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, o ABSTRACT
A tota;’of'i3 60O K-fmesons at rest has been obsgfved in two
nuclear eﬁnlsion stacks. The emission of hyperons, ﬁions, and hyper-
fragments from 3900 of the K -capture stars has been studiéd extensively.

The identification of the hyperons is discussed. Charged Z-hyperons

" are emitted from (17.3 * 1.2) percent of all K -stars in the completely -

_ .
enalyzed stack from which the figures following are quoted. The L /2
ratio for all stars is 1.08 £ 0.08, while the proportion of stars

from which pions &are emitted is 0.38 £ 0.05. About 11 Percent of all

 identified charged Z-hyperons had an energy above 60 MeV, and were

therefore attributed to multinucleon reaction channels. The proportion
of all multinucleon primary reaction p?ocesses may be as high as 46
percent. A detailed examination of the pion-emitting events and of

the sign ratio of the mesons has‘ied to an estimate of the probabilities
of absorption of E-hyperons in the parent nucleus, and to a partition

of events be@ween the various single-nucleoﬂ feaction channels. On |
the basis of the Coulomb barrier and\Auger electron emission, discrimi-
nation is made between K -capture on light (C,N,0) nuclei and on heavy -
nuclei (Ag, Br). For the single-nucleon reaction channels it is found
that K -capture by a light nucleus is 1.16 times as likely to produce

a pion as a K -capture by a heavy nucleus. For the multinucleon
channels, it is determined that K -interaction with a light nucleus

is 2.36 times as likély to produce a fast (TZ > 60 MeV) EZ-hyperon as
interaction with a heavy'nuéleus. ‘The mechanism of 1ight (Z»< 7) hypér-.

fragﬁent formation, excluding cryptofragments, is shown by analysis




R A

of the'pion;épéctré éccoﬁpanyiné-the'hypernucléai prong to be brimarily
oﬁe of Z-convefsion (80 percent). A study of the relativé number of
.captures on light and on heavy nuclel ylelded the result that less than
20 percent of the production of these light hyperfragments took place
oh heavy nuclei. Further, a limit of 30 percent was placed on the

" fraction of 11ghtvhyperfragments produced in multinucleon reactions.
Evidence for the Y ¥ (1405) is studied with Ix mass spectra from K -
interactiohs on 012. The results can be explained on an impulse

model without recourse to resonance formation. Product%on of Yo* with

~a width of < 20 MeV 1s not confirmed.

e T
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" I. INTRODUCTION

A. Historical Badkground

Obgervations of negative K-mesons were first reported in 1953l
from nuclear emulsion studies of cosmic radiation. The weak flux of

negative K-mésons in such radiation hampered the early studies.2

. This difficulty was partialiy'overcome by the develorment at both

Brookhaven and LRL of machine-produced negative K-meson beams. The

relatively low intensities remained a factor limiting 1nvestigations.3’u
Af this laboratory the Barkaé Group5 was &ble to obtain a beam en-

. Triched in negative K-mesons by using particles produced in the forwaxrd

" direction and emerging from the bevatron radially after bending in the

bevatron fleld. These passed through a combination of quadrupole ’
magnets; a hydrocarbon energy degradér and then an additionel analyzing
magnet which performed the necessary mﬁss—separation, |

The whole path to the emulsion stack was only the order of oﬁe‘

K-meson lifetime, so that even with bevatron beams of only 109 - lOlO\(

| protons per pulse, reasonably good exposures could be made with short

running times. Contamination of the K-mesons by electrons and muons

remained & problem, but not an insoluble one for emulsion detection.

' Many emulsion stacks were exposed to this beam, and much analysis,

particularly in Europe, of K--interactioné with complex nucleil wére
carried out. )

With the advent of bevatron beams of higher intensity, more
selection conditioﬁs could be put on the beam, and the development by

6
Murray of the coaxial stat1c~el¢ctro—magnetic velocity spectrometer

enabled him to obtain a greatly purified negative K-meson beam. The




nuclei of photographic emulsions.

._2-}‘

, _ v ' N
cylindrical conductors to focus deslred particles at the exit coILimator

hY

and deflegt undesired ones out‘of.the beam. The beam wag refined iﬁ«\
this way by a factor of about 103. Later, parallel plate spectrometegék\
operated in tandem produced even purerﬂbeams.

The avellability of arfificially produced negativé K-meson beams
with such greatly reduced contamination.made possible the compi;a@ion
of statistically signi?icant data on the K-interactions with protons

in the hydrogen bubble chamber. A study of the basic process of
’ !

V‘interaction between the'ﬁégative K-meson and the nucleon was begun at

this time at this laboratory using a 10-inch hydrogen bubble cham'ber.7
The analysis of data from these and similar experiments done elsewhere

-15

has been the subject of numerous reports énd papers,8 which are
referred to here. fhey also;contain extensive bibliographies.

The properties of K-mesons were discussed in some detail in early'
review ﬁorks by Franzinetti and Morpixrgo8 and by Dalitz9.

A concentrated experimental effort, knowﬂ as the K -collaboration
made at that time on the part of several European universities, produced
an extensive analysis of negative K-meson interaction with the complex |

In more recent times Morpurg012 has reviewed the large amount of
work done in the inte¥ven1ng years in the general field of strongly
interacting hyperons and heavy mesons. A contemporary article by
Burhop et. al.l3 presents a.summary of the current situation in pro-

cesses occurring when the negative K-meson's baslc interaction is

10

2

oy

appafqtus~employedfé:osséd electric_and magnetic'fields withihgcoaxial'ffﬁ
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k _3_‘5&
viewed as taking place_oninucléi,'rather than on a'single nucleon.
Most recently Sakitt et. 8l.1” nave studied the low-energy K -

meson interactions in hydrogen ahdAfitted the data to the zero-effective
16 ‘

'range theory of Dalitz and Tuan .

In the preéent work are presented results obtained from a study

~of 13 000 K -interaction stérs found in two stacks of improved Ilford

K.5 nuclear research emulsion which had been exposed to the purified

K -beam from the bevatron. The K 's were brought to rest in the central

- part of the stacks, the dimensions of which were large enough to per-

!

 , mit a high percentage of sécondary particles to stop in the emulsion.

All secondaries were followed out until they came to rest, interacted,
decayed, or left the stack. Automated equipment was used where possible
to reduce some of the drudgery and 1mprpve the accuracy of the measure- -
ments. In the subsequent re-analysis of the deta, the latest availeble
information on the resonances snd the K'-interactions in hydrogen and
in deuterium has been used.

_The reaction channels of the K~ meson have been investigated for

the cases of interaction with a single nucleon and with two nucleons. -

- The role played by resonances in the K~ meson interaction has been

' studied, as well as the mechanism of hyperfragment production.

B. Baglc Interactions

Negative K-mesons which coﬁe to rest in nuclear emulsions are
captured by the constituent atoms: election of an orbital electron -
is the initial basic capture procees; The meson is assumed captured -

by the atom in & Bohr orbit with very high principle quantum number n.

The object formed after capture, a mesic atom, is unstable. The meson




mekes transitions 1nto;lower;orbits by,Auger-eléctron and x-ray

~ emission until 1t is captured by the nucleus.

The nuclear process, whicﬁ;is the topic of thls dissertation, is
best approached by consideration of the possiﬁle elementary K -nucleon
reactions.

Excluded are the elastic scattering processes:

(a) K +poK +p
() XK +n-K +n

as well as the charge-exchange scattering process
(¢) XK +p-kK + nv

The possible channels for K--interéctions with one bouﬁd nucleon
are presented in Tgble 113, along with the limits between which the

possible values of kinetic energy of the products must lie. Conser-

- vation of the system's total momentum is éssumed, secondary interactions

are neglected, and the internsl momentum distribution is assumed

Gaussian, with maximum momentum 250 MeV/c. The nucleon binding energy

 is taken to be 8 MeV.

Eisenberg et. al.l7 used charge dependence to obtain the varlcus

complex amplituded necessary to describe the one-nucleon interaction

.rates.

Hydrogen bubble chamber ébrklg provided the experimentsl data
from vhich numerical values of the complex amplitudes for K -proton
interactions were obtained. These are presented in the final column
of Table I. Those values given for the K -neutron reactions, 4, 5, and
T are of course values which havg been calculated on the basie of charge

independence using the K"-proton experimental data, and neglecting any

-

ol
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Process

K+p — Z++:t-
X +p - Z-+Jt+

K-+;p - P4°

K 4n - E4°

K +n — 24x"
K;+p - A°+n°_
K4 - 2o+
K™+p - KO+n04s
K +p —aAé+n++n'

o]

- o -
K+n —» A+ +n

0O -

v

-

&

Table I. Interaction processes of K -mesons (at rest) with a single nucleon.

Q Value Kinetic energy of products

MeV

103

106

102

102
182

178

47

-

,38 '

43

for interaction on a:
stationary nucleus

T, (V)

1k
13
.‘14 -

w :

_29.‘ 

29

T (MeV)
89
8

_ 0

153

19

Kinetic energy range for
interaction on a nucleon

in a nucleus

T, (MeV) -

0-65

0-50

0-58
0-51
0-57
1-87

1-87

T (Mev)
30-95

38-88

40-98
43-9k
3
37-94
87-173

83-169

M
[
8

Transition
Amplitude

(Derived in

Reference 17)

Yo M

[o)
62

+

rol =

oF ol

 fthzlvth

2

Branching
Ratios

0.20 + 0.01

0.44 + 0.01
0.28 + 0.03

0.08 + 0.045

L3

6.08 * o.bhs

0.08 £ 0.02

0.16 * 0.04
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effect due to‘the neﬁtron-prqtoﬁ mass difference. : %K\ LT F
Dalitz and TUan}6’l9 have treated the low-energy, Kﬂnnucleéhx» ' :

interactions by S-wave zero-effective range theory. They dbtaineé>\x\

four sets of scattering lengths consistent with the then current datalau ‘ #'
. N d
on X -proton interactions. , N\
. ' N
The complex scattering lengths sre given by AT = dT + IbT, where N

the isospin T equels O or 1. The complex phase shift, BT s 18 glven
by k ctn 8, = (1/AT) , where ki is the relative momentum of the K -

nucleon system. The cross sections for the various processes can
)

vritten in terms of the .scattering lengths. Such results are presented

in Appendix I, together with those obtained from a more sophisticated\
treatmentl6 which takes into account Coulomb and mass difference effects.

Humphrey and Ross”C fitted the observed bubble chamber data18 on ‘:;J-
the X -p scattering at low momentum- {0~300 MeV/c) to the S-wave zero B
effective range theory. They'debérmined two possible sets of scattering
lengths (amplitudes) Ay, A, vhich vere consistent with the bubble
chanmber data. The favored solution, however, turned out not to agree
21:22 o1 with results of K -D interaction
experiment323 t0 be discussed presently.

Sekitt et. al.ls have redone the low-energy K -p experiment of
Hunphrey and R03320 with higher statistics. They find that the new
data, when combined wilith existing data and fitted to the zero-effective
range theory of Dalitz and Tuan;6, again yitéld two possible solutions,‘-
presented in Table II. This time, however, the solution preferred on .
the basis of statistical analysigls (number 2 in the Table) égrees : | ‘ 9 

21,22

with the higher energy deta . In the Table the get of six
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parameters whiéh deécftﬁé the_ low-énergy K -n interactions are; the
R
scattering lengths AO and, Al the ratio of & /Z production, \\\

\
=K +p- z R )/F(K +poI 4+ "), a function of the phase

sngle ¢ between the T= 0 and T = l channels; and €, the ratio of the \
\

\\

(Ax°) production rate to the total hyperon rate in the T = 1 channel. .

The error analysis and computations carried out to calculate a
minimum value of x2 are dealt with in the referencels, and qnly the
results are quoted in Table II.

The favored solution suggests an S-wave bound state at 1410 MeV
|

*
. which could be assoclated with the Yo at 1405 MeV, The role of

resonances in K~ nuclear interactions will be treated in a later chap-

 ter (V).

Hyperfragment formation (IV) and multinucleon processes (III-C)

will be dealt with in separate chapters as indicated.

TABLE II. Complex Scattering-Length Solutions

A, (In Fermis) ' A (In Fermis)
Solution
8, . Y b, R ,x?' B0F)
1 -0.75  1.13 0.85 0.5 . 2.19 0..8 88.6 ‘&
2 -1.63 0.51.  -0.19 0.hk 211 0.31 76.0 38%

The study of the K~ interaction with the more complicated étructﬁre

~of the deuteron has been carried out in experiments using deuterium-

filled bubble chambers; such work has been performed at this laboraﬁory -

by a section of the Alvarez Group.23
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The results of tha£1experiment have been analyzed by Schult and : j;
Capps;eu and are presented in Teble III. It is shown that certain |
of the deuteron branching ratios for

(a) K +d-n+Y+n
seems to be independenf of hyperon-nucleqn final state interacfibns
 _and are related to the ﬁranChing ratios for K in hydrogen.

(e) K +pon +'YA |

" The branching ratios derived in this way do not agree with experi-

mentally observed ones.ls’20
This discrepancy has been explained by Schult and éappsgh on thé

basis of the Dalitz and Tuan scattering length analysis, two solutions '

of which (the "minus" ones) could_lead.%o an isospin zero resonance in

- plon-hyperon scattering sbout 20 MeV below the K~ + P threshold.l9

This explanation is in agreement with the results of Sakitt et. al.l5

who find evidence for an S-wave bound state at 1410 MeV.

e
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' TABLE TIT

Production amplitudes for the seven n-Y-n charge states in terms of the
three independent amplitudes, Tf, which refer to pure isospin states of

Y or Yn.

- Charge

. State

Total
Events

oy

Ysotopic~Spin

Yn
Isotopic-Spin

T3/2

~(2/375 j2#1/3T) 4p)
-T

A

Jé(1/3T3/2-1/3T1/2)

'~Jé(1/3T3/2-1/3$1/2)

NEX

A

Deuterium
Events (%)

Hydrogen
Events (%)

2.4 1.1 Wiy =1
|
21.5 + 1.8 201
28 + 3
28,5 + 1.3 '
' 8+2
3.2 % 0.4 8 £ L4,5
3.5 £ 0.5 8 + 4,5

21.6 1.2 16 + 4

1646 - 2049
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" II. OUTLINE OF EXPERIMENTAL PROCEDURE

" A, Exposure and Scanning

™,

'

The data used in this work were obtalned from measurements performed
on the interaction stars of negative K-mesoﬁs céptured at rest by
emulsion nuclei.

Two separate emulsion sﬁacks were used. Detalls on these stacks
and their development are presented in Appendix II, containing ref-
erences 25-28.

The bevatron was the accelerator which produced the negative K-
| meson beams used“in the two stack exposures. The mesons'were pessed
. through copper absorbers chosen so that the total mass density was
sufficient to bring the beam to rest about midway inside the stack.

The experimenﬁal arrangement for the A—stack is presented in
"Figure 1.

The higher momentum of the K -meson beam used in the C-stack ex-
"posure required more ebgorber to stop it inside the stack. The emulsion
stack was maintained at a constant low temperature (appfoximately o® ¢)
in order to reduce fading of the latent imsge and to hinder the growth
of fog in the emulsion; The temperature control necessitated certain

~ engineering changes, but the experimentel setup is otherwise similar to
that in Figure 1.

The X~ capture sters were located by the so-called area-scan method,
in vhich a definite region of each pellicle is searched for the desired
type of event. In this case the region was that in which the K -meson

beam vas found to come to rest. The beam had been designed to stop in
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a limited region of each stack, thereby considerably reducing the

than.2.5 microns. Thus there was an incomplete sample (57) of the so-

-i2- .

 volume of emulsion to be scanned.:

The samples of sters found in the two staeks by this kind off;
scanning of course suffered from a loss of events due to the dﬁeer» | w‘<mwg«wg\
vafional bias against 1n£eractiqns in which no dark prong was pre&ﬁced. . |
The possible errors introduced in the subsequent analysis by this agﬁ‘ -
other kinds of bias,will be evalusted in Part B. | N

The program of analysis in the A-stack will be discussed first, SN
since .1t was both more extensive and more complete than ?he subsequentr
enalysis done in the C-stack.

Flates of the A-stack were area-seanned according to & prescribed.

pattern. Technicians began area-scenning the plates at the center of

the incoming beam, as located by prior profile analysis (see Reference 27).

. Since the beam was fairly narrow in the vertical direction, it was only

necessary to scan 20 out of 216 plates in order to accumulate a satls-
factory number of events, 2300.

In the A-stack, tracks coming to rest in a given area were recorded

. provided that they could be identified as K-mesons. This was usually

done by following them back for several filelds of view and noting the

~change in ionization. Only for a brief time at the beginning of the

. A-stack scanning was any attempt made to find zero*~prong K -stars.

Thereafter, only those events were recorded which, in addition to satis-

'fying the ebove criteria, possessed one or more secondary prongs. A

rd

prong was defined as a rectilinear collection of grains of length greater

called Kp events (zero-prong K -interaction stars.) These events, o -

v
I
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B. Measurements and Data Reduction

A3- \
. ) N

howevef,,were,hot necessary for the present study. - ' o b

The story was somewhat different with the scenning of the C-stack.

"Here all the traéks stoﬁping within a given region and identifiable as

K -mesons were recorded. In this case there were two beam directions
since the exposure had been done at two separate times due to technical

difficulties with the K-meson beam from the bevatron. During thé first

- exposure the beam had entered the stack from one direction, say 180°.
' In the second(exposure the beam now entered from O°, in order that there

" be no confusion regarding the age of a particular track. The first

' exposure was of short duration and the resulting flux of K particles

AN

was low. Those few interaction stars which were s result of the first -~ -

exposure were identified readily, and were recorded separately from

those produced in the second, longer exposure,

''°. 1. Recording of data

Data from the A-stack were recorded on McBee Keysort cards, an

’: example of which is shown in Figure 2. Information about the event
‘ can be entered both by.punching appropriate holes and by writing on

_the card. The K -interaction star was located by a scanmer and cheéked

by a physicist or experienced technician. The card was then filled Qut,,'

a sketch of the event made, and appropriate holes punched to describe

completely the K -meson interaction. Further data were then recorded
as teken, Results of analysis such as kinetic energy and momentum were
also entered on the card. Jﬁst as the emulsion itself serves as a

permanent record of the.K -meson's interaction, so the Keysort card

. \\
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serves aé a permanent record of all work done on the event.

For the C-stack the data were handled somewhat differently. Al - '3 
negative K-meson interaction stars, whether at rest or in flight were
first recorded on graph paper. This was done by meking a pencil dot
at the location on the paper correspbnding.to the grid coordinates of
the event. The grid coordinétes had previously been photographically
printed on the emulsion by methods described in Reference 25. Colored
dots were used to designate the various kinds of interaction stars in
which the physiéists vere interested, and only such events were later
recorded on the Keysort cards. |

Drawings of each event were made on Keysort cards as shown in
Figure 2. Other pertinent information was entered as it was obtained:
secondary particle identity, momentum, chafge, kinetic energy, and dip'
angle, the height of the K -interaction above the pellicle mounting-glass,
the number of secondary prongs, the pregence of an Auger electron, a
blob, or a nuclear recoil (a prong shorter than 2.5 u ) at the inter-
action star, and the presence of visibly strange particles among the
gecondaries. This information was obtained during subsequent analysis.
2. Identification of Events

Events were certified as K -meson interactions by a physicist or
experienced technician. Doubtful events were checked for the incoming

track's consistency with beam direction, for its change in ionizatlon

with the range end for its multiple scattering at low enetgles.

Each secondary prong followed out was assigned a tentative ldentity .
on the basis of range, jionization, and scattering. In some ceses it

was not possible to 4o more than designate the particle as simply a

e



"baiyon".'

The methods of identification used for the various kinds of

secondary particlgs differed acéording to grain density, and employed

_‘multiple scattering, differential gr&in.couﬁts, kinematical considera-

tiong, and the measurement of track widths. Those tracks which had

a grain density higher than ﬁhat of our criterion were all followed
out, and were not d;fficult to classify as baryon or plon, even when
they left the stack, interacted, or decayéd in flight. To distinguish |

Z particles from other baryons was possible for those hyperons which

, ! ‘
clearly decayed or interacted at rest. Ambiguities in identification

of other I hyperons are discussed furtherin Chapter III.

The identity of the hyperfragment events was obtained, where
possible, by using track-width measurements and by determining the
charge hoth of the hyperfragment decay products and the charge of the -
K -interaction nucleus.

All secondary prongs were divided into two classes: 1In the first

" group were those having a grain density corresponding to pions of 30 MeV

or more kinetic energy, the so-called "minimum" or "light" tracks. In

the second group were the remainder of the secondaries, the “gray" and

" the "black". tracks.

The dip angles were measured for all near-minimum tracks. Only
such tracks having dip sngles within & 30° were followed out. Inter-
action sters emitting minimum tracks which satisfied the above criterion

were then subjected to a complete analysis: all secondary perticles

., from these stars were followed out until they came to rest, left the

stack, intersascted or decayed. The lightly-ionizing particles within




v :_ oug'ériteria;weré fbllowéd to‘rest when poséible{?‘Féw'difficulties
|  »were encountered in identifying those which came to rest.
For interactions in flight:'tracks which left the stack, and »
decays in flight, the methods of identification mentioned above: multiplé
scattering anﬁ rate of change of lonization were employed, either singly |
or in combination with eachvdther. For decays-in-flight it was possible
in some cases éo follow out the secondary. This procedure identified
. the primary. |

3. Range Messurements

In order to determine the energles of the various pérticles,
accurate measurements of their ranges were required. The energles were
'tﬁen found from a standard range-energy relation.29
For short tracks of less than 1 mm, predominantly ofvbarydns,
.hyperons, and hypernuclei, the ranges wére measured by the eyeplece
,?1; . reticle, with dip correction made where necessary. An automatic
s . 30

coordinate read-out microscope,”  the "range-scope", was used on the
longer hyperon tracks, and also for some plons, mainly those assoclated
3;4 ;.with Z hyperons. The grid coordinate method described in Appendix III
was employed for most 6f the long-range tracks. The complementary
methods of grain density determination and multiple scattering were
| utilized to oﬁtain estimates of the residual ranges of those particles
N ' vhich interacted,; decayed in flight, or left the stack before coming
to rest, ~
Supplementary to the main contribution of this work, & special
study was made bf the emulsion 1n§trument itself. This work has been_"

. published.3t The A-stack was the object of extensive ionization
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calibrations and a grain-density vs velocity curfe obtained. This
: o ; _ AN

investigation made possible erergy determinations of good accuracy.

\

- Further detaiis are presented in Appendix IV. The C-stack was later.

N

calibrated using these seme procedures. ‘ -\\

5

If the length of the track permitted a grain count to be made at

two widely separated points (a differential grein count) this was done;

. otherwise & sihgle determination was made just before the point of

interaction.

In some cases the only tool availshle was multiple scattering.
Measurements were performed by the method of optimum conétant cells

) 2
using a digitized Koristka MS2 precision microscope3“ for the most

33

part, although a Cooke multiple scattering microscope - was occasionally

" substituted.

The two methods, grain counting and multiple scattering, were

employed in a supplementary fashion.where possible; so that two

independent estimates of the particle's veloclty could be made.

Lightly~ionizing particles are of course more QIfficult both to
locate at the star, and to follow out to rest. This causes a lossvof

high-energy pions. Its effect on subsequent anslysis will be discussed

- in the next section.

4. Bias considerations

Steps were tsken to locate and control systematic error and, vhere

_ possible, to eliminate it. Since the K ~interaction stars vere located

by area-scanning rather than edge-scenning, & bias was introduced, for

* instance, against those events whose only secondary was & lightly-

. ilonizing one.

Y

r
.

j‘f
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qutunately, theie'was.availdble for comparison a similar stack of

' K.5 emulsion which>héd been exposéd to roughly the same number of K -

mesons. This stack {designéted 2B) had been edge-écanned and the beam
tracks followed in until they came to rest, interacted or décayed.
The number of n-prong events, expressed as a percentage of the total

number of events in the stack, is presented in Teble IV for the seven

Ny possible values of nt 0, 1, 2, 3, 4, 5, 6, and > 6.

To facilitate comparison of the data with the results from the

" A-stack, 1t was necessary to eliminate from the total the number of zero-

. , ] :
prong K -stars. This was so because such events had not been consistently

recorded in the scanning of the A-stack. These adjusted percentages,

when compéred with the corresponding figures for the A-stack, provide

. an estimate of the degree of bias'introduced by ares scanning for

the various kinds of events. The pertinent numbers are presented in Table

IV. The conclusion 1s drawn that there was an observational loss of one-

 prong K -stars in the A-stack. This estimate of the loss then allowed

corrections to be made on the data. It was also possible to use the
results from the 2B data to ohtajin an estimate of the total number of
zero-prong events in the A-stack, although ohly a few such events hed

been recorded in the original data. The results of the foregoing

, operations are summarized in Table IV.

To facilitdte the accurate following out of lightly-ionizing

particlés, the emulsion plates used in the experiment were positioned,

. using as guides heavily-ioniéing steep tracks which passed through

- seversl pellicles. This provided a precise means of matching the




) TABLE IV
Prong distribution for emulsion stacks 2B and A. For the . S
A-stack both the observed distribution and the corrected. ' '
ones are displayed. _
Number of Prongs . 0. 1. 2 3 o 5 6 >6  Total No
S ‘ o : o o o o f . of Events:-
2B-Stack (Edge- L N R S
2h-stack (mige W8 3 522 38 219 131 19 - ast
3;2;;22)(Area'_j' 57 329 670 529 3% 200 10 51 - 238
Number of Prongs ' R _ ' . o
as | S e
(1) Percentage of L o R L N
" total events 16.1 17.3 24.2 17.8 12.9 6.4 3.7 1.6 oo S
in 2B-Stack ' o .
Percentage error - 0.9 0.9 1.1 0.9 0.8 0.5. S 0.k7 0.3 - N
(2) Percentage of : | | | -
adjusted total I o ‘ S T
(Zero-prong events .- 20.6 28.9 21.2 15.% 7.6 Bk 19
omitted) for 2B- o ' . : A
Stack
Percentage Error - 1.1 1.3 11 0.9 0.6 " 0.5 0.3
(3) Percentege of N S . , 0
usted total : v a -
(Zerofgioig events - k.5  29.6 23.3 16.8 8.8 ‘ 4.8 2.2
omitted for A-stack. - ' R ‘
Percentage Error -~ 0.8 1.1 1.0 0.9 0.6 0.5 0.3
. & - . . R -




TABLE IV (Continued)

Number of Prongs 0 1 2 3 4 5 6 >6 Total No.
. ' S of Events

A-Stack {Corrected - -

for lack of zerc- _ ' . ‘
prong events and 455 450 670 529 381 201 110 51 2847 -
bias against cne~ - ' L _

prong events)

Percentage of
corrected total .

events in A- 16.0 15.8 23.5 18.6 3.4 7.0 3.9 1.8
stack ' .
Percentagé Ervor 0.9 1.1 0.9 0.8 0.7 0.5 0.L4 0.2

=T~
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pellicle surfaces td,each.other;4and is discussed more fully in

" References 25 and 28.

»

Tracks were checked for coﬁsistency in graein density and direction

- when followed from one pellicle to another.‘ A random.group'of pion

tracks was followed back from their termini as a check on the accuracy

- of our follow-through procedure, and no errors were revealed.

The minimum particles could easily escape detection, especially in

e stack having low minimum-grain density such as the A-stack. For this

- reason, the endings of 100 K -meson tracks in a random sample were
! o
"+ . re-examined in order to pick up any associated light tracks which might

» havé been missed in the first observation. The loss of minimums was

estimated on this basis to be less thgn 1 percent.

On this model, as nuclei more complex than hydrogen are encountered

E by the K -mesons, the greater sbsorption of secondary pions in the

nucleus and the increasing nunmber of multinucleon interactions cause

e decrease in the relative number of charged prions emitted from the

- interaction stars. Similarly, the charged Z-hyperons interact with

"~ other nucleons in the process X + n - A + n, 50 there is a decrease in

the relstive number of Z-hyperons emitted and a corresponding increase

in the nuwber of A-~hyperons emitted. An absorption rate of about 15

fpercent for charged piOns hasg been found, while the figure for charged

Z-hyperons is closer to 50 peréent.lo As the nuclel become more complex,
the K =interactions on neutrons play a more important role and affect

-y + poe :
the = /n and = /£ retios. The existence of the Fermi momentum

" possessed by the nucleons in the more complex nuclei also causes

changes in the ratios, since the branching ratios fpr the primary
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processes'in Teble I are functions of the vhase angle, @, between the

‘ transition amplitudes T = 0 and T = 1. The phase angle itself is a

13

function of the relative K -nucleon momentum.
Using events from pion—producing reactions of the kind‘listed in

Table X one may compare in Table XII the various ratios obtained in -

this work with the values ghoted by the Eurorean Coll&boration.lo

As outlined in Chapter II, correction for the observational loss‘
of particles ih the extreme zones as a function of energy was made.
This consisted of increasing by 29 percent the number of such pion
events with energies between 60 and 90 MeV. For pion en;rgies greater
than these, the factor was 36 percent.

The adjusted data then yleld the ratio of the number of charged

plons to the total numbér of K -meson events, corrected for observational

loss but not for absorption.

An attempt was made to detect any observetional loss of stars which

:v‘waa & function of the event's height in the emulsion. The procedure

employed wes t0o subdivide on the basis of their height in the emulsion
the group of K~ stars possessing 2 or more prongs, that is, the events

showing negligible scanning loss-according to Table IV. The numbers

presented there allowed corrections to be made for the bias égainst

. one-prong stars.

The frequency distribution versus height in emulsion for K -stars

. having 2 or more prongs is- presented in Table V.
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TABLE V

Height &istribution in emulsion of sll X -stars having
2 or more prongs. All heights were normalized to a
pellicle of 600u thickness.

Depth in the
emalsion

( above the
gless)

0-100 100-200 200-300 300-40D0 .400-500 500-600

Number of 266 365 343 354 340 27k

stars

There is some evidence for an observational loss of events near the
surface or near the glass. Correction for this bias mayibe made on the
basis of the numbers preéented in Table V, if it be assumed with the
European Collaborationlo that there is no loss of particles in the
central region of the emulsion. 'This loss might be expected to increase
for tracks of lowest grain density (minimum tracks). It wag, therefore,
desirable to further investigate the ioss of those events ylelding
minimum tracks, as a function’'of height in'the emulsion. The largest
sample of minimum-track events available was that of the plons emitted
in the K -interactions &t rest. In Table VI(a) is bresented a frequency
distribution of the height above the glass mounting of all those events

ylielding plons of energy greater than 30 MeV,.

5



TABLE VI

. Height distribution of K stars having assoclated pions
of energy greater than 30 MeV and dip angle less than
30°, All heights were normalized to & pellicle of 600u

thickness.

Height in the
emulsion (u : 0-100 100-200 200-300 300-400 L400-500 500-600

. above the glass)

- a) g:gizr of 39 70 64 73 61 y2
b) Ratio of zone . . |
plons to all :
sters in zone 0.147 0.192 0.187 0.206 0.180 0.153

. having 2 or more
prongs designated,
henceforth, as S2.
¢) Ratio of zone '
pions of energy . 0.075 0.082 0.078 0.08% 0.079 0,076
. < 60 MeV to S2. ‘ :
i‘d) Ratio of zone
pilons of energy . o
> 60 MeV but < 90 0.052 0.078 0.074 0.086 0.072.  0.054
MeV to S2.
e) Ratio of zone

pions of energy 0.020 0.032 0.035 0.03¢  0.030 0.023
> 90 MeV to S2. - - '

There is again an apparent blas against events near the surface
and near the glass. However, the observational loss of events seemed
greater for the minimum-track events (Teble VI (b)) than for the group
of stars having 2 or more prongs (Table V). It was deemed advisable,
therefore, to determine whether or not this was indeed the case, and 1f
80, to what extent the loss of minimums exceeded thé loss of the dark-

prong stars. One method of doing this was to compare the ratios of the

.: SRS
A
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tétal hum%er_df'minimum?emitting events (for the most part pions) in

a particular height zone to the nuhber of stars in that same zone which

'_ have 2 or more prongs.' This was done and the ratios are displayed in

Teble VI(b). The decrease in the number of events in both the top end
bottom zones indicates that there is indeed a height-dependent loss of
ﬁinimum track events which is greater than thét for stars heving 2 or
.more prongs. This loss was presumably due to the low grain density of
the minimum tracks. To detefmine the extent to which this wes true,

the original sample of minimum«emitting events was reduced to one con-
taining only pion secondaries, identified by one or more of the following
methods: 4ionization determination, muitiple-scattering, or follow-

through. This subsample was further divided on the basis of pion

kinetic energy and a comparison was mede of the height distribution for

pilons of energy between 30 MeV and 60 MeV (Table VI(c)), for those of
energy greater than 60 MeV but less than 90 MeV (Table VI(d)), and for
pions of energy 90 MeV or above (Table VI(e)), The three groups of
events included ohly flat or minimum tracks, that is, those whose dip
angle in the ermulsion did not exceed 30 This angle criterion had
been used for the following out of lightly ionizing tracks. A study of
the observational loss of events as & function of the dip angle has
been done and will be presented separately.

As shown in Table VI{c) for pion energies up to 60 MeV the dis-
- tribution is fairly flat for the ratios of the number of lightly
ionizing pions in a given layer of emulsion to the totel number of K -
stars (of 2 or more prongs) in that same height zone. Héwever; the

distribution for the ratios taken for the second, more energetic group

R
2

i



of plons (60 MeV to 90 MeV) shows a marked evidence of loss., If the
average of the ratios for the four central zones is compared to the

average of the ratios for the two extreme zones (surface to bottom), one

sees that they differ by around 29 percent, with the loss occurring in

' the extreme zones. When the third, most energetic group of plons is

' ‘treated in the same fashion, a slightly higher difference of 36 percent

results; therefore, it may be moted that the loss appears to increase

 with energy, in agreement with the results of the European Collaboration,

10

referred to previously. It is evident that the energy spectra are

|
indeed biased against higher energy pions found in the extreme zones.

- Accordingly the spectrum shape has been emended by increasing by 29

percent the total number of such pions in the energy interval 60 to QO

MeV, and increasing by 36 percent the number of extreme-zone pions with
energy > 90 MeV.
An effort was made to detect any observational loss of évents'

which was a function of the dip angle of the track. The sample of

. A ; ‘
"~ 1ightly ionizing pions used in the study of bias as a function of

height in the emulsion was again utilized. This time, however, all dip -

-angles were included. Although‘generally only the flat minimum tracks

hed been followed out, that is, those with dip angle < 30°, dip angles
were measured and the grain density was determined for all minimum tr&cks. _
The frequency distribution of the dip angle b is présentéd for equal

1ntervals_of solid angle in Table VII for all plons of energy greater

than 30 MeV or of grain density corresponding to that energy. Up to at

- least'30o there seems to be no effect of the dip. There appeafs to be

_ & 20 percent observational loss of events having dip angles within the




28
interval_k8.6°'to'900, This 1s one justification for selecting only

flat ones, another being their greater probability of comlng to rest in

the emulsion stack. -

TABLE VII
Distribution of dip angles of lightly-lonlzing
. tracks
Angle interval . :
Number of events 162 168 162 129
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III. EXPERIMENTAL RESULTS

A. Data |
o As described 1n.£hevprevious Chaptef, sll A—stack'events>weré re-
corded on Keysort cards. Three types of events were selected for analysis:

1. All events exhibiping visible strangeness,

2, All evgnts having pién secondaries, and

3. All events emitting lightly-ionizing proton or pion secondaries
corresponding to thg grain density produced by a pion of energy 30 MeV
Oor more.

Thé A-stack dats summary is presented below.

TABLE VIII
Characteristics of K -stars in the A-stack
Star type Number of events observed

Visible Strangeness

e 5+ n 118
E: st + no ' T
: o+ x 60
X +nom _ 100

zt + ! A ’ .

+ v _ : o 1
N , _

T +no = 59
HF + x - o | 35
. HF +mo n A 81

. No Visible Strangeness
% 3 552
no « S = 1248

Total Star Types : 2328




The'daﬁa;éollecténé:broéedure for ﬁhé rérfiéi snalysis of tﬁe
C;étack was outlined in the previous Chapter. Of the 11 293 K~ inferwl
&ction stars from that stack which were recorded on graph papef, o

there wefe 354 identified £ hyperons which came to rest and were not

aécompanied by pions. These events were recorded on Xeysort cards and,
together with the A-stack events, were the subject for analysis of

multinucleon K -captures in emulsion (Part C of this Chapter). The

258 events producing definite hypernuclel were similarly recorded on
Keysort cards and provided data to supplement that from the A-stack

for the study of the mechanism of hyperfragment productfon (Chapter IV).

There were 824 events of the type consistent with the interaction

K + p —» L + 1t located in our partial survey. After such events were
recorded on Keysort cards they were analyzed along with the A-stack
data to determine the role of resonance formation in K"-interactions>b
(Chapter V). It should be noted that less than 10 percent of the stars
were classified; i.e. only those within the prescribed criteris were
analyzed further. Therefore many, possibly half, of these stars con-
tain strange particles and pions.

The C-staék data are summarized in_tabular form as follows:
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. TABLE IX

" Characteristics of K -stars in the C-stack

Star Type - * Number of Events Identified
' . in partial survey
st 3 86
}3+ - 1£+ : 36
st sp 0 50
5" 4+ no | 156
| Z+ —>ﬂ+ 8y
st op 72 !
5o o ' 16
£ +nox ' 198
-+ + '
5 + 1~ (collinears) _ : 129
. -
= (flight) 91
HF 258

Unclassified Stars
(This category contains

many undetected strange 10 35?
particles and pions) |
Total . . , . 11 293

B. Single-Nucleon (1N) K -Captures

The processes in which a K -meson ihter&ctsvat rest with a single.
nucleon have.been listed preVidusly in Table I together with the
cofresponding branching ratios, but are ncw.repéated in Table X3h to
fégilitate combarison with the experimental results obtained from

18,20,23

bubble chamber and nuclear emulsiohlO studies listed here.
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Tﬁé-tﬁbiéetS'of.édjﬁstea results from the K--Collébbraxion are
presented. .In Cbluﬁn I tﬁe_anéson observetional loss factor is
assumed to Pe constant aﬁd is based on a value of OFh for the ni/K- 4;ﬂ
ratio.  In Cclﬁmn I1 the constant loss factbr is increased by 50 percent
for pions with énergiés above 85 MeV and the ﬂi/K' ratio used is O.h#. ‘
J-The Pirst-tolumn values are the ones which are quoted in the literature,
: howeverf For.the seke of brevity the ratio nt/K’ will hereafter be :
called simply:the.n/K ratio.

Errors in the branching ratios are of tﬁe order of a few percenﬁ.3LF
They cannot, therefofe,_be an explanation for the majorldifferences
.which exist between the values df the branching ratios for K'-interéctioﬁg
in substances of complexity raﬁging from hydrogen to emulsion. There
are other quantities which differ as well. For example; there is a
decrease in the relative number of interactions yielding charged pions
and charged Z-hyperons. The ratios n"/n+ and Z+/Z- show marked

changes, and there 1s an increase in the relative number of events

ylelding A-hyperons.

N
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TABLE X

Branching Ratios for K -Interactions at Rest

Source of Data

Hydrogen Deuterium ’ Nuclear Emulsion
Bubble Bubble — ' ‘
Chamberlg’go’ Chambergl K Collaborationlo : This work
‘ I II | o
20 - ' 21.6. 25.6 215 .. 2. b
4 24,5 11.9  12.0 i2.1
28 - 20.8 | L1 12k 1kt
8 8.0 9.4 12.1 9.5 .
- 4.6 9.1 - 8.9 9.0 !
-— 4.6 _ 9.1 8.9 9.0

- 16.0 20.8 oyl 21.3
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It is oitinter¢s£'hef§”to give.the Z+/Zf ra£iolobtained from the
nuniber of coliiné;r evénﬁs in the A-stack. These distinetive~appearing
eVénts are due to the interaction of a K -meson with a free proton in
the nueclear emulsion. When correction is made for observational loss
of energetié plons, the Z+/2- ratio is found to be 0.40. This compares iy
favorably withlthé results 0.46 from hydrogen bubble chamber work ‘
noted in Table Xi.;3 In ﬁhis T&ble are presented the velues of experi~ .

mental quantities obtained for K -interactions in various substances.

) !
TABLE XI

Experimental characteristics of absorption of K -mesons at rest in
various materials

10

Nuclear Dmulsioh
Exgizi’éﬁ;&l Hydrogen'®  Deuterium®3 Helium3’ g;;giﬁi' ggii
5 *ﬁi/x ratio 0.64 0.67 0.55 0.0 0.38
7"/ ratio 0.46 1.95 5.5 3.9 3.8
S /K ratio 0.6k 0.46 0.27 . 0.175 0.173
£7/57 ratio 0.4 o3 106 112 1.08

Explanations for the differences have been advanced by vearious
'writerslz’lB. Typically e model is assumed in which most of the.pfimary
précesses involve interaction with individual nucleons (Table I l3’3‘7)
or with groups of nucleons (See Part C of this Chapter). <
On this médel, as nuclei more complex than hydrogen are.éncogntered

by the K'nmesons, the greater absorption of secondary pions in the

nucleus and the increasing number of multinucleon interactions cause
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a decrease In the relative number_of Eharged piohéhemitted from the
interaction étars; Similarly, the charged Z-hyperons interact with
other nucleons in tﬂe process T + n - A + n, so there is a decrease in
the relative number of Z-hyperons emitted and a correépondihg increase
in the number of ﬁrhyperons emitted. An absorption rate of about 15
percent for charged pions.haé been found, while the figure for charged
Z~-hyperons 1is éloéer to 50 percent.lo As the nuclel become more complex,
the K--interactioné on neutfons play a more important role énd affect
the n /x and st/ rdtios, The existence of the Fermi momentum
possessed by the nucleons in the more complex nucleil als; causes changes
in the ratios, since the branching ratios for the primary processes ih
Teble I are functions of the phase angle, @, between the transition
amplitudes T = O and T = 1. The phase angle itself i1s a function of
the relative K -nucleon momentum. S
Using events from pion-producing reactions of the kind listed in
~Teble X one may compare in Table XII the various retios obtained in
this work with the values quoted by the European Collaboration.lo

As outlined in Chapter IT, correction for the observational loss
of particles in the extreme zones as a‘function of energy was made. This
éonsisted of increasing by-29 percent the number of such pion events ﬁith
energies between 60 and 90 MeV. For plon energles greater than these,
‘the factor was 36 percent.

The adjusted data then yield ﬁhe,ratio of the number of charged

pions to the total number of K - méson events, corrected for observational .

loss but not for absorption, which is 922/2847 = 0.32. This is in quite




good agreémeht wifh‘thé value of 0.33 6ﬁta1nea by the European’ Collabo- -
, rationlo using‘& smaller emulsion stack ﬁhere disériminatioq between |
plons and fast protons could not be as certain. Their figure 0.33 was
subsequently adjusted to 0.40 from compar;soniwith the results of

' Aﬁerighi et al.ll who did a later study in a more favorable stéck. Thé'

' ':correction was essentially to compensate for the observational 1oss of

energetic plon tracks even in the central zones of the emulsion pelliclés,

"since previous bias considerations had tacitly assumed that there was no
:loss‘of particles in these regions. Thé adjusted data from this work
‘ylelds a x /K ratio of Q.38,‘which 1s in reasonable sgreement with
their corrected value. | L . o . Y
Other quantities cf interest ﬁay also be formed from the adjusted 3
data. For example, after correction for £"-captures which produced no

wisible charged prongs,lo the ratio of the number of charged Z-hyperons

%0 the total number of K -mesons, 493/2847 = 0.173, shows close agreement

with the European Collaboration result of 0.175 given in Teble XI-Or%3, -
‘ , , _

Also, one‘may caleulate the I /E” ratio using the total corrected number
~of identified Z-hyperons from the A emulsion stack. For this ratio we
‘obtain 256/237 = 1008,'in agreement with the corresponding figure 1.12
in Tedle xr-07%3, L |
In order to differentiate betwéen K™ -captures on lightvnuclei (c,N,0)
end thcose on heavy nuclel (Ag,Br) it was.necessary 10 employ the~pr§-
cedures used with x capture36’37’38 and with the K;-capture39 by emul-
sion nuclei. Two criteris are utilized: The difference in height of
* Cowlomb potentials for light (C,N,0) and for heavy (Ag,Br) nuclei and

the presence or absence of Auger electrons associated with the capture




- of the emulsion respectively. Theore‘t‘,icaluO and experimental

=31
stars. _ .
(i) The minimum values of the effective height of the_potéﬁtial
barrier for Ag and Er in emulsion are considered to be about 3.3 MeV

38 In the present

for protbhs and sbout 6.5 MeV for Q-particles.
emulsion this corresponds to a range of 90 u for protons and of 30 u -
for a-particlés. The emission from K -stars of protons or O-particles
with‘ranges shérter than ﬁheée values may be interpreted as evidence for
capture in a light'nucleus of the emulsion. Those stars that have a
singly or doubly charged prong of range < 30 p but > 2.5, the upper
limit for the recoil of a nucleus, are thu§ considered as captures of
the K -meson by a light element. This will give a lowef limit to the
true numbér of captﬁres in 1light elements.

(2) The sbsence or presence of Auger electrons accompanying the
capture of negatively charged particles in nuclear emulsion has been
used aé one of the criteria for captures 1n light or in heavy elements
34,38,41
investigations have shown that the mesic Auger is much commoner in cap-

tures on heavy emulsion atoms than in captures on light ones. 'Indegd,

1t may be neglected for the light elements, C, N, O,

ﬁhe results of Condo and Hill3hvhave been apblied to the present
emended data to obtain an estimate of the total number of Km;captures
in light nuclei and in heavy nuclei. For the 2847 interaction.stafs
recorded for the A emulsion stack (Table VIII) the percentages §b£ained-
by Condo and Hill correspond to 1053 captures on light nuclei and 1794
cappures on heavy nuclei.

If 1t be assumed that the presence of ?ion secondaries provide
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__definite_idéntification for K -interactions with single nucleons, then '
we may detérmine the quantity R defined by the ratio ‘

Tdentified K~ single-nucleon captures in light nuclel
Total number of K captures in light nuclei

Identified K~ single-nucleon captures in heavy nuclei
Totael number of K captures in heavy nuclei

A ratio of such fracticns shéuld eliminate observational loss effects. ‘:. 
_vThe'numbers determined experimentally are 98 identified iﬁteractions on
"1ight nuclei and 146 captﬁres on heavy nuclel. There were L0 events

.in which both a shdrt_brong and a possible Auger electro? were observed.
iq.These events were divided equally between the iight nuclei and the

vheavy nuclel groups. |

Forming R then ylelds B - o

98 + 5 8 _
_ 1053 _ .0978 _
R = TG+ 5 = ofp - 116 | v

in good agreement with the value 1.18 derived from the éata of Condo

and Hill,3h using mescnic events as Indicators of singie»nucleon intefn
actions. Of course R i1s computed using lower limits for captures on

rlight and on heavy nuclei since a number of pion emission stars are
unaccompanied either by short prongs or by Auger electrons. The_quantityrlf
" R does not represent the relative K ~single-nucleon capture probébilities.
in light and heavy nuclei, but rather it is the ratio of the prob&biiity

34

of producing a plon per cepture in the light and heavy nuclel. There-

.\(‘ ' v
fore the number 1.16 means that a K -capture by a light nucleus is 1.16 &“\,.;.
.times as likely to produce a pion as a K -capture by a heavy nucleus.

This is in agreement with the results of Grote et. al.39 who found

[EI "/ :
JAVES D>
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. that the charged-pion eﬁiésion fréquency for K--éaptures at rest'was of
"the same order of megnitude for both light.and heavy nuclei.

A more satisfyiné enalysis may be made in the casé'of K--multi--
nucleon captures (Part c) and.for the single-nucleon interactions giving
rise to plon-emitting stars. This latter case is discussed next. The
single-nucleon reactions listed in Teble I and again in Taeble X include
_ two cases where uncharged hyperons aré emitted accompanied by negative'
plons. These reactions are

K +n-o>x + x5

and

| K +n —>A.+_n-
© and will be treated separatel&.‘“ :
| .A study of the pion kinetic energy spéctra of all events'(Figurel3),
wvas made. The spectra were corrected for eﬁergy-dependent observational
loss as outlined previously. The number of such plons with kinetic
energles betwegn 60 and 90 MeV was increased by 29 percent, while the
number with energies greater than 90 MeV was increased by 36 percent.
There was a geometrical correction applied to plons with energies greater
than 30 MeV. This was necessary since such events had been recorded -
only if the di@ angle was < 300. The @ion dip angle distribution was
assumed to be isotropic. In order to normalize the T > 30 MeV plon
spectra to those events less energetic than 30 MeV (that is, normalize
the "flat" ones, recorded only if their dip angle was less than 300), it‘ 
was necessaﬁ?ﬁto double‘the number of T > 30 MeV events. This was so
- because halfihhe particles 1in an isotropic flux woulq have diplangles_

between 0° and 300, while the other half would possess dip angles
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between 30O andA9O9u ‘Before the overall expefiméntal ﬂ-/ﬂ+ ratio is
calculéted, it is reésonable to form the ratio in several narrower
energy intervals, since within é sultable 1nt¢rval there should be
negligible bias for either chargé. The kinetic energy intervals are

0 to 30 MeV, 30 to 60 MeV, 60 to 90 MeV, and > 90 MeV. One of the

- advantages of the larger emulsion stack now becomes apparent: a high

percentage of secondary pions would come to rest within it. In addition,

since lightly lonizing pion tracks were followed only if they were

" flat (dip < 300), the percentage of pions stopping within the emulsion

was very high: 98 percent for the energy interval O to éO MeV; 90
per;ent between 30 and 60 MeV; 83 percent between 60 and 90 MeV. TFor
90 MeV or greater, the percentage fell to 20.

The ratio 1(/11:4T may be formed without correcting the spectra for energy,
observational, or geometrical bias, since there should be negligible
bias in favor of either sign. In Table XII 1s presented the uncorrected |
pion ratios of charged pions, followed to rest and identified as té

charge sign, for the various energy intervals. Those pions which did

- not come to rest were not included hefe.
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TABLE XII B - N

L | | N
" Observed = /n+ retios for various energy intervals . i
Energy of No. = No. 7' Sign Ratio ﬂ-/ﬂ+
] ' ' This work Eurcpean
Collaboration
0-30 78 16 4.9 + 0.9 3.8 + 0.8
30-60 111 33" 3.4 % 0.6 L.0 £ 0.9
60-90 89 27 3.3+ 0.7  L.0%1.6
90-95 ) 4 o S e

> 95 7 0

The results of the charée comparisons fof the various enérgy intervals
show some disagreement with those of the European Collaboration.lo ’
There were two sn-mesons found whose energies, 93 and 94 MeV, were
determined from a combination of multiple-scattering and range measure-
ments, since the pion in the former cese made a star in flight, and in
the latter cése disappeared in flight. They were 1dentified as positive
solely on the basis of the charge of the accompanying . . However, for
the first event, the L itself was & zero-prong event, and was called a
negative sigma on the basis of an associated electron at its énding.
For the second event, the presence of a short hook (<2 p )_at the end
of the accompanylng baryon served as the basis of ldentification for the
Z-hyperon. There were, therefore, no identified positive plons with
energles greater than 90 MeV. This result was confirmed invthe work
done on the}é;udy of the hyperfragment production mecheanism (Chapter IV). 3
' Aparﬁ.from %ﬁ%rge exchange, which mey be neglectedlo, the only source.

- E - +
of positive n-mesons is the reaction K + p—-E + n, The Q value of -
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- this reaction is 95 MeV, so one would not expect to see positive pions

" above about 85 MeV from a star emitting a Z-hyperon. This is borne out

by the foregoing experimental data. _

In order to cslculate the overall experimental ﬂ—/ﬂ+ rﬁtio it was
neéessary to use the corrected spectra, since the adjustment factors,
while constant, are differenf for the various energy intervals. The
corrected total number of identified ﬁ--mesons.with energy < 90 MeV
is 543 events and the like figure for the ﬂ+—mesons is 150. The overall
n'/n+ ratio is 3.6 * 0.3 compared to the figure of 3.9 i)O.? obtained

by the European Collaboration.lo However, if, as the present data

indicate, the variation in pion charge ratio with energy interval i1s

" correct, then the overall ratio is not a meaningful quantity for compari-

son since the Europesan Collaboration féund that the n-/n+ ratio remained
constant over the entire energy interval 0 to 90 MeV. HoweVer, they were
not able to follow to rest any pions with energies above 90 MeV, as was
possible in this work.

Using the corrected data of the present work ailows the calculation
of the overall n-/n+ ratio for all energy intervals (including > 90 MeV).
This figure is 595/158 = 3.8 + 0.3. If the ratios previously compiled
for each energy interval are now used as & basis for apportioning the

réemaining group of plons of indeterminate charge sign within each

-yt
"interval, one then obtains for the overall = /n ratio for all energy

intervals 7&&%178 = 4,2 * 0.4, This number is in fair agreement with
the value foéﬁd by the Européan Colleboration. The fact that this
number 'is gré&ter than the one obtalned using only charged plons of

identified sign is nevektheless to be expected 1f the pions with energy
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greater then 90 MeV are-preponderantly of negatiie'sign, as indicated
by the results 6f this work, since the group of pions of indeterminate

charge sign consists predominantly of high energy ones.

As stated before, the positive pion is produced only in conjunction

. - . N
" with & & -hyperon. If n -gbsorption p(n ) is now assumed to be no more
than 15 percent, as is indicated by results of the work done hy Bernardini '

van@'Levyhe on the fast proton spectra from pion-capture stars, the total

- +
number of ¥ + n events may be determined from the number of positive -

rions corrected for geometrical and energy bias, and for aﬁsorption,
1

this figure being 204. On the basis of the adjusted numBer of_n+-mesons

'; enitted without an accompanying Z_, one can then estimate the absorption

" probability of the & -hyperons as

+ - -
p(z7) = = +n22 - = __&___225 = 0.61
‘ EL o .

Correctioh should be made for the £ -hyperons which camnot be identi-

_fied.l3 This yields a reduction of

p(E) w0 AR L B g5

This 1s in fair agreement with the -European Collaborationlo result
p(Z7 )~ .45. From work done on the fast proton spectra of pion-eﬁitting
K-?stars, they determine the result p(Z”) = p(=°) = p(2+).

If such e relation is valid then an estimate of the number of
2+ + 1 eveégé mey now be made. The number 6f such events corrected
for.observa£ional loss was 122. In addition, in the adjustedldata

+ ' '
there were 60 £ events with kinetic energy below 35 MeV. Although
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these hypefons were not accompanied by'pions;'they'were nevertheless
héld_to come from single-nucleon reaction channels; since the calculatgd |
epergy spectrumlo for Zfbhyperons produced in multinucleon channels
» indicates a negligible contribution for that energy range; " When
‘ellowance is made for m- absorption, p(n ) = 0.15, and for 5 absorption,
éssuming p(2+) ~ p(Z”) = 0.50, then an increase to 411 events is obtained
for the reaction K + p » 5 + 5 .

An estimate of the number of X~ + n — X° + % events may be obtained

next, following the procedure used by the European Collaboration.lo

The number of one-prong K -stars yilelding = -mesons of.lgss than 50 MeV,
designated (n ,0)-events, was compared with the number of n -mesons
emitted in the same energy range and accompanied only by a Z+-hyperon,
the (n-,2+,0)~events. The adjusted data gave 13.6 for the former number,
and 23.2 for the latter. For pions in this energy range (<50 MeV), any
contribution from the reaction K~ + n —» A +.7 may be neglected.lo The
only correction applied is then one for zero-prong events arising from
the interaction £° + n -»n + A, and is made by analogy with the deri-
vation of the Z--absorption probability. That is, there were 30 n+-—
mesons identified in the chosen energy interval, and only 7 had no asso-
ciated prongs. If it be assumed that half of the emitted Zo-hyperons
interact with neutrons, and that p(E°) =~ p(=7), then we expect 3.5/23 = 0.1k
of tﬁe =2 to be ‘absorbed in such a manner as to produce a zero-prong
star. Littﬁé~difference is expected between the n-meson énergy spectra
of 1+ % gﬁa % + 5 events, or between the associated stable prohg

distr{butioﬂé. This allows one to form the ratio




- For the numerator, the data musﬁ be corrected by the probability 1}0- 53

"*5-

n,° . 13.6 x (1-3.5/23)
st 23.2 + & "
J .

32

" that a Zo—dbsorption pfoduces a zero-prong event, while in the denomi-

' +
nator the observational loss of Z -hyperons for this sample of events

must be compensated for. The result is

- 0
z 11.6
_”.Y_-_L__'.{__. = =S - 0.37
JZ )

in fair agreement with the value 0.34 obtained by the European Collabo-

+ -
, ration.lo From the number of & + n events already dbtéined, one

may then calculate that the reaction chamnel K~ + n —» % + x° con- -
tributes 152 events. The total number of = -mesons contributed by tﬁe
two channels K + p_-»zf + % and K +n —aZP + 18 then L1l + 152 =
563. However the total number of negative pions from all channels,
corrected for ebsorption is 922. One may é;timgte, therefore, the
number of events contributed by the remaining n"-producing reaction
chennel K- + n - A+ . The result is 359,

Calculations based on charge independencelo then allowed the numbers
for the remaining chanhels to be determined.

For the reaction XK +tp-oAt © the number 159 was deduced, and
correspondingly, for the other two channels X~ +.p -5° + 7° ana
K" +n -2 + 1°, we have 248 and 152 respectively.

These results are tabulated and presented in Table XIII, along

with those from the European Collaborationlo for purposes of comparison.
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TABLE XIII

- Results for K -meson interactions at rest in nuclear
emulsion: The single-nucleon channels

Reaction Corrected No. Branching ratios

of events ~ This work European Collsboration™®
| T II

K+ p A L] 24l + 2.5 25,6 % 3.0 21.5 + 2.6
K" +pos + 1 20l 12.1 * 2.3 11.9 + 2.8 .12.0 * 2.7
K +p-2°+x° 248 14.7 + 3.6 14.1 * 5.1 12.4 + 4,5
K" +n-z +1° 152 9.0%21 9.1 % 3.0 8.9 + 2.9
K +n o2 +x 152 - 9.0 * 2.1 9.1 * 3.0 8.9 + 2.9
K- +p-A+ o | 160 9.5 + 1.2 9. £ 1.3 12.1 + 1.8
K- +n->A+n | 359 | 21.3& 2.9 - 20.8 % 3.2 2h.2 £ 3.5

C. Multinucleon (2N) K Captures

In Table XIVl3 are presented the non-mesic-or multinucleon K -

interaction processes.

By
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TABLE XIV | BN :

Interaction Processes of K -Mesons with | N
‘ , Two Nucleons ' K

Kinetic energy
of products for

' 1.
Process : ' Q value interaction on Transition ampli-

MeV stationary nucleons tude -
Ty (MeV) Ty (MeV)
1) K+ - | . (1 |
p+p-Z +n  2a 107 134 1/3(M3/2+2M1/2)

2) XK + p + p >5° + P 241 106 135 (21/2/3)(M3/2-Mg-472)

3) K +p+n -)_Z' + p 237 105 | 132 _ (’21/2/3)(M3/2—Mgi/)2)—
-/,

B K +prn- e 20 106 135 (1/3)@My, MY+
+ (1/3)1/21\/11(?)2

5K +n+n-o% +n 237 " 105 132 M3/2

6)K +p+n-r+p 37 147 170 (2/3)1/21\11(}22

TNK +p+n-2 +n 317 17 170 Ni(% -(1/3)1/2N,f})2

The kinetic.energy spectre of I-hyperons from éuch interactions
extend well beyond those of the Z-hyperons from the .one-nucleon inter-
action processes. The only sure indication that one is in fact dealing
with & multinucleon ipteraction ig the presence of & I-hyperon whose
kinetic energy is greater than 60 Mev.'?’)+ In the present work, the
kinetic energy spectra of all Z-hyperons unaccompanied by pions, N
pregented iﬁ Figure 4; were studied eand limits placed on the proportion

of such non-mesic processes. In addition the ratio R, defined in the




m}

4,

-6n_

<

ceeeliE

XX T ER T Y

—_—

Cl-+
:
25 E = Coulomb barrier with
! values L, Vc’ and H
¢ - ]
L .= 3.3 MeV, calculated for
light (C,N,0) nuclei
20 - "H =11 MeV, calculated for
oy - heavy (Ag,Br) nuclei
% V. =T MeV, determined from
o - ¢ experimental data for
i emulsion nuclei
Po'ﬁ gmm—
m 18
<
.0
s
ot pr
B ]
10 I~ )
5}
L%
H [ ]
1
1,8
O L i ] ]
o 20

Ty (MeV)

o I



Number of Events

-50-
i
L E
<
Y '
HH | I 1
o=
1
rﬂ'\- m | '
- D=z+ b
]
¢ = Coulomb barrier _
| ; with values L, V_, end H

A\l

fas .
[ '} A
il L’ln nEu NN« BT
0 20 40 60 80 100 120 140 160 180
’ T (MeV)

z
o (ﬁ) Unaccompanied by plon secondary




.
previous section, was computed for the multingcléon capture rate.

In leaving the nucleus the Z-hyperons are displaced in energy by

| R . . + N .
“the Coulomb potential; the Z ~hyperons are increased in energy by Vc»

. and the Z:-hyperons are decreased by the same amount. Although the

magnitude of Vc varies depending on whether the nucleus is light (3 MeV)

-or heavy (11 MeV), the effective value consistent with experimental

results is 7 MeV.lo At low energies the hyperon spectra are distorted:

- +
a. number of I -hyperons are trapped in the nucleus, while the ¥ -energy

distribution is cut off on the low-energy side. Those Z+-hyperons

» \ !
- with energy less than 7 MeV probably arise from interactions in light

: - +
'nuclei.lo The high-energy ends of the £ and £ kinetic energy distri-

butions should not be distorted by the Coulomb barrier but ohly displaced

in energy. The numbers of hyperons with kinetic energies greater than

60 MeV (fast hyperons), corrected for the Coulomb barrier effect, were

. - +
~as follows: U4 Z+, 2L £ , and 29 £ . Upper and lower limits were ob-

téined for the true proportion of multinucleon primary capture processes.
}From the adjusted data, the upper limit was taken to be the ratio
of the number of hypérons unaccompanied by azmeson, taking into account
pion absorption, to thé number of all hyperons observed, 228/&93 = 0.46,
in fair agreement with the value 0.40 obtained by the European Collebo-
ration.lo Correction for hyperon absorption was not made, since ;uch
8 multiplicative constant in both numerator and denominator would
cancel. In?gimilar fashion, the lower limit was taken to be the ratio.\\;

of the numbé§ of fast hyperons, corrected for the Coulomb barrier effect, N

" to the total number of hyperons, 5&/&93 = 0.11, while the like value

found by the Buropean grouplo was 0.09,




'  and the presence of Auger electrons.

. : _52.’..

Differentiation between captﬁres on light and on heavy nuélei wag

‘ N
" made by means of the criteris established in the previous section; that

N

. 1s, the presence of prongs shorter than 30 1 but longer thean 2.5 “\x

AN

:'\
The quantity R has been computed, omitting the absorption correction,-

since it would cencel in the ratios.

Identified K -multinucleon captures in light nuclei
Total number of K -captures in light nuclel

- Identified K -multinucleon captures in heavy nuclei
. . - Total number of K -captures in heavy nuclel
Cowe 245
o , . 053

= 2.36 * 0.60

15.5
T79k

This is larger than the result obtained in the work of Condo and HillBh.
wbich was 2.0 * 0.5, while it 1s smaller than that of Evans et. al.,h3 '
2.59 * 0.&7. However, a "best" yaluévof R based on their own data
combined with that of Evans et. al. has been obtained by Condo and Hill3h
and is given here for comparison, R = 2.22 + 0.28, This is in egreement |
with the result of this work.

The results of the forementioned authbre, confirmed in the present
analysis, show that apparently a K -capture by a light nucleus is more

than 2 times as likely to produce & fast hyperon as im a K -capture by

8 heavy nucleus.
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IV. HYPERFRAGMENT PRODUCTION

i 1. vIntroductionA

Lambda hyﬁerons are known to be aitrgcted by nuclear matter to
form bound states with all stable nuclei except the nucleon itself.
: The A-nucled systems are referred to as A-hypernuclei or hyperfragmé#ts :
(uF). | |

During the last decade, conslderable work has been done on the
analysis of hyperfragments but less has been done on the actual

4-52

mechanism of hyperfragment formation.h Although manY authors have

speculated on different mechanisms of hyperfragment formation, the lack
_ of experimental data precluded the favoring of one model over another.hs’
49,53,54 Until now, also, few direct measurements have been made on
‘the interaction between the nucleon and the A-hyperon.

An investigation of the mechanism of hyperfragﬁent formation in
K™ -capture at rest in emulsion nuclei has been made by the author in
collaboration with P. L. Jain of the.New York State University at
Buffalo, and the results, in part reproduced here, have been published.55
The hyperfragments are identified with éreater certainty by studying the
rarent star as well as the hyperfragment decéy (Sects..2 and‘3), This
type of study of parent stars hlso helps greatly in checking the
identity of the produced hyperfragments, which are customarily identi-
fied from their decay schemes. By reason of the criteria used in
certifying the hyperfragments (a discefnible prong emitted from the
nucleus), the analysis exélﬁded those hjperfragments which are themsel#es
the residual nuclei; no cryptofragmehts”are.included. In Section 4 is

discussed the analysis of parent stars produced by K--capture in emul-




CaShe
sion hociei; determination'of the relative numbefbof hyperff&gments | , i ﬁ}f§
.E'produced in light (C,N,0) and in heavy (Ag,Br) elements of the'emulsiohz fzyﬂo @gin
' is emphasized. Properties of h&perfragments are discussed in Section 5. -
t In Section 6, the primary reactions involving the productioh of HF

are considered.
2. Experimental Procedure

As mentioned in Chapter IIT of this work, the two emulsion stacks
-,.A and C had been exposed at separate times to K -meson beams from the
bevatron; end the resulting interaction stars.provided the basls for
this hyperfragment analysis{ A1l eyents in which a stop;ing K -meson
vproduced a double star of a';ecognizable hyperfrag@ent were recorded.

Of approximately 13.bOOjK7-stare phere we}e'63 hyperfragmept eveots,
discerned as haviog'been.eﬁitted“from the'ﬁaredt nucleu; aﬁd ﬁossessing
en associated pion, or a. fast (T > 30 MeV) proton with or without an
accompanying pion, the dip ang]e of the proton or plon being less thean
300, except for pions of less than 30 MeV, in which case no rest;iction
on dip angle was made. Of the total 63 events selected for analysis,
35 had a pion, 19 had fast protons but no pions,>and;9 had botc ; high-energy
'-proton end an accompanying pion.. All the prongs of theﬁpareng sters
of the 63 events were followed until they 1nteracted,Acame to rest, or left
the stack. The dimensions of the stack were large enough that no protoﬁ
track left the stack. ' All but 16 pion tracks were followed to their ends.
Of these, only eight interacted or left the stack while still possessing
8 residual range greater than 1 cm ., as determined from ionization or -

i

multiple scattering measurements.

ey

5
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B 3; Energy Determination
o The energies of stopping particles were determined most accurétely ‘
bby meésuring their ranges. in the few cases for which there was much
scattering at the end of the track, & range hicroscope was used for the
measuremént of the last portion of the track.3o |
The residual ehergy of particles that either left the stack.or
Interacted in flight was estimated by ionization measurements made in
pellicles that had been the subjJect of extensive calibrations. Barkas28
has derived a rather complete statistical theory of track structure in

emulsion; this theory was used for determining the ionizétion of tracks.
For heavy lons the range-znergy relationship of Heckman et. 31956 wa.s
ﬁsed. These data, détermined for a wide variety of ioms, are adjusted
' for the effects of electron pilckup andAare very useful for the short
~tracks with which one 1s here concerned. Where possible multiple
scattering measurements were made to check the lonization determinations.
4. Production of Hyperfragments from Light and Heavy Elements

, The procedu:es previously used, outlined in Chapter III, have
.'_been followed in ofder to distinguish between a K-ncapture in 1ight
(C,N,0) and in heavy (Ag,Br) elements of thé emlsion. These procedures
make use of {a) the difference in height of Coulomb potentialsvfor light
and for heavy nuclei, and (b) the presence or sbsence of Auger electrons
assoclated with the capture stars.

(1) stars which emit é sihgly or doubly—chaiged prong of range
< 30 ¢ are éonsidered to be K -meson disinteérations of a light

element. The number of such events will of course be only & lower




J f’in_Figure 5 of’the range distribution of'ﬁhe shortest track connected

with a.K’-capture star. The ranges of all prongs are greater than 2.5.u-,;

4j'fraction of hyperfragment parent stars that probably originated in

. .C, N, or O is large, and it appears to increase with the charge 2 of

: ]
- similar. According to their estimation, based on the fraction of "TLi

LA

56~

.limit to the true number of captureé in light elements. A plbt is made': *:,v**;{“

which 1s considered the upper limit for the recoil of a nucleus. The f'itﬂf;f”

the hypernucleus emitted; with Z =2 5 the distribution is composed -
entirely of hyperfragments. Investigations by Abelado et. aLL.h'7 on . f5ujﬁg _

mesonic HF have shown that the emission spectra of 8Li and APi are
8

', having short prongs, at least 75 percent of the mesonic Li originate

in the light elements. They further deduce that the contributions to

" the observed short prong spectra by Z > 2 isotopes mey be accounted for

by assuming for these, on the average, range spectra similer to the

one observed for 8Li. Production of light HF predominantly on C, N, O

is therefore implicitly cénfirmed. There is a possibility that light

hypernuclei ,H or ,He may be produced in XK -capture in heavy nuclei,

A A
but HF emitted with Z > 3 may be ruled out, since the depth of the nuclear

potential normelly is toc great to be overcome. The fraction of ﬁrhyper-l“-" .

. ons trapped in nuclei may be quite large, since often the‘hypernucleus _

may be created with such smell kinetic energy that it does not produce
a track that can be detected. Such hypernuclei or cryptofragments have
been estimated, by one rebort, to form as much as 30 * 7 percent of

K -interactions in emulsion nuclei, while another report indicates that - -
v
3’

the fraction of cryptofragments produced is greater than the 5 percent

. . + ' IR
the percentage is l3_i ; there is, however, general agreement that o

“

i
2R
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figure for identified HF.TO13
(11) The presence of Auger electrons'isvéonsidered evidence for

the K -disintegration of heavy nuclei.

The center of each of the 63 parent stars was checked in a search

for Auger electrons. All blobs having four or more grains were noted,

since such a blob may be en electron with energy of about l6\keV

produced by the cascading K -meson. Out of a total of 63 parent sters

~ having hypernuclei only two events were found with definite electrons

" and two events with probable Auger electrons. The background formed by
!

" random electron tracks at the star was considered negligible. Since

from this total of four Auger events none were identified as being

definitely an example of K -capture on a light nucleus, the use of the
presence of an Auger electron as one indicator of K -absorption on
& heavy nucleus was felt to be Justified; this criterion is in agree-

ment with the works quoted above. In as much as there were found only

12 hyperfragments whose range, charge, and concomitant-prong ranges were

of the right magnitude to allow them to be classed as possibly coming
from heavy nuclei, it is estimated that an upper limit of 19 percent
(12/63) may be placed on the fraction of light hyperfragmwent (Z < 7)
production teking place in heavy elements (Ag,Erj. .1t should te
noted that quite a large number of heavy hypernuclei with charge
between Z = 35 and Z = 47 are formsd,l3 but these are not detected by
the foregoing dnelysis. These heavy HF therefore cannot be included

in the data by means of whicﬁ the upper limit is fixed. In Figureb

ié shown the prong-number distribution of parent stars containing

hyperfragments of 2 =1, 2, 3, 4, 5, or 6.
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5. Deta.ils of Hyperfragments e L o R

In Figure 7 (a) is shown the histogram of 7 values of the hyper-"

fragments whose production vas assoclated with at ]east one charged,

- fast particle (n or p). The shaded portion corresponds to mesic HF.

Mesic hypernuclei predominate for Z = 1, and for Z > 1 the nonmesic HF

are more abundant, in agreement with observations by many others. The

. charge value Z of each hyperfragment was measured from the total
~ visible charge of its disintegration products, obtained either from

ionization determinations or track-width measurements; Width measure- .

!

- ments on the tracks of the hyperfragment were also made when possibler

in order to check the charge estimate. Figure 7 (b) gives the range

distribution for ell hypernuclei that came to rest. Around 90 percent

of the HF have a range less than 45 p .
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' The momentum spectrum of all hyperfragments is shown in Fig. 8 .
"; FQr comparison the normalized‘mdmentum'distributiqn of free A's from

35

: K_-éaptures in He is also shown; Lower momentum values are assumed
to be mostly from the Z-conversion events, whe?eas higher momentum
»values supposedly come fiom direct A events. Although the average
momentum expected from a sinéle-nucleon K“-cagture is about 250 MeV/c,
it is about 580 MeV/c from a two-nucleon capture,'with some ppread due'
.‘to the Fermi motion of the nucleons. There are mofe low-momentum
hyperfragment events. Such a difference between the two spectral
shapes may be due to Z-conversion. The relation betweenlhyperfrggment'
ﬁomentum end the cosine of the space angle ¢ between the hyperfragment
.and assoclated pion or proton (TP > 30 MéV, where TP is the kilnetice
enérgy of ‘the protoﬁ) is shown in Fig.‘9'. It indicates that hyper-
fragments of higher momenta tend to be preferentially emitted at large
angles wifh respect to the pion or fast proton. Since to conserve
momentum this is expected, no further interpretation of 1t is made.
Figure 16 is & ﬁlot of average fast proton or pion momentum versus
associated HF charge. The two distributions are quite. similar. The_'
proton distribution stéys close to LOO MeV/c and the plon distribution -
is fairly constent at 160 MeV/e. ‘
6. Primary Reactions Involved in HF Production
The following general reactions produce A-hyperons when K'-mesoné'3
are captured by emulsion nuclei. The symbolL N represents a nucleon,
elther a proton or a.néution; vhile n and X stand for the posifive>or

‘negative charée state of the pion and hyperon, respectively, as

necessary to balance charge in the given equation. The reactions
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~._‘;_inﬁolviﬁg-uncharged piong;and siémaé §111 bé dealt with in a later
5,?;séctioﬁ.- - | | - |
| Capture by a single nucleéh (most of the energy is carried éway
.’Ey'the'n—mesbn):_ |
K +N —>K7+ 1 (Direct A production) (La)
K +NoZ'tx (£ conversion, T + N‘—aA.ﬁ'N). (1b)
Capture by two nucleons; ' '
K + 2N —nA;+ N (Direct A production) | ‘ (2&).
X + ENV—aZ +N (2 convérsion, S+ N->A+N). | .(2b)

. _ 3
Another conceivable reaction is K + 2N -2 A+ N+ 5. If a Z

i1s produced initially, it may prcduce a A in‘a secondary reaction with
a hucleon. It was mentioned in Section 2 that the total number of
‘sélected hyperfragments was 63; of these, i9 events were accompanied by
- only high-energy protons (Tp > 30 MeV), 35 events were accbmpanied by
charged pions, and 9 events by a ﬁion end high-energy proton. Out

of the total of W4 pions, 28 were brought to rest in the stack. The
ratio of negatively charged stopping pions (22) to positively charged
ones (6) was = L:1 (n“/n+). The energies of the 16 pions not brougﬁt
to rest were determined by ionization meaéurements. Eleven pions in

. this group had energies greater than 95 MeV and were presunebly
negative. Of the remaining five pions, one scattered inelastically
but came to rest and its charge was found to be negative. A second
pion was abosrbed in flight by a nucléus (DIF) but was so nearly
stopped that we presumed it was negative in order for it to have

 penetrated the Coulomb barrier. This means that a maximum of only

three pions could have been positive. If one assigns these three pions

L e

EAN I
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df undétermiﬁed chargé to the pbsitive and negdtive groups in the same
;bratio (22:6) as the 28vstopping.pions, then the ﬂ"/n+ ratio becomes
N 37/7 = 5.3. The energy spectra of all the plons is shown in‘Figure 113
(a) and (b).
- . 6.1 One-Nucleon Capture
The one-nucleon interaction is discussed first. The single-nucleon
‘interactions of K -mesons result in.thevproduction of a hyperon and
a n-meson. The kinetic energieslof all pions emitted from the hyper-
| fragment-parent stars have been plotted in Figureﬁﬂé‘(a)!and (b). If -
' charge exchange and charged-pion Ebsorption are Aeglected,lo then
presumebly all single-nucleon capture processes are included in Figure
| ,ﬁé (a) and (b) excepting those events in which neutral n-mesons are
produced. The latter will be accounted for, however. The energy spectrum
of the n  consists of two energy groups, the one large group centered
around 70 MeV and a second smaller group centered around 125 MeV. Events
with energies less than 100 MeV are gssumed to consist largely of plons
produced in reaction (1b) (Z conversion), since severe n énergy degra-
| datlion by scattering within the nucleus‘is not probable as shown at
the end of this section. All pions with enefgiesAgreater than 90 MeV
. are presumed to be due to reaction (la) (Direct A pro@uction) with Q
value = 1T0 MeV,.
For a positive pion, the only production mechanism other than
charge exchange (considered negligible) is the reaction ylelding
(2',n+), with a Q value of 95 MeV. Thus there should be no pions

above 90 MeV from the fraction in which any Z-hyperon is involved.
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‘In fact,vnone bf the six posiﬁive pions observed had an energy greater
" than 8L MeV. Figure_ii (c> shows the energy distribution of pions
produced in the one-nucleon ):ea,ctions7 (Zt,ni), in sgreement with the
Aabbve statements. B

| One can estimate the number of neutral piqns emitted on the basis
of the branching ratios obtained in the present work for K -meson
absorption at rest in nuclear emulsion.

From Fig. 11 (b) is obtained the number of positive pions emifted.
Pions of energy greater than 30 MeV were restricted by the criterion |
to those that had relatively flat trajectories (dip anglé = 300).

-.Therefore only half of the pions were measured and a correction factor
of 2 must be introduced. Also, the number of pions of undetermined
charge with energy less than 100 MeV were divided into positive and
negative groups according to the procedure outlined in the preceding
subsection. This added one pion to the n+ group.

The'total corrected number of positive plons that were presumably

.from the reaction K + p-5 4+ ﬂ+ was 14, assuming 15 percent absorp-

: tionhe. This number of positive pions (14) then allows the calculation,
6n the basis of charge independence and the results of the present

work, of the number of pions to be expected from each of the other

- single-nucleon reactions in which a A might finally be p;oduced,

either directly or by Z-conversion. These reactions are presented in

Table XV.




TABLE XV .

.thglé;nucleon channels with calculated and experi-
mental branching-ratio results.

Interaction : ‘Number of Events

Channel _ Calculated - Experimental
(3) K +poz +x 29 28
%) K +p->+4° 17 -
(5) K- +poa+a . 11 | -
(6) X +n-2" +1° o 10 -
(1) K- +n-4+ 5 | ' 10 -

!

(8) x°

+n-o A+ : 25 26

For reaction (8) the calculated number 25 may be compared with the
number found experimentelly. There were 1l plons with energy greater
than 100 MeV; these are attributed to reaction (8). The geometric (dip)
factor increases this number to 22, and the correction for absorption
brings the number up to 26 (we assumed 15 percent absorption as previous-
ly stated). Therefore, to reaction (8) is assignéd the corrected
experimental value of 26 plons. The calculated valﬁe was 25. This
would indicate that the number Af n -mesons from direct A production,
"which scatter inelastically into the region of ‘1‘ﬂ < 100 MgV, is negli%
gible. Hence the s below 100 MeV were regarded as due primerily to
Z-conversion.

6.1.1. Direct A-production. Charged vrions above 100 MeV energy com-
prise abhout 22/109 =~ 20 percent of the total number of charged pilons,

. and are produced in about 9/63 = 14 percent of the light-hyperfragment-

forming events. These are attributed to the direct (A, %) reaction (la).




. ‘71— ’
This is a iowér limit,'té bé sure. The total number of hyperfragments
pféduced directly by thle reaction couldkbe somewhat larger owing to -
the greater inelasfic»scattering cross~section for pioné in this energy
interval. As a result, there would be pioné which, althoﬁgh they were
produced by (A,n ) reactions, would scatter inelastically in the
nucleus and thus be dbserved.in the interval of energy range Tﬂ < 100 MeV.
Asvshoﬁn previously, it is likely that this number is not great.
InelaStic'scattering, however; may contribute to a degradation in
energy of plons that were directly produced in association with A's.
Their Tﬂ usually remains. above 100 MeV, however. There ;s also some
loss of ﬁ_-mesons, which are absorbed while coming out of the nuclei in
which they are produced. The x absorption loss is considered to be

, S
15 percent.ha’SB.

Therefore, from charge independence and the results
of this work one can estimate the total fraction of light hyperfragments
formed by the capture of directly-produced A-hyperons from reaction (la)
together with those from the uncharged reaction X + p —» A + n°, as

not exceéding 20 percent. |

6.1.2 1Indirect production throughvE—copversion. In subsection 6.1.1

- it was estimated that in 20 percent of the cases of light hyperfragment
" production from Ku—onewnuclepn intefactions, the A 1s produced directly; , 
Thus in the remaining 80 percent of the.cases of one-nucleon capture; '
the A forming the hyperfragment is presumably produced through the
Z-conversion reaction (Ib), where an energetic nucileon is produced

aloﬂg with the n-meson. Thﬁs,'z-conversion in the capturing nucleus

plays ‘a major role in producing hyperfragments.

By comparing these results with data gathered by the Bologna




' protons are not produéed from the inelastic scattering of n-mesons of

'72“‘«‘,

groupsg on 1helasticiscatter1ng of T-mesons, one sees that high;energy

aﬁéfége energy 50 MeV coming from the (Z,n) reaction. The conversion

-

- processes involving Z-hyperons are: ' ‘: ,‘iv

L +p-oA+n, : | (9).
z++h-+A+p; | ~ . (10)
2° +poA+ o, j“ | | | (1)
P +noA+n, - (12)

From the above interactions one may deduce that a fast proton can
_ ‘ _

be prbduced only through -the absorption of a I¢ or 2, However, the
production of st ang s° must take place in association with a n~ or no_‘ |
meson. Therefore the interaction of the Z-hyperon wouid be expected

to have a strong correlation with negative‘n-mesons. If a hyperfragment-
parent star emits both a high-energy proton and a charged pion, then the

pion should generally be negstive, and the concomitant fast proton may

+
" be regarded as an indicator of indirect A production by % or =¥

ebsorption; Z-'absorption does not usually yleld fast protons.lo

Of the eight pions of identified sign associated with high-energy

protons, only oné was positive, thus indicating that most such protoné

. +
originate from & or =°.

One may further compare our pion-energy spectrum in FigureJii (a)
with results of deuterium experimentsGo.for vhich two distinct peaks
correspond to direct A production and to indirect A (Z-conversion) Ly

processes., The two peaks of.this distribution are shifted towards

values higher than those of our pion-energy spectrum. One could

explain this difference by considering the deuteron structure to be ' ~
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;o loose thaf the absorbtion of a K”-meéon takes'plaée on a more'ér
less free nﬁcleon, whereﬁs in a complex nucleus this available enefgy
is reduced by the higherkbinding energy of the nucleons. Furthermore
one may compare the higlier energy distribution of charged mesons
emitted In direct Arproduction.6l The two energy spectra are in
agreement.
From the one-nucleon reaction followed by X-conversion, one expects '
in general that the energy of fast protons will be less than 60 MeV.
The Fermi motion of the nucleonslihowever, complicates the picture.

{
It has been calculated that in about 25 percent of the absorption cases

| the energy of the fast protons mey be greater than 60 M.eV.62 This
calculation is based on the assumption that the yield of fast protoné
in =° capture is half that of E+ absorption. From the experimental data
one gets about 2/9 = 22 percent protons with Tp > 60 MeV from one-
nucleon reactions (as identified by pion production). This is not in

disagreement with the calculated value.

One may compare this minimum value of the ratio

7~ from direct A° 26
all HF pions 82 - : :

 -with the corresponding ratio 0.3) deduced from the results of the

deﬁteriuﬁ experiment.60 As a check one compares the ratioc gilven by
Cester et. a1.0t, which also 1s 0.31.
6.2 Discussion of two-nucleon Capture

The simple two-nucleon reactions are given in the first part of

Sect. 6. The energy distribution.of fest protonms produced with
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" hyperfregments in bothvthe one-nucleon snd two-nucleon reaction ova"-

mesons in emulsion nuclei are shown in Fig. 12. The cutoff for proton-
evaporation prongs (Tb < 3b MéVf is also shown in this histogram. The
interpretetion of the histogram involves those processes in nuclear
matter that contribute protons of energy > 30 MeV, e.g. (a) n-meson

A
scattering or esbsorption, (b) £ ?° gbsorption, and (c) two-nuclecn

- interactions.

Events with only charged pions and no high-energy proton (T% > 30 MeV)

. are probably produced in one-nucleon reactions. However, the stars

|
having both a plon and & proton (Tb > 30 MeV) also may be produced

through one-nucleon resctions according to Eqs. (la) and (1b). The

-events without pions are not all due to the two-nucleon capture process,

however. Such events may be from one-nucleon captures for which there .
was subsequent absorption of the pion or the emission of a ﬂo-mesono

In subsection 6.1.1 it wes mentioned that for most one-nucleon

+ reactions the énergy of the proton is < 60 MeV. Thus, one may certainly

say that events with Tp 2z 80 MeV are due to multinucleon capture pro-

cesses. Most of the protons from the multimicleon interaction should

have energles in this region. Sonme lé out of 19 events with protons

’alone, have energles Tp > 80 MeV. One may assume that these were pro-

duced in multinucleon reactions. Certalnly one may estimate that
19/63 = 30 percent is an upper limit for the number of light hyperfrag-
ments originating in those multinucleon channels producing a fast
protonlsecondary. Studies made of the branching ratios and reaction

end~-products for the multinucleon channels have led to the conclusion
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that approximately 56 percent of the end products will consist of
hyperon plus fast proton, ‘while 4k percent will consist of hyperon plus

fast neutron. 0,13 The neutron_spectra are not expected to differ -

greatly from those of the proton. One may then deduce that if no more

‘than 19 of the 63 HF events which produce fast protons are from the

miltinucleon chaemnels (the ofher HF events possess plon secondaries,“

.and are presumed to arise in single-nucleon interactions), then the

same or smaller limit likewlse exists for a similar sample of 63 HF

events emitting fast neutroms, if one were able to obtain sﬁch 8 sample.
!

Percentage-wise, therefore, the upper limit on light HF's produced in

the multinucleon channels would not change: 19 fast protons plus

'19 fast neutrons from a sample of 126 light HF events. This resulting
.'limit is in agreement with the 30 percent figure for both light and

. heavy HF's obtained by Sev.cton.ll‘L

These multinucleon events could have been produced either through

3 direct A-production or through the Z~conversion process given in

Equation (2b). There was ore star in whiéh two fast protons were
produced. Both protons had energy‘Tp > 80 MeV. We may possibly

explain their production through the Z-conversion process, l.e.,

K +pap-3 +p and £ + p- A+ p. In the final state there is
A+ p+ p. Another possible explanation for (A,2p) production is through

., a one-nucleon interaction in which (A,2p) are produced in the final

state through both plon absorption and X-A conversion.

Of the events having a ﬁ+-meson, only‘one had & pion with

’ 'I'ﬂ > 75 MeV; 1ts energy was 81 MeV. This 18 in agreement with previous

results; the frequency of the two-nucleon (multinucleon) reaction pro-
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. Gueing an energetic 7w -meson (i.e., K + 2p 5>A.&_n + n+) is small

. A ) .
" compared with the n -producing nucleon reaction given by Equation (1a).

As mentioned in the Section 6 discussion of K -capture by light
end by heavy nuclei, in some of the hyperfragment_events, K -absorption
apparently took place in heavy elements (Ag,Br). Two of these 12
events belonged 40 the two-nucleon sbsorption reaction leeding to
hyperfragment production, as identified by fast protons'kTp > 80 MeV).
This result is in agreement with the work of Condo and Hillgh; which
indicates that a relatively small percentage of the multinucleon
absorption takes place in heavy elements. It is consistént with the
recent experimental resulis of a multinucleon yield of only 1l percent

35

Q ‘
in deuterium”” but of 17 percent in helium.




.observed in various bubble chamber experiments.
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Y. ROLE OF RESONANCE FORMATTON TN K" -INTERACTIONS

A study df thé reaction chénnels of X -mesons interacting in
complex nuclei woﬁiﬁ be incomplete without some attention being glven
1o the role played by the formation of resonances,; extremely short-
lived states of association of two or more particles. The data on
resonances or possible resonances produced by X -interactions in
hydrogen, deuterium, and helium bubble chambers has been summarized
in reference 63. The production by K~ at rest in emulsion of one of
these resonances, the YO*'(IAOB), has been the subject of & papefsu
co-suthored by the writer, and by A. Barbaro-Galtieri and F. M. Smith,
published in Physics Letters, and in part reproduced here.

AT = O Zn resonant state at 1405 MeV, Y * (1405) has been
65,67

In nuclear

68

.emm.sion, Esienberg et. al. found that the Ix effective mass distri-~ -

bution showed a strong enhancement around 1405 MeV; Frisk and Ekspong69

reported a'peak in the p distribution (p = Ps + pﬂ),at a value corres-
ponding to a mass of 1405 MeV in the Ix system produced in C12 in

the reaction K~ + ClaA—aﬁ% + £¥,+ B, e latter researchers have
fecently redone thelr experiment under more favorable conditions and

have published results7o

at variance with their original ones, but
which confirm those of thisvwork. All experiments have anglyzed the
interactions produced by K at rest. o |

The bubble chamber experiments of Alexander et. al.66 snd Alston -
et. a1.27 yield a full width at half maximm of T = 35 £ 5 and

' = 50 MeV, respectively. Frisk and Ekspong,69 in their original




-79--

experiment, séemédfto Q£Serve a width of ~ 1 MeV;' The reason for
this disagreemént couid be found in tﬁe fact that fhe two techniques
have different fegolution.in energy. In ocur experiment, two large
stacks of emulsion;were psed where the energy resolution is = 1 MeV.
The Zn mass spectrum obtalned for K ~interaction in 012 shows prominent
enhancement in the region around 1k12 MeV; However, using an impulse
model. t0 calculate the_exﬁected distribution for direct Zn production,l
the ébserved results can be explained without appeal to Y * (1405)
production. The 1 MeV width for the Y ¥ (1405) resonance is not
confirmed. . !

As mentionsd in Chapter I, two large emulsion stacks were exposed
t0 the K -beam from the bevatron. The K 's were brought to rest in
the central part of the stacks and a large percentage of secondary
particles came to rest in the emulsion. A sémple of 270 events that
showed Zn production has been analyzed. The criteris in selecting
this sample were: (&) the ¥ interacted at rest, (b) the n came to rest
in the stack, and (c) if the L decayed in flight,.the secondary stopped
in the stack. With these criteria the events not used were thosé
where the w-mesons were either steep or clse flat and left the stack

or interacted in flight. These ecriteria do not introduce any blas

_because for K at rest the distribution of prongs is expected to be

isdtropic, Fight measurements of each dip angle were made. All
angles and ell Z-ranges have been measured by at least two people.
The pilon ranges were measured once. For all the steep tracks,
discortion measurements have been made to correct the dip and pro~

Jjec ed sngles, but this coarrection did not change the angle between

el
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the X and thé-ﬂvﬁy ﬁsre:thah 0.5 @eg.: Suitabie programs for the
, TBM "‘650 ca.lcula,teé. for each event the total momentum (p=ps+ gﬁ) s
~the invariant mass of thé Zn system M[M? = (Eﬂ‘+ EZ)2 - (2£ +,2ﬂ)2]
and the approbriaté errors. The average error in p was 1.9 MeV/c
and never exceeded 3.5 MeV/c. The average error in M was 1.0 MeV
and. (AM)me was 1.9 MeV. |

Of the 270 events analyzed,‘32 had additional prongs with a
length shorter than that for'a 30 MeV proton, which is the limit fér
eveporation prongs. This smal) sample of events with more than 2
prongs has been measured only for comparison. An attemp% has been made
to select from the two-prong events those in which the K-capture wes on
| 012. This selectlon 1s merely based on the possibility qf detecting
" the recoiling nucleus, which 1s often difficult. The events\ have
been divided into 4 categories based uﬁon the eppearance of the star
center, i.e. those showing (a) recoil, (b) blob(s), (c) electron(s)
and (d) clean star center. .In Figo‘iS(a) the recoll events are plotted
on a scatter diagrsm with e (square of the invarient mass of the Ix
system) and p2 (totsal momentum squered) as coordinates. In Fig; 13(b)
the remaining events aie plotted together using different symbols
- for the three categories. The straight lines are kihematical
‘relations between p2 and M? for different nucleie71_ The selection
criteria are the following:

.(a) For each event the dip and projected angle of the recoil
have been calculated from the relation p = ”(Rz +‘pﬂ); also from p
the length was calculated by assuming the Bll mess for the reéoil

56

and using the range-energy relation of Heckman et. al. A1l the
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- events were then checked under nigh magnification for agreement with

the caléulated gquantities. Those recoil events with projectéd angles
within 10° of the calculated vaiues and dip angles of the right order
of magnitﬁde were accepted if the recoll lengths were in agreemeﬁt
wiﬁh the calcﬁlated ones. The expected lengths are L < 5u. Since
the mean dlameter of a grain in K.5 emulsions is 0.5u, one doés not
eipect the recoil criteria to be faultless for recoils with L < 0.8u
(2 grains) which corresponds to p = 100 MeV/e. For p < 60 MeV/c and
é lerge calculated dip angle the recoil is not expected to have a
detectable range, therefore such events with a clean sta; center have

been accepted; Six of these events were edded to the recoll sample.

This a posteriori method of selecting the recoil events has been

- adopted in order to have a blas-free sample. In fact, it is often

aifficult to decide whether there is a recoil, a blob, or an électron, .
especially for length < 1.5u. On the other hand, the probability for
an electron to have the same length and direction expected for the
recolil of a given event is small.

(b) Included in the category of blob events were those with
more than one‘grain at the star center of those with a single graln
not satisfying the celculated recoll criteria; Part of the events on
016 or heavy nuclei are incluvded in this category, because they haVe
shorter recoils than expected for Bll, |

(¢) The electron events were thdse with recognilzable slow

electrons or those with 2 or 3 grains which were directional but aid

not .satisfy the criteria for recoils. This category mey contain
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- ‘events on 0, for,ﬁhiéhAthe recoil direction is the same as for Cla,

but whose length is shorter,

(d) The clean events were those with no visible electron, recoil -

_or blob and with a p > 60 MeV/c. Satisfying these criteria were only

16 events out.of 218 with p > 60 MeV/c. This means that one expects

only 1.4 events with p > 60 MeV/c to be in this category rather than

- among the recoils. . v

Teble XVI summarized the separation of-events into different

: categories

| oo .
TABLE XVI Number and Type of Events Analyzed : T e

Type Recoil Blobs - Electrons Clean > 2 prongs - Total
Number '

. of 133 43 45 17 32 R 270 .
Events . v v o

In Fig; 13 one notes the following: _ ‘ _

(1) The recoil events lie between the line for oo and the line :
corresponding to the last exclted state for Bll (for which the
excitation energy is enougﬁ‘to give B L1l o+ a).. In this sanm&e;
it may be ekpected confidently thet the majority of the reactions are {
on 012. In fact the le range-energy relaticn is appreciably different'
1'for p > 100 MeV/c. There doubtless remains gome 016
contamination, especially at low momenta, but its effect on the given
interpretation of the process under study is negligible.

(2) The > 2 prong events lie far from the solid lines.in Fig,’13kb),'

These interactions are those in which a lheavy nucleus has been left in

an excited state and the excitation energy was enough to allow an
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- evaporatlon prong, or those in which the = or the £ had a sgcondary
interaction on e proton. Heavy nuclel are most likely to give such
events becausé of the large density of nucleons.
(3) Some TO percent of the blob, electron; or clean events lie
‘near the solid lines in Fig.'13(b)o Many of them are probably inter-
actions on 016 (from'the way they have been selected). The remaining
30 percent show a distribution similar to that of the > 2 prong events.
In the following the analysis is restricted to the recoil evenﬁs
only. In Fig,(13(a) the mass 1405 MeV ares does not show any particular
o enhancement; a peak seems to- occur at 1412 MeV. It is eéident that thé
Bll,is ofter left in an excitéd state; indeed, the distribution of
'points indicates excited states are preferred. From the diagream tﬁis
means that for Yo* production in C 12 one does not exgégt 8 peak in
the p2 distribution becsuse different excited staﬁes glve different p2
values corresponding “o a 1405 MeV invariant mass (M? = 1.974 GeV2)o
Since the position of the peak cobserved by Frisk and Ekspong in pheir
original experiment is at p = 170 MeV/c, all their events would corres-
pond to Y * production in the gt ground state. In Fig. 14 the
mémentum distributions are plotted (a) for all our sample of 2-prong
events and (b) for the 133 interaations on Cle. The distributions
. do not present any evlidence of pesking at any particular p value.
It is very important to include among the inteféctions on C12
those events with p < 100 MeV/c.
There may be contemination from interactions on 016, but 1f
. such events had not been taken the M distribution would have had 8 hx\

non-negligible bias. In Fig. 15 1$ plotted the M dlstributions for
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() ell the 2-prong events and (b) the interactions on 2. Tn the

latter the dotted-line distribution represents the distribution we

’

would have if there had not been taken any events with p < 100 MeV/c.

As cone can see in this case there is a symmetrical distribution around

- lEOS MeV which could easily simulate a resonance. The M distribution

in Fig. 15 does not differ substantially from the one observed by

Eisenberg et. al.68 This distribution can easily be interpreted &s

. that expected for direct Ix production.

An impulse model, as suggested by Block,72 has been calculated
!

. for the reaction

K"+clg->zi'+:r:+Bll. (1) .
It assumes that the capture tekes place on a single nucleon and neglects
final-state interactions. It has been caiculated for K~ captures in
S, p and d states. The wave function for the nuclear density distri-
Bution in 012 was assumed to be the same as the charge distribution
measured by Hofstadter.73 This calculation hes been done for K -captures
such that the Bll has been left in its ground state, and the date can
be compared with the impulse model only for a restricted sample of
events. In Fig. 13(a) the Blll line (Bl in its first excited state)
lies apart from the Bil line (the ground state for the Bt nucleus )
by only a distance corresponding to 1.5 standard deviations, vhere
it is assumed for o the average error on the events. For thié reasoﬁ
it is hard to select a sample of events to compare with the impulse
model. It was assumed that the event; within 1.5 o from the:boll line
are of type (1). In Fig. 16 the ¥ and p2 distributions of ﬁhese 39

events are compared with the calculated distributions. An s-state
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capture éeemé to givé a better fit than.the-otheéé, but the statistics
are too poor to alldw any conclusion in this matter. Iﬁ_any case it
is evident that one can explainlihe date without any appeal 1o Yo*

(1405) production. The distributions of &ll the events on L2 (Figs.

44(b) and 15(b)) could be easily obtained by a superposition of curves

11

- calculated for different excited states of B, thus shifting the M@ o

peak to lower values.

In conclusion, the data do not show any evidence for YO* production',‘

% in ¢ with & width of 1 MeV. If the Y * (1405) hed a width of T = 1 MeV

. H
it would travel a distance d = 23 fm before decaying. Since the Bll

© radius is = 2.5 fm, the Z and n should not have interactlons inside

the nucleus. Therefore with the given energy resolution one should
detect its production. If the Yo* (1405) hes a LO MeV width one would
be able to see such a width in the distribution in Fig. 15(b). More-

over, it would only go about 1 fm before decaying. The width would

. then be further increased by Coulomb scattering and secondery inter-

- actions within the nucleus. Because both excited and ground states

are involved, the reaction is not well defined. Consequently, in this
experiment one cannot distinguish production of Yo* with a width of
sbout 20 MeV from nonresonent direct production. If the width is of .
this order of magnitude, one cannot measure it in any case because

the mass distribution will be broasdened for the sbove reasons.




-91-
VI. DISCUSSIONS AND CONCLUSIONS

In the present work the branching ratlos have been determined for.

the single-nucleon reaction chamnels of the K ~interaction at rest with .

complex nuclei of.research emulsion. These values are in géneral
agreement with those obtained by the European Collaborationlo from
fewer events.

The ratio of the number of negetive plons to the number of posiﬁive
plons emitted from K -interaction stars has been found for various
pion snergy intervals. Thése results indicate that the ratio is not‘

i
constant but decreases with increasing energy. For the plon kinetic

energy between O and 30 MeV, the value is 4.9 * 0.9. For the next
interval, 30 to 60 MeV, this work yields 3.4 # 0.5, while for the
interval 6C toc 90 MeV the result is 3.3 = 0.7. 7The ratios found by
the European Collaborstion'® are 3.8 % 0.8, 4.0 0.9, and 4.0% 1.6
respectively. However, their statistics sre successively poorer the

greater the energy of the interval. In fact they were unable to

determine the charge of any pions of energy beyond 90 MeV, while 11

‘such events were identified in this experiment.

A determination of the relative number of captures on light and
on hiecavy nuclel was made for both the single-nucleon and the multi-
nucleon reactlon channels.

Use was made of the presence of prongs of short range L, where

2.5 u <L <30, and of Auger electrons. It was found that the pion .

emission frequency for XK -captures at rest was close to the same order

of maghituée for both light and.heévy ggclei (1.16:1.0) with a
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slightLy gréétef;frequenéy for the C, N,.O'evénts;

On the'other‘hand, the X -interaction with & 1ight nucleus is
2.36 times as'likely to produce-a fast hyperon as is & Knninteraction.- 
with a heavy ﬁucleus. | | |

The hyperfragment production mechanism has been investigated by
studying the spectra of accompanying pions. TFor the single-nucleon o
" channel it is found that a majority (> 80 percent) of the light hyper-f
nuclei which emerge from the interaction star drigin&te in chonversiqn::
: processes. Analysis of the accompanying fast proton spectrdv(TP > 30
MeV) wes made in order to determine the extent of the roie played
by the multinucleon reaction. It wds found that at most 30 percent_of
“the light hypernuclei originated in multinucleon reactions. An attempt -
was made to separate K -captures in C, N,.or O from those in Ag or Br
using the same criteria liéted previously. Only a small percentage
(5 20 percent) of the production of these light hyperfragmenté was
féund to take place in the heavy elements.

The role played by resonance formation in K -interactions in
complex nuclei has heen investigated. In particular the evidence for
the XO* (1k05) production has been studied by enalyzing the Zn mass
spectrum obtained for K'ointeraction‘in Clz. Although ﬁhe Zn ﬁass
~ spectrum éhows enhancement in the reglon around 1412 MeV, this can be
explained using en impulse model end without recourse to any Y * (lﬁOS)
production. The energy resolution with the present emulsion stacks ‘
is 1 MeV. Therefore, the production of & resonance with a width at

half-maximum of 1 MeV, as was reported by one group§9, should have been

.|,4‘ Ty
G e
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. detected. In fact, a resonance half-wldth of'up to 20 MeV wourld be |

-apparent, but such is not the case. The results of the present work

"do not show evidence for Yo* (1405) production in 012 with a width df\

1 Mev.
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Appendix I. Scaﬁtering cross section
Tormulas for XK -nucleon processes
We présenf here_the‘cross sections for the vérious K -nucleon
Trocesses: elastiq scattering, charge exchange scattering, and absorption.
Thé derivetions of these formulas were carried out in References 15 and

J

19. The X + p elastic scattering cross section is

A I n |

el T ’ T-HkE . TIFRK ] )

L

_while the K~ + p charge exchange scattering cross section is

| A, no |
g = 1 T - : . (2)
c.e. t 1-ikA L-ikA) _
The K~ + p absorpticn cross section is
o - 2x [ % + °1 } o (3)
abs k ll-ikAb 2 Il—ikA1]2

The X~ + n cross sectlons are simpler because only T = 1 plays & role.

The elastic scattering cross section is

2

(1)

!
el : ~ikAl ’

while the charge exchange scattering crosg section is

T“@"""J | -6

and the gbsorption cross section is | /
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T ég oy e L
Oabs T K [ma] o )

When & more sophlsticated treatment is done, and Coulomb and mass .
. , 15
. @ifference effects are considered; then the followlng expresslons result

do cosec‘2 -Q )
el 2 21 6
- = exp <—= ln sin -}
daq 2Bk2 kB 2
, 5 -
: s, -
C_ 11 - :
_+ ED{AO ( 11“oAl) + Al(" ikvo)} 'l ’ (7)
o - nkOC AO_A]. : (8)
c.e. k D ’
2 1 - ik 2
o - 2nC b ‘oAl
abs k o} D
1 -1k A 2 I

here B is the Bohr radius of the X~ + p system, and C is the Coulomb
penetration factor %[l—exp(- % )]'l. The relative momentum of the N
system is koh, and D is & quantity which takes account of the mass

difference. The expression for D reduces to (l-ikAO)(l—ikAl) for ¥ = Xk _.




stack were revorted by Dyer.
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Appendix IT. Details §f the Fmulsion Stack Exposure

Thevfirst enmulsion stack employed in this experiment, the A-stack,
consisted of 216 pellicles of I1ford K.5 emulsion, each one_measuring
6 inches X 9 inches in area and 600u in thickneas. The pellicles were
assembled and milled following the regular procedure used by the Barkas
group at LRL and outlined in Reference 25. The assembled stack was
exposed to the bevatron's 450 MeV/c K «beam separated by the coexial
velocity spectrometer¢26 Crid printing of the stack with the Bexrkeley
grid was according to the methods mentiqned in Reference 25. The re-
sults of the analysis ofbparticle density and distributions in the A-
o7

The second stack utilized was the C-stack, a 9-inch cube of
emulsion consisting of 220 Ilford K.5 pellicles, assembled and milled

in the same manner as the A-stack. The exposure of this stack took.

place at three separate times. In the first test run on November 1, 1960, °

the negative K—méson bean (with momentum 750 MeV/c) frem the Murray
coaxial velocliy spectrometer, was Ilncident on a copper ebgorber
immediately in front of the C-stack. This absorber had a mass of 119.280
g/cma, calculated to be gufficient to stop the beam in the interior éf
the stack which was kept at a temperoture between 0 and héIC auring

the bevatron exposure in order to reduce fading of the latent image

and to hamper the growth of fog. Approximately 31,000 negative X-mesons

were accumulated during the first exposure lasting 52 hours. On

November 16, & second exposure of the C-stack was begun under similar

conditions and lasted 9 hours. The momentum of the negative K-psrticles



'vwﬁslonlyb600 MeV/c this fiﬁe; the‘béam éamevintb’the étack frpm'the

, difectioh oppdsite-té ﬁhat of tﬁe'first_expoéﬁre, Now, howefer, thev
absorberrconsisted of two parts: The first was copper of mass absorption
' coefficient.83.01h g/cm2 at the bubble chambér and.the secohd was |

copper pluskan aluminum contalner with totsl mass absorption coefficient

36.014 g/cmz. This brought the beam to rest interlor to the stack. Due?;:f;ff e

to technical difficulties with the beam, the run was finally discon-
"~ tinued and the emulsion stack was removed to the storage mine on November
28, and kept therevat dry ice temperature until the run fesumed oﬁ
* March 9, 19%1. |

For the third and final exposure, the conditlons were approximately
the same as the previous two; The momentum of the negative K-beam
was 750 Mev/c and the copper absorber used was of mass density 156.8
Efg/cmg, while the aluminum refrigeration box had a mass density of 0.6
g/cme. The range to be traveled in gmulsion was 4.5 inches, or half
- the distance through the C-stack, yieldingia mass density of'lSl.2 g/cme.
Thus the total absorber was l9h;5 g/cme. After the conclusion of the
exposure, the stack was grid printed with the Berkeley grid as referred

to in References 25 and 28.
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Appendix IIT. Range Determinations by the Grid-Plot
| Method
The details of the printing of the Berkeley grid on the emulsion
- pellicle are contained ih’Reference 25. Thé péllicle alignment pro-
: cedure isvoutlined in References 25 and 28.
The ranges of particles were estimated by referring to the grid
system printed on the pellicles. A reconstruction of the track was
made by plotting on graph paper the points at which the particle passes
from one pellicle to another or where a scatter of more than 50 takes
’ }
- place. When these polnts are connected by straight lineé as in Figureiil-i,
with pellicle numbers alongside, then the "true" projected range of the |
particle is approxiﬁated by the series of straight lines. To convert
~this projected range to the space range ofvthe particle, it is ﬁecessary
vt to take account of the pellicle thickness corresponding to each straight

line segment. The range may be cslculated in this fashion by an appli-

cation of the Theorem of Pythagoras. That is,

o
o) 50 e
Ci=1

where R 18 the total range of the particle in emulsion, L is the pro-
Jected length of the track, measured in a single pellicle at most, and
t is the totel thickness of the pellicle traversed by the parﬁicle in
completing the length L. Therefore, t isusually the original thick-
ness of the pellicle, if the track passes through without any scatters
of 5°.or more.

: o) : .
As a check“7 this method was applied to 13 plons whose ranges of

PR



-100-
, up to 8 centimeters had been determined by means‘of the range scope.3o-
The difference between the two methods was less than 4 percent in all

cases. \ : P
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;.Appendix Iv, .Grain Density of Emuléibn Tracks
The gfain-density in the emulsion track of a gharged particle is”‘
an indicator of its velocity. Measurements of the true grain-density
have been made by several methods on the tracks of electrons, pions,

31

K-mesons, protons, Z-hyperons, and Q-particles. The curve of grain-
density vs. velocity in K.5 émulsion has been obtalned and is presented

in Figure 1v-1,The results found'by different objective methods and by
~different observers were in agreement. It was found that, owlng to the
finite density of silver-halide crystals in the eﬁulsionT the grain-

density saturates. The nature of the saturation effect was studied. A
decomposition of the graln-density into primary and secondary‘componenfs 
was made. Even at the minimum of grain density, some 25 percent of the
‘grains are of secondary origin. Since only primary grains are_affected

by the relativistic rise of the grain—density, the interpretatidn of

the plateau/minimum grain-density ratio is affected. Special observations
of the grain-density in the relativistic region were made, teking pre-’
cautions to avoid temperature, fading, and development-difference effects..

A rise to .the plateau of 18 percent in the primary grain-density was found.
This implies a mean excitation potential for AgBr of 4k2 ev. Finelly,
v'indices that measure emulsion quality were suggested: +the maximum

gep density, B (related tb the developed grain diameter o = l/eBmax);

the grain density gmin; produced at the minimum of ionization; and the n
. saturation iacunarity, Lo. These three quantities were defined opera-

tionally in Reference 3l.
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Fig.1v-1. The observed grain-density of singly énd doubly~charged

particles in Ilford K-5 emulsion vs., veloclty B. Measure-
ments by different methods were made in overlapping regions
of B. The legend is * minimum in this K-5 emulsion; o tracks
of Z-hyperons (lacunarity method); A tracks of K-mesons,
protons and n-mesons (lacunarity‘method); o tracks of the
same partlcles using the gap-length coefficient method, V
tracks of K-mesons, s-mesons and electrons (blob count
method); and . tracks of a-particles (lacunarity methed).
Typical errors are indicated.
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