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ABSTRACT

A photoelectric method for the measurement of ionization
of cloud chamber tracks has been developed. The principal feature
of the method is the use of a comparison track of known ionization
in the same part of the chamber. A microphotometer slit is made
to scan the track perpendicular to its direction and a tracing of
the transmission of the track relative to the background transmis -
sion is obtained. A calibration curve is established and the method
is used to measure the ionization of various tracks. The error of
measurement is of the order of 10 per cent. A theoretical treat-
ment of the problem is carried out to show the effects of various
physical parameters not easily ascertained experimentally.

An analysis of 101 charged V-particles decays, observed
with a double cloud chamber, is presented. The events in the upper
chamber appear to have markedly different properties from those
in the lower. The particles in the upper chamber have measured
properties which are in every respect consistent witﬁ those of the

-10 to 2 x 10'-10 sec; (b) mass

kappa meson: (a) lifetime 5 x 10
‘ IOOOme, and (c') transverse momentum distriﬁution consisfent with
a.three—body decay scheme. The majority of the particles in the
lower chamber, on the other hand, are tentatively identified as
charge hyperons with the aid of two cases which appéar to have
proton secondaries: (a) lifetime 10—10 to 3 x 10—10 sec; and (b)

transverse momentum distribution consistent with a two-body de-~

cay scheme.



TABLE OF CONTENTS

PART TITLE PAGE

I PHOTOMETRIC DETERMINATION OF IONIZATION
OF CLOUD CHAMBER TRACKS

1. Introduction 1
2. Apparatus 2
3. Theoretical Considerations . 12
4. Preliminary Measurements 20
5. The Use of Comparison Tracks 25
6. Correction Procedure ' 27
7. Calibration | 29
8. Errors of Measurement 33
9. Application of the Method ' 34
10. Limitation of the Method 41
11. Suggested Improvements of the Method _ 44
12. List of Figures ' 45
13. References ' 46

II CLOUD CHAMBER STUDY OF CHARGED
V-PARTICLES

1. Introduction | 47
2. Apparatus and Measuring Techniques | 48
3. The Data 51
4. A Preliminary Survey of the Data 54
4:1 Distribution of decay points 54
4:2 Search for associated Y-rays 63

4:3 Mechanism of production 65



PART

II (Cont'd)

TABLE OF CONTENTS (Cont'd)

5.

11.

TITLE

Determination of Lifetimes of Charged
V-Particles

5:1 Reduction of the data

5:2 The upper chamber

5:3 The lower chamber

Additional Properties of Charged V-Particles

6:1 Masses of charged V-particles and
their decay products

6:2 The distribution of transverse
momentum

6:3 The distribution of momentum in the
center-of-mass system

The Frequency of Production of Charged
V-particles

The Charged Hyperon (V1+)
Conclusions
List of Figures

References

PAGE

68
69
72

82

85

86

89

92

94
97
101

105
106



-1-

I. PHOTOMETRIC DETERMINATION OF IONIZATION

OF CLOUD CHAMBER TRACKS

1. Introduction

In an analysis of cloud chamber events, which are recorded
on photographic film, it is often desirable to obtain estimates of the
masses of the particles involved. When the cloud chamber is oper-
ated in a magnetic field, such as in this experiment, * the momentum
of a particle can be determined by measurements of the .c':urvature of
track on the film. But in order to arrive at a reasonable estimate
of the mass it is also necessary to know the ionization of the .parti-
cle to a fair degree of accuracy. In the past, working‘ with the ap-
paratus useci in this experiment, ionization estimates were made
visually. (1-4) The method of droplet counting, successfully used

(5,6)

with other cloud chambers, was not applicable. The time be-
tween the passage of the triggering particles through the chambers
and the expansion was not of the length required for the ions to dif-
fuse sufficiently far to allow the individual droplets to be resolved,
since this would mean less well defined tracks and consequently in-
accurate curvature measurements. However, it was hoped that im-
provements over the visual estimates could be ma;d,e by measuring
the density (or transmission) of tracks on the film by photoelectric
means. This method has successfully been applied to nuclear emul-

sions;(7) however, there the situation is somewhat different as the

grains in the emulsion are directly affected by the ionizing particles.

* The cloud chamber and its operation is described in PartIi, Sec-
tion 2,
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Since the present measurements were begun, there has been a re-
port of a similar technique used successfully on cloud chamber
pictureé . (8) |
It must be emphasized that the method presented here is of
a preliminary natux;e, and that several improvements and modifica-

tions can be made. A program for further development will be

outlined.

2, Apparatus

The apparatus used was a precision microphotorrieter, which
was designed primarily for the measurement of spectroscbﬁi_c
plates. However it was easily adapted for measuring the cloud
chaﬁ:mber films. The entire set-up is shown in Fig. 1. The film
v-vas mounted between glass plates on the carriage which could.be
- moved in two perpendicular directions, one of which had ‘a foﬁr-
speed automatic precision drive. The film was so piace_d on the
carriage that the track to be measured was perpendicular to the
- direction of this precision drive. Light from a volt‘age regulated
projection lamp, in series with a variable rheostat, was projected
onto the film (Fig. 2). The illuminated field was then magnified,
and focused on the slit., A photograph of the slit and a projected
track is shown in Fig. 3, The track was moved across the slit by
the precision drive in the direction shown by the arrow. The
light admitted by the slit was picked up by an RCA - 931A photo-
tube and the out-put of the tube was amplified and fed to a Leeds

and Northrup Speedomax recorder.



i

Fig. 1. The microphotometer and associated electronic apparatus.
(A) the power supply and high voltage supply, (B) the amplifier, and
(C) the Leeds and Northrup Speedomax recorder. The controls for
the carriage movement are located at (D).




Fig. 2. A close-up view of the microphotometer. The film on the car-

: riage (C) is illuminated by a voltage regulated projection lamp (A). A

E red filter and a limiting aperture (B) is inserted in the lightpath to mini-
mize scattering effects. The microscope objective focuses the image of
the track onto a slit (D), through which the light is admitted to the photo-

tube (E). .
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Fig. 3. The slit and the image of a heavily ionizing cloud chamber track.
(enlargement 4. 25 X) The total magnification from chamber to photograph
is 11 times; a scale of dimensions in the chamber is shown. The instru-
ment scans the trac« in the direction of the arrow.
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A schematic diagram of the electronic circuit is shown in

(9, 10)

Fig. 4. The amplifier is based on the Vance-circuit and its

principél features are: (l) very high stability, (2) extremely linear

relationship between in-put and out-put, and (3) high gain. The

amplifier is so designed that the gain depends only upon the ratios

of the resistances of" wire-wound resistors; this insures stable cali-

brations andlinearity of scale. The amplifier is capable of measuring

the out-put of the photo-tube to within a fraction of 1 per cent. A

warm-up period of about one-half hour is required to insure stability.
The microphotometer was designed to measure At-he transmis -

sion of the part of the filmn projected through the slit. Several de-

grees of freedom, however, were available in the use of the instru-

ment. A schematic diagram of the various adjustable parts.

(numbered 1 to 7) of the instrument is shown in Fig. 5. And, in

order to obtain optimum reproducible conditions for the transmis-

sion measurements, these degrees of freedom had to be adjusted.

1. The out-put of the projection lamp could be adjuéted with a vari-

able rheostat. The power supplied to the lamp was chosen well

below the power-rating for the lamp to insure long life, and was

not changed throughout the measurements.

2. The magnification of the image of the track on the slit could be

varied from 2x to 16. 3x by changing the microscope objective.

The magnification from chamber to film was 1/6.3x, and in order

to obtain an image on the slit larger than actual size in the chamber,

only one objective was used, having a magnification of 16.3x.

3. Both the length and the width of the slit could be varied. The

length of the slit was found not to be very critical, however the
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longer the slit us_ed the fewer measurements had to be made along
the track, and also the fluctuations in density along the length of
track covered by the dit would tend to average out.. The maximum
length of slit available was 2.50 cm (~ 1 c¢m in chamber), and this
length was used for most of the measurements. For very curved tracks
it was necessary to use a shorter slit length.
i. The width of the slit, on the other hand, was found to be very
critical. Too narrow a slit would make the instrument respond to
minute fluctuations in density both across the track and in the back-
ground. A very wide slit would average out the Background fluctua -
tions, but would not give a measurable response when scanning
across the track. The slit-width chosen for the measureméﬁts, a
.compromise between these two extreme conditions, was 1.5 mm,
This corresponds to 0.58 mm in the chamber, and is of the order
of the track-width. Measurements on the change in tr-a.nsn'iission
of a track as a function of slit-width will be discussed in Section 4.
5. The amplification of the out-put of the photo-tube could be varied
by a factor of about 104. For each measurement the amplification
was adjusted so that when the slit was scanning the background a
recorder-pen deflection of approximately 0.9 (full-scale = 1.0) was
obtained. The value 0.9 was chosen rather than 1.0 to allow for
variation in the background transmission.
6 and 7. Both the speed of the film-holder carriage and the speed
of the recorder paper were adjustable, but only within a narrow
range. The carriage speed (i.e. the speed with which the track
moved across the slit) was chosen so that the total vscanning period,

including the time it took to scan 3-4 track widths on each side of
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the track, was about 15 seconds. The paper speed was adjusted to
give a linear scale of 54 times that of the film, or 3.3 times that
of the élit. This magnification was found to give a trace which was
easy to read and at the same time occupied very little space.

It is essential for these measurements that the recorder-
galvanometer readiﬁ'g is proportional to the amount of light reach-
ing the photo-tube; and in order to test this, the following experi-
ment was performed: A calibrated step wedge, with very uniform
density for each step was placed under the microscope in the usual
manner. For each step the slit-widths corresponding t§ galvanome -
ter readings of .9, .7, .5, .3, and .1 were noted. Similar sets of
readings were taken for a total of nine steps, varying in transmis-
sion factors from 87.0 per cent to 6.5 per cent, covering the range
of film blackening encountered on the cloud chamber photographs.

Since the amount of light admitted to the photo-tube through
the slit is directly proportional to the width of the slit, the ratio
of the galvanometer readings should be the same as the ratio of the
corresponding slit-width if the instrument is strictly linear in its
respohse. The results obtained as described in Table I show that
‘this holds true.

In the table the galvanometer-reading ratios are shown in
the left-hand column, and are constant for the nine steps. All slit
widths ratios were taken with respect to the slit width correspond-
ing to the galvanometer reading of .9. The percent transmission

values for each step of the wedge are also shown.
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3. Theoretical Considerations

The method adopted for the measurement of the selected
denSity-depéndent parameter and its correlation with ionization
was arrived at by an empirical approach. However, it is very
instructive to invesfiga.te the problem from a theoretical point of
view before describing the method in detail.

The physical process under consideration can briefly be
described: a charged particle passing through the chamber trig-
gers the counter banks; and after a time delay T , during which
time the ions formed along the path of the particle will have
‘diffused away from their point of formation, the chamber is ex-
panded and supersaturation takes place. The ions are now covered
with water-forming drops and their mobility is reduced to zero.
‘A photograph of these tracks, properly illuminated is taken, and
after processing the film, the images of the droplets along the
track are projected onto the slit of the microphotonieter and the
transmission of the film is measured. It is desired to find a re-
lation between the transmission and the number of ions per unit
length along the track.

If recombination of the ions formed along the path of the
particle is neglected, the distribution of ions at a distance r from

(11)

the center of the track, after a time T , is given by:

N(r) = exp (-r2/4DT) (1)

. _
47vDT
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where n is the total number of ions per unit length of track, and D
is the diffusion coefficient of the ions. The projected distribution
on the p.lane of the film of the droplets formed on these ions is found

by integration:

00
p(x)dx = :1—1]1}"1%_’\7{ exp—[(xz-fyz) /4D’CJ dy] dx
U Yo

(2)

p(x)dx = exp (-xz/4D’t ydx

YanD7T

Here e denotes the condensation efficiency and p(x) is the number
of droplet images per unit length of track between x and x+dx, where
x is the distance from the center of the track. Let m,y be. the magni-
fication from chamber to film and m, the magnification from film to
slit., Then the magnification from chamber to slit is m = m;m, and
the distribution of droplet images on the slit can be written:

2

p(u)du = ne exp (- —% ) du
m Y2w

(3)
u=x/s , o= )Y2DT

"where x and & are measured in mm in the chamber. Let S be the
width of the slit used, measured in mm on the slit. Then if the track
is centered on the slit, the number of droplet images per unit length

of track between +S/2 and -S/2 is:

. o -u~/2
o) = f e P
™ .
- & | (4)

p(S) = == Exf ( )

S
S
S
2Y26m
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where Erf denotes the well-known error func’cic)n(.1 2) In the emul-
sions used in cloud chamber work,the diameter of a siﬁgle droplet
image is between leo_3 and 3x1 0-3 cm, and is considerably larger
than the purely optical image in the plane of focus. (13) The size of
the photographic image is therefore determined entirely by the
properties of the emulsion. Individual droplet images can, how-
ever, be resolved (and consequently counted') only for lightly ionizing
tracks, a.nd. provided the proper chamber operating conditions exist. (1)
For heavily ionizing particles (greater than about 2 times minimum),
and with chambers for which the resolution is not sufficient for drop-
let counting even at low ionization, the track image is essentially
the result of superposition of single droplet images.

Let c denote the area of a single droplet image (in mmz on
the slit') and. leta = 8L (in mmz) be the area of the slit, where L

is the length of the slit in mm. Then the probability of having i

images overlap can be approximated by the Poisson distribution(14):
. =A
P(i) =
il
(3)
and X = p(Sa)Lc = f:se Erf( S )
22 m

Here n is the number of ions per mm of track in the chamber. The
quantity ‘A is a measure of the average number of overlapping images.
Now, if a single drop image transmits a fraction t of the in-
cident light, i superimposed images will transmit a fraction ti-v,
provided the linear part of the H-D curve is involved.(ls) Y is the
so-called "gamma'" of the emulsion. The total transmission, rela-

tive tothe background, of the film area projected through the slit
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can then be written:
DY i -y
T=e [1 - }_1_,.}._ ] (6)

Thus a relation between transmission and the specific iqniza;tion,
i.e. the number of ions per unit length of track relative to the mini-
mum value, has been established under the various as su:fnptions
stated above. It is now of interest to investigate the behavior of
T, substituting approximate numerical values for the various physi-

cal parameters:

D=0.072 cmzsec-1 (16)

T = 0.016 sec.
m= 2.58

S =1.5 mm.

c =0.19 mrnZ (13)

_ . . (17)
n_ . = 3.9 ion pairs /mm

e ~ 0.90
which gives for the parameters o&m and A

0.72 mm

Sm
py

where I is the specific ionization.

0.3621

The properties of the film have been determined, ¥ and the H-D
curve is shown in Fig. 6. The value of ¥ is 1,26, and the densi-

ties (d = -log T) of tracks relative to the background fall on the

* This work was carried out by Mr. A. Strassenburg in connection
with the design of a light source for the 48" cloud chamber.
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linear part of the curve.
Substituting these values, the expression for the transmission
becomeé

-0.361( 2

T=e 1 40.36t (140.0741% +0.0055% +....)] (7

The first term on the right-hand side of this expression is
the contribution to the total transmission from the part of the slit
not covered by droplets. The second term is the contribution from
single images, the third term from double images, etc. Thus only
for heavily ionizing tracks need the contributions from o_#erlapping
images be taken into account.

It is difficult to obtain an experimental value for t ; however
it is unlikely that it exceeds 0.10. In Fig.7, T is plotted as a func-
tion of I for three values of t : 0, 0.10 and 0.25. In deriving Eqn.
(7) the condensation efficiency was taken as 0.90. This value is be-
lieved to be correct for ideal operating conditions; however, such
conditions do not always exist, and the value of e majr vary consider -
ably for different expansions of the chamber. The effect such a varia-
tion has on the curve in Fig. 7 is to change the scale of the abscissa
(Ionization) by a factor ¢/0.90. For instance a 10 per cent decrease
in the condensation efficiency would increase the transmission for
a 5x min. ionizing track by about 17 per cent, and for a 2x min
track by about 11 per cent, irrespective of the value of t.

Furthermore, the background condensation also varies con-
siderably for different expansions and throughout the chamber for
each expansion. But since the range of background tfansrnissions

found experimentally, as shown in Fig. 6, is on the lineér part of
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the H-D curve, this variation will not affect the measurement of
transmission. Changes in illumination of the chamber, however,
will influence the measurements by changing the value of t. But
it is unlikely that for any change in the illumination t will fall out-
side the range 0.05 to 0. 25.

The transmission of an out-of-focus track can be seen to
vary with the degree of out-of-focus. Let this change be measured
by the ratio of areas of the images, c/co, when S is the area of
the image when the track is in focus. Provided the total amount
of light received is the same for both images, the transmission,

t, of the image ¢ will become:

c c ¥ -
t=l-gt [1-t°(?;) } - (8)

where t, is the transmission of the image of area Cor For the
most likely values of tos i. e. in the range 0.5-,25, an increase
in transinission (t) will occur for c/co greater than about 3, and
for smaller v_alues of c/co the transmission will decrease. But
the changes wiil not affgct the total transmission of the track to
.an_y appreciable extent. However the value of A, i e. the aver-
age number of overlapping images, is changed by a factor C/Co’
which corresponds to a change of scale of the abscissa in Fig. 7
by the same factor. For instance, for a 5x min. ionizing track the
total transmission would decrease by about 60 per cent if the area
of each image is doubled. For less heavily ionizing tracks the

change would be correspondingly smaller.
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From these considerations it is evident that the transmission
of a track cannot by itself be used to determine the value of the ioni-
zation. ‘However, if the transmission of the track is compared with
the transmission of a track for which the ionization is known, it
should be possible to obtain a measure which is largely independent
of the various cha.nges"’ discussed above. This approach has been
adopted to obtain an ionization-dependent parameter. The method

will be described in Section 5.

4, Preliminary Measurements

The effects of various physical parameters have been inves-
tigated from a theoretical point of view, and it is now of interest to
compare these results with the experimentally determined behavior

" of the transmission for different tracks. The parameter
f=1-T, (9)

where T is the transmission of the track relative to a transmission
value of unity for the background, was used rather than T itself, in
order to have a parameter which increases with increasing ioniza-
tion. The track to be measured was scanned as described in Section
2, and the out-put of the photo-tube traced on the recorder. The

slit was made to scan about four to five track widths on each side

of the track, in order to estimate the background density. Each
track was scanned four to ten times depending upon the length of
track inside the illuminated region of the cloud chamber. Repro-

ductions of actual tracings are shown in Fig. 8. The value of f was
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calculated from the tracings by Egn. (9), or as is shown in Fig, 8:
f=1 -hllh‘2 (10)

A typical tracing with four to ten independent measurements of f
aiong the track showed the variation in f to be about 5-15 per;cent.
This variation was aléb obtained for tra.cks traversing the chamber
in a plane perpendicular to the line of sight, i.e. for tracks with
nearly constant illumination. Thus any effect of changes in illumi-
nation could not be detected, which is in accord with the results
derived theoretically. Furthermore, the background traﬁsmission
varied considerably along the tracks, but no correlation between
these changes and the variation in f was found; again in accord with
the theoretical results. No quantitative measurements on the.
change in f due to out-of-focus images were made. However, for
tracks with parts of the track out-of focus an increase in f was ob-
served,.

Measurements on the variation of f as a functi‘bn of slit-
width were made for slit-widths 0.5, 1.0, 1.5 and 2.0 mm, and
the results are shown in Table II. The measured areas under the
transmission curves are also shown. The results for f aé a function

of S can be described by the equation

f.=£f, .- 0.05(S-1.5) (11)

S 1.5

where f_. is the value of f for the slit-width S, and f1 5V is the value

S
for S = 1.5. This behavior is exactly that to be expected from the
theoretical considerations. Values of f as a function of slit-width

can be computed from the curves in Fig. 7. The abscissa is changed
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by a factor r(S):

| Erf(———) Erf—>—)
r(S)=1'5 2)71_205m. -2.13 — 22 om (12)
Erf(————) S
2 Y2 om

The values obtained for r(S) are:

r(0.5) =1.15
r(1.0) = 1.09

r(2.0) = 0. 89

Using these values of r(S) and the curves in Fig. 7, the change in f
per mm. of slit-width is found to be 0.05, independent of thg'value
of £ and the parameter t.
‘ The areas under the transmission curves, as shown in Table

II, seem to be independent of the slit width used, These measure-
ments, however, cannot be considered significant, as is obvious
from an inspection of the traces shown in Fig. 8. The uncertain-
ties in the determination of the background fransmi.;:.s‘ion introduce
con’siderabler variation in the areas under the curves. These uncer-
‘tainties do not affect the measurement of f to the same extent.

| It is interesting to note that the values of f obtained for
shower particles measured as described above, were in the range
0.20 to 0.30. This is in excellent agreement with tiue values obtained
from Fig. 7 for tracks at minimum ionization. However, the mea-
sured values of f for heavily ionizing tracks were not in such good
agreement with the values derived from the theoretical curve using

visual ionization estimates.
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5. The Use of Comparison Tracks

The method used for the measurements of the parameter £
has been described in the previous Section, and the need for a com-
parison track of known ionization on the same photograph has been
demonstrated in Section 3. On the majority of the photographs of
interest such comparison tracks were found. These tracks were
in most cases due to electrons, but penetrating shower-pafticle
tracks were also used as comparison tracks. Occasionally w- and
M-meson tracks and also proton tracks were used when positive
identification of these particles could be made. The ioni#ation
values of the comparison tracks were calculated using the mea-
sﬁred momenta. (11) In the case of electrons the ionization values
were inferred from a theoretically calculated curve shown in Fig.
9 giving ionization as a function of electron momentum. *

The same procedure of measurement of the parameter £
was used for both tracks. The averages of the various values of £
obtained for 7different scannings were computed, and the ratio (Du)

of the two average values thus obtained was calculated:

D = f(unknown track') ‘ (13)
u f({comparison track)

In order to establish an experimental calibration curve it is neces-
sary that the ratio Du for the various tracks be taken relative to
comparison tracks of the same ionization. This is of course not

always possible, and therefore a correction must be applied to Du’

%*¥This curve is based on calculations by Dr. R. F. Christy.
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Let D, be the ratio

f(comparison track)

D.= f(min. ionizing track)

(14)
Then the quantity

D=DD_ - (15)
cC u

satisfies the above requirement, where a minimum ionization track
is chosen as the standard comparison track. The appropriate values
of Dc for comparison tracks other than a minimum ionization track
were determined from a preliminary calibration curve, giving D as
a function of ionization, which was constructed using penetra_ting
shower particles for comparison tracks. The calibration procedure
will be described in Section 7. However, before attempting to cor-
relate ionization with the parameter D, it'is necessary to consider
several factors depending upon the geometry of the fracks and which

influence the measurements.

6. Correction Procedure

Since the photoelectric method in effect measures the trans-
mission of the projected track images, a relation betweeri the’intensity
of the light scattered by the droplets forming the track and the light
received at the film must be established. Such a relation can easily
be found under the assumptions that (1) the illumination is constant
throughout the illuminated region of the éhamber and (2) that the in-
tensity of the light scattered in the direction of the céme’ra 1¢ns is

independent of the size of scattering droplets and the angie of scatter-

ing.
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Let L and L' be proportional to the light scattered from

unit area in the chamber and to the light received at the film, re-

spectivély. It can then be shown that(ll)
wa L B ;
L'= T * :Z—Z ° (-B—r) COS¢ (15)

where a is the diameter of the camera stop, B and B' denote the
areas of the scattering droplets in the chamber and on the film re-
spectively, A is the distance between the scatterer and the camera
lens, and ¢ is the angle of inclination of the scattering surface rela-

tive to the line of sight. Using the relations:

L =F(1 +5a1-1)
m, = (8'/B)M/? (16)
N =a/F

where F is the focal length of the camera lens, m, is the >ma.gnifi—
cation, and N is the numerical aperture, the above equation can be

written:
, N 12 " ‘ |
(L'/L) =w/4 [T{'Ei_] cos¢ v (17)

L B
The fractional change in intens,ityv(%-r) due to a change in magni-

fication can be shown to amount to only a few percent:

oL." 2m .
(L' ) = m1+11 % ~ 2 per cent (18)

where m; =1 /6.3 and (84/4) o~ 7-8 percent. Thus the only cor-

max

rection that need be taken into account is the correction for the dip

of the track relative to the line of sight. The angle ¢ can be found
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from the stereoscopic projection of the photographs in the same man-
ner as for momentum measurements. (2) The validity of the assump-
tions stated above cannot easily be ascertained. The iHuminated
region does not appear, upon a visual examination, to be of ﬁ,niform
intensity; however, since the electron tracks to which the unknown
“tracks are compared are chosen so as to be in the same part of the
chamber, the nen-uniformity of the illumination does not ha,ve to be
taken inte account. Measurements on the scattered intensity as a
function of scattering angle in a cloud-chamber have been reparted.(l_s)
From these data it appears that the variation in relative_intensity at
a scattering angle of 90 degrees is less than 1 per cent per dgg:ee.
The accuracy of the present measurements does not warrant a cor-

rection for this effect.

7. Calibration

In order to establish an empirical relation between the mea-
sured parameter D and ionization, twelve w- M decays, for which
‘both momenta could be measured were selected. These events
yielded sixteen tracks which could be measured photometrically.
The Q-values were calculated to check the identification, and in all
cases was the computed energy release consistent, within the errors
of measurement, with the currently accepted vé.lue for w- M decay.

The values of the expected ionizations were calculated from

the measured momenta and corrected for the dip of thevt’racks in
the chamber. And in each case was the parameter D a computed

from the micro-photometer tracings in the manner described in
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Section 5. The values of D, for the six cases with minimum ionizing
comparison tracks (i.e. Dc = 1) were plotted against the theoretical
ionizatién, and a straight line could be fitted to the éxperimental
points with very little scatter. The ionization values for theée cases
were in the range 2 to 4.x minimum. In the other cases, the values
of D, for the electron‘*comparison tracks, ‘correspondihg to the the-
oretical ionization values obtained from Fig. 9, were then inferred
from this preliminary curve, and the measured parameters Du were
corrected for the ionization of the comparison track according to
Eqn. (15). No correction was applied for the dip of the eiectron
tracks; only tracks with little or no dip were used. The final cali-
bration curve obtained in this manner is shown in Fig. 10. The
errors assigned to each case were computed from the momenfum
errors.
As a check on the internal consistency of the calibration pro-
cedure Table III has been prepared. The mass va,lues (column 5)
have been computed for each w- 4 decay from the méésured momenta
(column 1) and the ionization found by using the calibration curve
(column 4): The correction factors for dip aré givéfx in column 3.
. The errors quoted in the mass values were computed from the mo-
mentum errors only. It is seen that the calculated masses are con-
sistent with the accepted values. The mean values are found to be
M“_ = 276+1 2m, and M, = 208+7m ..
The procedure for calculating the _ioniza‘tion of an unknown

track from the tracings can be summarized as follows: (1) the values
of f are calculated in the manner shown in Fig, 8 (f =1 -hlhz), for

‘both the unknown track and the comparison track, (2) the ionization
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Calibration curve

8 lonization vs. photoelectric measure

O
I

b
|

lonization (X minimum)

w
|

1.0 1.5 20 - 25 3.0
Photoelectric measure, D.

Figure 10. Calibration curve; photoelectric measure D, vs. ionization.
The experimental points represent v~ and  -meson for which the ioniza-
tions were obtained from the measured momenta. The uncertainties in
ionization result from the errors of measurement of the momenta.



Frame No.

16202
36017
36017
45225
45225
48555

48555

49655

49655
53012
53012
59268
59268
60967
60967
64831

Table III.

(column 5).

(1)
P(Mev/c)

62 2

[+

86

I+
fa—
[\

52

|+
o

75

I+
S

37

1+
w

53

|+

|+
o W

60

78

I+
ot
O

70

|+
~3

108

]+
-3

47

|+
KN

61

|+
w

8

TR
QN

I+ 14+ 1+
N CEENN

(5]
—
|+
(W
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(2)

1.98

2.11

1.82

2.76
2.22
1.81
1.60
1.4.5
2.14
2.36
1.68
3.00
2.20

2.12

1

1

1.

I.

(3)

cos¢

.85
.00
.97
.99
.79
.91
.76
.93
.98
.99
.99
.00
95
00
00

.97

structing the calibration curve.
prepared to show the internal consistency of the cali-
bration procedure. The measured parameter D (col-
umn 2) was used to find the '"'apparent" ionization by
the use of the calibration curve (Fig. 7).
correction (column 3) was then applied, and the final
ionization values (column 4) together with the mea-
sured momenta (column 1) yielded the mass values
The errors quoted for the masses were
computed from the momentum errors only.

(4)

2.
2.

3.

6.
5.
3.
3.
2.
2.
3.
4.
2.
8.
4.

3.

88
86
63

.00

15
50
08
69
40
08
82
46
52
0

00
68

(3)
M (me)
206 + 20
286 + 40
205 + 30
258 + 20
211 +10

275 + 20

210 + 20

312 + 40
204 + 20
274 + 30

193 + 15

278 +15

230 + 20

273 + 15

212 + 20

204 +15

Ionization measurements on w- 4 decays used in con-

The table has been

The dip

A plot of momentumn versus ionization for these
cases is shown in the accompanying figure.
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of the comparison track, if an electron, is found using Fig. 9, and
the value of DC corresponding to this ionization is read from the
calibration curve, (3) the ratio Du = fu/fc is then multiplied by Dc
to give D, (4) from which the apparent ionization (I') is found using
the calibration curve; (5‘) the final ionization (I) is then found aiter

correction for dip (I = I'cos¢).

8. Errors of Measurement

Examination of sets of tracings allow an estimation of the
accuracy of the method to be made, exclusive of any systematic
errors. A typical tracing with four to ten independent measure-
ments of f shows the variation in f to be about 5-15 per cent. This
is of the rigﬁt order of magnitude to be accounted for by the Landau
fluctuations .(18.) Butterworth(s) estimates that, for a 2-3x minimum
ionization track, the fluctuation is about 20 /)"I per cent, where A
is the track length in cm,

Although care is taken to use a comparison track in the
same part of the chamber as the unknown track, variations in il-
lumination and the degree of out-of-focus of the images probably
introduce considerable uncertainties in the measured ionization,
and the uncertainties due to errors of measurement of the angle of
dip of the track may also be large, especially for large angles.

But on the basis of Table III it seems reasonable to conclude that
the errors in the ionization values do not exceed 10-15 per cent.
Fortunately, a considerably larger error can be tolerated ih the
ionization than in the momentum (for ionization greater than twice

minimum) to obtain a mass measurement of given accuracy. (2)
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9. Application of Method

The method was used to measure the ionization of 50 cloud
chamber tracks, and the results’are given in Table IV, A few mea-
surements on charged V-particles found in the 48" cloud chambef
have also been perfor;;ned, and these are included in the 'tabl;e.

The measured paia.meters D and the dip corrections are given, to-
gether with the final values of the ionization, and the méssés com-
puted from these values and the measured momenta., The errors
quoted for the ionization values are probable errors of measure-
ment, and the errors assigned to the final masses were kicompute‘d
from the combined probable errors of ionization and monflleni‘:urn..'
A histogram of measured masses is shown in Fig. 11. Thé peak
Which occurs at about 1840 m, includes only positive secondaries
of neutral V-particles, with one exception; this being a positive
secondary of a charged V-particle. It is seen that these éases are
consistent with protons. The peak at about 1050 m o 3T€ all charged
V-primaries except for three positive secondaries of”neutral V-
particles. 'I;his peak presumably contains K-particles. The light
‘meson peak at about 280 m, is consistent With. a w-meson. ‘Appar-
eﬁtly, no s -mesons were included in the sample measured.

A reproduction of a frame with tracks particularly suited for
ionization measurements is shown in Fig. 12. The‘measurement‘s
performed on the tracks labeled as shown in the figure are given in
detail in Table V. Track A is most likely due to a w-meson. The
errors of measurements appear to exclude the poséibility of the

track being due to a 4 -meson. Track B, on the other hand, is



Frame
No.

7029
11373
14345
14539
15564
16798
-
17671
24964
25026
25343
26361
30047
-
30335
-
30514

32530

36091

37264
-t

37873

38688

41646
42368

(1)
P

(Mev/c)

185+ 20
450+100

425+ 50

390+100

350+ 50
230+ 30
112+ 10
415+ 50
270+ 50
245+ 30
185+ 60
475+ 50
575+100
440+ 80
128+ 9

56+ 4
475+ 50
465+100
410+ 40
310+ 50
125+ 20
410+ 80
286+ 30
320+ 40
245+ 15

(2)
D

3.00

2.28

1.71

52. 34

1.83
2.48
1.76
2.22
2.32
2.35
2.23
3.36
1.77
2.35
2.96
2.57

2.22

2.37

2.14

1.72

2.92
2.31
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(3) (4)

cos ¢ I/Imin

0.95  7.4+0.6

0.92 3.90+0. 4
0.89  2.40+0.3
0.55  2.22+0.4
0.95  2.9040.4
1.00  4.83+0.6
1.00  2.3740.3
1.00  4.06+0.3
0.93  4.00+0.5
1.00  4.4040.3
0.94  3.9040.5
1.00  3.3640.4
1.00  2.85+0.4
1.00  4.4540.6
1.00  7.50+1.0
0.98  5.05+0.4
0.94  3.80+0.4
0.99  1.63%0.2
1.00  4.50%0.5
1.00  3.45+0.4
0.50  1.92+0.2
1.00  4.08+0.6
0.92  2.5540.3
0.96  6.82+0.7
1.00  4.3040.2

(3)

(6)

*
M(me) Type of event

11404150
1870+400
1200+200
1050+250
11704200
11004200 -
310+ 50
17804150
1140+200
1100+150
7704320
17801200
19004500
2000+400
800+200
275+ 30
1950+200
930+210
1880+200
1170+200
290+ 40
17504300
860+120
1890+250
1080+100

v

o
V', pos.sec.

» prim.

-t -

-t -

n.d.p. (pos.)

Vo
v°

, pos.sec.

, neg.sec.

n.d.p. (pos.)

n.d.p. (neg.)

V+

» prim.

.VO

S 1 e

» pos.sec.

-1y -

Tt

n.d.p. (neg.)

n.d.p. (pos.)

VO
V_

VO

v°
v°
V+
V+
v

s pos.sec.
, prim.

» pOs.sec.

-t -

, heg.sec.
; pos.sec.
» prim.

, sec.

s> prim.



43955
46613
46906
47214
49169
49317
53495
55707
56646
59180
e
60452
60991
62442
63526
63804
71837
6823
11365
185712
e

204452

(1)
109+
368+
280+

172+

10
30
50

15

215+100

415+

50

600+100

230+
360+
560+

70i
255+

70+
380+
470+
475+
480+
225+

137+

15
50
75
10
60
10
50
75
50
50
17

11

385+100

156+

230+

10

11

(2)
1.62

1.66

'2.90

3.00
2.08
2.14
1.83
2.52
2.50
1.71
2.96
2.84
2,20
2.48
2.33
1.96
2.12
2.32

1.42

1.33

2.25
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(3)
0.96
0.86
0.94
0.96
0.87
1.00
1.00
0.94
0.96
1.00
0.50
0.54

1.00

0.97
1.00
0.97
0.93
0.93
0.96
0.84

0.93

- (4)
2.35+0. 4
2.2540.3
6.60+0.8
7.5040. 8
3.0540.2

3.80+40.4

3.0440.4

4.65+0.3
4.70+0.5
2.7240.3
3.70+0.3
3.60+0.4
4.0040.5
4.8540.3

4.22+0.3

3.35+0.4

3.6840.4
4.10+0.3

1.86+0.2

2.71+0.3

1.5040. 2

3.78+0. 4

(5)
305+ 50

9904110 -

16204300
10704120

7504350

11700+200

2050+400
1080+100
17004250
1800+300
280+ 40
990+250
295i 50
18304200
2050+250
1éoqizoa
1920+200
965+100
310+ 50
1225+200
290+ 50

940+100

(6)
V+, sec.
V+, prim.
Vo,pos. sec.
V+,' prim.
—h-
ve, pos. sec.,
—e -
V+, prim.
Vo, pos. sec.

;—g‘g -

O
V', neg.sec.

V+, prim.
V+, sec.
VO, pos. sec.

.

-t

—n-
V+,,prim.
V~, sec.
v, pPrim.
V+, sec..

V+, prim.



204452
293122
301662

Table IV.
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(1) (2) (3) (4) (5) (6)
210+ 20 1.10 1.00  1.2740.2 300+ 50 V', sec.
164+ 15  2.83 0.94  6.1040.5  905+100 V', prim.

202+ 11 2.29 0.97  4.12+0.4 8704150 V', prim.

Data on 50 cases for which ionization measurements were
made. The measured parameter D (column 2) was used
to find the "apparent'" ionization by the use of the estab-
lished calibration curve {(Fig. 8). The dip correction
(column 3) was then applied; and the final ionization val-
ues {column 4) together with the measured momenta
(column 1) yielded the mass values (column 5) The type
of event is described in column 6.

* Abbreviation: prim. primary particle.

sec. = secondary particle.
pos. = positive.

neg. = negative.

n.d.p. = non-decaying particle.

2 Measurements of events in the 48" chambers.

A plot of momentum versus ionization for these cases
is shown in the accompanying figure.
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(18 cases)
Proton

13.—. " l

12 {23 cases)

pr—

10 |

(9 cases)
7 ®-meson

2t - | _]_

0 i S Sy SN SRS NS NS DUNNUURN (N NN NN N M o}

200 400 600 800 1000 1400 1800 2400

MASS (me)

Figure 11. Histogram of the measured masses (listed in Table IV).
Equal area is given to each case, and the ordinates are adjusted
according to the errors of measurement. A logarithmic scale is
used for the abscissa. .



Figure 12. Event No. 30335 showing tracks particularly
suited to ionization measurements. The result of the
measurements on the tracks labeled A, B, 1, 2, and 3
are given in Table V.

The ionization values obtained for A and B are:

A GO s 502t T

+2. 50
B: (Ill)min =T, 50_1- 15

giving mass values:

+12
A M =274 10 me
B: M = 800160

- 80 Te
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probably due to a K-particle. In this case the errors of measure-
ment are rather large because of the steepness of the calibration
curve in hthis range.

- It is also of interest at this point to compare some of the
measured ionization values for heavily ionizing primary partiéles
with the visual estimates. The visual estimates were made by
three independent observers and a range of possible ioniza.xt_ion
assigned. (2) The data are given in Table VI, where the errors
quoted for the measured values are probable errors calculated
from repeated tracings. It is seen that the values obtainéd by the
two methods are closely correlated. In only two cases do the_
ranges of ionization not overlap, the measured values being some-
what higher. The mass estimates obtained for these two cases
are about 800-1 OOIne using the measured ionization values and
" about 400-600 using the visual estimates. The masses calculated
for the other cases using both estimates are all consistent: with

the masses of K-particles.

10. Limitations of Method

The method has several limitations. Primarily the neces -
sity of requiring a comparison track in the same part of fhe chamber
as the unknown track eliminates many cases for which a measure-
ment of ionization would be useful. It is therefore of interest to
look into the possibility of obtaining a reasonable estiméte of ioni-
zation for the case where no such comparison track,éari be found.‘

For this purpose the variations in the values of fc and Dc for fifteen
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Frame No. I/Imih’ visual ‘I/Imin’ measured
7029 5.0 - 10.0 7.4+ .6
25343 1.5~ 2.0 3'.9_{.5
32530 1.0 - 1.5 1.6 +.2
38688 1.5 - 2.5 2.6+ .3
42368 3.5- 7.0 4.3+.2
46613 1.7 - 3.5 . 2.3+.3
47214 | 3.0 = 6.0 7.5+ .8
49169 1.7 - 3.5 3.1 4.2
55707 3.0 - 6.0 4.7+.3
60454 4.0 - 10.0 3.6 +.8

‘Table VI. Comparison of measured and v1sua11y
estimated ionization.
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representative comparison tracks were investigated. These param-

eters give D in terms of the measured values of fc by the relation:
D=(-1_:—) DC=DuD (15)

as shown in Section 5. The mean values and the standard deviations

were found to be:

T

C

0.30 + 0. 04

D

1.15+ 0. 04
C —_

The value of Dc given above corresponds to an electron track with
momentum P = 45 Mev /c. Although the values of fc seem to be
distributed over a fairly narrow range, the applicability of the method
in the absence of a comparison track is doubtful. Usirig the mean
values and standard deviations given above, a 3x minimum ionizing
particle would have a probable error in the ionization of ébout
twenty-five per cent. It appears that comparable accuracy can be
obtained in a much more expedient manner by visual estimates.
Furthermore, the range in ionization for which the method
can be employed is limited. Ionization values greater thaﬁ 7-8x
rrﬁnimum cannot be measured., The calibration curve (Fig. 10)
exhibits a saturation effect for values of D exceeding 3.0, corres-
ponding to about 8x minimum. The accuracy of meé,surement in
this range is furthermore very poor, due to the steepness of the
slope of the calibration curve. The method must also be used with
caution for lightly ionizing tracks, i.e. less than 2x minimum.
Useful upper limits to the ionization can however be obtained in

this range.
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11. Suggested Improvements of the Method

r~I’he usefulness of photometric determination of ionization
of cloud chamber tracks has been demonstrated. However, the
method employed in‘ma.king the measurements is of a preliminary
nature, and several i;nprovements can possibly be made.

A considerable amount of time, on:the average about one
hour, is required to obtain a measurement of the ionization of a
particle. This time could possibly be shorte‘ned by displaying the
out-put of the photo-tube ‘on an oscilloscope screen insteé,d of
using the Speedomax recorder. A vibrating slit, or an arrange-
ment with a rotating mirror sweeping the image of the traék‘ past
the slit wauld accomplish this.

The use of a different parameter could be investigated in
more detail, although it seems unlikely that greater accuracy
would be obtained by such changes. However, for the measure-
ments of ionization greater than 8x minimum, a diffe-i‘ent approach
must be used. It is possible that estimates of ionization in this

~range could be obtained by using the track—width as é, para’mefer.
However, no changes in track-width (or o m, discussed in Sec-

tion 3) were detected in the range of ionization investigated.
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II. CLOUD CHAMBER STUDY OF CHARGED V-PARTICLES

1. Introduction

The original observation of the decay of a charged V-particle
was made by Rochester and Butler in 1947. (1) Since then, extensive
investigations of the nature of these decay events have been carried
out by many laboratories, and a great variety of experimental evidence
has been presented. The evidence has come from three distinct ex-

(2-6)

perimental sources, viz. cloud chambers in magnetic fieids,
multi-plate cloud chambers(7) and photographic emulsions, (8.—”) and
has been interpreted in terms of a number of different particles.
There is now convincing evidence for the existence of at least
four different types of charged V-particles: (a) T -meson (mass ~
- 965 me) with its characteristic decay into three charged T -mesons, (10)
(b) K -meson (mass ~v 1000:’me), decaying into a u _meson and probably
two or more neutral particles, (c') V{—particle (posifive,maSs ~ 2400 me),
decaying into a proton (or a neutron) and probably a neutral (or positive)

(9-11,12)

T -meson, and (d) ""cascade" particlé (negdtive, mass~2600 me),

~ decaying into a neutral V-particle and a charged M -meson. (4,13) Ob-

servat@ons indicate however, that not all V-particles of mass less than
nucleonic mass decaying into a light charged mesoﬁ, (mw or/«) can be

K -mesons. The existence of the X -meson was postulated to explain

these observations. 9) But the evidénce for this much discussed

X ~-meson (mass~1250 me'), decaying into a charged 7 -meson and one

neutral particle is at present not very firm, and the possibility of



-48-

identifying this type of decay with an alternate mode of decay of the
T -meson has been considered, The similarity of the observed
masses of the charged T -meson and the neutral € -meson decay
(massA971 m_, and decaying into two charged ‘N -mesons) lends
support to this interpretation. The possibility of identifying the

l{ -meson decay with an aiternate mode of decay of the T -meson
has also been discussed. (9)

It is the object of this work to present additional evidence
regarding the nature of l( - and X, -meson decays and the existence
of the heavy positive V-particle. The cascade deo.;:ay of heavy nega-
tive particles referred to above is not discussed nor is any analy-

sis of T -meson decays included.

2. Apparatus and Measuring Techniques .

The apparatus used in this experiment was a counter-con-
trolled double cloud chamber operated in a magnetic field (fig. 1)
and has been described in detail by Leighton et al. (14) At the time
‘the present work was begun the cloud chamber had already been
' operated for long periods of time and several of the e‘}ents selected
for inclusien in this study were obtaine‘d during this earlier period.
Several improvements and modifications howeve:, have been made
since the work of Leighton et al. was reported. These improve-
ments were based on the experience gained during the earlier
operation period and were all made on the suggestions of Drs.

Leighton and York, who also carried most of them out and shared
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fiducial surfaces used in the lifetime study of Sec. 5. The magnet
structure surrounding and supporting the apparatus is not shown.
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the main responsibility of operation of the cloud chamber.

A program for the measurement of no-field tracks in order
to deterfnine the maximum detectable momentum was carried out.
The magnetic field was turned off by a timing device for a period
of 15 minutes every 3 hours. Shower particle tracks which péne-
trat;ed the lead plate b‘etween the two chambers without multiplica-
tion and appreciable scattering were selected from photographs
taken during this shut-off period. The curvatures were measured
in exactly the same way as for tracks obtained with the magnetic
field, and a histogram of the results was plotted. From-_fhe width
of this distribution it has been concluded that the maximum detec-
table momentum for a track 15cm long is 3 Bev/c.

Several modifications were made in the thermostat syétem.
Provision was made for recording the temperature variation of
' various parts of the chamber on the same film that was used to
photograph the chamber. A study of these variations indicated that
there was no observable change in the temperature conditions dur-
ing the periods in which the magnetic field was turned off. This
study also permitted a quantitative check on the gaseous distortions
in the chamber. Considerable improvement in the temperature con-
trol was progressively attained, but because the events considered
in this work were selected from the total operation period of the
apparatus, one can only say that the short period temperature fluc-
tuations of the cloud chambers were held to about + 0. 1°Cc during

the course of the work.
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Various counter arrangements were used to trigger the ap-
paratus. Of the 71,000 photographs taken of the cloud chamber,
14,000 §vere taken at 200 m elevation with a coincidence of one or
more counters above the chamber and three or more below (this is
called a 1-3 selection); 7, 000 were taken with the same counter
selection at 1750 m; 22,000 were taken at 1750 m with a 2-3 selec-
tion; and 28,000 were taken at 1750 m with 1-3 selection with lead
shielding surrounding the lower counters. This shielding was ac-
complished by means of a cast lead block as shown in Fig. 1 and
the counting rate with this arrangement was about 2. 5/hx..

The momentum and angle measurements were made from
the stereoscopic photographs in the same way as were those of
Leighton et al. (14) Ionization estimates were in most cases made
by three independent observers and a range of possible ionization
assigned in the same manner used by the above authors; however,
the method for measuring ionization photometrically, as described

in Part I, was applied whenever possible.

3. The Data

The present analysis is based upon a total of 101 photo-
graphs of events which could be interpreted as charged V-particle
decays, but not as pi-mu decays or scattering events.

Pi-mu decays: The well-known criteria derived from the

(4)

dynamics of the pi-mu decay' ™’ were applied to each event, and
events that could be interpreted as pi-mu decays were not included

in the analysis. Because of the relatively high momenta and large
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angles of decay of the charged V-particles, the relation sin@ éz-%)-,
where 0 is the angle between the line of flight of the_secoﬁdary éar—
ticle and the extensiéz; of the direction of the primafy particle, and
P is fhe primary momentum (in Mev/c), sufficed in most cases to
distinguish the event jj:'rom a pi-mu decay. Sixty-five cases were
elirﬁinated by the 4app1\\ication of these criteria.

Scattering events: A reasonable criterion for distinguish—
ing a charged V-particle decay from a scattering event has been to
require that no blob of ionization be visible at the point of deflection
for transverse momenta in excess of 75 Mev/c. (4) This has been
considered a conservative estimate of the minimum trva.ns‘vers‘e mo-
mentum PT required to produce a visible récoil. And sinc'e‘no‘ véry
clear basi‘s for this estimate has been presented, a detailed study
of photographs of scattering events in the chamber wa.é ma;de.
fhis study established as a criterion for distinguis’hing dé:cays, from
scattering events: if an event for which PT 7 50 Mev/c givgs lrise
to no observable cluster of droplets at the point of deflection, that
event is almost surely not a scattering event. Only 8 cases were
‘eliminated by the application of this criterion:. 5 events Wifh an ob-
" servable recoil, and 3 events with PT £ 50 Mev/c. |

Charged V-particles: Of the 101 events which were finally
included in the analysis only nine were "completely"‘ measurable in
the sense that both momenta could be measured. An example of

decay in this category is shown in Fig. 2. The momentum of either

the primary or the secondary particle could be measured in forty-



Fig. 2 Event No. 78113, which is listed
in Tables IA and VIII. Theheavily
ionizing charged V-particle origi-
nates in the shower in the upper
right-hand corner (A) and decays
just above the lead plate separat-
ing the chambers. The secondary
particle is ejected upward and to
the left (B).
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six cases. The data pertaining to these cases, including the nine
"“completely! measurable casesare given in Table IA. In twenty-
eight caées neither momentum could be measured, but the sign of
charge was determined. The data on these casesare presented in
Table IB. The uncertainties quoted for the momenta (in both
tables) were assigned taking into account: a) the error to be ex-
pected from multiple scattering (15), and b) an uncertainty whose
size was appropriate to the length of track, and which was cal-
culated using the maximum detectable momentum 3 Bev/c for a 15
cm track. The errors quoted for the measured ionizatiq.ﬁ values

are probable errors of measurements.

"4, A Preliminary Survey of the Data

As stated above, only about one half of the events yielded
a measure of the momentum of either the primary or secondary
particle. However, some of the properties of charged V-particles
can be investigated in the absence of these measurements, such
as the distribution of decay points in the chambers, and the cir-
cumstances of the accurrence of the decay events.
4:1 Distribution of decay points

The first treatment of the data consisted of plotting the
decay points of the charged V-particles inside the cloud chambers
as shown in Fig. 3. In carrying out this scheme two very marked
features were noted. First, the decay points were distributed

very differently in the two chambers, there being a striking number
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Fig. 3. The distribution of the charged V-particle decay points. A
circle at the apex indicates production in the lead plate sepa-
rating the two chambers. Solid lines indicate positive parti-
cles and dashed lines indicate negatives. ‘
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of very short decay lengths in the lower chamber, and second, the
charge ratio of the decaying particles was found to be quite different
in the two chambers. A convenient way to indicate the asymmetry
of charge is set forth in Table II where the number of positively and
negatively charged V-particles with origins above the chambeérs or
in the lead plate separating the two chambers is given. A table of

)

this form has previously been published, (12 and the numbers have
simply been brought up to date in the present version. It is of in-
terest to calculate the statistical probability that the observed
sample, having this charge asymmetry, could have been obtained
from a population with no charge asymmetry. * Let (N+)a and (N‘)a
be the number of positive and negative particles, respectively, in
the upper chamber, and (N+)p and (N )p the corresponding numbers
in the lower .chamber. Then the most probable composition (of

- positive and negative particles) of the population, on the basis of

the two samples (upper and lower chamber) is:

(Nha + (vhp
Na + Np

p(positive) = , g{negative) =1-p (1)

where Na = (N+)a + (N7 )a and Np = (N+)p + (N )p. The standard

deviation, ¢ of p can be written,

G =pq{m+'—ﬁ-§] , | (2)

*Dr. R. P. Dilworth has kindly suggested the procedure for this
calculation.
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+ +
L e (3)

The ratié g is then a measure of the likelihood of the observed de-
gree of asymmetry, and the probability of obtaining an asymmetry
as great as or greater than é, can be read from a standard table.
The probability was found to be 0. 002 using the observed numbers.
And, since p = 0.50, this is then the probability that the charge
asymmetry would be obtained as a fluctuation from a uniform
charge distribution in the two chambers.

These marked asymmetries have already been tenfatively
interpreted in terms of a mixture of long and short-lived charged
V-particles.(é) By considering the relative positions of the pro-
duction layer and the cloud chamber, the charged V-particles ob-
served in the upper chamber were presumed to be predominantly
" long-lived particles with a negative excess of about two to one at

their point of production. (This need not imply that a single type
/

/

of particle is observed, but only that the particles are predominant-
ly long-lived.) The charged V decays in the lower chamber are
then supposedly a mixture of both long and short-lived particles
and should be predominantly if not entirely positively charged.
4:2 Search for associated Y-rays: |

A careful survey of the data was made for possible evi-
dence of the existence of Y-rays associated with the decay of
charged V—particles.('?) One might expect to see electron cas-
cades generated in the lead block between the chambers; however,

in no case was such a cascade observed. It should be noted that
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_ Charge N+
Origin + . - —
g pos.(N ') neg.(N ) N-
above 14 28 0.50 + .16
chamber : - "
plate
between 28 13 2.15+ .65
chambers -
Total 42 41 1.02

Table II. Classification of charged V-particle decays
according to their sign of charge and place
of origin. The errors quoted for N¥/N- are
probable errors.

+ +

Type of event \' v° R(V/V®)
Charged primary,
accompanied by
other shower . 27 83 0.32 + 0.07
particles
Charged primary, 10 21 0.48 + 0,19
unaccompanied . — Ve
Neutral primary, 5 14 0.36 +0.18
(acc. and unacc.) L

Totals 42 118 0.36 ;l-_'0.0S

Table III. The number of penetrating shower particles occur-
ring in the lead plate between the chambers giving
rise to V— - particles, classified according to the

. type of primary. Similar dataif_
@e included and the ratio R, (V—/V

¢}

or neutral V-particles
) calculated for

each category. The errors quoted for R are probable

errors.



-65-
this does not imply that there are no ¥Y-rays among the decay pro-
ducts of the charged V-particles, because the thickness of the lead
~ block (abéut six radiation lengths) makes it a very inefficient de-
tector for low energy cascade showers. |
4:3 Mechanism of production:

In order to 'study the mechanism of production of charged
V-particles it is convenient to classify them according to the cir-
cumstances of their occurrence: forty were found in penetrating
showers with origins in the lead above the chambers, forty-two
were produced in nuclear inter-actions in the lead plate bétween
the chambers, and twenty were not clearly associated with any
event. The forty-two events originating in the lead plate were fur-
ther classified according to the natﬁre of the primary particle '
initiating the event. The result is summarized in Table III. It is

"seen that most of the events were produced by particles which were
themselves secondaries of penetrating showers. A similar classi-
fication of data taken with the same apparatus and ovéf the éame
period of time has been made of 118 neutral V-particles and these
results are included in the Table. The striking simiiarity Q;E the
two sets of numbers indicates that the charged V-particles origi-
nating in the lead plate are produced by a mechanism as similar

to that of neutral V-particles, and that meson-nuclear coilision

in lead can give rise to charged V-particles. A éimilar result has
been obtained at the Brookhaven Laboratory where artificially pro-
duced pi-mesons have bombarded hydrogeﬁ to produce charged

V—particlesslb) Leighton et al., (14) on the basis of ,their data,

~
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conclude that, although nucleon-nuclear production is possible, the
majority of their neutral V-particles were produced in meson-nuclear
collisions. Furthermore the constancy of the ratio of charged to
neutral V-particles in each category, within the limits of the statis-
tics, suggest that the charged V-particles in the lower chamber“ar,e
produced with about one-third the frequency of neutral V-particles,
independently of the nature of the producing particle. The frequency
of production of charged V-particles will be discussed in more de-~
tail in Section 6 in connection with the life-time analysis.

It is also of interest to compare the number of particies pro-
duced above the chamber and in the plate, for both the neutral and
charged V-particles. The results are shown in Table IV. Similar
numbers for penetrating showers are also included in the table. In |
the work of Leighton et al. the neutral V-particles produced in pene-
tr'atihg showers above the chamber apparently did not show any
characteristics different from the particles produced in the plate.

So in view of the similarity noted above, of the types of évents oc-
curring in the plate that produce neutral and charged V-particles,
this result seems to indicate that the charged V-particlés found in
penetrating showers above are not produced by the same mechanism
as are those from the plate, or that the particles above are pre-
‘dominantly of another type.

The question as to whether or not V-particl‘es are produced
in pairs can also be investigated by these preliminary methods.
Leighton et al. find that the neutral V-particles are probably not
produced in pairs. The present data are in agreement with this

conclusion, Nine\double events were found, all consisting of a
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Type of Produced Produced R (_ria_')
particle above (Na)‘ in plate (Np) Np »
+
v 40 43 0.93
A 279 118 2.36
Penetrating * % .
shower 1060 250 4.23
particles

Table IV. The number of charged and neutral V—particlesv

produced in the lead above the chamber and in the plate.

Similar data for penetrating shower particles are included

and the ratio R (N, above/N, plate), calculated for each

group.

* .
Counts from rolls of film representative of the various
counter selections. :
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neutral V° {the nature of which could not be determined) and a
charged V-particle: five of these pairs had their point of produc-
tion in the.plate between the chambers. Another two pairs were
also produced in the plate, but the particles could not have origi-

nated at the same point.

5. Lifetimes

The preliminary treatment of the data above suggested
that two or more types of charged V-particle with a marked dif-
ference in lifetimes and sign of charge might exist. The evidence
relating to the lifetimes will now be considered in detail.

The necessity for obtaining a sufficiently large, unbiased
sample of V-particle decays of a single type, in order to deter-
mine their mean life with any precision, limits the use of c_lo"udv
chamber observations unless a definite classification of the par-
ticles can be made. The present data do not, in most cases, dis-
tinguish between the possible types of charged V-particles. How-

ever, limiting values of the mean life, T , of any given set of charged

V decays can be made which do not involve a detailed knowledge of
the nature of the particles observed. It is important to stress that
the limiting lifetimes thus obtained may refer to an unknowr} mix-
ture of two or more types of particles, but that even in such a case
it may still be possible to obtain meaningful limits upon the life-

times of the constituents of such a mixture.
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5:1 Reduction of the data
The method used in the reduction of the data was essentially

' the samelas that used by Alford and Leighton. (17) The same fiducial
surfaces were employed (Fig. 1). The minimum requirements of de-
termination of the sign of charge and the existence of an appréximate
origin were satisfied f::‘r 83 charged V events at the time the analysis
was carried out. Of these, 62 cases had their point of decay inside
the fiducial surfaces. The rather large fraction, 26 percent, excluded
by the fiducial limits can be compared to the 14 percent of the neutral
V-particles similarly excluded by Alford and Leighton. Most of the
excluded charged V-events are near the front glass or back piston

of the chamber where neutral V-particles are difficult to idéritify.

- The experimental quantities which were used in this anélysis

are as follows: x; is the distance (in cm. ) between the point of en-
trance of the ith particle into the region of the chamber inside the
fiducial limits and the point of decay. Di is the correspon&ing dis-
tance (in cm.) between the point of entrance and the pdint at which
the particle would have left the fiducial region had it not decayed.

D, is usually called the gate length. t. and T, #re thé times taken

‘to traverse the distance x, and Di’ respectively, in the rest system
of the V-particle. These proper times are related to the »r’neasvured

distances by the equation
t, = (x/c)(M/Pyc) = (xi/c) (I/ﬁi\‘i) | (4)

where M is the mass of the particle in Mev and Pi is the measured
momentum in Mev/c. A similar relation can be written for Ti'

The quantities c, ﬁ , and Y have the usual significance.
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In each case it is necessary to have an estimate of ﬂ 'iYi’ and
if the particle has a known mass and measurable momentum, this
 product ié easily obtained. However, since one rarely knows these
two quantities, an alternate procedure must be employed. In vi:ra.c-
tice, the ionization of a particle is a function of velocity alone (pro-
vided the charge of thel“particle is not in question). In most cases it
is possible to determine upper and /or lower limits to the ionization,
and therefore estimates ;)f Bi‘g’i can be obtained.

In all but four of the 62 cases was it possible to assign aﬁ
upper limit to the ionization of the primary particle. A r_rieasure—
ment of the ionization, by the method described in Part I, ‘was pos -
sible in only nine of these cases. In 39 of the remaining cases the
ionization was indistinguishable from minimum, and in these cases
the upper limit was taken to be one and one-half times minimum.

" These upper limits determined lower limits to /o)i\'i in each case

and by means of Eqn. (4) upper limits to t; and Tj.

On the other hand, the sign of charge, as deté'ﬁmined from
the direction of curvature of the parent particle, was in all cases
the same as that obtained from that of the secondary i)articl_e—, which
‘had easily measured momenta. Thus the momenta of the primary
particles themselves were presumably within the upper limit sét
by the chamber distortions, so that this limit, 3Bev/c, cﬁuld be
used as an upper limit to the momentum of each‘primary particle.
Taking the mass of the primary particles as 1000 m (or greater)
the upper momentum limit thus obtained g.ave a lower liinit tp t;

and T..
i



~71-

Although this latter method is useful, its limitations should
be emphasized. If the sample of decay events being treated is pre-
’ dominantiy of one sign of charge, as is the case in the present ap-
plication, and if the chamber has a small, systematic gas dis’torti_on
of a type which appeérs as a smoot}; curve, then the estimates of
the sign of charge of the primary particle might easily be biased to
give better agreement with the true sign of charge than wou}d have
been obtained in the absence of the distortion. If such were the
case, the maximum detectable momentum might no longer be a
conservative estimate of the upper limit to the moinentum' of the
V-particle. It is clear that such a bias will be more important for
short tracks near the edges of the chamber than for long traél%s
near the center. Thus the interpretation of any results obtained
with this mefhod must be carried out with due caution.

In order to treat the whole sample uniformly, only_thé two
methodsv just described were used to establish limits to t. and Ti’
including 14 cases for which the momentum of the primary pai'ti-
cle was measurable. This procedure has advantages in that it does
not bias the sample by the selection of slow particles with long
tracks for which the momentum is readily measurable, and it per-
mits most of the observed cases to be included in the analysis.

The data on the 58 cases finally included in the lifetime aﬁalysis
thus consist of two sets of values of t; and T, corresponding to

an upper and lower limit to each and are presented in Tables V,A
and B. Of the 30 cases in the lower chaniber, four .negé.tive par-
ticles apparently had their origin in the lead above thé upper charh-

ber, but were treated in this analysis as if they origina.ted in the
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plate between the chambers. In Table VI the number of cases ob-
served in each chamber, the average limiting values of t and T,
the averége value of x/D, and thg ratio of the number of positive
to the number of negative particles in each chamber are given.
The distribution of x/D for the two chambers is shown in Figs.
4 and 5. These data show the marked difference between the two
chambers and the necessity for treating each chamber s.eﬁa;rately.
It is seen that the limiting values of T for the two chambers are
very nearly the same. This would be expected for identical cham-
bers, provided no bias due to the selection of groups of pérticles
with greatly different average velocities has been introduced.
5:,2 Upper chamber:

For gate times which are small compared to the mean
life-time of the decaying particles, one expects the decay points
" to be uniformly distributed throughout the chamber, and hence
the average value of x/D to be equal to one-half. It is imrhediately
apparent from Table VI that such is the case in the ﬁpper cham-
ber, so that the "apparent' lifetime of the decaying particles in
j:he upper chamber is probably much greater than the average

~ gate time, viz. +

=1

T (upper chamber) > 4.5 +1.6 x 10 0 sec.

The statistical estimation of mean lifetimes has been dis-
cussed in detail by Bartlett(.ls) It seems that his method can be
used with advantage to make a more precise statement about the

mean life, although no finite estimate of T is possible.
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The likelihood function
exp( _ti /’C )

L= 2 ' 5
T e (%)

[

is proportional to the probability of having obtained the partic'iilar
set of experimental data. The best value of the parameter T is

that value which makes L (or more conveniently £aL) a maximum:

edaL _1 n ti T.expT/f“ }_
f(T)——W_Eié:l[TC—-I (——E—m) =0 (6)

Bartlett then considers the standardized quantity

n T. exp- T /,c
1
, ‘f_:l[ T (1 -exp- T /1-: )
S(t) =5 T, 2 exp-T,/7 ) 1/2 (7)
] ,

which has zero mean and unit variance, and is obtained from Egqn.
(6) by dividing f('T ) by the statistical variance of {(C ). By treating
S(T) as a normal (Gaussian), distribution it is pbs sible to obtain con-
fidence limits ‘on T cor’responding to any probability level. From
a graph of S(T ) against T (or 1/T ) the confidence limits may be
read off by equating S(7T ) to the associated value der’ived'from the
normal distribution and corresponding to the chosen probability
level. In Fig. 6 the values obtained for S(T ) are plotted against
1/t , and a probability level of 95 percenf [s(t) =1. 645) is indi-
cated. It is apparent from the graph that the value l/f =0 is quit‘e

consistent with the data, and that no upper limit can be assigned to
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6 L f : |

0T 0.2 0.3 0.4 — 0.

1/t (x 10-10 aéc‘l).

Figure 6. A plot of the function S(t ) vs. 1/C (Egn. 7) for
the data of the upper chamber. The value of S(t) for a
probability level of 95 per cent is indicated.
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the lifetime. However, it is possible to establish a lower limit to

T, on the 95 percent probability level:

T (upper chamber) > 1077 sec.

That these events do not necessarily représent a single type
of particle is indicated by the fact that one negative case in this
charﬁber could be viden‘tified as a cascade decay such as those re-
cently reported. A careful search was made for additional ‘ca.seé
where a neutral V-particle might have decayed in the plate, but none
was found.

5:3 Lower chamber:

For the sample of 30 cases in the lower chamber the aver-
age ratio (x/D) is significantly different from 0. 50, as is sho‘v'vn
by conventional statistical methods. The error assigned to the
~ value quoted in Table VI, (x/D)_ =0.31 +0.09, has been computed
using the "Student' distribution with a probability level bf 95 per-
cenf, (19) In other words, the probability that (X/D)av exceeds‘ 0.40
is less than 0.05. Therefore a maximum likelihood dnalysis(17’ 18)
has been made to determine limiting values on T .

The best value of the mean life (that value of T for which L

(Eqn. 5) is a maximum) is given by:

N T,
_ 1 i :
T =g 2| "i*exP(Ti/{)-l] (8)

i=1

By expanding the exponential function in the parentheses, this can

be written in a form more convenient for the calculation of T
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N 2 1 -2 4
> T ~wT i T+

_ i=l i-1
6 Z T, - 12 Z t.

i=1 i=]

The calculation of T for the two limiting sets of data gives, using

Eqn.v (5):

T (upper limit) = 2. 77 x 10"10 sec.

T (lower limit) = 1.49 x 10710 gec.

Bartlett(ls) has shown that if ti and Ti are consistently overesti-
mated, each by the same factor o then the best value of T deter-
mined from the likelihood function is correspondingly an ovéfesti-
mate of the lifetime of the sample, and similarly for underestimates,
The calculation of the likelihood function, L (Egn. 5), was per-
| fo.rmed for seven values of T to determine the significanc’g of these
limifs, and the results are shown in Fig. 7. The ordinates of‘the
curves were normalized to the value of L for T —c0 ‘,‘ i.e.; |

N o1
Lf.-.f']T(-T—)as T —> 0° ) o (6)
i=l “i :

It is seen that the likelihood function has a very pronounced
maximum for both sets of data, the peak values being 121 and 46
times that for L(T — o ) for the upper and lower Iiﬁit of T re-
spectively. But in order to estimate the probable errors for these
limiting values of the mean lifetime, the probability that T < T,
must be calculated. This probability, F(T,) is givebn’by the integral

T, ‘ ‘
F(T,) = / 1(T ) dT . The integration can be performed graphically
o
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and the resulting curves are given in Fig. 8. As indicated in the
figure, 50 percent confidence limits have been used to determine

the probable errors on the two limiting values of the mean life-

time. The result is:

+1.3 +2.0 -10
1.5{_0.3 < T < 2'8{—0.6 x 10 sec.

These limits can be associated with the mean life of a spe-
cific particle only if the sample is composed entirely‘of particles
of that type. If the sample is pure, then these limits indicate that
the particle has a lifetime between them. If the sample is a mix-
ture of particles, then the upper limit indicates that at least one
type of particle with lifetime less than 2.8 x 10-1'0 sec. is C;)n—
tained in the sample and the lower limit implies that another typé
of particle with lifetime greater than 1.5 x 10-10 sec., is present.
Héwever, in view of the earlier remarks about possible bias in

the determination of this lower limit, no very great significance

should be attached to it.

6. Additional Properties of Charged V-Particles -

In addition to the lifetimes discussed in the previous sec-
tion, several other measured properties of charged V-particles
deserve some detailed consideration. These are: (1) the nature
of the particles involved in the decay, (2) the distribution of‘ the
transverse momenta of the secondary particles, and (3) the value
of the momentum p* of the secondary particle in the center-of--

mass system of the decay. Because the lifetime study showed a
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marked difference in the charged V's decaying in the upper and
lower chambers, it seems reasonable to investigate the remain-
ing deca‘y properties by analyzing the events in the two chambers
separately to bring out any further differences.
6:1 Masses of charged V—particles and their decay products;

The nature of ﬂle . primary particles can in part be in-
ferred from measurements of momentum and ionization. Masses
determined in this way for charged V-particles are given in
Table VII. Only cases for which a measurement of the ipnization
as described in Part I could be obtained are included. In-the
cases for which it was not possible to measure the ionization of
the particles with any accuracy, previously obtained visual esti-
mates were used, and a frequency distribution of the mass Va!lués
is plotted in Fig. 9. The measurable cases are also included in
~ this plot, but only visual estimates of the ionization were used to
calculate the masses. The results for the secondary particles are
also shown. |

It can be concluded that the masses of the primary parti-
cles are in agreement with a mass of about 1000 me However,
- it-should be noted that the requirements of measurability demand
that the particles travel a considerable distance at low velocity
before decaying, so that any sample of such mass measurements
will be strongly biased in favor of particles with long mean lives.
It is interesting that of the fourteen heavily ionizing, measurable
primaries contained in the data all except three are obéerved in
the upper chamber and contribute to the long mean lifetime ob-

served there. As mentioned above, four negative particles were



Framt_a No.

7029
25343
32530
38688
42368
46613
47214
49169
55707

60452

Table VII.

Sign and
Origin

A(-)
P(+)
A(-)
P(+)
A(-)
Al+)
A(+)
A(+)
A(+)

A(+)
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P(Mev/c)

185 + 20
185 + 60
465 + 100
286 + 30
245 + 15
368 + 30
172 + 15
215 +100
230 + 15

255 + 60

I/1

min
7.4 + 0.6

3.9 +0.5

1.6340.2

2.55 +0.3
4.30 + 0.3
2.25+0.3
7.50 + 0.8
3.05+0.2
4.65+ 0.3

3.6010.4

M(me)

1140 + 150
770 + 320
930 + 210
860 + 120

1080 + 100
990 + 110

1070 + 120
750 + 350

1080 + 100

990 + 250

Data on 10 cases with measurable primary momentum

and measured ionization.

The errors quoted for the
masses have been computed from the combined errors
of measurement.
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gl o
400 600 - 1000 1500 2000

MASS (mg)

Fig. 9. Frequency distribution of the measured masses. The
unshaded area gives the masses of the primary particles and
the shaded area the masses of the secondaries. Ten positive
and seven negative primaries are represented. :
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observed to traverse the lead plate between the chambers before
'decaying, but these give no information regarding the nuclear in-
teraction of the particles because it would not have been possible
to identify a star in the plate produced by a charged V-particle.

In Fig. 9, it is seen that the masses of all except two of
the secondary particlés are consistent with either that of a 7w or
M -meson. The two exceptions will be treated in detail in the
section below. No secondary particle was observed to decay in
flight, and only four traversed the lead plate separating the cham-
bers. None of the secondary particles produced a nuclea-r inter-
action and therefore no conclusion can be drawn with regard to
whether these were 7 or M -tnesons.

6:2 The distribution of transverse momentum.

In considering the transverse momentum distribution of
the secondary particles emitted in charged V-particle decay, the
data frqm the upper and lower chambers have been tfeated sepa-
rately. The resulting distributions are given in Figvsf. 10 and 11.
Here the number of cases per 50 Mev/c interval is plotted against

‘the transverse momentum, The shaded areas indicate the contri-
_ bution of positive particles to the total distributions. In accord
with the minimum transverse-momentum criterion required to
eliminate w- i decays and scattering events, these distfibutions
do not have any cases with P less than 50 Mev/c. The smooth
curves represent the calculated distributions for two and three-
body decay with fifteen percent experimehtal errors vfolyded in.
The three-body decay curve has been calculated by a\»ssuming th_af

a 1000 m_ primary particle {{ -meson) decays into a mu meson
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Fig. 11. Frequency distribution of transverse momenta.
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CHAMBER

NO. OF CASES

P,y (Mev/c)

Fig. 10. Frequency distributions of transverse momenta. The
shaded areas indicate the contribution of positive particles in
the total distribution. The solid curve is calculated for a three-
body decay (p* = 240 Mev/c) and the dashed curve for a two-
body decay (p* = 216 Mev/c). '



-91-

and two zero-rest-mass particles, and that the matrix element of
the interaction is independent of the energies of the particles pro-
duced in the decay. (20) The two-body curve has been calculated
for a momentum of the charged meson of 216 Mev/c in the center-
of-mass system of the decay. (4) This value of the momentum is

(9)

that assumed for chi meson decay'’’ and has been plotted for ease
of comparison. The areas under the curves for Pr <50_ Mey/c
have been normalized to be equal to the total areas contained in
the frequency distributions of the experimental data. *

By cutting off the distributions at 50 Mev/c, bias of the
data is reduced due to contamination from scattering events as
well as due to the difficulty of observing low transverse mofnen-—
tum cases. It is clear that such cases will in general involve
small angleé of deflection which might easily be overlooked in
searching through the film for charged V-events. Because the
transverse momentum depends upon the measurability of the mo-
mentum of the secondary particle, the distributions of trans-
verse momentum will be slightly biased to include more of the
short-lived primary particles than of the longer-lived ones.
However, a relatively inconsequential bias will result and the
small amount of data does not warrant a correction for this ef-
fect.

Because there are relatively few cases involved in these
distributions, it is not possible to make significant statistical

tests of the ''goodness of fit'' of the theoretical curves and the

- -

* This work was performed by Dr. C. M. York.
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experimental data. It is clear that many more cases would be
needed to distinguish clearly between two and three-body decay
schemeé. On the other hand, although the level of statistical
signif'icanc-e is low, the transverse momentum distributions in
the two chambers would appear to indicate some differences 1n v
the type of decay involved.
6:3 The distribution of momentum in the center-of-mass system.
In treating the determination of the momentum, p*, of
the secondary particle in the center-of-mass system, care has
been taken not to introduce any bias into the data. All caées in
which the primary particle was judged to be heavily ionizing and
the transverse momentum of the secondary was measurable are
listed in Table VIII. The limits of ionization of the primary ‘
particle were used to obtain the limits on the velocity of the
" center-of-mass system of the decay. By applying a Lorentz
transformation to:the longitudinal component of momentuni of
the secondary particle the corresponding limits to thé longitudi-
nal component of p* were obtained, and combining these limits
‘with the errors of measurement of Pr the finai limité to p*
. were determined. For completeness several cases in which the
primary particle was essentially at minimum ionization but had
a measurable momentum are included. These cases are indi-
cated in the table and p* has been calculated foi' them by assum-
ing that the primary particle has a mass of 1000 m,.
The small number of cases and thé errors inhefent in
the observations preclude any detailed interpretation>of the values

of p*; however, the spread of values, especially in the upper
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chamber, seems to favor a non-unique value of p*. This could
result from either a mixture of several types of two-body decay,
‘or from a single three-body scheme. In particular, the distri-
bution is completely consistent with what might be expected for

‘(-meson decay.

7. The Frequency of Production of Charged V-Particles

The frequency of production of charged V-particles rela-
tive to neutral V-particles occurring in the lower.chambér has
been discussed in Section 4:3. It is also of interest to calculate
the frequency of production relative to the total number of simwer
particles.* This has been carried out for the two chambers
separately, ﬁsing a method similar to that of Barker et al. (21)

The geometry used in this experiment is shown in Fig. 1 . In
the lower chamber, only production in the lead block separating
the two chambers has been considered. In calculating the curves
shown in Fig. »12 it has been assumed a) that particles of unique
mass are observed to decay in each chamber, 'b) that all of the

- shower particles have a differential momentum distribution of the
form P°3dP for momenta in excess of 1 Bev/c, c) that the pene-
trating showers are produced uniformly throughout the pi'oduction
layer, and d) that the cross-section for penetrating shower pro-
duction is insensitive to the energy of the primary particles. For

% This calculation was suggested by Dr. C. M. York who also
helped to carry it out.
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simplicity it is also assumed e) that all of the shower particles and
decaying charged V-particles travel vertically downward. If the
detectioﬁ efficiency as a function of the lifetime of the decaying
particles is evaluated using the above assumptions, the frequency
of production as a function of the lifetime can then be obtained from
the observed ratio of decaying V-particles to the total number of
shower particles. From 1045 counted shower particles wivtl‘l mo-
menta above 1 Bev/c, a weighted total of 35, 600 particles produced
in the lead block above the upper chamber and 8,400 produced in the
lead between the chambers were estimated to have been fs'een during
the course of the experiment. These are to be compared to 41
charged V's with momenta greater than 1 Bev/c observed in‘the
upper chamber and 43 in the lower. The resulting curves of the
frequency of production as a function of the mean lifetime are plot-
' ted in Fig. 12. For both curves a mass of 1000 m for the decay'ing,
particles has been assumed, but the dotted line A's lying.just' 'abo‘ve
the curve for the lower chamber has been calculated assuming a
mass of 2000 m, to show the small effect of this assumption. The
vertical lines in the figure indicate the limits on the mean life-
_ tirnes estimated in Section 5 and the attached arrows indicate the
range in which the true mean lifetimes for the two groups of par-
ticles probably lie. |

The particles in the lower chamber have a frequency of
production which is insensitive to 1':he lifetime for a fairly large
range of values of the lifetime. An estimate of the lowe’r’ limit to
the lifetime of these particles can be obtained by asvs:uming fhat

their frequency at production is ten percent of all of the shower
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11 sec, If this

particles. This gives a lower limit of about 10"
same criterion of ten percent is applied to the upper chamber, one
canestimate an upper limit to the lifetime of the particles decay-

ing there of about 2 x 10-'8 sec.

§

8. The Charged Hyperon. (V-{)

In the previous sections several marked differences in the
decay properties of the charged V-particles in the upper and lower
chambers have been noted. One of these differences which was
briefly mentioned in the discussion of the masses of the secondary
particles in Section 6:1 above, is that two charged V-particles hav-
ing s.econda;'y particles with masses much greater than that of the
w-meson were found in the lower chamber, both being positive and
both having origins in the lead plate separating the two charﬁbers.
In both cases the primary track was too short to perinit a momen-
tum measurement, but was heavily ionizing. The seéondar*y par-
ticles have masses lying in the range 1300-2300 m. It should be
~emphasized that while these heavy secondaries are Quite consistent
in mass and charge with protons, the mass measurements do not
exclude the possibility that they are somewhat lighter and heavier
than protons. A tentative interpretation of these events as being

o
examples of the decay of a charged counterpart of the familiar V, ~

particle has already been made(lz). The pertinent data for these
two cases are contained in Table IX, and a photograph of one of the
cases is reproduced in Fig. 13. The possibility that these events

might be interpreted as the scattering of protons is ruled out by the
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Fig. 13. Event No. 41646, showing a charged V-parti-
cle originating in an interaction in the lead plate and de-
caying into a heavy secondary particle. The V-particle
travels diagonally downward toward the left from the
interaction (A) and decays after having traversed only

a short distance in the chamber. The secondary parti-
cle (B) proceeds almost in the same direction as the

V -particle. Both the primary and the secondary par-
ticles are heavily ionizing.
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high transverse momentum of the decay and the absence of a recoil
nucleus at the decay point*. It is natural to suggest that this new

~ decay follows the decay scheme;
Vr (or/\+)-—> p+ 7 +Q (A)

Because a large number of the short-lived particles give rise to
secondary particles whose masses are consistent with that of light
mesons, it is inferred that the charge-exchange counterpart of the

above reaction is also observed, viz.;
vie n+ntig (B)

Although there is no direct evidence in the present data, it is pos-
sible that some of the short-lived negative particles observed in

the lower chamber represent the decay scheme;
VI —n+mw +Q (C)

However, without accurate estimates of the masses of the primary
particles it would be difficult to distinguish these two ty‘peS of de-

cays from that of a K particle in any individual case.

% This interpretation and the possibility that they may represent

VO-decays was investigated in detail by Dr. C. M. York, who (6)

found that neither interpretation could be considered satisfactory
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" 9, Conclusions

Frdm.,the analysis of the data obtained in the two cloud cham-
bers, it seems qﬁite likely that the charged V-particles observed in
this experiment are composed of at least two types with quite differ-
ent properties. The events in the upper chamber appeai' to be pre¥
dominantly due to a particle of mass about lOOOme which‘déc.ays
into a light meson with a mean lifetime greater than 1()'-9 sec and
less than leo-8 sec. A study of the transverse momentum and
momentum in the center-of-mass system of the secondary particle
indicates that there is probably more than one additinné.l neutral
pa;'ticle involved in the decay. From a consideration of the maxi-
mum value of the transverse momentum and the rest mass of the
primary particle it seems likely that these neutral particles are of
‘'very small rest mass and presumably are neutrinos and /for photons.
The frequency of production of these particles is greater than 0. 4
per‘ cent of the total number of shower particles. The properties
of these V-particles are in every respect consistent with those of
the kappa meson, (8) and similar in every way to the 'p:roperties de-
duced from earlier cloud chamber work employing a similar
geometric arrangement of the apparatus. (4, 2))

However, recently published results on charged V-parti-
cles(zz_u’) (exclusive of hyperons) appear to be at variance with
the properties of the previously postulated kappa and chi mesons.
Other decay schemes have therefore been proposed to explain the
experimental evidence. Gregor.y et al. (22) can expla.,ih the xﬁajorify

of their data by the decay scheme:
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1 *
KM——'»/L(, + YV +Q

. with Q =~ 360 Mev (P, = 220 Mev/c), MK; 914+20m_ and lifetime of
the order of 3x1 0"8 sec. Almost complete absence of negative pri-
maries is found. Evidence for this process appears to be present
in the work of Kim et al. (24)* A very marked charge asymmetry_is
also found by these authors: a positively charged, longlived particle
possibly decaying according to the above decay scheme, and a nega-
tively charged, short-lived particle with a probable three-body
decay process. The properties of the charged,V-—particle's- observed
in the upper chamber in the present experiment are not compatible
with the above results. This disagreement is not easily explained
on the basis qf the presently accepted decay processes of char'ged
V-particles. It is possible that the geometric arrangement of the
various apparatus used to detect V-particles introduce important
bias in the selection of events. |
The events in the lower chamber have a meaﬁ lifetime of

less than 3x1 0",10 sec. Although several of the events in this cham-
ber are probably kappa mesons, as indicated b%,r mass measure-
“ments on the primaries, some other much shorter-lived particle
must predominate to give such a low upper limit to the mean 1i.fe

of the sample. This particle appears to decay most of the‘ time into
“a light meson and to be predominantly positive. The transverse
momentum distribution indicates that probably a two-body decay

occurs with a momentum in the center-of-mass system of about

The author is indebted to Dr. Thompson for sending a prepubli-
cation copy of this paper.



-103-
200 Mev/c or less fo;' the secondary particles. The frequency of
production of these évents is' equal to or greater than about 0.8 per
- cent of the total number of shower particles. The two V1+-events .
discussed in detail in Section 8 above have led to the suggestion
that these short-lived particles in the lower chamber are hyperons
with at least the two alternate modes of decaLy given by (A) and (B)
above. However, if one accepts neither the interpreta.tiqn.of the
V1+ cases nof the assumption that the charge exchange count‘erpart
of the decay can occur, the evidence presented above still requires
the introduction of a short-lived particle with a r;at‘her high rate of
production. The observed frequency of occurrence and tﬁe apparent

long lifetime of theé much discussed chi meson(9

) does not apiléar to
satisfy the requirements imposed by the present data. Ho%vev'er, :
the small nurhber of observed cases of chi mesons, as well as of

-charged V-particles in this experiment, makesit impos sibl»e to
exclude completely the possibility that the particles observed in
the 1owef chamber are chi mesons. . The particle decaying accord-
ing to the scheme proposed by Gregory et al. (22), in view of the
observed long mean life, is also excluded by the requirements im-
7‘p0‘sed by the present data, although it is quite possible that a few
of the events observed in the lower chamber are of this type.

On the other hand, with the acceptance of a charged hyperon
as the short-lived' particle in the lower chamber, several inferences
can be drawn from the:data. From the upper limit of the transverse
momentum of about 200 Mev/c, the Q-valﬁe of the decay scheme
(B) can be estimated to be approximately 125 Mev, or less, m

9)

agreement with the values reported at the Bagneres Conference



-104-
for the hyperons observed in photographic emulsions. F'I'he striking
similérity of production of these charged hyperons with the_neut;‘al
hyperoné (V1° particles) as shown in Table III indicates that thej
are pféduced by similar mechanisms. The fact that they are’ob— :
served with one-third the frequency of the neutral V-particles can
in part be attributed to théir shorter lifetime and perhaps to a higher
energy threshold for production.

The photographic emulsion work indicates that kappa mesons
are produced at least as frequently as the hyperons, so that from
the curves in Fig. 12 an estimate of the kappa lifetime of.the order
of 3::10-9 sec can be obtained. As seen from the shape of the‘ lower
chamber curve, this conclusion is essentially independent of the
lifetime and mass of the charged hyperon. Any predominancé of
kappas over hyperons at production will cause a corresponding in-
crease in the estimate of the kappa lifetime.

Inthe interpretation of Table II, which gives the charg‘e
distributions observed in the two chambers, it oughf to be empha-
sized that the asymmetries iﬁdicated by the table are statistically
.significant only if an explanation in terms of a"singylef type of par-

- ticle is attempted. If, however, there are several types of
charged V-particles separated automatically according to lifet’ime
by the geometry of the two chambers, then a further interpretation
of the observed charge distributions as indicatihg a predominance
of one sign of charge or the ofher at‘ the point of production for

each of these types of particles must be undertaken with caution.
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