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ABSTRACT

The 48" magnet-cloud chamber has been controlled by a
gated proportional counter and photographs taken of 5313 ex-
pansions have been analyzed. |

The proportional counter was found to (1) select events
of lower energy than'penetrating shower detectors; and (2)
select at a much lower hourly rate interactions in which
V-particles were produced. However, the V-particles detected
appeared on the average to be of lower energy, hence, could
be measured with maximum cloud-chamber accuracy.

The p-meson-induced electron showers detected by the
proportional counter have been analyzed. Experimental and
theoretical frequencies were obtained for the production of
showers with a minimum of 40, 100, and 200 electrons. The
frequenciles for showers of 100 and 200 electrons were found
to be the most reliable. These experimental frequehcies are

1.679-% x 1076

per second and O.44 + 0.21 x 10-6 per second,
respectively. The corresponding theoretical values computed
from collislon and bremsstrahlung probabilities for spin
% p-mesons of 10 x 10'6 per second and 3.5 x 10"6 per second
reflect the uncertainties of cascade shower theory.

Two V-particles of particular interest were photographed.
Cne, event 47202, appears to be strong evidence for the exist-

ence of the neutral T-particle with the decay scheme, TQ»H*+H’

+ 7o + g~78 Mev.



The second V-particle, event 46944, was a negatively
charged K-particle that is consistent--from ionization-
momentum measurements énd decay dynamics--with the decay
scheme, & =T+ T°, P* = 206 Mev/c. The measured P¥ for
the event is 207 + 10 Mev/c. With other events that could
“be consistent with the 6 , this event helps to establish

. the existence of this K-particle.
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I. INTRODUCTION

There are two basic ways in which expansion-type cloud
chambers may be operated: (a) random selection of events
(1,2,3) or (b} controlled selection of events (1,4,5). With
'random.expansions it.is difficult to make the sensitive tTime
of the chamber greater than 1/1000th to 1/200th of the total
time of operation even with short recycling times, large
volumes, and long sensitive times. The advantage of a ran-
domly operated cloud chamber is its lack of bias on the ob-
served events. The two main disadvantages are (2) the low
efficiency for the selection of interesting events and (b)
the low accuracy of measurements when the event does not
immediately precede the time when the chamber is photographed.
Thus, the present need for large numbers of interesting events
with accurate measurements makes some form of cloud chamber
control necessary. |

Control of the chamber has been done by various forms
of particle detectors in various arrangements'about the
cloud chamber. The detectors have been arranged externally,
infernally or in a combination external-internal array. The
particular geometry used necessarily introduces a blas to-
ward particular types of events in the set of photographs
obtalned. There is also a bias due to the rigor of selec-
tion used, i.e., the types and amounts of absqrber used and

the numbers of detectors regquired in coincidence and/or
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anti-coincidence in order to record the event. Hence, in
designing a cloud-chamber experiment, the 'counter'! geometry
and tcounter' ccincidence--anti-coincidence is chosen to
give the most efficlent collection of the events under in-
vestigation. _

The partiole detectors used for cloud-chamber control
have taken several forms. Geiger counters (6,7,8), scintil-
lation counters (9), fast ion chambers (10,11), Cerenkov
detectors (12,13,14), Tm-p decay detectors (15}, neutron
counters (16,17,18), and proportional counters (19,20,21)
have been used in various manners and wilth varying degrees
of success. Of these the Geiger-counter selection has been
by far the most productive. Nevertheless, the particles of
interest observed in the high-energy interactions selected
by penetrating shower detectors usuvally have high momenta
in the laboratory system of reference. Hence, ildentifica-
tion of the particles through accurate ionizétion~momentum
measurements and observation of decay modes 1s difficult with
the magnetic fields and chamber sizes available. The bias
of penetrating-shower detectors thus passes low-momenta
and perhaps other types of events that are, or could be,
of interest. With this in mind, other investigators have
tried the above mentioned Cerenkov detectors, scintillation
counters, neutron counters, TI-u decay detectors, skeleton
proportional counters (19), and standard thin-walled, gas-

filled proportional counters in an attempt to photograph
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low-energy events or other events of interest. After operat-
ing a thin-walled proportional counter in a six-inch magnet-
cloud chamber (20), it was decided to build one for the 48"
magnet-cloud chamber. The events obtalned with the 48"
chamber are analyzed below and compared with a sample of
“events detécted with the same apparatus triggered with pene-
trating shower detection. Of particular interest is the
analysis of p-meson-induced electron showers and a neutral
K-particle and a charged K-particle that decay in the cham-

ber.



IT. PROPORTIONAL-COUNTER SELECTION WITH

THE 48" MAGNET-CLOUD CHAMBER

A. APPARATUS

The 48“ magnet-cloud chamber has been described in the
theses of Drs. Victor A. J. van Lint (22) and George H.
Trilling (23). The electronic circuits for the proportional
counter were basically those used by Drs. M. L. Merritﬁ (20)
and R. C. Jopson (21). Consequently it is only necessary
to briefly describe the proportional counter and the cham-
ber geometry used during the present experiment.

The proportiocnal counter was of the thin-walled gas-
filled type, being constructed of .010-in. brass and filled
to 44 psi (absolute pressure) Argon and 0.5 psi CO5. Sup-
porting ribs maintained the rectangular shape of the counter.
The counter was 1 in. thick, 3 in. wide, andilo in. long
with a 1-mil tungsten wilre placed along the 10-in. axis
acting as the anode.

A schematic drawing of the chamber geometry is shown
in Fig. 1. ©Note particularly the location of the propor-
tional counter between the middle and bottom cloud chambers.

The expansion of the chamber was controlled by a coin-
cidence of any one of six Geiger counters in the shielded
counter tray between the top chamber and the middle chamber
and a proportional-counter pulse of a size corresponding to

a particle of about four times minimum ionization. This
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ionization is that of about four 1 Mev/c electrons, a 67
Mev/c T-meson, or a 230 Mev/c K-particle. (The cloud cham-
bers will henceforth be referred to, from top to bottom,
as Ch 12, Ch 3, and Ch 4.) Because of the difficulty of
accurately determining the minimum pulse helght necessary
“to trip the chamber, the circult adjustments were chosen
as a function of the picture-taking rate. A rate of about
three pictures per hour was found to be optimum for this
investigation. After each expansion, a three-minute hold
time permitted the chambers to return to equilibrium.

The photography, thermostating, and measurement tech-

nigues were the same as described by van Lint (22).

B. RESULTS

Tables I fthrough IV summarize the events selected dur-
ing the last 1476 hours of operation. A total of 4203 pic-
tures were taken at an over-all average rate.of 2.9 per hour.
Faster and slower rates were used for two rolls of film.
However, this produced no significant changes in the hourly
rates for the various events. Tables II, III, and IV expand
on 1tems listed in Table I.

In Table I, 'Stars', 'Penetrating Showers!', 'Electron
Showers' and 'Mixed Showers!' are self-explanatory. ‘'Stopping
or- Stars!' are events In which a track is visible in Ch 3
above the proportional counter but not visible in Ch 4 below
the counter. Observation in Ch 4 would have been possible

1f there were no intervening absorber. If the momentum of
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these tracks were > 200 Mev/c, the event was listed as a
'Probable Star' in Table III. The 'up-meson-induced electron
showers! are events In which a single track was observed

in Ch 12 and assoclated with it an electron shower produced
in the lead and observed in Ch 3. Fig. 3 1s the photograph
_'of a large.electron.shower produced by a p-meson. (cf. Sec-
tion V.)

Table IV separates the 'Miscellaneous' events. From an
examination of this Table the difficulties of proportional-
counter operation are evident. The high percentage of
single tracks tripping the chamber was probably due to a
combination of reasons. Fluctuation in the ilonization of
the track (20) while passing through the proportional counter;
knock-on electrons occurring within the proportional counter;
and amplifier noise or 110 volt line transients occurring
during the gate ftime and added to a "minimum-ionizing"
pulse from the proportional counter appear to be the most
probable causes.

Included in the 'Accidental' pictures were all pictures
in which no visible particle was observed passing through
the proportiocnal counter. In many of these pictures, elec-
trons were seen coming from the bpack pistons of Ch 3 or Ch L4,
hence not all of the accidentals were due to nolise or pulse-
height variations. Correctlions in the amplifier clrcult re-
duced the number of accidentals from as high as 65 per cent

in one preliminary roll to an average of 10 per cent in later
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Table I. Summaries of events obtained with proportional-
counter and penetrating-shower detection.

Proportional-counter Penetrating-shower
selection¥* selection¥**
Event No. % /hr No. % /hr
Decaying V- o
particles 11%¥%% 0,28 0.009 20 3.0 0.13
- Stars 231 5.5 0.185 23 3.4 0.15
Stopping or
Stars 160 3.8 0.13 12 1.8 0.078
Penetrating
showers 26 0.62 0.021 80 13.3 0.59
Electron
showers 440 10.5 0.35 26 . 3.8 0.7
p-meson-induced
electron
showers g2 2.2 0.074 5 0.7% 0,033
Mixed
showers 105 2.5 0.084 13 1.9 0.085

Pictures with at
least one track : _
with I21.7 I, 272 6.5 0.22 75 11.0 0.49

Miscellaneous 2665 70.0 2.4 548 81.0 3.6

* Sensitive time: 1250 hrs.

*
Sensitive time: 153 hrs.

*
**¥* Does not include events Leclhl and 47202,



Table II.

Proportional-counter

Decaying V-particles.

Penetrating-shower

Type V- selection selection
particle No. % /hr No. % /hr
(e]
N y 36 0.0032 I 20 0.026
o° 1 G 0.0008 4 20 0.026
- ) _ _ 1 5 0.0065
v o 18 0.0016 2 10 0,013
v° 4 36 0.0032 9 45 0.059
Totals 11 100 0.009 20 100 0.13
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Table III. Stars detected during proportional-
counter selection.

Origin No. % ./hr
~ Proportional counter 124 41.0 0.10

Absorber between Ch 12 : '

.and Ch 3 77 25.5 C.062
Absorver vetween Ch 3 and

Ch 4 (outside propor-

tional counterg 18 6.0 C.014
Absorber above Ch 12 12 4,0, Cc.01
Probable stars (tracks

stopping in propor-

tional counter) 71 23.5 C.057

Totals 302 10C.0 C.265
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Table IV. Milscellaneous events detected during
proporticnal-counter selection.

% of % of
Event \ No. misc. total /hr
Singles _ ' 1861 62.8 42,0 1.5
' Doubles 202 6.8 4.8 0.16

Triples 22 0.8 Q.5 0.018
Knock-on electrons

from proporticnal

counter 147 5.C 3.5 0.12
Accidentals 625 21.0 14.8 0.5C
Blank 75 2.5 1.8 .0.06
Chamber did not

expand 33 1.1 0.8 0,026

Totals 2065 100.0 70.0 2.37
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rolls, Such a reduction was necessary for the success of
the experiment.

. Table IT lists the decaying V-particles observed in
the cioud chambers.during the experiment. Four of the
V-particles were produced in stars originating in.the.pro~
'portibnal'cbunter, és shown in the photograph, Fig. 2.
This represents about one V-particle per 50 to 6C such stars
if the 71 'Probable Stars' of Table III are included, or,
one V-particle per‘30 to 40 proportional-counter stars if
the 'Probable Stars'! are not inecluded. in addition, approxil-
mate1y>10 or more tracks from the stars appeared to be con-
sistent with non-decaying charged K-particles. Several of
them could possibly have been stopped had there been plates
in Ch 4. Of the V-particles observed during the entire ex-
periment the most interesting are events 47202 and L6OLk,
which are discussed in Sections VI and VII, respectively.
The first appears to be strong evidence for ﬁhé ekistence

of the ’to, and the second is an excellent case of a & .

C. SUMMARY AND CONCLUSIONS

The followlng observations and conclusions were drawn
from the present experiment:

1. Events 46044, 47202, 51035, and others; p-meson-
induced electron showers; and several low-angle penetrating
showers show that gated proportional-counter control of an

expansion cloud chamber selects interesting events that are
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passed or detected with less certainty by penetrating shower
detectors.
2. In the 124 r'proportional-counter' stars, only about

four contained more than five high-energy tracks within a
small angle. This seems to indicate that proportional
_ counters do select low-energy interactlons. A complete
analysis, however, has not been made.

| 3. Plates below the proportional counter would in-
crease the observation of interesting events by stopping
the long-lived, low-energy, unstable particles produced in

the 'proportional-counter! stars.



IIT. PENETRATING-SHOWER DETECTION

A. INTRODUCTION

Cloud-chamber geometry for penetrating~showef detec-
_tidn is that shown in references (22) and (23). It is the
same as that shown in Fig. 1 except for the folléwing three
changes:

(a) Shielded Geiger-counter tray used above Ch 12.

(b) A lead absorber 1-5/8 in. thick placed opetween

Ch 3 and Ch 4 in place of the proportional counter.

(c) Shielded Gelger-counter tray placed below Ch 4,

The characteristics of penetrating-shower deteétors
are well known. Hence, this section is not meant to be an
exhaustive study of a large number of plctures. Ohly 677
plctures from three recent rolls of fiim were surveyed i1n
order to get some numbers for a qualitative comparison with

the proportional-counter results discussed above.

B. RESULTS

The 677 pictures were taken during a sensitive time of
153 hours with an average pilcture-taking rate of 4.4 per
hour. The chamber was triggered by either of two types of
coincidences: 0-2-2 or 2-2-1. This means that any simul-
taneous pulses occurring from O (or 2) counters in the top

counter tray, 2 (or 2) or more counters in the middle tray,
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and 2 (or 1) or more counters in the bottom tray will cause
the event to be photographed. The reéults are listed in
Tables I and II along with the proportional-counter re-
sults. Only the V-particles are discussed in detall since
the events of interest In Tables III and IV do not apply to
 penetrating—shower detection. In Table I, the events listed
carry the same meaning as described above in Section II,
Part B, except for 'Miscelléneous.' The 548 pictures classed
as 'Miscellaneous!' in penetrating-shower detection are all
pictureg in which there is nc evidence of a shower--pene-
trating, mixed, or electron. The events, however, cannot be
classified as accurately as the proportional-counter events
in Table IV with respect to the efficiency of the detecting
technique. It is interesting to notice that two of the 20
V-particles and about 30 to 50 per cent of the stars and
stopping particles were observed in pictures in which there

wag no visible evidence of a shower.
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Iv. COMPARISON OF PROPORTIONAL-COUNTER AND

PENETRATING-SHOWER SELECTION

From the hourly rates listed in Table I, one can draw
"the followihg conclusions:

1. Penetrating-shower detection is much more effi-
cient as a detector of decaying V-particles. Nevertheless,
events like U469UL, L7202, and 51035 indicate that proportional-
counter selection has a better chance per V-particle of de-
tecting cases that can be measured with maximum accuracy.

2. Stars are observed with about the same frequency.
However, in Table III note that almost half of the stars
detected durilng proportional-counter selection were produced
in the much smaller amount of absorber immediately above,
wlthin, or immediately below the proportional counter. Using
the value of 6.7 grams per square centimeter,‘é star fre-
quency of about 0.016 stars per cubic centimeter per day
is obtained. The 110 grams per sduare centimefer in the
two lead absorbers within the cloud chamber used during
penetrating-shower selection result in a frequency of obser-
vation of about 0.00048 stars per cubic centimeter per day.
(Stopping tracks were not included in the calculations.)

3. Penetrating showers are detected with greater ef-
ficlency with penetrating-shower detectors, althocugh the
gated-proportional counter has a better chance of detecting

low-angle penetrating .showers. In addition to event L7202,
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there were two other events in which such low-angle shower
secondaries produced infteractions in the bottom of Ch 12,
from which tracks consistent in mass with K-particles tra-
versed the height of the chamber. Such events produced in
prlates below a propoftional counter would probably haﬁe
‘been accompénied by a decay above the counter.

4, Electron showers are detected with greater effi-
ciency with proportional counters.

5. Mixed showers are detected with about equal effi-
clency. |

6. M-meson-induced electron showers are detected with
greater efflclency with proportiocnal-counter selection.

7. More of the events photographed with penetrating-
shower selection have at least one track with ilonization
greater than about 1.7 times minimum ionization visible in
the chamber volume. |

8. About ten per cent more events of tﬁoée photo-
graphed with penetrating shower selection were triggered
by events other than showers, stars or stopping particles,
such as single particles.

From the experiment, 1t was concluded that:

1. Gated proportional counters require more attention
than Geiger counters, but, it was found that after the ampli-
fier-noise and line-transient problems were reduced, the
apparatus operated with a relatively high degree of stability.
In fact, during the last half of the experiment, the majér

source of the maintenance problems was not the proportional
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counter and its circuits, but the rest of the cloud—chamber
apparatus. *
2. Gated proportional counters used in magﬁet—¢loud
chamber geometry similar to that of this experiment, can
best be used under the following conditions: l
(a) ’With\good 110-volt line filtering.

(b) With large proportional-counter area and
with two or more anodes within the sensi-
tive volume of the proportional'counter.

(¢) 1In parallel with penetrating-showef detec-

tors.
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V. p-MESON INDUCED ELECTRON SHOWERS

A. INTRODUCTION

The most exténsiye investigation of electromagnetic inter-
actibns of p-mesons has been the experiments by M. Schein and
P, S. Gill (24) on "bursts" detected in shielded ioniZation
chambers. R. F. Christy and S. Kusaka (25) did the”theoreti—
cal analysis of the results. Other experiments are given in
references (31) and (32). Similar events were observed in thé
48" magnet-cloud chamber with proportional-counter coﬁtrol.
Fig. 3 shows an example of a p-meson-induced electron shower
‘containing 200 or more electrons. CloUd—chambervdata of such
events have the advantage dver preVious ionizatidn-chamber
‘measurements in that effects of stars and air showefs are not

ineluded.

B. EXPERIMENTAL RESULTS

Table V lists the relative sizes and frequehcies of the
92 showers reported in Table I. In Table V, 'S!' is the mini-
mum number of electrons observed in the shower and 'N(8)!
is the number of showers with S or more electrons. The
~ common logarithm (written in this section as tlog') of
these values is plotted in Fig. 4 in a graph of log N(8) vs
log 8. The slope of this graph beyond S=40 is consistent
with that obtained by Schein and Gill (24). The deéreased



electron shower.
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Table V. Frequencies of p-meson-induced electron showers,

s” N(s)* Fr??ﬁi?cy
10 92 + 6.5 0.074
15 65 + 5.4 0.052
20 56 + 5.0 .0.045
25 W6 + 4.5 0.037
30 b1 + 4.3 0.033
Lo 31 + 3.7 0.025
50 21 + 3.1 0.017
60 15 + 2.6 - 0.012
70 10 + 2.1 0.0080

100 7+ 1.8 0.0056
200 2 + 0.95 0.0016

*
Minimum number of electrons observed in the shower.

* K
Number of showers with S or more electrons.
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slope below S = 40 probably reflects a decreasing efficiency
of detection more than anything else.

The frequencies at which the showers for particular
values of S were observed during the sensitive time of 4.5

6

x 107~ seconds are as follows:

S N(S) N(S8)/sec
(x 10-6)

40 31 + 3.7 6.8 + 0.8

100 7 + 1.8 1.6 + 0.4

200 2 + 0.95 0.44+ 0.21

The primaries of all the showers passed through an area of

690 square centimeters at a distance of 39 centimeters above

the proporticnal counter. The horizontal area of the propor-

tional counter 1is 190 square centimeters. These quantities

do not exactly define the exact total solid angle but from

the pictures it was decided that they give a fair approximation.
After considering the theory of such showers these experi-

mental results will be discussed in more detall,
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C. THEORETICAL DISCUSSION

The theoretical frequency for the production of electron
showers of S electrons by electromagnetic interaction of
p-mesons in ten radiation lengths of lead is given by (cf.

Christy (25)):

, col
Eomin “Epin t=0 ra

| o0 Ehwx t=10 _
NE)fee = XoS S NEE) deoE) PE tS) atdEdE,  ©)
d .

where separate integrations are carried out for the contribu-

tions of collision and radlation processes tc the frequency

and where
EO -- p~-meson energy in Bev.
Et -~ Energy of knock-on electron or energy of radiated
photon in Bev. :
t -- Depth of absorber in radlation lengths.
XO ~~- Radlation length in gram per cme.

N(Eo)dEoz-:-L—B—:-;)—g— dE, -~ Number of p-mesons per second with
EO energy E5 in dE, admitted in the
solid angle of %he experimental
geometry (28).

§>(EO,E')dE' -- Probability per gram per em® that a

col p-meson of energy E, will produce a
knock-on electron of energy Et in dE'.

$ (EO,E')dE' -~ Probability per gram per em® that a

rad p-meson of energy Eo will radiate a

photon of energy Et in dE!'.

P(E',t,S) -- Probabillity that a knock-on electron
or photon of energy E! at depth t will
produce a shower of S or more electrons
at depth t = 10.
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E' ax = E 2/(Eo + 11) 1s the maximum transferable
energy by a p-meson of energy Eo’
E'min -- Minimum energy of a knock-on electron or

photon that will produce a shower of S
electrons at depth t = 10.

Energy of a p-meson whose maximum transfer-
able energy is the minimum energy of a
knock-on electron or photon that will produce

a shower of S electrons at a depth t = 10,

- Er =K' . .
or, a p-meson whose E' . =E min

Christy and Kusaka computed dzmand qLufOP a particle
of mass m, of spin O, %, and 1 and of "normal" magnetic
moment. The forms of the avove probabilities for particles
of spin % and mass m given by Rossi (26) and uséd here with

the same notation are

2Cm_c 2
e dE! 2 _E! 1 E!
j(zg ) [ B e i) ]

col /52 (E')2 max
and
| 2 m \° 2
UNZ“= 2 e dg! 1 o) Bt
(Eq,E')dET = r (-——) & [1 s (-2 -2 - £
@rad A e \m ET _ - Ej 3 Eg
°F °h (1 - E-'-)
in 9 Esl]- 2
o3 207
me rn E!
_ 2 2 -13 5
where C = WNZr, /A = 0.150Z/A cm”/gm and r, = 1.38 x 10 7K
cm = 0.49 reA% s> Yo = electron radius. For the energies of

interest, = 1.
The probability P(E!',t,S) was obtained by the use of

Rossi shower curves (27) shown in Fig. 5. An example of the
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ﬁethod will be given by finding the probability for the pro-
duction of 100-electron showers by knock-on electrons or |
photons of 7.5 Bev energy. Fig. 6 shows the graph of
P(E';t,S) vs t obtained by the following approximate method.
The ten radiation-length absorber is divided into five'cells
of tw0'radiation‘1engths, each cell centered about t = 1,3,5,
7, and 9. Consider now Fig. 5. For showers of 100 electrons,
the curve labeled log S = 2 is the curve of interest. Only
small fluctuations in S--order of magnitude S%—-are assumed.

Using the critical energy e = 0.0076 Bev, log (E'/éo) is 2,99,

o}

for Et* = 7,5 Bev., The critical energy, €y is tHe collision

loss per radiation length of electrons of energy e The next

o
Step is to note where the value of 1og’(E'/éo) lies with re-
spect to the curve, log S = 2, at the various values of t!

(t' = 10-t). For the knock-on occurring at t = 3% the value of
log (E'/e.) = 2.99 is noted in Fig. 5 at t' = 7, since t' = 7
is now equivalent to t = 10 in the absorber. The value lies
essentially»on the curve, hence the probability fot this cell
is 0.5 since half of the time S would be greatér than 100

and half of the time, less. For t = 5 in the absorber; at

t! = 5 in Fig. 5 the value of log (E'/éo) lies above the curve,
hence the probability is 1.0 for this cell. For the other
cells, the value of 1log (E'/éo) lies below the curve, hence

the value of P(E',tS) is zero for these cells. Consequently,

the outline of the shaded area in Fig. 6 represents the ap-
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proximate function P(E!,4S) for E' = 7.5 Bev and S = 100.
The probability functions for other values of E! were ob-
tained in a like manner,

Because of the nature of P(E!',%S), Eq. (1) had to be

integrated numerically. Eq. (1) then becomes

N(S)/sec::xaiil N(E,) § (E,,E') P(B!,t,5) At AE" 8E,

col
AE, AF At rad

where the summatlon 1s carried out over At, AE!, and AEO
between the limits of integration given in Eq. (1). An upper
limit of 200 Bev was used in the summation over E0 since the
contribution to the frequencies beyond this is negligible.
Using reasonable values of E' and Eo’ approximate theoretical
frequencies were obtained as follows (with the expefimental

values repeated beside them for comparison):

S Experimental Theoretical Ratio of theo-
frequenc frequency retical to
(x 10-6/§ec) (x 107%/sec) experimental
frequency
100 1.6 + 0.4 10 6
200 0.44 + 0.21 3.5 8
4o 6.9 + 1.7 68 10
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.In an attempt to account for the large discrepancies
‘_ between the experimental and theoretical frequencies, two
factors were Varied independently to test the effect on the
theoretical values. First, the value of the critical energy,
e,, was raised to 10 Mev and the calculations carried through
for showers of 100 or more electrons. This reduced the above
theoretical frequency about 40 per cent to about 6 x lO"'6 per
second.

Next, with e still equal to 7.6 Mev, it was assumed
that the observed showers of 100 or more eiectrons corresponded
to calculated showers of 200 or more electrons., This would be
the theoretical frequency for the 200-electron showers above,
i.e., 3.5 x 10"6 per second. This is about a 65 per cent re-
duction in this theoretical frequency. Physically, this
assumption 1s based on the loss of electrons in the absorber
by scattering and perhaps other causes., The experiménts of
W. Blocker et al. (33) indicate that this loss due to back-
scattering is about 41 per cent of the calculated number of
electrons. Consequently, varying both factors at once could
concelilvably reduce the theoretical number to about 2-3 x 10_6
per second.

Another uncertalnty is the size and position of the
shower maximum in lead. Belenky (34) shows that these quanti-
ties are smaller than those used in the Rossi shower curves.

This change would decrease the theoretical frequencies further

a few per cent.
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FPinally, the final uncertalnty considered is the amount
of the fluctuations in the size of the showers. The fluctu-
ations are believed to range anywhere from S% to 8-1 (29).
Larger fluctuations than those assumed in this analysis would
cause an increase in the theoretical frequency due mainly to
the contributions by fluectuations below E'min and Eomin' The

actual value is probably somewhere between the values above.
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D, DISCUSSION OF RESULTS

The major sources of error in the experimental results
are as follows:

1. Knowledge of the p-meson spectrum. The best values
available to the author of the vertical intensities of u-
mesons of various energles were obtained by the use of two
graphs listed by J. G. Wilson (28). One graph is a.range--
energy relation for p-mesons in terms of range through earth,
In meters of water. The second graph is that of the vertical
intensity of thé hard component of cosmic radiation as a
function of depth through earth.

2. Poor statistics for S = 100 and S = 200.

3. Decreased efficlency of detection for the smaller
electron showers. A momentum of about 50 to 60 Mev/c is
needed for an electron leaving the lead absorber abové Ch 3
in a vertical direction to reach the proportional counter.
Without materialization of photons in the brass absorber
above the proportional counter, the detection of the event
would depend on the possible causes for single tracks tripping
the chamber discussed in Seection II, Part B, above.

4., Difficulty of observing every electron that enters
Ch 3, particularly in large showers. This error will always
be in one direction, viz., to give a value of S that is
actually smaller than the minimum number of electrons in the

class of showers. Therefore, the error in the experimental
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shower frequency for S8 = 100 should perhaps be l.6f8‘§ X 10'6

per second rather than as given on page 24.

The major factors influencing the accuracy of the theo-
retically derived cross-sections are:

1. Knowledge of the p-meson spectrum as above,

2. Complexity of the theoretical analysis of cascade
electron showers (cf. Rossi (29)). |

3. The uncertainties of cascade shower theory.

4, The effect of a magnetic field on the de?elopment
of a cascade electron shower, The exact analysis of this
would be qulte complex, but the effect 1s believed to be
small,

5. The accuracy of the probability functlon, P(E',t,S).
Its accuracy depends on (2) through (4) above and the finite

size of the cells used,
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E. SUMMARY AND CONCLUSIONS CONCERNING p-MESCN ELECTRON
SHOWERS.

The following conclusions can be made about p-meson-
induced electron showers:

1. Cloud chambers controlled by proportional counters
afford a better method for the study of p-meson electro-
magnetic interactions than ionization chambers.

2. The large discrepancy between the experimental and
theoretical shower frequencies appear to reflect the uncer-
talnties in shower theory, particularly the critical energy,
loss of electrons due to scattering, size and posltion of
the shower maximum, and fluctuations iIn the sizes of the

showers,
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VI. NEUTRAL K-PARTICLE

A. INTRODUCTION

The decay in Ch 12 of a neutral K-particle--event
47202--1s shown in Fig. 7. The cloud chamber was Srig-
gered by the low-angle penetrating shower visible in the
lower-leflt corner of the chamber. The axis of the shower
1s down to the right and.toward tre piston of the chamber.
There appears to be an aimost equal probanility of trig-
gering the chamber by either penetrating-shower detection
or gated-proportional-counter control, bhut perhaps a
greater probability should be given to the proportional
counter necause of the direction of the shower axis. The
V-particle appears %o have neen prcduced in the interac-
tion in the botsom of Ch 12, well defined dy the thres
heavily lonizing tracks seen originating on the bottom left
side of the chamber. This apparent origin is indicatec by

the arrow at '0!' 1n the Zigure.
B. MEASUREMENTS AND ANALYSIS

In Fig. 7, the positive track i1s indicated by the arrow
at '"A' and the negative tTrack, by the arrow at '3', The
momentum of the positive was determined tc be 101 + 3 Hev/c
and that of the nepative track, G3.6 + 3 Mev/c, with an

o m 0 - . R o
included angle of 61.3°. The ionization estimates “or each



of a neutral K-p

the existence of a
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track range from 1.8 to 3 times minimum ionization, Io’ with
-the most probable values of ionization, I, given by 2.5 IO.
In order to get the most probable masses of the par-

ticles, a comparison of the expected values of ionization

for W-mesons and p-mesons of momenta P, = 101 Mev/c and

P = ¢l Mev/c are made as follows:
P, P
101 Mev/c ol Mev/c
TT-meson 2.3 IO 2.5 IO
p-meson 1.7 I, 1.8 I

Differences in lonization of 20 per cent or more should be
discernible, but no difference that large 1s apparent.
Further, by comparison with the identified, 520 Mev/c proton
track with the most probable ionization of 3.0 IO~-the nearly
vertical track on the left in Fig. 7--the ionizétion of the
above tracks could not be lower than 2 IO. Consequéntly,
from ionlzation-momentum measurements, both particles are
probably of 71-meson mass. Their masses are certainly not as
light as that of an electron.

Nevertheless, the dynamics of the decay were carried
out considering fhree possible combinationsbof charged
particles, viz., (wh, 1), (m*,p” ), and (p+,ﬂ"). On the basis
of a two-body decay, the three Q-values are obtained as

follows:
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Qrt,m) = 17.2 + 2.5 Mev (1)
Q(T,p7) = 19.5 + 2.5 Mev (2)
Q(p™,w) = 25.2 + 3.0 Mev . (3)

-

The resultant momentum, PO, of the two visible tracks is
167 + 4 Mev/c.
All three of the above Q-values are very different from

that of the nomal &° decay,
T +T + Q~21L Mev,

hence, the event is of the anomalous type reported by van
Lint (22) and others. Three possible decay schemes that

could explain the event are:

0 - T+ 4w+ Qe (4)
o + -

ganom_']T +p +V o+ Ql , (5)
o + -

Snom — P FtT + 9V +Q;, (6)

where ¥ 1s a neutrino. The highly probable origin can be
used in an attempt to determine which decay scheme is the
most probable. With an origin it is possible to simplify
the analysis of a three-body decay to that of a two-body
decay by congidering the two visible tracks as a single par-
ticle of momentum equal to the vector sum of the momenta of
the visible particles and of mass egual to the sum of the

masses of the visible decay products plus the Q-value ob-
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tained on the basis of a two-body decay. This method simpli-
fies and completes the analysis of cascade three-body decays
discussed by van Lint (22). (See Appendix A.)

Applying this method of analysis to event 47202, the
masses of the 'combined! particles are, using relatidnships

(1) through (6),

Wypyr 2m, + 17 = 297 Mev ,

il

=m, +m,  + 20 = 266 Mev ,

! 1

= + 2
m mp My + 5

i 271 Mev ,

i

with a laboratory momentum of

Prg = Byu ¥ By ¥ Py = 167 + 4 Mev/c

If the vector representing the line of flight of the K°-

particle is called LOF, then the angle between ?; and LOF is

(F,,LOF) = 40.2°

from which the transverse momentum 1s given by

Pop = P,sine 40.2° = 108 + 3 Mev/c

oT
and the longitudinal momentum is given by
. o
P, = P,cosine 40.27 = 127 + 3 Mev/c .

Only the analysis of the T° decay will be discussed

in detail. First, a minimum Q-value is obtained by assuming
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that the transverse momentum is equal to the center-of-mass

momentum, Pg, or

P = P

oT = 108 Mev/c ,

*
o}
Next, a 1TO is assumed to be emitfted with a momentum in the

center-of-mass System equal and opposite to that of the

Myq > OT,

Now the total energy of both particles in the center-of-mass
system equals the minimum value for the rest mass of the

parent particle and is given by

2 2 2 2
= * * =
moin VEW + m, + uPO + My 48G Mev .

The minimum Q-value 1is then given by

Qm‘n = 489 - 2m, - My = 74 Mev .

1

In the decay of a ’to of mass 493 Mev, the expécted Q-value
is 78 Mev. This implies that if the neutral particle in
event 47202 is indeed of vo mass, it is emitted at nearly
right angles to the line of flight in the center-of-mass
system--the most probable region of emission (22).

If, now an initial mass of 493 Mev is assumed, B¥ be-

comes 112 Mev/c. Using Trilling's formula (23) for ¥& ,

x/g: BLE‘T” iEme: ~ _.B'i:i__ = 0.40
ot Ry it By




~ho-
from which &= 0.37 and ¥ = 1.08 and
Pro = ¥B8Mge = 197 Mev/c .

The time of flight is given by

t = = 1.9 x 10 seconds .
C P’l‘." '

Finally, the minimum g8 for the event is

’dmin = mE-r:;;——— - 0.37 .

Obviously, the event, relative to the visible origin,

1s very consistent with the assumption of the decay
TO~T*TT 1™ + Q ~78 Mev .

Table VI lists the above gquantities together with those
for the deca& schemes (5) and (6). Evidently, if we disre-
gard lonization estimates, the dynamics can be ponsistent
with all three decay schemes. Thekproduction dynamics, how-
ever, would favor the lowest value of /5. The argument
proceeds as follows. If no large fraction of the momentum
of the primary production particle is absorbed by the nucleus,
the veloclty of a particle in the Laboratory System becomes
increasingly smaller as the laboratorj angle of emission-

becomes larger. Consider the relationship for the labora-
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Table VI, Summaries of three possible three-body decay

schemes for event U47202.

(w*,n,me) ‘(ﬂﬁﬁﬂy) (ytﬁzv)’

Q“Xiii§>(?§2§?°dy ©AT + 2.5 19.9 + 2.5 25.2 3.0
>'Combined' mass (Mev) 297 266 271
Minimum Q-value (Mev)' T4 150 : 154
P¥ (Mev/c) 112 175 " 173
e* (Degrees) 90 142 141
)73(*) 0.40 1.02 0.98
Ve | 0.37 072 i 0.70
Y 1.08 12 10
B . 0.37 0.43 1 0.40
P(or K°)(Mev/c) 197 504 | 485
Time of flight‘ 1.9 o.5L »' 0.56

(x 1077 seconds)

A1l values of )8 are single-valued.
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tory momentum of a particle '1t' as a function of the labora-

tory angle of emission, ©,, given by (30)

-

P (;79 -8 .
PO) =l B.cos 8 | 1-EL 1 sin’e,

where it is seen that for fixed g and A&%, Pi is a decreas-
ing function of Qi. In an interaction in which the velocity
of the particle in the center-of-mass system (ﬂi) is equal
to the veloclity of the center of mass, the limiting labora-
tory angle of emission is 900 with a 1abdratory momentum
equal to zero. The degree to which this is applicable to
event 47202 depends on the fraction of the momentum absorbed
| by the nucleus in which the V—particle wa.s producéd.“The
magnitude of the probability that a large fracﬁion of this
momentum 18 absorbed by the nucleus can be ascertéined,from
the total number of ldentified /e—partiéles produced in the
absorbvers betﬁeen the cloud chambers during preViduS experi-
ments. Of about 100 such particles observed, only‘about six
wére seen moving backward in the laboratory system.* Hence,

the probability that the nucleus will absorb a large fraction

* It can be shown that in a nucleon-nucleon or JT-nucleon
collision, a product particle with mass greater than nucleon
mass would not be seen traveling backward in the Laboratory.
System. See Appendix B. :
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of the momentum is less than .06. Now, the K° under con-
sideration appears to have been emitted at nearly right
angles to the shower axis, hence, has the largest probability

of having the lowest of the three possible values of‘/ﬂ.

'¢.  CONCLUSIONS

The following conclusions can be drawn concérning event
47202: |

1. The masses of elther particle observed in the decay
of the particle shown in Fig. 7 1s certainly not as light as
the mass of an electron. |

2. The analysis of event 47202 presents the strongest
evidence known to the author for the existence of a neutral

T-particle with the decay scheme
Tt s &+ w® &+ Q~78 Mev .

3. Because of the lack of observable evidence of the
m°, other possible decay schemes cannot be fuled out ab-
solutely. A few more events of the quality of évent L7202
(or better) are needed to firmly establish the existence

of the T°.
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VII. CHARGED K-PARTICLE

A. INTRODUCTION

One of.the three negatively charged V-particles de-
tected during the proportional-counter operation.of the
48% magnet-cloud chamber is shown in Fig. 8. The particle
entered the visible region of Ch 12 from the left-rear as
indicated by the arrow at 'A' in the figﬁre. It traversed
about two-thirds of the chamber width and decayed near the
rear-to-front center of the chamber. The visible secondary
left the chamber as indlicated by the arrow in the figure at
'B'. The chamber was triggered by low-energy particles
that apparently came from the same interactioﬁ in which
the particle of interést was produced. It appears-that
the event would have certainly been passed by the penetrat-

ing-shower detector.

B. MEASUREMENTS AND ANALYSIS

The momentum of the primary was determined to be
521 + 40 Mev/c, and that of the seconday, 191 + 7 Mev/c.
The ionization of the primary is estimated to be about 1.5
times minimum ionization. The ionization of the secondary
is estimated to be less than that of ﬁhe primary and akout

1.3 or 1.4 times minimum ionization. Now, the ionization
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of a 520 Mev/c proton is 3.0 I, and that of a 520 Mev/c
K-particle is 1.5 IO. Hence, the mass of the primary is
certainly not greater than the mass of a proton. Further,
the ionization of a 191 Mev/c Tr-meson is 1.25 I, and that
of a 191 Mev/c p-meson is 1.1 IO. Consequently, the visible
‘secondary is probably of MW-mescon mass.

The laboratory angle of emission of the m-meson 1is
62.2°. From this, a transverse momentum, Pp, of 169 + 6

Mev/c and a longitudinal momentum, PL( of 89 + 3 Mev/c

),
are obtained. The apparent length of the primary track 1s
about 27 centimeters, hence, the time of flight 'is greater
than 9 x 10710 seconds.

Using the primary momentum of 521 Mev/c and a mass

of 493 Mev, the velocity of the Center of Mass is given by
B=P/M = 0.725 + 0.056
where W is the total energy of the particle. ZZrom ,6,
¥8 = 1.05 + 0.08
and

¥ = 1.45 + 0.11 .,

Transformation of PL( to the center of mass system gives

)
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P')ﬁ(“) = YPL - XﬂEﬂ, = ~-120 MeV/C »

and with PT determined above,

' | 2 2
P* = V?;f) + (PT) = 207 Mev/c

Computation of the error in P¥ by the relationships given

in reference (23) gives a AP* of +wMev/c, or,
P¥ = 207 + 10 Mev/c
The expected P* in the decay
6" T + 7° + @ ~ 218 Mév |

is 206 Mev/c. Further, if the secondary of event 46944 is
assumed to be a p meson, a P* of 198 + 10 Mev/c is obtained.
This value is inconsistent with the expected value of P¥* of
about 239 Mev/c for the decay

K. ——p -+ 2+ 2 .
1 Y
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C. SUMMARY AND CONCLUSIOCNS

The following conclusions can be made concerning
event 4694Y4:

1. The mass of the primary is certainly not greatef
~than the mass of a proton and most probably equal to the
mass of a K-particle.

2. The event is inconsistent with the decay

K -+-pf + 2+ 2,

P

because of the difference of the measured and expected P¥* of
apout four probable errors,.
3. The event shows excellent consistency with the

decay

0" —= T+ M° + Q ~218 Mev

4. VWith the cases reported by Trilling (23) in his
study of charged V-particles and the others obtained in this
laboratory since his report was written, the excellent case

reported here helps to establish the existence of the 6 .



VIII. APPENDIX

APPENDIX A
. FURTHER COMMENTS ON CASCADE THREE-BODY DECAYS

Consider the decay of a particle of mass My that de-

cays into two particles with masses m_ and M. - Further,

o

assume the particle m_ immediately decays into two more

0
particles with masses my and m3. The cascade can be repre-
sented by the relationships as follows using the definition

of a Q-value:

Q: . = m. - ml - m

o
Lv-mg + my

The second decay can also be wrilitten as
mO = My + m3 + Q23 5
or, substituting in and rearranging the above relationships,

m, = ml + mo + Qio

=m; + my + msy + Q23 + Qio

and

mg - Wy o- My - My = Q23 + Qi =@
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Let My and m3 represent two measurable charged particles.
Then QQS is obtained from measurements on particles 2 and 3.
With an assumed mass for my and an origin, a minimum Q-value
can be obtained after a minimum value for the mass of the

primary particle, m_, is determined from the relationship
1

M

1(min) = PT + m + PT + ml .

With this,

Snin = M4 (min) ~ M1 T Mp T M3 .
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APPENDIX B
LIMITING LABORATORY ANGLE OF EMISSION OF HYPERONS

After it was noticed that only a small ffaction of the
-observed neutral V-particles where seen moving backward in
the laboratory system, the question of the production dyna-
mics necessary for this was thought to be of interest.

Flg. G represents the collision of a particle of mass
ms and momentum Pi wlth a particle at rest of mass m e The
particle of interest will be the product particle of mass
m and laboratory momentum, Pm. The second particle of 'mass!
M represents the sum of fthe masses of all the particles ex-
cept the particle of interest plus the "Q-value" for these

particles (e.g., mass m_ in Appendix A). Py is their re-

0

sultant momenta. The laboratory angle of emission of par-

ticle m is represented by Qm——the other quantity of interest.

The problem can now be restated as follows: For m>m,,

under what conditions will ¢ _> 90°? |
Consider, now, the transformation of the longitudinal

component of the center-of-mass momentum of particle m given

by

P, = ¥BRp + YpUE (1)

where, of course, wm is the total energy of the particle.



LABORATORY SYSTEM

my
®
P1 N
M
M
Total momentum = *f~ = ?&

| IR - -
Total energy = W —'J;i +my +mg

— P
Velocity of center of mass =3 = ;1

CENTER OF MASS SYSTEM

—
*

Pn =T

B O | — T A
we = \Pe2 4 n® +\PE + M7

| 2
2 . el . 2
pr? - (w* + (" - m ) P

W o=Yus

Fig. 9. Schematlc diagrams of a two-particle collision.
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Calling the direction of Pi the positive direction,
PmL will be negative--which will be the case when m is
emitted backward in the laboratory system--when P;L is
negative, and when lYP;;L, > ¥ux. The minimum value of P¥
for which this could be true occurs when P;L = P;. Conse-

.quently, the prbblem reduced to that of finding the condi-

tion under which
¥ ¥
3P >xﬂw

or

PX > pux (2)

The problem can be made more general by the analysis of the

conditions under which

o
>, 6,<90
0
U 2 PX 4 =, 6 =90 (3)
0.
<, @m > 90
Squaring Eq. (3),
2092 > 2
gt 2 px

or
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transposing

2
-l )

AWV

Using the relatlonshlp for P* given in Fig. 9 and uSan
W o= YWk, W and W* belng the total energy in the laboratory

system and center-of-mass system, respectively, Eq. (4)
bécomes

] 2 2_‘ 7\ \ 2
C)Eé 1 W -¥]Y (N1 01) | hAZ B ﬂql N
Z ¥y 2IW

Now, using 4= (P;/W) = (P/M), 32

= W/(W° - P?), and after
- going through the algebra, ’ |

WP+ (M- mzy - 4 W -2 (M)W P)%

(6)
£,6m <90

=5 B = 90°
0
> 6n >90°.
Substituting into Eq. (6), (W° - P°) = 2Um, + mi - mi,
M2 - m2 = A, and m? ~ m2 = C ‘ |

1 0



A(m? -mAWE + 4ma(C-AW + (¢ - A) ‘%o, (7)
.or, multiplying by -1,

(7 -mE)W? - 4m,(C-AW- (C-AY" = £ (W,M,m,m,) 20

2,6y <90°

=, em =90°

£,6ym Y90°.
(8)

For M =my and m = mg, i.e., C = A, f(W....) = 0, hence,
no value of the energy for particle my will produce a labora-
tory angle of emission greater than 900 for a particle equal
in mass to the mass of the target particle.

For other combinations of particle masses, things get
more complex. Before proceeding with the analysis, an ex-
pression for the threshold energy in which particles of mass
M and m can be produced will be derived. This energy is the

energy in the center of mass system for which

W¢ =M +m=u/N

2
Wl = XQ(M + m)2 = ~g———~§ (M + m)2
W~ - P



-56-

from which

(M + m)2 + mg - m?
™ T 5 . (9)

‘Returning to the analysis for arbitrary masses, Eq. (8), by

completing The square, becomes

2
m
o 0 2 2 2 e
i(W,M,mlmi) = W - ———§~—§——-(mi - mg % m- - M )]

2 2
m m; - m
i

ST\ 33 . (10)

where m % m,. Now, for application to the production of
NC-particles in Wmeson-nucleon collisions, let mi.= 0.140
Bev, m, = 0.940 Bev, and m = 1.107 Bev. As a function of
¥ and M, Eg. (1C) %then becomes

5. 2 | 5.2
r(W,M) = [w - 1.38C (0.361 - M7)] - 2.635 (0.361 - ¥7) ,

(11)
Eq. (11) represents a parabola which opeﬁs out in the direc-

tion of the positive f-axis. For M = O, 0,361, and 1.00

Bev, Egq. (11) becomes

F(W,M = 0) = (W - 0.497)2 - 0.343 , (12)
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(W, M = 0.361) = W ,

1t

and

il

)2 - 1.074

£f{W, M= 1,00) = (W + 0.881

The corresponding values of the threshold energy are

by

Wy, (M = 0) = 1.11 Bev ,

Wy, (M = 0.361) = 2.00 Bev ,
and

Wy, (M = 1.00) = 2.88 Bev ,
respectively.

From Egs. (12), (13), and (14) the maximum values of W

for which f(W) = 0 are 1.052, zero, and 0.211 Bev.

values are less than the threshold energies given by

These

Egs.

(15), (16), and (17), hence, it appears that f(W,M)> C for

values of W above threshold. To¢ test the function for

large values of M, consider the values of W which make

£(W,M) = 0 as determined from Eg. (11), or,
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0) = (1.380 + 1.62) (0.361 - M°) .

=
H
i

As M—-oo,

=

~
H
il

0) ~ 0.2 M° . (18)

‘From Eq. (9), as M —= o0

Wey, ~ Mo/2m_ ~ 0.6 M° | (19)

Th
Consequently, the threshold energy is always greater than
the value of the energy, W, for which f(W,M)} = 0. Hence,
for a T -meson-nucleon collision, a /“P—particle produced in
The interactlon would not be seen moving backward in the
laboratory system.

A similar analysis carried out for a nucleon—hucleon
collision led to the same conclusion.

Therefore, the observation of ﬁp—particles moving
backward in ﬁhe laboratory system implies that the nucleus
in which the particle was produced absorbed a large frac-

tion of the momentum of the primary production particle.
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