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ABSTRACT

In an attempt to unde rzstand the mechamsm of hype rfragment productzon. R

a sample of 63 parent stars of hyperfragment production has been etudied

along with their mesic and nonmesic hyperfragment decays. Attempts to

" separate K. captures in C, N, O from those in Ag, Br are almost

i

‘were found to increase almost linearly with the mass number, We fmd that

hyperfragments are emitted preferentially opposite to the directxon of

i : .
negative pions emitted from the K -capture stars in association with

hyperfragments can be separated into two groups, the one of lowér ene:gy o :

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

- species are given and are compared with the momentum spec..rum of free A"ﬁ

from helium bubble chamber experiments. The momenta of h-yperfragments o

"+ emission of associated pioas or fast protons. The energy spectrum of the

energies typical of the 16wer energy group confirms the assumption that the. 7 - :

must originate in association with =" hyperons. We thus deduce thata . .= -

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

frequency of w° emission in association with hyperfragment production, The . .

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

.8

_in heavy elements. The varzous p1eces of empuzcal evidence favor the

ment production,

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

' "Prompt Hyperfraament" model over the ”Trapped A" model of hyperfrag- -
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I. INTRODUCTION

Lambda hyperons are known to be attr_a.cted by nuclear matter to form

bound states with all stable nuclei except the nucleon itself, The Ae-nuclei

systems are referred to as A hypernuclei or hyperfragments (HF).
During the last decade, considerable work has been done on the

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

1«9

of hyperfragment formation, Although mény authors have speculated on

different mechanisms of hyperfragment forination, the lack of experimental
5,6,10, 11

data precluded the févoring of one model over another. Until now,

also, few direct measurements have been made on the interaction between the
nucleon and the A hyperon.

o
I

We attempt here to investigate the mechanism of hyperfragment N

formation in K~ capture at rest in emulsion nuclei, The hyperfragments are

*

identified with greater certainty by studying the parent ‘st_a.r as \x:/ell as the
hyperfragment decay (Séctions 2 and 3). This type of study of parent s;ta.ré :
also helps greatly in checking the identity of the produced hypeffragments.
which are customarily identified from their decay schemes, In S'ec‘:ti.on. 4 we
discuss the analysis of parent stars produced by K~ capture in emulsion’

nuclei; determination of the relative number of hyperfragmenﬁs produced in

- light (C, N, O), ‘and in heavy (Ag, Br)l elements of:the emulsion is

emphasized., Propertics of hyperfragments are discussed in Section 5. In

Section 6, primary reactions involving the production of hyperfragments are

R considered.‘ In Section 7 the experimental data are examined with ."respect to

a proposed ;mecrhanism that may play a role in the. productio‘n of .hypérfragm'ents; '

v
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_ Il. EXPERIMENTAL PROCEDURE
A 9-inch-cube stack consisting of 360 pellicles of K+ 5 iemu.ls,ion 600 .
thick was exposed to the Bevatron beam of 434 MeV/c K" mvesonsv by the
Barkas research group. The K~ mesons penetrated approximately to the
center of the stack before stopping. The flux of the beam was = 104, K-/cmz.
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~ meson
produced a double star of a recognizable hyperfragment were recorded.
From appro:ei#xately 10000 K~ stars, we vfeund 63 hyperfragment stars .
| having an associated high-»energy pion, or a high-energy proton (kinetic energy
>30 MeV) with or without an accompanying pion,. and\i‘n ‘each case having a |
dip angle < 30°, Of the total 63 events selected for analysis,, 35 had a pioh;,‘-':.\_ B
| 19 had high-energy protons but no pions, and 9 had both a high-energy protox;.
and an accompanying pion. All the prongs of the parent stars of.tlxe 63 revente
were followed until they interacted, came to rest, or left the stack. The
dimensions of our sfé.ck were large enough so that no proton- track ieft t;he
stack. All but 16 pion tracks were followed to their ends. Of these only elght '
exther mteracted or left the si.ack whxle still possessmg a residual range

greater than 1 cm, as determmed from ionization measurements‘ ,

IIl. ENERGY DETERMINATION. |
The energies of stepping ﬁaeticleé were determined most .accurately‘ by
: mea.sufing theirb'ranges. In the few cases for which there was much SCattering .
’ at the end of the track a range rmcroscope was uged for the measurement of
t_:he last portion of the track, 12

~ The residual energy of pa.rtlcles that either left the stack or interacted

in flight was estimated by 1omzatmn measurements mde in pelhcles that had
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~ been the subject of extensive calibrations. Barkas has derived a rather
complete statistical theory of track structure in emulsion; this theory was

13

used for dete‘rmining the ionization of tracks. For heavy idns we used the

'range -~energy relationship of Heckman g_Eé._l_. 14

: These.data, determined for a
wide variety of ions, are adjustéd for the effects of electron pickup and are .

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

Lv. PRODUCTION OF HYPERFRAGMENTS FROM
LIGHT AND HEAVY ELI:MENTS
We have followed the procedures previously used with « capture 15-17

and with K~ capture 18 by emulsion nuclei in order’to diétinguish between a

K"capture.in light {C, N, O) and in heavy (Ag, Br) elements of the : “

 emulsion, These procedures, which are discussed below, make use of
" { a) the difference in height of Coulomb potential's fof light (C, N, O) and for
heavy (Ag, Br) nuclei, and (b) the presence or absence of Au;ger. electroné |
.associated with the capture stare. , |

i. -The minimum values of the effective height of the potent1a1 ba.rne.r for
Ag and Br in emulsion are considered to be about 3,3 MeV for protons ahd_
about 6.5 MeV for a particles.i? In our emulsion this corresponds to a
range of 90 u for protons and of 30 for a partiél_es’. - The emission of |
protons or a particles with ranges shortér than these values foi- K" stars
may be interpreted as evidence for capiure in a light nucleus of the emuléioxi.
Those stars that have a singly or doubly éha.rged pi'ong of range < 3'0p, are
"thus considered as captures of the K~ meson by a light 'element; Thiéwill

' give a lower limit to the true number of d-aptures in light elements, F1gure 1:

- is a plot of the range dxstnbutmn of the shortest track connected with a

I{ ~capture star. The ranges of a.ll prongs are greater than 2.5 y, whxch‘is'



' Z 25, the distribution is éomposed entirely of hyperfragn*ients.. As shown - . e .

| by C, N, O, This is in agreement with the results from studies of thevrva.nge'

for the light elements C, N, O,
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considered the upper limit for the recoil of a nucleus, The fraction of
hyperiragment pareht- stars that probably originated in C, N. 0O is large; and -
it appears to increase with the charge Z of the hypernucleus emitted; with

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

distribution of Lis, which show that more than 75% of these fragments

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

hypernuclei HA or HeA might be produced in K~ capture in heavy nuclei,

but heavy hypernuclei with Z 2 3 may be ruled out since the depth of the

auclear potential normally is too great for such hypernuclei to escape. Those

that do not escape produce cryptofragments. v I o

[

2. The absence or presence of Auger electrons accompanying the c,apturev

[t

of negatively charged particles in nuclear emulsion has been used as one of - o

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

respectively. Theoretical 19 a,nd.eXperimentaln' 20

investigations have shown
that the mesic Auger effect is much more common in captures on heavy

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

We checked the center of each of the 63 parent stars, searching for
Auger electrons. We noted all blobs having four or more grains, since such -
a blob may be an electroa with energy of about 16 keV, produced by the

cascading K~ ~-meson. Out of a total of 63 parent stars ha.ving hypernuclei, |

. we found only 2 events with definite electrons and 2 events with '-probable S &
~ 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 noné as being definitely an éxarﬁple of K~ capture ona
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light nucleus, we feel justified in using the presence of an A’;ug‘er electron as
one mdzcator of K~ absorption on a heavy nucleus; this cnterion isin -

. agreement with the works quoted above. Since we found only 12 hyperfrag-
: ments whose range, charge, and concomitant prong ranges wvere of the right .
magnitude to allow them to be classed as possibly coming from'héavy nuclei,-
we estimate that a preliminary upper limit of 19% (12/63) may be placed on
 the fraction of hyperfragment production taking place in heavy eleménts.

Figure 2 shows the prong-i;umber distribution of parent stars contaihing'
hyperfragments of Z2=14, 2, 3, 4, 5, or 6. We notice tha.t the a\}erage number
of prongs from hypeffragmen‘c-parent stars decreases with the increasing ‘
| hyperfragment charée " This is coasistent with the well -known assumptxon

that most hyperfragments, especially those with 2 23, are produced in hght

elements when K~ mesons are captured in emuls:.on.‘

We applied the above two criteria to the 12 hyperfragment events bthaj.t_'
- could possibly have come {rom heavy nuclei, i.e. those whose; ianges were
greater than 20 . It was pbssible to assign to evéry hyperfragment éxc’ept
one a composiie probability of its being from a heavy nucleus. |

If, according to the first criterion, a nucleus were iight. .'v{/e assign_éd.a :
p_roba.bility value of 0.1 on the "heavineés" scale, A For nuclei .\_avhose shortesé
prong lay in the border region 25 to 35, we assigned a value of 0.3_;.' For al).
othér nuc.lei‘ we made ;xo a.ssignment. | -
For the second criterion's application we used the results of Grote

21 who found, for K -meson captures, the Auger £requevn¢y |

et al.’® and Condo
in captures by C, N, O to be only about one-tenth as great as for capture by -
. Ag, Br. Accordmgly we assign a value of 0.9 to nuclei possessing a defmxte
Auger electron, whereas to those. wmth a posmble Auger electron we assign

o the value 0.6. Otherwise no assxgnment is ma.de. - e

.



The composite 'heaviness' probabihty £or each nuclgus was found by a

e ~simple a.nthmetlc average shown in Table I

l

Tlable I. Heaviness probabilities of parent star ‘?Lnuc'le'i.'? o o -
HF.. Coulomb- Probability Auger- Probability = Composite.
range barrier assigned electron assigned probability -
() criterion : . criterion I T
24.7°  Light 0.4 - - o
' 25.45° Border 0.3 - - 03 :
25.5 Light L oa - - - '0.1‘_""
Y 39,2 Border 0.3 Possible 0 6 ‘ 0-45‘. 4
43,63 - - - - - ".‘,5;{-
'56.80  Border 0.3 - - o3
84  Border' 0.3 - - 0.3
86.6 ' Light ' 04 - S - o
.‘88.26 " Border 0.3 - - o
90,2 ' Light 0.4 - - Toan
' 155.4 - - Definite 0.9 o9
2319 Light 0.1 - ~ o4

The tota.l for 11 of the 12 events was then_computed by adding the  ".

mdxwdual probabxlitxes. This yielded P= Z pi-—3 05. The fractxon of

i=1q .
‘ hyperfragments produced in heavyvnuclei is therefore estimated to be

- 3,05/63=5%,
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V. DETAILS OF HYPERFRAGMENTS
In Fig. 3{(a) is sho'wn- the histogram'of 2. values of the ﬁyperiragments i
whose production was assoéiated with at least one charged, fast particle '
(awor p). The shaded portion correspdnds to mesic hyperfraéménts. | One sees

that mesic hyperfragments predominate for Z=14, 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

' - from ionization determinations or track-width measuAremenes. Width

measurements on the track of the hyperfragment were also made when‘ o
possil?le in order to check th‘e charge estimate, Fi'g'uf\x;e.'j(b.) shows the
prongfnumber distributign for all hyperfragments observed. Figure 3{c) giir’gas
the fange distribution for all hyperfragments that came to rest._v' Arognd 90%

of the hy{./)erfragments have a range of less than 45 .

A. Momentum Spectra of Hyperfragments

The momentum spectrum.of all hyperfragments is shown in Fig, 4. For.
comparison the normalized momentum distribution of free A's from K~ .

captures in He is also she:own.22

There is an indication of an increase in
average momentum with increasing chargé. The velocity spectrum" -
determined from the momentum spectrum shows essentially no change with
increasing Z. Lower mé}mentuha values are assumed to bé mostly frpin the
Z -conversion events, whereas higher momentum values éui:posedly come. -
from direct A évents. Although the average momentum e‘xpe_cted‘irom a

single -nucleon K~ 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 of th;a

" nucleons. There are more low-momentum hyperfragment events. Such a o
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difference between the two spectral shapes may be due to 2 conversion

playing an impoftant role in hyperfragment formation. Th: vrela.tion'betweee
: hy‘perfragment‘ _momenfum and the _cosine of the space angle‘ $ between tvhe.
‘hyperfragment and associated pion or proton ('Tp> 30 MeV' where TP is the » _:. L
kinetic 'er"xergy of the proton) is shown in Fig. 5. It indxcates that hyperfrag-
ments of h1gher momenta tend to be preferent1a.11y emitted at large angles )
with respect to the pion or fa.st proton, L
In Fig, 6 1s presented a graph of the average hyperfragment momentum
‘ Aper 50~MeV/c interval of pion and proton momentum p, . For any ‘given:} L '
interval, the momenfum ef the hyperfragment is greater than the momentum I
of the‘p‘io_n, but they appear fo be correlated. The momentum of the 4
hyperfragment ie any given interval of proton momeutﬁfn, on fhe ofﬁe: hand." o
a.ppears to be less than that of the proton, and there is no apparent | |
 correlation between the momenta. Apparently there isa defuute lirmt on the "‘i_- o
.HF momentum regardless of the proton momentum,. . |
Fzgure 7is a plot of average fast proton or pion momentum’ ‘vrsAi .
-associated HF charge. The two distributions are quxte similar. - The protonv

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

~ constant at 160 MeV/c. : R . L o

B. Angular Correlation among the Products of K~ Capture Stars R

The distribution of the angle between the HF and the associated pion ".or :
fast proton ea.n be eeen from Fig. 5 to be quite asymmetric. The piohs and | P
fast protons are preferentially emitted opposite to the directxon of
_hyperfragment, The: forward {F) and backward (B) asymmetry for the 30
protons with energy > 30 MeV: is (F - B)/(F+B) = «0, 53. wherea.s for 44

events associated with pions this ratio is -0 54  This would appear to md1cate
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(F-B)/{F+B) = -0.74. Figure 8 shows.a histogram from the work of Dyer®®
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‘a fairly strong correlation between the hyperfragment-emigsion direction and

the line of'ﬂig‘ht of the A hyperon, Even if we restrict our, sémple of fast
protons to. thoae' 18 with Tp > 50 MeV, we still find our (F - B) /(F + B) ratio
to be = -0.56. (.)ur. asymmetry ratio for fast protons is the';'e_foré less than |
the value -0,76 found by Sa.cton.23 We do find agreement ifiwe consider only
the group of 14 fast protons having '1‘p > 80 MeV. Then our ratio is o
24

for the cosine of the space angle ¢ Betv}een the =% and 1r.+— produced in the

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

except that the hxgh-energy pions, (T > 95 MeV), whzch 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 reactions produce A hyperons when K™ mesons
are captured by emulsmn nuclei:

Ca.pture by a single nucleon {(most of the energy is carried a.way by' the

7w meson): |

K” +N - A:-#:-;r (direca A prodgction) o o _'( 1a)
K~ + f\f—e T +wiz cbnversion; 2 + N - A + N), | . ' | (1b). -
" Capture by two nucleons: | V
| 'K-_%- 2N = A ; N {direct A production) o (2a) o
K™ +2N - Z+N (E conversion, £ + N - A+ ). ' o (Zb)
Another conceivable reaction is K~ + 2N - A+ N + w ' ‘jlf a T is éroducéd U

a

initially, it may producea A in a secondary reaction with a nucleon., ltwas = = :

rqentioned in Sec, 2 that the total number of ‘selected hyperfragments was 63;



-10- B | UCRL-14328

~of these, 19 events were accompanied only by high-ehergy protons

(Tp > 30 MeV), 35 events were accompanied by charged picvip,ﬁs.. and 9 events .. "
by a pion and a high-energy prdton.  Out of the total of 44 pic;ns'. 28 were -

| brought to rest in the stack, The raﬁio of negatively charged stopping pioﬁé
{22) to positively charged ones (6) was = 4 (v"/%"). The energies of the 16
pions not brought to rest were dete'rmined by' ioﬁization mea.suréments.,
Eleven pions in this group had energies greater than 95 MeV and were
presumably negative, Of the remaininé five pions, one scat.tebred inelasticvally
but came to rest and its charge was foufxd to be negativé. A‘second pion'wasf.
absorbed .in flight byb a nucleus (DEF) but was éo nearly lstopped that we

_ pfe sumed it was negative in order for it to have peﬁétraied the Coulomb

y

“barrier.  This means that a maximum of only three pions could have been oo

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

- poéitive and negative groups in the same ratio (22:6) as the 28 stopping pions, -

then the wé/n"' ratio becomes 2'_?/8‘= 4.6, The energy spectré. of all the pions g

is shown inl_ Fig. 9{a) and {b).

o

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 hyperonand a «
" meson, The kinetic energies of all pions emitted from the -hyperfragment-

25

parent stars have been plotted in Fig., 9(a) and {b). If charge exchange“”’ and

charged-pion a‘bso,rption26
capture processes are included in Fig. 9(a) and {b), excepting those events in_
which neutral m mesons are produced., The liatter will bé -accounted for,

 however, The energy spectrurﬁ of the * may consist of two energy groups, i.e.,

one large group tentered around 70 MeV and a second smaller "group centered

are neglected, then presumably all singlé -nucleon
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around 125 MeV. Events with energies less than 100 MéV are assumed to -
consist largely of pions produced in Reactions (1b) {Z conversion) since
inelastic w  scattering within this nucleus may Be neglected as shown at the ;
.end of this section, "All events with energies greater than 100 MeV are’
presumed to be due to Reaction (1a) (direct A prodﬁction) with Q value -
= 470 MeV. | | |
For a poéitive pion, the only producfion mechanism other than char‘ge' _’
exchange {considered negligible) is the reaction (E_'", §+). with a Q value of: _
- 95 MeV. Thus normally there should be no pions above 95 MeV from the |
reaction ixi which any' ¥ hyperon is involved. Iix fact, none of the six pésitive '
. pions observed had an energy greater than 81 MeV. "~ ;.";ig.ur-e 9{c) shows the |
energy distribution of pions produced in the one -nucleon reaction (‘23i ’ 1r+). 24
»It is in agreement with the above statements. |
| We can estimate the number of neutral pions émitted on the basis of,thex v
branching ratios obtained in the K~ collaboration for K™ «meson absorption
.at rest in nuclear e'mulsion.z_s |
From Fig, 9(b) we obtain the number of positive pions emitted. Pions |
. of ex'ua'rgy greézter than 30 MeV.were restricted by our érite;'ion to those that
| 'vvefe relatively flat (dip> ahgle € 30°), Therefore only half the pion spect.}:ui'n .
could be obtained and a correction factor of 2 must be introduced, .Also, ‘the
number of pions of undetermined charge with energy less thé.n 100 MeV wer'e:-i |
divided into.positive and negative groups acc_ording to the procedur_e 'outlined‘ :
in the preceding subsection, This added one pion to the at group. | o
We‘-obta.ined 13 as the total corrected number of positive pions that were
preéumably from the reaction K" +p - =" + “4_;' This number then allovw_svthe_ .

26

- calculation, on the basis of charge indépendence', of the number of pioxis to -

 "be expected from each of the other single-nucleon reactions in which a A '_
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might fma.lly be produced exther directly or by Z conversion. These

4!'1 .
L

| K" + p-.»z"e' +w ‘(experivm‘ent 28) 4' C :(3)
:K". + p.. EG.+.17°- x(calculafeci as 15‘),_‘ '. o (4)
K +p—=A +4° | (calculated as 10) | P _ (5).
K +ne“ ¢+ g0 ‘(ca.,lciﬂ.‘a‘ted.ae 10) T (e) -
| "i{"+n¢“° +1; ' J(calculated as 10)}. B , .'("7)

{experiment - 24)°

For Reaction (8) the calculated number (23) me.y be compax'ed with the number
found ererimentall&. We had 11 pions with energy greater than 400 IN'eV;. vJev _

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

- 22, and the correctxon for absorptzon brmgs the number up to 24 (we

‘assumed '10 % absorptmn as Drevmusly acated) Thez efore to Reactxon (8) we
' assxgn the corrected expenmenta.l value of 24 pxons, ‘I‘he calculated value |
‘was 23, in good agreement, This indicates that the number of «* mesons |
from dxrect A production, which scatter inelastically into the reglon of

T“_ < 100 MeV, is quite small, Hem:e 7 's below 100 MeV ma.y be regarded

as indicators of £ conversion,

4. Direct A Production

Charged pions above 100 MeV energy compnse about 22/109 = 20% of
the total number of pions, and are produced in about 11/63 = 18% of the
hyperfragment«forming.evente. We attribute these to the direct (A, )
Reaction (4a). This is a lower litrxif. The total number of hyperfragments '

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



inelastic scattering cross section for pions in this enercry mterva.l As a

| ._hyperons are as follows. |
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1esult. thcre would be plons. whxch although they were produced by (A. 11')

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

1

intefval of energy range Tv < 100 MeV, As shown previou;slj'r we believe that'

~ this number is small. There is also gome loss of n~ mesons, which are

absorbed while coming out of the nuclei in which they are pz‘oduced We

consider the w~ absorption loss to be 10%. %27 therefore the total fraction of

“hyperfragments formed by the capture of dxroctly produced A hyperons in

. Reaction (1a) is 29%. Inelastic aca%termg may, however, contribute toa

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

~

Als,

2, Ind1rect A Production through % Conversion - | b

In Sec. VL 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 71% of the cases of one -nucleon“captur_e, the

A forming the hyperfragment is presumably producedvthr'ou'gh the T-conversion "- o

- Reaction {1b), wjher'e an energetic nucleon is prdduced along with the 7~ me son.

~ Thus, Z conversion in the capturing nucleus plays a major role in producmg

hype rfragments.

By comparing our results with da.ta gathe red by the Bologna group. 28 on |

-inelastic scattering of w mes_ons, we see that high-energy protons are not = =

produced from the inelastic scattering of n meéona of xavara.ge enéz{gy 50 MeV.

coming from the (E 1) reaction. The conversion processes involving =

XN

i 4+p-Atn (9
- R £ B
2°v+p’>A+p' . ey ‘

= +n-~A+n. - (12)
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From the above interactions one may deduce that a fa‘éet protoh can be |
pfoduced only threugh the absorption of a =% or =0, How%;ver,‘ the |
production of =7 and £° must take place in association w1th aw or w:
meson, Therefore the interaction of the T hyperon would be expected to
have a strong correlation with negative = mesons. Ifa hyperfzjagnie'nt-pe.rent
. star emits both a high-energy proton and a charged pion, then the pion shoixld
generally be negative, and the concomxtant fast proton may be regarded as an
indicator of indirect A productxon by 2‘. or =% absorption. »2'.‘ absorpt_:xon
does not usually yxeld fast protons.z5 |

Of the eight pzons of identified sign associated \gith high-en’ergy'proton's,v |
_ only one was positi\}e. thus indicating that such pre'tex;.s erigine.te from =t |
%9 conversion. The lone «' p:esumably can bé atiributed to a charge-
exchange co-l;).ision‘ of one of the particles involved or to the reaction
'K-+2p-A+n+1r+. o | .'
| We may further compare our pion-energy Spectrm in Fig. 9(a) with
results of deuteriung expenments for whmh two distinct pea.ks correspond to.r
direct A produetxon and to indirect A (E-conversmn) procesees. The two
peaks of this distribution are shifted towards values higher than those of our
pion-energy spectrum. One can explaih.thi.s difference by considering the o
deuteron structure'torbe so loose that the absorption of a K~ mesoﬁ mes
pl‘ace on a more~-or-less free ixueleon, ‘whereas in a complex nucleile thi's‘
available energy is reduced by the higher bmdmg 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 B
é.greemenf m |

From the one-nucleon reaction followed by Z conversion one expects m'

: general that the energy of fast protons wxll be less tha.n 60 MeV The Ferrm -

PR
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motion of the riﬁcieons, howevef, complicates thé picture, It has »beex.x
calculated thét in about 25% of the absorption cases the ene"i':;gy of fast prot‘oné
may be greater than 60 MeV, 31 This calculation is based on the assumptxon .
that the yield of fast proton.a in Z° capture is half that of 2 absorptmn. R
From our experimental data we get about 2/9 = 22% protons with Tp > 60 MeV .
from one -nucleon reactxons {as identxfxed by pion productxon) ' This is in -gﬁ_od
agreement with the calculated value. | | - o
‘We may compare our minimum value of the ratio

- . o
v fromdirect A° _ 21 _ 0.25
all pions

o]

4

~

with the correspondmg ratio 0. 31 deduced from the results of the deuterium
experiment, 29 As a check we compare the ratio given by Cester et al. ’ whzch" B
30 ,

" B. Discussion of Two-Nucleon Capture

" The simple two-nucleon reactions are given in the first pax;t of Sec, VI
The energy disf?ibution of fast protons produced with hyperfragmehté in both
the one '-nucleon.and two-nucleon reactions of ‘K' vmesonsv in emuléion nuclei
are shown in Fig. 10. The cutbff for préton-evaporation prongs (Té <'3§ MeV)- .
. is also shown in this histogram. The.interpreta.t;ion of the ..histog;a'.m.involve_s o
those pro’cess‘e svin nuclear matter that contribute protons of }ene:gyl >30 MéV,
e. g; » (a) m-meson scattering or absorption (b) £ absorption, and_-- (c) t\fvo‘— |
nucleon interactions. | , C
Events with only charged pions and no high-energ‘/. P_rlo.tor‘x (V_Tp >30 MeV)
are probably produced in one -nucleoﬁ réactions.  However, the stars having |
both a pion and 4a proton (T:r'; > 30 MeV) also may be'producec.i th'rough CaE

one-nucleon reactions a.ccorciing to Egs. {12) and (1b). The ev_entswithopti f
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pions are not all due to the two-nucleon cé.pture process, h‘jg:we;ver. -Such

events may be from one-nucleon captures for.which there‘v:jé"is‘ subsequent
absorption of the pion or the emission of a ‘wq ‘meson, In Seq; VI.A.1 it was
mentioned that for mos‘t -one-nucleox.z’ reactions the energy of the.proton is *

< 60 MeV. Thus we may certainly say that events with 'I‘p >80 MeV are due

- 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 > 80 MeV. We may assume that these were

~produced in two-nucleon interactions. This means that at least 19% '_of the

LN

hyperfragments were produced in twd-nucleon reaétions.
| -These two-nucleon events could have been produced through either

direct A production or through the Z~-conversion process [Eq. (Zb)] There~

x;vas one star in which two fast protons were produced. Both protons had

energy Tp >80 Me’a V. We may pd.ssibly explain their productign th%oﬁgh the

Z-conversion process, i.e., K'+p+p—+Z®+p and 2% +p - A+p. In the

vfiz'xa.l state we have A + p + p. Another possible explanation for (‘A,'Iva) i
~ production is through a one-nucleon interaction in which (A, 2p) are produced . o

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

Of the events Havin'g a 1r+ meson, oxﬁy one had a > 75-MeV pion; 'irts' 2
energy was 84 MeV. This is in agreement with previous results; the 'frgque_ncy S
of the two~nucleon reaction prdducing an energetic 7' meson (i.e.,

K™+ 2p =A% +n+ '1r+) is small compared with the fr+-producing-micleq'n

n

reaction givén by Eq (1a).
As mentioned in the Sec. IV discussion of K~ capturé by light and by |
heavy nuclei, in some of the hyperfragment events K- a.bsbrptiori apparéntly )

took pla.ce in heavy elements (Ag, Br). Two of these 12 events (16%

Abelonged to the two-nucleon absorption reactton leading to hyperfragment
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production, as identified by fast protqné .(’I‘é >80 MeV). This fesﬁlt is in
excellent agreement with the work of Condo and Hill Whl?h mdxcates that a.

rela.twely small percentage of the two-nucleon absorptxon takes place in .

i :
heavy elements., It is consistent with the recent e}.pemmental resu.lts of a

: o : | . : 28 - e 22 '
two-nucleon yield of only 1% in deuterium™  but.17% in He. = =~ ..

. -
VII. MODEL FOR hYPERFRAGIv’LE'\IT FORMATION '

Several authors have suggested mecha.msms of hyperfragment o

5,6, 10, 11

formation. The so-called "Prompt Hyperfragment" model appears

to best ﬁt our e:'periméntal‘»data. 6, 11 The snnplost example is the reaction

22

K +: He - He g whlch has been observed in the hehum bubble chamber. One

i
t
i

t

vdea.ls in this case with a two-body process, - o S
. Reactions of this kind would iead to the emission of pions ér fast |

'protonvs. in a direction 180° from the hyperfragment. Naturally one éxpects.

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

For the case of Z‘ conversion, one aﬁticipates even worse smearing of

: angular and energy vdistri;butions. |

The Prompt Hyperfra.gment model explains the main features of véur

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

and the hyperfragment momentum. It also explains why the hyperfragments of } B

large r‘ 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 vslower,

have suffered more seconda,ry interactions. Ac’cbrding to this model one als§ :
would expect the light-hyperfragment«momentum spectrum to be somewhat
different from the momentum spectrum6 of the corre3pondmg 11ght elements

emxtted from K~ stars, e. 8o He and Li. This is the case. The momentum
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~ spectrum of He 'is‘compared with H¢4 in Fig, 14} -and theé spectrum of LiA

8

A

is compared with that of Li” in Fig, 42, =~ - . R

Anocther model often i:ut forward to explain hy*perfra.grizent production is | ‘
the M"TrappedsA" model. 6, 11 The A iaroduced by the K(or ) is trappedin 9
the nuclear potenfia.l well, The nucleus is defexcited‘rapidly.v z}nd during_thisv |
process the A and several nucleons unite to form a hyperfragment.

For such a model the exéitation energy of the parent hucleﬁsfdete:rxﬁnés
the energy distribution of the p:oducts. . “On'such a basis one would expect -
similar enez‘gy’ spectra for HeA and I—Ie4r and also for LiA andjLiB.- The -

comparisons made in Figs, 11 and 42 do not confirm thxs expenmentally.

" In conclusion we observe that, although the “Prompt Hyperfrag*‘nent" v

it

. M
model is not the only possible productxon mechanism, it explams ma.,;or U

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

- -
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| ' FIGURE CAPTIONS
Fig. 4. Range dlstrmutzon of the shortest prong (> Zp.) £rom K stars at
rest,’ associated with hyperfragments of charge Z, ‘I‘he shaded area ”
& i ‘indicates events in which the shortest prong is the hyperfragment itself,
Fig, 2. .Prbng-nurr‘;ber distribution of the pérént éta.rs of HF of charge |
Z=1, 2, 3, 4, 5, and 6. " The‘ shaded sﬁua.res {mesic HF) in&icéted that -
a ﬁ' Wgé emitted from the K~ star in association ‘with the ‘_HF.~‘ Usev_ie‘
made of this information in estimating the total chargé of the ba?‘ent star
© from the prongs making up thé star. | N
Fig.v»3'(a)'; The 'char:gev distribution of‘hyperfragméntg\. ' The shaded areas
give information on whether the hyperfragmenf'd{; m.gsic or nonmesic, l
(b}.‘“ Distribution of the decay prongsl of hyp.ernuclei:. The symbolismi":‘f
15 the same as in Fig, 3(a). | R 7 |
{c). Ra.nge distribution of the hypernuclei studied in this report The .
Coulomb barrier lower limit for emission of a charged pa_rtxcle with |

2 >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 histogra.rh) from K~ captures '

at rest in nuclear emulsion, compa.red wti:h the momentum spectra of free

. A's from K~ capture in He (accordmg to Helium Bubble Chamber

' Collaboration Group). The spectra are normalized to equal areas.-—w— , HF; -

L eee A particies'in He bubble chamber.

‘pion or fast proton) vs the average hyperfragment momeni:um. The 3

momentum a.verage is taken wzth_m a space-angle interva.l of & cos ¢ = 0.4,

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

to the number of events in the & cos ¢ interval used to compufe the

average. O, Pion; [}, Proton.

Fig. 5. Plot of cos ¢ (¢ is the space angle between the hyperfragment a.nd the ) -
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f‘ig. ../6’.‘ Plot of average hyperffagme'nt momenturn Vs pion :—;md proto.n;
momentum p. - The hype rfragment momentum averag; }lls taken within a
pion or proton:momentum interval of 50 MeV/c. The error ﬂags on the
points indicate only a:statistical weight proportional to t_he number of' SR
events within an interval used to compute the ave ragé. Thé- final proton-
point at p =600 MeV representu all protons (2) in the mterval between _
550 and 650 MeV/c a double interval, O, Pion; [J;-’.R.roton‘r |

Fig. 7. Plot of average pmn or proton momentum versus HEF charge. vThe
error ﬂags on the points indicate only a statistical wexght proportional to
the number of events associated with a pg.rticulax:“hyperfragment charge,
O, Pioﬁ; D,‘Z’Proton.' T . oo R '- _— |

‘Fig. 8. The distribution of cos ¢ {as defined in Fig. 5): above for fast ”
érotons,‘ and f)elow for p\i“ons {solid lihe); 1_7‘61' comparison we present tfxe :
distribution of cos ¢ (¢ is now the space angle between the direction of
emission of 2i and of an associated pion) in the one-nucleoﬁ K'-capturev
process,' according to Dyer {dashed line). The pion spéctra. are

normalized . to equal areas,

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

'HF parent staré. Events in the interval 20 to 30 MeV are normalizéd
. because here all angles were accepted, This explains the presence of a

fraction of an event in the histogram. [, w . {b). Same as part (2)
except positive pmns and those of undetermined charge are repx;eaented;;
m,vd:; D,w+. (). ‘Energy’ spectrum of pions with dip-angle < 30.° emitted
from K~ capture stars and associated with =* {according to Dyet).24 o o
The data are not normalized C) a4, = ). | I

Fxg. 10 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 of He hypernuclei from K~ stars at rest (solid

line). For comparison the range distribution of He4 .n;}lclei as determined

| w_ by Abeledo et al, (reference 6). from K~ stars at rest?“ls also shown |

q (dashed line). The ‘spectra are normali:iéd-té equal a'.!‘;aa.s. : ;'

| i ’Fig. 12, Ra.fxge distribution of Li hypernuclei from K~ stars at rest (solid

line),  For cbmpariaon tﬁe range distribution of Lia nuclei .(defermined
~asgin Fig. 11) isa.iswshown (dashed line).” The spec‘fra are,noi'malized to
. equal areas. | | - 5 i | I
;
.
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