaity of 3.80 g ern -l are 

R = (Z0.90 itt 0.13) em, 
p 

R, :: (11 .. TO * 0.065) em. 
-3 ·. These ranges have been eon.ve.-tect to a deuslty of 3.815 gem. ·• and tb.e 

energiea computed eorrespondlug to theee ranges, aeswning the decay echemea 

K)'Z - .,_+. + v, 

K,z - ,.,+ + .o ,· 
and are ehoWD ill Table Vl. 

Secondary range · 
Denaity = 3.815 g cm.•3 

Secondary energy 

·' . 
Kp.2 20.84 * 0.13 em 15.&.36 Mev ... 

;~l<uz 11.65 • 0.067 em. 107.67 Mev 

' ·, 

T1te K·partic:.le anassea are computed from. tltese euerstett by uee of the 
following pion and m~on maasee:(lS), 0 6) · 

M
11

t c .Z7l.3 me• 

Mw• = 1?J.8 me' 
M .. M o i: 8.8 m , 

"' v e 
Mv.+ = ~06.9 me~· 

The re suits are: Mv as (964.8 It! 2.4) m , .a.,u e. 

~u = (964.2 • 1.8) m , 
"vi · • 

U!J Bark&s. Birnbaum, at'l~ SJ;nlth, Phy•. Rev • .!!J!778,lf.S6) .. 
fi6) -W. Cbinoweky at'ld J. Steinberger, Pbya. Rev. 93, 586,(1954). -
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. 'where the errors given are due only to the •tandard deviation o! the mean of 

. the experimental range straggling. 

Listed for carnparison at'e the mass values from other laboratories, 
' .. · .. . (14) 

computed 'by use of the Barka$ and Young tange•energy C\U'ves. 

K~a 
96Z.8 =t 4 

9SZ •·4 

96Z.4 • S 

K'I'I'Z. 

969.3 :1: 3 

969 ~4 

963.6. 4.3 

. The curves. frotn Baroni et al. (ll) give c:cmeistent values for the Ktrz. maes 

but raise the Kpi ·ma·SII about 13 me. 
4.~ .Dlacuelon oi 1\~av.lta. -. Be•i4ee tbe quotecl atatiattc:al cu•rors the 

unee.r~l'Aty ta the value of the " maa• contributea to aD error of the otdet of 

itl m in the K mass. The i/2% Ul\Certainty ia &he density bec::omes • l.i m e · . e 
·tor .the K,z mas• and • 2 m

8 
!or 'the K.,.z m.ais. 

· As a check for furtber syiJtemattc error•, we remeasured. aU the pion 

aec:ondariea, and f•und a aegUgible cbanae hi the mean range caused. by the 
. mea•urement. pl'oc:edue.; 

... 

There ie aloo the queadon a• to the J."eliabUity of the ranae•energy relation~ 

M.ec:etltly Barkae et al. ( lS) have m..cte an e1tpel'lttlental d.etennin.ati01l o£ the · · 
r.aagea of pi90s of knowu energy .for five ~aea ~f energy "P to abttut 100 Mev. 
T~ey have recalculated tAe Bal'kaa•Yowag wlues aormallzed to dleae experi• 

m~.Rt&l pointa. lu dae region above the lal& experim.erdal point, the curve le 
. · ·.·. e~t'apolated. tbeol'etic:ally a8 belo1"e.·· wia. thta new· relatiem our II\& a • valu~e 

b~c:ome . 

I. 

MK a (962.$ * 1.8) m
8

• 
wl · . 

U?J BarOid, Castagholl, Cordrd, .Franzt.netti, a.o.<l Maafredlnt, CERN Re~Z't. 
·.BS9. 

·. ~lS) Barkaa, Barrett, Cuer, Hec:k::n\an. Smith, ancl Tlcho, High• Velocity 

Particle Ranges ln Emwslon. UCRL•Ji54, Jan. 1956. and W. H. Barkas, 

private cocnmwdcaUon. 

'' . 

,~ .. 
t:: .. 

... ' ., 'J 
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For comparison, the mass of th-e ,.(S) computed from the Q of the decays 

in thie stack. and from on~ 'other stack treated in a similar manner, is 

., 

5 .• • Primary Masa. 

M • 966.1 :1: 0.7. , 

T.be maases of the various tyPee of K particles have .abo been m.easu.r•<! 

by the prirnary range-momentum method. Measurements were made only on 

· those tracka whose secondaries had been identified.. Range a of the K pa.rtlclea 

were m.easw-ed along the traeJ,\ by the same method as were the seconcla.,~a. 

'rhe momentum of each particle waa determined from ita entrance position in 

the . atac::k, by measurement o£ the. range of the protons entering the sa~e 

position and hence their momentum. In the c:aae of the protons, the measured 

range a were actually projected ranges, and. a correettoa to account for the 

.range ehortening due to multiple acattering effectively lnereased the K-meeon 

'maas by abot~t Z rne. In addlt.ion, the different energy lotu• of K'• and proton• 

in the air path through the deflecting magnet and aubeequent neld-.free region 

ahead o! the stack required a mass c:orrectlon Qf from 6 to 8 m on each particle, . . e . 
varying alightly with the iDcident momentum. Details of these aud other cor-
rections ~ppear eleewhere ("). 

The fi't1Al corrected. val~• of the masses, with the number of particles 

meaaured for each variety. are shown in Table VU. 

Table VU. - Masse• by Range-Momentum Method 
~ ...... ,._ 

Type Mass (m6 j No. Measured 

1" 9oo.J _. z.1 77 
,.. 961 .. 7. 4 21 

K.,.i 967 .z. z.z 96 

K vZ 966.7 • z.o 54 

K.._3 969 drS 12 

Ke3 967 .a 6 
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6. - Conclusions. 

We have measured the masses of the vartous decay modes of positive K 

rnesons by two independent methods. The first is the measurement o£ the Q oi 

,,the decay for the K.,.a• Kwz• and 1"1 the second b the range-momentum method 

applied to the primaries. ln the first method, the largest mass difference, that 

of M .. MK ,, i8 (3.3 :1: 2.4)m • The error includes (~) * 1.9 m • statistical 
T wor.o . e . e 

standard deviation; (b) :t: 1'.-& m , for possible variation in stack density: and . e . 
(c:) * 0.6 me• !or the uncer.tjlinty in pion masses. If the unc:ertaint.y of the r-.nge• 

energy relation is inclUded the significance of the small mass difference decreases. 

In the second method the masses are aU the same within experimental error.; 

In particular M., .. .Ml<vz* is (•0.4 If: Z.9)me. 
It is shown in Section Ul that our <lata on the relative abundances are the 

same as those taken under entirely di£ferent conditions of expoaw-e and flight 

time, With the possible e•ception o£ the K83• If we also consider th.e equality of 

the masses it appears that we are observing di!ferent decay Modes ol the $&me 

particle. 

·However, this conclusion is in strong contradiction with the moat likely spin 

and parity assignments of the ..,. meson (O•;or l·). which confisurations a.re not 

posaible for a K1Tz• Various theoretical and phenomenological descriptions have 

been proposed in order to resolve this dilemma. none of which are really eatia• 

£actory. For example. the caocade echeme(J) 4emands at least 10 me dilff;!rence 

between the ., and K ., to account for the observed half life for a 0 - 0 spin tran-
w~ . 

eition. This maes difference is well outside our experimental errors. Further-

more, neither the K'TTz (1 9) nor the ., is believed to have spin one, hence tran• 

sitions 0 - 1 and 1 - 0 are not considered. 

Transitions from 0- 2 or Z - 0 demand about 3m to account for the 

observed half lives. The experiment of Alvarez et al. (!O) shows that any y .. rays 
' accompa.ning the transition 'T- K. ., rnuet be lela than 1 m total energy. thus 
•~ e 

ruling out spin changes of st: 2. The possibility o£ the reverse_ transition, viz .. 

Kwz- T'+ y, is not excluded by the above experiment. ln addition, a z+- 2 .. 

(l 9) B. J. Moyer and J. Osher. private co~munication. 

(ZO) Alvarez, Crawford, Good, and Stevenson, Proceedings of Sixth Annual 

Rochester Conference on Hlgh·Energy Physics, 1956. 
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transition requires only a 6 kev mass difference to give the observed half life, 

and no experiment to date has had eufficient sens.itivity to detect a mass differ .. 

ence this small. However we believe that the zero spin assignments are the 

~nost probable and therefore the cascade sc;heme is unsatis,t'actory. 
. (21 zz 23) . . . . 
Other suggestions • ' , while accounting £or. the m.aea degeneracy,. 

n1ust rely on an accident. of nature to explain the half-life degener•cy. A more 

recent proposal, now being studied by Bludman and l\udel'm&n(Z4 ), has been ~o 
postulate the existence of a scalel" v0 in addition to the usual pseud.oscaler v~. 
with the result that the neutral and positive K pal'ticles have different parity._ 

Then the positive ., and K .,. cot.1ld both be 0 •• . · · 
vao · ·· (25) 

The reader is referred to the p:ro~eedinga of the 1956 R-ochester Conference· 

for discussions of other theories th$t would have the T and K"rrz be the sa.me 

particle. 

(21 J . T. D. Lee and C. N. Yang, Phys. Rev. 102, 290 (1956); M. CieU-Maan, -
private commuuiaation. 

ba> S. Bludman, Interpretation o£ K-Meson Decays., UCRL•3271, Jan. 1956. 

(Zl) M. Lynn Stevenson, The ·Ratios of Lifetimes of Heavy· Mesons and Hyperons 

fU Predicted by Phase Space, UCRL·3275, Feb. 1956. 

(Z4) S. Bludman, and M. Ruderman, private communication. 

(ZS) Proceedings of Sixth Annual· Rochester Conference cu High Energy Physics, 

1956. 
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A2pendlx. 

E£fe~t o£ Eflicien.:y of Detedi~ of K Secondaries QD the Relative 

A.buodao.ce1. - As meutiOiled· in Section z.z, the over-aU e!ticlency for detection 

o£ K &econda.de• by the 8e&DDera ia 85o/o. Since 8% of the K paZ'ticlee yield 
. . . 

aecon.ries of ionization exceeding twice the mf.uimwn nl'le, for which the 

em.ciency ia preaumably> 100%, thia implie1 that 16% of the lightly ionizing 

aecond.al'iea escape detection. We shall consicler bow thia ·lo•• affects the · 

relaUv~ abundances of the pre4ominaDt decay mode• Kw·Z and K.,.z· (The 

atati•U<:al errora Ot.l the frequencies of the &"are modee K.el and Kl'3 are at 

pt'e1eo.t ao large that small affects due to a canning inefficiency will not be 

. coca14er~d) .. 

A K.,z or K....z eecondary may eacape cletection for two main reasons. 
(a) FltaC:tuations in graia density occur., and a cbauc:e absence of grains close 

to the point of decay c:aa lead to fa.Uu.re to pick up the track. (b) The stopping 

potu&: of the primary panide may be cloae to the ·em\ilaiou audace, so that if 

&be 1ec:ondary ia directed outwa.rde, it• track may be miseed 'bec:auee G£ Us 
;; . 

ahortneea, or the aomewhat lower grain denaity near the top ~vfac:e of the 

emulalon, or the presence of al.ll'face markings at the gla•e interface. 

In (a~. the probability o£ detection depends on the mean grain density, 

whieh is 15% greater in the tl'acke of K,1 aecondariee than fol' Kp!. T~e 

·•canner• ecr&UiDiae a. roughly spherical volume, of -so·.-. radiua abollt the 

· eftd' point of each etopping parUc:le, for evidence of a eeeondary. ·Assuming a 

random clletribu.tion of graiua alone the secondary tracks, we have calculated 

the expected detection efliciency for each decay mode, on the s.lmpUfying 

aeeu.mptlon tb&l aom.e miui.mum ruunber of grain• malt occur along the fil"st 

so.,. o! track in order for the secondary to be deteded. For a aiven value of -

the tru.e ratio Ro = ~ , we can then find. the expected ratio R in terms of 

the total efliciencye.f~~etecting both type$ of' secondary. We flrid that 

S = R/Ro vade• 'almoet .linearly with&, aad that for the mea•ured value of 

Cr::: EJ<io/o, S = 0.89. thus, for R = 1.93 * 0.19, the true ratio becomes 

llo = Z.lZ • 0.30. VIe feel that this valt~e of Ro wiU be. if anythlag. au over· 

estimate, for the reaaoua given above: (a) U is cenatn that nuc.twUlon• o.f 

grain denaity over cliata.ncea leaa than so.., wUl (ln many caeea) be of importance 

ln detecting the track; and aince theae nuctuation• wU1 be greater than those. 

over so..,. lengtha, the bias in favor of K,z secondal'ie• wU1 be corzoe1pond1ngly 

leaa. (b) eurface effecta may -.c.cou.nt for a 5% to 10% loee. 
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Figure Captions 

1. Diagram of strong-£o<:u&ing spedrometer. 

z. Distribution of normalized blob density for fiat secondaries. Normallzatloa 

is to 11' tracks of Z 10 Mev in the emuleion stack and to identified K,..z 

seeonda.rie e. 

l. Distribution o! normalized blob density for identified K.,.a sec:ondar.les .•.. 

4. Distribution of Kp! and Kwz secondary ranges. Tbe dashed line show• the 

position o! the mean of the distribution.. u eq ia the experimental etaudal'd 

deviation and crth to the theoretical straggling. 

. . 
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