PHOTOPRODUCTION OF K° MESONS FROM CARBON

A FREON BUBBLE CHAMBER EXPERIMENT

Thesis by

Ethan Davidson Alyea, Jr.

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

- California Institute of Technology
Pasadena, California

1962



-i-
ACKNOWLEDGMENTS
This work was carried out with the guidance and fparﬁicipa.tion of
Dl;S. J. H. Mullins and‘ J. M. Teem. I should like to thank them not
oniy_ for aid in the experiment reported herein, but also for generous
‘counsel du:ﬁng my graduate residence.

Many people have been associated with the bubble chamber pPro-
gram. Among the students, Messrs. D.G. Coyne and L. F. Fretwell
contributed to this experiment. The crew of the Synchrotron Labora-
tory, under the direction of Mr. L. B. Loucks, has rendered many
services; in particular, Mr. W. H. Traver has devoted much effort
to the operation of the bubble chamber. The Laboratory's Admini-
strative Secretary, (Mrs.) B. Hall, has often given assistance.
Valuable engineering advice has been obtained from Messrs. C. L.
Ffiswold and D.D. Sell.

Of thé Technical Aides, Mrs. S.D. Alyea, Miss W.C. Kogan,
and Miss S. M. Laitinen performed most of the film scanning and
event analysis.. Mrs. T-H. Chang, Mrs. L. M. Coyne, and Mr. and
Mrs. L.R. Gallagher donated time to several analysis projects.

I extend my thanks to Professor R.L. Walker for his comments
on the rough draft of this thesis, and to Professor R.F. Bacher for
his support of the bubble chamber program.

A fellowship from the Dow Chemical Company and the partial
} ffinancial’support of the United States Atomic Energy Commission
are duly a.cknowledgéd.

« Ethan D. Alyea, Jr.
~ April, 1962



-ii-
ABSTRACT

o
2

mesons in the liquid of a CF3B1' bubble chamber for the purpose of

The feasibility of utilizing characteristic interactions of K

detecting photoproduced K® mesons has been investigated. The K(Z)
mesons were produced from carbon at an average laboratory angle
of 11 degrees by photons with energies ranging from threshold to
1300 Mev. Although examples of most of the possible Kg signatures
were found, only the signature comprised of a Ao decay could be
used to estimate the cross sections for photoproducing K® mesons in
conjunction with A° and ZQ hyperons. If the CM cross sections for
the three processes are comparable in magnitude, the average dif-

ferential CM cross sections are estimated to be (0. 36 + 0.19)X 10-30

o
2

detected, this technique is not recommended for more detailed ex-

2 . . .
cm’” /ster. Since an enormous amount of work is required per K

amination of K° photoproduction unless simpler methods cannot be
devised.

An an auxiiiary result, the thermodynamic conditions of the bub-
ble chamber have been shown to be well stabilized over long periods
of time. For this reason, measurements of the gap-length distribu-
tion of a track may be used to determine a particle's velocity without

rec;alibration for each individual bubble chamber expansion.
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I. INTRODUCTION
Since the first indication of the existence of ''strange'

(1)

pérticlés iﬁ 194777, mkany properties of these puzzling particles
have been established. In particular, the ''Strangeness Theory"
of Gell-Mann and Nishijina(z) has been extremely successful in
explaining their strong production but weak decay. Considerable
progress has been made toward measuring the characteristics
of individual particles. The masses, spins, and some of the
branching ratios in decay have been reasonably well established.
Other propérties such as the hyperon-kaon relative parities and
coupling constants, however, are at best only poorly indicated
by the present experimental data.

A number of authors(3-9) have discussed the possibility
of utilizing photoproduction experiments to investigate the kaon-
hyperon relative parities and coupling constants. The advantage
of photoproduction experiments as compared to production by
pioﬁ—nudleon or nucleon-nucleon interactions for this purpose
lies in the fact that the forces between photons and other parti-
cles are well understood in the relevant _enelrgy range, whereas
those between pions or nucleons and other particles are only
vé.guely understood.

Six of the strange particle photoproduction processes

-which are permitted by known conservation laws have free nu-
cleonvthresh_olds within the energy limits of existing electron

accelerators:



Process Free Nucleon Threshold
ytp—=K +A° 911 Mev | (1-1)
| Y"; n— K°+ AO | 915 Mev (I-2)
v+tp—K +x° 1047 Mev (I-3)
ytp—K°+ = | 1049 Mev (I-4)
ytn—K + 2 1050 Mev | (1-5)
y+n—=K+ 2% 1050 Mev (1-6)

Besides obtaining information on relative parities and coup-
ling constants through the investigation of these reactions, one may
also be able to study final state interactions between the kaons and
hyperons in much the same way that the pion-nucleon resonances
have been and continue to be investigated.

Reactions I-1, I-3, and I-5 have been and are being studied
through detection of the K+ meson(io). Constant-field magnetic spec-
trometer techniques have been particularly successful in this connec-
t‘ion,, although counter-telescope and high-field pulsed magnet tech-
niques are alsé being pursued. |

Investigation of the other three reactions depends on the
| ability to detect either the hybpero‘ns or the K° meson. Due to their
short mean lives and low velocities, the hyperons decay within a
few centimeters of where they are produced. Furthermore, they
‘are accompanied by a very large background of pions, protons, and
‘neutro‘nslfrom pion production. (The relative energy thresholds
’ané‘l cross section magnitudes of pion versus strange particle photo-
production are réspon;ible,) Thus, rather difficult experimentaly

techniques involving high certainty of identification in a compact
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‘sp‘ace are required. The class of visual detection devices where
a-large amount of‘inforfnation is obtained about each event is most
sﬁita.blé for this type of problem. At present, an attempt is being
made to ‘obse.rve the E+ hyperon from reaction I-4 in a nuclear

(11)

emulsion experiment which utilizes a high-field pulsed magnet

to éweep out.unwanted particles. Detection of hyperons produced

in the central‘ beam tube of a bubble chamber also appears feasible.
An effort to detect the Ko meson may follow one of two ap-

proaches: (1) detection of the short-lived Ki component*; or

(2) detection of the long-liVed K(ZD component. Since the Ki meson

travels only a few centimeters before decay, the first approach

involves techniques similar to those required for detection of the

hyperons. On the other hand, due to the long mean decay distances

of the KCZ) meson (on the order of tens of meters), the second ap-

proach encompasses radically different techniques. For instance,

one may try to observe the Kg meson decay far away from the tar-

' get. Unfortunately, because of the long Kg lifetime and inability

to slow down and stop peutral particles by electromagnetic inter-

actions, only a few per cent of the traversing Kg mesons can, in

practice, be counted this way. Detection techniques are also handi-

capped by the fact that the Kg meson undergoes three-body decay(lz_ls)

with a resultant spectrum of energies in the decay products.

Panofsky, et al, (16) have successfully detected decays from

*The propertles of the K~ meson as a part1cle mixture which are
relevant to this thesis are summarized in Appendix I,
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Kg mesons ém-anating from the Brookhaven Cosmotron. The de-
- tection scheme éonsisted of counter identification of the p-e decay
. as’sociat‘ed Wifh one of the following Kg decays in a three-foot long,

evacuated region:

Kg —-—r te + 7V (I-7)
K~ 7 +p +v (I-8)
K9 — A+ (1-9)

A serious difficulty with this method is that in order to compute the
‘detection efficiency one must know: (a) the energy spectrum of the
Kg mesons; (b} the branching ratios into decays I-7, I-8 and I-9
compared to other modes; and (c) the energy spectra of the decay
products in decays 147, I-8 and I-9. Although some experimental

information on criterion (b)MS’ 14)

is becoming available, there is
no data at all on criterion (c}.
Under the assumption that (c} is determined by phase space

considerations alone and that the rates are the same for decays I-7,

I-8, I-9 énd I-10 (assumed to be the only appreciable decay modes),
o - +
KS— 7 te +v , (I-10)

Panofsky et al. estimate their detection efficiency to be about three
per cent for a broad K(Z) energy spectrum peaked at 450 Mev. From
this value, one concludes that in a typical photoproduction experi-

-31 cmz/ster. } with presently available beam in-

‘ment (de/dQ! % 10
'tenSities, the counting rate would be on the order of one per hour.
At this rate background identification and subtraction becomes very

difficult.
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' : (17) . .
R. Gomez has recently suggested a variation of this
- technique which would provide a more definite identification of the
Kg decay. The idea is to use spark chambers surrounding the
evacuated region to positively establish that the decay occurred

in the vacuum.

Another possibility is to utilize characteristic interactions

o

of K2 mesons which have been allowed to travel far from the photo-

(o)

production point. When K2 mesons pass through matter, a variety

of reactions may take place through the strong interactions of the

K° and K° components of the KZ meson. Typical of these are:

o'
o

K°+p—K +n (1-11)

1) K° component of K

2) K° component of K‘Z:

K+n—K +p (1-12)

O

- A%+ 7 (I-13)

—- 5%+ 7°

L. AO + v (1-14)
- (I-15)
KO+ p— A+ 1 (1-16)
: +
— ZO + 7
L. A®+y (1-17)
-3t O ~ | (1-18)

3} K° and K° components of K;:
Regeneration of Ki mesons by
a) diffraction scattering from the matter as

a whole, (I-19)
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b)zdiffraction scattering from individual nuclei, (I-20)
c) ‘scartt‘gavring from individual nucleons; : (1-21)
The reactions invblving a single strangeness component alone
(i.e., i‘eactions I-14 through I-18) are directly analogous to reactions
involving charged kaons. Under the assumption of charge indepen-

dence the following equivalences should hold:

K°+ p=K +n | (1-22)
K°+n=K +p | (I-23)
K°+ p=K +n (I-24)
K+n=K +p (1-25)

When reactions I-141 through I-18 and I-21 take place with a
nucleon inside a nucleus, there is a high probability that either the
incoming K; meson or one of the two outgoing secondaries will suffer
collisions with other nucleons within the nucleus.* When this occurs,
a nuclear ""star'' is produced in conjunction with the second-genera-
tion strange particle. These collisions also distort the energy ver-
sus angle relationships that may be calculated for the two-body
reactions.

All of the above interactions of KZ mesons have been observed
experimentally. Within experimental error the data agree with the
pai‘ticle mixture theory of Gell-Mann and Pais and the equivalences

I-22 through I-25. Some of the experiments were performed with
nuclear emulsions(ie'_zs), one was performed with a cloud chamber(13),
and the rest were performed with bubble chambers(24'31).

*Such collisions between Z hyperons and nucleons often result in
"capture'' reactions in which the £ hyperon is converted to a A°
hyperon.
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Reactions I-13 through I- leball have the common feature
, fhat short-lived Strange particles with two-body deca*;rs replace
_ the 1ong‘—1ivbédA Kg mesoﬁ which decays into three particles. Thus
the second-generation strange particles decay close to the place
the reaction occurs and their charged decay modes are, at least
in principle, uniquely analyzable from measurements of the
energies of and angles b}etween charged particles.

Several general statements may be made about detecting

(o]

KZ mesons by observation of these second-generation strange

particles:

1) The fraction of the KCZ) mesons which interact depends
on the amount of matter traversed; i.e., roughly speaking, the
number of interactions per unit path length is directly propor-
tional to the density of the material traversed.

2) In order to separate real reactions from background
(such as neutron étars), it is desirable to achieve precise iden-
tification of at least the decay of the second-generation strange
particle and also, if possible, the point where the Kg interaction
occurred.

3) The counting rate is expected to be low. Therefore,
high detection efficiency is important.

| 4) The second-generation strange particles will display
a spectrum of energies even when produced by Kg mesons of fixed
energy. Tﬁey will also display a very wide angular distribution

in their direction of travel and an even wider angular distribution

in their décay pfoducts. In order to be useful, a detection method
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‘ must be relatively insensitive to these variables.

Visual detection techniques alone are suitable for this type
kof problem. Each event may be treated with high precision despite
the fact that it is different from every other event in such charac-
teristics as: location and orientation in space, or energies of par-
ticles. The high spatial resolution of such devices may also be
utilized to relate a strange particle decay to the K; interaction
point.

It was the purpose of this experiment to investigate the
feasibility of detecting photoprodilced K mesons through the inter-
actions of the Kg component in a bubble chamber liquid. The
California Institute of Technology 40'"' bubble chamber not only
sé,tisfies the visual device requirement but also utilizes for its
sensitive liquid a moderately high density material - - CFBBr --
in which a favorable number of Kg mesons should be expected to
interact.-

Prior to this experiment one attempt had been made to
detect photoproduced K° mesons. R. Gomez and G. Neugebauer
passed a neutral beam containing Kg mesons through a tungsten
block in front of a cloud chamber and then looked for regenerated
Ki decays in the cloud chamber. The cloud chamber was expanded
ronly‘ wheﬁ a .system »of counters indicated that a neutral particle had
passed through the tungsten and into the cloud chamber and that
a chai‘ged decay had occurred in the cloud chamber., The back-

ground observed was very low, but, unfortunately, no case of a

regenerated Kz decay was seen. The experiment was abandoned
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when it was reaiized that the published theoretical predictions of
a very strong regenerated K

wave from process I-19 were in

error and that this type of K, regeneration actually makes up only

~O0 O

a small part of the total K; interaction. The experiment should

also have been sensitive to A° hyperons produced by KZ inter-
actions kin the tungsten. The most important difference between
this cloud chamber experiment and the bubble chamber experi-
ment to be described was the location of the K; interaction. The
relocation of the Kg interaction inside the region of observation
achieved two major advantages: (a}the point of the Kg interaction
could be observed; and (b} the detection efficiency for second-
generation strange-particle decays was increased appreciably.
(Decay lbsses between the point of production and the region of
observation were eliminated, and a much larger solid angle about
the point of production was available for observation.) The bubble
chamber experiment also had a disédvantage. It was not possible
to c’ounte'r control the expansion, and so the number of background
events was quite large.

In principle, identification of any second-generation strange
particle or 'Kg decay in the bubble chamber could have been con-
strued as a Kz signature. The choice of the best K; signature de-
pended on three criteria: (1) relative probability of occurrence;
{2) ease of identification in scanning; and (3) amenability to exact
'analysis (for separation from background). The charged A° decay

clearly appeared to be the most suitable despite the expected
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presence of a large background c’J£> pseudo A° decays from neutron
stars. This hypothes_is was supported by the fact .tha;t Fowler, et
al. (24) succes sfully identified A° hyperons produced by Kg mesons
passing through a propane bubble chamber. They also observed
" a large number of neutron-induced pseudo A° decays, but found a
prdmi’nén’c peak at the proper plabe in a histogram of number of
events versus Q ‘value*. They did not use (nor do they mention in
their publication) observations of the Kcz)—in‘ceraction point associated
with A° decays.

Charged decays of regenerated K(i mesons were also esti-

mated to be useful. Although Fowler, et al. did not observe a

peak in a Q-value histogram for pseudo—K(l) deéays, they did find
several events associated with stars that were consistent with Klo

regeneration from KCZ) collisions with individual nucleons. (It
should be noted that diffraction regeneration in propane should be
rather insigniﬁcant. The recent experiment of Good, et al. (27)
indicates that diffraction regeneration in CF 3Br is only about 1/5
as important as regeneration from individual nuCIeons.)

In accordance with these remarks, the major emphasis
in this experiment was placed on detection of A° hyperon decays.
A less st‘renuous effort was exerted on Kf regeneration. Other

signatures were noted qualitatively. The experiment showed that

photoprorduced Kg mesons can be detected through these signatures.

Q= Mpo - m_ - m, where Mjo is the mass of the A° or pseudo A°.
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Examples of most of the possibilit}ies were observed, and as ex-
v éected, the A° decay was found to best satisfy the practical re-
qu'ireme‘ntsv.‘ '

Several other conclusions are worthy of note here:

1) K® mesons are definitely photoproduced.

2) If the cross sections for reactions I-2, I-4, and I-6
are equal and roughly constant in magnitude over the photon ener-
gies used (up to 1300 Mev), then at average CM* angles of 28°
‘:t'or reaction I-2 and 32° for reactions I-4 and I-6, the differen-

31 cmz/ster.

tial CM cross sections are (3.6+1.9)x 10"
3) This technique is a rather difficult way of investigating
reactions I-2, I-4 and 1I-6 and is not suitable for more detailed

examination of these reactions unless simpler methods cannot

be devised.

“Throughout this thesis ''center of momentum'' is abbreviated
" CM'Y, : . '
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II. EXPERIMENTAL METHOD
_ A GENERAL | |
'Thé ’eXperiment-al arrangement is shown in Fig. 4. A car-

bon target was irradiated with a 1300 Mev*, ""hardened'' brems-
~ strahlung beam from the California Institute of Technology electron
- synchrotron. The 1ong—li§ed K; component of the K° mesons which
were produced in the carbon target by reactions I-2, I-4 and I-6
traveled in a horizontal plane over a relatively unhindered path
from the carbon target to the 10'' heavy freon bubble chamber.
Since the y-ray beam contained photons of all energies between

the thresholds for the three reactions and 1300 Mev, the Kg mesons
had energies ranging from 75 to 550 Mev.

Besides Kg mesons the neutral beam also contained neu-
trons andrphotons. The neutrons, which came from pion photo-
production and therefore had an energy spectrum extending from
0 to 1.05 Bev, formed the primary component of the beam. Al-
’choﬁgh photons of various energies were present, those with ener-
gies greater than 100 Mev were rare.

The circular aperture of the collimator defined the size
and shape of the y-ray beam, which entered the fringing field of

the sweeping magnet for a short distance near the carbon target

and passed the bubble chamber 1 inch from the safety tank.

*Since the experiment was exploratory in nature, an energy was
chosen which would produce the maximum flux of K$ mesons
without also producing neutrons with energies above the thresh-
old for strange particle production by nucleon-nucleon interac-
tions. ' ' :
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Figure 1

Overall Experimental Arrangement - Plan View

Omitted from the drawing are:
a) parts of the shielding which cannot be indicated
in a simple way (see Chapter III, Section B3,

for discussion):

b) the y-ray beam monitor, which was located in

the beam catcher, 27 feet beyond the north wall.
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The ‘aperturé for the K; beam was formed on F:he sides by

- lead shielding; aﬁd on the top and bottom by the polé tips of the
sw;eeping magnet and by the safety - and support - tank flanges
of the bubble ‘chamber (see Fig. 2). Midway through the sweep-

| ing magnet the Kg beam penetrated 4 inches of lead, and before
reaéhing the freon chamber* it further penetrated the steel of the
bubble chambér walls, the fluorocarbon support liquid, a poly-
ethylene wall section and the >rubber wall of the freon chamber
(see Figs. 5 and 6). Elsewhere the Kg beam traveled through
air.

The lithium hydride beam hardener, the series of beam
scrapers, the vacuum beam tube, and the large amount of shield-
ing were all employed to reduce the background at the bubble
chamber.

About 13,000 useful pictures were taken at an average

‘rate of 3 per minute of running time. Other important constants

of the experimental setup are listed in Table 1.

B. APPARATUS

1. Sweeping Magnet. Special pole tips were designed for
use with the Synchrotron Laboratory's utility magnet. The inten-
tion was to create an elongated region of high field strength so that

charged particles of all possible momenta produced by the 1300

q‘He'ncefQ,rth '"freon chamber'' will refer to the innermost vessel
of the bubble chamber, i.e., the vessel containing the freon.



~16-

Figure 2

Kg Aperture and Limiting Paths of Charged Particles

o
2

tion views. For clarity, the lead shielding which defined the sides of

The boundaries of the K. aperture are shown in both plan and eleva-
the aperture has been omitted from the plan view. The location of

this shielding is indicated in Figs. 1 (p. 13) and 10 (p. 51).

The charged particle trajectories which are drawn in the plan view
are those which w