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THE LIFETIME AND DECAY MODES OF NEGATIVE K MESONS
Norris A. Nickols

Lawrence Radiation Laboratory
University of California
Berkeley, California

September 1959

ABSTRACT

A large emulsion stack exposed to an enriched K -meson beam
analyzed by 180-deg magnetic bending has been used to measure the
mean lifetime and decay branching ratios of K mesons. In a systematic
study of 2582 K~ mesons, 86 events in flight with no stable prong, blob,
or Auger electron were observed. Of these, 48 had one lightly
ionizing secondary and 38 had no visible secondary. No 7 were
observed. Space angles were measured and momenta of secondaries.
were determined from their ranges or from blob-density measurements.
The residual range accurately determined the K -meson momentum at
the decay point, because the 180-deg. bending }‘provided high momentum
resolution. A probability analysis was used to calculate the relative
populations o;f the various decay modes.and of nuclear interactions
that simulate decays. Independent estimates of upper and lower limits
to the number of decays present were made. The percent branching
ratios for the various decay modes measured are as follows:

K'HLZ (56.5 £ 7.3), K‘H3 (9.5 % 4.3), K-WZ (26.3 & §.6), K'1T3 (2.8 £2.4),

K, (4.9 £3.2), 7 (0.0 #2.1). The K -meson mean lifetime is

+0.22 -8
1.25 -0.17 X 10 sec.,



INTRODUCTION

In recent years the development of beams of artificialiy v
pr_oduced K mesons at the Bevatron of The Lawrence Radiation
Laboratory and at the Brookhaven Cosmotron has greatly facili-
- tated the study‘ of these particles, which were first‘obs‘erved in
cosmic radiation, v |

The lifetime and relative frequency of the various decay

+ .
modes for the K meson have been measured by several experimen-

1-
ters using emulsion 6 and counters. 7.8 The value for the life-

time is (1.223 % 0.013) X 1078 sec.? The decay modes observed,
together with the relative frequencies determined by Birge et

al, > and by Alexander, Johnson, and O‘Cealla.i_gh6 are given

below.
Decay Mode _ Relative Frequency (%)
Birge et al. Alexander, Johnson
_and O'Ceallaigh
b'T+ - 'rr+ + 1'1'+ 4w 5.56x0.41 6.77x0.45
v+ .0, 0
T =7 +7w + 2.15x0.47 2.15x0.45
N 58.2%3.0 57.0%2.6
K{Z g, g 28.922.7 23.2%2.2
kY-t aal 4y 2.83%0.95 5.941.3
K£3—>e++no+ v ~3.2321.30 5.121.3

If, as has been assumed, the K+ and K~ mesons are particle
and antiparticle, PCT invariance would reqaz.i're them to have iden- .
ticaivlifetimes and branching ratios between the decay modes. A
difference in either quantity would mean that they are not particle
and antiparticle, or that the PCT theorem is violated. Although
reither alternative now seems likely, at the time this investigation
was started almost no experimental data existed to test these axioms of
eletﬁentary particle theory. Only isolated examples of K~ meson

decays had been identified and lifetime measurements had large errors.
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Since thattime two groups have reported more systematic studies:
Eisenberg et al. L0 have made é systematic study of about 1600 K~
mesons in emulsion and found two events which they have identified
as 77, and 38 stars- in flight with one lightly ionizing secondary
and no indication of an interaction, 22 of which they find analyzable.

They report goecd examples of K . aud K., modes and report

relative abundances among modes exclusive of 7 as’

" 65%18% o KHLZ plus K_, and some KP‘L3;
30x12% K > plus some KI~L3’ perhaps one Ke3;
5i57o Kn_3.

Their value for the lifetime is

T, . = (1.6020.3) X 1078 sec.

Nilsson. and_FIriskllhave observed 21 possible decays in a systematic

study of K~ mesons and report conclusive evidence for 77, K_pLZ’ and
K~ . modes as well as events consistent with K ', K~ _, and K_
e3 . i i ~ 3 w2l w3
and the abundance ratios” T /(KL +77) =0.15 and K;rz/ K;Z = 0.43.

Their lifetime value. is (‘1,50 +8'§(5)) X 10~-8 sec. Other measurements
T 12-17

‘indicate 'a K -meson lifetime consistent with that of the positive meson,
but it is clear that a much better knowledge of K -meson lifetime as
well as of branching ratios is needed to establish the above -mentioned
identities.

The study of K -meson decays is made much more difficult. than
~the comparable positive meson study by the lower production of K~
mesons and the strong K -meson-nucleon interaction.. Since the K_/K_F
production ratio is only about 0.01, K -meson beams will be 1% as Y

. . + . . .
intense as similar K -meson beams. More serious are the complications

introduced by the strong nuclear interaction of K mesons. In contrast ‘

to the K+ meson, which decays upon coming to rest, the K™ undergoes

nuclear capture so that only decéys in flight are observed. These
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constitute but a few perceht of the total number entering a detector and
are contaminated by interactions in flight which give rise to one lightly
ionizing pion. The analysis of decays. in flight requires, in addition to .
the determination of the identity of the secondary and its momentum,
the determination of the K momentum and the angle between the two.
Because of the short length of track observed and the momentum
dispersion common in K-meson beams, the K-meson momentum is
usually measurable only with large errors, and fast secondaries often
leave the detector with trajectories too short to permit their identi-
fication or determination of their momentum.

For the strange-particle studies of which this work is a part
an enriched beam of K~ mesons was developed. As a detector we
used a stack of nuclear tr'ack emulsion, denoted 2B, large enough
that some of the decay secondaries would come to rest and most
would leave enough track to completely identify them. The size of
this stack, 9X12X6 inches, combined with the high flux, relatively
low pion contamination,. and particularly the low momentum dispersion
of the K-meson beam, made this study feasible.

Some of the data used in this thesis have been reported previously.



BEAM DEVELOPMENT

Negative particles that leave the 73-degree target in the north-
west quadrant of the Bevatron in the forward direction relative to the
primary proton beam are:deflected outward by the Bevatron magnetic
field, and those of appropriate momentum pass through a slot in the
magnet yoke. We attempted to separate K mesons from this '"beam"
by using an energy degrader and an analyzing magnet.

As a preliminary step the momentum spectrum and exit angles
of these particles were determined by plofting particle trajectories
representing various momenta from.the target position, using the

"mechanical particle.'" This device, a motor-driven tricycle, draws
a pen over magnetic-field contours as the operator varies the angle of the
front wheel to maintain the proper radius of curvature. It is an
improved model of one designed and built by Rankin, 19 differing only
in constructional details. The orbits showed that particles with
momenta in the band 43520 Mev/c would pass through the slot and
exit radially (within 3 deg) from the Bevatron. The 90 deg deflection
in the Bevatron field tends to focus particles horizontally, so that in
the median plane trajectories of particles of the same momentum leave
the Bevatron approximately parallel. This is coupled with a slight
vertical defocus. Wire orbits through the quadrupole focusing magnet
showed that essentially all this beam could be focused, and determined
the current settings used.

A 180-deg focusing magnet gives, in addition to a large angular
collection of particles, a momentum gradient at the detector with a
point-to-point correspondence of momentum to radial position. We
particularly wished to avail ourselves. of this feature for the analyzing
magnet, because of the assistance it would lend to the analysis of
in-flight events. Special pole tips, designed to provide a field
capable of deflecting 300-Mev/c.particles through 180 deg on a radius
of 20 inches with a 6-inch gap, were built and installed in the 40-inch
Sagane magnet. The median-plane field of this magnet was mapped with

a bismuth probe and rotating-coil gaussmeter so that the mechanical



particle could be used to study its focusing and bending properties.
Orbits representing various momenta were plotted from several
positions along the entrance edge and at different angles to select
the central K-meson momentum, the detector position, and the.
orientation of the magnet with the beam which would give the best
collection of K mesons and best rejection of pions. These orbits
predicted a complete separation between the 300-Mev/c K mesons
and 394-Mev/c pions. That this was not achieved was probably -
due to scattering in the degrader, shielding, and magnet structure,
and to secondary-pion sources inside and outside the Bevatron. In
the final setup wire orbits in the analyzing magnet and test plates

at various positions along the beam checked the correctness of the
 plotted orbits, .except that the central momentum at the exit of the
Bevatron was found to be 427 Mev/c. This decrease was accounted
for by the energy loss in the wall of the vacuum tank and possibly by
a small uncertainty in our knowledge of the Bevatron field and target

position.
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7
EXPERIMENTAL ARRANGEMENT

The final arrangement used for the exposure of the 1U and

2B stacks is shown in Fig. 1: 6.2-Bey protons strike a 1/2 X 1X 3.5-inch
_copper flip-up target located at the 73-deg position in the northwest '
quadrant. Negative particles leaving the target in the fbrward difection
relative to the primary proton beam are deflected toward the outer. .
wall by the Bevatron magnetic field, and those with momentum in the
band 435i20 Mev/c pass through a slot in the magnet yoke used as a
collimator. This beam exits radially from the Bevatron and consists

of 6X-1-03 particles per cm2 per 1010 protons on the target, with a.
_17__/K_ ratio of 3000/1. A quadrupole magnet:focuses the beam on a
polystyrene energy degrader of nominal thickness 19,4vg/cm2, which

is placed at the entrance to the analyzing magnet. Traversal of the
degrader reduces the central pion momentum to 394 Mev/c and that

of the K mesons to 300 Mev/c. The analeing magnet then deflects the
K mesons.through approximately 180 deg.and into the stack, effecting

a final separation of 19 inches between the peaks of the K-meson and
pion beams. At the stack position the flux is 50 K-/cm2 per 1013
protons on the target, with 800 background tracks per K meson. The
backgrouﬁd tracks, consisting of 80% muons, 10% pions, and . 10%
electrons, are minimum-ionizing, while the K mesons are twice
minimum. The pion fraction was determined by the attenuation of

the star-forming component and that of the electrons by their
characteristic cascade multiplication with penetration into the stack.
The muons come chiefly from the decay in flight of pions, and are

not a serious hindrance to the scanning since they are noninteracting.
The momentum gradient along the face of the stack is 1.6 Mev/c per cm,
with a * 2% dispersion.. . : _

The 2B stack consisted of 240 pellicles, 9X12-inches by 600y,

of Ilford G.5 emulsion, and was exposed so that the beam entered

the edge of the pellicles, normal to the l2-inch side. The 1U stack,
-a smaller test stack of 120 pellicles, 3Xb6-inches by. 600y, also yielded

decay information, although it was too small to permit extensive analysis.

K4
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Before disassembly of the stacks for processing, notches were
milled in the edge opposite the entrance edge to act as fiducial
marks for printing a grid‘on each pellicle. The grid, consisting
of a two-dimensional array of numbers in 1-mm squares, is
contact-printed on the bottom of each pellicle prior to mounting
it on glass, to aid in the following of tracks from one pellicle

to another.
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SCANNING PROCEDURES

To provide an unbiased samplelof K™ mesons for the various
studies of strange particles for which the 2B stack was intended,

"along -the -track' scanning was employed. Scanners were instructed
to scan along a line 1 mm from the entrance edge of the pellicle and
pick up tracks of approximately twice minimum ionization. Those
tracks lying within 10.deg of the average direction of minimum-ionizing
tracks in that region were followed until they decayed. or interacted.
The efficiéncy for finding true K mesons by using this method was
better than 95%. Each event was verified by a physicist while it

was in the field of the scanner's microscope, and recoraed.

During the scanning of the 2 B stack we introduced a new system
for recording and filing data, using 8.5X11-inch McBee keysort cards
as shown in Fig. 2. A card is punched for each event, the holes
across.the top representing information on the initial particle and those
on either side relating to secondary particles. This system proved
to be of great value in cataloging events, and all preAviouslky recorded
2B data were transferred to punched cards.

Events in flight, with one (or three) prongs and no indiéation of
an interaction--i.e. blob, recoil, or electron--wgre tentatively
indentified as decays. Those events with no evidence of an interaction
or a prong were identified as ''disappearances in flight' and subsequently

re-examined for a possible minimum-ionizing secondary.
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MEASUREMENTS

Emulsion Density and Shrinkage Factor

Since the range-energy relations are deperﬁdent upon the emulsion
density at the time of exposure it must be accurately known for precise |
range measurements. The density of each of six emulsion batches in
the 2B stack was determined from the displacement in carbon
tetrachloride of small samples cut from several pellicles. . The
average density was 3.815 g/ém3, with a small variation that was not
gsignificant in this work .

Emulsion shrinks in thickness, during processing, by a factor of
about two, and this shrinkage factor must be determined for dccurate
range and angle measurements. Although it could be arrived at, in
principle, by measuring the thickness of each pellicle before and after
procéssing, ‘the difficulty of measuring thicknesses accurately in the
darkroom necessitates a more indirect approach. The procedure used
for the 2B stack was as follows. Before disassembling the stack we
measured its total thickness and .mass, the thickness including some
air space between pellicles. After processing, the area of each pellicle
was m-éasured, and from this, the unprocessed mass, and the un-
processed emulsion density, the mean thickness before processing was
calculated. The mean pellicle thickness before processing was 634.61
microns. After processing the thickness of each pellicle was measured
in three places with a microscope. To correct for variations in the
shrinkage factor with varying humidity, the pellicle thiékness at the
time a measurement is taken is .compared with the. original and a new
shrinkage factor computed. Because of its size the 2B stack 'ha.d to be

processed in four batches, each of which had its own shrinkage factor.

Mean Stopping Line

Because of the aforementioned momentum gradient and low
dispersion of the beam, there is a well-defined mean stopping line
for K” mesons in the 2B stack. This was determined graphically

by plotting the interaction point of each stopping K meson on a graph-paper
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representation of the grid, ten times actual size. These points lie

along a straight line, as shown in Fig. 3. The lines on either side of

the mean stopping line are standard-deviation lines which enclose 68%

of the interaction points. The residual range of a decaying K meson is
then the distahce along the beam direction from the decay point to the
mean stopping line with a standard deviation given by the distance from
the mean stopping line to the standard deviation line at that point. This
‘determines the K-meson momenta with standard .deviafions less than

10% for those with residual ranges greater than 5mm. Ionization
measurements were used to determinette residual ranges of those

which decayed within 5 mm of the mean stopping line. A program was
written for the IBM 650 which derives the kinetic energy, momentum,
and the velocity parameters f=v/c, .and y= _(1-(32)-.1/2 of a particle
from its mass and residual range in emulsion, using the Barkas range-
energy tables. 20 Errors on the quantities are computed from the errors
on the range. The K -meson ranges and momenta will be seen in columns

2 through 4 of Table I. The errors on Pk are in general much less than

10%.

- Angle Measurements

- The space angle between the direction of the K meson and that.
of its secondary was computédfrom the projeéted angle between them
and from their dip angles. Thickness measurements were made on
the pellicle at the time of the angle measurement to compute the
shrinkage factor. The errors involved in angle measurements arise
'from-multiple scattering of the particles, observer erroré,s .granularity,
and errors.in the shrinkage .fact_or; In this-study 0.5 deg has been
taken as the total error on the projected angle, and the error onthe dip
angle has been estimated for each case, since it varies Wifh dip angle.
Space angles near 70 deg, where the momentum of the secondary is

most sensitive to the space angle, were remeasured at least once.
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Decay Kinematics

The kinematics of the decay of a charged particle into one

charged and one neutral particle are described by the equation

2 2 2

E E, - P|P, cos 6 =C, c=1/2 (M7 + M, - M),

1 1

where the subscripts- 1 and 2 refer to the primary and the charged
secondary respectively, 6 is the laboratory-system angle between
their directions, E is the total energy of a particle and P its momentum,
and C is a function of the masses of the three particles. To aid in

the analysis, curves of PZ as a function of 6 at constant P.1 were
~drawn for the K|.LZ’ KTI'Z’ Kp3’ and.Kﬂa modes and are shown in ,
Appendix I. For the three-body decays these curves give the maximum
momentum. of the secondary. A program was written for the IBM

650 which computes the space angle and its total error from the angle
measurements, and from this space angle and from the K-meson
momentum and the error on the K-meson momentum, it computes the
secondary m'omentum'forba given decay mode togetherl with its total

error.

Ionization Measurements

A Spécial microscope with a motor-driven stage and anr electronic
data tabulator were built to aid the ionization measurements in this
work. This device tabulates the blob density, density of gaps greater
than a preset length, and the lacunarity (or linear transparency) on one °
traversal of the track. It is described more fully in Appendix II. -

Secondaries that left the stack or interacted in flighf were blob-
counted for at least 1000 counts as near the end of their range as
possible to determine their momenta at the decay point. A calibration
of blob density as a function of residual range was made with stopping
T mesons, and the minimum blob density in each pellicle used for
counting was established by using secondaries of the identified two-
body decays near their decay point. Minimum blob density varied.
from 14 to 19 blobs per 100 microns in the 2B stack. The blob density

(in units of minimum blob density as a function of pion residual range)
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is shown in Fig. 4. The maximum blob density on this curve came
from measurements on stopping K mesons. Since the blob density
is a function of particle velocity only and the residual range of a
particle at a given velocity is proportional to its mass, residual ranges
of particles other than pion are obtained from this graph by multiplying
the pion residual range by the ratio of the mass to that of the pion.

The dip-angle correction for blob density was derived as

follows.

Fig. 5

Consider two spherical grains of radius a and separation £ in a track
oriented at a dip angle 0 such that they appear to just touch and would
be counted as one blob. Then only gaps greate'r than £ will be observed

and counted. From Fig. 5 we have

2a + § = 2a sec 0,

[
"

2a (sec 0 - 1) = D (sec 0 - 1).
Barkas has derived the relation

= -
Hl Be s
where B is the blob density, Hl is the nurhber_of gaps greater

1
than £, and g is the grain density. 2 Therefore we will see
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-eD _
H6 = Be gP(sec 0 - 1) blobs per unit length of track, or
_ 1 -gD (sec 6 - 1) N . .
H5 = 55D Be blobs per unit unit length projected.

Thus the true blob count is

B = Hg cos 5.egD(sec o -1) ,

where D is the average grain diameter. The correction factor cos 0
egD(sec % -1) is plotted as a function of the dip angle in for various
values of gD Fig. 6. It has been checked by blob counts on stopping
pions at dip angles up to 60 deg.. The value gD = 0.15 for minimum
ionization best fits the data. The K~ mesons that decayed within

5 mm of the mean stopping line were ionization-counted, and the
lacunarity was chosen as the best measure of ionization in this
range. Calibration curves were run on‘stopp‘in-g K mesons for

this determination and to establish the maximum blob density. The

variation of lacunarity with K -meson residual range is shown in

Fig. 7.



-21-

1.0
'\\\"»_\
09
Curves of Constant gD
Correction
Factor
o8
07
06
o2
0.24
[} (-2
Dip Angle
0 10 20 30 40 50 60 70 80°
MU-18386

Fig. 6. Correction factor for blob density vs dip angle.

a7



=22 -

70

tacungrity

60 (%

K~ Residual Range
o} 1.O 2.0 3.0 4.0 50 6.0 7.0 80mn

MU-1838

Fig. 7. Lacunarity vs K residual range.
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RESULTS AND DISCUSSION

Of the 2582 K~ mesons followed in the 2B stack, 2156 came to
rest and interacted and 426 made stars in flight. Of the in-flight
events,48 had one lightly ionizing secondary and no blob or Auger
electron and were classed as decaylike events; 38 had no visible
secondary or blob or electron and were called disappearé.ncés in
flight., Each of the decaylike events whose secondary could _b-e a
pion is a possible K -meson interaction in flight, and each of the
disappearances in flight is a pbssible decaylike event with an undis-
covered near -minimum-ionizing secondé.ry.

Table I shows the results of the measurements on the 48 decaylike
events. The second column of this table lists the K -meson residual
ranges .to the mean stopping line at the decay point, or the ranges
determined from ionization measurements for those less than 5 mm.

The third column lists the K -meson momenta determined from the
residual ranges. In column 4 are given the projected angles between

the directions of the K mesons and their secondaries, and columns

5 and 6 list the dip angles of these tracks. The space angles computed
from these measurements are given in column .7., Column 8 gives the
terminal behavior of the secondary track--i.e., whether they come to
rest, int-eract in flight, or leave the stack. Notations on distinguishing
behavior, such as large-angle scatterings, are also listed in this
column. Column 9 gives the lengths of secondary track from decay point-
to termination. Column 10 lists the results. of the blob-density measure-
ments on the secondary in units of minimum blob density, and column 11
gives the distances from the decay point to the point where the blob-density
measurement was taken.

The kinematic analyses of these events are presented in Table II,.
wherein the measured momenta of the secondaries are compared with
those computed from the K -meson momentum, the angle measurements,
and assumed modes of decay. Only the decay modes established for
K+ mesons were considered. Columns 2 through 6 list the secondary

momenta for relevant decay.modes computed from the information in



=24 -

Table I

Results of Measurements on the Decaylike events

K-Meson Data Angle Measurements (degrees) Secondary Data
Track Blob
Event Rk {cm) Pk {Mev/c) . ¢ks Gk 65 8 Terminal behavior length (cm) density AR({cm)
1 1.46+0.19 225.5%8.5 105.5 1.9 -10.4 105.6x0.5 0 -prong star at rest 2.03£,06
2 0.060.02 88.7+7.8 129.6 4.7 -34.3 126.9#¢1.1  2-prong star at rest 5.93£0.16
3 0.09£0.03  100.58.1 178.8 2.7 11.8 164.843.7  l-prong star at rest 3.23%0.09
4 0.10+0.06 103.0+15.0 109.7 - 13,5 -68.9 109.3x1.5 l-prong star at rest 7.17£0.19
5 0.09+0.03 9910 17.1 6.8 -35.1 44.1%#2.9  O-prong star at rest 16.0£0.4
6 1.8320.24  241.249.4 55.5 22.0 -19.1  65.2#1.8  l-prong star at rest 11,5403
7 2.75%0.19 273.526.1 64.4 20.5 10.5 62.5£7.5 0-prong star at rest 0.153+.010
8 1.492.20 227.248.4 165.2 5.5 -26.9 154.341.0  O-prong star in flight 1.48 1.00£.04 1,06
9 1.60£0.23  231.929.1 5.3 0.0 50.0 50.244.3  l-prong star in flight 1.24 1.01£,05 0,33
10 0.27520.270 138 3 36.5 13,7 -78.7  94.744.0  coplanar m-p scattering 1.16
11 1.3840.20  221.829.0 20.9 6.9 0.0 22.041.0  l-prong star in flight 2.88 1.184.04 0.2
12 0.5120.09  163x10 48.1 11.1 16.0  46.920.5  O-prong star in flight 6.66 1.112,04  0.77
13 2.7020.20  271.926.4 24.8 6.8 -11.1  30.5#1.4  4-prong star in flight 5.08 1.05%.04 4.6
14 2.10%0.18  251.66.8 108.9 0.9 . 22.7 107.0#0.6  out stack--16° scattering 9.1 1.75%.07  7.52
15 2.20£0.20  255.546.6 9.0 -2.1 -18.0  18.2x1.9  out stack--15° scattering 17.5 1.03+.04 17.2
16 0.37 fg:‘z’" 15050 42.3 51.9 -3.8  66.3x1.0  out stack--120° scattering 3.74 1.06£004 0.2
17 3.37+0.22 291.245.9 1.5 24.8 8.3 16.5+3.7 O-prong star in flight 21.26 1.25+,08 20.9
18 2.34£0.20 260.3%6.4 151.5 2.6 7.9 149.7%2.2 out stack--10° scattering 1,49 1.75+£.03 0.2
19 0.2950.20  140%%} 21.5 3.5 61.7  60.4%2.2 energy loss and scattering 0.64 1.1520.4 0.2
20 0.58%0.19  171.7#14.9 13.1 0.0 22.1  25.6%2.9  out stack 22.5 1.06x.04 19.15
21 1.4220.21  223.9%.95 20.6 17.1 -20.7 42.84#2.7  out stack 21.9 1.14£0,04 19.8
22 2.31£0.21  259.4#6.7 44.4 4.4 -11.5  46.920.6  out stack 21.49 1.0750.06 19.8
23 0.27s0.20 137724 74.9 -8.9 - 25 74.3%0.5  out stack 20.6 1.0920.04 19.8
24 0.2230.06  129%10 0.7 -10.8 23.9  34.7#2.3  out stack 20.49 1.14+0.04 19.65
25 1.08£0.19  206.3%10.0 13.9 0.0 25.0  28.4#3.3  out stack 20.16 1.09+.04 19.5
26 1.0740.23  205.5%12.1 41.5 16.8 143 40.040.6  out stack _ 18.95 1.19%,05 18,65
27 0.97£0.19  200.0£10.8 41.8 1.3 17.0  44.0s¢1.2  out stack 14.11 1.01£.05 12.6
1.075405 0.1
28 1.62£0.25  233.0%9.8 17.4 5.4 -21.5  31.9#3.3  out stack 11.8 1.48£0.06 11,52
29 1.0020.23  201.712.6 6.5 10.9 -75.0  62.024.0  out stack 11.59 1.3520,07 11.3
30 1.9920.21  247.227.9 33.4 2.9 -38.7  51.7#2,0  out stack 10.31 0.98£0.05 9.9
31 1.30£0.20 218.129.3 130.0 7.5 38.4 114,842.4  out stack 9.2 1.11+,04 4.7
. . 1.14£,04 7.9
32 0.24£0.08  132.8#11.6 5.9 25.8 65.5  39.9#3.4  out stack 8.22 1.045+.04 6.77
33 2.0920.22  251,248.3 69.0 -6.6 25.7  74.3#0.7  out stack 8.1 1.50£0.05 7.8
34 0.5820.23  171.7#17.7 88.5 15.8 -46.5 100.4+1.4  out stack 7.40 1.08+£.04  3.37
35 0.6240,20  174%19 55.8 -16.0 -52.9  56.9%0,8  out stack 6.5 0.97£0.05 6.1
36 2.5820.25  268.048.0 75.6 1.6 -17.7  76.840.6  out stack 5.08 1.15%.04 4.8
37 2.6520.21  270.36.7 124.3 4.6 -84.9  97.5£1.4  out stack 4.65 1.15+,04 4.2
38 0.5240.08 16749 149.5 10.9 10.9 143.7+1.7  out stack 4.39 1.20+,045 3.7
39 1.06£0.20  205.2410.9 161.5 12.7 -46.5 151.5%3,5  out stack 3.8 1.1120.04 3.2
40 1.10£0.23  207.5%11.9 165.7 9.0 17.6  149.842.9  out stack 3.34 1.07+£,04 0.9
41 0.85£0.25  191.9£15.3 174.2 4.0 7.8 166.8+1.2  out stack 3.25 1.74+,07 2.8
42 2.5940.24  268.3%7.7 135.8 0.0 -49.8 152.4#3.1  out stack 2.5 1.14£,04  9.96
43 0.59£0.24  172,2+18.2 115.3 31,2 20.6  99.2#3.2  out stack 2.25 1.11£04 1.9
44 1.7240.20  237.0x7.7 166.4 -1.8 -35.2 140.8#1.2  out stack 1.90 1.24£.05  0.90
45 1.38+0.20  221,849.2 175.0 0.0 40.3 139.5#2.8  out stack 1.90 1.21£.04  0.88
46 2.56%0.20  267.246.3 167.0 -16.6 25.7  135.9#3.3 out stack 0.90 1.60£0.06 0.2
47 2.2320.18  256.4:5.8 170.7 16.1 2.4 159.4%1.2 out stack 0.76 1.00+.04 0,35
0.54 1.09£,05  0.27

48 2.85£0.19 276.5%5.7 149.0 0.0 51.9 121.9%3.8 out stack
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Table II

Comparison of computed and measured secondary momenta

Calculated secondary momentum, Measured momenta for possible
assuming decay mode under which listed secondary identifications
{Mev/c) (Mev/c)
Event sz KM3 ‘an K"3 Ke3 Modes consistent with
1 154.9+1.2 - < 89.0 Ly 105.2+1.0 Interaction
2 178.2£2.2 - 154.3%1.6 Interaction
3 160.1+3.9 < 97.4 . T 123.4+1.2 : Interaction
4 183.4%2.5 L 166.4%1.7 Interaction
5 238.943.7 E "235.5%2.8 K_,. Interaction
6 217.6+2.4 L 202.0+2.3 Interaction
7 < 144.8 L 4841 K ;. Interaction
8 116.3+3.7 m >260 - Interaction
9 260.6£10.8 - 3457213 K_,, Interaction
- 50 w2
10 189.1+1.5 L g 264%11 Interaction
11 318.04.3 < 217.8 " 188+21 K 3, Interaction
12 254.443.3 - 263144 K_,, Interaction
: -27 2
13 322.7+4.6 w 306“34 K ., Interaction
- 36 w2
14 145.821.1 - zas*ég Interaction
is 342.7+4.4 ™ 425+235 K_,, Interaction
- 60 L
16 223.749.5 T © 263£40 K_,. Interaction
17 ’ 366.8+7.5 T 328422 Kn-Z’ Interaction
18 107.7+2.6 T 110x7 erZ' Interaction
19 <254 e >5 K3
20 322.747.7 < 295.9 287.6+7.4 ™ 390*22 K
- p2
+65
s 322_24
21 312.57.2 < 286.2 ™ 34022 K ,, K
’ . w2 w3
'8 287+21 Interaction
22 309.3+2.8 < 283.1 272.742.7 ™ 374fgg K .+ Interaction
+52
" 31375¢
23 244.8%3.2 < 223.6 T 350+35 K ,, Interaction
. -25 w2
+30
n 289_17
24 292.14.8 < 267.5 258.7+4.6 o 338+17 K,z Interaction

" 28315

#
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Table' Il (continued})

Comparison of computed and measured secondary momenta

Calculated secondary momentum,

assuming decay mode under which listed

Measured momenta for possible
secondary identifications

tMev/c) {Mev/c)
Event KMZ K“3 erZ Kv3 Ke3 Modes consistent with
25 336.147.0 < 308.2 299.946.8 - 362742 K ,, K, ,, Interaction
- [res w3
+28
" 300757
26 313,4%4.7 < 287.1 249.0%4.1 " 418+237 K ,. K ,, Interaction
-68 w2' w3
+150
M 355" 20
27 303.4£4.6 <271.9 268.4%4.4 " 411257 w2 Kus
u 319433
28 341,248.3 <312.8 304.248.0 ™ 220%4 . K3 Interaction
" 18543
+15 ;
29 221.1%4.4 < 201.4 188.9+4.2 ] 230_ 3 sz. K“3. Interaction
" 1g2*11
-5
30 294,126.0 < 269.0 258.345.8 M 460*2é° K ;. Interaction
- 60
355104
* - 43
31 177.243.2 < 160.6 146.523.1 " 263423 K, Interaction
" 205217
32 288.845.9 <263.8 254.825.6 n 326+299 K, K, K, Interaction
256+154
* - 33
33 236.8+1.8 <215.8 202.841.8 " 19245 K . K_,, Interaction
M 158::4% 13, w2
34 206.3£2.3 < 187.7 175.342.2 " 2ntae K,2. Interaction
+27
I 208-13
35 273.545.2 < 250.2 240.145.0 6002195 K, K 3 K, Interaction
4584143
36 228.7#1.5 < 208.2 194.441.5 " 240%22 K., K, K_, Interaction
-18 w3, "u2’ w2
" 188+16
.13
37 187.142.3 < 169.5 15432.2 <182 « 235428 K ,, K ,, K_., Interaction
_20 w2 w3 e3
+19
184
¢ -16

>10



Table II {continued)

Comparison of computed and measured secondary momenta

Calculated secondary momentam,
assuming decay mode under which listed

Measured momenta for possible
secondary identifications

(Mev/C) Wev/c)
Event K“Z Kp3 sz K_"3 Ke3 Modes consistent with
38 171.143.7 < 155,1 141.943.6 ™ 210422 K, K, 3 Interaction
" 157220
39 177.0%4.3 < 160.5 146.6+4.1 . T 253428 Kp,Z' Interaction
" 195420
40 153.945.3 < 139.0 107.245.0 " 264433 K ,» Interaction
" 200426
41 158.8%7.7 < 139.0 125.0+7.4 T 1225 Kﬂ-Z' KH3’ Interaction
" 10443
42 159.943.9 <il44.3 128.543.7 <164 7 224f;i K,,, K3 Interaction
+15
s 170-15
e >10
43 207.744.3 < 189.0 176.6%4,1 <21l « 244228 K o K30 K. K 3, Interaction
: " 187120
e > 10
44 149.223.0 < 134.6 119,5+2.8 " 170421 sz, Kll3' KnZ' Interaction
" 187220
45 154.823.8 <139.8 125.2%3.7 w 187422 K, K3 K ,, Interaction
. - s 14315
46 143.543.2 < 129.1 113.2%3.0 T 10228 K, K3 Interaction
47 134,7+2.8 <121.0 105.4+2.7 ™ > 238 Interaction
> 168
48 152.984.3 < 137.8 121.744.0 <158 w 2370 K,  K,3 Interaction
M 178fg;

>5

s

-L2-
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columns 3 through 6 of Table I. Column 7 lists the measured momenta
of the secondaries derived from the information in columns 10 and 11
of Table I for all possible identities of the secondary. . For the first
nineteen events listed the secondary is identified by the information
given in column 8 of Table I. Four of the secondaries left the stack
a short distance from the decay point, with ionization near the plateau,
and therefore could be electrons. All of these were too steep for
multiple-scattering measurements. Column 8 of Table II lists the
modes with which tﬁe event is consistent, with the most probable
mode listed first. As can be seen, most of the events are consistent
with more than one mode, and in addition each event whose secondary
could be a pion is a possible nuclear interaction.

To determine the distribution of the decaylike events among

K K K and nuclear

the modes considered -- K ., K , ,
: w2 m3 el

n3’ w2’
interaction -- a probability matrix, P, of which an element Pij gives
the relative probability that the ith event belongs to the jth mode, was

derived and normalized to ZjPij = 1. Then Z’i Pij is the population

of the jth mode. . The- Pij were determined graphically as shown

in Fig. 8 by plotting for each event the computed secondary momenta
for the relevant modes from columns 2 through 6 of Table II. The
two-body momenta were plotted as normal probability.curves and the
three-body . spectra were approximated by means of triangles with
maximum probability at two-thirds of the maximum momentum. On
the same graph the probability distributions of momentum from the
measurements on the secondary (columns 8 and 9 of Table II) were
drawn. All curves were normalized to unit area., Product curves

of the ordinates of the computed and measured momenta curves.
were drawn, and tlr.le areas under these determine the relative prob-
abilities of the modes. The spectrum used for the 7 from nuclear
interactions in flig.ht is that shown in Fig. 9. Eisenberg et al. 22

have calculated the spectrum of m expected from the in-flight interactions
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Fig. 8. Momentum probability distribution.
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Fig. 9. Spectrum of 7 from K~ interactions in flight.
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K +n-~7 + AO

-7+ 20
for pion energies up to 100 Mev and for K meson energies from
5 to 150 Mev, taking into account scattering of the pion in the nucleus.
These curves are roughly the same and agree with the spectrum of
" pions observed by them. The curve used here is their curve for
A 7w production plotted against momentum and made to decrease linearly
to zero at 395 Mev/c, the maximum pion momentum obtainable at the
K -meson energies under consideration. The shape of this curve
beyond 100 Mev (195 Mev/c) and the maximum momentum are not
critical since the lower energies are more probable and the probabilities
involved are small in relation to those of the decay modes with which
they are being compared. This is borne .out by the decaylike interactions
observed in this study. One further piece of information is available
for those events whose secondaries left the stack without ha&ing suffered
" niclear scatterings and could gherefore be pions or muons. The
 probability of a pion's traveling a distance x in emulsion without
interacting with a nucleus is e-=X A , where \ 1is the mean free
path. Therefore, the relative probabilities for the pionmode should
be multiplied by the factor e -x/N /(1 + ¢ -x/)\), and those for the
muon by 1/{1 + « -x/\

a muon scattering greater than 7 deg is 18 meters, 23 this possibility

). Since the mean free path in emulsion for

(I:.a__n_be neglected. A similar argument holds for events consistant

with the Ke3 modé. An eléétron is recog.nized by its characteristic
energy loss and scattering. The radiation length in emulsion, 2.91 cm,
has been taken here as a mean free path for an identifying energy loss
by an.electron. The areas under the product curves maultiplied by

the appropriate distance factors are then normalized to unit total
probability to give the Pij presented in Table III. The distribution

- of the decaylike events is then given by the totals (p. 38) from Table
III.
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Table III

Probability distribution of decaylike events

Event KpZ KM3 ) KnZ K"3 Ke3 Interaction
1 1.00
2 1.00
3 1.00
4 1.00
5 0.98 0.02
6 1.00
7 0.71 0.29
8 1.00
9 0.83 0.17

10 1.00

11 0.62 0.38

12 0.91 0.09

13 0.93 0.07

14 1.00

15 0.98 0.02

16 0.84 0.16

17 0.89 0.11

18 0.86 0.14

19 1.00

20 1.00

21 0.91 0.05 0.04

22 0.99 0.01

23 0.75 0.25

24 0.99 0.01

25 0.98 0.02

26 0.93 0.06 ' 0.01

27 0.99 0.01

28 0.88 0.12

29 0.60 9.23 0.17

30 0.99 0.01

31 0.89 0.11

32 0.74 0.10 0.13 0.03

33 0.47 0.45 0.08

34 0.96 0.04

as 0.65 -.10 0.17 0.08

36 0.14 0.52 0.17 0.17

37 ~0.88 0.01 0.07 0.04

38 0.81 0.12 0.07

39 0.93 0.07

40 0.78 0.22

41 0.19 0.69 0.12

42 0.81 ) 0.14 0.05

43 0.66 0.08 0.06 0.13 0.07

44 0.60 0.17 0.04 0.19

45 0.85 0.05 0.01 0.09

46 0.34 0.49 0.17

47 1.00

48 0.57 0.32 0.11
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The spectrum used for pions from interactions was calculated
for all interactions in flight, and may not be correct for decaylike
interactions, as it might be expected that the pions from them would
: -ha‘ve scattered less within the nucleus-and'would leave the nucleus

with greater energy. However, Eisenberg et al. 22 find that the

pions from events in flight with no stai)le prongs seem to have the
same spectrum as those from all events in flight, Which would indicate
they do scatter.as much. The decaylike interactions in this study are
also consistent with this assumption, aithough not enough data have
been obtained in either study to determine the pion spectrum of decay-
v like interactions. So that the effect of this spectru‘m on the final results
might be. seen, the Pij were determined for an extreme case--a
uniform spectrum from 100 to 400 Mev/c. This yielded a total of
17.53 interactions among the 48 decaylike events, 'compared with
12:78 for the spectrum used. - Eisenberg et al. 1o have analyzed

K™ -meson-nuclear interactions in flight which have a blob and one
pion secondar y, and find that 70% do not fit the kinematics of either

of the two-body decay modes. Nine of the decaylike events were not
consistent with any mode, which would predict a total of 12.9 decaylike
interaction’s if the ratios are the same for events with and without
blobs. ‘

The decaylike events are not an unbiased sample, because the
secondaries missed are most probably the more lightly ionizing
two-body modes. The problem of the undetected secondaries was
complicated by differing minimum blob dehéities in the different
development batches and a particulérly low blob density in one .of
themm. Each of t<he disappearances in flight was re-examined twice
by éompetent observers; three additional secondaries were found on
the first rescan and one on the second rescan. The efficiency of
the scanners for detecting the electrons from muon (iecays was
determined previously to be better than 95% in pellicles with a
minimum blob density near that of the highest in the 2B stack (19

blobs per 100 microns). However, three factors act to lessevn the
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efficiency for finding the secondaries from decaylike events: First,
the scanner knows there is a secondary from the muon decay, whereas
the K meson in flight may or may not have a secondary. Second,

the decay point of the muon is well defined, while that of the K meson
in flight may be several microns from the last blob. Additionally,

the electron from muon decay is at plateau ionization, which is
approximately 15% above minimum. It is difficult to estimate how
much these effects and the lower minimum blob density decrease

the efficiency for detectlng secondaries.

One estimate of a lower limit to the number of missed decay
secondaries may be made from the angular distribution of those
detected. Figure 10 shows the distribution of the cosine of the angle
between the K meson and the secondary in the center-of -mass system
for all of the two-body decays. These, of course, would be expected
to be isotropic, and decay secondaries missed would most probably
~be those of K 5 OT K w2 since they contribute the majority of decays
and their secondarles are lighter in ionization. A XZ test gives a
probability less than 0.02 that a uniform distribution would give
deviations larger than shown in Fig. 10. Eight decays added in the
region -0.5< cos 0 < 0 would make this distribution uniform. The
secondaries in the region -0.5< cos 6 < 0.5 are those most likely
to be missed because those with cos 0 less thaﬁ -0.5 will be emitted
more slowly in the lab system and hence have a higher grain density,
while those with cos 8 >0.5 will tend to be flat. |

Figure 11 shows the dip-angle distribution of those secondaries
emitted with a c. m. angle between -60 deg and +60 deg. Again,
Within. statistics, we would efcpect an even distribution from -90 to
+90 deg. Although there are fewer events in this group, a definite
bias for detecting secondaries with dip angles between +30 and -30
deg is evident. Here too, approximately eight additional events with -
dip angles steeper than 30 deg would be required for axial symmetry.
As mentioned before, these estimates would be lower limits to the

number of missing decay secondaries, as they 'are made with the
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Fig. 10. Cosine of c.m. angle for two-body decays.
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11. Dip angle of equatorial two-body decays.
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assumption of 100% efficiency for detecting secondaries emitted with
a c.m. angle greater than 120 deg or less than 60 deg.

An estimate of an upper limit to this number may be made as’
follows. Thirteen decaylike nuclear interactions were found which

presumably represent the reactions

K +n- AO +
ZO + o
Since there are 1.24 times as many neutrons as bound protons in

emulsion, we would expect 11 true disappearances in flight from the

reactions
AO + 11'0
~ 20 + 'no

From the 81 meters of K -meson track followed we would expect

two interactions on free hydrogen of the type

K +p —» v+ 0
and one charge-exchange scatter. This same ratio among the ''clean’
interactions with :pound protons would predict five true disappearances
from charge-exchange scatterings on bound protons. This predicts a
total of 19 true disappearances or 19 undetected secondaries. Of the -
decaylike events with secondaries of ionization less than that of a 10-cm
pion, 20% are nuclear interactions. This same ratio among the undetected
secondaries would leave-a total of 15 undetected decay secondaries.

A third estimate (which is probably not as. reliable) can be made
by comparing the percentage of clearn zero-prong interactions at

rest with that of the in-flight interactions. This ratio is 146 - 0.068,
2156

which would predict 25 disappearances in flight and 13 undetected -
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secondaries if these ratios could be expected to be the same. The
first two estimates seem much more reliable, however, and their
average, 11.543.4, will be used as the best estimate of the number

of undetected decay secondaries. These are divided among the decay
modes in the same ratio as the analyzed decaylike events with

ionization less than that of a 10-cm pion: 60, Kp.Z’ 8.9% KH3’
24.8% K ,, and 5.6% K ;. This gives the following for the total

population of each mode.

Decaylike Undetected Total
events secondaries

sz | '19.,40 6.98 . 26.4%5,1

K 3.40 | 1.02 4.422.1
w3 - v ‘

K 9.43 2.85 : 12.3%3.5
w2 .

K 1.33 0.00 1.321.2
11_3

K ‘ 1,66 0.64 2.3x1.5
e3 .

All 35.22 11.50 46.76.8

No 7~ mesons were found in this study, although they have of course
been seen by otherslo’ 1 and are the most easily detected decay.

mode. The likelihood of there being n events when none are observed
is given by e ', which gives a maximum likelihood of zero with an

rms spread of 1.0. We have, finally, the percent relative abundances:

K|.LZ . K|J.3 KTrZ K1'r.3 Ke3 T

56.5+7.3  9.5%4,3  26.3%6.6  2.8%2.4  4.9%3.2  0.0+2.1
L]

Only the statistical errors have been included.
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" The Lifetifne Calculation

The proper time during which a K™ meson cbuld have .de;:ayed and
been detected w:as derived as follows. In each 5 mm across the face
of the stack the distance along the beam direction from the 'p_ickup to
the mean stopping point was used to determine thevmean provp-élr time
in each segment, from the tables of Barkas and Young..24- This
rhuitiplied by the number of stopping K mesons was the total proper
time for mesons that came to rest. For the in-flight events the
residual proper time was subtracted from the mean proper time,
From the 2156 K~ mesons that came to rest the total proper time.
was 5.911><10-7 sec, and from the 426 in-flight events the total was
4.96X1078 sec, making a grand total of 6.407%10" "

calculation we eliminate from consideration the segment of track at

sec, . For the lifetime

the end of its range in which a K~ meson, had it decayed, might have
been considered to be at rest. This was estimated to be 0.3 rﬁm,‘ and
none of the decaylike events was in this range. We also eliminate.from
‘consideration the first mm of track from the pickup line, siﬁc‘e events
in this region could not be distiﬁguished from neutron-induced stars
with outgoing proh_gs and.were not recorded in the initial scanning.
These corrections leave a total proper time of 6.0:5‘7><10-7 sec, and

| 46.7%6.8 decays, Which yields for the K_-rrjeson mean lifetime.
1?30f8:f$ X 1078 sec.

| Since secondaries from events neaf the top and bottom surface
are mor'e_ likely to escape detection, the lifetime calculated with the
“top and bottorn suffaces of each pellicle excluded is probably less
subject to systemé,tic error. Only two of the decaylike events lie
within 30 microns of either_surface, whereas from a uniform distri-
butidﬁ Wevwduld expect five. Three of the disappearances in flight

lie in this region. Excluding the top and bottom 30 microns of un-
processed emulsion leaves a total proper time of 5.485 X 10_'7_ sec,

33.5 decays from the decaylike events, and 10.5 decays with undetected
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secondaries, or a total of 44.'0:1:6,6 decays. This yields

1.25 +8%"27 X -10—8 sec for the K~ -meson mean lifetime.

The lifetime value is in excellent agreement with that of the
K+ meson, 1.223:!:00013X10-85ec, 9 and the relative abundances are
in reasonably good agreement with the values determined by Birge
‘et al. > and by Alexander, Johnson, and O'Ceallaigh, 6 except for that
of the 7~ mode, which is considerably lower than the T * abundance
quo';ed by either group, and the K;L3 abundance, which is higher than

‘either KZ?’ abundance but within one standard deviation of that quoted

- by Alexander, Johnson, and O'Ceallaigh.

.Because of the limited number of events.available for analysis
in this study, the statistical errors are too large to definitely establish
that the K™ -meson lifetime and relative abundancesare identical with
the corresponding K+-—meson‘ quantities. However, the results are
consistent with these identities, which are required by PCT invariance

. + - : . . .
if the K and K mesons are particle and antiparticle.



-41-

ACKNOWLEDGMENTS

I am particularly indebted to Dr. Walter H. Barkas for
suggesting and guiding this research. I am grateful to Dr. Robert
Thornton for his interest and encouragement. _

~It is a pleasure to thank the scanners who found the events
and aided in the measurements, particularly Miss Ernestine Beleal,
Mrs. Hester Yee, and Mr. Alan Betz for their cofnpetent:assistance
in following and biob-counting the decay secondaries.

To Mrs. Penny Vedder I express my gratitude for programming
the decay kinematics calulation and aiding in the IBM 650 computations.

My sincere appreciation to Mr. James Hodges for the construction
of the ionization microscope and to Mr. Thomas Taussig for the design
of the ionization tabulator.

I should like to thank the members of the Barkas group and the
Bevatron crew and all those who helped develop the K -meson beam
and aided in the exposure. '

Finally, to my wife, Joyce, for her continued enthusiasm and
encouragement and significant help in all phases of this work, my
deepest appreciation.

This work was done under the auspices of the U.S. Atomic

Energy Commission,



. ‘_4‘2—

APPENDIX I

Kinematic- Curves

Kinematic curves for the K ,, K ,, K _, and K , modes of
» -T2 p3 w2 w3

decay are presented as Figs. 12-15. These curves are solutions
of the equation

EIEZ - Py P2 cos 8 = C,
where the subscripts 1 and 2 refer to the primary and charged

secondary and

_ 2 2 2
C = 1/2(M1 M, - M)
is a function of the masses of the one neutral and two charged particles
involved. For the three-body modes the maximum momentum of the

secondary is shown. These curves were computed with an IBM 650

program supplied by Dr. Howard White.
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APPENDIX II

Jonization-Data Microscope and Tabulator

Sincé ionization determinations constitute a large part of the
measurements taken in emulsion work, it is desirable to improve the
speed, objectivity, and ease of making them. The apparatus described
here was built for this purpose, and has jproved to be of greaf value
in this work. It consists of a specially modified microscope -and an
electronic data tabulator, and borrows heavily from a device described
by Baroni and Castagnoli. 25

A constant-speed reversible electric motor 'drives the x movement
of the microscope stage through gears at 40 and 200p/min.. To aid in
alignment of tracks with the x movement, a rotator with vacuum hold-
down for the plate is mounted on the condenser frame, permitting a 60-
deg rotation of the plate about the optic axis. Vacuum hold-downs on the
stage also are provided so that the plate may be fixed to it without risk
of disturbi'ng the aligment.

The tabulator is a transistorized modification of the circuit used
by Baroni and Castagnoli. 25 On one traversal of the track, it
tabulates ‘upon the operation of one push button, the total number of
gaps, the number of gaps greater than a preset length, and the
integrated gap length. The tabulator is turned on by a foot switch

"simultaneously with an electric clock, which indicates the total time,

or length of track scanned. The push button is depressed as the beginning
of a gap crosses a line on the reticle and released at the end of agap.
This svitch operates a second clock which integrates gap length,v a

counter which totals gaps and through a variable RC circuit, the

long-gap counter. The instrument is shown in Fig. 16.
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ZN-2244

i Fig. 16. Ionization-data microscope and tabulator.
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