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THE MECHANISM OF HYPERFR..~GMENT FORMATION IN K- CAPTURE* 

J. W. Patrick and P. L. ·Jain t 

Lawrence Radiation Laboratory 
· University o:f California 
.. Berkeley. California. 

· . March ii .• 196~· 

ABSTRACT 

In an attempt to understand the mechanism o! hyperfragment production~ 

a sample of 63 parent stars of hyperfragment production has been studied, 

along with their mesic and nonmesic hyperfragment decays. Attempts to 

separate K"" captures in C, N, 0 from those in Ag,. Br. are almost 
·. ,·.' . .... ... · 

completely successful. The momentum spectra for different hypernuclear J, 
species are given and are compared with the momentum spectrum of free A 111J 

from helium bubble chamber experiments. The momenta of hyperfragments · · 

were found to increase almost linearly w\th the mass number. We find that 

hyperfragments are emitted preferentially opposite to the direction of 

emission of associated pions 01· fast protons. The energy spectrum of the 
i . 

negative pions emitted from the K ·-capture stars in association with 

hyperfragments can be separated into two groups, the one of lower energy 
. . + 

being larger. On the other hand, the fact that all the 1r mesons have 

energies typical of the lower energy group confirms the assumption that the,~~·· 

must originate in association with !: ... hyperons. We thus deduce that a 

majority of the A's originate in :E-conversion processes. We evaluate the 

.: ~ ~ frequency of w0 emission in association with h}rperfragment production. The 
. . 

reactions for the production of A's by K- absorption on one or two nucleons 
'·I 

are discussed. Probably two ( 16%) of the multinucleon absorptions occurred 

in heavy elements. The various pieces of empirical evidence favor the ·. 

· "Prompt Hyperfragment" model over the "Trapped A" model of hyperfrag• 

ment production. 
(• 

... ; ... 

'.:,. 
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I. INTRODUCTION 

Lambda hyperons are known to be attracted by nucleaf matter to form 

·::o bound states with all stable nuclei except the nucleon itself. The A-nuclei 

" syste~s are referred to as A hypernuclei or hyper!ragments (HF) • 
. ,.. 

,,. 
During the last decade, considerable work has been done on the 

analysis of hyperfragments, but little has been done on the actual mechanism 
. . . 

£ h £ f 
. 1·9 . 

o yper ragment ormatlon. Although many authors have speculated on 

different mechanisms of hyperfragment formation, the lack. of experimental 

data precluded the favoring of one model over another.5• 6• 10• H .. Until n~w, 

also, few direct measurements have been made on the interaction between the 

nucleon and the A hyperon·. 

We attempt here to investigate the mechanism of hyperfragment 
l: 
'I, 

' 

formation in K • capture at rest in emulsion nuclei. The hyper£ragments are 

identified with greater certainty by studying the pa1·ent s~ar as well as the 

hyper£ragment decay (Sections 2 and 3). This type of study o£ parent stars 

also helps greatly in checking the identity of the produced hyperfragments, 

which are custofllarily identified from their decay schemes. In Section 4 we 

discuss the analysis of parent stars produced by K- capture in emulsion' 

nuclei; determination of the relative number of hyperfragments produced in 

·light (C, N, 0), and in heavy (Ag, Br) elements of the emulsion is 

emphasized. Prope1·ties o£ hypedragments are discussed in Section 5. In 

Section 6, primary reactions involving the production of hyperfragments are· ·· 

considered. In Section 7, the expedmental data are examined with respect to 

a proposed mechanism that may play a role in the production of hyperfragments. 
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II. EXPERIMENTAL PROCEDURE 

A 9-inch-cube stack consisting of 360 pellicles of K. • 5 emuls.ion 600 J..L 

thick was exposed to the Bevatron beam of 434 MeV/c K"' m~sons by the 

Barkas research group. l'he K"' mesons penetrated approximately to the 

center of the stack ,before stopping. The flux of the beam was == i04 K-/cm2• 

The central region of pellicles selected from the middle of the stack was area 

scanned for K"' stars at rest. All events in which a stopping K • me son 

produced a. double star of a recognizable hyperfragment were recorded. 

From approximately iO 000 K• stars, we found 63 hyperfragment stars 

having an associated high•energy pion. or a high·energy proton (kinetic energy 

> 30 MeV) .with ?r without an accompanying pion, and in ·each case having a 

dip angle < 30°. Of the total 63 events selected for analysis, 35 had a pion~\ 

19 had high-energy protons but no pions, and 9 had both a high-energy proton 

and an accompanying pion. All the prongs of the parent stars of .the 63 events 

were followed until they inte1·acted, came to rest, or left the stack. The 

dimensions of our stack were large enough so that no proton track left the 

stack. All but i6 pion tracks were followed to their ends. Of these only eight 
I . 

either interacted or left the stack while still possessing a 1·esidual range 

greater than 1 cm1 as determined from ionization measurements •. 

. III. ENERGY DETERMINATION 

The energies of stopping particles were determined most accurately by 
. ' 

measuring their ranges. In the few cases for which there was much seattering 

at the end of the track, a range microscope was u.sed !or the measurement of. 

the last portion of the tr~ck. 12 

The residual energy o£ particles that either left the stack or interacted 

in flight was estimated by ionization measurements made in pellicles that had 

t 
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be.en the subject of extensive calibrations. Barkas has derived a rather 

complete statistical theory of track structure in emulsion; this theory was 
-.; 

For heav-1 ions we used the used for determining the ionization of tracks. 13 

range -energy relationship of Heckman !:.! !!!,: 14. These data, determined for a 

wide variety of ions, are adjusted for the effects of electro.n pickup and are 

very useful for the short tracks with which we are here concerned. 

IV. PRODUCTION OF HYPERFRAGMENTS FROM 

LIGHT AND HEAVY ELEMENTS 

- 15-17 We have followed the procedures previously used with '11' capture 

and with K .. capture 18 by emulsion nuclei in order··t'o di~tinguish between a 

'· 
K • capture in light (C. N, 0) and in heavy (Ag. Br) elements of the q 

emulsion. These procedures, which are discussed below, make use of 

(a) the difference in height of Coulomb potentials for light (C, N, 0) and for 

heavy (Ag, Br) nuclei,. and (b) the presence. or absence of Auger electrons 

associated with the capture stars. 

1. -The minimum values of the effective height of the potential barrier for 

Ag and Br in emulsion are considered to be about 3.3 MeV for protons and 

about 6.5 MeV for a. particles. 17 In our emulsion this corresponds to a 

range o£ 90 !.l. for protons and of 30 fJ. for a. particles. The emission of 

protons or a. particles with ranges shorter than these values for K- stars 

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 iJ. are 

-i ·thus considered as captures of the K- meson by a light element. This will 

give a lower limit to the .true number of c:aptures in light elements. Figure 1 1 

is a plot of the range distribution of the shortest track connected with a 

K- -capture star. The ranges of all prongs are greate1• than 2.5 fl• which is 
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considered the upper. limit for the.recoil of a nucleus. The fraction of 
. ' . 

hyperfragment parent stars that probably originated in C, t-T. 0 is large, and 
' 

it appears to increase with the charge Z of the hypernucleus emitted; with 

Z ~ 5, the distribution is composed entirely of hyperfragments. As shown 

later in this section, most of these hyperfragments originated in K·· capture 

by C, N, 0. This is in agreement with the results from studies of the range 

distribution of Li8, which show that more than yso/o o£ these fragments _·· 

originate from light nuclei in K- capture. 6 There is a possibility that light 

hypernuclei HA or He A might be produced in K- capture in heavy nuclei, 

but heavy hypernuclei with Z ;:::. 3 may be ruled out since the depth of the · · · 

nuclear potential n~>rmally is too great for such hypernuclei to escape. Those· 

that do not escape produce cryptofragments. 

2. The absence or presence of Auger electrons accompanying the capture 

of negatively charged pa1·ticles in nuclear emulsion has been used as one of 

the criteria for captures in light or in heavy elements of the emulsion, 

respectively. Theoretical 19 and-experirnental 17• 20 investigations have shown 

that the mesic Auger effect is much more common in captures on heavy 
1 

emulsion atoms than in captures on light ones. Indeed, it may be neglected 

for the light elements C, N, 0. 

We checked the center of each of the 63 parent stars, ·searching for 

Auger electrons. We noted all blobs having four or more grains, si.nce such 

a blob may be an electron with energy of about 16 keV, produced by the 

cascading K ·-meson. Out of a total of 63 parent stars having hypernuclei, 

we found only 2 events with definite electrons and 2 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, 

we are able to identify none as being definitely an example of K ·.capture on a 

•. 

.... 

t->'. 
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light nucleus, we fee~ justified in using the presence of an Auger electron as · 
~ ' . 

one indicator of K- absorption on a heavy ntlcleus; this cri~erion is in · ·. ) 

agreement with the works quoted above. Since we found only 12 hyperfrag-

ments whose· range, charge, and concomitant prong ranges were o£ the right 

magnitude to allow them to be classed as possibly coming from heavy nuclei,· 

we estimate-that a preliminary upper limit'of 19% ( 12/63) may be placed on 

the fraction of hyperfrag:rrient production taking place in heavy elements. 

Figure 2 shows the prong-number distribution of paJ;ent stars containing 

hyperfragments of Z = 1, 2, 3, 4, 5, or 6. ·We notice that the average number 

of prongs from hyper£rag1nent-parent stars decrease~ with the increasing 

hyper!ragment charge. This is consistent with the ·well•known assumption·. 

that most hyperfragments, especially those with Z ;::, 3, are produced in light. 

elements when K- mesons are captured in emulsion. 

We applied the above two criteria to the 1.2 bypedragment events that· 

could possibly have come from heavy nuclei, i.e.- those whose ranges were 

greater than 20 ll· It was possible to assign to every hyperfragment except . . 

one a composite probability of its being from a heavy nucleus. 

U, according to the fi1·st criterion, a nucleus were light. we assigned a 

probability value of 0.1 on the ''heaviness II scale. For nuclei whose shortest 

pronglay in the border region 25 to 35 Jl• we assigned a value of 0.3. For all 

other nuclei we made no assignment. 

For the second criterion's application we l4Sed the results of Grote 
18 . 21 - . . . .=.!!!.: and Condo who found, for K -meson captures, the Auger frequency 

in captures by C, N, 0 to be only iibout one -tenth as great as for capture by . 

Ag, Br.- Accordingly we. assign a value o£ 0.9 to nuclei possessing a definite· 

Auger electron, whereas to those with a possible Auger electron we assign::::· 

the value 0.6. 
I 

Otherwise' no af1signment is made. :1 I 
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.. 
The composite ."heaviness". probability for each nucl11us was found by a 

. . ~ -~ ' 

simple arithmetic .. average shown in Table I. 
'f.: 

t~ ' 

Table I. Heaviness probabilities of parent star nuclet · 

.HF. 
range 

·Coulomb­
barrier 

criterion 

Probability 
assigned 

Auger­
electron 
criterion 

Probability Composite. 
assigned probability 

(j-l) . ! I ·• .. ' Pi. 

2i.T Light 0.1 ' 0.1 

25··: 15~· Border 0.3 
.. 

0.3 

25.5 Light 0.1 -' 0.1 

39.2 0.3 Possible ·, o. 6 I ~ ·~ 

0.45 
. ' 

Border 

.• 43.63 \ 

. 56.80 ' Border 0.3 0.3 
. ' 

84 Border' 0.3 0.3 

86.6 
:• j c \ ~ ', I ' 

. Light 0.1 0.1 

88.26 
.. ; , ... ·· ... 

Border 0.3 0.3 

90.2 Light 0.1 o.·1 

< ! 

155.4 Definite 0.9 0.9 

231.9 Light 0.1 0,1. 

The total for 11 of the 1.2 events was then computed by adding the 
. 11 . 

individual probabilities. This yielded p = L pi= 3.05 •. The .fraction of. 
. . . i=t ·. 

hyperfragments produced in heavy nuclei is therefore estimated to be. 

3.05/63 = 5%. ,, 

.· ... 

ill.. 
- 11 

. ' 

': 
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V. DETAILS OF HYPERFRAOMENTS ... 

In Fig. 3(a) is shown the histogram of Z values of thcr hyperfragments 

whose p1·oduction was associated with at least one charged. fast particle 

hr ;or p). The shaded portion corresponds to mesic hyperfr~gments. One sees 

that mesic hyperfragments predominate for Z:: 1. 2, and 3. For Z > 3 the 

nonmesic hyperfragments 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 
• ' ·I 

from ionization determinations or track-width measurements. Width 

measurements on the track of the hyperfragment were also made when 
' . . 

possi~le in order to check ~e charge estimate. Figure ·3(b) shows the 
' . 

prong:-number distribution for all hyperfragments observed. Figure 3(c) gi.;,~s 

the range distribution for all hyperfragments that came to rest. · Around 90o/o 
I . 

of the hyperfr.agments have ~ range of less than 45 fJ·· 

A. Momentum Spectra of Hyperfragments 

The momentum spectrum of all hypedragmenta is shown in Fig. 4. For 

comparison the normalized momentum distribution of free .A's from K• . 

captures in He is also shown. 22 There is an indication of an increase in· 

average momentum with increasing charge. The velocity spectrum 

determined from the momentum spectrum shows essentially no change with 

increasing z. Lower momentum values are assumed to be mostly fro1n the 

~-conversion events, whereas higher momentum values supposedly come 

from direct A events. Although the average momentum expected £rom a 

single-nucleonK- capture is about 250 MeV/c. it is about 580 MeV/c from a 

two-nucleon capture, with some spread due to the Fermi motion o£ th~ . 

nucleons. There are more low-momentum hyperfragment events. Such a 
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difference between the two spectral shapes may be due to ~ conversion 

playing an important role in hyperfragment formation. The relation between 

hyperfragment. momentum and the cosine of the space angle 4> between the 

hyperfragment and associated pion or proton (T > 30 MeV; where T is the 
. . . . p . . . p. .· 

kinetic energy of the proton) is shown in Fig. 5. It indicate~ that hyperfrag• 

·menta of higher momenta tend to be preferentially emitted at large angles . . . 

with respect to the pion or fast proton. 
. •'t 

.In Fig. 6 i.s presented a graph of the average hyperfragmen~ z:nomentum · 

per 50-MeV/c interval of pion and proton ,momentum p.: For .any given · , . 
. \ .. · . ' . 

interval, the momentum of the hyperfragment is greater than the momentum 
' ' ~ . 

of the. pion, but they appear to be correlated.. The momentum of the 

hyperfragment in any given interval of proton momentum, on the other handl\: 
' 

appears to be less than that of the proton, and there .is no apparent 

correlation between the momenta. Apparently there is a definite limit on the 

HF momentum regardless of the proton momentum. 

Figure 7 is a plot of average fast proton or pion momentum vs 

associated HF ~barge. The two distributions are quite similar •. The proton 

distribution stays close to 400 MeV/c and the pion distribution is fairly 

constant at 160 MeV /c. 

B. An&ular Correlation among the Products of K • Capture Stars 

The distribution of the angle between the HF and the associated pion or 

fast proton can be. seen from Fig. 5 to be quite asymmetric. The pions and 

fast protons are preferentially emitted opposite to the direction of 

hyperfragment. The forward (F) and backward (B) asymmetr.y ~or the 30 
lf, . . ' . 

protons with energy >30 MeVis (F-B)/(F+B) = •0.53; whereas for 44 

events associated with pions this ratio is -0.54. · This would appear to indicate 

.• 
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. a. fairly strong correlation between the hyperfragment-emi~sion direction and 

the line of flight o£ the A hyperon. Even if we restrict our.sample of fast · 

protons tothoee 18 with Tp >50 MeV, we still find·our (F:•B)/(F+B) ratio 

to be = -0.56. Our_ asymmetry ratio for fast protons is. the~efore leas than 

the value -0.76 found by Sacton.23 We do find agreement if; we consider only 

the groupo£ 14 fast protons haVing T > 80 MeV. Then our ratio is p . 
. . . 24 

(F-B)/(F+B) = -0.71.' Figure 8 shows.a histogram from,the work of Dyer. 
. . ± ;:-

for the cosine of the space angle tj> between the ~ and 1r produced in the 

one-nucleon ·capture process. The two angular distributions are similar . 

except that the high-energy pions. ( T > 95 MeV), which are· associated with 
. ' 

direct A production, are of course not represented in the work of Dyer. 

VI. PRIMARY REACTIONS INVOLVED IN HF PRODUCTION 

The following general ~eactions produce A hyperons when K~ mesons 

are captured by emulsion nuclei; 

Capture by a single nucleon (most of the ene1·gy is carried away by the 

Ti' · me son): 

K ... + N - A + ;r (direct A production) ( :ta) 

K .. + N- E + 1r (~ conversion, l: + N- A+ N). ( ib) 

CaptUre by two nucleons: 

K .. + ZN- A + N (direct A production) (Za) 

K- + ZN- :Z:: + N (~ conversion. I: + N- A+ N). (2b) 

Another conceivable reaction is K• + 2N- A+ N + w. · If a ~ is produced . 

initially, it may produce a A in a secondary reaction with a nucle_on. lt was 
. . ' 

~~ntioned in Sec. Z that the total. number of_ selected hyperfragm.ents was 63; 

} 
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. of these, 19 events were accompanied only by high-energy protons 

(Tp > 30 MeV). 35 events were accompanied by charged pion~. and 9 events 

by a pion and a high-energy proton. Out of the total of 44 pions, 28 were 

brought to rest in the stack. The ratio of negatively charged stopping pions 

(22) to positively charged ones (6) was = 4 ( 'il' .. /,/). The energies of the 16 

pions not brought to rest were determined by ionization measurements~ 

Eleven pions in this group had energies greater than 95 MeV and were 

presumably negative. 0£ the remaining five pions, one scattered inelastically 

but came to rest and its charge was found to be negative. A second pion was 

absorbed in flight by a nucleus (DIF) but was so nearly stopped that we 

presumed it was negative in order for it to have penetrated the Coulomb 

barrier. This Ineans that a maximum of only three pions could have been · \1 

positive. If we.assign these three pions of undetermined charge to the 

positive and negative groups in the same ratio (22:6) as the 28 stopping pions' 

then the 'il' '*'/rr + ratio becomes 27/8 = 4.6 •. The energy spectra o£ all the pions 

is shown in Fig. 9(a) and (b). 

I 
A. Discussion of One-Nucleon Capture 

We first discuss the one-nucleon interaction. The single nucleon 

interactions of K"' mesons result in the production of a hyperon and a 11' 

meson. The kinetic energies of all pions emitted from the hyperfragment• 

parent stars have been plotted in Fig. 9(a) and (b). If charge exchange25 and 

charged-pion absorption26 are neglected, then p1·esumably all single-nucleon 

capture processes are included in Fig. 9(a} and (b), excepting those eventa in 

which neutral 11' mesons are produced. The latter will be ·accounted for, ., 

however. The energy spectrum of the rr- may consist of two energy groups, i.e., 

one large group :antered around 70 MeV and a second smaller group centered 
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around 125 MeV •. Events with energies less than 100 MeV are assumed to 

consist largely of pions produced in Reactions ( ib) (1': conve:J,"sion) since 

inelastic 1T • scattering within this nucleus may be neglecte(l as shown at the 

. end of this section. All ev~nts with energies greater than 100 MeV are· 

presumed to be due to Reaction ( ia) (direct A production) with Q value 

t= i 70 MeV. 

For a positive pion, the only production mechanism other than charge 

exchange (considered negligible) is the reaction (~.·. tr +), with a Q value of 

95 MeV. Thus normally there should be no pions ~bove .95 MeV from the 

reaction in which any :E hyperon is involved. In fact, none of the six positive 

· pions observed had an energy greater than 81 MeV~··· Figure 9(c) shows the 

energy distribution of pions produced in the one .. nucleon reaction (l.::i:, 'II'+). ~.t 
; 

It is in agreement with the above statements. 

We can estimate the number o£ nEmtral pions emitted on the basis ofthe 

branching ratios obtained in the K- collaboration for K .. -meson absorption 

at rest in nuclear e.mulsion. 25 

From Figr 9(b) we obtain the number of positive pions emitted. Pions 

of energy greater than 30 MeV were restricted by our criterion to those that 

were relatively flat (dipl angle~ 30"). Therefore only half the pion spectrum 

could be obtained and a correction factor of 2. m:ust be introduced •. Also, the 

number o£ 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 -rr+ group. 

J We obtained :13 as the total corrected number of positive pions that were 

presumably from the rea.ction K- + p -:E.+ w + ~ This number then allows the 

calculation, on the basis of charge independence, 26 of the number of pions to 

·be expected from each of the other single-nucleon reactions in which a A 
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might finally be produced, either directly or by ~ convers~()n. These 

reactions are: 

- + - (experiment 28) K +p-~ +'11' 
.. 

. (3) 
j.j.' '· 

'.,! 
K-+p-::8o+'ll'o (calculated as iS). . . :. 

(4) 

K- + p -A + 1To (calculated as 10) (5) 

: ~ K... + ri ~ Z::... + 71'0 (calcUlated as 10) :.•. (6) 

K .. +n-!: 0 ... 
(calculated as 10) +'11' ( 7) 

K• +·n-A 
... (calculated as 23) +1T (experiment .. · 24). ( 8) 

'· 
•; 

Fo1· Reac·tion (8) the calculated number (23) may be compared with the number 
', ~· 

found experimentally. We had 11 pions with energy greater than 100 MeV; we 

attribute these to Reaction (8). The dip correction increases this number to . 

22, and the correction for absorption brings the number up to 24 (we 
.. 

assumed 10% absorption as previously stated). The1·efore to Reaction (8) we 
1; 

· assign the corrected expel"imental value of 24 pions. The calculated value 
. I . . . : . 

was 23, in good agreement. This indicates that the number of Tr • mesons 

from direct A production. which scatter inelastically into the region of 

T < 100 MeV, is quite small. Hence Tr ·,s below 1.00 MeV may be regarded 
Tl' 

as indicators of :E conversion. 

i. Direct A Production • l • .' '. 

Charged pions above 1.00 MeV energy comprise about 22/1.09 = ZOo/o o.f 

the total number of pions, and are produced in about 11/63 =: 18o/o of the 

hyper£ragment-forming ~vents. We attribute these to the direct (A, '11') 

Reaction ( 1a). This is a lower limit. The total number of hyperfragments 

produced directly by A •s should be somewhat larger due to the greater 

• 

r· 
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' 
inelastic scattering cross section for pions in this energy interval. As a 

1·eault, there would be pions, which, although they were produced by (A, '1T) 
'r 

reactions, will scatter inelastically in the nucleus and thus be observed in the 

interval of energy range T1l' < 100 MeV. As shown previou!31Y we believe that 

this number is small. There is also some loss of 1r • mesons, which are 

absorbed while coming out o£ the nuclei in which they are produced. We 

consider the ;r • absorption los~ to be 10%, 9• 27 therefore the total fraction of 

hyperfragments formed by the capture o£ directly produce¢! A hyperons in 

Reaction ( 1a) is 29o/o. Inelastic scattering may, however, contribute to a 

degradation in energy of pions that. were directly produced in association with 

A!s. ' ·. 

2. Indirect A Production through l: Conversion 

In Sec. VI. A.1 it was mentioned that in 29% of the cases of hyperfrag• 

ment production from K- one -nucleon interactions, the A is produced 

directly. Thus in the remaining· 71o/o of the cases of one-nucleon capture, the 

A forming the hyperfragment is presumably produced through the !:-conversion 

Reaction ( ib), where an energetic nucleon is produced along with the 'If .. meson. 

Thus, l: conversion in the capturing nucleus plays a majo1· role in producing 

hyperfragments. 

By comparing our results with data gathered by the Bologna group, 28 on 

inelastic scattering of 1r mesons, we see that high-energy protons are not 
' ' 

""'! produced from the inelastic scattering o£ 1r mesons of average energy 50 MeV 

coming from the (:E, 1r) reaction. The conversion processes involving l; 

. hyperons ar~ as follows: 

l;•+p-A+n 

. + 
!: +n-A+p· 

!:o + P- A+ P 

~ 0 +n-A+n. 

(9) 

( iO) 

( i1) 

. ( 12) 

.· 
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From the above interactions one may deduce that a fctst proton can be 
~'i 

p~oduced only through the absorption of a :z::+ or ~ 0 • 
.-.:; 

However,· the 
~1 . 

production of I;+ and 2: 0 must take place in association with a n ... or Tro 

meson. Therefore the interaction of the :Z:: hyperon would.be expected to 

have a strong correlation with negative Tr mesons~ If a hyperfragment-parent 

star emits both a high-energy proton and a charged pion, then the pion should 

gene1·a.lly be negative, and the concomitant fast proton may be regarded as an 

indicator of indirect A production by :Z + or ~ 0 absorption. I; .. 'absorption 

does not usually yield fast protons. 25 

Of the eight pions of identified sign associated y.-ith high-energy protons, 
' ... '· 

only one was positive, thus indicating that such pr~tons originate from I;+ or 
I· 

I: 0 conversion. The lone 11'+ presumably can be attributed to a charge• ' 1 

exchange collision of one of the particles involved or to the reaction 

- + K + Zp- A + n + 11' • 

We may further compare our pion-energy spectrum in Fig. 9(a) with 

results of deuterium29 experiments for which two distinct peaks correspond to 

direct A production and to indirect A (~-conversion) processes. The two 

peaks of this distribution are shifted towards values higher than those of our 

pion-energy spectrum. One can explain this difference by considering the 

deuteron structure to be eo loose that the absorption of a K• meson takes 

place on a more .. or-less free nucleon, whereas in a complex nucleus this 

available energy is reduced by the higher binding energy of the nucleons.· 

Furthermore ·we may compare the higher energy distribution of charged 

mesons emitted in direct .A production. 30 The two energy spectra are in 

agreement. " 

From the one-nucleon reaction followed by l; conversion one expects in· 

. general that the energy of fast protons will be less than 60 MeV. The Fermi 
;•.· .. 

• 

,; . 

( 

v 
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motion of the nucleons, however, complicates the picture •. It has been 

calculated that in about 25% of the absorption cases the ene-~gy of fast prot~ns 

may be greater than 60 MeV. 31 This calculation is based ~n- the assumption 
·, 'W 

that the yield of fast protons in k 0 capture is half that of D+ absorption • 

From our experimental data we get about 2/9 ~ 22o/o protons with T > 60 MeV 
> • p 

!rom one -nucleon reactions (as identified by pion production). ·This is in good 

agreement with the calculated value . 

. We may compare our minimum value of the ratio 

tr .. from direct A 0 

all pions 
21 = - = 0.25 
84 

' ~ .,. 

with the corresponding ratio 0.31 deduced from the resUlts of the deuterium 
. {! 

. . 29 expenment. . As a check we compare the ratio given by Cester ~ al., which 

30 also is 0.31. 

B. Discussion o£ Two-Nucleon Capture 

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

The energy distribution of fast protons produced with hyperfragments hi both 

the one.:.nucleon and two-nucleon reactions o£ K'" mesons in emulsion nuclei 

are shown in Fig. 10. The cutoff for proton-evaporation prongs (T < 30 MeV) 
. . p . 

is also shown in this histogram. The interpretation of the histog~am involves 

those processes in nuclear matter that contribute protons o£ energy:> 30 MeV, 

e. g., (a) tr-meson scattering or absorption (b) E absorption, and (c) two-

nucleon interactions. 

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

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

both a pion and a proton ( T '> 30 MeV) also may be produced through . ' :. . p . 

one-nucleon reactions according to Eqs. ( 1a) and ( ib). The events without. 

,..,- .... 
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' j pions are not all due to the two-nucleon capture process, h'~~~ver. ·Such 

-~ events may be from one-nucleon captures for which there·w'a·b, subsequent· 
I . 

absorption of the pion or the emission of a 1
'i1'

0 meson. In Sec. VI. A. ·1 it was 
I 

mentioned that for most one-nucleon reactions the energy of the proton is 

< 60 MeV. Thus we may certainly say that events with T ;t. SO MeV are due p . . 

·to two-nucleon capture processes. Most of the protons from the two-nucleon 

interaction shoUld have ·energy in this region. Some 12 out' of 19 events with 

protons alone have energies > SO MeV.' We rn.ay assume that these were 

produced in two-nucleon intel.·actions. This means that at least 19o/o of the 

hyper£ragments were produced in two-nucleon reactiq_ns •. 

These two.:.nucleon events could have been pr~duced through either 
:i 

direct A production or through the :E-conversion process [Eq. (2b)] •. Ther~:~ 

was one star in which two fast protons were produced. Both protons had 

energy T > 80 MeV~ We may possibly explain their production through the 
p ' 

:E-conversion process, i.e. • K- + p + p- ~ 0 + p and ~ 0 + p- A+ p. In the 

final state we have A + p + p. Another possible explanation for (A, · Zp) 

production is through a one-nucleon interaction in which (A, 2p) are produced 

in the final state through both pion absorption and :E-A conversion. 

. ' + 
Of the events having a " meson, only one had a > 75-MeV pion; its 

energy was 81 MeV. This is in agreement with previous results; the frequency 

+ . 
of the two-nucleon reaction producing an energetic w meson (i.e. • 

K .. + 2p - A 0 + n + ll' +) is small compared with the "+ -producing-nu~leon 

reaction given by Eq. ( 1a). 

As mentioned in the Sec. IV discussion of K• capture by light and by 

heavy nuclei. in some of 'the hyper fragment events K- abs~rption apparently 

took p~ace in heavy elements (Ag, Br). Two of these 12 events ( 16%!) 

belonged to the two-nucleon absorption reaction leading to hyperfragment · · 

!<'· 
' 
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production, as identified by fast protons (Tp > 80 MeV) •. This resUlt is in 

excellent agreement with the work of Condo and Hill, 21 whifh indicates that a 
' ~t ' 

. ' :: 

relatively small percentage of the two-nucleon absorption ~es p~ace in .· 
~ . . 

heavy elements. It is consistent with the recent experimental. results of a 
. 28 . . • . 22 

two-nucleon yield of only 1o/o in deuterium but. 17o/o in He. . 

: \ 'I 

VII. MODEL FOR HYPERFRAGW!ENT FORMATION 

Several authors have suggested mechanisms of hyperfragment 

formation. 5• 6• iO, 11. The so-called "Prompt Hyperfragment11 model appears 

to best fit our experimental data. 6• 11 The simplest ~xample is the reaction 
-- 4 ; 4 ' . - . . . . . ·. ' -.'· . 22 

K +He.,_ He + .. rr whtch has been observed 1n the bellum bubble chamber. One 

deals in this case with a two-body process • 

. Reactions of this kind would lead to the emission of pions or fast 

protons in a direction 180° from the hyperfragment. Naturally one expects 

some deviation from this simple model because of the surrounding nucleons. 

For the case of 1.: conversion, one anticipates even worse smearing of 

angular and energy distributions. 

The Prompt Hyperfragment model explains the main features of our 

data rather well. It provides the strong correlation between the space angle 

and the hyper£ragment momentum. It also explains why the hyper!ragments of 

larger momentum have the larger angle between their direction and that_of the 

pion or fast proton. The hyperfragments of lower momenta are not so well , 

correlated; this lesser correlation can be expected if they, being slower, 

have suffered more secondary interactions. According to this model one also 

would expect the light•hyper£ragment-momentum spectrum to be somewhat 

different from the momentum spectrum6 of the corresponding light elements 

emitted from K • stars, e. g. .. He and Li. 'rhis is the case. The momentum 

'/. 
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spectrum of He.A is compared with He4 in Fig. 11~ ·and th~ spectrum of Li.A 

is compa.1·cd with that of Li 8 in Fig. 12. · . '; , 

Another model often put forward to e,;:plain hyper£ragment production is 

the \"Trapped;.A" model. 6• 11 The A produced by the K ·for :I:) is trapped in 

the nuclear potential well.· The nucleus is de-excited rapidly, and during this 

process the ll. and several nucleons unite to form ·a hyperfragment. 

For such a model the exCitation energy of the parent nucleus determines 

the energy distribution of the products. · On·such a basis one would expect· 

simila1· energy spectra for He A and He 4 and also for Li.A and Li8• The· · 

comparisons made in Figs. 1 i and '12 do not confirm .~is experimentally. 
. . 

In conclusion we observe that, although the "Prompt Hyperfragment".' 

model is not the only possible production mechanism, it explain~ major 

features of our data better than does the "Trapped A" model. · 

,, 

... 

'. 
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FIGURE CAPTIONS 

I 

Fig~ 1. Range' distribution of the shortest prong (>2p.-) frQm _K~ stars at 
';,.r 

.~ ~ . - . 
rest,' associated with hyperfragments of charge z. '!'he shaded area 

. . ' \ 

·indicates ·Pvents in which the shortest prong is the hyperfragment itself.· 

Fig. 2. Prong-number distribution of the· parent stars of. HF of charge 

Z = 1, 2, 3, 4, 5; and 6 •. The shaded squares (mesic HF) indicated that, . · 

a· 'l1'- was emitted from the K- star in association with .the HF. Use is 

made ~f this information in estimating the total charge of the parent star 
. ,_ 

from the prongs making up the star.· 

Fig. 3(a.)~ The charge distribution oi'.hype:dragment~. The shaded areas 

give information on whether the hyperfragment'is mesic or nonmesic. 
'I 

(b).-· Distribution of the decay prongs of hypernuclei. The symbolism:'-

is the same as in Fig. 3(a). 

(c). Ran,ge distribution of the hypernuclei studied in this report. The. 

Coulomb barrier lower limit for Em'lission of a charged particle with 

Z > 1 from a. heavy nucleus is indicated by the dashed line. 

Fig. 4. Momentum spectrum of the emitted hyperfragments (whose charge is 

indicated by a number in each square of the histogram) £rom K .. captures 

at rest in nuclear emulsion, compared with the momentum spectra of free 

A's from K- capture in He (according to Helium Bubble Chamber 

Collaboration Group). The spectra are normalized to equal areas.~_:_, HF; 

···A particles in He bubble chamber. 

Fig. 5. Plot o£ cos 4> (4> is the space angle between the hyperfragment and the . 

pion or fast proton) vs the average hyped1·agment momenturh. The 

momentum average is tal(en within a space-angle interval of A cos 4> = 0.4. 

The error flags on the points indicate only a statistical weight proportional 

to the number of events in the !::. cos 4> interval used to compute the 

average. 0, Pion; a. Proton. 

'' 
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Fig. f6; Plot of average hyperfragmcnt momentum vs piqp and proton 
-~-~ ~ I 

momentum p. The hyperfragment momentum avera~e is taken within a 

pion or proton momentum interval of 50 MeV /c. The ~rror flags on the 

points indicate only a·statistical weight proportional to the number o£ 

events within an interval used to compute the average. The final proton 

point at p = 600 MeV represents all p1·0tons (2) in the interval between 

550 and 650 MeV/c a double interval. · 0, ·Pion; 0 p.P.:toton.! 

Fig.; 7. Plot of average pion or proton momentum versu~ HF charge. The 

error flags on the pbints indicate only a statistical weight proportional to 

the number of events associated with a pa.rticular.hyperfragment charge. 

0, Pion; 0 ~(~Proton. 

Fig. 8. The distribution of cos ~ (as defined in Fig. 5): above for fast 

protons, and below for p\ons (solid line)~ F~r comparison we present the 

distribution of cos <j> (9 is now the space angle between the direction of 

emission of~± and of an associated pion) in the one-nucleon K--capture 

process, according to Dyer (dashed line). The pion spectra are 

normalized. to equal areas. 

Fig. 9(a). Energy spectrum of negative pions with dip angle 30° emitted by 

HF parent stars. Events in the inte1·val 20 to 30 MeV are normalized 

because he1·e all angles were accepted. This explains the presence of a 

fraction o£ an event in the histogram. 0, Tl'-. (b). Same as part (a) 

except positive pions and those of undetermined cha1·ge are represented.' 

B::2,1T*; o,ll'+. (c)., Energy spectrum of pions with dip"angle < 30° emitted 

from K • capture stars and associated with l;* (according to Dyer). 24 

The data are not normalized. Q, 1r ( +, •, ± ). 

Fig. iO. Energy spectrum of fast protons with dip angle < 30° emitted by HF 

parent stars. The evaporation cutoff for protons is at 30 MeV. 

• 
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Fig. 11~ Range distribution o£ He hypernucle.i !rom K• stars at rest (solid 
i, 

• j, line). For comparison the range distribution of He 4 ·'\l.lclei as, determined 

by Abeledo =.!_ al. (reference 6) from K- stars at rest:i.a also shown 

(dashed line). The spectra are normalized to equal areas. · ·· 

Fig. 12. Range distribution of Li hypernuclei from K"" st.ars at rest (solid 
8 . 

line). · For comparison the range distribution of Li nuclei (determined 

as in Fig. 11) is also· shown (dashed line). The spectra are. normalized to 

. equal areas. 
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