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ABSTRACT

Our program of measuring meson masses has bsen extended to the positive
Vs K 20 Kras K3y and )’* particles. With the Bevatron as a source, and
eﬁploying a modification of the Kerth-Stork quadrupoie lens and analyzing-magnet
arrangement, we have obtained a mass resblution of ledilfor an‘;ndividuai
particles. Using the stopbing behavior or the grain density of thé secondary
for K-particle olassification, and the multiple scéttaring as élcheck, wﬁ
obtained practically pure samples of the above types of K mesons for analysis.
The particles were compared directly with protons of the éame momentum, and
also with the 7~ meson, the mass of which 1s known aocuratefyo. Relative to
the mean 77 mass of 966 we obtain the following results, all in electron mass
units: T (966 & 3.1), Kya(962.5 £ 302), Kip(972.2 % 4a7), K, 3(951.2 % 10.6),
7' (951.5 % 10.9). These are all consistent with a single X mass of 966, The
results are independent of thg range~momentum relation; however, the 1ﬁter-
comparison of the masses meésurea relative to the 7f meson and relative to the
proton check clqsely, indicating that there are no large systematic errors and

that the shape of the range-momentum relation must be nearly correct.
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The meson-mass measurement programi thaﬁ was stdrted some years ago now
has been extended to several types of K mesons. Although a number oflimportant
_parts of the new work remain to be completed, particularly studies of the energy-
momentum balance in the various decay schemes, the current interest in the
K meson maas(es),‘and thé conflicting results that have been obtained,2 prompt
" us to make thié preliminary report. |
| After experimenting with other geometries, we develbped our apparatus_{gém
the basic design of Kerth and Stork.? With this arrangement the ﬁarﬁicleawfnqm
a Bevatron target pass first £hrough a'sﬁrongufocusing lens and then ﬁhrqggh an
analyzing magnetisc field before deteotion in a atack of emulsion. unfontungtaly.
a windo& through which the particles must pess in emerging from thqfvacuﬁmk ,
chamber, and several feet of alr path, each cause considerable multipiq”sééttaf;
ing of the beam and reduce the efficiency and momentum vesolution ofithe sirong4
focusing lens. To improve the momentum selection obtained with the original
apparatus we redefined the particle orbits by introducing a 6~inoh lead
collimator containing a 0.25-inch vertical slit preceding the analyzing magnet.
The stretched-wire techniqué'waa used to chegk the rather coritical liﬁe~ﬁp of
the cpllimator..iAlso, to reduce the multiple scattering énd energy ioss of the
.particles while:traveraing the analyzihg magnet, the air in the path between
the collimator and deﬁector was replaced by helium. The fesult of these various
improvements was to substantially better the momentum resolution. The effect
~ of the mbmcntum interval on the mgssvresolution wag reduced so as to becoms
comparable to the effect of the inherent straggling of ranges.

-In this work the rectified particle track length R was méasurqd for each
identified_particle. The ranges were determined by meaéuring the length of |

each segment of track that could be considered straight and adding the lengths
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together. éince the edge of the emulsion 1s distofted'in procéssing, provision.
‘wus'ﬁade for c§rrect1y determining its original locatior. The surface of the
stack upon which the particles are inci@ent nearly normally was milled flat,

and sharp V-shaped grooves were cut in the sidedéf the stacks Before processing,
a l-millimeter rectangular grid was contact-printed on eac% pellicle 1n a . |
position determined to within leass than 20 microns by the machined features of
the pellicle, After processing, the grid conatituted a coordinate frams, not
only for the location-éf events but aléo to define the edge. ﬁsé_was alsc made
of the fact that in addition to plons, K particles, and protons, there are
deuterons, tritohs, Hej, and He% particles as abundant conatitéents'of the bddm.
. Since all the bartioie‘orbits entering the emulsion stack at the sama point have
the same magnetic figidity, the depths to which the various particleszpenetrate '
glve precise information on the edge correction. | | |

In order to avoid blas in the selection of K particles for maasurement, the
emulsion was scanned along a band where the 7’ meson was expected to have a
residual range of about 1.5 cme. Each non-minimum track found within 10° of the
expectéd direction of the K-particle tracks was followed until it stoppad, or .
was identified as a proton.

The behavior of the secondary particles into which they decay provided the
basis of classification of the K particlesj it had been assumed from the
boginning that mass measurements would be meaningful only for mesons 1dentified
as to type. The development of the emulsion was remarkably uniform, and it was
found that 1f 400 grains were counted in traqks dipping less than 159 a separa=-
tion of better than 95% could be effected.between the K5 mesons (1.05 x min) and
the anlnesons (1.21 x min) These types, along with the -J” mésons, constitute
the bulk of the particles found., A1l secondaries lonizing more intensely than

those of the Ko were followed until they stopped or left the stacke The /!
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has- one positive pion of low energy (<53.9 Mev) as a secondary. ) The KMB is

recognized E}f the prasence of a muon secondary, the energy 61‘ which is lower
than that of the secondary from the KuZ’ . In this way four K3 and four ~!
particles were identified. - o |

In Fige 1 13 shown the grain densitie‘as' (actuélly "blob" densities) of
the secondaries plotted as a function of the dip angle 5 o It 18 notewdrt}w
that the obgserved gx;ain densityv does not vary strictly in proportion to sec 5 »
presumably partly because of an 1nf1ueﬁce of the random background grainse. The
separation achieved by the grain. counting is perhaps even slightly better than
expected. No bilas was detested in the method of recording the data, and the
multiple scattering of 20 particles classified by -grain deﬂsity as Kﬂz |
secondaries confirmed this classification. ‘

The multiple-scattering work was carried out both fo insure the purity of
the sample ‘of K_uzlmesorzxsvand to look for KeB particles; since the electron
secondary cannot be distinguished from the KMZ éecc;ndary by graih count alone.
The criteria used to select a secondary for a multiple-scattering measurement.
were that it have a dip angle J less than 10° and be at least one centimeter
from the edge of the emxasion; In order that the no;lse correction to the
observed scaftering be small, a cell of sufficlent length to insure a signal-
to-noise ratio of at least 4 to 1 is required, _In ‘these neasurements, a 300 4
cell length met this condition. With this eell length and a velocity of 0.9lc
(the velocity of the Kﬂg secondary) the scattering factor Koo 4 34 55.5 Mev &eg.
After the second differer;ces were measured by the Fowler technique, the procedure
used tc3 eliminate large single-scattering events was ﬁo discard all measurements
that exceed four times the resultant mean. About 65 cells were used to estimate

the pPe of each secondary. The mean of the second dif’ferences then has a
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standard deviation of about IU%a With this precision, electron secondariea

of pPe <150 Mev could. ea.sily be detected. While the secondary from the Krrz
meson (pPe = 169.6 Mav) could not be 80 readily identified, the probability

. would be O 65 of resolving it from the u-meson diatribution if even ons such
event were present in the sample that was multiply scattereds Of the 20
secondarieé méasured, all were consistent with being muons from the decay of
the K 12 meson. The mean ch of all events was 214.0 & 3.4 Me\f, which agreesf
well with the caloulated value of 21408 Mev& assuming tha K ;o mass to be o
966 ma. ‘I‘his measurement tends to confirm the correctness of the scattering
factor. Wa have also concluded frqm these _results that the f_raction Qf Ka3'»s ,

among the Kﬂz's is .probab‘ly less than 5%, In addition_ the data glve support
to the validity of grain counting as a method to separate the Kuz and Ko

modes of decaye. ,

By using the means described we have identified 7', 7'y K, Km N
and K,u2 mesons in the destecting emx_ilsion. Since'the proper time of flight
to the stack is 23,2 x 1078 second, 'none of their lifetimeg can ba short
compared to‘ 10~8 second unlesé they? themselves are decay product»s of a long=
lived parent. In the latter éven'o .the mass being mea»s_ured in this eicp;srimant 7
is that of the parenﬁ.“ As the detection efficiencies for the particles with
different types of secondaries are not equal, and yet to be determined, the
relative numbers of the classified K partiolea do not of course reflact the
' relative populations of the various: K partieles that survive 10"8 aecond, The

meaons were produced by bombarding a tantalum target with protons of 4.8 Bev.

This possibility was pointed out by Luis W. &1varez in connection with a

decay scheme proposed by Cs N. Yango
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The mass analysis was carried out by introducing'tﬁe "Standard Range" ROJ
This is the range (as deduced from the observed proton ranges using the range-
momentumn relation?) that a particle of mass 266 Ms would be expectad to havei 
It is, of course, a function of the point of entry into the stack. This rahgeJ '
is introduced chiefly as a computational device: an error in its ohéice affébfs
thé finalbmasé values only in a seéond approximatiénm For each heasured range
a quantity AR/Ry = (R = Ry)/R, may be calculated. Since the percentage rangé
straggling6 is almost independent of the velocity in this regi;n and if the
momentum interval is not larée, the quantity AR/R  for a particle of a given
258 (near 966 me) sho;ld have a distribution that is nearly gaussian, with a
standard deviation‘dgtermined by the inherent range straggling'and the momentum
interval accepteds If the range-momentum relation is strictly correct and the
trus mass of the particle is 966 me, then the mean value of AR/R, should be
zeroes Regardless of whether or not the rangemmomentum_relation is correct,
the mean value of AR/RO will be the same for all particles of the same mass.
- For -7 mesons ﬁhich are known'#l to have & mass of 966.0 % 0.6 me, the mean
value <:AB/R°> measures the error in the range-momentum relation used as well
as other systematic effects‘that BYE egmion to all particles. When t&evmean'
value of AR/Ro is not zero; ve calculate the mass equivalent AM of this

deviation by using the formula , |
| 966

Here q = p/R %%, where p is the momentum. in the"valocity interval emﬁloyed
in this experiment q zz 3. Then if the value of AM measured for ;he 7" meson
is made to correspond with‘the mass 966, the masses of all other particles are
related directly to the 77° meson. |

We wish to point out that to measure a mass in an experiment such as this,
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the averaging of masseé determined for individual particles 1s usually incorracte.
The mass-distribution'function is unsymmetrical; so:ﬁhat'the median, mode, and
mean are quite aifferent quantities. Tﬁe aﬁerage obtained from a symmetrically
(preferably normally) distributed funotion of the mass is the most useful
qggntityvfroﬁ'which to derive a valid mass estimaﬁae

For each type of K parﬁicle classified aa to mode of dacay, points relating
"rectified rangé" and pdsition of entrance were plotted. Thias is illustrated hy
Fig. 2. Superimposed on thé_range-vsuposition data is the Standard Range curve.
As described above, a gystematio range corrsction of +208 6@&'#&5 applied to
a}} measured rangess The apparent shrinkage of the edge of the emulsion l1s
- caused primarily by the distortion of the edge in processing. ‘Another fdotqr in
the shrinkage may be the drying out of the edges of the emulsion stack between
.the'tiﬁes of its exposure and the mounting upon glass.

Figure 3 shows the histograms of B = Ro = OR £op each type of VK particle.
The events that afe more than 2,81 atandigd devfgtioné froﬁ the méancf the
combined data were discarded in calculating the mean values. Of the real events,
99 5% shﬁuld'then be included in the analysis. The direstions of all particles
were measured as they entered the stack at.a point just ingide the‘région of
" adge distdrtion.ﬁ At this depth in the stack the track direction is alreédy
partially lost by multiple scattering, but of the five particles discarded
because the range was anomalous, thrce were fbund to have such anomalous angles
that it was unlikely that they could have coms directly through the collimating
s1it to the stack. The resultant standard deviation in the ranges s 4.74%.
This‘range varianqe can be accounted for by essuming a 1;5% momentum resolution
in addition to the 1.5% inherent range straggle of the K particles. The |

cbserved momentum interval is about 0.5% greater than expected when it iaﬁassumed
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that the particles come directly from the 1/4-inch targét. Thi; increase of
moientum spread is probably caused by the muléiple scattering in the 00090";gc9
aluninum window of thé Bavatron.and the 5 feet of alr path traversed'befggg
entering‘the 1/4-inch éollimator. The mﬁltiple scattering would tend to mgke
the source of particles appear diffused and not defined by the dimensionslgg
the target. With fhe resolution we have obtained in this experiment, %Eg
probable error of a single K-mass measurenent is 1.653.‘

In Table I are the tabulated results of the experiment. The mass values
of the K particles with their probable errors are plotted in Fig.‘A.

We agree with the amended8 result of Robert Birge et al., who find that
with their resolution the mean mass of K particles with & near-minimum secondary
is indistinguishable from the ‘7 -meson mass. In addition we are able to make a
gtronger statementt: namsly, that with somewhat better mass resolution, eaoh
individual type of K meson (classified by the behavior of the secondaries)
remalns indistinguishable from the 7" meson. All the K masses are consistent
with a single value, 966 me. We also find that the range-momentum relation
probably is not seriously in error, because, by making careful correction for
systematic effects, we obtain close tc the predicted range ratio for protons
and ’7'-mésonso )

Our result for the XK, meson is not consistent with the low values found
by several? cloud cha:r;ber groups when they deduce the KME masg from the range
of the secondary. The results on the multiple scattering of the secondaries
confiirms our high‘masa of the &uzxmssonsa We have éalculated, using the
formula of Eguchi%o,tha approximate ensrgy loss in radiative décay.of the Kdz
particle, and find that 1t is insuffieclent to cause the discrepancy. Howsver,
it will in rare instances glve rise to an event which-bhenomenologioally is a

'I§u3 decay.
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As anothef parﬁ of our program of precise.emulsion measurements, we are
deﬁermining-the range-momentum relation for magnetically analyzed pions and
protons in_emulsién staéks of accurateiy kﬁown,dansit&.. It is believed that‘
’ this program may be important for resolv}ng tha'préaent incohsiétenoiea ahd
" for further progress in the eigboration of the Kkmﬂabn decay schemes.

~  The sﬁccess of thié mass measurement brogram wes dsterminéd in a largé
measure by the technical competeﬁcé:and.oonscientioua:labor of Mrs. Nancy Freeé?.v
~ Miss Hester Lowe, Mrs. Roberta Speef; Mr; John Dyér, and Mr. James Gray, who
cafried out most of the soénning and:measurementa.- We ars also indebted to“f~
© Mr. Leroy Kerth for 1nformation 1n connection with the equipment and to
Dr. Edward Lofgren and the operating crew of the Bevatron, both for the
;_bombardments and for cooperation in setting up the equipmente»_v
This wo?k was performed under the auspicea of thg’Uhited-Statéé Atomic

Energy Commissions -
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Table I. Tabulation of mass values for the -7 , ’T}"_, Kma K/:‘?.:'- g and K,

£12 UCRL~3156
- TABIE I
Assumed Mass Relative 't'o% a 1
Type Mode of Decay | Number| AM |Mean 7 Mags (966) | Probable Errar
T atemar | o2 | 42 9%6 3.1
K, Y 36 0.7 9625 3.2
Ko 7t + 7° 12 | 104 9722 be?
- e |3 | -10.3 951.5 10,9
K3 R RN 3 | -10.6 9512 10.6
A11 _Evgnts 81 | 2.4 96402 1.7
Tr | 0.0 961.8 2.6
(Relative o
| to Protons)

3

mesons. The probable errors of AM and the mass relative to the mean <7 mass

are the same and are listed in the last column. All massea are given in

units of the electron masa,
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Fig, 1. Grsin densities of secondaries as a function of dip angle
5 . Events below the arbitrary line of separation are classified
as K, 5's, those above as K ;5's. The secondary with the ex-
ceptionally high grain count stopped in the emulsion stack and
was identified as a muon from the decay of a K w3 particle,
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Fig., 2, Ranges of K mesons as a function of position of entrance
along front edge of stack. The grid coordinate refers to the
millimeter grié that is contecteprinted on each emulsion.
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DISTRIBUTIONS OF AR/R,
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Fig. 3. Histogram of R'B for each type of K particle, Every
particle is shown. The five particles indiceated by cross=-
hatching were omitted in the mass calculations.
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AM IN ELECTRON MASS UNITS

=30 -20 -10 0 10 20 30
T T T | E— T T 1 Y T T
T(RELATIVE TO o

PROTONS)
Kus } ©- -4
T’ ! ©- 1’
Krr2 | — g
KF‘Z . —e—
T —o—
' ME_AN OF ALL K EVENTS o
] 1 1 1 1
940 950 960 970 - 980

MASS IN ELECTRON MASS UNITS
NORMALIZED TO T MASS OF 966

MU-10283
Fig, 4. Mass values for 7 , 7 ', K, 5, K, and K, mesons. &M
is the difference in electron mass unlts as calc%iated from Eq,

(1). For AM to be zero, the mean rsnges of the particles would
coincide with the expected range of a 966~-me particle as calculated
from the range of the protons and the range-momentum relation.

This calculated mass point is denoted in Table I and in the above
graph as 7 (relative to protons). If we assign an absolute mass
of 966 me to the 7 meson, the masses of the various K particles.
are then directly related to the 7 meson,



